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As anyone attending this congress or reading its proceedings will immediately see, the 
papers constituting the scientifi c corpus of the 13th ICCC were written by most of the scientifi c 
groups of international prestige in the area of the chemistry of cement, working in countries 
around the world. This introductory note is intended as a tribute to everyone who, with their 
presence and participation, has contributed not only to this 13th ICCC in Madrid, but to scientifi c 
and technological progress in our area of knowledge (chemistry of cement), which we shall be 
sharing in the fi rst week of July 2011.

The abstracts contained herein are an invitation to refl ect on the scientifi c structure of the 13th 
ICCC. The main areas covered by the over 650 papers submitted by their authors are:

• 1.- Production process chemistry and engineering
• 2.- Sustainable production
• 3.- New cementitious matrix
• 4.- Hydration and microstructure
• 5.- Hydration and thermodynamics
• 6.- Modelling
• 7.- Properties of fresh and hardened concrete
• 8.- Concrete durability

• 9.- Standarization

This classifi cation is essentially a refl ection of the interest shown by authors; i.e., it was 
designed by the authors themselves, based on their lines of research. It would be scantly sensible 
to attach more or less importance to any of these areas on the grounds of the number of papers 
submitted. Only three communications were received in Area 9 (legislation), for instance, but no 
one would question the importance of legislation for our science. The more pertinent question is 
why we authors fail to include legislative factors in our everyday research.

Portland cement hydration, sustainability and the pursuit of new binders are the subjects that 
clearly prevail in early twenty-fi rst century chemical research on cement. This would appear to 
require no justifi cation. Our planet’s economic and social realities are charting courses and and 
posing challenges to which we have decided to rise. 

But in addition to the scientifi c corpus briefl y mentioned, the 13th ICCC in Madrid features 
several innovations with respect to previous editions of the Congress. Only time and participants’ 
response will tell whether the efforts to modernise its format have been productive. Two weeks 
away from the opening, nearly 800 men and women have now registered to visit Madrid in July. 
This fi gure is much higher than the number of participants in Montreal 2007, despite the economic 
crisis. I therefore think that we can feel modestly but proudly  satisfi ed over the confi dence the 
international scientifi c community is placing in our organization.

LETTER TO PARTICIPANTS
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Of the features introduced at this edition of the congress, I would stress four.

1.- For the fi rst time in ICCC history, an International Congress on the Chemistry of 
Cement has scheduled a series of pre-congress courses, whose objectives are: 

*to intensely address a specifi c, short number of subject areas that, judging 
from the expectations aroused, seem to constitute topics of particular present 
and future interest in the fi eld of cement 

*to provide attendees a broad overview of the chemistry of cement from 
different perspectives, under the stewardship of a highly qualifi ed group of 
international experts. 

These courses are proving to have exceptional appeal. To date, with the registration 
deadline still a few days away, around 200 people have signed on for these seven 
courses. The organization is naturally endeavouring to ensure that all 200 will benefi t 
immensely from course attendance: i.e., that they will return to their home institutions 
with new knowledge, new working plans and new ideas, after having interacted directly 
with specialists of prestige in these specifi c areas.

2.- Panel discussions. These panels cannot be said to be an innovation per se 
because they have formed part of past editions of the ICCC. Nonetheless, this 

formula for sharing knowledge and expressing different scientifi c opinions had been 
neglected in the most recent congresses, very likely due to the pressure exerted on 
organizers to distribute the scant time available among many hundreds of participants 
eager to discuss their research with colleagues from other institutions. The 13th ICCC 
(Madrid 2011) organizers have striven to recover a practice that should never have 
been discontinued. Scientifi c debate in its most traditional format will hold a place of 
privilege in Madrid.

3.- A third new feature is the organization’s endeavour to assemble a series of 
particularly relevant papers for publication in a special issue of Cement and Concrete 

Research which will indisputably constitute the backbone of the knowledge stemming 
from Madrid-2011. I take this opportunity to thank each and every author for the effort 
made to meet the publication deadlines so that this issue of the CCR would be in the 
hands of all participants on the opening day of the 13th ICCC. This apparently simple 
achievement has called for a good deal of energy that readers will surely be able to 
appreciate in just measure. I believe that this is the fi rst time that a publication of these 
characteristics has been included among ICCC documents for participants.

4.- Posters... Posters continue to be the orphan child of congresses in general, and 
the ICCC is no exception to that rule. Many authors feel that their research has 

been undervalued if they receive a proposal to present their paper in poster form. In 
this congress we have introduced a new, three-pronged approach: digital format, poster 
presentation during (short) plenary sessions, and specifi c timeslots (shown on the 
programme) for formal poster presentations. There is no way of knowing, at this writing, 
whether these innovations will (at least partially) overcome the inertia that relegates the 
research behind posters to oblivion. But we hope that the effort will encourage future 
ICCC organizers to continue to highlight the value of this format for presenting research 
papers.
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Lastly, from the modesty that should govern a scientist’s professional life, I wish to express my 
enormous satisfaction over what has been an exciting, once in a lifetime experience: organizing 
an ICCC. It has been both fantastic and revitalising. I feel extraordinarily fortunate and am looking 
forward to sharing the satisfaction it has afforded me with all the Congress participants in Madrid.

Welcome to Madrid and many thanks for your support and patience and, above all, my best 
wishes for successful research.

Angel Palomo
Chairman 13th ICCC
Madrid, May 2011
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ABSTRACT: Corrosion of reinforcement has extensively being studied during the last 
three decades in spite of which many questions remain unsolved. Steel corrosion 
embedded in concrete can be suppressed or slow down but at a cost that still has not 
been correctly accounted from the design phase. The paper treats the following subjects: 
1) Causes of reinforcement corrosion: carbonation and Chloride ingress, 2) Corrosion 
onset and Chloride threshold, 3) Corrosion propagation. Period, 4) modeling of service 
life, 5) Role of cement chemistry and concrete composition on service life, 6) the effect 
of supplementary cementitious materials on corrosion and 7) other aspects: Stress 
corrosion Cracking, Corrosion measurement techniques, Prevention methods and Repair 
materials and techniques. The paper tries to express the known aspects of these different 
subjects and makes the emphasis in the identification of those aspects that still need 
further research work. In the exercise it is identified that the modeling of processes and 
their incorporation into the structural and engineering calculations, can be mentioned as 
the most important subject to be improved and further developed in the near future. 
 
INTRODUCTION 
 

Reinforced Concrete has demonstrated in the more than one century of performance 
that it is a material with multiple applications, which has flexibility to adapt to different 
uses, types of elements and structures, and to evolve to be more tailored made.  
However, volumetric changes due to moisture and temperature evolution and durability 
(material and structural) stability are still aspects in which improvements have more 
challenges. Structural concrete resists well in many environments but in marine or 
chloride bearing ambient, to reach 100 years of time life without damages seems to be 
feasible only if special preventive measures are adopted from the design: concretes of 
very high mechanical strengths (above the needed from resistance demands in order to 
lower the porosity) or reinforcements in stainless steel or cathodic protection. In the last 
5 years reinforcement corrosion has still attracted numerous funds and research papers, 
however, in spite of the important advances made in the modeling of the process, in 
present lecture are described several aspects that still need scientific and technical 
advances. Particular attention will be paid to the areas already reviewed in the last 
Cement Chemistry Congress in Montreal (1).  

 
For the sake to organize the presentation of the review and of the main future needs in 

the research of reinforcement corrosion, the several aspects that will be commented 
paying attention to the cement chemistry and its influence in the corrosion process, are 
the following:  

 
1) Causes of reinforcement corrosion: carbonation  
2) Chloride ingress. 
3) Corrosion onset. Chloride threshold.  
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4) Corrosion propagation period. 
5) Modeling of service life. 
6) Role of cement chemistry and concrete composition on service life. The effect of 

supplementary cementitious materials on corrosion 
7) Other aspects 

a. Stress Corrosion Cracking 
b. Corrosion measurement techniques  
c. Prevention methods 
d. Repair materials and techniques 
 

 
1. CAUSES OF REINFORCEMENT CORROSION. CARBONATION. 
 
The two most frequent processes leading into reinforcement corrosion are carbonation 
of concrete cover and chloride ingress. They were extensively described in the lecture 
on Durability of the XIIth ICCC (1) and then it will not be here repeated the well known 
basic processes but it will be emphasized the aspects that have been more studied in the 
past few years and those that need further research related to the cement and concrete 
composition. 
 
In both types of attack, chloride penetration and carbonation, the aggressive substances 
penetrate through the pores and react with the hydrated cement phases. Then the 
processes have always two simultaneous steps: transport and reaction. They will be 
used for emphasizing the needs in future research together with analyzing the impact of 
the process in the concrete microstructure. Finally the needs in testing and modeling 
will complete the analysis. 
 
The carbonation supposes the dissolution of the CO2 gas into the pore solution and the 
reaction of its dissolved species with the portlandite and the rest of the cement hydrates 
to produce calcite and more seldom, vaterite and aragonite.  Several important studies 
were performed in order to clarify the evolution of the microstructure (2), the degree of 
reaction in the carbonation front (3-6) and the manner the front progresses in function of 
the porosity (7). The aspects that have been clarified or confirmed in the past recent 
years are summarized as follows.  

• The process implies the reaction not only of the portlandite but of all the cement 
phases (3,6, 8-9) 

• The CaCO3 precipitated not only reduces the porosity but also influences the 
dissolution ability of the portlandite and then it may remain uncarbonated 
portlandite due to geometrical restrictions or lack of accessibility (1).  

• The w/c ratio influences the C/S ratio of the CSH and in consequence the ability 
of the gel to carbonate. Carbonation of CSH produced by the mineral additions 
has been seldom studied (7,8) 

• The kinetics of the carbonation of the reaction play an important role (7) 
• Several models have been developed taking into account different aspects of the 

process (3,8,9) 
• Pore size distribution has been found to play an important role un the 

homogeneity of the carbonation front (5)  
• The corrosion starts when the pH drops below 8 but for the corrosion to develop 

actively, it is necessary to have RH>65% or more than 18% of the volumetric 
fraction of the cement paste filled with water (10-11) 
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The aspects that need further clarification related to the carbonation are: 
1. Transport phase. It is assumed to proceed by diffusion of the CO2 gas through the 

empty pore spaces and is characterized by the diffusion coefficient, DCO2, which 
however only can be indirectly characterized or measured in carbonated specimens.  
Related to porosity, it has to be quantified the role of the pore size and in particular 
of the pore tortuosity because the difference in DCO2values between the diffusion of 
carbon dioxide in open air (around 1,3x10-5 m2/s) and in concrete (around 1,3x10-8 

m2/s) is of about 1000 times, very similar to the “formation factor” in the case of 
chloride penetration (12) That is, the reduction in the transport rate is much higher 
than the pore volume which represents about 0.1 times the total volume. Only a 
clarification of the role of the porosity in the CO2 diffusion process will enable to 
link the concrete microstructure to the modelling of transport. 

 
2. Reaction. It is in general assumed that: a) all CaO can react with the carbon dioxide 

and b) the carbonation is better resisted as the amount of portlandite is higher 
(higher SC3 content and higher degree of reaction). However, very little information 
exists on: 
• the rate of the reaction between the dissolved carbon dioxide and the several 

cement phases (alkali and calcium hydroxides, SCH and AFm phases) as it is 
assumed an instantaneous reaction (3) although there are studies suggesting that 
it is more complex (6,8,9)  

• Amount of bound CO2 or calcium carbonate formed: studies were made in this 
subject (3,4,5,13) which enable to deduce that not all the OCa present in the 
paste carbonates.  Uncarbonated portlandite may remain due to geometrical 
restrictions or lack of accessibility of the CO2. Then, not only the 
thermodynamics, but also the pore geometry and the kinetics play an important 
role in the advance of the carbonation front. Additionally, the reaction is an 
aspect linked to the CO2 sequestration effect by the cementitious materials and 
its quantification is also needed for the accounting of the greenhouse effect. 

• Another aspect to be considered in the reaction degree is the effect of the pore 
humidity content which seems to have a central role not only for the transport 
but also for the reaction ability (1, 5, 13). Water is needed for the reaction, but at 
the same time it blocks the pore accessibility. On the other hand, water is 
released due to the carbonation itself and this water produced in the carbonation 
front may block more the further carbonation or may facilitate it, in function of 
the local water content. This water diffuses then out- and inwards and it is 
responsible of part of the shrinkage produced. This effect has been seldom 
incorporated into the available models.  

• Another final aspect that needs better definition is the role of the alkali content. 
The alkalis have an opposite role as their presence in the pore solution induces 
higher pH values which need more CO2 to be neutralized but, simultaneously, 
the higher pH leads into higher CO3

= contents in the pore solution and then, 
more profound carbonation degrees (14). On the other hand, for the pH value to 
decrease, the alkalis must disappear from the pore solution as they give soluble 
carbonates that will not enable a pH decrease below 10.4, (15-18) which is the 
buffer pH value of carbonates/bicarbonates. Then, it has been postulated the 
adsorption of the alkalis in the silica gel to compensate its negative charges 
generated by the decalcification of the CSH (19), however this hypothesis needs 
experimental verification. 
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• Carbonate and pH profiles, a subject in which progress has been made by 
showing that the front is not fully sharp but it presents a gradient of remaining 
portlandite (3,5,9,17) or formed carbonate and pH (figure 1). It has been in 
general identified the change in colour by the phenolphthalein with a pH value 
of 8-9 (3). This is the pH value at which the steel may corrode (18) and then the 
phenolphthalein indicator seems to remain a good manner to detect the 
depassivation front regarding reinforcement corrosion. 
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Figure 1 Carbonation degree and change in pH value compared to 
Phenolphthalein change (marked with a discontinuous vertical line in the figure 
of de right) (reproduced from (3)) 
 

3. Testing. Natural and accelerated conditions are usually employed, however the 
controversy remains on which is the maximum CO2 concentration which gives 
similar values than the natural exposure. It seems that 3% (20) as shown in figure 2 
is a frontier although it may be influenced by the type of cement. Below this amount 
of CO2 in the carbonation chamber, the amount of silica gel formed during 
carbonation is similar to that produced in natural conditions. Higher proportions 
lead into a higher production of silica gel due to, likely, the partial pressure in the 
chamber produces more bicarbonate species in the pore solution which reduces the 
pH and start to attack the CSH liberating silica gel and forming higher proportions 
of calcite (1,20). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Left: amount of formed calcite above the stoichiometry of portlandite and 
Right: Ca/Si ratio of the CSH and of the Ca-modified silica gel. In the case of the 
natural carbonation (0.03%) two values are given, that of the whole sample and that 
of only the carbonated zone (20).  
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Another aspect related to the testing is that the diffusion coefficient of the CO2, 
DCO2, cannot be directly measured as the reaction always occur simultaneously and 
if tested the already carbonated concrete, its porosity and humidity content is not the 
same than the uncarbonated concrete. Then, it is not feasible an experimental 
measurement of the key parameter for the transport modelling. This makes very 
uncertain the modelling and leads into the calculation of frequent variations of the 
DCO2 that are an experimental artefact. Reliable determinations of DCO2 are needed, 
otherwise for practical applications it will be better to use the advance of the 
carbonation front obtained by phenolphthalein. 

 
4. Modelling. Numerous models have been proposed for carbonation (3-9) that were 

extensively reviewed in (1) Some are based in a diffusive mechanism using the 
Diffusion coefficient as the key rate controlling parameter, and other are empiric, 
relating the carbonation depth to one or other concrete characteristic (w/c ratio, 
mechanical strength, resistivity, etc). Those using the DCO2 need to assume a value 
for this parameter which makes uncertain the application. In addition they need to 
assume the proportion of reacted OCa or formed calcite and they are not clear rules 
for their calculation in function of the type of cement, the temperature and the 
presence of humidity.  Having to assume both the DCO2 and the amount of reacted 
species, the modelling should be based in the testing and the determination of these 
specific parameters in addition to that of the carbonation depth at a certain age. The 
alternative is the prediction based in a concrete characteristic with specific factors 
for the different types of cements, concrete compositions and exposure classes. 
These models might work for certain fixed conditions but their generalization seems 
at present the most difficult aspect.  

 
 2.  CHLORIDE INGRESS 
 
It is the main cause of reinforcement corrosion. While carbonation implies the need of 
having the pore network partially empty for the gas to get through, chloride ions 
penetrate if the pores have evaporable water. In partial saturated concrete the chloride 
penetration slows down due the low humidity content, although the chlorides also can 
penetrate dissolved in the water vapour through the empty pore space in marine 
atmospheres.  
 
In general the diffusivity is measured in saturated conditions and only few papers have 
studied the process in non-saturated conditions (21). The diffusion coefficient seems to 
be proportional to the evaporable water content as is shown in figure 3. 
 
In the case of the chloride ingress special attention has been paid to the knowledge of 
the profile shape, the surface concentration evolution in natural conditions (22-24) and 
the chloride binding regime [24-32). In these aspects the collection of data and the 
analysis made have enabled an important advance and a deeper understanding of the 
process. In table 2 is summarized some if the advances and also are given the research 
needs. 
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Figure 3 Relationship between the obtained Cl- diffusion coefficients with binding 
consideration and the degree of water saturation of the specimens. RH >95%. Line 
shows linear fitting to H-25 data (21). 
 
Related to the transport of chlorides into concrete and their reaction, there are many 
aspects that need further studies: 
1. Transport phase.  The transport depends on the porosity and of the external 

concentration of chlorides (driven force). The same question related to the effect of 
the pore tortuosity applies to the case of ionic transport.  
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Figure 4 Values of volumetric fraction of evaporable water and resistivity. The 
application of Archie’s law gives a tortuosity factor of 2.52 (10). 
 
- Tortuosity - There is a lack of lineal proportion between the pore volume and the 

reduction of the diffusion coefficient from that in solution. This lack of linearity 
is attributed to the pore tortuosity and “constrictivity” but until now, its 
quantification has not been fully successful. Its clear definition and role is a key 
aspect if the prediction from the concrete microstructure. One advance has been 
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explored through the application of Archie’s law (10) which, as shown in figure 
4, enables the calculation of an empirical tortuosity factor.  

- Effect of Z potential- In spite of the reduction of the DCl is similar to that of 
carbonation, it is necessary to emphasize that in the case of the ionic transport, 
the Z potential should play a role as shown by C. Page (33). How to quantify the 
possible interaction of the pore wall electrical charge in the ionic diffusion still 
remains unsolved. 

- Unsaturated conditions - Another aspect already mentioned is the transport in 
unsaturated conditions. This has been undertaken by Climent et al (21), with 
different types of experimental conditions but the generalization of the 
calculation to different cement and concrete types is still needed. 

- Migration and multionic transport -The acceleration through the application of 
an external electrical field is called migration. This acceleration has contributed 
to the better knowledge of the phenomenon and to the study of the diffusion of 
other ions (heavy metals) and of the rest of ions present in the pore solution. The 
study of the simultaneous diffusion movements on the ions in the pore solution 
has been called “multionic” transport and is based in assuming electroneutrality, 
although care has to be taken because when an electrical field is applied, the 
electroneutrality is assumed by the potential applied to the electrodes.  

 
2. Reaction. Regarding the chloride binding, the AFm phases are the preferential 

compounds that form chloroaluminates (30, 34-37) which retard the chloride 
threshold advance towards the reinforcement.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-Simplified shape of chloride “isotherms” reproduced from (37)) 
 

- Chloride isotherms - The study of chloride binding has been made in the last few 
years modelled by means of the mathematical expressions called “chloride 
isotherms”, which relate the bound chlorides to the total or “free” chlorides 
remaining in the pore solution. Two isotherms are used for the modelling: 
Langmuir and Freundlich (30,36-37), the differences between them are that 
Langmuir isotherm presents a maximum for the bound chlorides and being 
exponential Fruendlich, isotherm which would mean that the chlorides 
continuously react at higher concentrations. This is explained by some authors 

Physical adsorption onto CSH 

Inst. Friedel salt formation 

Bound Cl- (mol/kg cement) 

Cl- in pore solution (mol/m3solution) 
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as due to the adsorption of chlorides by the SCH gel (36) in addition to the 
reaction with the AFm phases.   

- Chloride binding kinetics - The isotherms are empirical relations that substitute 
more appropriate thermodynamic expressions and also do not take into account 
the rate of reaction. Then, further studies are needed to better model, not only 
the thermodynamics, but also the kinetics of the chemical reaction and the 
chloride adsorption phenomena.  

- Mineral additions- Additionally remains to fully clarify how the chlorides react 
with the different aluminates and sulfoaluminates phases present in the pure 
Portland cements and in cements with mineral additions, that is in which 
extension the sulphate is removed from the pore solution when the chlorides 
arrive. 

- The role of the pH of the pore solution, as well as the cycling in temperature in 
hot and cold seasons also needs to be quantified.  

 
All these aspects were already well described in the lecture of the XIIth ICCC on 
Durability (1) but not much advance has been produced due to the difficulty of the 
experimental verification.  
 

3. Aging and changes in the concrete microstructure. The presence of foreign ions 
change the pH value of the pore solution and also the precipitation of Friedel salt 
decreases the porosity (38).  These changes together with the progress of hydration 
have identified the noticing of a decrease of the diffusion coefficient with age 
detected (39-43) which is being called “age factor”. This age factor is more 
consistent and general than in the case of the carbonation where not always is 
detected. The reasons of this aging have been qualitatively identified: a) the 
decrease in porosity due to the progress of hydration which aims into a refinement 
of the pore structure, b) the continuous chloride reaction which produces Friedel salt 
and c) the increase in the surface concentration, Cs which introduces an artificial 
variation of the diffusion coefficient (43).  
 
The type of cement plays a central role in the decrease noticed because the pure 
Portland cements present a low decrease when the cements with mineral additions 
show a significant one, so important that a small variation greatly affects the 
prediction (41-42). There have been proposed several manners of approaching the 
consideration of aging in transport parameters. One of the first proposals (39) 
suggested an equation whose units where not appropriated.  The dependence of Dns 
with time was later modeled by means of equation (1) where the time is divided by a 
t0 in order to make coherent the units (43) 

n
t t

tDD −= )(
0

0    (1) 

Where Dt is the value of the apparent coefficient at further ages, t, D0 is the value at 
the testing time t0 (usually 28 days of curing plus the testing time of 35 or 90 days) 
and n is an exponent (the age factor) indicating the slope of decreasing of Dns with 
time.  This equation is represented in figure 6 for the hypothetical case of an initial 
Dap value of 1x10-8 cm2/s (43). In function of the exponent n, the initial Dns value 
would decrease one or one and a half orders of magnitude after 100 years, which 
represents a tremendous impact in the prediction of the time to reinforcement 
corrosion. With the change of n from 0.5 to 0.43 there is around 20 years difference 
in the prediction example shown in the figure. Therefore the most possible exact 
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determination of exponent n is a crucial aspect for the whole reliability of a 
prediction. This equation is starting to be used also for practice and being adopted in 
pre-standards with the inherent risk that its miss-interpretation may have.  
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Figure 6 Effect of exponent n on the decrease of Dap with time calculated by means of 
equation (1) assuming t0= 1 year (43).  

 
Information is needed for the causes of the decrease and its quantification which could 
help in the reliability of the prediction although it is difficult at present to validate the 
studies at long term. 

 
4. Testing. In spite that testing of concrete to chloride penetration is at present very 

common, if the results of the testing are to be used in service life prediction 
numerous aspects need further research.  It is due to it has been identified that 
different diffusion coefficients are obtained for different testing conditions. Not only 
the different external chloride concentrations may aim into different D values, but 
variations are also found when varying the curing length and the duration of the 
testing time (44). The evolution of microstructure is one of the reasons for the 
differences. This makes very difficult the selection of conditions for their 
standardization. Work is needed to try to find the conditions that could be used for 
the better reproducing real ones at long term.  Additionally, it has to be mentioned 
that the testing conditions consider only immersion and tests considering partial 
saturation or deicing salts are not standardized. For the partial saturation it has to be 
mentioned the work of Climent et al (21).  
 
Accelerated conditions are tested by means of applying electrical fields (migration). 
The migration tests enable to shorten very significantly the testing time and have 
become very popular. This is due the accelerating factor is ν times the voltage 
applied where: 

TR
Fz
⋅
⋅

=ν            (2) 

 
F= Faraday’s constant, R= gas constant, T= temperature, z= charge. For a T=293ºK 
the value results 39, 6 which multiplied by 10V will mean that the testing time is 
shorten almost 400 times. 
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However, in spite the advantage of the reduced testing time, the problem of the 
agreement between different testing conditions persists and if a D value for service 
life prediction is to be used (44), the uncertainty on the correct value has not been 
solved due to validation with long term data has not been feasible yet. Then the 
comparison of accelerated and natural testing suggests also taking natural diffusion 
tests as the reference until having proper validations. 
 
A solution may be the testing of the concrete resistivity (45) which is a non 
destructive technique which can monitor the evolution of hydration in the same 
specimen. The resistivity is equivalent to the steady state (effective) diffusion 
coefficient (46) and then, it needs the incorporation of a “retard” factor due to the 
binding which can be calculated by means of several tests, one of which is the 
multiregime test (47) that enables to obtain the ratio between the effective and 
apparent diffusion coefficient. Resistivity enables the recording of the decrease of 
the concrete “aging” (45, 48) in saturated conditions as is shown in figure 7. 
 

 
 
Figure 7 The increase in resistivity with time develops in parallel to the decrease of 
the diffusion coefficient (46) and then, it can be used for the determination of the 
aging factor (from (48) where several cement types IIA and IIB were tested).  
 

5. Modeling.  It was extensively reviewed in the paper from Glasser and Marchand 
(1), and still is an important subject of research. For chloride testing the most usual 
model is that based in second Fick’s Law considering the boundary conditions of 
constant chloride surface concentration Cs and semi-infinite medium. Fick’ laws are 
derived from the heat transport (49).  
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An alternative to Fick’s law, is the use of Nernst-Plank Law of mass transport 
because it allows the modelling of the external application of an electrical field 
(46,50) and also it enables the consideration of all ions present in the pore solution 
(multi-ionic transport) or convection conditions: 

 

)(
)(

)( xVC
x
ECD

RT
Fz

x
xC

DxJ jjj
jj

jj +
∂
∂

+
∂

∂
=−    (5) 

Being: J(x) = unidirectional flux of species (mol/cm2s), Dj= diffusion coefficient of 
species j (cm2/s), ∂C= variation of concentration (mol/cm3), ∂x= variation of 
distance (cm), ∂E= variation of potential (V), Zj= electrical charge of species j, F= 
Faraday’s constant (coil/eq), R= gas constant (cal(V.eq), T= absolute temperature 
(ºK), Cj= bulk concentration of species j (mol/cm3), v= artificial or forced 
movement of ion (cm/s). 

 
As mentioned, in spite the expansion on the developing and use of chloride models, 
their applicability for prediction to long term performance remains uncertain due to four 
main limitations: 

1. Boundary conditions. The assumption of a fixed value for the external 
concentration of chlorides is not valid in general. Figure 8 shows the change 
in Dap when the Cs varies. If the Cs increases with time there is a variation 
that is not due to the aging but to this increase in the Cs. That is why it results 
convenient in many occasions the use of the square root law, x= VCl√ t, where 
t= time and x= penetration threshold front and VCl is a term which integrates 
the variation in Cc and in Dap. The most usual expression is:                                     
x= √2Dapt, which means that the Cs term gives a value of 2. 
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Figure 8 Theoretical variation of Dap values assuming constancy of the rest of 
parameters in function of the variation of Cs. If Cs changes, the D does due 
the rest is maintained constant.  

 
2. Modelling of external conditions. For the correct prediction of the service life 

it is necessary to establish well the boundary conditions, which are determined 
by the environment. Regarding the models to link the external chloride 
concentration to the amount of chlorides penetrating into the concrete, for the 
fully immersed conditions it is still accepted a constant external chloride 
concentration. For the case of chlorides transported by the air and wind in the 
costal areas, a model has been developed in recent years (51) which consider 
the wind velocity and the distance from the coast among other parameters. 
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However, changes in temperature have not been considered yet. Not having 
accurate input data for the variability of the ambient, it is impossible to 
produce correct outputs and then, in spite of the sophistication of several of 
the present available models, they cannot be accurate in the prediction. To 
model the external ambient and coupling these conditions to the model of the 
material characteristics is one of the main future challenges. 

3. Variability due to concrete fabrication and placing. Due to the inherent 
variability involved in the fabrication of concrete, the main parameters in Fick 
and Nernst-Plank equation need to establish the statistical variability and their 
characteristic values. This is very time consuming and needs interlaboratory 
testing in addition to the calculation of the optimum amount of samples for the 
statistical characterization. 

4. Experimental validation of all parameters. Modelling should be more than a 
computer exercise. The assumptions have to be well chemically-physically 
justified and experimentally validated. Several models incorporate parameters 
which lack of sound physical-chemical basis or are of impossible 
experimental validation. The corrosion of reinforcement calls for a profound 
electrochemical knowledge and then, physical-chemistry should be the mother 
discipline in which to base the models which are the future challenge. 

5. Levels of sophistication. As more sophisticated is the model, trying to be more 
accurate, more difficult is to validate the parameters involved. This is a 
general trend for all materials, not only for concrete. A reasonable balance 
between the model complexity and applicability should be found in each 
model. A good compromise can be achieved by establishing levels of 
sophistication with the same results (52). 

6. “Multi-ionic” modelling. Regarding the recent efforts on considering all ions 
in the mass balance equations of transport, although it is an interesting 
advance they however share the aspect mentioned of that complexity is not 
always an advantage, unless all parameters are well characterized.  Multi-ionic 
transport need to have the constitutive and activity values of all ions which is 
not always feasible. If approximations are adopted, then the errors can be of 
the same order than other less sophisticated models. On the other hand, the 
main important ion is chloride and then, having its transport number, the rest 
of ion concentrations is not strictly necessary. 

 
  
3. CORROSION ONSET. CHLORIDE THRESHOLD 
 
In alkaline media the steel develops the so called ‘passive layer’ (53-56) which 
maintains the metal in passive state for decades unless aggressive substances reach the 
reinforcement. When the carbonation front or the chloride threshold reaches the rebar 
level, corrosion may start by the disappearance of the passive layer existing in the 
alkaline media. The phenomenon of depassivation and starting of corrosion seems to be 
very much studied, however, also numerous aspects in addition to the chloride threshold 
which is the most commonly mentioned, remain not fully elucidated. The most 
important to be emphasized are the following: 
 
1. Passive layer. The steel/ concrete interface characterization and the steel passive 

layer is one of the aspects in which progress in the future should be made. The 
passive layer of the steel in alkaline media has attracted several studies of the 
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electrochemical community (53-57) however, due to the passive layer is very thin 
(less than around 5 nm) it cannot be directly observed and its composition is 
deduced from indirect measurements. It is said to be composed of several layers: the 
one closer to the base metal more Fe+2 rich, in general identified as FeO or 
magnetite, and the outer part that contains more Fe+3. However, the composition is 
dependent on the pH value and of the electrical potential, which makes variable the 
relative proportions Fe+2/Fe+3 through the thickness of the passive layer.  
 
Although all publications repeat that the steel embedded in concrete is covered by a 
film of oxides that passivates the bar providing the surrounding remain alkaline or 
free of Cl-, it has to be recognized that the studies on the nature of the passive layer 
are very scarce and many questions remain unexplored on such a fundamental 
property. Similar studies in depth have been scarce in concrete due to the difficulty 
of the direct observation of the bars and the limitation that constitutes the relatively 
high ohmic drop of the concrete, which makes more experimentally tedious the 
application of the electrochemical techniques. However, it can be deduced that the 
composition and thickness of the passive layer (less than around 5 nm) will vary 
with the age and pH value of the pore solution. When the pH varies from 12 to 14, 
the amount of Ca+2in the pore solution decreases, and so does its content in the 
passive layer. 
 
In concrete, in addition to this chemical protection, there is a physical protection due 
the barrier constituted by the concrete cover. At the steel/ concrete interface it was 
stated the importance of the precipitation of portlandite, although its presence seems 
not to be continuous (58), the study of its role during depassivation remains of high 
interest.  

 
1. The role of the oxygen in the depassivation.  It is commonly accepted that 

corrosion does not develop in absence of oxygen as it is stated that in alkaline media 
the cathodic reaction is the reduction of oxygen: 

 
   (6) 

 
However, corrosion has been detected in absence of chlorides in alkaline media (59) 
as theoretically, the iron ions are able to hydrolyse the water and produce protons:  

 
  (7) 

 
which may be spent in the cathodic reaction to produce hydrogen gas: 

 
  (8) 

 
Then, it is not theoretically necessary to have oxygen to induce depassivation but 
only water. On the other hand, an acidification of the corroding zones and of the 
interior of the pits occurs, and therefore the buffering capacity of the alkaline 
reserve is an important characteristic of the cements. When the oxide is formed, it 
may be oxidized to Fe(III) by the oxygen, but in turn, this ferric oxide may be 
reduced to ferrous state in the cathodic reaction. To explore in detail these aspects is 
necessary as it will help to illustrate the real role of the oxygen which seems more 
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and accelerating factor (contributing to the cathodic reaction), than a controlling 
parameter (59). 

 
2. Depassivation by chloride and chloride threshold. For the corrosion to develop in 

the case of chlorides, it is necessary that they reach the steel surface in certain 
amount or “chloride threshold”. Regarding the mechanism and steps of 
depassivation itself, it has to be mentioned that is still a subject of controversy 
among the most basic specialists (57) and then, how chlorides induce the steel 
dissolution cannot be simplistically treated. The threshold can be studied by its 
mechanistic process needs very specialized studies. 
 
With regard to the observation of the nucleation of pits in the voids or pores at the 
steel-concrete interface (60, 61) it has to be mentioned that it does not introduces a 
new mechanism for depassivation, because the local potential will change with pH, 
certainly different than in the zones of a perfect contact of the solid phase with the 
steel, if the local electrolyte composition varies due the presence of the void. That is, 
at the microscopic level a void means a different resistivity and free chloride 
concentration than in the capillary pores and therefore, a different potential at micro 
level. At this micro level, however also there are local defects in the steel surface 
which may be equally important as preferential sites for the nucleation of pits. 
 
Regarding the chloride threshold able to induce the corrosion, its study has 
generated more heat that light  and still is valid the consideration of a limit of 0.4% 
of Cl- based in a simple calibration of the bound Cl- of an Ordinary Portland 
Cement, OPC (62-64). It has been accepted that: 1) it is not unique and depends on 
many variables– e.g. cement type, fineness, C3A content(60-64,65-68), SO3 content, 
presence of blending agents and their composition, curing and compaction, moisture 
content in concrete pores, steel type and steel surface finishing, local oxygen 
availability it depends on the steel electrical potential (figure 9) (69-71) that in turn, 
3) depends on the concrete characteristics which are not constant, because they are a 
function of the humidity and temperature. This is why the threshold may vary in the 
same structure and evolves with time, which makes very much difficult the 
prediction of the time to depassivation.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 9 Dependence with the potential applied of the amount of water soluble 
chloride content which induces corrosion (reproduced from 71). 
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The most important controlling parameter, is the electrical spontaneous potential 
(69-71) being higher the chloride threshold as more cathodic the potential is. In 
figure 9 is shown the individual values of depassivation for ten identical specimens 
of mortar made with different types of cements having an embedded bar that was 
potentiostaticly polarized at several potentials. This is in accordance to the argument 
that below a certain potential the steel is fully protected (cathodic protection) and 
not more corrosion can develop (69-70).  
 
The chloride threshold is incorporated into the models of service life, by selecting a 
value of reference and using it in the classical Fick’s second law. However, a small 
change in this reference value may suppose the need of cover thickness differences 
or more than 10mm. For instance, assuming a service life of 50 years, an external 
surface chloride concentration of Cs = 2% by cement weight, a diffusion coefficient 
of 1x10-8 cm2/s, with a threshold of 0.4%, the cover thickness needed is of 7,19 cm 
while if this threshold is 0.6%, it would be of 5,82 cm. The impact is very important 
and then, another approach is necessary, in particular due to the the stochastic 
character of the depassivation and the variability of the parameters characterizing 
the transport, a statistical treatment is necessary. 
 
One possible manner is to consider the statistical distribution for depassivation 
obtained from the results shown in the figure 9 which can be expressed as a normal 
distribution (in figure 10). There is presented the distribution of (total) chloride 
thresholds for values at potential more anodic than -200 mV SCE. It results (71): 
[Clth] in % by cement weight = 0.771 ±0.346 for total chloride content, that is for 
95% probability gives an average value of 0.771 and a standard deviation of±0.346. 
In a graphic manner they can be plotted in a graph of the chloride concentration 
versus probability of depassivation (figure 10). 
 

 
 

Figure 10 Different statistical distributions of the Probability of depassivation in 
function of the amount of chlorides.  
 
In the same graph it has been plotted the results found by G. Markeset in real 
structures in Norway (24). Taking into account that the laboratory values were 
obtained in mortars fabricated with different types of cements and that the real 
values are measured in concrete, the accordance in the shape of the distribution 
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indicate that the laboratory data are lower and that they can be used as a reference of 
the Bayesian updating with site data.  
 
The probability of corrosion has to be calculated taking into account that the 
chlorides reach the external part of the bars first, and the probability and amount of 
corroded surface increases with the passage of time following a rate controlled by 
the diffusion coefficient. The sequence is given in the figure 11. In it is expressed 
that the depassivation, for practical purposes, is not an instantaneous event but it is a 
period and that the limit or chloride threshold will depend on the amount of 
corrosion produced at a certain time. The limit results to be not an unique value but 
linked to the limit state to be verified. 
 

                                         
                         
 
 
 
 
 
 
 
 
 
 
 
Figure 11 Progressive depassivation of the perimeter of the bar due to the arrival of 
the corrosion threshold. 
 

 
4.CORROSION PROPAGATION 
 
After corrosion starts and remain in active condition, oxides are generated which diffuse 
through the pore system and induce pressures leading into cracking of the concrete 
cover, although in submerged structures, the oxides may be of low degree of oxidation 
and cracking is often not produced. The “rust” has an expansive character because the 
iron oxides occupy a higher volume than the parent steel.  The four structural 
consequences of the corrosion are: a) the loss of steel section, b) the decrease in steel 
ductility, c) the loss of steel/ concrete bond and d) concrete cover cracking. They aim 
into the decrease of load-bearing capacity of the element. The time to reach certain limit 
state will depend on the rate of corrosion.  The corrosion propagation period has been 
modelled by assuming a constant corrosion rate (an average obtained annually) by 
dividing the corrosion penetration, Pcorr, or loss in radius by the corrosion rate Vcorr (or 
Icorr if expressed in µA/cm2) (72):  
 

corr
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Three main challenges related to the calculation of the accumulated corrosion are:  
 
1. Electrochemical fundamentals of the corrosion  

a. micro versus macrocells   
Aspects on how the corrosion nucleates and progresses at the initial stages and how 

the pit progress in extension and depth need much more attention not devoted until now 
in spite of the huge amount of literature published. Related to the initiation of corrosion, 
the functioning of the electrochemical cell is too often mistaken assuming that the 
corroding zone is always a pure anode, when the corrosion progress by microcells and 
not only by macrocells. Thus, Figure 12 shows AFM views (73) on the initial attack of a 
prestressing steel by chlorides which make evident that only ferrite dissolves remaining 
unaltered the cementite which is interpreted to act as cathode. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12 Three-dimensional AFM images of the sample surface after a) 0h 0min, b) 0h 
30min c) 0h 50min. and d) 2h 15min of exposure to a 0.05M NaCl solution (73). 
 
Then, this fundamental error of considering the whole corroding zone as anodic has 
many practical misleading consequences, one of which has been mentioned and is the 
fact that as this zone acidifies, the progress of the pits may not need oxygen as the 
protons provide the cathodic reagent. Another cathodic reaction can be the reduction of 
the ferric oxide in the redox reaction ferrous-ferric provides the reactant needed to 
maintain the corrosion active. 

 
b. the role of oxygen in the propagation of the corrosion 
 

Although mentioned for the corrosion initiation, the role of oxygen has also to be well 
understood during the propagation of the corrosion. Regarding the “rate controlling 
step”, the oxygen does not need to move the whole cover thickness to reach the rebar, as 
the oxygen consumed at the external level may be replaced in the concrete surface. If 
the whole cover thickness would be the reduction path, this would mean that the 
corrosion would be smaller for thicker cover, which was not the detected.  
 
It also has to be mentioned that in submerged conditions, the amount of oxygen does 
not depend on the depth, because the plants and other bio-mechanisms assure the 
presence of enough amount of oxygen to maintain the animal and vegetable life. Then, 
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the statement that below water corrosion cannot proceed has to be reconsidered because 
evidences exist on corrosion under sea water (74). Evidence is given by the sunken old 
ships in which the steel corrodes under water with relatively high rates (75).  
 
2. Corrosion rate modeling. The corrosion rate depends on the concrete porosity and 

its water content (76). These concrete characteristics are well represented by 
concrete resistivity and then a model of the corrosion rate based in it was published 
time ago (77).  

ρ
30

=corrI       (10) 

It can be applied if the resistivity is known but, need exists on having a model based 
in the most basic parameters mentioned: porosity and water content. The porosity 
depends on the concrete mix proportioning and the hydration evolution and the 
water content depends on the exposure type and climatic events. Then, the 
modelling of the climate impact in the water content of concrete and the evolution of 
porosity with type of cement and hydration, will be the critical aspects to have a 
model of the corrosion rate. 

 
a. Concrete porosity and its evolution. The porosity can be calculated in 

concretes made with ordinary Portland cement following Powers model (78). 
Then, taking into account the amount of cement/m3 of concrete  the capillary 
porosity would be: 
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  The resistivity can be calculated from it by means of Archie law (79) where 
ρ0= the resistivity of the pore solution and τ the tortuosity factor: 

 
τερρ −⋅= 0    (12) 

 
The evolution of resistivity with time in saturated conditions can also be 
known as it is an exponential function of the type:   
 

net ⋅= 28)( ρρ    (13) 
 

Where ρ28 is the resistivity at 28 days of water curing and n is an empirical 
factor. It can be advanced that the propagation model can be expressed in 
function of the porosity and its degree of saturation by using Archie’s law 
aiming into the following expression: 
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b. Relation between corrosion and climatic parameters. Most of the studies 

are made in laboratory conditions or chambers with controlled conditions but 
the structures are exposed to the atmosphere and then the impact of rain, 
changing temperature, snow and wind has been almost not studied (80). In 
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these conditions all the corrosion parameters evolve with time as figure 13 
shows of the corrosion rate of the reinforcement of a beam contaminated of 
chlorides. The daily and seasonal evolution imposes changes in the water 
content that cannot be straight forward modelled. It is necessary to undertake a 
recording of data in natural exposures in order to have a general formulation.  
 

   
Figure 13 Evolution of corrosion rate with the atmospheric climatic events. 
Corrosion current density and accumulated for a T-beam (80). 
 

c. Representative annual corrosion rate. The changes in the corrosion rate 
make necessary to define an annually averaged or representative corrosion rate, 
Icorr,REP , which could facilitate the prediction of the corrosion progression. The 
accumulated corrosion enables such representative value to be obtained if are 
enough data. Thus, figure 13 right part shows the accumulated corrosion, Pcorr 
in a concrete beam contaminated with chlorides exposed to the atmospheric 
events. The corrosion rate results certainly constant although in the case of the 
figure there are two clear different periods in the life of the element: during the 
first 2 years and after. This time was identified as when the cover cracked. In 
the outdoor exposition seems that when the cover cracks, the corrosion rate 
decreases due to a quicker drying that the crack allows. 

 
3. The modelling of the structural consequences from the material degradation. 

Important advances have been made in the last years (81,82)  and at present is the 
basis for the structural  recalculation of elements deteriorated by reinforcement 
corrosion, at least by simplified models (83-84) although also numerical modeling is 
developed in the subject. 

a. Probabilistic treatment and safety limits. It is the usual approach for 
structural calculations and should be for durability. It is necessary the 
collection of data and its probabilistic treatment in order to apply these 
concepts in a rigorous manner to the structures in the risk or being deteriorated 
(82, 85-89). Moreover and given to the enormous effort and cost that the 
experimentation of deteriorated structures entails, it is vital the characterization 
of the parameters that enable structural numerical modeling, either of the 
environmental actions or of the performance of the structural and material 
deterioration. 

 
This limit states can be treated in a deterministic or in a probabilistic manner, 
this last mode has opened the door to the proposal to introduce the calculation 
of durability in the codes and standards (82, 87-89). At this respect, it has to be 
emphasized, that the level of optimum safety in deteriorating structures is far to 
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be solved because it has not being analyzed by comparison to the failure 
consequences and the economical costs. That is, the reliability index β has to 
be optimized by comparison of the different technical solutions with their 
associated costs in order to establish the optimum safety level (90). Until 
present, there is a lack of real data which could help the state of the art to 
advance more in this subject. A life cycle analysis or safety calculations should 
be based in the recorded data in real structures, more than an interesting 
computational exercise. 
 

b. The nature and properties of the rust generated. Another aspect of the 
modelling of the structural consequences that is attracting interest is the 
relation between corrosion level and crack openings at the concrete surface 
generated by the pressure of the oxides produced. This relation was 
numerically modelled in 1993 (84) but still there are works (91-92) trying to 
find the relations between the rust properties and the pressure produced.  
Clarification is needed to try to focus future work in the influence of concrete 
properties more than in trying to define the oxides mechanical properties 
because the iron oxides have a very variable nature and morphology (93).  

 
The corrosion products formed after depassivation are a mix of 
Fe(OH)2/Fe(OH)3 or some oxyhydroxides (FeOOH) which will flocculate in 
the solution forming the corrosion products known as ‘rust’ (94). The rust 
freshly formed is like a gel (see figure 15) without mechanical consistency and 
resistance. It has water as the oxide particles remain in suspension in it. The 
morphology of the oxides is not unique as continuously evolve and if the water 
evaporates by drying, the oxide can collapse by simple low pressing. In figure 
15 has been tried to reproduce what is observed when the pits or the general 
corrosion form. The oxide is formed in presence of water, the oxides particles 
precipitate, flocculate and aggregate maintaining its apparent volume by the 
water retained in between them.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15 Interpretation of the sequence of oxide drying of figures 10-12. In the 
left, the oxide particles form like a “sheet” (or petals of a flower) with the inter-
particle water molecules. In the center, the dry structure is shown. In the right 
being collapsed after being touched with a finger (93). 
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The oxides aggregate adopting several appearances as the petals of a flower. Their 
consistency is due to the water and they may collapse if the water evaporates. The 
expansive character of the rust formed during corrosion seems to come then from 
its ability to retain water molecules, which in turn depends on the nature of the 
mixed oxides types formed.  

 
5. MODELING OF SERVICE LIFE 

 
Although service life is usually modelled from Tuutti’s work (95) by a two step process: 
initiation and propagation, the structures’ life should also consider the repaired or 
upgraded life steps in which the structure may stand differently than it was originally 
designed. The different steps in which service life is considered are represented in the 
equation 15 in which tl = service life, pd =design phase, pc =construction phase, ti = 
corrosion initiation period, tp = corrosion propagation and tr = post-repair period, then: 
 

tl = pd + pc + ti + tp+ tr           (15) 

 
This formulation tries to express the challenges we have for the future: to link the 
design to the durability taking into account not only the time to corrosion initiation and 
that of the corrosion propagation, but also the design and construction phases and the 
post-repair or extension of life period. 
 

The need to approach the calculation by computational tools has aimed into the 
proposal of different models (27,31,36,39,40,49,50,65,86-88,95-96) that however lack 
of proper calibration because they are relatively new. Computers have enabled in the 
last decade the expansion of the modelling in such a manner that not only unidirectional 
transport of moisture or ions have been published, but even 3D representations of the 
progression of hydration and the formation of the microstructure is feasible (97-98). 
Also “multiscale” (99-100) modelling has been developed by linking the microstructure 
output results to following scale of the transport processes and progressively 
incorporating the reinforcement corrosion process and the structural performance. Based 
in the theory of diffusion these models until now, neither can appraise all the expected 
life of more than 50 years, nor can model the local environment with the climatic 
changes. Thus, the prediction differs significantly among them (44). This lack of 
calibration should however not stop the research in the area.  
 
1. Multilevel modelling. The several approaches to model service life have induced 

the need of a classification. Table 1 (101) shows four levels of calculation are being 
developed: level 1 is deterministic and comprises the use of deemed-to-satisfy rules 
that is the traditional prescription of concrete mix proportioning. Level 2 is semi-
probabilistic based in: a) the use of “durability indicators” and performance tests 
that are related to durability, but without the explicit use of the time or b) prediction 
models that have the time explicit. Level 3 is the full probabilistic level.  
 

2. Performance approach. This approach is tried to be applied to the current 
standards in order to define objectives more than specifications. The Indicators are 
characteristics or properties of the concrete that are classified in categories or levels 
and can be better applied in the daily practice (52).  
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LEVELS OF DURABILITY VERIFICATION 

1 2 3 
Deterministic Semi-probabilistic Probabilistic 

Time implícit  Time  implícit  Time 
explicit  

Time  
implícit  

Time 
explicit  

Standards & 
Codes 

Durability 
Indicators 

Prediction 
Models 

Durability 
Indicators 

Prediction 
Models 

Table 1 Levels for design of durability   
 
3. The electrical resistivity as Corrosion Indicator or as controlling parameter of 

a model. The electrical resistivity is a parameter that informs simultaneously on a 
material characteristic as is the porosity, but also on the degree of water saturation. 
Assuming it is measured in the specimens of concrete at 28 days wet curing, its 
values can be used as a corrosion indicator by ranking the values and relating them 
with the time to depassivation or it can be introduced in a mathematical expression 
of the type of the square root law based in its relation to the diffusivity (45). The 
model based in the resistivity needs certain complementary parameters related to the 
binding of chlorides or carbon dioxide (reaction factor) and ambient factors. The 
resulting model can be applied to the initiation and propagation period. It needs 
experimental validation but its application is promising. The present expression  of 
the model is:      
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Where tl= time life, x= cover thickness, ρef= concrete resistivity at 28 wet curing, 
t0= time at which the first resistivity measurement is made tt=28 days, rCl,CO2= 
reaction factor, kCl,CO2 = ambient factor, Pc= corrosion penetration, ξ= ambient 
factor applied to the corrosion rate, Kcorr= corrosion constant. 

 
6 ROLE OF CEMENT CHEMISTRY AND CONCRETE COMPOSITION ON 
SERVICE LIFE 
 
It is often studied the effect of local materials and concrete mix proportioning into the 
time to corrosion. Progress in the prediction is needed in order to advance in the 
tailoring of the durability of new types of cement. The properties of the cement and the 
concrete that have impact in the reinforcement corrosion are: alkali content, proportion 
of SC3 and amount of portlandite, amount of aluminous phases, degree of reaction and 
finesse, amount of cement, proportion and nature of mineral additions and w/c ratio. 
 
The cement protects the steel due to the pH value is equal or higher 12,6. As higher is 
the pH, lower is the Ca+2 content in the pore solution and then, higher will be the 
chloride threshold but for the carbonation resistance more alkalis can be detrimental as 
previously commented. The portlandite amount has also a double role: it is a weak 
component in the case of chemical attack but it constitutes the alkaline reserve that is 
able to buffer the acidification produced by the carbonation and the chloride induced 
corrosion. The AFm phases play a similar double positive and negative role, by being 
the nucleus of sulphate attack but also the phases reacting with chlorides and delaying 
their penetration.  
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The need of lowering the carbon dioxide in the clinker production is calling for the 
increase of proportions of mineral admixtures. The decrease in the portlandite content is 
deleterious for maintaining the steel passivity. Then: a) solutions should be established 
for the assurance of the steel protection and b) models to predict the impact of the 
mineral additions in the corrosion protection should be developed, because no general 
formulation exists relating the composition of the mineral addition to their effects in the 
corrosion resistance.   
 
1. Effect of mineral additions. Among the mineral additions or supplementary 

cementitious materials (SCMs) the most widely used ones are the natural pozzolans, 
the fly ash, slags and the silica fume. From a durability point of view, they introduce 
in the concrete important differences being positive the majority of them (102-103). 

 
The mineral additions generate noticeable changes in the three main phases (solid 
phases, pore network and pore solution) of the hydrated cement paste. These 
changes are produced mainly due to: a) the reduced amount of clinker by concrete 
volume and the consequent relative increase of the w/c ratio; b) the additional 
reactions with the portlandite and c) the different nature of the hydrated products 
with CSH of lower Ca content and higher amount of aluminous and ferrous phases. 
Regarding the pore network, it may be lower or higher depending on the w/c ratio 
and the degree of hydration. As hydration progresses, the pore size distribution 
refines and ends in a more tortuous network, which effectively delays the 
penetration of aggressive substances.  

 
Regarding the durability of reinforcements, in general it is accepted that 
carbonation progresses quicker in blended cements than in OPC concretes, likely 
due to their lower amount of portlandite. The progressive reaction of the carbon 
dioxide with the Ca(OH)2 lowers the pH of the pore solution and then, portlandite 
dissolves in order to buffer the pH until it is consumed. Later or simultaneously, the 
calcium of the CSH is released and acts as a buffering compound, but it is not 
effective enough to stop the pH decrease, which ends up in values around neutral 
pH=7. Once the pH drops below 8 (18) all along the embedded rebar, uniform 
corrosion is initiated due to the dissolution of the passive layer. 

 
On the  opposite to carbonation, the chlorides in general penetrate more slowly in 
blended cements, either due to the more refined pore network or to that the AFm 
phases are present in a higher proportion (102-103) and bind the chlorides. The 
result is a beneficial effect on the retarding of corrosion initiation. 

 
Regarding the corrosion propagation period, the presence of blending agents may 
produce opposite effects. On one hand the buffering capacity, which supports the 
repassivation, is smaller in presence of mineral additions; but on the other hand their 
porosity is more refined leading into a higher resistivity (43,45) which ends up in 
lower corrosion rate. Then, whether the corrosion rate will be smaller or higher 
would depend on the particular mix proportioning, curing regime and degree of 
saturation in the particular ambient (43). 
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7. OTHER ASPECTS 
 
Other aspects will be commented briefly in their dimensions of the need of future 
research. 
 

1. Stress corrosion cracking, SCC. Although only two causes of corrosion are 
usually mentioned: carbonation and chloride induced corrosion, there is another 
type, the stress corrosion cracking phenomenon, SCC, (104-107) which is more 
risky due it induces metal brittle failures.  Stress corrosion cracking (SCC) occurs 
only when the following three factors are simultaneously present (106-107): 1) the 
use of a susceptible material (as prestressing wires) 2) certain level of stress and 3) 
an aggressive environment (still not well identified in concrete). The process starts 
by the nucleation of microcracks in the surface of the steel. One of them may 
progress to a certain depth, from which, the crack velocity is very high and the wire 
breaks in a brittle manner in relatively short time. The mechanism of nucleation and 
its progression of SCC is still a controversial issue (106).  

2. Corrosion measurement techniques. Their use is well established from many 
years ago (65,108-112) but still several aspects need further research: 1) the search 
of a NDT which could give information on the actual loss of metal and 2) the 
developing of smart interpretation of monitoring by sensors (112). 

3. Additional preventive measures. Several have continued to be applied these past 
years. The most common is the use of corrosion inhibitors (113). Corrosion 
inhibitors are very promising being those environmentally compatible the most 
challenging. Cathodic protection as prevention method (114) is seldom used and 
however it may be more appropriate than its use in corroded elements. The use of 
stainless steel, galvanized (115) or composite rebars (116) should be more 
developed and tried. All these methods are efficient but need further developments 
in order to make them more economic. Epoxy coatings on the opposite have shown 
to fail in less than 30 years (117-118) and seem less interesting than the other 
preventive measures.  

4. Repair techniques and materials. The most common technique of repairing is 
patching and cosmetic repair of the concrete. Numerous cement based materials for 
repair and patching have been developed. They are much resistant to the penetration 
of aggressive substances but also they have different thermal and mechanical 
characteristics than the parent concrete and then, failures are prematurely produced. 
The challenge will be the developing of materials which could be more easily 
applied and function with the same basic characteristics than the initial concrete. 
 
Regarding the other repair techniques, the most efficient is cathodic protection (114) 
which is well established and again the challenge is the adaptation to the existing 
structure by developing flexible anodes of easy application (119). The other two 
electrochemical repair techniques: realkalization and the chloride extraction also 
have advanced very remarkably in the last decade. Both suppose the need of the 
application of high electrical current and they demand particular conditions to 
efficiently stop corrosion and restore passivity (120).  
 

FINAL COMMENTS 
 
In the review made on the challenges for next years regarding reinforcement corrosion, 
the modelling of processes can be mentioned as the most important subject studied in 
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the last few years. This trend was already identified in the lecture of the XIIth ICCC and 
still needs further impulse. For the future, the challenge is the integration of the partial 
models in more comprehensive ones in a “multiscale and multilevel” approach. The 
modeling has to be extended in the near future not only to service life design but too 
many other aspects related to the reinforcement corrosion, as quantitative prediction is 
much needed. Thus, it is necessary to predict from the design phase all possible events 
including repair alternatives and then, sound mathematical expressions have to be 
adopted. These expressions have to be scientifically based and experimentally validated, 
in order to position concrete research as a high-tech field with tailored solutions adapted 
to local materials.  
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As anyone attending this congress or reading its proceedings will immediately see, the 
papers constituting the scientifi c corpus of the 13th ICCC were written by most of the scientifi c 
groups of international prestige in the area of the chemistry of cement, working in countries 
around the world. This introductory note is intended as a tribute to everyone who, with their 
presence and participation, has contributed not only to this 13th ICCC in Madrid, but to scientifi c 
and technological progress in our area of knowledge (chemistry of cement), which we shall be 
sharing in the fi rst week of July 2011.

The abstracts contained herein are an invitation to refl ect on the scientifi c structure of the 13th 
ICCC. The main areas covered by the over 650 papers submitted by their authors are:

• 1.- Production process chemistry and engineering
• 2.- Sustainable production
• 3.- New cementitious matrix
• 4.- Hydration and microstructure
• 5.- Hydration and thermodynamics
• 6.- Modelling
• 7.- Properties of fresh and hardened concrete
• 8.- Concrete durability

• 9.- Standarization

This classifi cation is essentially a refl ection of the interest shown by authors; i.e., it was 
designed by the authors themselves, based on their lines of research. It would be scantly sensible 
to attach more or less importance to any of these areas on the grounds of the number of papers 
submitted. Only three communications were received in Area 9 (legislation), for instance, but no 
one would question the importance of legislation for our science. The more pertinent question is 
why we authors fail to include legislative factors in our everyday research.

Portland cement hydration, sustainability and the pursuit of new binders are the subjects that 
clearly prevail in early twenty-fi rst century chemical research on cement. This would appear to 
require no justifi cation. Our planet’s economic and social realities are charting courses and and 
posing challenges to which we have decided to rise. 

But in addition to the scientifi c corpus briefl y mentioned, the 13th ICCC in Madrid features 
several innovations with respect to previous editions of the Congress. Only time and participants’ 
response will tell whether the efforts to modernise its format have been productive. Two weeks 
away from the opening, nearly 800 men and women have now registered to visit Madrid in July. 
This fi gure is much higher than the number of participants in Montreal 2007, despite the economic 
crisis. I therefore think that we can feel modestly but proudly  satisfi ed over the confi dence the 
international scientifi c community is placing in our organization.

LETTER TO PARTICIPANTS
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LETTER TO PARTICIPANTS

Of the features introduced at this edition of the congress, I would stress four.

1.- For the fi rst time in ICCC history, an International Congress on the Chemistry of 
Cement has scheduled a series of pre-congress courses, whose objectives are: 

*to intensely address a specifi c, short number of subject areas that, judging 
from the expectations aroused, seem to constitute topics of particular present 
and future interest in the fi eld of cement 

*to provide attendees a broad overview of the chemistry of cement from 
different perspectives, under the stewardship of a highly qualifi ed group of 
international experts. 

These courses are proving to have exceptional appeal. To date, with the registration 
deadline still a few days away, around 200 people have signed on for these seven 
courses. The organization is naturally endeavouring to ensure that all 200 will benefi t 
immensely from course attendance: i.e., that they will return to their home institutions 
with new knowledge, new working plans and new ideas, after having interacted directly 
with specialists of prestige in these specifi c areas.

2.- Panel discussions. These panels cannot be said to be an innovation per se 
because they have formed part of past editions of the ICCC. Nonetheless, this 

formula for sharing knowledge and expressing different scientifi c opinions had been 
neglected in the most recent congresses, very likely due to the pressure exerted on 
organizers to distribute the scant time available among many hundreds of participants 
eager to discuss their research with colleagues from other institutions. The 13th ICCC 
(Madrid 2011) organizers have striven to recover a practice that should never have 
been discontinued. Scientifi c debate in its most traditional format will hold a place of 
privilege in Madrid.

3.- A third new feature is the organization’s endeavour to assemble a series of 
particularly relevant papers for publication in a special issue of Cement and Concrete 

Research which will indisputably constitute the backbone of the knowledge stemming 
from Madrid-2011. I take this opportunity to thank each and every author for the effort 
made to meet the publication deadlines so that this issue of the CCR would be in the 
hands of all participants on the opening day of the 13th ICCC. This apparently simple 
achievement has called for a good deal of energy that readers will surely be able to 
appreciate in just measure. I believe that this is the fi rst time that a publication of these 
characteristics has been included among ICCC documents for participants.

4.- Posters... Posters continue to be the orphan child of congresses in general, and 
the ICCC is no exception to that rule. Many authors feel that their research has 

been undervalued if they receive a proposal to present their paper in poster form. In 
this congress we have introduced a new, three-pronged approach: digital format, poster 
presentation during (short) plenary sessions, and specifi c timeslots (shown on the 
programme) for formal poster presentations. There is no way of knowing, at this writing, 
whether these innovations will (at least partially) overcome the inertia that relegates the 
research behind posters to oblivion. But we hope that the effort will encourage future 
ICCC organizers to continue to highlight the value of this format for presenting research 
papers.
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LETTER TO PARTICIPANTS

Lastly, from the modesty that should govern a scientist’s professional life, I wish to express my 
enormous satisfaction over what has been an exciting, once in a lifetime experience: organizing 
an ICCC. It has been both fantastic and revitalising. I feel extraordinarily fortunate and am looking 
forward to sharing the satisfaction it has afforded me with all the Congress participants in Madrid.

Welcome to Madrid and many thanks for your support and patience and, above all, my best 
wishes for successful research.

Angel Palomo
Chairman 13th ICCC
Madrid, May 2011
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REINFORCEMENT DURABILITY

C. Andrade* and N.Berke**

* Research Centre for Safety and Durability of Materials and Structures- CISDEM-
(UPM-CSIC) Madrid-Spain
** Tourney Consulting Group- LLC -USA

ABSTRACT: Corrosion of reinforcement has extensively being studied during the last 
three decades in spite of which many questions remain unsolved. Steel corrosion 
embedded in concrete can be suppressed or slow down but at a cost that still has not 
been correctly accounted from the design phase. The paper treats the following subjects:
1) Causes of reinforcement corrosion: carbonation and Chloride ingress, 2) Corrosion 
onset and Chloride threshold, 3) Corrosion propagation. Period, 4) modeling of service 
life, 5) Role of cement chemistry and concrete composition on service life, 6) the effect 
of supplementary cementitious materials on corrosion and 7) other aspects: Stress 
corrosion Cracking, Corrosion measurement techniques, Prevention methods and Repair 
materials and techniques. The paper tries to express the known aspects of these different 
subjects and makes the emphasis in the identification of those aspects that still need 
further research work. In the exercise it is identified that the modeling of processes and 
their incorporation into the structural and engineering calculations, can be mentioned as 
the most important subject to be improved and further developed in the near future.

INTRODUCTION

Reinforced Concrete has demonstrated in the more than one century of performance 
that it is a material with multiple applications, which has flexibility to adapt to different 
uses, types of elements and structures, and to evolve to be more tailored made.  
However, volumetric changes due to moisture and temperature evolution and durability 
(material and structural) stability are still aspects in which improvements have more 
challenges. Structural concrete resists well in many environments but in marine or 
chloride bearing ambient, to reach 100 years of time life without damages seems to be 
feasible only if special preventive measures are adopted from the design: concretes of 
very high mechanical strengths (above the needed from resistance demands in order to 
lower the porosity) or reinforcements in stainless steel or cathodic protection. In the last 
5 years reinforcement corrosion has still attracted numerous funds and research papers,
however, in spite of the important advances made in the modeling of the process, in
present lecture are described several aspects that still need scientific and technical
advances. Particular attention will be paid to the areas already reviewed in the last 
Cement Chemistry Congress in Montreal (1).

For the sake to organize the presentation of the review and of the main future needs in 
the research of reinforcement corrosion, the several aspects that will be commented 
paying attention to the cement chemistry and its influence in the corrosion process, are 
the following:

1) Causes of reinforcement corrosion: carbonation 
2) Chloride ingress.
3) Corrosion onset. Chloride threshold. 
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Determination of Slag Content in Blended Cement
by XRD/Rietveld Method without Adding Internal Standard 

 

Makio Yamashita*1, Hisanobu Tanaka 
Mitsubishi Materials Corporation, Cement Research, Yokoze, Japan

 
Abstract
Blast-furnace slag content in blended cement is a significant parameter affecting both cement properties and 
concrete performance and durability. The XRD/Rietveld method has been applied for rapid quantifying slag 
content in blended cement and is expected to be applicable to in-plant processing and quality control. In many 
cases, however, the amount of amorphous phase is determined indirectly by adding known quantities of alumina 
(Al2O3) to the cement sample as an internal standard. In this case, a considerable discrepancy exists between 
measured and actual values because of different grain size distributions or X-ray absorption of cement minerals 
and the internal standard. Even if the internal standard used is constant, slight differences in fineness or mineral 
composition of base cements (clinker) due to the variations of production conditions and production date create 
unacceptable levels of these discrepancies. However, the recently developed Rietveld software enables 
quantifying the phase with no known crystal structure or amorphous phase in the calculation. We experimentally 
verified the accuracy and applicability of this technique for quantifying the slag contained in cement. In the 
experiment, we used many base cements that had different fineness and chemical and mineral compositions. We 
then used slags from different production areas to make blended cement in a laboratory. The slag diffraction 
pattern is modeled by measuring one pure slag sample and some fixed parameters by Pawley refinement. The 
results demonstrate that slag content and cement mineral content can be measured simultaneously with high 
accuracy, independently of differences in base cement properties and admixed slag brand. The accuracy of this 
method is comparable to that of the conventional selective dissolution method. This technique is also more 
reasonable and applicable in an automated plant process because there is no need for calibration or adding a 
standard, and thus contributes to quality improvement in the blended cement manufacturing process. 

Originality 
We demonstrated that slag content in blended cement can be accurately determined using the newly developed 
XRD/Rietveld method without any internal standard, regardless of differences in base cement properties and 
admixing slag brand. Traditionally, quantitative determination of the amorphous phase of such slag in blended 
cement using the XRD/Rietveld method has adopted an indirect method of adding a known quantity of an 
internal standard to the sample. Evaluation results obtained by this indirect method are particularly influenced 
by the properties of the base cement, and there were often large discrepancies from actual values. We have now 
clarified that amount of slag can be directly quantified by the XRD/Rietveld method after removing an important 
potential source of error, thus significantly increasing its applicability to quality and process control.  

Chief contributions 
We determined that the XRD/Rietveld method could be applied to determine slag content without adding an 
internal standard. It is particularly worthwhile for quality and process control in a blended cement 
manufacturing plant to clarify measured slag content without detrimental influences of differences in the base 
cement used. Process and quality control at a plant have always required rapid determination of slag content in 
blended cement by the XRD/Rietveld method. However, the conventional XRD/Rietveld method requires adding 
an internal standard and often produces incorrect values; therefore, its reliability has been low. We have now 
confirmed that this newly developed method is more reasonable and applicable, and thus contributes to quality 
improvement in the blended cement manufacturing process. 

Keywords: slag content, XRD/Rietveld method, without internal standard, online measurement  

                                                 
* Corresponding author: Email mkyamast@mmc.co.jp Tel +81-494-237148, Fax+81-494-237439 
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In-Situ Clinkering Study of Belite Sulfoaluminate Clinkers by Synchrotron X-Ray 
Powder Diffraction 

De la Torre, A.G. *1, Cuberos, A.J.M., Alvarez-Pinazo, G., Cuesta, A., Aranda, M.A.G. 
Departamento de Química Inorgánica, Cristalografía y Mineralogía, University of Malaga, Spain 

ABSTRACT.
Belite sulfoaluminate (BSA) cements have been proposed as environmentally friendly building materials, as their 
production may release up to 35% less CO2 into the atmosphere when compared to ordinary Portland cements. Klein salt, 
or C4A3S, is one of the main phases of BSA clinkers as its hydrating behaviour is responsible of some of their special 
features, for instance rapid hardening. 
 
In this work, we will report several high-resolution high-temperature, up to 1400ºC, synchrotron X-ray powder diffraction 
studies. Firstly, we have studied in-situ the mechanism of formation and stability of pure Klein salt. Secondly, the clinkering 
process to produce BSA clinkers has also been studied. Two types of BSA clinkers were characterized, both containing 50-
60 wt% of C2S and 20-30 wt% of C4A3S, as main phases. However, aluminium-rich BSA clinkers contain C12A7 and CA, as 
additional phases; meanwhile, iron-rich BSA clinkers contain C4AF. 
Furthermore, C2S phase reacts slowly with water, thus, activation of this compound is desirable, in order to enhance 
mechanical strength development. To do so, iron-rich BSA clinkers have been doped with minor elements (B and Na) to 
promote stabilization of α-forms of C2S, which are more reactive with water. 
 
The decarbonated raw materials (for pure Klein salt, clinkers and activated clinkers) were loaded in Pt tubes (40 μm of 
wall and 0.6 mm of diameter) and heated between 1000 ºC and 1400 ºC. A very short synchrotron X-ray wavelength 
(λ=0.30 Å) was used to penetrate the Pt capillaries and to get the patterns for the samples at the desired temperatures with 
good statistics. 
 
The mechanism of formation of pure Klein salt and BSA clinkers has been determined. The high-temperature phases have 
been established and furthermore, Rietveld quantitative phase analyses at high temperature have been performed. The role 
of minor elements will be discussed as there are some changes in the clinkering temperatures and phase assemblages. 
 
ORIGINALITY 
Belite sulfoaluminnate clinkers have been known for several years. However, the clinkering mechanism is far from well-
established. This work reports a detailed study of the mechanisms of clinkering of belite sulfoaluminate raw materials with 
different mineralogical compositions. The merit of this approach is to combine high-temperature synchrotron X-ray powder 
diffraction data and the Rietveld method to yield accurate phase analyses with temperature. 
 
CHIEF CONTRIBUTIONS 
We have clarified the thermal stability of Klein salt in different types of clinkers. This characterization has been extended to 
the behaviour of the pure phase. Several reactions have been followed: formation and dissolution of Klein salt, melting of 
aluminates and ferrite and polymorphic transformations of dicalcium silicate, α'H-C2S → α-C2S. Changes in mineralogical 
phase assemblages at a given temperature due to the addition of minor elements have also been determined. 

KEYWORKDS.  
Quantitative phase analysis, Rietveld method, High temperature X-ray powder diffraction, clinkering, BSA cements 

                                                 
1 Corresponding author: Email mgd@uma.es Tel +34952131877, Fax +34952137534 
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SITE PREFERENCES OF F, Al3+ AND Fe3+ GUEST IONS IN THE 
CALCIUM SILICATE PHASES OF PORTLAND CEMENT FROM 

SOLID-STATE NMR SPECTROSCOPY 
 

Thuan T. Tran1*, Duncan Herfort2, Hans J. Jakobsen1, Jørgen Skibsted1  
1 Instrument Centre for Solid-State NMR Spectroscopy and Interdisciplinary Nanoscience Center (iNANO),  

Department of Chemistry, Aarhus University, DK-8000 Aarhus C, Denmark. 
2Aalborg Portland A/S, P.O. Box 165, DK-9100 Aalborg, Denmark. 

 
Abstract
Fluoride mineralizers such as CaF2 are increasingly used in modern Portland cement (Pc) production. 
Although the bulk fluoride content in the kiln feed is typically only about 0.2 %w, it has an important impact on 
the formation as well as the hydration properties of the calcium silicates in Pc. The present structural 
investigation of F, Al3+ and Fe3+ guest ions in the calcium silicate phases reveals that the fluoride ions are 
incorporated only in the interstitial oxygen sites of alite. The F ions take part in a coupled substitution of Si4+ + 
(Ointerstitial)2 → Al3+ + F, where the Al3+ guest ions are located in the tetrahedral sites in close proximity to the 
F ions, thus preserving local charge balance. Fe3+ ions on the other hand do not seem  to be involved in the 
fluoride mineralization, and are more likely to be incorporated in alite by substitution for Ca2+ ions on 
octahedral sites, i.e., a Ca2+  Fe3+ substitution. This work also demonstrates the unique potential of solid-
state NMR in obtaining structural information about guest ions in the calcium silicate phases of industrial 
Portland clinkers, which can have important implications for thermodynamic stability of the host phases. 
 
Originality 
Fluoride mineralization plays an important role in modern Portland cement production. In contrast to other 
minor components in Portland cement, it is shown that the fluoride ions are almost exclusively incorporated in 
the alite structure, thereby modifying the thermodynamic properties for this phase. This facilitates the formation 
of alite from belite and calcium oxide according to the reaction CaO + Ca2SiO4  Ca3SiO5. The presence of 
other guest-ions in the alite structure such as Al3+ ions plays an essential role in the fluoride mineralization, 
since, as reported elsewhere in the literature, only very small amounts of fluoride can be incorporated in alite 
when Al3+ ions are absent. Until now, it has not been possible to obtain direct structural information about the 
fluoride ions and their coupling to other guest ions in alite because the fluoride content in Portland cement 
(approx. 0.2 %w) is too low to give sufficient resolution using conventional analytical tools such as X-ray 
diffraction and microprobe techniques. Therefore, despite the obvious benefits of fluoride ions on the clinker 
formation, most studies on fluoride mineralization to date have been empirical in nature. 
 
Chief contributions 
The mechanism for fluoride mineralization is described comprehensively using solid-state 19F, 27Al, and 29Si 
MAS NMR techniques. It is observed that the fluoride ions are only incorporated in the alite phase and 
facilitated by the coupled substitution of Si4+ and (Ointerstitial)2 by Al3+ and F. Extended studies of fluoride in 
combination with Al3+ and Fe3+ ions in modified Portland clinkers demonstrate that the Al3+ ions are essential 
for the fluoride mineralization whilst the bulk Fe2O3 content has only a marginal effect. Furthermore, our 
results indicate that the Fe3+ ions are preferentially incorporated on the octahedral Ca2+ sites rather than being 
located in tetrahedrally coordinated environments achieved by substitution for silicon. The experimental NMR 
results represent a major contribution to the understanding of fluoride mineralization and how this process can 
be utilized to optimize Portland cement production. Another major contribution of the present work is the 
demonstrated applicability of double-resonance NMR experiments such as REDOR and CP to obtain 
unambiguous information about the connectivities of different spin pairs in cementitious systems. Moreover, the 
present work illustrates the feasibility of NMR for studying specific minor components (or impurities) in 
Portland clinkers. 

Keywords: 
Fluoride mineralization, alite, belite guest ions, substitution mechanisms, site preferences, solid-state NMR. 

*Corresponding author: E-mail- thuantran@chem.au.dk, Tel- +45 8942 3875, Fax- +45 8619 6199 
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Chemistry of the different phases contained in a Sulfo-Belitic clinker by 
means of Energy Dispersive X-Ray analysis, Time of flight-Secondary Ion 

Mass Spectrometry and selective dissolution

Barnes-Davin L.1, Pasquier M., Bosmet J., Vial V.
Vicat, LMM, F-38081 L’Isle d’Abeau, France

Barnes J.P.
CEA-Leti, MINATEC Campus, 17 rue des Martyrs, 38054 Grenoble Cedex 9, France

Abstract :

A boron-doped belitic sulfoaluminate clinker was sintered in an electrical furnace. The addition of boron as a 
mineraliser had an effect not only on belite polymorphism but also on the chemistry of the C4A3 and C4AF 
phases. The aim of this study was to determine the distribution of boron in the clinker and to assess with more 
precision the chemistry of the different phases.

Elemental-mapping was performed with an energy dispersive X-ray (EDX) probe in a scanning electron 
microcope. EDX has low sensitivity for light elements such as B, therefore B elemental maps were obtained 
using time of flight secondary ion mass spectrometry (ToF-SIMS). Both methods allow only a microscopic 
approach and qualitative or semi-quantitative results are obtained. For a more precise determination of 
chemical composition and better statistics, a series of selective dissolutions were performed. These experiments 
allow initially the C2S phase to dissolve, then C4A3 and finally C4AF. X-ray diffraction (XRD) on the solid 
residue was used to check the efficiency of the dissolutions and inductively coupled plasma – absorption energy 
spectroscopy (ICP-AES) was used to analyse the three different filtrates. 

Originality :

This paper shows a relevant association of analytical tools used to analyse promising cementitious materials. It 
deals not only with qualitative microscopical data but also with quantative data obtained by wet chemistry. It is 
essential to understand the effect of dopants in sulfo-aluminate belitic clinker. 

Chief contributions :

This paper reveals the relationship between high temperature polymorphs of C2S and boron-rich phases. It 
confirms the possibility of this association in a clinker close from what could be industrially produced.
It also highlights the importance of solid solutions in clinker produced with raw material usually used in cement 
plants.

Keywords : sulfo-aluminate belitic clinker, EDX, ToF-SIMS, solid solutions, boron 
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399



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 15

M-4

T-5

W-6

TH-7

F-8

AREA 1 - Oral CommunicationSession 3 / 4 July / 15:30-17:15                  Paper

QUANTITATIVE ANALYSIS OF HEATED PORTLAND 
CEMENT PASTE BY X RAY DIFFRACTION 

 

Qi Zhang and Guang Ye 

Microlab, Section of Materials and Geosciences, Faculty of Civil Engineering and Geoscience,  

TU Delft, The Netherlands 

Abstract 
Cement paste at elevated temperature undergoes a complex decomposition reaction and 

microstructure change. This paper studied Portland cement paste heated up to different temperatures 
ranging from 105°C to 1000°C by X-Ray diffraction (XRD). The heated cement paste samples were 
kept isothermal in furnace for 10 hours and cooled down to 100°C. Then, the samples were pick out 
and grinded into fine powders. 10% Corundum was blended with cement paste powders as an internal 
standard. Quantitative phase analysis of cement paste samples was performed using Rietveld method. 
With the addition of  a crystalline standard, the weight fractions of all crystalline phases as well as 
amorphous calcium silicate hydrate (CSH) were determined. The Rietveld analysis results were 
compared with independent measurements of the same material by thermogravimetric analysis (TGA). 
A phase diagram of cement paste at the high temperature was proposed to reveal the chemcial 
information. The chemical reaction of each phase was discussed.  

Originality 

Although many qualitative measurements of calcium silicate hydra (CSH) by XRD have been carried 
out, the quantitative analysis of the fraction of the crystalline phase and the amorphous CSH were not 
available. In this study, the Rietveld analysis, a reliable technique to quantitatively measure the 
chemical composition of multiphase materials, was applied first to quantify the multiphase composition 
of heated Portland cement paste. The equilibrium of dehydration and recrystallization were determined. 
Based on the experiments, a two-step process of CSH chemical decomposition was discussed.  

Chief contributions  

The main contribution of this paper is to quantitatively describe the decomposition process of cement 
paste at the high temperature by Rietveld analysis from X-ray diffraction pattern. The phase diagram 
helps to understand the deterioration mechanism of cement paste at the high temperature. Furthermore, 
the decomposition mechanism of CSH could be used as a fundamental basis to predict the fire spalling 
in concrete 

Keywords: XRD,Portland cement paste, high temperature, Rietveld refinement 
 

Corresponding author: Email Q.Zhang@tudelft.nl Tel +31(0)152788741, Fax +31(0)152786383 
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QUANTITATIVE MULTI-SPECTRAL ANALYSIS OF PORTLAND 

CEMENT, FLY ASH AND SLAG USING SCANNING ELECTRON 

MICROSCOPY AND X-RAY µ-ANALYSIS 
 

1
Stutzman, P.

1
* 

1 
National Institute of Standards and Technology, Materials and Construction Research Division, Gaithersburg, 

MD, USA 
2
 Snyder, K.A. 

2
National Institute of Standards and Technology, Materials and Construction Research Division, Gaithersburg, 

MD, USA 
3
Bullard, J.W. 

3
National Institute of Standards and Technology, Materials and Construction Research Division, Gaithersburg, 

MD, USA 

 

Abstract 

 
Elemental X-ray µ-analysis and scanning electron microscopy (SEM) backscattered electron imaging (BEI) are 

combined to develop quantitative phase maps for portland cement, fly ash, and slag. The process is facilitated 

with visual textural analysis of the images, and the use of general-purpose multi-spectral analysis software. The 

methodology is advanced from a research tool towards a standardized test through a statement of uncertainty 

for the results and a comparison to other measurement techniques. Image processing and multi-spectral analysis 

facilitates quantitative measures of the different phase types, their abundance, and spatial distribution. This 

systematic approach developed for our Sustainable Concrete Materials program will facilitate the development 

of improved measurement techniques for classifying waste stream materials, and can be used to develop 

improved hydration kinetics models for blended systems. Ultimately, it will be a critical tool in characterizing 

the blended cements that will be distributed as Standard Reference Materials. 

 

Keywords: fly ash, portland cement, scanning electron microscopy, slag, x-ray diffraction 

 
 

 

 

 

 

 

 

Originality 

 

Previously, SEM imaging has been coupled to quantitative X-ray image analysis as a research tool.  This work 

makes important advances to the technique by developing the measurement science for a statement of the 

uncertainty in the reported results  This is important for the certification of Standard Reference Materials that 

require independent assessments of certified quantities, and for the development of reliable service life 

prediction models. 

 

Chief Contributions 

 

The main contributions of this research are the advances made to individual tasks that comprise the overall 

measurement technique: Materials Preparation, Image Data Collection, Imaging Processing/Extracting Phases, 

Image Analysis, and Reporting Uncertainty. 
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Study on the relationship of narrow particle size fractions and properties of

cement
Xu Lingling*, Wang Yang, Liu Mingdi, Ye Xuechu

(Nanjing University of Technology, College of Materials Science and Engineering, Nanjing 210009, P R China)

Abstract
Particle size of cement powder is a key factor influences the properties of cement. In this paper chemical

and mineral compositions of narrow particle size fractions are investigated, and the strength of cement pastes of
different specific surface area and narrow particle size fractions also tested. The results showed that the
strength increase with the increasing of specific surface area, and the particles with the size of -3+15• m have a
great contribution to strength of 3 days, and that of -16+30• m plays more important role to strength of 28 days.
The reason is that more C3S contained in finer powder, and more C2S are in coarse powder. Comparing the
mineral compositions of narrow particle size fractions from Bogue calculation and QXRD of Rietveld method, it
is proposed that the QXRD of Rietveld method is more accurate and should be used to analysis the mineral
composition of clinker.

Originality
The work described here is a part of whole work of a national project to clear the characteristics and the effect
of particle size and its distribution of cement powder on the cement to propose the optimum particle size
distribution of cement with the best properties. And the different grinding techniques and the morphic
characteristics of particles will be presented in other papers. This investigation is the basic work to be proposed
to discuss with other researches.

Chief contributions
To clear the chemical and mineral compositions of narrow particle size fraction as 0+3µm, -3+16µm,
-16+32µm, -32+45µm, -45+64µm and -64+80µm, every fraction has the different contribution for strength of
cement paste. To propose that QXRD of Rietveld method is better than Bogue calculation for determining the
mineral compositions of clinker.

Keywords: narrow particle size fractions, mineral compositions, specific surface area

Corresponding author: E-mail-xulingling1964@163.com,
Tel- +86+25+83587765, Fax- +86+25+83587765
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 Study of grinding aids for clinker by Zeisel mill 
 

  Goisis, M.* 
ITALCEMENTI, Innovation Department, Petosino (BG), Italy 

 Capone, C.  
CTG, Italcementi Group, Laboratory Department, Bergamo, Italy 

                                                                                                                            Zonca, G. 
                                                                   CTG, Italcementi Group, Laboratory Department, Bergamo, Italy 

Capelli, A.
 CTG Trainee, Laboratory Department, Bergamo, Italy 

 
Abstract 
Cement grinding is an energy intensive process. Electrical energy consumed for grinding clinker is typically around 
40% of the global electrical energy used in cement production. Specific industrial power consumption depends on 
clinker composition and ranges approximately from 30 to 80 KWh/t. Conventional-type mill has very low yield which 
partly justifies the large energy consumption.  
Additives permit to improve grinding efficiency and/or reduce energy consumption with positive effect on cement 
quality too. The effectiveness of grinding aids is difficult to be evaluated by laboratory tests and a final judgement on 
the advantages of their use can be given only by carrying on industrial tests. Nevertheless laboratory tests are 
necessary for preliminary evaluations of grinding aids efficacy and development of new formulations. 
The present work is aimed at investigating the possibility offered by Zeisel mill in order to forecast grinding aids 
effectiveness. Till now this mill has been mainly used to measure clinker grindability without the presence of cement 
additive. In a first part the paper presents grindability data obtained with three glycol-type grinding aids and their 
resulting ranking. In a second part an hybrid formulation, i.e. based on ingredients increasing specially mill output and 
selected among the previous ones and on a chemical increasing also compressive strength, is evaluated.  Quantification 
of the energy saving is calculated at different Blaine values. The additives effect is compared with that of a commercial 
product not only at lab scale but also at industrial level. The results are in good agreement. Possibilities and limits of 
Zeisel mill are described.   

Originality 
The main originality of this work lies in the application of Zeisel mill for evaluating the efficacy of grinding aids at lab 
level. As far as we know this original mill is typically used only to measure clinker grindability not the effect of the 
additives. Presentation of possibilities offered by this technique and relative limits represent a second point of 
originality. Comparison and ranking of different grinding aids, both experimental and commercial, integrate the 
peculiarity of this work. 

Chief Contributions
M. Goisis designed and supervised the research.  
G. Zonca and A. Capelli made all  the experimental activity. 
C. Capone participated to the work collecting and elaborating the experimental data. 

Keywords: Zeisel mill, grinding aid, additive, glycol, ammine,  
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Obtaining Belite Cements from Ceramic Waste and the Fluxing/Mineral pair 
CaF2/CaSO4. A Statistical Study 

 

1García-Díaz I., 1Puertas F.1*
1 Instituto de Ciencias de la  Construcción Eduardo Torroja (IETcc-CSIC) Madrid, Spain 

2Palomo J.G. 
2 Universidad Politécnica de Madrid, Escuela de Arquitectura Técnica Madrid, Spain 

 
 
Abstract
Prior studies conducted by the authors’ research team proved that fired ceramic tile is a technologically viable 
alternative prime material for manufacturing Portland cement clinker. Due to the layer of enamel on this tile, however, 
the ZnO, ZrO2 and B2O3 content in the new clinkers is higher than in conventional Portland cement clinker. The C2S 
content is also higher in the former, where an αH’C2S form is observed to stabilize. The fluxing/mineral pair 
CaF2/CaSO4, ion turn, is known to have a beneficial effect on clinkerization, for it lowers the molten phase temperature 
and accelerates the reactions that form calcium silicates. The purpose of this study was to obtain belite clinkers (i.e., 
with a high belite content) using fired tile waste as an alternative prime material and to study the effect of the presence 
of the fluxing/mineral pair CaF2/CaSO4 on clinkerization. 
The parameters studied were: the lime saturation factor (LSF) of the raw mix (85 and 90 %), the presence or absence of 
ceramic waste, and the % wt of the CaF2 (0.65 and 1.30 %) and CaSO4 (2.60 and 3.90 %) in the raw mix. All 36 of the 
raw mixes were sintered at 1350 ºC for 45 minutes and then cooled at ambient outdoor temperature. The clinkers 
obtained were characterized by quantitative XRD analysis. Its reactivity with water was evaluated by isothermal 
conduction calorimetry. A statistical analysis was conducted of the heat flow rate and time values at the peaks on the 
calorimetric curves for each of the variables addressed in the study. 
The C2S content in the belite clinkers varied from 36 to 60 %. The highest percentages of C2S were obtained in the 
clinkers containing tile waste and 3.90 % CaSO4 that also had an LSF of 85 %. The presence of tile waste favoured the 
stabilization of the αH

´C2S polymorph, while CaSO4 stabilized the βC2S form. A statistical analysis of the isothermal 
conduction calorimetry data showed that the reactivity to water in the belite cement obtained was highest when the raw 
mixes contained tile waste and CaSO4 (2.60 %) and had an LSF of 90 %. The clinker obtained under these conditions 
had a C2S content of 36.3 %. The clinker obtained when CaSO4 (2.60/3.90 %) was added exhibited high reactivity, 
despite its high C2S content (36-60 %). 
 
Originality 
The present communication is classed under the main topic “Sustainable production”. The study shows that belite 
cements can be viably manufactured from tile waste as an alternative prime material, using (CaF2/CaSO4) as the 
fluxing/mineral pair. This pioneering study illustrates the joint effect of these materials on the preparation of eco-
efficient cements. According to the statistical study of the conduction calorimetry data, in some of the belite clinkers 
obtained (with a C2S content of 36-45 %wt) water reactivity was comparable to the values found for Portland cement. 
Optimal conditions were established for preparing highly reactive belite clinkers.   

Chief contributions 
Obtaining eco-efficient cements, i.e., reducing the energy intensiveness as well as the environmental impact of cement 
manufacture is an area of obvious scientific interest world-wide. The originality of the present study lies in its three-
dimensional approach to the subject: the re-use of industrial waste and by-products as prime materials in raw mixes, 
and the use of mineralizers / fluxes (CaF2/CaSO4) and low LSF values. This is the first study to use fired tile waste in 
conjunction with mineralizers and fluxes to prepare belite cements. 

Keywords: belite cements, fired tile waste, alternative raw materials, fluxing/mineral pair, statistical studies   
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ENERGY SAVING LOW EMISSIONS BELITE CEMENTS 
1Garbacik A*

1Baran T 
1Ostrowski M 

1Institute of Ceramics and Building Materials, Division of Glass and Building Materials, Krakow, Poland

Abstract 
In this paper investigations on belite cement with high hydraulic activity are presented. Currently, the technology of 
belite cement production is a subject of very intensive research works. Solutions in this matter cover low-lime 
cement clinkers produced at lowered clinkerization temperature, guarantee low energy consumption and reduced CO2

emission on product’s unit. In the paper new conceptions concerning chemistry and technology of belite cements are 
discussed. 
In comparison with Portland cement clinkers, special clinkers with limited content of high-lime phases; alite up to 15% 
and max 4% C3A were produced. Quantity of low-lime phases C2S and C4AF reached to 60% and 15% respectively. To 
obtain better burnability of raw-mix and for activation of hydraulic properties, clinkers were doted by 3% SO3. The 
burning tests of special belite clinkers were realized using laboratory furnace and semi industrial rotary kiln.  
It was stated, that clinkerization temperature of the mentioned special belite-ferrite clinker is decreased about 100 0C. 
The clinker containing 1,5-2,5% free lime was very soft sintered and showed very good grindability. Strength 
determination proved very good hydraulic activity of special belite-ferrite clinker. Compressive strength after two days 
of cements ground to a specific surface area 4500 cm2/g was 10-12 MPa, after 28 days 70 MPa and after 360 days 90 
MPa. 
The XRD and SEM investigations of special belite-ferrite clinker microstructure proved that main phases of that clinker 
are β-C2S and C4AF with high SO3 concentration in solid solution. This phenomenon can explain high hydraulic activity 
special belite-ferrite clinker by crystal-chemical modification of the clinker phases. 

Originality of the research 
The problems described in the paper contribute original conception to cement chemistry and technology of special 
energy saving and low emission special belite cements. 
The problem to reduce energy consumption and CO2 emission in cement production processes is one of the most 
important duty in cement industry. The solutions in this matter cover two main trends; blended cements production with 
large quantity of non-clinker constituents and manufacturing of low-lime special clinker with lowered clinkerization 
temperature and CO2 emission on product’s unit. Extraordinary interests of specialist in cement chemistry are 
challenges of belite cements technology with high hydraulic properties. The conceptions of belite cement technology 
given in the paper concern special low-lime belite-ferrite cements. The results described in the paper concerning new 
technological assumption according to phase composition of the clinker and activation parameters to obtain clinker 
with very good hydraulic activity.  

Chief contributions made by the research 
Chief contributions made by the research provide new reasons in cement chemistry, according to energy-saving low-
emission special belite cements. It is necessary to note questions connected with physical-chemical modification of 
cement hydraulic activity. The investigations data and tested solutions of clinkerization process can be used as a base 
for technology requirements of active belite cements 

Keywords: OPC, low emission cements, special belite cements
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 1 

Proven Experiences with Alternative Fuels in Cement Kilns 

Dr. Hubert Baier
1
 

Senior Project Manager – Alternative Resources/ Polysius AG, Beckum 

Dipl.-Ing. Karl Menzel
2
 

Senior Executive – Engineering Clinker Production/ Polysius AG, Beckum 

Abstract 

Worldwide the availability of resources and its economical access is the driving force for searching for 

alternatives. Initially the cement industry has started after the oil crisis in the early 80th to use Residue 

Derived Fuels (RDF), mainly used oil and tyres, and has increased to a worldwide average about 10 % 

of the thermal energy demand in 2010, based on different types of hazardous and non-hazardous waste 

out of industrial and municipal origin. 

This trend is intended to maintain as well within the coming years due to possible economic benefits, 

and due to the necessity to significantly cut cement industry’s CO2 emissions, which contribute nearly 

5 % to the total worldwide CO2 production. 

The article will focus on the main aspects of pre-processing of waste and co-processing of RDF in 

cement kilns, by identification, waste management, pre-treating and utilization in the cement clinker 

process with sophisticated processing techniques for starting with simple procedures for mono-stuff-

streams as well as mechanical-biological treatment for mixed municipal solid waste. 

The process of clinker burning has to be assessed with regard to technical options and defaults. The 

pre-processing and handling concept within the cement plant as well as the impact of RDF on the 

manufacturing process will be emphasised. Of major importance in this context are pyroprocessing as 

well as RDF-combustion at its point of entrance, impact on product and emission. 

Based on these prerequisites, some particular techniques for the RDF use in pre-calciners and rotary 

kiln main burners will be presented, mainly featuring an intelligent fuel mix management, additional 

measures such as mechanical or thermal pre-treatment, and process-integrated measures such as modi-

fied main burners or process parameter adoptions in case of direct RDF feeding into the pre-calciner. 

In the following, concepts are introduced based on the mechanical, physical and thermal processing of 

alternative fuels. 

Keywords: Energy costs, cement industry, alternative fuel, RDF, quality, environment, CO2, pre-

processing, co-processing, rotary kiln, main burner, calciner, step combustor. 

1 Initial position 

Due to the continuing energy cost fluctuations and the discussions on the sustainable protection of 

resources the German cement industry was able to a continually reduction of its entire power 

requirement as a result of technical optimisation. 

After the first oil crisis, for cutting the costs a switch was made first from oil to coal and, due to its 

high energy content and relatively easy handling, to waste oil and used tyres. Later, this was followed 

by solvents, Fuller´s earths and oil sludges. "Lignite-like" solid alternative fuels of production-specific 

commercial wastes, wood, sewage sludges and so on were processed to fuel for the main burner, the 

kiln inlet or – if installed - the calciner. Additionally mineral based residues like filter cake, foundry 

sand, mill scale or contaminated soil are used for blending to Alternative Raw Materials (ARM) which 

replaces natural mineral compounds. 

                                                 
1
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Threshold Limits for Trace Elements in Portland Cement Clinker  
1, 2 Gineys N1*, 1, 2Aouad G, 3 Sorrentino F, 1, 2 Damidot D. 

1Univ Lille Nord de France, F-59000 Lille, France 
2 EMDouai, MPE-GCE, F-59508 Douai, France 

3 Mineral Research Processing  Company , Meyzieu, 69330  France 

Abstract 
In recent years, an increase of trace elements content has been observed in Portland cement. Primary raw 
materials (limestone and clay) represent the main input pathways for trace elements into Portland cement, but 
the contribution from secondary raw materials (sediments, sludges) and fuels (waste oils, tires…) are more and 
more substantial since waste valorisation is a common practice in cement industry. Despite the extensive 
literature on this subject, available data are incomplete. This paper aims at defining precisely for a standard 
clinker, the maximum amount of Cu, Ni, Sn or Zn that could be incorporated while preserving the stability of its 
four major phases (C3S, C2S, C3A and C4AF). The threshold limits were investigated through laboratory 
synthesised clinkers that were mainly studied by XRD and SEM-EDS. The clinkers were prepared by mixing 
pure compounds (CaCO3, SiO2, Al2O3 and Fe2O3) and Cu, Ni, Sn or Zn oxides that were burnt at 1450 °C in 
closed crucibles. The reference clinker corresponded to a typical Portland clinker (65 % C3S, 18 % C2S, 8 % 
C3A and 8 % C4AF). It appeared that beyond the threshold limit, trace element did not have the same behaviour. 
Two trends were observed. Ni and Sn had no significant effect on stability of the clinker phases and were mainly 
concentrated in interstitial phase as new compounds. Ni was associated with Mg as MgNiO2 and Sn formed 
CaO-SnO2 (2:1) with CaO. In contrast, Cu and Zn modified the stability of clinker phases. Cu changed the 
crystallization process and affected therefore the formation of calcium silicates particularly that of C3S. Indeed 
a high content of Cu in clinker led to the decomposition of C3S and consequently the presence of a greater 
amount of C2S and of free lime. Zn, in turn, affected the formation of C3A. Ca6Zn3Al4O15 was formed while a 
tremendous reduction of C3A was identified. The threshold limits for the studied trace elements are quite high 
except for Cu that affected C3S stability even for smaller amounts in clinker. This result is important given the 
steady increase of the content of Cu in industrial cement. The tests of reactivity conducted by calorimetry 
measurements at the threshold limits revealed that the doped cements are at least reactive as the reference at 
early ages.  

Originality 
Clinkering is one of the main topics of ICCC and the effect of trace elements is more and more studied. Trace 
elements in cement have been already studied by the past. Three main axes have been largely investigated: 1) 
immobilisation of wastes containing trace elements in cementitious materials,2) effect of trace element on the 
pure clinker phases properties (phase stability and reactivity during hydration), 3) effect of trace element on 
clinker (incorporation rate in clinker, effect on burnability and sintering process, effect on the mineralogical 
phases). However, nobody has currently determined precisely for a given clinker, the threshold limits in trace 
element that could be incorporated into the clinker without significantly modifying its main phases. The 
originality of this study relies on this point and considers four important trace elements (Cu, Ni, Sn and Zn) 
incorporated at different levels in the same reference clinker. The reported threshold limits could be used by the 
cement industry in order to avoid production problems knowing that the effect of the incorporated trace 
elements on hydration and also on the environmental issues have not been considered in this first approach.  

Chief contributions 
The reported work corresponds to the results of the first part of Nathalie Gineys PhD’s thesis devoted to the 
effect of trace elements on clinker mineralogy and then on Portland cement hydration and the environmental 
impact of the corresponding cement paste. This first part corresponds to the synthesis and the characterisation 
of clinkers incorporating some trace elements. Her supervisors, Prof. Denis Damidot and Dr. Georges Aouad 
have been carried out some researches on cement for years mainly on hydration and durability issues that 
correspond to the second part of the thesis whereas Dr. François Sorrentino is an expert on high temperature 
thermodynamics and clinker. 
Keywords: Threshold limit, Trace elements, Portland cement  
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Iron Ore Fractionation and caracterisation 
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Abstract
The present work will study the influence of particle size distribution coming from the milling on the 
composition and properties of matter that constitutes them. To achieve this goal, iron ore, was selected. Iron 
ore is crushed, split and analyzed. The analysis of particle size distribution curves showed that 20% of particles 
in fractions smaller than 63 microns are PM10 (particles smaller than 10 μm) that once released in the 
atmosphere have a harmful effect on health. 
The growth of the moisture with the fineness of particles enables them to play a role as condensation nuclei in 
the atmosphere by absorbing moisture of the air, allowing them to be the site of gas-solid reactions causing 
secondary pollution resulting from the transformation of gaseous pollutants emitted by industrial activity and 
gas vehicle exhaust. 
The ignition loss is determined according to standard: EN 196-2 increases with the fineness particles. 
According to the results of X fluorescence, we found out that SiO2, Al2O3, CaO, K2O, TiO2 and M4O have 
increasing levels with the fineness of particles unlike MgO, P2O5 and Na2O which have constants contents 
whereas while the iron is less enriched with the fineness of particles. 
A further splitting of the material may be made for a more comprehensive study of the reactivity of fine 
particles.  

ORIGINALITY: Material properties are determined by the nature of chemical bonds, atomic arrangement and 
microstructure. Their usage is subject to their availability, cost, and easiness of shaping and (in view of the 
environmental requirements of the time) their compatibility with environment. 
The extraction of raw materials, the physical and various chemical changes which it undergoes for obtaining 
materials is accompanied by an accumulation of waste and emissions of various toxic substances up to the air , 
as the case of solid particles from crushing and grinding. This work contributes to the evaluation of powdery 
material compatibility with the environment.  

CHIEF CONTRIBUTIONS: The industrial processes of materials production and processing (enrichment, 
crushing and splitting), are a potential source for dust emissions of which effect on the environment had been 
shown (Fernandez et al., 2003),(Schlesinger et al., 2003), this effect is closely linked to characteristics of such 
dust (Samet, 2000). Iron ore is used in the composition of the raw material for the clinker. In order to 
understand the reactivity of ambient air dust from cement manufacture, we propose in this work the study of the 
influence of particle size range on the chemical composition of iron ore.  

Keywords: iron ore, powdery materials, particle matter.  
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Abstract 
Cement quality in many companies is improving when defined as performance to target with low variation. Here, focus 
is on strength performance. Many companies are targeting strength ranges well within standard requirements. Ideally 
the contribution from testing variability should not be more than 10% of the total variance. However, this is often hard 
to achieve when cement variability is low. That is, even if testing performance is acceptable according to testing 
standards, the result can be unacceptable since testing variability could make up to 50% of the total variance. This puts 
pressure on improving strength testing beyond requirements in the method. Reducing testing variation will reduce the 
total variation at dispatch which also means improving the customer value. This paper is based on research in several 
laboratories with focus on the three Cementa plants in Sweden. The research presents main causes for strength test 
variation and how to reduce them. Also, a follow up system based on Statistical Process Control is presented showing 
how assignable causes in testing can be detected and actioned quickly. 

Originality 
The paper presents an old area of research – cement strength testing - from a practical point of view adding new 
insights from a control and management perspective.

Chief contributions 
The paper indicates what is needed to achieve the testing accuracy required to correspond with world class cement. 

Keywords:  Strength testing, mortar density, L-value, control samples 
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Active Belite Clinker doped with SO3

1Staněk T1* 
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Abstract 
The contribution is devoted to the research of clinker high in chemically activated belite. The essence of the activation 
is the preparation of belite clinker with increased CaO : SiO2 ratio in dicalcium silicate, achieved by substitution of 
SiO4

4- by SO4
2-. Belite clinkers were prepared from common cement-making raw materials; SO3 was introduced as 

FGD gypsum. The clinkers were burned at 1350°C. The raw meals had lime saturation by about 10% lower than 
commonly used industrial raw meals. The phase composition and microchemistry of individual clinker phases were 
studied by optical microscopy and electron microanalysis. Belite clinkers doped with SO3 consisted of belite, up to 20 
wt. % alite, C3A, C4AF, and a small portion of anhydrite II; the content of 4CaO.3Al2O3.SO3, characteristic for 
sulfoaluminate-belite cements, was negligible. The bulk SO3 in the clinker did not exceed 8 wt. %. The entry of SO3 into 
the belite structure, where it replaces SiO2, enables to extend the substitution to other oxides, especially Al2O3 and 
Fe2O3. This markedly increases the CaO : SiO2 ratio in belite, when compared with belite without SO3 addition. The 
results show that sulfur-doped belite clinker is distinctly more hydraulically active than reference belite clinker without 
sulfate activation. The technological parameters of cements prepared from such clinkers are comparable with those of 
the OPC with prevalent alite – even as concerns their short-term strengths. Hydraulic activation of these clinkers was 
caused on one side by the disturbance and “contamination” of the crystal lattice of belite (β-C2S in our case), on the 
other side by the relatively high content of CaO in the clinker, and also by certain small proportion of monoclinic M1

modification of alite, stabilized by SO3, as it has higher hydraulic activity than M3, and probably also by a small 
content of anhydrite II. Thanks to its good hydraulic properties, belite clinker activated in such a way could be used for 
cement production either alone, or mixed with OPC. In practice, the existing rotary kilns could advantageously produce 
by turns activated belite clinker and classical alite clinker. The lower burning temperature and short clinkering zone in 
burning of belite clinker would enable to utilize the mid-kiln ring from preceding alite clinker burning, as that from 
belite clinker burning is not stable. The production of such S-doped belite clinker can have considerable positive impact 
on the economy of cement production and reduction of the CO2 emissions. 

Originality 
The efforts for mass production of high belite clinkers are still provoked by the lasting necessity to reduce CO2

emissions and decrease of energy consumption in the cement production. Purely belite clinkers with interstitial 
substance composed of C3A and C4AF are not produced, as they do not have sufficient strengths. Currently, 
sulfoaluminate-belite cements, low-energy cements doped with fluorine and chlorine as well as undoped high belite 
cements are produced in limited volumes in China; few other countries tried the same on pilot-plant scale, e.g. in 
Romania. The principal problem is to produce, utilizing the current technological lines, active belite cement, which 
would by its properties, especially by initial strengths similar to OPC. Known methods of activation are out of 
possibilities of existing kilns. Our work presents the production of low-energy belite cements prepared from sulfur-
doped clinkers not containing 4CaO.3Al2O3.SO3, having in spite of that high quality. Cements prepared from pure 
belite clinkers doped with SO3 showed compression strengths higher than 5 MPa after 2 days hydration, those 
containing besides belite up to 10 wt. % of alite have strengths higher than 10 MPa and cements with alite content up to 
20 wt. % strengths higher than 20 MPa. 

Chief contributions 
Hydraulically active belite clinkers doped with sulfur were prepared in laboratory. Their industrial production offers 
the possibility to utilize waste materials - gypsum from flue-gas desulfurization and fluidized-bed combustion ashes. 
Such special „S-doped belite clinker“, which would – like sulfoaluminate clinker – be burned at lower temperatures, 
differs from the latter by the absence of 4CaO.3Al2O3.SO3. The presented results extend the knowledge in the field of 
heterogenous reactions in clinker minerals formation and its introduction to large-scale cement production would 
decrease the limestone consumption and lower the CO2 emissions in cement industry. 

Keywords: belite clinker, hydraulic activation, sulfate anion, low-energy cement
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Synthesis of high reactive belite cement at low temperature 
by using sulphate fly ash waste 

 
1Kacimi L*  

(1) Laboratoire de Génie des Procédés, Département de Chimie, USTO-Oran -Algeria 
2CYR M  

(2) Laboratoire Matériaux et Durabilité des Constructions (LMDC)- INSA, Toulouse, France 
2CLASTRES P 

(2) Laboratoire Matériaux et Durabilité des Constructions (LMDC)- INSA, Toulouse, France 
 

Abstract
The objective of this study was the synthesis of α'L-C2S belite cement, starting from fly-ash of system CaO-SiO2-Al2O3-
SO3, and using the hydrothermal method in alkaline solution. The lime deficit in these ashes was compensated by the 
addition of slaked lime from lime bagging workshops. The hydrothermal treatment of the mixture was carried out in 
demineralised water, NaOH or KOH solution, continually stirred at a temperature below 100ºC and atmospheric 
pressure. The dehydration and calcination of the mixtures at temperatures between 800 and 1100°C allowed α'L-C2S-
rich cement to be obtained. The optimization of the synthesis parameters (temperature and time of stirring, pH of 
solution, temperature and duration of mixture burning) was also studied. The phase formation during various synthesis 
stages was studied by X-ray diffraction (XRD) and the differential scanning calorimetry (DSC). Other techniques, such 
as SEM, EDX and BET, were used to characterize the cement minerals. The results obtained showed that these ashes 
could form belite cement composed of only one dicalcium silicate phase (α'L-C2S) and characterized by high hydraulic 
reactivity. This cement obtained at very low temperature (800°C) contains, in addition to α'L-C2S, others phases such as 
K2SO4, known to be a setting accelerator. The synthesized ά-C2S-rich cement is characterized by a round morphology of 
belite crystals with a reduced size and a high specific area. In addition to Ca and Si, this belite phase contains other 
elements, such as Al, Fe, Mg, K, Na, which probably increase the disorder of its structure. Mechanical and physical 
tests carried out on mortars and pastes of this α'L-C2S cement, show that this product is characterized by high hydraulic 
reactivity similar to that of CEM II 42.5 cement. This is owing to its mineralogical composition containing high amount 
of ά-C2S and K2SO4, in addition to its reduce crystal size and its great specific area. 

Originality 
In recent years, researchers have begun to study the use of industrial wastes and by-products as secondary raw 
materials in the synthesis of reactive belite cement at low burning temperature. Some researchers have studied the 
synthesis of reactive belite by a hydrothermal calcination method under high pressure and temperature (200°C, 1.24 
MPa), using coal combustion fly-ash of low or high lime content and fly-ash from municipal solid waste incineration. 
After dehydration of the precursors at 1000°C, a mixture of β-C2S, α'L-C2S, mayenite and calcite is formed. Our present 
work concerns the production of reactive belite cement, at very low temperature (800°C), containing only α'L-C2S as 
the highly reactive belite phase, starting from a fluidized bed sulphate fly-ash of system CaO-SiO2-Al2O3-SO3, by using 
the hydrothermal method in an alkaline solution at low temperature (100ºC) and under atmospheric pressure, unlike 
other studies found in the literature, for which the temperature and pressures were higher. The synthesis parameters 
were also optimized, namely: temperature and time of stirring, nature of liquid solution and its concentration, and 
temperature of mixture burning. It should be noted that this fly-ash were never valorized because of its high sulphate 
amount. 

Chief contributions 
This study contributes to obtain high reactive belite cement at very low temperature. The production of this clinker 
leads to a decrease in the burning temperature by about 650°C, with increasing the production efficiency and 
decreasing the fuel consumption. This reactive belite clinker is obtained by substitution of limestone by fly-ash 
containing lime and silica. This substitution allows preserving the limestone field, particularly in countries poor on this 
material and reducing the energy consumption and the CO2 emissions. 
This work contributes also to valorize a polished fly ash rich in sulfate which is not valorized until present by using a 
new technique (hydrothermal) in the synthesis of cement. The substitution of alite clinker by reactive belite clinker leads 
to the improvement of the long-term strength, by decreasing Ca(OH)2 amount formed during the cement hydration, and 
consequently increases the concrete durability.  

Keywords: Clinker, Belite, Hydraulic reactivity, Fly-ashes, Hydrothermal technique.   
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Detection of the Portland Cement Clinker Phases 

1Hartwich, P. 
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Abstract
The amount of different clinker phases in portland cement could be measured by x-ray powder 
diffraction or by point counting under optical microscopes. Another way to get that information is by 
automatic detection of the clinker phases by modern software systems.  
In this work we tried to find a way to detect the clinker phases and to improve this technique. In a first 
step a polished section of the clinker has to be prepared. Epoxy resin has been tested to prepare these 
sections. It got out that it is not possible to etch the sections constantly. The used epoxy resin leaves a 
thin film on the clinker. This has been detected by atomic force microscopy and micro Raman 
spectroscopy. As a better matrix a melamine based resin has been found were this problem has not 
appeared. The preparation process has to be optimized in different points. 
Then different ways of etching with different substances have been tried out. Hydrofluoric acid vapour 
is a very good etching substance because the different phases get colored differently. The disadvantage 
is the difficult handling of hydrofluoric acid. So other chemicals where tested. Acetic acid can also be 
used and results in brownish and grey colors but it does not etch constantly. Water can also be used 
but it only produces different grey scales for every clinker phase. 
For this work a BX 61 Olympus optical microscope and the software AnalySIS five from Soft Imaging 
Solutions have been used. Some different self-burned clinkers have been measured by x-ray powder 
diffraction, refined with Rietveld-analysis and detected by the point counting method which is 
described in DIN EN 196. For C2S and C3S a difference between the techniques occurred of 3% or less 
the C3A and C4(A,F) were detected as one phase. 

Originality
The observation of clinker phases within cement systems is a crucial step in the understanding of the 
reaction of cement and other binder systems. One method to observe the clinker phases is the point 
counting method with optical microscopy. This technique is very time intensive and it does not give 
more information than powder diffraction. The other way to get information about the phase 
composition is the X-ray powder diffraction with the quantitative Rietveld method. 
Both ways do not give exact information about the grain size distribution of the clinker phases. In some 
cases smaller particles of belite are incorporated in larger particles of alite. This can not be measured 
by X-ray methods and can not be quantified by the point counting method, but our detection method for 
clinker phases is able to distinguish both phases and quantify them exactly. We developed a method to 
detect the clinker phases by optical microscopy and image analysis. The developed procedure is faster 
than the point counting method and gives more information than the x-ray powder diffraction. 
We tested the procedure on different technical clinker samples and different self made clinkers and 
compared the results with the other methods. 

Chief contributions 
Knowing the clinker composition is important to create clinker for special concrete applications. The 
exact knowledge about the contribution of the clinker phases is necessary to regulate the hydration 
time of the concrete and the mechanical properties. In all cement plants the clinker phase composition 
is measured for quality assurance and it must be measured according to standards. Using the new 
method saves time and personal resources. 

* Corresponding author: Email pritzel@chemie.uni-siegen.de Tel +492717402968 Fax +492717402938 
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A CASE STUDY OF QUANTITATIVE PHASE ANALYSIS OF 

CLINKER USING LABORATORY POWDER X-RAY 

DIFFRACTION DATA 

Wan Y, Pan Z, Li X, Jiang H, Shen X*
State Key Laboratory of Materials-Oriented Chemistry Engineering, College of Materials Science and 

Engineering, Nanjing University of Technology, Nanjng, 210009, China 

Abstract 
Quantitative phase analysis of clinkers using powder X-ray diffraction data becomes increasingly 
popular and has been assessed as a potential on-line analysis technique for clinker quality control 
purpose. This paper presents a case study of quantitative phase analysis of industrial clinkers using 
laboratory powder X-ray diffraction data. Rietveld refinements were carried out using the GSAS and 
MAUD program packages. The refinement strategies for both Rietveld programs are discussed and the 
quantitative results are compared together with those calculated using the Bogue method. The 
difference of the quantitative results between the Rietveld method and the Bogue method is consistent 
with those reported in the literature. The challenges for the accurate quantitative analysis of cement 
clinkers using the Rietveld method are investigated and appropriate solutions are proposed. 

Originality 
This is to confirm that all the research in this paper was carried out by the authors originally. The 
results have not been published elsewhere. 

Chief contributions 
The paper discussed the refinement strategies for quantitative analysis of clinker using the Rietveld 
method from the laboratory powder X-ray diffraction data. This is of importance when the Rietveld 
method is employed in the cement plant for on-line clinker quality control process. 

Keywords：clinker, quantitative analysis, Rietveld, 
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Mechanism of Shell Corrosion caused by volatiles in Cement Kilns and remedial 
measures 
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Abstract

The corrosion phenomenon of kiln shell takes place mainly due to the presence of sulphates and chlorides of alkalies 
and calcium at high temperature in the cement kiln. The scrapping of coatings on brick side-top has composition which 
confirm severe reaction with clinker melt and brick material establishing the passage through the gaps and joints of 
bricks. The enrichment of volatiles as high as 2.60 % SO3 and 7.11 % K2O and 0.39 % chloride confirm severe reaction 
at the interface resulting in formation of highly aggressive liquid which entered through the gap and reaching up to kiln 
shell. At the interface of  bottom layer of brick and kiln shell, this liquid has reacted with kiln shell and complex 
compounds have formed. This phenomena is confirmed by increased Fe2O3 content ( 6.80 % ) in the scrapings obtained 
from side bottom of brick. The chemical and mineralogical analysis of Kiln Shell Flakes indicate the concentration of 
SO3, Na2O and K2O are in the range of 0.44-3.46, 0.21-0.72 and 0.79-2.49 percent respectively in kiln shell flakes. The 
concentration of chloride was in the range of 2.90-5.53 percent in kiln shell flakes. Such interaction gradually lead to 
corrosion and reduction of shell thickness. The present paper highlights the mechanism of shell corrosion and role of 
volatiles, process parameters and refractories engineering practices in reducing/minimizing  the extent of shell 
corrosion based on the studies carried out by NCB in various cement plants in India.

Originality of the Research 

The Cement kilns are operating at higher thermal and volumetric loadings and utilizing alternate raw materials and 
fuels which are rich in volatiles creating thereby  severe service conditions inside the rotary kiln. Such conditions cause 
the corrosion of the rotary kiln shell to take place in hot running conditions. Therefore  investigations reported in the 
paper were unique in nature with a very specific target to understand the mechanism of such corrosion, the role of 
various service conditions and process parameters on corrosion phenomena and establish such remedial measures 
which could impede / reduce corrosion of rotary kiln shell in running conditions. 

Chief Contributions made by the Research  

The investigations carried out established that the corrosion of rotary kiln shell is taking place due to the attack of 
volatiles such as sulphates and chlorides of alkalies at high temperatures. It was also found out that improper 
combustion of fuels inside the kiln also create such conditions which are conducive for the corrosion phenomena. As an 
outcome of the investigation, various remedial measures were established which include use of proper refractory 
bricks, better refractory engineering practices, controlling process conditions such as  fuel combustion and kiln shell 
temperatures, etc. 

Key words: Kiln shell corrosion, volatiles, flakes, refractory engg. Practices 

Corresponding Author: email – sanjeevchaturvedi64@gmail.com, tell 91-9891989540 (m), 91-129-4192428  



34 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 1 - Short Presentations 10:15-11:00 / 4 July Paper 220

Recent Developments and Perspectives Regarding the Standardisation and 
Quality Surveillance of Cement in the East, Central and South African Region 
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Abstract 
The cement and concrete market in East, Central and Southern Africa is highly fragmented. The concrete industry in 
this area consists of multiple parties, including producers and suppliers of construction materials, formal and informal 
contractors, engineers and architects, unions of trades persons and workmen, governmental bodies and formal 
institutions of research and education. All these institutions mostly do not interact adequately, which makes building 
with cementitious materials susceptible to damage and failures. Completely opposed to the situation in Europe or North 
America, cement in Africa is often unaffordable, while manpower is cheap, which results in a questionable 
economisation of cement. Typically, there is not sufficient awareness of methods to sensibly reducing the cement 
content in concrete or replace Ordinary Portland Cement by adequate alternative materials. Research activities in this 
field of technology are often missing completely. Only few countries in the area, such as South Africa, are exempted 
from these issues. 
This paper presents the SPIN project, which is a joint project of a consortium of 8 African and 3 European partners 
within the ACP Science and Technology Programme. The project is funded by the EC and ACP Secretariat is the 
project body. The main objective of the current project is to strengthen the cement and concrete industry in the East and 
Central African regions. The project shall generate reasonable solution strategies to implement clean, safe and 
sustainable cement and concrete technology on the African continent, including general and specific guidelines for 
sensible application. Furthermore it shall be the kick-off for future projects, research activities and the world-wide 
expansion of a European-African network.  
The paper addresses special problems the cement and concrete market in Eastern, Central and Southern African 
countries has to face. Several options are presented in detail, which shall help overcoming the current situation. 
Customized solutions for the African market include rational methods for reducing the amount of cement used and the 
replacement of Ordinary Portland Cement with cheaper alternatives. The use of recycled concrete through a new and 
economically effective method, as well as the opportunity of using locally available resources is also discussed.  
 
Originality 
The paper addresses the main topic “Chemistry and Engineering of the Construction process”. The paper provides 
information on the developing Eastern and Central African construction world and gives solutions to better 
implementation of the standards to cement and concrete technology. It also gives emphasis on the use of alternative 
materials to cement production that not only decreases hazardous effects to the environment but also provides a 
beneficial solution to the East and Central African economy.  
 
Chief contributions 
The paper focuses less on direct recent research activities but rather on how state-of-the-art knowledge can contribute 
towards the implementation of future oriented and sustainable cement and concrete production under very special 
circumstances. Hence the paper contributes to the development of guidelines, international research exchange and new 
approaches to cement and concrete technology. Knowledge transfer and international cooperation are essential to the 
advancement in the building industry of East, Central and Southern Africa. These concepts are combined with 
innovative technical solutions related to the local market. 
 
 
Keywords: Africa, clean and safe cement production, scientific network 
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Modification of Lime Saturation Factor in presence of minor elements  

Sorrentino F. 
Mineral Research Processing Company Meyzieu (FRANCE) 

Abstract 
       Lime saturation factor (LSF) associated with the silica ratio (SR= SiO2/( Fe2O3+ Al2O3) and alumina 
modulus (AM= Al2O3/ Fe2O3) is an efficient tool in the design of the raw meal of Portland cement clinker. 
The use of alternative fuels and by-products as raw material has led to an increase in the minor elements of 
the clinker. The presence of the minor elements modifies the mineralogical composition of the clinker.
       In this work, the lime saturation factor was modified, taking into account the minor elements present in 
Portland cement clinker. 
      First of all, the maximum quantity of minor elements dissolved as a solid solution in the clinker (Na, K, 
Mg, Mn Ti, P, S, Zn, Zr, Sn, Pb, Bi, V, Cr, Cu, and Ni) was measured, and in a second step, a method was 
described to calculate the quantity of lime required to saturate the acidic oxides of the raw material and to 
optimise the alite content 

Originality 
Many papers have dealt with the minor elements that are independently present in cement clinker. The 
individual effects on these elements on clinker formation and cement properties have been broadly 
discussed, but we did not find any records on the evaluation of the simultaneous impact of minor elements 
present in the clinker on the design of the mix proportioning of the raw meal.  
This simultaneous presence of these elements, due to environmental constraints, modifies their saturation 
contents in the main phases of the clinker and impacts their proportion. The originality of this work stems 
from the global approach of the crystal chemistry of the clinker phases and the analysis of the 
consequences on raw mix proportioning. 

Chief contributions
The reported work is a part of a general study concerning the influence of minor elements on the 
mineralogical composition of Portland cement clinker. The first part has been previously published in the 
following papers  
     Upscaling the synthesis of tricalcium silicate and alite (Cement Wapno Beton 2008, vol  XIII/LXXV  N°4  
pp177- 183   ) 
      Manufacture of tricalcium silicate (C3S) and alite by a modified  Pechini process (Cemento  Hormigon,  
August  2008, N° 917)  
       Lime saturation factor: new insight (Cement Wapno Beton 2008 vol XIII/LXXV N°2 pp 82-83)) 
The present paper proposes a correlation between the mineralogical composition and the minor elements 
content and a method  to integer this correlation  in the raw mix design by means of LSF..   

Keywords : minor elements, lime saturation factor  
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Use of Bauxite Residue as a Source of Al2O3 and Fe2O3 in the 
Preparation of Portland Cement Clinker 

  
1Lourenço RR, 2Rodrigues JA, 2Fortes GM 

1,2 Federal University of São Carlos, Department of Materials Engineering, Graduate Program in Materials 
Science and Engineering, Materials' Microstructure Engineering Group, São Carlos-SP, Brazil 

3Montini M, 3Gallo JB 
3Alcoa Alumínio S.A., Poços de Caldas-MG, Brazil 

Abstract 
The cement industry consumes energy and nonrenewable mineral resources in large amounts and emits 
volatile compounds and gases into the atmosphere. In an attempt to minimise the adverse effects of 
Portland cement clinker production, studies have been conducted to develop an environmentally-friendly
cement whose manufacturing process is more energetically economical, is less harmful to the environment 
and emits fewer greenhouse gases. One way to achieve this aim is to use industrial waste and by-products 
from other industries as alternative materials in the manufacturing process of cement. A continuous push 
towards sustainable development has encouraged companies to find economical and environmental 
applications for industrial residues. In the aluminium industry, the major solid waste generated by the 
Bayer process is called bauxite residue or red mud. This work investigates the possibility of using bauxite 
residue as a raw material for the production of a commercial CPI-type Portland cement clinker. Such a use 
of bauxite residue would bring benefits to both industries and to the environment. The clinker samples used 
herein were produced by heat treating mixtures of limestone, sand, clay and bauxite residue at 1450°C; 
these mixtures were then cooled rapidly in air. The crystalline phases of the clinker were characterised by 
X-ray diffraction (XRD). Tests of the compressive strength and porosity were conducted using mortar 
samples composed of cement, sand and water that had been cured for 7 and 28 days. The fineness effect of 
the clinker on the mechanical strength of the mortar was also examined. The addition of bauxite residue did 
not affect the mineralogical composition of the produced clinker because the main mineralogical phases—
3CaO·SiO2, 2CaO·SiO2, 3CaO·Al2O3, 4CaO·Al2O3·Fe2O3 and free CaO—were well formed. Some of the 
mortars made with the clinker that was obtained from the bauxite residue had higher strengths than mortar 
made with commercial CPI-Portland cement, which was used as a reference. The fineness of the clinker 
affects the mechanical strength of the mortar. The material with finer grains showed better mechanical 
strength than the material with coarser grains. These facts confirm that bauxite residue can be used as a 
raw material for Portland cement production. Nevertheless, additional studies are still being carried out to 
assess the viability of this application in terms of factors such as durability.
Originality  
The purpose of using bauxite residue in the preparation of Portland cement is to reduce the extraction of 
natural raw materials and the emission of carbon dioxide into the atmosphere, as well as to utilize the 
normally discarded by-products generated by industrial activities. Industrial wastes such as petrochemical 
and metallurgical slag, fly ash, bricks, tiles, tires and rubberised products, among others, have been 
successfully used in cement production. Such alternative materials may partially replace fuel, conventional 
raw materials or even part of the content of clinker in the final cement. According to a previous analysis of 
the chemical composition of bauxite residue, this residue can be used as a raw material source of Fe and Al 
in the production of Portland cement clinker. Therefore, the originality of this work involved preparing 
different clinker compositions with levels of bauxite residue greater than 6 wt% and evaluating the 
influence of these additions on the chemical, physical and mechanical properties of the clinker obtained. 
Chief contributions 
For a long time, the bauxite residue generated in the production of aluminium was considered unusable 
waste. However, the difficulties and costs associated with bauxite residue management and storage have 
motivated companies to invest in research to find economical and environmentally safe applications aimed 
at reducing the volume of waste sent to final storage. Despite these efforts, there is still no application in 
which bauxite residue is consumed in large amounts. However, the building industry represents a 
promising application for bauxite residue, as the production of one of the most important materials in this 
sector, Portland cement, uses a considerable volume of natural resources. The study of new technologies 
that could facilitate the utilisation of bauxite residue is of great importance to Brazil (and other countries), 
as it is the third largest producer of alumina and the sixth largest producer of aluminium. 

Keywords: bauxite residue, waste, Portland cement clinker. 
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Effects of MgO on the Formation Kinetics of Portland Cement Clinker
Zonghui Zhou∗
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Jinan, China

Chunfang Wang 
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Jinan, China

Xin Cheng 
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Jinan, China

Caixia Liu 
2
Shandong National Technician College, Weifang, China 

Abstract
The effects of MgO on the formation kinetics of Portland cement clinker were investigated by analyzing the clinker 
formation rate, the reaction-rate constant (k) and the activation energy (Ea). The k and Ea were calculated according 
to the Ginstling equation and Arrhenius equation. The mineral compositions and morphology of resulting clinker 
were studied by XRD and SEM. The results show the formation of silicate minerals is promoted and the calcination 
temperature of clinker decreased while a suitable content of MgO is doped in the raw meal. When the MgO content is 
below 2% in weight, the k value increased while the Ea value decreased with the MgO content increasing. However, 
the results are reversed while the MgO content exceeds 2% in weight. 

Keywords: MgO, Cement clinker, Kinetics 

ORIGINALITY: Our article is original, has been written by the stated authors who are all aware of its content and 
approve its submission, has not been published previously. 

CHIEF CONTRIBUTIONS: The formation of silicate minerals is promoted and the calcination temperature of 
cement clinker decreased while a suitable content of MgO is doped in the raw meal. When the MgO content is below 
2% in weight, the reaction-rate constant (k) increased while the activation energy (Ea) decreased with the MgO 
content increasing. However, it will get the reversed results when the MgO content exceeds 2% in weight.  

∗

Corresponding author: Email mse_zhouzh@ujn.edu.cn Tel +8653182767017, Fax +8653182767017





-ORAL COMMUNICATION-

AREA 2
Sustainable production





XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 43

M-4

T-5

W-6

TH-7

F-8

AREA 2 - Oral CommunicationSession 1 / 4 July / 15:30-17:15                  Paper 10



44 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 2 - Oral Communication 15:30-17:15 / 4 July / Session 1Paper 115

PORTLAND DOLOMITE CEMENT AS ALTERNATIVE TO PORTLAND 

LIMESTONE CEMENT 
 

1Schöne S1* 
1 
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2
Dr. Dienemann W 

2
 HeidelbergCement Technology Center GmbH Leimen, Germany 

3
Wagner E 

3
 HeidelbergCement Technology Center GmbH Leimen, Germany 

 

Abstract 
Dolomite is a material which is abundantly available in many quarries within the cement industry. However, today it is 

often discarded from clinker production or as main constituent in cement, because of limitations in the MgO content. 

Actually, this material is a resource which is mineralogically quite similar to limestone and therefore, it can contribute 

to higher added value for the cement industry. 

HeidelbergCement launched a project focussing on the manufacturing of dolomite cements. In this project, extensive 

investigations were undertaken to elucidate the basic reaction and practical applicability of such cement and 

subsequently its use in concrete.  

The present examinations indicate, that the use of dolomite (CaMg(CO3)2) as component instead of limestone, is a 

viable solution for producing Portland dolomite cement (PDC), especially for quarries with dolomitic inclusions or 

overburden. 

Dolomite was analysed and compared with existing limit values for limestone, according to the EN 197-1, e.g. clay and 

total organic carbon content. A plant test production for PDC was initiated, with a clinker replacement by dolomite of 

23 M.-%. This was in alignment with the well-established CEM II/B-LL limestone market cement. Subsequently, 

extensive cement and concrete durability examinations took place and were compared to the CEM II/B-LL cement. In 

general, all cement investigations revealed no adverse influence of dolomite on setting and strength properties. The 

concrete durability tests also produced satisfying results. Carbonation for PDC concrete was uncritical (360 days have 

been tested so far), chloride migration results from the rapid chloride migration test denoted even higher resilience 

against excessive chloride ion ingress for the PDC made concrete. Freeze-thaw with and without de-icing agent was 

within the scope of the durability investigations as well. It was recognized that PDC has a slightly higher affinity of 

capillary water suction, thus increasing a potential higher frost liability. However, the introduction of air-entraining 

additives can significantly elude that problem, leading to an improved freeze-thaw resistance because of capillary 

breaking behaviour and unimpeded water-to-ice expansion. 

A possible dedolomitization, that means a possible decomposition of dolomite in high alkaline environment resulting in 

brucite and carbonate formation, which is sometimes mentioned in relation to the use of dolomitic aggregates in 

concrete, could not be observed. Further testing was not able to provoke brucite formation in several test scenarios. 

However, ongoing long-term investigations will further evaluate a possible influence of dedolomitization on concrete 

durability. 
 

Originality 
This paper presents the effect of high dolomite content in cement and its use as Portland dolomite cement (PDC) in 

concrete. It addresses topics such as cement properties and concrete durability aspects of this new cement, especially 

workability, compressive strength, carbonation, chloride migration and freeze-thaw resistance. Therefore, this paper 

can be classified in following areas of interest: 

 Sustainable production: Reduction in clinker contents 

 Properties of fresh and hardened concrete 

 Concrete durability 

The results show that dolomite can be used as alternative raw material to manufacture cements. All fresh and hardened 

PDC cement, mortar and concrete examinations did not reveal any negative influence of dolomite on cement and 

concrete properties. The performance was equal to CEM II/B-LL Portland limestone cement used as reference. 
 

Chief contributions 
The results indicate that PDC can be used as a viable alternative for conventional Portland limestone cements, without 

any negative impact on fresh and hardened cement and concrete properties. This is of high interest, in particular for 

deposits with abundant dolomite inclusions. Hence, the environmental and economical benefit is quite obvious. With 

dolomite, an alternative supplementary material for cement production can be used that further contributes to clinker 

substitution and thus emission reductions. Additionally, such dolomitic raw material do not have to be abandoned and 

disposed any more, which ultimately helps to prolong the service life of quarries. 
 

Keywords: dolomite, limestone, carbonation, chloride migration, freeze-thaw, concrete durability, dedolomization 

                                                
1
 Stefan Schöne: Email stefan.schoene@htc-gmbh.com Tel +49 6224 703 458, Fax +49 6224 703 402 

 



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 45

M-4

T-5

W-6

TH-7

F-8

AREA 2 - Oral CommunicationSession 1 / 4 July / 15:30-17:15                  Paper 16

Ternary Cement blends for improved sustainability
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Abstract
The hydration characteristics, microstructure and strength development in ternary cement compositions of ordinary 
Portland cement, silica fume and pulverized fuel ashes obtained from coal-fired thermal power stations in India 
have been investigated as a part of comprehensive bilateral project between Norwegian and Indian partners on 
development of ‘Environmental friendly strategy for waste management in India utilizing cement and concrete 
production technology’ (BILAT- INDIA).
The performance of both fly and bottom ashes was investigated in terms of physical properties, hydration
characteristics by isothermal calorimetry and microstructure development by SEM with WDX for the following 
compositions;

I. Cement + fly ash, replacement level up to 65%, with or without 5 and 10 % silica fume,
II. Cement + bottom ash, replacement level up to 20 %, with or without 5 and 10 % silica fume,

Suitable plasticizers (modified lignin based) were added in appropriate dosages for equal flow. Curing was 
performed at both 20, 27 and 38°C to cover temperature ranges relevant for India .The pozzolanic reaction of 
bottom ash were examined and compared to fly ash mixes, and the variation ascribed to differences in morphology 
and size of particles, as well as chemical characteristics. 
Typical hydration products from the pozzolanic reaction of the ashes with CH were found to be within the categories
of calcium silicate hydrate gel, and crystals of calcium aluminate hydrates. Addition of silica fume in ternary blends 
resulted in synergic effects with respect to strength and densification of aggregate-matrix transition zones.

Originality
Coal combustion residues from electricity generation constitute major environmental problem in India. Fly ash, the 
fine particles collected from hoppers of electro-static precipitators (ESP) has been widely investigated, while bottom 
ash collected from the bottom of boilers has not received much attention. The hydration products from the 
pozzolanic reaction of both fly ash and bottom ash are identified and compared. The synergic effect of silica fume in 
ternary blends in terms of early strength is documented.

Chief contributions
Possibilities of use of fly ash beyond 35 percent presently permitted in India, and on use of bottom ash which is 
presently not permitted as pozzolanic addition in cement and concrete, are examined. Based on the results, 
recommendations are made on use of bottom ash up to 20 percent as pozzolanic addition in cement and concrete.

Keywords: Bottom ash, Fly ash, Pozzolanic reactions, Ternary blends.
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Effect of Silica Fume Replacement by Fine Fly Ash on the Properties of Fresh 
and Hardened UHPC 

Gerlicher, T.; Hilbig, H.; Urbonas, L.; Heinz, D.1
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Technische Universität München 
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Abstract
At present, the development of ultra high performance (UHPC) concrete aims at reducing the content of energy-
intensive components, especially Portland cement clinker and silica fume, but also quartz flour. This can be realized by 
the use of fly ash as a pozzolanic addition while maintaining compressive strengths over 150 MPa at an age of 28 days 
under normal conditions, or over 200 MPa after heat treatment. In view of the current shortage of silica fume, the 
present contribution focuses on the replacement of silica fume by processed fly ash. 
The workability of the fresh concrete was characterized by measuring slump spread and with a rotation viscosimeter. 
As well as the usual compressive strength measurements, the phase composition of the concrete was investigated at 
ages of 1, 3, 7, 28 and 90 days using X-ray diffraction and NMR spectroscopy. Phase changes up to 24 hours were also 
examined by in situ X-ray diffraction. Knowledge of the phase changes involved in the hydration reaction enabled the 
optimization of UHPC mixes, even those without silica fume. 
The targeted 28 day compressive strength was reached for all concrete compositions; the strength of the UHPC without 
silica fume was above 220 MPa. 

Originality 
Contemporary UHPC is prepared with high cement contents, low w/c ratios and using superplasticizers based on 
polycarboxylate ether. The denseness of UHPC necessary for its high strength is achieved by the use of fine quartz flour 
and silica fume. Reactive silica fume yields additional strength because it fills small spaces in the matrix and forms 
additional C-S-H owing to the pozzolanic reaction. Up to now it was not possible to dispense with the use of silica fume 
in UHPC. Based on phase analysis, it was possible to design a UHPC without silica fume by using a suitably processed 
fly ash. Despite coarser particle sizes strengths over 220 MPa were achieved after heat treatment.  

Chief contributions 
At present, the application of UHPC in the field is limited owing to its large content of Portland cement, silica fume and 
quartz flour which result in high costs. In the present research, UHPC was developed with a reduced amount of energy-
intensive components, but nevertheless with 28 day strengths above 150 MPa and above 200 MPa after heat treatment. 
The development is based on the calculation of the packing density of the components and the investigation of the 
phases in the hydrated concrete. As well as fly ash, ground granulated blast furnace slag has successfully been used as 
a new UHPC component.  

Keywords: UHPC, Silica fume, Fly ash, NMR, Heat Treatment
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Microstructure and mechanical properties of composite cements with 
ultra fine silica waste additions
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Abstract 
Nowadays the cements with pozzolanic and hydraulic additions are an important option to decrease the environmental 
impact of the cement production, since besides substituting partially the cement; they allow the consumption of 
industrial wastes which are potentially environmental pollutants. In line with this, the aim of this research was the study 
of composite cements pastes with up to 50% of replacement materials as fly ash (FA), metakaolin (MK), ground 
granulated blast furnace slag (GGBFS) and geothermal silica waste (GSW). The latter is a by-product of geothermic 
electric power plants that produce energy by means of steam and brine extraction from the underground. Since the 
GSW had a nanometric particle size, it was incorporated to the systems in an alkaline suspension, which modified the 
rheology of the pastes, the pH and the content of Ca and Si ions in the pore solution, affecting the final properties of the 
cements. Cubic composite cement pastes samples of 50mm were prepared with a w/s ratio of 0.4, using replacement 
levels of 50%, 40% and 30% of the mentioned additions. The setting and curing temperatures were 20° and 50°C. The 
samples were cured up to 180 days. After the compressive strength tests the composite cements were analyzed by means 
of XRD and SEM. The results indicated that the compressive strength was improved with the incorporation of the 
replacement materials, primarily due to their pozzolanic and hydraulic behaviour; accelerating the hydration reactions 
and helping in the CSH gel generation. The hydration temperature also affected the mechanical properties, with an 
increase in the early ages and a reduction after 28 days of hydration. The fine and uniform particle size distribution of 
the GSW suspension provided a higher specific surface increasing the reaction rate and the formation of new hydration 
products through the calcium hydroxide consumption. The depletion of the CH was corroborated by means of XRD 
analyses. Furthermore, the GSW diminished the porosity, observing more compact structures (using SEM) and 
increasing the Si-O-Si bonding. The effect of the GGBFS was observed at long hydration periods, with an increase of 
the compressive strength. The FA and MK also modified the mechanical strength but its effect was lower compared to 
the GSW. 
  
Originality 
This work involves several innovation aspects from different points of view. One of them is related with the development 
of new cementing materials, which could reduce the CO2 emissions to the atmosphere; contributing also with the 
continuous searching for applications of several industrial wastes which, could be used as replacement materials of 
portland cement with the aim to obtain those environmental improvements. The major innovation in this work is the 
design of alternative materials mixtures, which include the analysis of multi-composite cements including a nanosilica 
waste (the GSW described above) which contributed to the enhancement of the properties of the composite cements, 
increasing its potential application. This material was added as an alkaline suspension that represents another 
innovation in this work. The use of composite cements, with a suitable combination of Portland cement and four 
additions as GSW, FA, MK and GGBFS results in a more rational employment of the natural resources and industrial 
wastes. Through the incorporation of these alternative waste materials the characteristics and properties of the 
composite cements were enhanced; including also the recovering and recycling of those industrial byproducts 

.Chief contributions 
The major contributions of this research are the environment protection, the design of a new mixture to produce 
composite cements with outstanding properties and the preparation of a suspension with the GSW uniformly dispersed 
in order to use it as a potential addition in the cement which could act not only as microfiller, but also enhancing the 
mechanical and microstructural properties. To reach these goals, the work comprises the production of the quaternary 
cements, which will have the potential to reduce costs, CO2 emissions and the generation of industrial wastes, since the 
GSW represents a huge problem to the geothermal plants without utilization currently. Also, these composite cements 
using quaternary blends enhance the potential use in many aspects, so there is growing interest in the development of 
these types of cements. Since they could be optimized to achieve synergetic effects, which allow obtaining materials with 
outstanding characteristics. Alternative materials such as industrial wastes have successfully been used with Portland 
cement in order to produce high performance blended cements that are less expensive and environmentally friendly, as 
well as economical and environmental advantages by reducing CO2 emissions. 
Keywords: Blended cements, hydration, geothermal silica waste 
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SYNERGIC EFFECT OF NON-CLINKER CONSTITUENTS IN PORTLAND 
COMPOSITE CEMENTS 
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Abstract 
EN 197-1 Standard specifies eight non-clinker constituents for common cement production: granulated blast furnace 
slag (S), natural pozzolana (P), natural calcined pozzolana (Q), siliceous fly ash (V), calcareous fly ash (W), burnt 
shale (T), limestone (L, LL), silica fume (D). Mentioned non-clinker constituents should be used for composite cements 
production, which in opposite to Portland cements CEM I, contain one or more non-clinker constituents. Portland 
composite cements CEM II, composite cement CEM V and blast furnace slag cement CEM III amount to 60% European 
commercial scale of cement production. In respect of demands to reduce CO2 emission in cement industry, further 
development of composite cements production can be anticipated. Respectively, composite cements containing lower 
content of energy-consuming Portland clinker are subject of comprehensive research works on their properties and 
building application conditions. In this paper, part of very extensive research works on Portland composite cements 
CEM II/B are presented. Cements CEM II/B containing only one non-clinker constituent and cements CEM II/B-M 
containing two or three non-clinker constituents have been analyzed. The normative properties of Portland composite 
cements containing one, two or three non-clinker constituents were compared. Additionally, the performance quality 
data of concrete made of these cements, covering durability tests on carbonation corrosion, chloride penetration and 
sulfate resistance have been discussed.  

Originality 
It was stated that normative mechanical and physical properties of Portland composite cements CEM II/B-M containing 
two or three non-clinker constituents are generally better than cements containing only one non-clinker constituent. The 
same result was observed for performance properties, which stimulate durability of concrete. The synergic effect was 
especially clearly observed for CEM II/B-M (S-V) and CEM II/B-M (S-LL-Q). This phenomenon could be explained by 
microstructure SEM observation and phase composition determinations of mortar and concrete after curing in different 
exposure classes. The Portland composite cements containing two or three properly chosen and composed constituents 
give cement matrix and interface zone providing better concrete durability. The most important reason in creating 
better properties of analyzed Portland composite cements is probably very dense microstructure cement hydration 
product with specific forms of C-S-H phase.  

Chief contributions 
The production and usability of composite cements in concrete technology are subject of comprehensive research 
works. The development of blended cement production is a great driving force by possibility of energy saving and CO2 

emission decreasing in cement industry. Blended cements in European market amount of 60% of cement production. 
Depending on historical experience of the industry in any country, very different non-clinker constituents are used, most 
common are: siliceous fly ash, granulated blast furnace slag and limestone. In the presented paper, blended cements 
containing fly ash, slag, limestone and some kind of pozzolana (Q) were taken into consideration. Original 
compilations of mentioned constituents in composite cements were explored and analyzed. New interpretation of very 
good properties of these binders was given. 
The research works realized for new kind of Portland composite cements very clearly confirmed synergic effect of non-
clinker constituents in stimulation of normative and performance properties. The result in this matter gives possibility 
to produce high quality composite cements with minimization of energy consumption and CO2 emission per unit of 
product. 

Keywords: Portland composite cement, non-clinker constituent, synergic effect
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A method for a fair allocation of the environmental impacts  

of supplementary cementitious materials 
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Abstract 

To reduce the environmental impacts of concrete, cement industries have been engaged over the last ten years to 
increase the replacement of Portland cement with alternative cementitious materials which are principally industrial 
by-products such as blast-furnace slags (BFSG) and coal combustion fly ashes (FA). In most recent evaluations of 
environmental impacts of blended cements or of concretes prepared with supplementary cementitious materials, these 
by-products are considered as waste. Their only impacts are the ones associated to the processes needed to make them 
suitable for their use in cement or concrete. However in Life Cycle Analysis, when a production system such as a coal 
power plant produces more than one product (FA and electricity), the material and energy flows and the associated 
environmental burdens must be allocated to each of its co-products in order to accurately reflect their individual 
contribution to the environmental impact of the system under study. In this study, the environmental impacts of BFSG 
and FA are considered using Life Cycle Assessment methodology through a study of the influence of different allocation 
procedures. 
A review of the different methods is presented and the limits of each of them are pointed out. A new allocation method is 
then proposed. It is based on the fact that cement, BFSG and FA are produced by energy-intensive industries (Cement, 
Iron and coal power) submitted to the European Union Greenhouse Gas Emission Trading System (EU ETS) and that 
considering the sustainable development issues, a method that would permit to satisfy the three industrial sectors and 
still achieve a significant CO2 emission reduction in order to satisfy the social exigencies in term of climate change 
actions could be considered as a fair allocation. The discussion shows that the proposed allocation method is in 
accordance with other allocation methods but that it is more robust, constant, easy to calculate, and that it can be 
applied to all supplementary cementitious materials. 
 

Originality 
The present paper deals with 5 or 6 among the 7 topics of the sustainable production section. Actually, except the CO2 
sequestration, all the others initiatives for sustainable production have to deal with an accurate environmental 
evaluation of alternative materials used in concrete. The subject has however been scarcely studied in the construction 
industry. The paper proposed here would therefore provide an up to date review of the different initiatives that have 
been proposed in other industrial fields (e.g. agriculture). It will also propose a methodology that has not been used in 
other fields but that would be particularly appropriated for the energy intensive industries that are submitted to the 
European Union Greenhouse Gas Emission Trading System (Cement, Iron and coal power). 

 

Chief contributions 

It is now widely understood that fly ash and blast furnace slag which are highly valuable products can not be 
considered as waste anymore. However no robust methodology has ever been proposed for an accurate evaluation of 
their environmental impact. The chief contribution of this paper is to consider the three main industries submitted to the 
European Union Greenhouse Gas Emission Trading System (Cement, Iron and coal power) and not only the cement 
industry and to show that considering the sustainable development issues, a fair allocation method would allow 
satisfying the three industrial sectors, from an economic point of view, and still achieves a significant CO2 emission 
reduction in order to satisfy the social exigencies in term of climate change actions. The paper proposed here is an 
achievement of numerous studies that have already been published (Chen et al., 2010; Habert et al., 2010). 
References: 
Chen, Habert, Bouzidi, Jullien., Ventura 2010. Resources, Conservation and Recycling, 54, 1231-1240 
Habert, Billard, Rossi, Chen, Roussel. 2010. Cement and Concrete Research, 40, 820-826 
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Abstract 
One of the most successful ways of reducing CO2 emissions associated with cement production has been by the 
increased use of supplementary cementitious materials (SCMs), such as granulated blast furnace slag, fly ash, and 
limestone.  For example, in Europe, this has resulted in a reduction in the average clinker content by 23%. However, 
further reductions in Europe are limited because most of the slag and fly ash sources are already being used. Thus, 
there is a growing interest in the use of natural pozzolans, limestone and new SCMs based on naturally occurring raw 
materials. Two types of SCMs that are sufficiently abundant to make an impact are aluminosilicates of volcanic origin 
and calcined clays. This paper focuses on the latter class of SCMs where the raw materials are much more widely 
distributed geographically than pozzolans of volcanic origin. Calcined clays, particularly when used in combination 
with limestone, can replace a significant part of the Portland clinkers (at least 30 wt.%) without any loss in strength 
and general performance at the same water cement ratio. However, the main obstacle to a general acceptance of the 
use of calcined clays as SCMs is their high water demand, requiring the use of a higher water content in cement blends 
to achieve an acceptable concrete workability. 
In the present work we have investigated the surface properties of three calcined clays (two smectitic clays and 
metakaolin) with the aim of identifying key-factors for an effective dispersion of these potential SCMs in the highly 
alkaline solutions of Portland cement pastes. This includes zeta-potential determinations for the calcined clays in 
different ionic/alkaline media in addition to particle-size distributions, BET specific surface areas, and cation-exchange 
capacities. Powder XRD and solid-state 1H, 27Al and 29Si MAS NMR have been used to characterize their local and 
long-range structure and water adsorption/hydroxylation characteristics. It is found that the calcined clays, when 
dehydroxylated at the optimum temperature for their pozzolanic reactivity, only absorb a small amount of water, in 
contrast to the untreated smectitic clays. The results have been used in subsequent experiments to identify the optimum 
type, dosage, and mixing sequence of superplasticizers and other water reducing agents.  

Originality 
 Very few studies on the surface chemistry and dispersion of calcined clays in Portland cement based systems have been 
reported in the literature. The present work studies the surface properties of such materials in detail, including the 
surface-charge of calcined clays in alkaline solutions with high Ca2+ and alkali-ion concentrations as well as 
interactions with superplasticizers and other water reducing agents under these conditions. It is found that the high 
water demand of calcined clays is related to the surface chemistry rather than absorption of interlayer water which 
occurs in untreated smectites and other swelling clays. Moreover, it is found that a correct dispersion of these systems, 
i.e. of both the calcined clay and the clinker grains, is the key factor for reducing the water demand to an acceptable 
level.

Chief contributions 
A major obstacle to a widespread acceptance of pozzolanic Portland cements based on calcined clays is the high water 
demand of these pozzolans. The results in this study show that it is possible to produce blended Portland cements 
systems based on calcined clays with an acceptable water demand and resulting concrete workability which is a 
prerequisite for a general acceptance and successful implementation of these new types of cements. Although only a 
small fraction of the natural aluminosilicate based systems, or multi-component materials (e.g., calcined clay – 
limestone – Portland cement), have been studied in this work, the approach taken may potentially provide useful 
guidance on the characterization of the surface properties for such materials and multi-component systems. 

Keywords: Calcined Clay Minerals, Blended Cement Pastes, Surface Properties, Zeta Potentials, Rheology 
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Abstract 
The sustainable development is described as meeting the needs of the present without compromising the ability of future 
generations to meet their own needs. The manufacturing processes of building materials contribute greenhouse gases 
like CO2 to the atmosphere. There is a great concern and emphasis on reducing greenhouse gases emission in order to 
control adverse environmental impacts. Fired clays are still an alternative of pozzolanic material for cement and 
concrete, especially in developing countries. The temperature range for clay´s activation is lower than clinkering 
temperature implying less energy consumption and reduction in greenhouse gas emissions. In addition, clays activation 
only produces water vapour emissions to the atmosphere. Pozzolanic properties of pure kaolinitic clays are widely 
proved, but natural clay deposits present several impurities: Illite, Quartz, Anatase and feldspar, and the prediction of 
its pozzolanic properties are poorly investigated. 
The purpose of this investigation is to study the thermal activation of natural kaolinitic clays from different regions of 
Argentine. Five clays with different kaolinite content, different impurities and different degree of crystallinity were 
analyzed. The samples were tested by X-ray diffraction (XRD) and Fourier transformed infra-red spectrometry (FTIR). 
FTIR spectra provide immediate qualitative and quantitative information about the order or disorder of the structure. 
The clays were calcined at 700 º C and grounded to a particle size lower than 45 micron. Structural changes in the 
clays after calcinations were studied by FTIR and XRD, while the reactivity was assessed using the method of Fratini 
and lime consumption test. Among clays tested, four of them can be classified as pozzolanic by the Fratini test. The 
compressive strength of cement pozzolan mortars was tested at 7, 28 and 90 days. The pozzolanic reactivity of the clays 
showed good correlation with the content of kaolinite, and with the inverse of crystallinity determined by FTIR. Thus 
the potential of the clays for use as pozzolans could be simply determined. 
This study confirms that common clays from different regions of Argentina other than pure kaolinite can be interesting 
as pozzolanic materials when they are thermally activated. 

Originality 
Calcined clay could contribute to reduce the greenhouse gases emission into the atmosphere in order to control adverse 
environmental impacts. These clays are still an alternative of pozzolanic material for cement and concrete in developed 
countries. The temperature range for activation is lower than clinkering temperature implying less energy consumption 
and reduction in greenhouse gas emissions. In addition, clays activation only produces water vapour emissions to the 
atmosphere. Pozzolanic properties of pure kaolinite clays are widely proved, but common clays deposits present 
Quartz, Illite and feldspar, and the prediction of its pozzolanic properties are poorly investigated.  
Naturals fired clays with different kaolinite content, different impurities and different degree of crystallinity were 
classified as pozzolanic materials. The pozzolanic reactivity of the clays showed good correlation with the content of 
kaolinite and with the inverse of crystallinity determined by FTIR. This study confirms that natural clays other than 
pure kaolinite can be interesting pozzolanic materials when they are thermally activated. It could have important 
industrial application. 

Chief contributions 
This study allowed to characterize and to evaluate the pozzolanic activity of natural calcined clays with different 
kaolinite content, different impurities and different degree of crystallinity. The FTIR spectrum of natural clay provides 
immediate qualitative and quantitative information about the order or disorder of the structure. The pozzolanic 
reactivity of the clays showed good correlation with the content of kaolinite and the crystallinity determined by FTIR. 
This study confirms that natural clays other than pure kaolinite can be interesting pozzolanic materials when they are 
thermally activated. 
  
Keywords: kaolinite,  natural clays, pozzolana, cement. 
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new gap-graded particle size distribution  

 

1Zhang TS  
1 School of Materials science and Engineering, South China University of Technology, Guangzhou, China 

2Yu QJ*, 2Wei JX, 2Zhang PP  
2 Key Laboratory of Special Functional Materials of the Ministry of Education, South China University of Technology, 

Guangzhou, China 
 
 
Abstract 
To improve the properties supplementary cementitious materials (SCMs) incorporated cement and utilize Portland 
cement clinker and SCMs more efficiently, a new gap-graded particle size distribution, which is based on close packing 
theory, was proposed. Blended cements with the gap-graded particle size distribution were prepared by mixing clinker 
fraction and SCMs fractions homogenously. The experimental results show that the gap-graded blended cements 
present lower water requirement, higher packing density, and denser microstructure than reference cement (with equal 
clinker content and fineness) prepared by co-grinding. As a result, the compressive strength of the gap-graded blended 
cements with only 25% clinker can be comparable with that of Portland cement with equal fineness. In addition, the 
heat of hydration of gap-graded blended cements releases much more slowly in first 20 h and continues to increase 
rapidly. It can be inferred that the gap-graded blended cement may present improved cracking resistance and durability 
due to low heat evolution and homogeneous, dense microstructure. This investigation supports that high performance 
blended cement with low clinker content can be prepared using the gap-graded particle size distribution and arranging 
high activity SCMs, cement clinker and low activity SCMs (or inert filler) in the fine, middle and coarse fractions, 
respectively.  
 
 
Originality 
Utilization of pozzolanic by-products as SCMs in preparation of blended cement may results in enhancement of ultimate 
strength and improved durability and is also a countermeasure to reduce CO2 emissions and produce substantial 
energy and cost saving. However, the early properties of blended cements are relatively low, which has not yet been 
solved perfectly. Many attempts have been made to improve the early properties of blended cement. Most of these 
methods are focused on enhancement of the pozzolanic activity of SCMs, which leads to cost increases or difficulties in 
operation. Studies on size distribution of SCMs particles in blended cement are very scarce in technical literatures. A 
new gap-graded particle size distribution based on close packing theory was proposed in the present study, in which 
cement particles are divided into three fractions. High performance gap-graded blended cements with only 25% clinker 
were prepared by arranging high activity SCMs, cement clinker and low activity SCMs (or inert filler) in <8μm, 8-
32μm, and >32μm fractions, respectively.  
 
Chief contributions 
The gap-graded blended cement pastes present low water requirement and high packing density as voids are filled in 
grade by grade. High activity SCMs, cement clinker and low activity SCMs (or inert filler) were arranged in fine, 
middle and coarse fractions, respectively, which results not only in decreasing of water requirement due to pozzolanic 
reaction of SCMs can be neglected compared with rapid hydration of clinker particles in the first few minutes, but also 
in increasing of hydraulic activity (or pozzolanic activity) of SCMs for large specific surface area. The properties of 
gap-graded blended cements with only 25% clinker addition can be comparable with those of cement. In addition, the 
gap-graded blended cement also present dener microstructure and lower heat of hydration than Portland cement, all of 
which may leads to improved durability.  The authors believe that the results will be very useful to preparation of high 
performance blended cement and more efficiently utilization of Portland cement clinker and SCMs in cement 
manufacture and concrete making. 
 
Keywords: Blended cement, Gap-graded particle size distribution, Packing density, Supplementary cementitious 
materials, Compressive strength 
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Abstract 
The utilization of blended cement for construction is becoming a key technology for the realization of sustainable 
development. Determination of blending components in blended cement is essential for the appropriate material design 
of blended cement.  There are several determination methods of blast-furnace slag in blast-furnace slag blended cement 
using optical microscopy, the XRD/ Rietveld method and the selective resolving method using citric acid, acetone and 
methanol. Each one of these methods involves problems and is not entirely satisfactory.  In this study, the combination 
of two selective resolving methods, one that uses citric acid and methanol to solve calcium silicates such as C3S and 
C2S, and another one that uses KOH-sucrose to solve the interstitial phase and calcium sulfate gypsum, are applied for 
determination of slag or fly ash in blast-furnace slag blended cement or fly ash blended cement.  Using the proposed 
combined method, the blending component content was successfully determined directly from the residue without 
compensating calculation. 

Originality 
In this study, the combination of two selective resolving methods, one that uses citric acid and methanol to solve 
calcium silicates such as C3S and C2S, and another one that uses KOH-sucrose to solve the interstitial phase and 
calcium sulfate gypsum, are applied for determination of slag or fly ash in blast-furnace slag blended cement or fly ash 
blended cement.   

Chief contributions 
The proposed combined method was continuously applied to the determination of the unreacted slag content in 
hardened blast-furnace slag blending cement. The unreacted slag content in BSC can be compensated by the value 
determined using ordinary Portland cement paste prepared under the same conditions (hydration age, curing condition, 
water cement ratio).  Consolidating these methods, the reaction degree of slag in BSC can be determined. 

Keywords: Blast-furnace slag cement, Blast-furnace slag, Selective resolving methods, Determination of the unreacted 
slag content, Reaction degree of slag
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Ladle slag as new constituent for blended cement: a microstructural study 
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Abstract 

Steel and cement production are very demanding productive processes in terms of energy costs, gas emissions and 

waste generation. However, waste such as slag generated by blast furnace for pig iron production can be fruitful used 

to produce a well known type of cement (CEM III, blast furnace cement) where clinker content can be reduced up to 5 

wt%. In these last years, with the aim to lower the environmental pollution caused by blast furnaces, steel production 

has been addresses to the use of electric arc furnaces, which in their turn generate waste characteristic of the process. 

Usually, two main types of residues are obtained by electric arc furnace for steel production: black slag directly coming 

from the furnace and ladle slag coming from the steel refining process. In this work blended cement containing 25 wt% 

of ladle slag have been prepared. The promotion and use of blended cement is today encouraged as it usually means a 

lower production of clinker compared to the amount necessary to produce Portland cement. Moreover, a low clinker 

production can be envisaged as a minor exploitation of natural resources and less CO2 emissions in atmosphere. The 

possibility that ladle slag can be involved as active constituent in the hardening process of the new binder is here taken 

into account. Chemical-physical-mechanical parameters of the blended cement are reviewed, but the investigation here 

proposed is mainly focussed on the microstructure analysis of phases formed during curing time (up to 90 days). 

Measurements by mercury intrusion porosimeter (MIP) associated to electron microscopy observations with energy 

dispersive X-ray analysis (SEM-EDX) have been used to investigate the development of the microstructure during the 

curing time and to identify if traditional (such as C-S-H gel) or new phases are formed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Originality 

A microstructural study of mortar samples prepared with blended cement based on ladle slag is carried out with the 

aim to reach a good comprehension of ladle slag role in the hardening process and development of mortar mechanical 

strength. The subject of this contribute is addressed to the area of microstructure development and waste valorization. 

A discussion is carried out about which phases are formed during hardening process and their effects on mercury 

intrusion porosimeter data. The originality of the contribute is based on the preparation of an innovative and low 

environmental-impact blended cement and the knowledge of fundamental aspects such as hydration process occurring 

in the new blended cement. 

 

Chief contributions 

The knowledge of the microstructure changes occurring in a peculiar cement matrix during its curing period is the 

main contribution of this paper. The results here reported are important as they highlight that no deleterious reactions 

occur during the hardening process, thus allowing the use of ladle slag blended cement for the design of new 

conglomerates. This study can be considered a first step in the development of new eco-cements production as 

microstructure parameters, such as phase nature and distribution and/or porosity, are strictly related with the 

mechanical performances of the final products. 

 

Keywords: recycling, steel slag, blended cement, microstructure. 
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During the past decades alkali activated and blended cement have attracted strong interest worldwide due to their 
advantages of low energy cost, high strength and good durability. A major incentive for further development of such 
cements is generated by the great quantity of annual generation of wastes, which cause a need to find new uses for 
them. The main raw materials used for this propose are fly ash, ground granulated blast furnace slag and metakaolin, 
in which activators like water glass and sodium hydroxide are used. In recent years, the utilization of geothermal silica 
waste (GS) has been reported. The latter is a byproduct of the process of energy generation by means of steam 
extraction from the underground. GS is obtained as a mixture of geothermal brine and steam that undertakes a series of 
stages towards heat extraction.  The reports indicated that the GS has a strong pozzolanic behavior with a densification 
of portland cement hydration products matrix. In line with this, the main objective of the research is to evaluate 
partially blended pastes replacing the portland cement (PC) with a mixture of fly ash (FA) ground granulated blast 
furnace slag (GGBFS) and GS with and without external alkaline activation, using sodium hydroxide, water glass and 
sodium sulfate; analyzing the compressive strength and the microstructures obtained. The replacement materials, with 
a load of 50% were activated with 1, 4 and 7% a2O using aOH, water glass and sodium sulfate. The pastes were 
cured up to 90 days at 20°C under saturated water. The results indicated that the mechanical properties were enhanced 
with the activator load and with the use of water glass and sodium sulfate; nevertheless the former reduced the 
workability of the pastes. The FA addition reduced the mechanical properties but increased the workability of the 
pastes. Also the increase on the GGBFS and GS load enhanced the compressive strength and the formation of hydration 
products as analyzed by SEM. An important reduction of the clinker phases was also found by XRD. Pastes without 
activation were also investigated, with 30% of GGBFS, FA and GS, obtaining an increase in the mechanical properties 
compared with the neat cement and a more compact matrix of hydration products. The interaction of the replacement 
materials with the portland cement was also evidenced by means of SEM and XRD. 
 

The problems involved with the disposal of industrial wastes require special attention due to the associated ecological 
consequences. Some industrial wastes can be incorporated as substitutes of portland cement in construction materials, 
generating the "composite cements". The use of replacement materials for PC allows a reduction in the energetic costs 
and in the generation of CO2 associated to its use and fabrication. Several investigations related to the incorporation of 
replacement materials for PC have demonstrated that this practice enhances the properties of portland cement based 
materials. Following from that, the main novelty of this investigation is the development of new composite cements 
which include different type of pozzolanic and hydraulic materials in the presence of alkaline activators with high 
replacement materials load (50%) and without external activation using up to 30% of these materials. Also the use of a 
geothermal silica waste as an addition of these type of composite cements to increase the mechanical properties and 
enhance the microstructure has not been reported yet. 
 

The main contribution comprises the use of composite cements including pozzolanic and hydraulic additions (FA, 
GGBFS and GS), in two different forms: (a) high loads of 50% with alkaline activation (sodium sulfate, water glass and 
sodium hydroxide) and (b) low loads of 30% without external activation. The results obtained from this investigation 
could be summarized as follows: (1) for all the blended cements the compressive strength was lower at the first stages 
of hydration, with an increase with the curing time, (2) for the alkaline activated blended cements the better results of 
compressive strength were those obtained with GS and GGBFS using water glass and sodium sulfate as an activators, 
(3) the systems activated with sodium hydroxide showed the lowest compressive strength for all the pastes analyzed and 
(4) the cements without external activation presented the best properties, especially in the presence of GS and FA, the 
former acting as a nucleation sites and increasing the hydration products due to its pozzolanic behavior and the latter 
enhancing the workability and thus reducing the porosity.  
 
Keywords:
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Abstract 
Granulated blast furnace slag has been used as one of the major additions of cement in the last 100 years. In 
contrast, electric arc furnace slag is considered as an inert addition in Portland cement. These types of slag are 
produced in Colombia and the daily stock increase is about 10,000 tons, generating a considerable 
environmental liability of more than 20 million tons accumulated. Slag evaluated is acid, siliceous and 
aluminous by nature and glassy due to their granulation process. These characteristics are common in 
pozzolanic materials. Three types of slag were studied: granulated (EHE), refined (ERF) and recovered (ERE). 
Several ASTM Standards were applied to the samples and another techniques as XRD and SEM were used to 
complete the characterization. Under ASTMC989 the results didn’t show latent-hydraulic properties as expected 
compressive strength results obtained were comparable with type III cement pattern in the rates of addition of 
15%. Low latent hydraulic properties were found for refined slag sample by optical microscopy techniques. SEM 
analysis showed a glassy morphology and not porous texture for EHE and ERE slag due to cooling process. 
Nevertheless, ERF presented high specific surface, and grains made of tubular particles. 
Chemical analysis done by FRX technique showed similar results in EHE  and ERE slag. ERF slag had a similar 
constitution to the blast furnace slag (basic). X-ray diffraction showed that refined slag has presented periclase 
and melilite traces, while others slag had amorphous structures. Results must be validated through studies on 
cement pastes under the DTG and XRD techniques. 
 
Originality 
The electric arc furnace slag coming from a source different to the steel industry has been usually ruled out as 
an active addition to cement .The present study proves its possible use as an addition to cement for ten percent 
of the total. 
 
Chief contributions 
These results will allow the use of accumulated slag over the years of approximately 20 million tons and a 
production of 9600 tons per day. 
 
Keywords: slag, pozzolan. 
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ABSTRACT

New additions to the cement are needed to achieve a more sustainable construction material. 
Within this context, bottom ashes are currently wastes which are dumped provoking an 
environmental problem. However, the present work shows how this material can be used as a 
main constituent of Portland cement when it is mixed in an optimised proportion with fly ashes. 
Therefore, this study may also be considered as a pre-standardization work to cover both the 
environmental and economic demands of society. 

The pozzolanic characteristics of pulverized coal combustion bottom ash used as a potential 
constituent of Portland cements (with additions) is studied in comparison to Portland cements with 
fly ashes. Therefore, the aim of this experimental work is the analysis of the performance of 
mortars made of clinker of Portland cement and bottom and/or fly ashes in similar proportions to 
those of CEM II/A-V, CEM II/B-V and CEM IV/A (V). 

Characterisation of bottom and fly ashes has been done by XRF, XRD, laser granulometry, 
pozzolanity, SEM; while mortar characterisation has been carried out by means of chemical 
analysis (XRF and wet analysis), XRD, porosity, laser granulometry, pozzolanity, SEM, BSEM, 
heat of hydration, DTA and several durability determinations (sulphate attack, aggregate-alcali 
reaction, freeze-thaw resistance). Strength and durable properties of the mortars have also been 
assessed. 

In conclusion, it can be established that partial or complete replacement of fly ash by bottom ash 
has no significant effect on mechanical nor durability properties. Therefore, it is recommended to 
standardise the bottom ash as a main cement constituent. 

• ORIGINALITY: Nowadays, most bottom ashes are considered as waste without any potential re‐use. 
Only a few papers deal with the study of this material and its use mixed with fly ashes to be employed 
as a main constituent of Portland cement. Therefore, the execution of an integrated study considering 
together  aspects  from  the  initial  characterization of  the  ashes  and blinder mixes  to  the hydration 
steps,  strength  achievement,  leading  behaviour  and  durability  (frost‐thaw  resistance,  carbonation, 
alkali‐silica reaction and so on) is totally new. The final result will include a formal proposal to include 
this new addition for particular applications in the appropriate cement standard. 

• CHIEF  CONTRIBUTIONS:  The  results  have  shown  that  with  regard  to  the  standard  28‐days 
compressive strength, partial or complete replacement of fly ash by bottom ash  in CEM II/A‐V, CEM 
II/B‐V  and  CEM  IV/A  has  no more  significant  effects.  Partially,  this  can  be  explained  because  the 
bottom ash  contains a  similar amount of most of  the elements, Fe2O3, TiO2, P2O5, SrO2 and  so on, 
instead of  ZnO.  Therefore,  slight hydration differences  are  expected.  The presence of  such oxides 
might have a significant effect on pore solution concentration and so will be  leachable constituents. 
They will also play an important role in the cement properties such as setting times and durability. 

Keywords: bottom ash, fly ash, cement additions, cement durability, compressive strength.
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 Synthesis of special cements using different waste 
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Abstract

The authors propose plasma practice of clinker obtaining. This study presents good results of studies of clinker ob-
taining by plasma practice. Using different raw materials Portland cement clinkers were obtained having various 
modulus and lime saturation factor. The results of SEM, optical microscopy, XRD and other techniques showed the 
peculiarities of melted clinkers, obtained by plasma method, in comparison with sintered clinkers. The results 
showed that it is possible to obtain cements on the basis of melted clinkers, having compressive strength equal to 50-
80 MPa and higher. The bending strength was 5-8 MPa after 28 days of hardening. The cements therewith can be 
classified as fast-hardening ones. Thus it is possible to obtain clinkers using unconditional raw materials and indus-
trial waste for production of fast-hardening, high strength, sulphure resistant, high alumina cements and other types 
of cements. 
Originality:
 The authors suggested the new method synthesis of clinker. For this aim arc plazma kiln was created. Its using al-
lows to synthesize the different cement  minerals follows as: alite, belite, calcium aluminate (CA,CA2, C12A7,C3A), 
ferrite phases, etc. Method is effectiveness for synthesis of clinker for production of special cements. Using men-
tioned kiln and waste it is possible to production clinker for special cement simultaneously  the different ligature. 

Chief contributions: 
It is shown experimental procedures on production of special Portland cements and aluminate cements using waste 
and low grate quality row materials. 

Keywords: Plasma kiln,sintering, melting clinker, sulphoresistance cement, fast hardened cement, aluminate ce-
ment, chemical and mineral composition, monomineral cements 

Introduction

A gradual decline in the capacity of the traditional sources of row materials necessitates that a substitution 
be devised and introduced on fractional basis. In the same time the amount of industrial wastes piles up at 
catastrophic rate. Among them there are the ferroalloy and steel making slags, waste of  petroleum 
chemical process, spend catalysts, etc. Significant amount of environmentally deleterious fly ash, for-
merly rejected into the air by the thermal power plants, is  also utilized in cement industry. However all 
listed waste are used very little. It can be explained by the imperfect of exist cement technology. The 
wet processes is characterized by high power consumption on production of clinker, in base, mainly asso-
ciated with vaporization of a moisture and high capital investments; the dry processes is characterized by 
complication of preparation of a raw mixture, running of a production process, associated with necessity 
of separation of heat treatment of materials in stationary heat exchangers and rotary kiln and, accordingly, 
high metal consumption and considerable investment cost. 
In this connection the major attention of the scientists and specialists is given to the development of other 
experiments of cement production. It can be note two principal ways investigation: (1) hardware modifi-
cation keeping traditional sources of energy and (2) search for use of new sources of energy. The earlier 
suggestion to alter the traditional clinkering technology was connected with  the production of melted 
clinker in converter (Serov, 1958). Later, in attempts to overcome technical difficulties, burning process 
was carried out in blast furnaces, electric furnaces, etc. 
Having been proposed in the some last decade new experiments of clinker production: a burning in "fluid-
ized" bed, melting process (Khadilkar, 1997) treatment of a material in a microwave oven (Fang, 1997).  
In our work we used plasma kiln to produce the special cements. 
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Mortars added with chemically inert sediment aggregates: performance 
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Abstract 
This study investigates the influence of treated sediment aggregates (TSA) used as substitutes to natural aggregates in 
cement-based building materials. Microstructure in presence of TSA is identified, in order to justify observed changes 
in macroscopic performance (mainly mechanical properties and durability). TSA are valorized wastes derived from 
initially polluted marine sediments. They are subjected to a treatment patented by Solvay SA. It is composed of (1) a 
phosphatation phase, which creates, from raw sediments, an apatite-like mineral able to capture heavy metal 
components, and (2) a calcination at 650 degrees C, which eliminates organic pollutants. Efficient pollutant retention 
capability of TSA has been attested in former work. Their high water retention ability, low strength, high fine particles 
content, low pozzolanic activity and low chloride content are also known. In this study, mixing of the cement-based 
material (a normalized mortar) induces unavoidable TSA crushing and fine particles creation. 
In the introduction, we recall our main results as regards the potential effect of TSA content, curing conditions and age 
upon the performance of mortars substituted with water-saturated TSA. These are substituted to pure silica sand (0, 33, 
66 and 100% sand volume). With reference to industrial practice, two extreme curing conditions are used, either water 
immersion (most favorable to cement hydration), or air curing (highly deficient curing). With more amplitude after 
water curing, porosity is shown to increase hugely with TSA amount, while apparent density decreases linearly. Up to 
33% substitution, elastic Young’s modulus, uniaxial compressive strength and apparent gas permeability are all 
improved as compared to reference 0%-substitution mortar, all the more so when mortar is air-cured. Maturity is 
attained from 28 to 60 days curing only. Observed positive changes are attributed to the internal curing effect of water-
saturated TSA, whereas negative performance evolutions, significant above 33% substitution, are attributed to TSA 
brittleness. 
Secondly, microstructure changes are investigated, in order to validate our interpretation of the observed changes in 
mechanical and durability performance. To this purpose, SEM observations and EDS analysis have been performed. 
Noticeable changes in silica sand/cement paste interface are shown qualitatively, whereby portlandite amount is 
lowered in presence of TSA. We also provide qualitative assessment of the sediment aggregate/cement paste interface 
and of the microstructure of cement paste in presence of TSA. 
 
 
Originality 
The originality of our contribution is to relate the complex microstructure of a mortar added with treated sediment 
aggregates (TSA) to its mechanical and durability performance. 
 
Chief contributions 
The specificity, and the complexity, of our work are both due to the low strength (and high crushability) of TSA during 
mortar mixing. This process induces fine particles creation to an unknown amount, and prevents investigations on the 
cement paste alone in presence of TSA, which initial high fine content is known. Rather, our strategy was to focus on 
the modifications of the interface between sand aggregate (whenever any remains) and cement paste. Using SEM 
observations and EDS analysis, we show qualitatively that portlandite presence is lowered at the sand/paste interface at 
33% TSA-substitution. Cement paste microstructure, and sediment aggregate/cement paste interface are also assessed 
qualitatively, and their main features (as compared to pure cement paste) are highlighted. Finally, thermogravimetry 
analysis adds another microstructural argument by showing very slight modifications of cement paste hydration in 
presence of a high TSA fine particles content. 
 
Keywords: durability, permeability, lightweight aggregates, waste valorization, compressive properties of hardened 
concrete 
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Abstract

About 16,000 metric tones of Spent pot refractory lining (SPRL) waste are generated annually from aluminum 
plants in India and are lying unutilized thereby occupying valuable land. The delined refractory waste generally 
contains 10-12% alkali and 8-10% fluoride  and  can find application as mineralizer in the manufacture of Ordinary 
Portland Cement. Investigation was carried out with a typical SPRL  sample collected from a plant of National 
Aluminium Company Limited (NALCO) which was found to contain 11.78%  Na2O, 0.68 %K2O and 9.45 %fluoride 
respectively. An optimized dose of about 1.5% SPRL in the raw mixes designed using conventional raw materials 
indicated well burnt laboratory clinker produced at 30 – 40OC lower burning temperature as compared to a control mix 
without SPRL.  

Different mixes were designed with low alkali raw materials and using varying dosages of SPRL. The 
burnability investigations of a raw mix showed free lime content of 0.56 percent containing 1.5 % SPRL when burnt at 
1400oC for 20 minutes whereas in the control mix, the free lime could be reduced to the same level only at 1450oC. The 
clinker made using SPRL also showed well formed mineral phases at 1400oC. The resultant cement yielded compressive 
strength of 33.4, 48.3 and 58.0 MPa at 3, 7 and 28 days. The performance characteristic showed conformity to IS: 
12269-1987 for 53 grade of Ordinary Portland Cement. The use of SPRL in cement manufacture as mineralizer showed 
potential for reducing the energy consumption, improving the clinker morphology and resultant cement performance 
besides giving value addition to SPRL. 

Originality of the Research 

SPRL waste was investigated for use as raw material for the first time in India.  The clinker made using SPRL also 
showed well formed clinker mineral phases at 1400oC. The performance characteristic of resultant cement showed 
conformity to IS: 12269-1987 for 53 grade of Ordinary Portland Cement. The use of SPRL in cement manufacture as 
mineraliser showed potential for reducing the energy consumption, improving the clinker morphology and resultant 
cement performance besides giving value addition to SPRL. Subsequent to the study a patent has also been filed. 

Chief Contributions made by the Research  

The burnability investigations of a raw mix showed free lime content of 0.56 percent containing 1.5 % SPRL when 
burnt at 1400OC for 20 minutes whereas in the control mix, the free lime could be reduced to the same level only at 
1450oC. The clinker made using SPRL also showed well formed mineral phases at 1400oC. The resultant cement 
yielded compressive strength of 33.4, 48.3 and 58.0 MPa at 3, 7 and 28 days. The performance characteristic showed 
conformity to IS: 12269-1987 for 53 grade of Ordinary Portland Cement. The use of SPRL in cement manufacture as 
mineralizer showed potential for reducing the energy consumption, improving the clinker morphology and resultant 
cement performance besides giving value addition to SPRL 

Key words: Kiln shell corrosion, volatiles, flakes, refractory engg. Practices 
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Abstract 
Different types of residue have been used as mineral addition to Portland  cement’s concrete, aiming to minimize the 
environmental  impact caused by  the cement  industry. This way, it adds value to an environmental passive, diminishes  
the consumption of an agglomerate which  production demands  natural resources withdraw,  and carbon dioxide 
rehearsal. The most used residues are fly ashes and blast furnace slag. However, recent work has shown that ashes 
produced by finely ground sugar cane bagasse can also be used as pozzolanic material, depending on the temperature 
and time used on the burning, being those responsible for the variation of the process that determine the perceptual and 
structure of silica crystals  found in the residue. Considering these factors, in a same sugar cane bagasse burning 
process different types of ashes are produced: furnace ashes, pre air ashes and the exhaust ashes. According to studies 
stated in the literature, usually the producer plant is identified but it doesn’t specify the types of ashes. In this work the 
physical-chemical characteristics of the four different types of ashes found in nature, obtained in a distillery using a 
controlled burning process, are evaluated. X-ray diffraction (XRD), x-ray spectrometry fluorescence (XRF), 
pozzolanicinity test and Scanning electron microscope (SEM) will be used in this study. The results show that the ash 
produced in the furnace is the most recommended to the production of cements of low environment impact and 
production of durable concrete.  
 
Originality 
Characterization of the different types of sugar cane bagasse ashes produce in nature in the same industrial process of 
controlled burning, aiming their use as pozzolanic material. 
 
Chief contributions 
Brazil is the world’s biggest sugar cane producer. The burn of its bagasse aiming to energy production generates an 
average of 3% of ashes residue. The use of these ashes as mineral addition to concrete depends on the burn conditions. 
Despite the great potential of sugar cane bagasse production, in general, there is no control of this burn, what causes 
the variation of the ashes reactivity even within a same plant. This work, by characterizing the different types of ashes 
produced by a burn controlled process mill, could guide the sugar and alcohol sector in adopting a burn standard that 
might favour the production of adequate material for the cement industry. Thereby, on top of adding value to the sugar 
cane bagasse it would close the life cycle of the alcohol and sugar in a more appropriate way.  
 
Keywords: concrete, mechanical properties, cane bagasse ash, waste 
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Abstract 
This work presents a study about the effect of ultrafine pozzolans such as rice husk and sugar cane bagasse ashes on 
the hydration characteristics of Portland cement based pastes. Rice husk ash (RHA) and sugar cane bagasse ash 
(SCBA) from Brazilian industrial plants were compared with an ultrafine RHA produced under controlled calcination 
conditions. Pastes containing 0% and 20% in mass of pozzolans were prepared at a constant water-binder ratio of 0.4 
and cured in 21°C water periods from 1 to 90 days. The hydration of the pastes was investigated by X-ray diffraction, 
29Si nuclear magnetic resonance, compressive strength, and mercury intrusion porosimetry. It was observed 
acceleration of strength development in the 20% controlled RHA paste. Furthermore, the pastes with industrial ashes 
presented similar strength in comparison with the reference paste. For all studied cases, the pozzolanic effect of the 
ashes was observed. 
 
Originality 
This study presents the use of residual ashes from rice husk and sugar cane bagasse in Portland cement based pastes. 
The ashes were generated in industrial units of co-electricity co-generation and compared with an ash produced under 
controlled calcination lab-conditions. The study of hydration was performed using different analytical and mechanical 
tests such as X-ray diffraction, 29Si nuclear magnetic resonance, compressive strength, and mercury intrusion 
porosimetry represents an original study. 

Chief contributions 
This work deals with the properties of cement based pastes containing rice husk and sugar cane bagasse ashes. This 
can yield interesting information regarding the production of cement based materials with reduced environmental 
impact. Moreover, the use of biomass such as rice husk and sugar cane bagasse tends to grow as an alternative to oil 
fuels. Thus, high quantity of these by-products can be generated in different parts of the world in the near future and its 
employment as mineral admixture can be an interesting alternative. This research shows the effect of both ashes on the 
hydration characteristics of cement based materials using different analytical and mechanical tests. 

Keywords: Rice husk ash; Sugar cane bagasse ash; Hydration; Cement based paste 
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Abstract
Rice production generates large volumes of residual rice husk, fact that leads to serious accumulation issues. Rice is a 
plant that contains a high amount of sílica, mainly in its husk. A large amount of rice husk is used as fuel in the  rice 
milling process, or for the production of electricity in cogeneration systems. In these processes the rice husk ash (RHA) 
obtained has different characteristics from those produced under controlled conditions: presents high-carbon content 
and a part of silica in crystalline state. When burnt, large quantities of ash are obtained (each ton of paddy produces 
aprox. 40kg of ash). 
The rice husk ash has about 90% silica. The morphology of the silica is very dependant on the burning conditions; if it 
is not amorphous (crystalline), it can harm the human organism, causing silicosis, modifications of the genome and 
even cancer. 
Therefore, this paper presents the development of a pretreatment of the rice husk with HCl for the purpose of obtaining 
amorphous rice husk ash, and a methodology to obtain an amorphous pozzolanic mineral admixture (ARHA) for cement 
from the ashes as well. Microstructure and the influence of the milling time on the pozzolanic activity index of the ash 
obtained are studied. 
Also, a part of the cement in pastes and mortars was substituted by the  ARHA in order to study its influence in the 
resistance to compression, resistance to bending, water demand and the alkali-silica reaction. 
The results obtained with the ARHA are compared with those obtained without rice husk ash, and with normative 
requirements, , proving the viability of the substitution of a portion of the clincker by the ARHA when elaborating 
pozzolanic cement. 

Originality 

The rice industry is in constant expansion and development world-widely, and it carries great economical and 
environmental issues due to the placement of the rice husk and its careless use as fuel (with great percentages of 
crystalline sílica on the rice husk ash, which can lead to  silicosis, modifications of the genome and cancer, among 
other harmful effects (Legrand, 1998)). Contributing to the solution of these issues (specially the environmental 
problem, whose consequences will have to be faced in a not so distant future) and to the valuation of the obtained 
residual, this paper presents the development of a pretreatment of the rice husk for the purpose of obtaining amorphous 
rice husk ash when burning it uncontrolledly, and a subsequent application in the construction industry for elaborating 
pozzolanic cements.    

Chief contributions 

First of all, it is proposed to contribute to the lowering of the environmental contamination through the study of a 
pretreatment that will produce amorphous ash even in an uncontrolled combustion of rice husk (which would be 
environmentally accepted, reducing the initial volume of the residue in an 80%). Also, due to the fact that mineral 
additions improve the properties of cement and concrete, the use of this amorphous rice husk ash obtained as mineral 
admixture for cements becomes a possibility.  
The influence of the milling time on the  pozzolanic activity index is studied, and also (with different percentages of 
cement substitution by rice husk ash) the effects on pastes and mortars, having in mind that  the reduction of the amount 
of clincker for cement production leads to the reduction of consumed energy, of CO2 emissions and also of the 
greenhouse effect.

Keywords: Rice-husk Ash, Mineral Admixtures, Supplementary Cementing Materials
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Abstract 
In order to exploit concrete waste and lower the environmental impact of natural aggregates excavation, the purpose of 
this paper is to study and prepare new composite materials recycling construction and demolition concrete waste (C&D 
waste) as aggregates. New mortar with recycled aggregates will be prepared studying the possibility of using sulfur as 
binder, instead of cement, which requires water to bind the aggregates. Sulfur mortar and concrete are high 
performance composite materials whose main properties are quick settings, high strength, low water absorption and 
high resistance to acid, basic and salt environments. In addition such materials allow to use the big amounts of sulfur 
coming from worldwide oil refineries and metallurgic industry. 
The effects of mix design on the final physico-mechanical properties and on the microstructure of the studied new 
composite materials are here investigated and discussed. The results are then compared with those of reference samples 
prepared without any waste addition, with normalised silica sand as aggregates and ordinary Portland cement as 

binder, according to UNI EN 196-1

Originality 
An increasing trend towards the use of sustainable processes has led to recycled materials being incorporated into 
concrete. It is generally recognised that crushed recycled construction aggregates produce concrete of a lower 
compressive strength. The physical characteristics of recycled concrete aggregates, indeed, adversely affect the 
mechanical properties and the microstructure of cement conglomerate due to the high water absorption values of 
recycled aggregates. The originality of the present research is in the use of sulfur, a waterless binder, as an attractive 
alternative to conventional conglomerate with cement and water as binder. The presence of a waterless mortar would 
contribute to increase the physico-mechanical properties and the microstructure of the new mortar with C&D waste. 
According to the state of the art, these results will be meaningful for the advancement of knowledge on effects of totally 
replacing newly quarried with recycled demolition aggregates. 

Chief contributions 
The aim of the present paper is to examine the performances of new composites materials based on either sulfur by-
products as binder and concrete construction and demolition waste as recycled aggregates. Different mix-design will be 
studied and prepared increasing the weight percentage of sulfur binder as well as of calcium carbonate as filler, in 
order to investigate their effects on the mortar behaviour at both fresh and hardened state. A suitable selection of 
manufacturing technological procedures, very similar anyhow to bitumen concrete technology, will be investigated. 

Keywords: Sulphur mortar, Construction and demolition waste, Ecosustainability, Physico-mechanical properties, 
Microstructure
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Abstract 
The valorization of solid waste has been explored by the cement industry due to its ability to deal with large 
amounts of materials and, in many cases, quite easily. Thus, the aim of this study was to assess the potential use 
of a pulp paper sludge (lime-mud) in mortars guided by its rheological performance and to evaluate the 
advantages and drawbacks of incorporating this pulp and paper industrial solid waste, generated on a large 
scale. This sector is also a large tonnage one and wastes are generated in huge amounts. Promoting the 
cooperation between these two large production sectors can be a good strategy in terms of waste management. 
In this work, lime-mud was characterized and tested as mortars aggregate up to 30 wt % of cement weight. The 
waste natural characteristics mainly moisture was kept, avoiding pre-treatment associated costs. Lime-mud 
parameters as particle size distribution, pozzolanicity, composition was determined. The best waste content in 
mortars formulations was determined by the flow table and the rheological behavior. It was possible to assess 
the mortars behavior according to rheological parameters as well as mechanical strength and other physical 
and mineralogical mortars properties. The study concluded that lime-mud has a potential to be used as mortars 
aggregate material. 

Originality 
This work presents a study for different waste content representing a solution of waste valorization, presented 
with a competitive analysis regarding the several ways to incorporate this cellulose plant sludge into mortars 
production. Cement related manufacturing is regarded as a sustainable solution for the disposal of this type of 
industrial waste. The relation and impact on several properties in the mortars fresh and hardened state features 
are evaluated but, the performance evaluation in terms of rheology is particularly emphasized. 

Chief contributions
This work results in a solid and sustainable alternative to use pulp and the paper wastes in the cement industry. 
It also contributes for the replacement of non-renewable natural raw materials, which will largely reduce 
associated costs but will also promote crossed-sector waste recovery, generated in large quantities, 
emphasizing the environmental contribution of the cement industry for a sustainable waste management. 

Keywords: lime-mud, waste, cement, mortar, rheology.
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Abstract 
As the construction sector uses 50% of the earth’s raw material and produces 50% of its waste, the development 
of more durable and sustainable building products is crucial. Nowadays, Construction and Demolition Waste 
(CDW) is already used as recycled aggregates in low-value concrete applications, since it is mostly inert 
material.  On the other hand, the general trend today for the cement industries is the use of alternative raw 
materials for the production of cement clinker. From this and the above mentioned need for high-value recycling 
of CDW, the concept of completely recyclable concrete (CRC) has been developed. After demolition of a CRC-
construction, the material cycle is closed as the concrete rubble is given a second life as raw material for cement 
production, without need for adjustments. Therefore, the concrete mixture is designed to be chemically 
equivalent to raw material for cement production by adequately incorporating limestone aggregates, different 
types of cement and industrial by-products. For this study, completely recyclable concrete was designed and 
produced. Within the design process, the chemical composition of the produced CRC was evaluated with the 
lime saturation factor, the silica modulus, the alumina modulus and the hydraulic modulus. In addition, the 
potential mineralogical composition was calculated according to the formulas of Bogue. Then, clinker was 
regenerated by burning ground CRC in a laboratory furnace by raising the temperature at a constant rate (15 
°C/min) to 1350, 1400 and 1450 °C and maintaining it for 30 minutes. After burning, the clinker was 
immediately air-cooled by removing it from the furnace. The quality of the produced clinker and the influence of 
the burning temperature thereupon were investigated by determining the free lime content, and by microscopic 
and X-ray diffraction analysis. Based on these results, the ideal burning temperature was selected to produce 
cement. This cement was produced by grinding the clinker with calcium sulphate anhydrite. The hydration heat 
of cement pastes was measured in isothermal conditions and mortars were produced for compressive strength 
tests. 
 
Originality 
Sustainability is a major topic since years and the importance thereof is highlighted within the cement industry 
by the topic of the 13th ICCC, namely cementing a sustainable future. Within this trend towards a more 
sustainable production of cement, this research aims for a new approach towards concrete recycling, namely the 
development of Completely Recyclable Concrete (CRC) following the cradle-to-cradle (C2C) principle. In C2C 
production, all material inputs and outputs are seen as either technical resources or as biological nutrients. 
Biological nutrients can be composted or consumed and technical resources can be recycled or reused without 
loss of quality. Completely recyclable concrete (CRC) becomes such technical resource after demolition, namely 
an alternative raw material for cement production. By recycling CRC, a great deal of construction and 
demolition waste, which consists for about 40% of concrete, could be valorised. In addition, CRC is made 
chemically equivalent to cement raw materials by incorporating industrial by-products which reduces the clinker 
content of concrete and thereby its energy consumption and CO2-emission. 
 
Chief contributions 
Within this research a new approach is studied towards a more sustainable construction. By designing a 
completely recyclable concrete (CRC), the production of clinker and cement out of concrete rubble is enabled, 
without need for adjustments. The  unusual clinker and cement regenerated from CRC rubble is investigated 
within this study. Because the cement minerals within this regenerated clinker and cement are not necessarily 
the classic cement minerals, the influence on the formation and hydration of these minerals needs to be assessed. 
The standard quality tests are extended by microscopic and X-ray diffraction analysis, whereby a good picture of 
the clinker and its components was provided. The hydration process is on the other hand evaluated by recording 
the hydration heat of a cement paste in isothermal conditions and monitoring the setting with the ultrasonic 
through-transmission method. 
 
Keywords: Completely Recyclable Concrete, Cradle-to-Cradle, clinker regeneration, cement regeneration 
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Removal of Hexavalent Chromium from Aqueous Sample 
by Calcium Alumino-zincate 

 

1Hirano M1* 
1Murakami M 

2Sugano M, 1Sango H 
1College of Science and Technology, Nihon University, Chiba, Japan 

2Junior College, Nihon University, Chiba, Japan 
 
Abstract 
Recently the immobilization processes for environmental pollutants which involve the hydration of various 
cement-based materials have been studied. In these studies, it was reported that the oxyanions such as CrO4

2-

were specifically immobilized in the hydrates of calcium aluminate, which are main component of Portland 
cement, in the course of their hydration. In our previous studies, on the other hand, we reported that calcium 
alumino-zincates were formed as clinker interstitial phase with zinc oxide which is contained in municipal 
refuse incineration ash used as the cement raw material, and that they show analogous hydration behavior to 
calcium aluminate. These findings suggest that calcium alumino-zincates (C3A2Z and C14A5Z6), which are 
analogous of calcium aluminate, have the ability. Based on these results, we have studied the immobilization of 
Cr(VI) into the hydrate of calcium alumino-zincates aiming to apply in removal of Cr(VI) which is contained in 
waste water and contaminated soil. 
In the present study, we found that calcium alumino-zincates effectively remove Cr(VI) anion from water; by 
adding 20 mg of C14A5Z6 to 10 mL of Cr(VI) solution, concentration of Cr(VI) of the solution was reduced from 
75 mg/L to less than 0.05 mg/L, which is the WHO’s guideline value for chromium in drinking water, in 60 min. 
The immobilization capacity for Cr(VI) was 75 and 89 mg/g for C3A2Z and C14A5Z6, respectively. Above values 
are comparable to these which are stoichiometrically calculated from the composition of the hydrates assumed 
as C3A.CaCrO4.12H2O. Moreover, the AFm phase including Cr(VI) expected to be C3A.CaCrO4.12H2O was 
identified by XRD. The fact suggests that Cr(VI) is captured into the hydrate of calcium alumino-zincates as 
same manner as that in the case of calcium aluminate. To improve the immobilization efficiency, effect of 
calcium hydroxide on the hydration of calcium alumino-zincates was also studied. It was found that the 
hydration was promoted and that the immobilization efficiency was improved by increase in the amount of 
generated hydrate, by adding calcium hydroxide to the mixture of Cr(VI) and calcium alumino-zincate. By 
adding of 0.5 g of calcium hydroxide, the amount of immobilized Cr(VI) per 1 g of C3A2Z and C14A5Z6 were 
increased to 160 and 139 mg, respectively. 
Based on the above results, we conclude that various calcium alumino-zincates is effectively usable as a 
decontaminating agent for removing anionic toxic metal such as Cr(VI) from water and soil. 
 
Originality 
The immobilization processes for environmental pollutants in water by the hydration of calcium alumino-zincate 
have not been studied. It was found that the Cr(VI) was removed from water by the hydration of calcium 
alumino-zincate. We showed that calcium hydroxide mixed with calcium alumino-zincate was very effective for 
increasing the immobilization capacity of Cr(VI). 
 
Chief contributions 
We showed clearly that the Cr(VI) was removed from water by the hydration of calcium alumino-zincate. Our 
method is expected to be able to be used also for other oxyanions such as arsenic anion. Our method is able to 
be applied to the purification of the polluted water in a comparatively wide concentration range in Cr(VI). Our 
system is possible to remove Cr(VI) from water, even if complicated technique and expensive equipment are not 
used. It is concluded that calcium alumino-zincates are usable as a decontaminating agent for toxic metal 
anions such as Cr(VI) ion from water and soil. 
 
Key words: Calcium alumino-zincate, Removal of Hexavalent chromium, Calcium hydroxide, 

14CaO.5Al2O3.6ZnO, 3CaO.2Al2O3.ZnO 
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Parameters Influencing The Leachability Of Antimony From Hardened 
Concrete

1Magistri M1*, 1Recchi P, 2Bravo A.
1 Cement Additives Division, Mapei SpA, Milan, Italy

2Central Analytical Lab, Mapei SpA, Milan, Italy

Abstract
The interest in the environmental impact of cement based materials has been growing in recent years. The possible 
leaching of inorganic compounds when concrete is in contact with water is one of the main concerns. It is well known 
that cements and concrete mineral additions can contain traces of several heavy metals, whose immobilisation 
pathways are not yet completely understood. The use of antimony compounds as reducing agents in cements has been 
recently proposed in order to fulfil the requirements of the European Union regarding the elimination of soluble 
chromates. This poses the need to assess the long term leaching behaviour of antimony from concrete and cement 
based-products in aqueous environment. Even though a reference standard is not yet available, a number of leaching 
test methods are used worldwide. However, their relevance to concrete placed in the environment can be questioned. In 
this paper the results of a study on antimony leaching from hardened concrete are presented. Several parameters such 
as cement composition, initial concentration of antimony, curing age and carbonation have been taken into account. 
Considering the importance of pH in immobilisation/release mechanism, particular attention has been given to the 
effect of pH on antimony leaching. On the basis of the data collected, some hypothesis on the behaviour of antimony in 
hydrated cement systems are discussed.

Originality
Several papers deal with concrete where the heavy metals content is increased by the use of solid wastes as alternative 
fuels. During clinker burning metals are usually bound in silicate matrix and the leaching behaviour follows some rules 
already described and studied. Since the European Community introduced some years ago the obligation to eliminate 
soluble chromates, the addition of inorganic reducing agents such as tin, iron or antimony salts during cement grinding 
has become a common practice. In this case, the inorganic element is not bound, but simply dispersed in cement. In our 
opinion the originality of this paper lies in the fact that only a few works are dedicated to investigating the possible 
antimony leaching from concrete, and all of them take into consideration only the metal bound in clinker minerals.

Chief contributions
The majority of cements produced and imported in Europe contain several parts per million of tin, iron or antimony 
used as reducing agent. Notwithstanding the advantages of the elimination of hexavalent chromium, for a global 
evaluation of the environmental impact of reducing agent it is indeed important to study its leaching behavior. The main 
contribution of this paper is to allow the assessment of the real possibility of antimony release under several conditions.

Keywords : leaching, antimony
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SulphoaluminateSulphoaluminateSulphoaluminateSulphoaluminate CCCCementementementement

Cheng Xin, Tan Wenjie, Ye Zhengmao, Chang Jun*
Department of Materials Science and Engineering, University of Jinan, Jinan, China

The Key Laboratory of Building Materials Prepared and Tested technology in Shandong Province, Jinan, China

AbstractAbstractAbstractAbstract
This paper describes an effect of gypsum content on mechanical property, hydration and hydrated product of calcium
strontium sulphoaluminate cement. Calcium strontium sulphoaluminate cement is a new type sulphoaluminate cement
and clinker minerals mainly are 1.5CaO·2.5SrO·3Al2O3·CaSO4（C1.5Sr2.5A3S），C2S and C4AF. Industrial strontium
slag can be utilized as raw material instead of partial limestone and gypsum in manufacture of this cement, which is
used to save resources and protect ecological environment. Clinker and different amount (0%, 3%, 6%, 9%, 12%)
gypsum were co-grinded and shaped in steely mould (2cm×2cm×2cm) at a w/c of 0.35, and compressive strength of
samples were measured at disparate curing age. Hydrated mechanism and micro-topography were determined by XRD
and SEM. The results showed that hydration of clinker minerals such as C1.5Sr2.5A3S is accelerated due to the addition
of gypsum, therefore cement possess well early stage strength. Hydrated products are AFt containing Sr, CAH10，
Ca(OH)2 and so on. Calcium strontium sulphoaluminate cement which is added with 6% gypsum bears stable early and
later stage strength, compressive strength of hydrated 3d and 28d are 64.58 MPa and 79.86 MPa separately. If gypsum
is overfull, network structure form in set cement interiorly and hamper spread of hydrates, therefore AFt which creates
in later stage of hydration would destroy internal structure of calcium strontium sulphoaluminate cement paste and
would cause retrogression of strength.

ORIGINALITYORIGINALITYORIGINALITYORIGINALITY
Calcium strontium sulphoaluminate (CSSA) cement is latest outcome of our laboratory, which is a new type
sulphoaluminate cement. One of clinker mineral is C1.50Sr2.50A3 S , which is composed through using 2.5 mol Sr2+ to
instead of Ca2+ in C4A3 S . Various amount gypsum are appended to cement clinker in experiment, and the main
research purpose of this paper is to investigate hydrated mechanism of CSSA cement and effect of gypsum (refering to
compressive strength, hydrated product and hydrated velocity). All of the above content have not reported in literatures.

CHIEFCHIEFCHIEFCHIEFCONTRIBUTIONSCONTRIBUTIONSCONTRIBUTIONSCONTRIBUTIONS
Manufacture of ordinary Portland consumes a lot of superior limestone, and formation temperature of clinker is high.
Sulphoaluminate cement has good performance in early strength, high strength and corrosion resistance. However,
progress of sulphoaluminate cement is limited because of expensive price of raw material. Industrial strontium slag are
utilized as raw material instead of partial limestone and gypsum in manufacture of new type calcium strontium
sulphoaluminate (CSSA) cement, which will reduce cost of producing cement and dispose industrial slag effectively.
Related to social benefit, CSSA cement is conducive to save resources and protect ecological environment. We have
studied influence of different quantity gypsum on hydrated process, hydrate and morphology of CSSA cement. Optimal
content of gypsum and hydrated mechanism of this new cement is made out, which will provide theoretical basis for
industrial production of CSSA cement.

Keywords:Keywords:Keywords:Keywords: Calcium Strontium Sulphoaluminate; Cement; Gypsum; Hydrate
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Immobilisation of selected ions in natural clinoptilolite incorporated in 
cement pastes 
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Faculty of Materials Science and Ceramics  
AGH University of Science and Technology, Cracow, Poland 

 
Abstract 
Many industrial activities and disposal of wastes can cause environmental risk connected to the release of toxic 
elements both in anionic and cationic form (e.g. heavy metal cations or chromate, arsenate and phosphate ions). 
In many cases, the most effective method of removing the toxic ions is using natural zeolites. However, after the 
treatment the zeolite can partly release sorbed ions and thus their immobilization should be solidified. The most 
commonly used matrices for solidification of the zeolite after sorption are different kinds of cements or alkali-
activated slag binders. The work presents results of research in which natural clinoptilolite originating from 
Polish deposit was used for heavy metal cations immobilisation (Pb2+, Cr3+, Cd2+ and Zn2+). It was obtained in 
the process of sedimentation and transformed into sodium form. Surface properties of the studied material have 
been modified by applying organic compound, namely hexadecyltrimethlammonium bromide (HDTMA-Br). 
(HDTMA)-modified clinoptilolite was used for the sorption of NO3

–, SO4
2– , CrO4

2-, PO4
3-, AsO4

3-. 
Studies concerning properties of cement composites pastes with cement matrices and natural zeolites containing 
toxic ions filler (especially leachability of those ions) were also conducted. In further parts of the work the 
results of those studies are presented. The effect on hydration and form of hydration products has been 
measured. FT-IR spectroscopic research was carried out on the obtained materials. Basing on IR spectra, the 
changes implied by sorbed ions on both the structure of zeolite and hydration products of the pastes were 
determined. Results of IR-spectroscopic studies have been compared with those obtained by X-ray diffraction 
analysis and SEM observations. Moreover, the work presents results of technological studies of the acquired 
materials and leachability of sorbed ions they contain. The results mainly indicate that solidification of 
clinoptilolite after sorption both in the case of anionic and cationic forms of toxic wastes is effective. 

 
Originality 
Zeolites are commonly used as sorbents of different cations, e.g. heavy metal cations. However, sorption of 
anions on zeolites has been studied and described relatively recently.  Zeolites can be used for sorption of 
anions (e.g. arsenates, phosphates) after being modified by water-soluble organic molecules (HDTMA 
molecules).The second part of the work is “the application thread”. Modified clinoptilolite was used for 
sorption of ions and as a filler to cement. This is an innovative and especially interesting application of zeolite 
because of  in these materials final immobilization of ions on the mineral matrix will be proceeded.  
 
Chief contributions 
Włodzimierz Mozgawa is a professor at the Faculty of Material Science and Ceramics at the AGH University of 
Science and Technology (AGH-UST) in Poland. His main research activities are focused on structural study of 
silicate and aluminosilocate materials using vibrational spectroscopy, application of natural sorbents for 
immobilization of dangerous ions and obtainment of new composite materials. 

Waldemar Pichór is Ph.D. at the Faculty of Material Science and Ceramics at the AGH-UST in Poland. His 
research activities are generally focused on design and developing application of cementitious materials e.g. 
environmental projects, smart building constructions and multifunctional cement composites and mineral 
insulating materials.  

Wiesława Nocuń-Wczelik is a professor at the Faculty of Material Science and Ceramics, AGH-UST in Cracow, 
Poland. Her research interests include using industrial by-products in cement technology, calorimetric and 
microstructure studies of hydrating materials, as well as the admixtures to concrete. 

Magdalena Król is Ph.D student at the Faculty of Material Science and Ceramics at the AGH-UST in Poland. 
General aim of her research work are structural studies and research on sorption properties of clinoptilolite 
and montmorillonite from Polish Carpathian deposit. 

Keywords: Clinoptilolite, Sorption, Anions, Alkylammonium surfactants 
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Research on Metaconglomerate Utilization to Cement Production 
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2 CEPROCIM SA, Projects and Binding Materials Research Department, Bucharest, Romania 

 
 
Abstract 
Concept of durable development supposes creation of a society that satisfies its needs without diminish the perspectives 
of next generations. This concept attests the idea of natural resources saving in order to avoid an economical or zonal 
crisis on long term. 
During exploitation of limestone sometimes occurs a layer of metaconglomerate, a rock containing mainly 40-60% 
quartz and 30-40% feldspars, besides small amounts of calcite, muscovite and opaque minerals. Instead stockpile, this 
material may be valorization at clinker manufacturing as a silica source to increase the silica module of raw mix. 
This paper evaluates the technological behaviour of raw mix by determination of its grindability and burnability. The 
clinker obtained was examinated by X-ray diffraction and optical microscopy analyses. Also, physical and mechanical 
characteristics of cement resulted from clinker was performed. 
It found that the metaconglomerate allowed obtaining a clinker and Portland cement of high quality. 
 
ORIGINALITY 
In order to increase valorization degree of resources, as innovation in cement industry range is the using of 
metaconglomerate as siliceous material. 
 
CHIEF CONTRIBUTIONS 
By using of metaconglomerate, rational using of resources is assured, and also cover elimination from this material 
from some limestone quarries (in some situations the metaconglomerate is associated with limestone). Also, by using of 
metaconglomerate from limestones cover, it is avoided forming of some stockpiles nearby limestone deposits, expenses 
regarding the transport and arranging of sterile stockpile disappear and ambient environment protection is performed.  
 
Keywords: Metaconglomerate, clinker, cement Portland 
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Modeling the Chemical Reaction Process of Fly Ash under Portland Cement 
Circumstance 

Zhuqing Yu* 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands

Guang Ye 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands

Abstract
The durability problem in concrete structures has been a research emphasis for several decades. As a kind of 
pozzolanic materials, fly ash blended with Portland cement in concrete can improve the durability of concrete 
structure dramatically. It is well known that the durability of concrete is affected by its transport properties, such 
as permeability, diffusivity, and sorptivity which mainly controlled by the microstructural characteristics of 
concrete. From the microstructure point of view, the continuous or interconnected porosity often links the interior 
of the paste to the outside environment and the pore solution inside of concrete is a crucial factor, which 
influences the durability of concrete. Although enormous researches have been done on concrete blended with fly 
ash, however, the quantitative description or predictive model for the internal hydration chemistry and the paste 
microstructure which influences on the durability at different conditions are still not established systematically. 
This article presents a hydration and kinetics model of fly ash under Portland cement circumstance which can 
simulate the pozzolanic reaction of fly ash. The different amount and types of fly ash and the service conditions are 
considered in this model. This model could predict the hydration process, the reaction products, and the rate of 
hydration of fly ash under Portland cement circumstance. Furthermore, the output of this model will provide solid 
parameters for the durability study.  

Originality 
At present, most articles which described the durability of concrete blended with fly ash mainly focused on the 
effect of fly ash on mechanical property and the index of durability of concrete. As regards internal hydration 
chemistry and paste microstructure of concrete, existing researches still did not explain clearly. 
This paper precisely describes the chemical reaction process of fly ash under Portland cement circumstance. 
Furthermore, different kinds of fly ash and service conditions are taken into account. Meanwhile, the model 
proposed in this paper could simulate integrated and precise hydration kinetics of pozzolanic reaction of fly ash. 
Based on this theoretical model, the cement hydration affected by fly ash and microstructure model about the 
development of internal structure of concrete will be established in the future.  

Chief contributions 
The main contribution of this work is to present an theoretical model which can predict the pozzolanic reaction 
process of fly ash under Portland cement circumstance. This model will be served as a fundamental basis for the 
durability prediction when fly ash cement concrete used in a varied conditions.  

Keywords: model; fly ash; chemistry reaction; pozzolanic reaction; rate factor  

* Zhuqing Yu: Email - Zhuqing.Yu@tudelft.nl, Tel- +(31)152789342, Fax- +(31)152786383  



74 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 2 - Oral Communication 17:20-19:00 / 4 July / Session 5Paper 7

1 ana.reyes01@cfe.gob.mx  Tel:  52 55 5229-44-00 Ext: 65684  Fax: 52 55 5615-88-97 
 

CHARACTERIZATION OF FLY ASH PRODUCED IN MEXICO FOR 
CONSTRUCTION PURPOSES 
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Abstract 
Coal consumption for power production has increased in many countries; as a result the production of ash (bottom and 
fly) has been increased. In Mexico, Comision Federal de Electricidad has three coal fired power plants, in Coahuila 
(Río Escondido and Carbon II power plants) and in Guerrero (CT Plutarco Elías Calles power plant).       
Many countries around the world use fly ash as cementitious component or mineral admixture in concrete. Most use of 
fly ash in concrete is attributed to its fineness as well as pozzolanic and sometimes self cementitious characteristics, 
depending on the type of fly ash. In Mexico very little fly ash is used (< 1%) basically for the construction industry. Fly 
ash has cementitious properties and provides better workability reducing the amount of cement and water, decreasing 
heat of hydration, and improving other characteristics. However it is not common to use in Mexico because the 
construction sites are not always close to the plants where the fly ash is available.  
Quality assurance procedures to manufacture cement or produce concrete with fly ash include quality control of it. 
Special care must be taken in selecting fly ash to ensure adequate behavior of cement and improve properties in 
concrete. Properly selected fly ash reacts with the lime to form hydrated calcium silicate the same cementing product as 
in Portland cement.  
In this paper physical and chemical characterization of fly ash produced in Mexico will be studied, including heat of 
hydration and a comparison of quality of fly ash produced in centrals to evaluate what is the best option to make 
concrete or for cement manufacture, to use as a raw material.    
 
Newness 
Fly ash has been used in several countries for construction purposes. The main uses have been in cement manufacture 
and in concrete structures. In many countries a new methodology for building gravity dams has been developed: Roller 
Compacted Concrete (RCC). The advantages for these dams are rapid construction, reduced material quantities, high 
resistance to erosion, etc. In RCC dams the use of fly ash may be beneficial because it helps to reduce the amount of 
cement, thus reducing the heat of hydration, which is an important issue of massive structures such as dams.  
Mexico has several RCC dams such as La Manzanilla, Trigomil, Corral de Palmas and Picachos, but in these projects 
no fly ash has been used. Recently new dams are being studied: Las Cruces and Arcediano, and the possibility of using 
fly ash can be evaluated.   
 
Main Contributions 
Power plants that burn coal are some of the multiple ways for producing electricity in Mexico (less than 10% of the 
power production). These power plants produce residual materials like fly ash and bottom ash which are stockpiled. 
Coal fired power plants in Mexico produce about 4.3 millions of tons of ash per year of which 80% is fly ash and the 
rest is bottom ash.  
There are plenty of good reasons to use this waste because it is a pollutant. However its use in construction reduces 
cement use, so it also reduces the need for cement production. For each ton of cement manufactured, about 6.5 million 
BTUs of energy are consumed, and about one ton of carbon dioxide is released. Replacing that ton of cement with fly 
ash would save electricity and reduce carbon dioxide emissions.  
This research will contribute to cement and construction industries in Mexico encouraging greater utilization of this 
waste to reduce costs of construction and to prevent damages to the environment.  
 
Keywords: Coal, Fly ash, Heat of Hydration, Roller Compacted Concrete  
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CHARACTERIZATION OF FLY AND BOTTOM ASH FROM A FLUIDIZED-BED POWER 
PLANT AS AN ADDITION TO CEMENT 
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Abstract 
Fly ash is a commonly used type of cement addition. Its use also has important environmental benefits such as emission 
reduction and energy savings. It also improves performance and long-term durability of mortar and concrete. Com-
monly used fly ash comes from power plants using pulverized coal as fuel. However, there are many other types of ash 
generated in other combustion processes, these ashes have, in many cases, a thermal history and nature similar to that 
of fly ash. In this research, was carried out a characterization of fly and bottom ash obtained from a fluidized bed 
power plant. In this type of industry carbon particle size is greater than the usual one, in additon to this, in this power 
station limestone is added to regulate sulfate content of the resulting gases. We have studied the usefulness of this two 
ash types as addition to cement in the context of EN 197-1. First it should be noted that both, fly and bottom ash have a 
particle size too large for direct use. For this reason they were milled to give them a finer grain. The chemical composi-
tion results indicate that both ashes are similar to conventional fly ash, but there are small deviations from regulatory 
limits related to the lime content. These deviations could be corrected at the plant. The milling process produces angu-
lar shapes on the milled ash, and this get worse the workability. 
It was produced six cements composed of milled fly ash, milled bottom ash and Portland cement in different propor-
tions. In order to have a reference were tested too three commercial cements, one standard portland cement and two 
more with lime addition. These nine cements were tested to characterize basic expansion, setting times and mechanical 
strength. Both expansion and setting times were not significantly different between the cements with and without ash. 
The strength activity of the ash is correct and exceeds the test. Based on the results, in exception to minor deviations in 
the composition due to lime of ash, both the milled fly ash and the milled bottom ash comply with fly ash regulations as 
an addition to cement. 
 
 
Originality 
Fly ash is included as an addendum at the end of the cement manufacturing process without any further treatment. If 
the ash comes from a fluidized bed plant, and it doesn't receive any treatment, it doesn't have sufficient specific surface 
to have adequate chemical activity. For this reason, we propose grinding both fly and bottom ashes. This milled ash has 
similar properties to a conventional fly ash. 
 
 
Chief contributions 
This research characterizes the fly and the bottom ashes from a fluidized bed power plant for use it as addition to ce-
ment. To enable this use is performed a previous grinding, it could be a separately grinder or in conjunction with the 
clinker. There are very few studies of this type of ash and for this way of use. 
 
Keywords: fly ash, bottom ash, milled, cement, sustainability. 
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Energy Saving Raw Material Grinding With High-Pressure 
 Grinding Roll Polycom®

1Engeln I.1* 
1 Senior Executive – Raw Material Preparation 
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Abstract 
High-pressure grinding rolls offer the possibility of considerable energy savings in the cement manufacturing process. 
The grinding principle is rather simple. The material to be ground is fed from a feed hopper above the high-pressure 
grinding roll. The profiled counter rotating rolls draw the material into the gap between the two rolls, where the 
material is comminuted under high pressure. 

The high-pressure grinding roll POLYCOM® was introduced onto the market in 1985, but was initially applied for 
upgrading of existing tube mills only. For new installations in cement plants another raw material grinding system, the 
vertical roller mill, was already the grinding system with the largest market share at that time. The simple design, with 
drying, grinding and separation in one compact unit, as well as the low power consumption compared to traditional 
tube mills made this grinding system attractive for the cement manufacturers. 

With the introduction of reliable wear protection systems for the grinding rolls, higher installed power and, especially 
for raw material grinding, the possibility to grind moist raw materials the high-pressure grinding roll became 
interesting again. This became possible through the introduction of a new separator generation, which furthermore led 
to a considerably more compact plant arrangement. 
Finish-grinding of cement raw material in a high-pressure grinding roll in closed circuit with a static-dynamic 
separator combination today represents the grinding system with the lowest specific energy consumption. 
In 2006 such a grinding system for a raw meal capacity of 275 t/h was successfully commissioned for Vasavadatta 
Cement in Sedam, India. In this plant a first separation and simultaneous drying takes place in a static separator stage. 
Mounted on this separator stage is a dynamic separator with a rotor with a horizontal bearing arrangement. 
In comparison to a vertical roller mill for raw material grinding in the same cement factory, the specific energy 
consumption is about 35 % lower. 

In order to extend the application range of this energy-saving grinding technology to raw materials with higher 
moisture contents of up to 8 %, Polysius today offers a combination of the well proven static separator stage and an 
equally well proven dynamic air swept separator with vertical rotor axis. 

While the first high-pressure grinding rolls for raw material grinding in finish grinding mode were only suitable for 
comparably dry raw materials, and were therefore only rarely taken into consideration, the introduction of appropriate 
modern separator technology has made high-pressure grinding rolls suitable for raw material grinding in approx. 80 % 
of all cases nowadays. 

Orginality 
In the cement industry high-pressure grinding rolls in finish grinding mode were in the past only applied for rather dry 
raw materials. Furthermore the restricted capacity and complex arrangement of earlier grinding plants prevented a 
greater success of this energy efficient grinding system. The introduction of a new separator design leads to compact 
arrangement of the grinding plant and the possibility to dry raw materials with a moisture of up to 8 %. Simultaneously 
larger units of high-pressure grinding rolls make it possible to produce more than 300 t/h raw meal with a single unit. 
These advances nowadays make the high-pressure grinding roll POLYCOM® interesting for a wider range of 
applications. 

Chief contributions 
The paper describes modern equipment for raw material grinding which has proven its high efficiency in an Indian 
cement plant. The high-pressure grinding roll POLYCOM® in connection with latest separator technology is suitable 
for most raw materials. Considerable energy savings compared to other grinding Systems contribute to lower operation 
costs and the avoidance of CO2. 
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Abstract
We propose a modeling able to predict the behavior of water-saturated cement-based materials in contact with a 
CO2 saturated aqueous solution. The presence of CaCO3 and Ca(OH)2 is determined from the mass action laws 
related to each solid compound. An ideal solid solution model is employed to explain the continuous 
decalcification of the calcium silicate hydrates (C-S-H). The changes in porosity and microstructure induced by 
the precipitation-dissolution of the various solid compounds are also taken into account. Aqueous species are 
added and their concentration is determined by considering the reactions at equilibrium. The transport of these 
species is taken into account by considering the Nernst-Plank equation. The coupling between the transport 
equations and the chemical reactions is treated thanks to several mass balance equations written for each atom. 
The model is implemented within a finite-volume code. Some simulations illustrating some carbonation fronts 
and porosity profiles are presented and compared with experimental results taken from the literature. 

Originality 
The CO2-transfer, as well as the chemical degradation in cement-based materials due to the carbonation 
mechanism, plays an important role in predicting the leakage of CO2 within the framework of CO2 geological 
storage. Based on an accurate carbonation model coupling both transport and chemical reactions which can be 
homogeneous (between aqueous species) or heterogeneous (between solid compounds and aqueous species), 
numerical simulations are proposed to give an insight of the "zonation" mechanism and the induced porosity 
evolution appearing in the carbonated area (formation-dissolution of CaCO3, progressive decalcification of C-
S-H, dissolution of Ca(OH)2). The final objective is to incorporate this model into a design and risk assessment 
strategy for CO2 sequestration.  

Chief contributions 
IFSTTAR and UR Navier are two French laboratories which develop in collaboration durability models for 
cement-based materials in order to provide a comprehensive understanding of the degradation mechanisms and 
to propose an accurate service-life prediction of the reinforced concrete structures. Thus, several models have 
been implemented into a platform of simulation called Bil: moisture transport, carbonation, chloride ingress, 
corrosion of re-bars, etc. The objective is now to adapt the transport reactive model of atmospheric carbonation 
for the particular conditions of extreme conditions (high CO2 concentrations, supercritical carbonation, specific 
temperature and pressure conditions prevailing in the well). 

Keywords: Carbonation, Transport, Cement, Alkali, C-S-H, Decalcification
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NANOPARTICLES USAGE TENDENCIES IN CEMENTING SYSTEMS 
FOR HYDROCARBON WELLS 
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ABSTRACT
In oil and gas wells construction, one of the most critical processes is oil well cementing, whose function is to provide a 
zonal isolation between the pipe and sedimentary formation. For these reasons, one of the needs in the oil industry, 
specifically in cementing wells area, is the use of materials with high performance, in order to enhance the useful well's 
life, and reduce costs associated with their repair or losses due to failures in the cementing. 
Currently, the efforts in the area of high performance materials for oil wells cementing are focused on the development 
and use of Nanotechnology, science that study materials at nanoscale (10-9 m) and offers means to obtain substantial 
changes in the chemical, physical and mechanical properties, due to the increase of their surface that allows them to 
have a high reactivity. 
The cement is a complex mixture of inorganic chemical compounds, that contain mainly calcium silicates, aluminates 
(C3S, C2S, C3A), and gypsum. In the cementitious slurry preparation, the cement is put up in contact with water, 
producing the C-S-H gel as the main hydration product, with an amorphous initial structure that generate a mixture of 
solid final crystalline phases sometimes in the nanoscale sizes. This final structure is responsible for providing its 
mechanical properties. Therefore, their comprehension, modification and size control at nanoscale could enable the 
production of cementitious systems with improved properties. 
The present work shows a resume of studies done in PDVSA Intevep on the synthesis and potential use of nanoparticles 
in diverse faces of oil well cementing and their use as nano-additives. Those papers were focused mainly on the 
preparation and laboratory-scale study of colloidal solutions of silica nanoparticles (nano-SiO2), Alumina (nano-
Al2O3), iron oxides (nano-Fe2O3) and ternary systems of calcium oxide-silica and aluminium (CaO-SiO2-Al2O3). 
Promising results were obtained on strength and cementing properties by adding nanosilica to the cement slurry 
formulations, and improvements on the mechanical properties, such as compressive strength at the order of 90% for 
0.5% nanosilica concentrations based on weight of cement (BWOC). 

WORK’S NOVELTY 
Nanoparticles have been widely used to significantly improve some materials properties, because they show unique 
physical and chemical characteristics, due to their nanometric sizes. Therefore, in PDVSA Intevep exist interest about 
the modification of certain properties of Portland cements used in oil and gas well operations, through the addition of 
nanoadditives to the system, in order to solve specific problems in each stage of the cement life, from its placement, 
hydration, well’s productive life, and even its abandonment, by means of manipulating cementing system properties, 
such as, cement phases hydration velocities, mechanical properties, permeability of the cement system already set, and 
others. In addition to the modifications and control of the cementious slurry properties, our aim is to design an 
“intelligent cementing system”, that would allow us to solve problems during differents cementation stages and to 
obtain a cementing system able to stand the diverse pressures, temperatures and geomechanical conditions that are 
common in an oil well under construction. 

MAIN CONTRIBUTIONS 
This study established the possibility to use nanosilica additive on cementious slurries for oil and gas wells. Silica 
nanoparticles addition to oil wells cement improved its compressive strength, due to Calcium Hydroxide growth 
inhibition, resulting in the formation of an additional C-S-H gel structure, which improves the mechanical properties of 
cement. Furthermore, a better performance under compressive strength, at the order of 90% for 0.5% nanosilica 
concentrations BWOC in cement class B.  

Keywords, well cementing, nanoparticles, silica, CSH gel.
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PHOTOCATALYSIS IN CONSTRUCTION MATERIALS: USE OF 
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Abstract 

Among the industrial applications of photocatalysis, photocatalytic-modified construction materials play a major role: 

various materials are being developed, ranging from self-cleaning mortar or concrete facades to coatings. Recently, 

considerable progress has been seen in the photocatalytic remediation of gas pollutants from roads, as well as in the 

city environment. In this context, heterogeneous photocatalysis is now presented as an innovative technology for 

outdoor air remediation:  TiO2 incorporation in building materials and activation by the near-UV fraction of incident 

solar irradiation offers promising potential. Suitable amounts of TiO2 have been introduced into cement mixes to render 

the surface of the resulting structures photocatalytically active: these construction materials are claimed to maintain 

the aesthetic characteristics and mechanical performance of cement mixes, and in addition to clean the ambient air 

under sunlight. Despite growing interest in the removal of micro-pollutants from ambient air by TiO2 photocatalysis in 

building materials, only a limited amount of systematically acquired experimental data has been available so far and 

several optimistic-publications have been presented, leading to possible misunderstandings regarding the real effect of 

such materials in the  fight against urban pollution. Several aspects must be analyzed before approaching the very 

attractive potential of photocatalytic cement. In spite of the various international standards available for the 

measurement of photo-activity, this point is still one of the most crucial, and (1) the type and the efficiency of the 

reactor, (2) the measuring conditions (flow, temperature, moisture, irradiation) and (3) the method of expressing the 

results (photo efficiency) must be taken into account. Additionally, the estimation of the effects of photocatalysts in NOx 

pollution abatement in the ”real urban environment”, requires an accurate simulation of transport phenomena in a 

given environment and is strongly dependent on climatic conditions (sun radiation, wind). After an accurate analysis of 

the many different types of efficient and attractive reactors presented in literature, a flow system has been developed, 

with a perfectly mixed reactor chamber. The test equipment enables the examination of a photocatalytic material for its 

pollutant-removal capability by continuously supplying the test gas (NOx), while providing photo-irradiation to activate 

the photocatalyst. The reactors allow the comparison of the activity of different kinds of photocatalytic products, 

pigments or cement-based materials, quickly and in a very reproducible way that can be used for the transfer of activity 

data from reactor tests to models. 

 

Originality 

A small test reactor was designed and characterized, allowing the precise evolution of photocatalytic NO oxidation 

activity of photocatalysts. Characterization included the study of all the principal factors affecting the NOx conversion, 

such as concentration of NOx, ow-rate, irradiation conditions and humidity. The characterization is achieved by mean 

of mathematical multivariate analysis method.  These results, although preliminary and subject to severe assumptions, 

show that the climatic conditions of the location have a significant effect, and that cements mixed with the currently 

available photocatalysts may only have an effect on urban NOx abatement if the wind and sun conditions are 

particularly ideal. 

 

Chief contributions 

This paper outlines how to develop an easy-to-use tool for the prediction of de-pollution efficiency, taking into account 

the reactor design and the necessary climatic conditions to allow useful, durable, and safe application associated with 

the usage of the tested products in a complex urban environment. 

 

 

Keywords: Photocatalysis, Design of experiment (DOE), NOx, TiO2.
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Abstract 
 
This research discusses the influence of amount and chemical treatment of very short vapour grown carbon 
fibres (VGCFs) on mechanical properties of cement-carbon composite, such as flexural strength, flexural 
toughness and compression strength. VGCFs were added to cement mortars in amount of 1, 2 and 3 vol. %. For 
improving mechanical properties of VGCF - reinforced composites, different surface treatments such as 
oxidation with air, nitric acid and oxygen plasma can be used. By enrichment of the VGCFs with functional 
groups, especially those containing oxygen, on the VGCF surface, the bonding between matrix and VGCFs is 
enhanced. In presented research VGCFs were chemically oxidised by nitric acid treatment at 120ºC, while 
cyclic voltammetry, BET and FTIR measurements were applied to evaluate the surface properties of unmodified 
and modified carbon fibres. 
It was found that the best parameters of cement – carbon composite, especially its flexural toughness, were 
obtained for mortars modified with the 0.2 vol.% additive of VGCFs. The additional improvement of flexural 
toughness was obtained for mortars modified with carbon fibres subjected to nitric acid treatment. As proved by 
electrochemical and FTIR measurements, during nitric acid treatment functional groups, such as carboxyl, 
hydroxyl, were build up on carbon fibres surface. Consequently, the bonding between carbon fibres and cement 
matrix was enhanced. The analysis of stress – deflection curves and SEM spectra indicates that very short 
carbon fibres act as micro-bridges across micro-cracks and pores and cause the increase of flexural 
parameters. Moreover presented results shown that unlike to long and aligned carbon fibres the influence of 
very short vapour grown carbon fibres on the mechanical properties of cement composite appears before the 
top of the first crack in the elastic range. 
 
Originality: while steel, glassy or carbon fibres such as PAN- or pitch-based carbon fibres used as 
reinforcement in cement-carbon composites have been advanced over the past twenty years, relatively little 
attention is devoted to cement composites modified with vapour grown carbon fibres (VGCFs). This research 
focuses on the improvement of tensile properties of cement matrix due to the addition of VGCFs. VGCFs are 
produced through the pyrolysis of hydrocarbon gas (e.g. benzene, methane) in the presence of hydrogen on a 
metal catalyst such as iron or nickel. VGCFs are of great scientific interest due to their excellent mechanical 
properties especially in relation to their low bulk density and considerably lower cost of production, when 
contrasted with conventional carbon fibres. Unlike PAN-based or pitch-based carbon fibres, VGCFs exhibit a 
high degree of graphitization, and consequently high strength, stiffness, excellent thermal as well as electrical 
conductivity.  
 
Chief contribution : presented researches shown that even small amounts of very short carbon fibres (0.2 
vol.%) with L/D ratio below 100 can improve the toughness of composites, but unlike to long and aligned 
carbon fibres they function in different mechanism. VGCFs used as reinforcement of cement composite lengthen 
the time needed to destroy cement matrix and as consequence the carbon-cement composites exhibit better 
ductility. The combining use of vapour grown carbon fibres with low L/D ratio and much longer fibres such as 
carbon or steel fibres (with L/D ratio above 100) can lead to create a new composite material with very good 
flexural and tensile properties. 
 
Keywords: Cement – Carbon Composites,Vapour Grown Carbon Fibres, Mechanical Properties, Cyclic 
Voltammetry, FTIR and SEM Measurements 
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Parametric study, based on kinetic constants, of the photocatalytic 
NOx abatement by construction materials 
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Abstract
The addition of semiconductors activated by light to construction materials achieves materials with novel 
properties. In the presented work mortar with a TiO2 surface cover was used to evaluate the NOx 
abatement. Various standards have been published in an effort to rationalize and unify the evaluation and 
quantification of photocatalytic activity. The experimental conditions stated in the published standards 
and previous results differ in many aspects that make it very difficult to compare different results. Due to 
this fact this paper investigates the influence of the different parameters involved in the photocatalytic 
process, including the relative humidity, temperature, irradiance, contaminant concentration and catalyst 
load. The results demonstrate that the most influent parameters are the catalyst load and light intensity 
until reaching plateau values at higher amount and intensity. The humidity influences negatively on the 
NOx abatement and increased temperature lowers slightly the photocatalytic activity. A global empirical 
correlation, including the mentioned variables, has been developed, allowing the determination of the 
photocatalytic activity at different environmental conditions (within the constraints of this research) and, 
when necessary, for comparison with reference conditions.  

Originality 
Even though the parameter influence on the photocatalytic activity has been studied previously and 
presented in the literature, it is only done partiality not taking in account the influence of all parameters 
simultaneously. This work gives the correlation of the activity including the studied parameters in a 
single equation based on the kinetic constants from each experimental scenario. The single reaction can 
be used to estimate the photocatalytic activity under the range of parameter conditions in this study.    

Chief contributions 
The global correlation opens the possibilities to compare previous published results done under different 
experimental conditions playing an important role in the evaluation and development of photocatalytic 
materials. Better knowledge on the parameter influence on photocatalytic activity and the kinetics of gas 
phase degradation of NOx in ppb scale benefit the development of experimental standards.     
 
   
 
 
Keywords: Photocatalysis, NOx, Construction materials, Parametric study, Kinetic constants, 
Multivariable empirical correlation
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Abstract 

The in-situ inorganic foam is based on silica fume, an industrial waste, added to a solution containing 
dehydroxylated kaolinite and alkaline hydroxide pellets dissolved in alkaline silicate. The foam was synthesized 
from the in-situ gaseous production of dihydrogen via oxidation of free silicon (present in the silica fume) by 
water in an alkaline medium. The aim of this study is to characterize the behavior of inorganic foam in aqueous 
medium as a function of various parameters, such as initial pH value of solution, alkaline element used for foam 
synthesis (sodium or potassium) or sampling site. The final products and their microstructure depend on the 
alkaline cations. Whatever alkaline element, samples display a maximal pH value of 11.8. The release kinetics 
would be modified by water amount and cations in materials. Drying time at 70°C and aging seem to increase 
the stability in aqueous medium. 

Originality 

This study shows the possibility of development of new geopolymer foam. This in-situ porous material is based 
on alkaline hydroxide and alkaline silicate, metakaolin and silica fume which is an industrial waste. The 
formation occurs at slightly temperature and is based on geopolymerisation  process. The use of recycling 
material corresponds to a societal demand for products which require less energy for the manufacturing 
process and are easy to recycle. The obtained materials present an efficient porosity and insulating properties, 
since they have a thermal conductivity around 0.17 W.m-1.K-1. These properties allow considering their use for 
building construction. In this context, the behavior of materials against moisture, temperature changes or 
mechanical stress is an essential parameter. This study presents an investigation technique for the foam 
behavior against vapor streaming. 

Chief contributions 


           
    The new challenge in our research group is to increase the rate of recycling 
materials in our materials (for example by forming the silicate solution by dissolving waste glasses and fine 
silica in hydroxide) and to develop this kind of material for application in insulating area. Moreover, all the 
materials studied are focused on their cycle of life.  

Keywords: Geopolymer, inorganic foam, basic species, stability in solution
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Synthesis and Crystal Chemistry of Manganese containing Perovskite Phases 

1Stöber S1* 
1 Martin - Luther - Universität Halle Institut für Geowissenschaften Mineralogie/Geochemie Von Seckendorff –  

Platz 3 06120 Halle (Saale) 
2Redhammer G 

2 Universität Salzburg FB Materialforschung und Physik Abt. Mineralogie Hellbrunnerstrasse 34 A - 5020 Salzburg 
3Schorr S, 4Pomakushin V., 5Prokhnenko O; 1Pöllmann H 

3 Freie Universität Berlin FB Geowissenschaften Mineralogie/Petrologie Malteserstrasse 74 - 100, Haus N  
12249 Berlin 

4 Laboratory for Neutron Scattering (LNS) Paul Scherrer Institut CH-5232 Villigen PSI 
5 Helmholtz-Zentrum-Berlin für Materialien und Energie, Hahn-Meitner-Platz 1, D-14109 Berlin, Germany 

Abstract 
With the improvement of iron rich CAC cement properties due to intergrinding and sintering of Mn - secondary raw 
materials and cement raw meal, perovskite phases contain significant concentrations of Mn3+/Mn4+ ions, dependent on 
the oxygen fugacity (fO2). Brownmillerite phases, structurally described as oxygen deficient perovskites, can 
compensate certain amounts of Mn4+ due to incorporation of additional oxygen, but will become unstable and dissolve 
into Aluminum rich - Iron – Manganese - brownmillerites Ca2 (Al,Mn,Fe) 2O5+δ and perovskites Ca (Mn,Ti,Fe)O3-δ. 
Beside the typical layer sequence of tetrahedra (t) - octahedra (o) in brownmillerite type structure, different stacking 
sequences can be stabilized due to the variation of fO2. These structures are built up of different sequences like oo or 
too. In order to investigate these phases, samples with the chemical compositions Ca2Al2O5-Ca2Fe2O5-Ca2Mn2O5 and 
CaFeO3-δ - CaMnO3-δ - CaTiO3 were synthesized either as powders by sol - gel methods or as single crystals. 
The crystal structures were refined using neutron diffraction techniques at the BENSC E6 of the Helmholtz - Centre 
Berlin for Materials and Energy, the manganese valences were determined by iodometric titration. The valence state of 
iron was determined by Mössbauer - spectroscopy.  
The phases with the chemical composition Ca(Fe,Mn,Ti)O3-δ with ABO3-δ type structure crystallize predominately in 
space group Pnma. With the incorporation of trivalent iron the space group changed to I4/mcm and finally into Pm3m. 
The phase transition is also dependent on the temperature level, which was proofed by high temperature XRD. 
Phase with the chemical composition Ca3 (Fe,Mn,Ti)3O8+d (n = 3 A3B3O8+δ) were only synthesized purely in a narrow 
range as long as enough iron filled the tetrahedrally coordinated sites in the crystal structure.  

Originality 
The results which will be presented at the 13th ICCC meeting base on the fundamental work of Pöllmann and Oberste - 
Padtberg (2001). They added manganese ores and secondary manganese raw materials to the raw meal for the 
production of a CAC. Their results demonstrated that the addition of manganese improved the performance of CAC in 
different ways. But certain very important aspects were not investigated: 
1). Which phases can incorporate manganese ions. Can manganese be positioned on tetrahedral coordinated sites in the 
brownmillerite - type structure ? 
2). Manganese has the property to exist at different valence levels like Mn2+, Mn3+ and Mn4+, they can be stabilized 
during the fusion - and cooling process. Is there a certain tendency to occupy distinct positions in brownmillerite or 
perovskite type structures ? 
3). How much Manganese can be fixed on certain sites of perovskite and brownmillerite type phases. What are the 
consequences on the stability of perovskite and brownmillerite phases, if the manganese concentration will be increased 
or lowered ? 
4). Trivalent Manganese shows Jahn - Teller activity (JTE), which results in a strong distortion of the coordination 
polyhedron. Does the Jahn - Teller activity has a destabilising effect on the brownmillerite type structure ? 
 
Chief contributions 
The chief contributions which were made by those investigations are:  
1). Stable perovskites with variable Mn3+/Mn4+ ratios and chemical compositions Ca(Mn,Ti,Fe)O3+δ and Ca3 
(Fe,Mn,Ti)3 O8+δ were investigated and synthesized by sol - gel methods or as single crystals. 
2). Trivalent and tetravalent manganese ions can not be fixed on any tetrahedral coordinated position of clinker phase 
type structures like CA, CA2 or C2AS. Manganese ions with those oxidation states only occupy six fold coordinated 
positions in brownmillerites and perovskites  
3). Although these phases are non reactive against H2O, the problem can be solved by reducing fO2 to certain levels 
during the sinter and cooling process. This step transforms non reactive perovskites into brownmillerites with highly 
distorted structures..  
Keywords: Mn - CAC, Mn - fixation, brownmillerite, crystal chemistry, neutron diffraction 
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Abstract 
A radical, step change approach to reducing carbon dioxide emissions from cement manufacture is being 
investigated by the authors, involving a highly novel method of cement mineral synthesis using a molten salt 
process which yields a fine-grained product requiring little or no grinding. 
The specific environmental impacts which may arise from a molten salt route have been assessed and quantified 
here against the conventional manufacturing route in terms of resource efficiency (energy consumption and 
waste output), supply chain influences and management of the production process. The new molten salt route 
has been evaluated in comparison with conventional kiln calcination by a risk-based model which estimates the 
impacts of a range of semi-quantitative environmental issues. 
It is known that fine ceramic powders may be synthesized by dissolving precursor components in near-eutectic 
molten salt mixtures and then precipitating them at temperatures several hundred degrees lower than for their 
conventional syntheses, saving energy and (potentially) avoiding the need for grinding altogether. This 
technique has been investigated as a route to production of individual cement minerals at relatively low 
temperature. In essence, raw materials are dissolved in a molten salt and heated to around 800oC. The cement 
compounds (calcium silicates and aluminates) are precipitated on cooling as a fine powder, and then separated 
by centrifuging and washing in a non-aqueous solvent. 
The benefits to industry of adopting such a manufacturing route would lie mainly in lower energy demand, 
elimination of grinding, reduced carbon dioxide emissions and, ultimately, the possibility of sequestering 
carbon dioxide in the melt. But because of the lower temperatures required and the replacement of a rotary kiln 
that would require fossil fuel firing, there is also the prospect of using renewable sources of electricity to power 
the process. A versatile plant with a smaller overall footprint could produce novel cement types with non-
standard compositions and granulometry, and there are additional spin-off opportunities for nano-cements and 
for calcium alumino-silicates with exciting opto-electronic properties. 
 
Originality of the research 
Portland cement is manufactured by a universal world-wide process in which chemical and physical properties 
are precisely controlled. It is produced at low cost because of economies of scale, and it enjoys an assured 
single market outlet in the construction industry where its particular qualities impart a remarkable versatility to 
concrete. 
However, during the manufacture of cement, carbon dioxide is emitted in  similar mass to that of the product, 
and the conventional calcination process relies on fossil fuel to achieve the required elevated temperatures. The 
viable composition range is limited by process parameters, and there is high embodied energy in heating and 
grinding. In addition, conventional energy reduction measures are almost exhausted, green-field sites are now 
increasingly denied on environmental grounds, and manufacturing requires costly set-up and investment. There 
is consequently a widely recognised need for research on long-term reduction in emissions and energy such as 
undertaken in this project. 
 
Chief contributions 
The radical approach to cement manufacture described here aims to resolve the problems of excessive carbon 
dioxide emissions and energy consumption encountered in the current process for manufacturing Portland 
cement. If successful, it would allow significant reductions in emissions and energy to be made and, because of 
the low temperatures involved, to create new synthetic routes to novel classes of cements and electronic 
materials of related composition. 
 
Keywords: Cement, Sustainability, Low energy, Synthesis, Molten salt 

A radical, step change approach to reducing carbon dioxide emissions from 



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 85

M-4

T-5

W-6

TH-7

F-8

AREA 2 - Oral CommunicationSession 11 / 5 July / 16:50-19:00                 Paper 457




 

Chotoli FC1*, Quarcioni VA1 



2Gobbo L 


3Cincotto MA 

3


 


            




      


           
           



                  





 

  
            

 



           
 
 
         
.

                                                




86 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 2 - Oral Communication 16:50-19:00 / 5 July / Session 11Paper 577

Normalized cement mortar with expanded polystyrene
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Abstract 

Subject of this paper is to investigate the effect of two types of alternative raw materials on Portland clinker formation: 

high-carbon fly ash and spent sand. The alternative raw materials had several peculiarities such as, the glass content of 

fly ash was 46.5% with  high amounts of unburnt carbon( ca.13%) while the spent sand was characterized by fine 

grains, the volume of particles smaller than 45 microns being 60%. The typical raw mixture (containing limestone, marl 

and pyrite cinder) and that containing 12.94% fly ash and 7.17% spent sand as marl replacement material were burnt 

in a muffle furnace and then analyzed by X-ray diffraction to observe the obtained phases. The effect of alternative raw 

materials was studied by means of optical microscopy, X-ray diffraction and mercury intrusion porosimetry. Besides 

these analyses the rate of free lime consumption during the sintering of raw meals were measured. The chemical 

composition of the two clinkers was performed, too. The presence of high-carbon fly ash as raw material promotes the 

binding of free lime, especially in the temperature range 1300 and 1370 
o
C. It also favors formation of alite and belite 

at lower temperatures.Physical and mechanical properties of cement obtained by grinding clinkers with gypsum up to 

fineness about 3600 cm
2
/g were determined and evaluated in according with EN 197-1 specification. The both cements 

complied with all requirements established by EN 197-1. By using the fly ash with 13% C content and fine spent sand 

into clinker manufacture is possible to reduce the sinterig temperature of the raw meal by 80
o
C. The unburned carbon 

from fly ash could be save nearly 16% of total fuel energy.  

 

Originality 
It is necessary to establish the material design system for the utilization of high-carbon fly ash together with spent sand 

as raw materials, instead of disposing of them as wastes. Although the use of high-carbon fly ash and spent sand is 

practiced in the cement industry, there are no many articles which evaluated the technical and environmental benefit of 

using these wastes for clinker production. The used proportion of high-carbon fly ash in raw meal has been reported 

between 3–8%. In this paper the use of high carbon fly ash was maximized at 12.94% by replacing entirely of the 

marl.The laboratory study shows that a relatively high amount of fly ash with a 13.01% C content and a fineness 

expressed as residue on 90 m sieve of 7.10 % together with fine spent sand can be successfully incorporated into 

clinker production with considerable advantages, including reduced CO2 emissions and gains in compressive and 

flexural strengths as compared with clinker obtaining from typically raw materials. Portland clinker obtained with 

these alternative materials is also a solution to reduce the consumption of natural resources such as clay, marl or fuels. 

 

Chief contributions 
Fly ash being rich in silica and alumina is regarded as a compatible component of clinker raw feed, largely replacing 

clay or marl in the original feed. Presence of high unburned carbon content (13.01%) had a favourable effect to fuel 

savings. By using the fly ash with 13% C content and fine spent sand into clinker manufacture is possible to reduce the 

temperature of the raw meal sintering by 80
o
C. Also, it could be save nearly 16% of total fuel energy. CO2 emissions 

can be reduced by at least 3%. Use of high-carbon fly ash and fine spent sand as substitute for natural resources for the 

obtaining of value-added products such as Portland cement appears to be the propitious options for the management of 

the wastes and improves the overall environment. 

 

Keywords: high-carbon fly ash, raw mix burnability, clinker, structure, cement Portland 
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The Effect of Grinding on the Structure Group and its Chemical 

Environment for Fly Ash  
 Zhang Wensheng*, Dong Gang, Wang Hongxia,Zhang Hongtao 

State Key Laboratory of Green Building Materials, China Building Materials Academy, Beijing, 
People’s Republic of China 

Abstract
In this paper, the effect of grinding on the structure group and its chemical environment for fly ash were 
researched by FTIR, XRD, NMR and high resolution electron microscopy (HREM). After fly ash was ground, the 
vibration frequency of silicon-oxygen group and aluminum-oxygen group shifts, and the trough of wave number 
1479cm-1 appear. Silicates aluminum may appear in either six-coordination aluminum or four-coordination 
aluminum. Six-coordination aluminum is more stable than four coordination aluminum. After grinding, the 
chemical shift of four coordination aluminum changed. The existing status of silicate in fly ash is silicate oxygen 
tetrahedron Q4, but there is some aluminum near Q4. After grinding, the chemical shift of silicon changed. 
However, grinding didn’t effect the crystal phase constitution of fly ash. After grinding, the grain shape of fly ash 
changed. The original fly ash has many spherical grains, the amount of spherical grains decreased while the 
amount of irregular shape grains increased after grinding. 

Originality 
There are several originality in this paper. First, the change of structural group for fly ash after grinding was 
researched. Second, the change of chemical status for aluminum or silicon in fly ash after grinding was 
researched. Third, the change of grain surface for fly ash after grinding was researched. 

Chief contributions 
This paper describe the change of structure group and chemical environment for fly ash after it was ground. 
Maybe it can help to recongnize the activation mechanism for grinding.    

Key words: fly ash; coordination; chemical environment; grain shape 
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Abstract
Electric arc furnace slags are the most important wastes generated during the steel manufacturing process 
in electric mills. Basically two types of slag are produced in this process: EAF slag, coming from the 
electric furnace itself, and Ladle slag, formed after additional refining of steel in a ladle furnace. While 
EAF slag has been the subject of several studies and has been successfully used in different applications, 
Ladle slag is typically separated and destined to landfills, mainly due to the volumetric instability of the 
material, which is attributed to its high content of unhydrated CaO (40-50%). However, coupled with its 
relatively high silica content (20-35%), it is apparent that this byproduct could become very attractive as 
partial replacement to limestone in clinker manufacturing, leading to substantial reductions in CO2
emissions (no need for the calcination reaction to produce free lime) and productivity gains (reduced mass 
loss during the process – recall that for every one unit of calcium carbonate burned in the kiln, 0.44 units of 
CO2 are released). Nevertheless, no information is currently available about the technical feasibility of 
using Ladle slag in this manner. This study, conducted in partnership with local steel and cement 
manufacturers, presents a laboratory evaluation of the use of Ladle slag as a partial substitute to limestone. 
The chemical composition of raw materials were characterized by XRF and different raw meal mixtures 
with up to 35% Ladle slag were designed to replicate the characteristics of an industrial clinker (used as 
control). The laboratory clinkers were produced following a methodology aimed at reproducing the actual 
industrial processing steps, including raw meal homogenization and pre-calcination, sintering and cooling. 
The clinkers were then characterized by XRF, XRD and quantitative mineralogical analysis. Results show 
that substantial CO2 savings could be realized by partially replacing limestone with Ladle slag, while the 
chemical composition of lab-made clinkers closely resembled the control clinker. Total calcium silicate 
content (C3S + C2S) was also very similar, but the amount of C2S was relatively higher – likely a 
consequence of slightly elevated SiO2 content and an excessively fast cooling rate. Based on the 
encouraging results of the study, and considering the possibility of using the total local production and 
available stockpiles of Ladle slag for cement production, a full-scale test at the partner cement plant has 
been planned and presently is under development.  
Originality  
Although Ladle slag has a very favorable chemical composition (with high amounts of CaO and SiO2, in 
addition to relatively low Fe content) that potentially qualifies it as a valuable raw material for clinker 
production, the material is routinely treated as waste and disposed off in landfills. A chief reason for this 
fact is the lack of knowledge about the material and the inexistence of relevant studies that evaluate the 
technical and environmental feasibility of using this slag for clinker production. This study shows that a 
relatively high amount of Ladle slag can be successfully incorporated into clinker production with 
considerable advantages when compared to limestone, including reduced CO2 emissions and gains in 
productivity.  
Chief Contribution  
The production of Portland cement has a significant environmental impact due to its high energy 
consumption and emissions of greenhouse gases, particularly carbon dioxide (CO2). The global annual 
production of Portland cement is currently around 2.8 billion metric tons, and the related CO2 emissions 
account for about 6-7% of total anthropogenic emissions. Each 1000kg of calcite (CaCO3) burned in the 
kiln generates 440 kg of CO2 in addition to the 560kg of CaO actually needed for the clinkering reactions. 
The chemical reaction of calcination is responsible for approximately 52% of CO2 emissions in the 
manufacturing process of the clinker, while energy consumption makes up the rest. In this context, the 
substitution of limestone by industrial byproducts rich in CaO (such as Ladle slag) can be an effective way 
to lower overall carbon emissions in regions where the material is available (for example in the vicinity of 
electric steel mills, which are very energy-efficient and presently account for about one-third of the steel 
produced globally).  
Keywords: Ladle slag, limestone, clinker manufacturing, reduced CO2 emissions 
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Abstract 

Recycled glass has already been used as concrete aggregates or cement substitute. However, its amorphous 

nature can promote and develop alkali-silica-reaction (ASR). ASR is definitely one of the most deleterious event 

that can occur in concrete: the reaction products are expansive and lead to crack formation with disruptive 

effects. ASR usually occurs when glass is used as sand replacement, whereas when glass is added as cement 

replacement pozzolan reaction takes place. However, it has been proved that glass chemical composition is a 

key parameter for the developing of ASR. Crystal glass with a PbO content of 26 wt% favours the occurrence of 

ASR also when the glass partially replaces cement. In this work, silicate glass containing different amount of 

PbO (from 1 to 26 %) coming from dismantled fluorescent lamps, cathode-ray tubes (CRT), and crystal house-

ware glass have been studied to test their reactivity towards alkalis. All glass types have been used both as 

cement substitute and aggregates replacing sand. This study investigates the relation between PbO content and 

its potentially deleterious behavior by expansion test carried out in different experimental conditions. Moreover, 

through SEM-EDS analysis, an assessment of the materials is carried out. An attempt to link the behavior to the 

solubility and chemical reactivity of the glass is proposed. Eventually, since heavy atoms can be leached due to 

the high alkalinity of cementitious materials, leaching tests have been performed to test the environmental safety 

of these materials. 

 

ORIGINALITY 

In view of glass recycling broadening in the concrete field, the knowledge of PbO-glass solubility in alkaline 

cement environment and its tendency to develop expansive products is extremely important to avoid dangerous 

and disruptive cracks formation in cement based materials. The knowledge of the maximum amount of PbO 

allowed in PbO-glass recycling in cement mixture makes this work original. The subject of this research is 

addressed to the area of microstructure development and waste valorization. 

CHIEF CONTRIBUTION 

The investigation is carried out by means of accelerated expansion tests in different experimental conditions thus 

allowing the study of the obtained microstructures by SEM-EDS analysis. A contribution on PbO-glass solubility 

and its chemical reactivity in cement environment is highlighted. 

Keywords: recycling, PbO glass, supplementary cementing materials, recycled aggregates, Alkali-silica reaction 
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Abstract
Durability and sustainability of concrete infrastructures is becoming of critical importance for the construction 
industry. New cement and concrete materials with improved properties could be developed by using 
nanomaterials. For instance, utilizing spheroidized nanoparticles is one way that could stimulate the hydration 
reactivity and improve the rheological properties of concrete due to their fine size and spherical shape. 

In order to engineer a new nanometric SCM, micrometric waste glass powder, a high amorphous silica content 
material, can be vaporized and nucleated into nanoparticles using the technology of induction thermal plasma 
torch, a process comparable to electric arc process used in the production of SF. The resulting spheroidized 
glass powder (SGP) possesses a spherical and amorphous morphology with a bi-modal size range: composed of 
85%-88% of 25-200 nm nanoparticles and the balance of 1-5 µm microparticles.  

XRD and 29Si MAS NMR were used to characterize the effect of a fraction of SGP in replacement of cement in 
hardened cement pastes. When compared to finely ball-mill ground glass powder (GP), this characterization 
indicates that SGP has a pozzolanic behavior at both early and late age. This increases both the consumption of 
hydrated lime generated during the hydration of ordinary Portland cement (OPC) and the polymerization of 
calcium silicate hydrate (C-S-H) gels. SGP enables a rapid control of the CH content in the paste and appears 
readily activated in the cement paste once the hydration has started. 

In cement mortars, the dispersion of SGP is investigated through the use of ultrasound waves and the chemistry 
of superplasticizer (SP) in order to increase the compressive strength at both early and late age. Compared to 
polynaphtalene (PNS) based SP, polycarboxylate (PCA) based SP use both their electrostatic and steric 
repulsion effects to improve the dispersion of the cement grains and SGP nanoparticles and yield higher 
compressive strengths. Scanning electron microscopy (SEM) observations show that SGP reduces amounts of 
portlandite (Ca(OH)2) and densifies the microstructure.  

Originality 
Various authors have investigated on the use of silica nanoparticles in cement pastes mortars. They, most of the 
time, use silica nanoparticles available on the market. The present contribution deals from the fabrication of 
silica-based nanoparticles to their use in a cementitious matrix. A new type silica-based nanoparticle is 
synthesized using sustainable development principles. Indeed, they are processed from the valorization of waste 
glass. 

Chief of contribution 
Overall, this paper contributes on the fabrication and use of a new type of sustainable silica-based 
nanoparticles in a cementitious matrix. The development of this new type of nanoparticles was initiated by the 
lack of submicron SCM on the market. Hydration and mechanical resistance tests monitor both the reactivity 
and the filler effect of SGP. The reactivity and filler effect results will correspond to their degree of dispersion 
in the cementitious matrix are compared to a control and an existing normalized submicron supplementary 
cementitious material.  

Keyword : Glass nanoparticles, Hydration reactivity and kinetics, Microstructure, SEM, XRD, 29Si MAS NMR
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Abstract
Commercially available pozzolans made with calcined clays are considered to improve concrete properties, above all 
durability; however, their use is limited by the high cost of these materials, whose traditional production in rotary kilns 
involves a large amount of energy. Further, the deposits of clay rich in kaolinite are unevenly distributed, thus 
enhancing transport in the cost scheme. This paper presents an investigation of a low-grade clay with kaolin content 
under 40% originating from Cuba. The material occurs as a regular soil, which for the activation is subjected to 
sedimenting. The sedimented material is heated at 600, 800 and 900 oC and the pozzolanic activity of the resulting 
material is assessed. Thermal treatment of the clay induced a reduction of specific surface, associated with the 
mineralogical transformations that take place in the material. The clay calcined at 800 oC shows the best performance, 
either in consumption of calcium hydroxide or in mechanical strength. The material treated at 900 oC shows a 
marginal pozzolanic activity in its original state, but mechanical activation through grinding brings about a significant 
improvement in reactivity. The materials studied show a reactivity similar to commercial products like metakaolin. The 
use of low-grade clays for the production of metakaolin-line pozzolans could provide developing countries access to 
these kinds of materials.  

Originality 
The paper deals with thermal treatment of low grade clays to become pozzolanic materials. These materials are 
normally disregarded when highly reactive pozzolans like metakaolin are considered for production.  The use of low 
grade clays contributes to produce reactive pozzolans that are more affordable for the economies of developing 
countries. Conclusive evidence has been produced about the influence of temperature on the degree of activation of the 
clay, and further, the possibility of activating calcined clays fired above the optimal calcining windows through 
grinding. 

Chief contributions 
The optimal firing window was determined for a low grade clay with kaolinite content under 40%. The changes during 
calcination, above all the drop in specific surface and thus reactivity, were assessed aided by sophisticated tools like 
TG, XRD and SEM. The role of mechanical activation for low-reactive pozzolans through grinding proved successful in 
terms of increasing the pozzolanic reactivity of the material. 

Keywords: calcined clays, pozzolans, pozzolanic activity 
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and limestone 

 
1 Antoni M. 1*, 1Rossen J., 1Scrivener K. 

 EPFL-STI-IMX— Laboratoires des Matériaux de Construction, Station12, CH-1015 Lausanne, Switzerland, 
2Castillo R., 2Alujas Diaz A., 3Martirena F. 

Universidad Central Las Villas, Santa Clara, Vila Clara, Cuba, 
 
Abstract 
The demand for alternative building materials to cement with better environmental profile is increasing. 
Substitution with pozzolanic materials such as calcined clays is known to improve concrete properties. However 
above a threshold of about 30% of substitution, these materials reduce the mechanical properties, especially at 
early age. High substitution rates of cement by very reactive pozzolans like metakaolin or silica fume can indeed 
lead to depletion of portlandite. But portlandite produced by the hydration of clinker which contributes 
significantly at early age to the mechanical strength  and its depletion can eventually stop the pozzolanic 
reaction and provoke the drop of the pH in the concrete structure, potentially harmful for armatures.  
Here a new category of substitution is investigated in order to compensate these mentioned drawbacks by using 
simultaneous limestone addition. It is established that 5% limestone totally reacts with cement and enhances 
properties. In this study the substitution of cement by blends of limestone and metakaolin has been investigated 
by X-Ray Diffraction, portlandite consumption by Thermogravimetry analysis, Mercury Intrusion Porosimetry 
and by Isothermal Calorimetry. We show that 45% of substitution by 30% of metakaolin and 15% of limestone 
gives better mechanical properties at 7 and 28 days than the 100% OPC reference. Our results show that 
calcium carbonate takes largely part to the hydration of the aluminates, forming supplementary amounts of AFm 
phases and stabilizing ettringite. It is also briefly shown that gypsum addition should be carefully balanced 
because it influences considerably the early age strength by controlling the very rapid aluminates reaction. 
Remarkably with increasing substitution the mechanical properties do not decrease proportionally. We 
interpreted it as an indication of a synergetic effect of the blended addition to cement, besides the commonly 
accepted pozzolanic reaction.  
 
Originality 
A novel blended system is investigated here where cement is blended with high quantities of calcined clays 
combined with calcium carbonates. The levels of substitution obtained as well as the ternary system calcined 
clay-limestone-OPC have been very rarely investigated. This gives the novel character to this study. In this study 
it has been shown that with a pozzolanic material containing high aluminates content such as metakaolin, the 
reaction is very rapid due both to the fineness of metakaolin but also to the high reactivity of the aluminates at 
early age. It has also been found out that the high aluminates content evolved in the blended system shift the 
reactions of hydration towards aluminates rich phases with important quantities of hemicarboaluminate phases 
as well as Strätlingite forming. The ettringite is stabilized too in these conditions. The high calcite content do not 
react entirely but participates to the reaction by reacting in synergy with the aluminates forming 
hemicarboaluminate, that is stable over the time in this study, in apparent contradiction with thermodynamic 
prediction. 
 
Chief contributions 
Very high levels of substitution with simultaneous addition of 30% of metakaolin and 15wt% of calcite have 
shown mechanical properties comparable to the 100% OPC reference sample at 7 and 28 days remained 
constant. The chemical equilibrium is displaced toward higher aluminates and carbonates content, forming 
carbonate-AFm and stabilizing ettringite. 
The CH consumption investigation by TGA also points out that the pozzolanic reaction in such condition is not 
only the reaction of portlandite with aluminates and silicates to form extra C-A-S-H phases as widely accepted 
in the literature, but also to form extra AFm phases. 
 
 
Keywords: calcined clays, limestone, cement substitution, ternary blend, synergy 
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COMPOSITE CEMENT BASED ON PORTLAND CEMENT 

CLINKER, LIMESTONE AND CALCINED CLAY 
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, and Damtoft JS

1
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2 
Instrument Centre for Solid-State NMR Spectroscopy, Department of Chemistry and Interdisciplinary 
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Abstract 

 

Composite cements consisting of CEM I Portland cement and 30% replacement by mixtures of calcined clays 

and limestone have been studied. The calcined clays were prepared from kaolinite and smectitic clay by heating 

to the minimum temperature needed for complete dehydroxylation. The limestone was upper Maarstricht chalk 

from Northern Denmark ground to approx. 12000 cm
2
/g. Replacement of the CEM I Portland cement with 30% 

limestone resulted in a relative 28 day standard mortar strength of 78% compared to the CEM I. Replacement 

with 30% calcined clay resulted in relative 28 day mortar strengths of between 60 and 84% depending on the 

reactivity of the calcined clay. Mixtures of the same clays and limestone at the same replacement level 

invariably resulted in higher strengths than would be predicted by the results of the binary systems with relative 

28 day strengths as high as 109% of the CEM I strength, although a linear effect was observed when the 

limestone was mixed with an inert filler (aplite) rather than (aluminosilicate) calcined clays. Mineralogical 

analyses (NMR and XRD) performed on paste specimens showed a strong correlation between the amount of 

monocarboaluminate hydrate formed and the high strengths described above. This is in good agreement with 

thermodynamic calculations which predict higher monocarboaluminate contents in the composite systems, 

where more limestone is consumed in the presence of higher amounts of available alumina from the calcined 

clays.  

   

 

Originality 

 

Today Portland limestone cement is the most common cement produced in Europe and has been the subject of 

numerous scientific studies. Natural pozzolan cements based on calcined clays have also been studied 

extensively. Although less common in Europe they are becoming more widely used in other parts of the world 

including India. Surprisingly we are only aware of very few studies of blended systems that contain both 

limestone and calcined clay, and of no cement producers who produce this type of cement. Our scientific results 

are to the best of our knowledge the first which show a clear relationship between the observed and predicted 

contents of monocarboaluminate in which the alumina taking part in this reaction originates from calcined clay. 

 

 

Chief contributions 

 

The synergetic relationship between limestone and calcined clay in composite Portland cement results in much 

higher strengths than obtained by additions of each of these constituents on their own. Cements can be 

produced with the same or higher standard strengths but with less than 70% clinker resulting in real reductions 

in CO2 emissions of up to 30% for the same concrete strength with the same cement content. For the majority of 

applications it is also our view that the cement will provide equal or superior durability. 

 

 

Keywords: Composite cement, calcined clay, limestone, CO2 reduction. 
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Variables Involved in the Planting of Rice in the Rice Husk Ash’s 
Characteristics 
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Abstract 
Rice production in Brazil in 2008 was approximately 12 million tons, and to achieve that amount several planting techniques 
were used with different strains of rice in different rice-growing areas. Since Rice Husk Ash (RHA) is the pozzolan of 
vegetable origin that is most studied by researchers working in the field of pozzolanic materials, this paper evaluates the 
influence that the form of planting, climate, soil, strain of rice and the origin/amount of nitrogen-based fertilizers used in rice 
cultivation have on the chemical composition and crystallographic properties of RHA. The results obtained in this paper 
confirm the importance of carrying out routine chemical analysis and X-Ray diffraction to maintain the quality control of the 
CCAs produced because in situations of large-scale production, husks of different origins may be used. 
 
Originality 
This paper evaluates the influence that the form of planting, climate, soil, strain of rice and the origin/amount of 
nitrogen-based fertilizers used in rice cultivation have on the chemical composition and crystallographic properties of 
RHA. 
 
Chief contributions 
The results obtained in this paper confirm the importance of carrying out routine chemical analysis and X-Ray diffraction to 
maintain the quality control of the CCAs produced because in situations of large-scale production, husks of different origins 
may be used. 
 
Keywords: Rice Husk, Rice Husk Ash, Chemical Analisys, X-Ray Diffraction 
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Fluidised Bed Reactor-produced Rice Husk Ash Optimised for 
Sustainable Concrete Applications 
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2Department of Chemistry, University of Aberdeen, Scotland 
 
 

Abstract 
Annual rice production exceeds 660 Mtonnes globally. The processing by-products, rice husks (120 
Mtonnes), are mainly used in energy production, providing around 25 Mtonnes of rice husk ash (RHA) 
each year. RHA is an important silica source and its use as an SCM is not new but the variability of its 
reactivity has limited its widespread use in cementiteous binders. If its properties and performance can 
be better predicted, it offers real opportunities for infrastructure development as a construction 
material. Its efficiency as a pozzolan is impaired by the variability in the burning process, leading to 
silica deactivation (overburning) or insufficient removal of carbon. The optimum conditions are met 
when there is sufficient removal of the organic constituents of the rice husk, but minimal removal of 
surface hydroxyl groups on the silica. Conventional furnaces tend to operate at excessive temperatures 
and with long residence times for optimal RHA performance. Fluidised bed reactor (FBR) technology 
offers potential solutions.  
 
The FBR provides efficient energy recovery and, through control of gas flow and fuel content, short 
residence times at high temperature. Within limits of operating parameters, a range of products have 
been obtained and their properties and reactivity are reported in this paper. Characterisation data 
from TGA, FTIR and XRD are correlated with FBR burning conditions and pozzolanicity is expressed 
in terms of Ca(OH)2 consumption. It is shown that reactivity and strength development of OPC/RHA 
are lower compared with trials made in static furnace conditions at comparable temperatures. 
 
 
Originality 
This is the first time that FBR technology has been applied to the production of RHA for cement 
applications. Consequently, the opportunities of such a technology are highlighted and the methods 
utilised in identifying optimum RHA performance are identified. 
 
Chief contributions 
The paper raises the importance of utilising local materials in construction by addressing the 
widespread availability of rice husks in countries currently experiencing economic growth and 
highlights the parameters important in optimising RHA performance in systems activated with 
Ca(OH)2 as well as cement. 
 
Keywords: Rice husk ash, Fluidised bed, Pozzolanic reactivity, Strength 
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Characterization and pozzolanic activity of a calcined natural zeolite 
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Abstract 
A natural mordenite-type zeolite from the Palmarito open-air deposit (Cuba) was studied along the reaction with a 
saturated lime solution at 40ºC in order to characterize the new formed material and determine its pozzolanic activity. 
In addition, the same natural zeolite was thermally treated to evaluate the increase of pozzolanic activity with respect to 
the non-calcined sample. 
Initially, as a pre-treatment, the calcination of the samples was carried out up to 300, 400, 500, 600, 700, 800, 900 and 
1000ºC for 5 h. The pozzolanic activity was determined after 7 days of reaction with the alkali activating agent 
(Ca(OH)2) that simulates the release of lime from ordinary Portland cement during the hydration reaction. The higher 
pozzolanic activity was achieved at 300ºC. At this temperature, the destabilization of the zeolite crystal lattice has 
started but the aluminosilicate network structure has not been destroyed. 
Upon heating, the zeolite undergoes a series of chemical and structural changes (loss of water, modification of cage 
dimensions etc.) until it is largely converted to an X-ray amorphous material. 
Therefore, the pozzolanic reaction of the zeolite calcined at 300ºC was studied as a function of time over independent 
periods of 6 hours, 1, 7, 28 and 90 days. 
Chemical and mineralogical characterization was performed on aqueous samples (by Inductively Coupled Plasma 
Mass Spectroscopy) and solid samples, using common techniques of analyses for natural materials (X-Ray Diffraction 
and Scanning Electron Microscope with addition of Energy-Dispersive X-ray spectroscopy analysis). 
As a result of the pozzolanic reaction, formation of C–S–H-like phases with low Ca/Si ratio was observed in agreement 
with previous studies, however, the calcination of the sample do not increase significatively the pozzolanic activity 
compared to the non-calcined sample. 
The mechanical properties achieved by the addition of the reaction products in cement have not been evaluated in this 
study but are suggested for future investigations. 
Consequently, for energy saving reasons, the use of the natural mordenite-rich zeolite from Palmarito can be 
incorportated in cement matrices without the need of a thermal treatment. The behavior of other natural zeolites, 
however, is being presently investigated. 
 
Originality 
Incorporation of natural zeolites in cement matrices provides an already known resource for construction purposes and 
it is used, mostly in development countries, for energy-saving reasons, in many cases without a proven scientific 
criterion. Several authors have reported the calcination of zeolites for their use as pozzolanic additions. The thermal 
treatment breaks the crystalline structure and provides an amorphous silica-rich material able to react with calcium 
hydroxide to form cement phases. This may depend on the type of zeolite. However, there is not a general agreement on 
the conditions to be used in the thermal treatment (time of residence in furnace and temperature of calcination). 
Authors select these conditions based on their personal criteria, not reported elsewhere. 
A range of temperatures from 300 to 1000ºC were selected in this study to activate the zeolite sample, and 300 ºC was 
chosen to be the minimum temperature optimal to achieve the required pozolanic conditions, once is proven that higher 
temperatures do not increase the benefits but the energy consumed. 
The comparison of the results obtained on the same zeolite without and after calcination extents the knowledge on the 
alkaline reactivity of the material. 
 
Chief contributions 
The chemical and mineralogical characterization of the natural zeolites, before and after the pozzolanic reaction, has 
been extensive. As a novelty with respect to previously published works, analyses of the aqueous solutions were 
performed. These analyses serve properly as a complement to the information given by other analytical techniques 
performed on the solid samples. A thermodynamic study could be performed with the aqueous data in order to evaluate 
the mineralogical stability of the new-formed minerals and the evolution with time. This is of great importance because 
in cement systems the phases are low crystalline or amorphous, and therefore, the interpretation of the data is 
necessary.  
 
Keywords: Mordenite, natural zeolite, pozzolanic reaction, hydrated phases 
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Evaluation of the Pozzolanic Activity of Natural Zeolite Tuffs
1Snellings R*, 1Mertens G, 1Elsen J 

1 Department of Earth and Environmental Sciences, Katholieke Universiteit Leuven, Leuven, Belgium 

Abstract 
The pozzolanic activity of a large number (24) of natural zeolite tuffs was investigated. The selected zeolite tuffs 
originated from over the world and the most important previously studied deposits have been included into the 
experiment. The selection of zeolite tuffs also aimed to cover the range of commonly occurring zeolites, available in 
sufficient quantities to allow application as supplementary cementitious material. To identify the main pozzolanic 
properties governing the pozzolanic reaction, the starting materials were selected over broad ranges of chemical and 
mineralogical compositions. In addition, the zeolite crystallinity (mean crystallite size) was chosen to vary 
considerably, allowing to evaluate the effect of the material intrinsic physical properties on the pozzolanic activity.  
Finally, a number (20) of common natural and synthetic (alumino)silicate materials were also subjected to 
experimentation to widen the range of parameter variability and evaluate the activity of mineral phases commonly 
encountered in zeolitised tuffs. The granulometry of all starting materials was reduced to similar sizes by wet grinding. 
To reduce the complexity of the blended cement system, the pozzolanic reaction in pozzolan-portlandite mixtures was 
investigated. Pastes of (alumino)silicate starting material, portlandite and H2O in a 1:1:2  weight ratio were mixed and 
stored in an air-free environment  at 40°C. The amounts of portlandite consumed at 3, 7, 14, 28, 56, 90, and 180 days 
were determined by thermogravimetric analysis. The experiment repeatability was evaluated by sample duplication.  
Based on the kinetic analysis of the results, the dependence of the pozzolan activity on the pozzolan chemical and 
mineralogical composition, and on physical properties such as sample granulometry and main component crystallinity 
was assessed. In addition, the zeolite exchangeable cation content was selectively varied by cation exchange to 
investigate its control on the pozzolan activity. The results obtained serve to facilitate the identification and evaluation 
of natural (alumino)silicate pozzolan deposits of interest such as natural zeolite tuffs with respect to their pozzolanic 
activity and reaction product assemblage. 

Originality 
The cement industry is faced with the challenge of producing more sustainable, less energy intensive products without 
sacrificing the mechanical properties of the end product. One of the most widespread developments with limited 
interference in the conventional production process is the blending of pozzolans with OPC. The replacement of a 
specific amount of cement clinker with pozzolans has positive effects on the economic and environmental cost and the 
eventual durability of the end product. Moreover, the use of pozzolans in blended cement and concrete applications has 
been observed to significantly improve the cement durability. Natural zeolite tuffs have shown to be more reactive than 
chemically similar unaltered pumice and industrial by-products such as fly-ashes and blast-furnace slags. Also, the 
globally widespread occurrence and extent of zeolite tuff deposits identifies them as one of the most important natural 
pozzolan sources.  
In the presented study, the pozzolanic activity of a large number of natural zeolite and related (alumino)silicate 
materials was evaluated and analysed in a systematic way. The originality of the experiment is mainly situated in the 
broadness of the sample selection and the focus on a thorough quantitative sample characterization in order to derive 
correlations between pozzolan properties and reactivity.  

Chief contributions 
The evaluation of the pozzolanic reactivity of a large number of natural zeolite tuffs and (alumino)silicate materials 
allowed to determine the specific control of the chemical, mineralogical and physical properties of the pozzolan on the 
consumption of portlandite. Unlike studies handling on cement and concrete performance, this work focuses on the 
pozzolanic activity and reaches conclusions by statistically comparing relatively large datasets which span a wide 
range in the investigated properties. The results presented enable to assess the reactivity of natural zeolite tuffs based 
on its mineralogy, chemistry and physical properties. More specific conclusions are e.g. that the main component 
crystallinity affects the pozzolanic activity to a primary extent and that zeolite exchangeable cation content can be 
exploited to accelerate the pozzolanic reaction. The intrinsic low crystallinity of the main zeolite component in many 
natural zeolite tuffs can explain their high reactivity. 

Keywords: Natural Zeolites, Pozzolans, Pozzolanic Activity, Reaction Kinetics, Quantitative Phase Analysis
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Glass cullet in cement production process

Gołek Ł
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Deja J,
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Materials Technology, Cracow, Poland

Abstract

The presented paper includes the results of investigation on pastes prepared from the cements which were made 

by  mixing  ground  glass  cullet,  Portland cement  and lime.  Possibility  of  using  the  glass  cullet  as  a  main  

component of cement was  investigated. For testing, cements with different ratio of ingredients (Portland  

cement, lime, glass cullet) were prepared. These cements were used to do pastes. From those pastes, samples  

with dimensions of 25×25×100 mm were prepared. Study results include the impact of the type of glass and  

amount of ingredients on the properties of hardened samples after long time storage – 28, 90, 180 days. The  

samples  were  matured  in  the  room  temperature  and  in  80°C.  Part  of  the  samples  were  autoclaved  in  

temperature 195°C for 12 hours. Phase composition of prepared samples was also investigated. For all samples 

mechanical properties such as compressive strength was investigated. Phase composition and morphology of  

the hardened samples were examined using XRD and SEM with EDS. Results indicate that the use of cullet in  

the manufacture of cement is possible.

Originality 

Presented materials contain the results of examinations, that are the part of wide scientific field of our team  

work with alkali activated materials. Presented paper does not include new idea, but new way and possibility of  

the new kind of alkali activated cements production with using the inactive waste materials. The results indicate  

the potential utilization of cullet in the products of alkali activated cements. Presented results were obtained  

during laboratory investigations.

 

Chief contributions 

Kołodziej Łukasz is Ph.D. student at the Faculty of Materials Sciences and Ceramics at the AGH University of  

Science and Technology in Cracow, Poland. His master thesis is especially focused on the chloride diffusion in  

concrete systems. Recently his work is focused on the durability and performance of alkali activated fly-ash  

binders. 

Gołek Łukasz is Ph.D at the Faculty of Material Science and Ceramics at the AGH University of Science and  

Technology in Cracow, Poland. He’s main research interest is alkali activation of glassy state materials and  

building materials for insulation. Recently researches are focused on the properties of cement-ash-slag binders  

based on wastes and secondary raw materials.

 

Deja Jan is associate professor in the Faculty of Materials Science and Ceramics at the AGH University of  

Science and Technology in Cracow, Poland. His main area of interests are alkali activated slag binders, both  
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Keywords: glass cullet utilization, alkali activated binders, autoclaving, Portland cement.
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Effect of Micronized Sands on the Water Permeability of Cementitious Material 
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Abstract
In this paper, micronized sand (MS) is selected as filler to partially replace cement material. The motivation of using 
MS in cementitious material is to reduce not only the cost but also the emission of CO2. Before using MS, it is necessary 
to figure out the effect of MS on the properties of cement paste and to evaluate if the new material can meet the 
engineering requirements. MS is considered as chemically inert material, but can still indirectly influence the hydration 
process and the pore structure, which results in different permeability property. In this study, water permeability test is 
carried out to figure out the influence of MS on the transport property. Results of degree of hydration and pore 
structure of cement paste samples with and without MS will also be analyzed in this paper. The results, obtained from a 
wide range of fineness of the MS (between 2400 and 13000 cm2/g) and replacement rates (10% to 30%), show that the 
water permeability coefficients of the blended cement paste are strongly influenced by the replacement levels and 
fineness of MS. The critical pore diameter is the most important parameter to indicate the permeability. 
 
Originality 
Fillers, such as fly ash, silica fume, limestone filler and blast furnace slag, are the most popular fillers in the concrete 
industry. However, some of them are not always economical, like silica fume. Fly ash contains trace concentrations of 
heavy metals and other substances that are known to be detrimental to health. Unlike these materials, quartz sand, on 
the other hand, is the most abundant mineral in the Earth’s continental crust. In this study, micronized sand (MS), 
which is made by selected quartz sand and is purified both mechanically and chemically after extraction, is used. This 
material has high purity of SiO2 (≥98%). As a filler material in cement industry, MS is quite new material, which is 
short of understanding and research. Therefore, the effect of MS on transport properties, which are important for the 
durability, should be studied. 
 
Chief contributions 
The water permeability property of the cement paste with MS is studied. Dilution effect and the influence on packing 
density of MS are analyzed in this paper. The permeability of cement paste with MS is strongly related to the pore size 
distribution. The critical pore diameters of cement paste with MS are detected. This parameter can give better 
indication on the water permeability other than the porosity. 
 
Keywords: Micronized sands, microstructure, durability, CO2 emission. 

                                                 
1 Corresponding author: Email ying.wang@tudelft.nl Tel +31152788742, Fax +31152786383 
 



104 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 2 - Short Presentations 12:15-13:15 / 4 July Paper 552

Utilization of Spent Pot Liner (SPL) as a Raw Mix Component in Cement 
Manufacturing

Singh A K*, Mishra Alka and Kumar S 
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Hirmi Cement Works, Hirmi, Raipur , Chhattisgarh (India) 

Abstract
Spent Pot Liner (SPL) is a waste generated by Aluminium Industry during the manufacture of aluminium metal 
in electrolytic cell. SPL is considered hazardous waste in many countries because it contains significant 
quantities of absorbed fluorides along with traces of cyanide. Disposal of SPL has been primarily in land filling 
because of the difficulties in the development of a successful techno-economical SPL treatment process. 
Increasing generation of SPL and taking into environmental consideration many countries have banned land 
filling form of disposal and it has become a greatest environmental problem of the aluminium industry.  
Spent pot liner sample was collected from an aluminium plant located in Orissa, India. The sample was crushed 
& ground in laboratory jaw crusher & ball mill. The chemical analysis of SPL was carried out by conventional 
gravimetric & volumetric analytical techniques. Chemically Spent Pot Liner contains silica, alumina & iron 
oxides impregnated with fluoride & sodium salts and carbonaceous compounds. The calorific value of sample 
was determined using Leco bomb calorimeter AC-350. The SPL is composed of carbon material comes from the 
cathode block and lining refractory materials. The calorific value of composite SPL sample was measured 
1700Kcal/kg. The CV depends on the carbonaceous content in sample, which may vary with the percentage of 
refractory materials. 
The utilization of SPL as raw mix component for cement manufacturing has been studied. The burnability of 
cement raw mix in presence of SPL showed reduction in free lime due to mineralizing effect of fluoride present in 
SPL. The carbonaceous content of SPL is well burnt at higher temperature and provides additional heat to the 
system. The study reveals that up to 1% SPL can be very well used as raw mix component in cement 
manufacturing.

Originality
In the process of aluminium production, electric current is passed through an electrolytic cell or ‘pot’ which 
contains aluminium oxide dissolved in sodium aluminium fluoride (cryolite) at 900oC. T a typical aluminium 
plant there are several potlines. When pot fails due to cracking, erosion or deterioration of the purity of 
aluminium being produced the pot is taken out for the repair and carbon & refractory linings are removed as 
waste SPL. 
Because of hazardous waste material thousand tonnes of SPL is stored in the aluminium plant premises awaiting 
a suitable and safe means of disposal. Disposal of SPL has been primarily in land filling because of the 
difficulties in the development of a successful techno-economical SPL treatment process. Increasing generation 
of SPL and taking into environmental consideration many countries have banned land filling form of disposal 
and it has become a greatest environmental problem of the aluminium industry. Few researchers suggested use 
of SPL in cement kiln as a supplementary fuel and raw materials. Carbonaceous part of SPL produces heat and 
can be used as fuel in kiln but due to refractory part its effective use as fuel could not be possible.  The present 
study was carried out aiming safe disposal of SPL in the cement manufacturing as a raw mix component. The 
study is absolutely original.

Chief Contributions 
The lab prepared clinker showed decrease in free lime in presence of SPL. The fluorine present in SPL acts as 
mineraliser and reduces the free lime in clinker substantially. The fluorine detected in clinker confirmed its 
assimilation as well as mineralizing effect and increases the C3S content in clinker. The carbonaceous content of 
SPL is well burnt at higher temperature and provides additional heat to the system. The results shows that upto 
1.0% SPL can be easily used as raw mix component without affecting the quality of clinker. The utilization of 
SPL in cement manufacture not only offers saving of fuel and conventional raw material but also provides 
solution to environmental problem created by disposal of SPL in open area.  

Key Words: Spent pot liner, cryolite, Fluoride, mineraliser
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SYNTHETIC GYPSUM PRODUCTION FROM COAL ACID MINE 
DRAINAGE TREATMENT WITH CEMENT KILN DUST 
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2Tobón J. I. 

2 Universidad Nacional de Colombia, Medellín, Colombia 
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Abstract 
Cement Kiln Dust (CKD) from a Cementos Argos S.A. cement plant, to produce synthetic gypsum after the 
treatment of a leachate (or Acid Mine Drainage, AMD) generated in a coal biodesulfurization process was used. 
An experimental design was elaborated and tests to neutralize the AMD with CKD were conducted. The 
precipitated sludge was dried and then, chemical and mineralogical analyses, to determine its composition and the 
presence of dihydrated gypsum, were conducted. Characterization techniques such as, chemical analysis of main 
oxides using X-Ray Fluorescence (XRF) and Thermogravimetric analysis and Derivative Thermogravimetry (TG-
DTG) were carried out. Finally, two laboratory produced cements with synthetic gypsum and mined gypsum were 
prepared; two variables to determine the behavior of both cements were selected: time of setting and compressive 
strength, according to ASTM Standards. Initial sulfate concentration in the leachate was approximately 30200 mg 
SO4

2-/l and pH value was 1.75 pH units. CKD analysis using XRF showed that calcium carbonate was the 
principal component of this waste. In the tests pH was increased until neutral values (7.57 – 8.05 pH units) and 
sulfate removal from the AMD was between 67% and 70%. The moisture content of precipitated samples was 
between 69% and 81%. Combining different techniques, the best precipitated synthetic gypsum obtained was 
selected, and its TG analysis showed that it was composed of dihydrated gypsum with a 48% minimum pureness; 
other components included calcium carbonate (32%) and water (20%); XRF allowed to determine that sulfur in 
the synthetic gypsum was about 50% of that reported for mined gypsum. Both laboratory produced cements 
complied with type I Portland cement compressive strength and time of setting requirements. 

Originality 
This initiative meaningful innovation, it aims at solving various environmental problems. High sulfur content coal, 
which otherwise could not be used due to high SO2 emissions, can be used after a desulfurization process that 
would render this low quality coal a cleaner coal. AMD with very low pH values can be neutralized and high 
sulfate concentrations and other ions in solution would be removed with the use of CKD, a solid waste in the 
cement industry that is difficult to dispose of. The use of this residue will close a material cycle and render the 
process more sustainable in various ways. Less SO2 emissions would be generated, fewer residues, less landfill 
space consumed and less non-renewable resources (gypsum) will be consumed. Different authors had reported 
that synthetic gypsum production during the neutralization process can cause scaling in equipmentsand pipes, this 
research took advantage of that situation, changing it into an opportunity. The replacement of natural mined 
gypsum with synthetic gypsum from residues in the cement industry leads to a sustainable production via waste 
valorization. Closing cycles is the best option in environmental management, because it stops transferring the 
problem from one medium (water, air or land) to another. 

Chief contributions 
In addition to environmental benefits, laboratory produced cement on which synthetic gypsum was used 
,developed a 28 day compressive resistance similar to industrial cements, with some further improvements in the 
neutralization process this gypsum could be used for producing cement at industrial level.  
It is possible that CKD can also be used to treat acid effluents from other industrial processes in an efficient and 
economical way. Another important reason for its use is the good sulfate and metal removal achieved; specially 
divalent and trivalent metals. The cycle can be closed if the synthetic gypsum produced can in fact be used as a 
replacement of natural gypsum in the fabrication of cement. Cementos Argos S.A. is conducting research in this 
topic and positive results have been observed so far. The generation of an important raw material such as gypsum, 
from a highly acid effluent from one of its mines, treated with a solid residue generated in the process, becomes an 
interesting project which aims at a more sustainable cement production and reduces pressure on non-renewable 
resources. 

Keywords: Synthetic gypsum, Cement Kiln Dust, Acid Mine Drainage, Sulphate Removal 
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Utilization of by-product from petroleum refinery in Portland clinker and 

cement manufacturing 
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Sultan Qaboos University, College of Science, Department of Chemistry2, Oman 
Sultan Qaboos University, College of Engineering, Department of Civil & Architecture3, Oman 

Abstract 
In the process of preparation of Portland clinker, imported bauxite was substituted with two types of materials: 
natural rock kaolin (KL) and waste by-product, spent alumina catalyst (SAC) and reduced fluid cracking catalyst 
(RFCC), from petroleum refinery in the Sultanate of Oman. Different clinkers were prepared using four different 
raw meal (RM) samples, i.e. one with bauxite as a reference sample (RM-BxtRef), one with kaolin (RM-KL) as a 
secondary reference sample, one with spent alumina Catalyst (RM-SAC) and another with reduced fluid catalytic 
cracking catalyst (RM-RFCC). The clinker samples obtained were ground with 5% gypsum (CaSO4·2H2O) for 
preparation of cement. The microscopic features of the clinker samples prepared were examined petrographically 
under a polarized microscope.The study of sintering behavior of the raw mix shows that clinker prepared using 
kaolin has the lowest free lime content compared to the other prepared clinker samples. The compressive strength 
results indicate that the inclusion of kaolin in the raw mix favors an easy silica source for the reaction with lime and 
a media relatively free of impurities at the different stages of the thermal treatment. It seems that the impurities 
found in the raw materials dominate the reaction between the available reactants during heating and affects the 
burnability at the different reaction stages. In general, the results show that substitution of bauxite in the 
preparation of cement by kaolin, RFCC and SAC gave results that similar to cement samples prepared using bauxite 
and kaolin . These results demonstrate that the spent catalysts (SAC and RFCC) could be utilized to replace bauxite 
in the manufacturing of Portland clinker. This could potentially solve the environmental problem of disposal of 
spent catalysts from refinery companies as well as reduce the cost of cement production. 
 
ORIGINALITY:  AREA 2: Sustainable production 
 
CHIEF CONTRIBUTION: Utilization of industrial wastes to replace bauxite as a solution to protect the 
environment and reduce the cost of production in cement manufacture. 
 
Keywords : Spent catalyst, Bauxite, Portland clinker



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 107

M-4

T-5

W-6

TH-7

F-8

AREA 2 - Short Presentations4 July / 12:15-13:15               Paper 279

HEXAVALENT CHROMIUM RELEASE MECHANISMS DUE TO 
PORTLAND CLINKER MINERALOGY. 

Moudilou E. *
CTG Italcementi Group, Guerville, France 

Cassat P. 
Ciments Calcia Italcementi Group, Guerville, France

Rousseau F. 
CTG Italcementi Group, Guerville, France 

 Germaneau B. 
Ciments Calcia Italcementi Group, Guerville, France

Abstract

In 2005 EU Directive 2003/53/EC limited the content of soluble chromates in cement to a maximum of 2 mg/kg. 
The determination of soluble chromates content became really important to adjust the needed amount of 
reducer. Study of the release mechanism of soluble chromates should help us to a better understanding of the 
hydration and release mechanisms. 

We studied the release mechanisms of hexavalent chromium in various Portland clinkers from ten cement plants. 
Behaviour of hexavalent Chromium has been investigated according to the European standard EN 196-10. 
The various analyses carried out on this study emphasize the following points: 

- Sulfates, alkalis and more generally sulfatic modulus of clinkers play the most important role  
- The gypsum addition could causes the significantly increase of the hexavalent Chromium in cement.  
- A recent study (Kwang-.Suk. Y, 2007) showed that sulfates in solution developed a greater aptitude to 
form ettringite than chromates to form chromo-ettringite. Results obtained in this study accredit the 
thesis of a more effective release of Cr (VI) in the presence of gypsum.  

Originality  

Due to environmental and health-related policies reinforcement particularly in Europe, the amount of 
hexavalent chromium found in Portland cement is coming under increasing scrutiny. Soluble chromium has long 
been linked to chromate-sensitive contact dermatitis of workers exposed to wet cement or concrete. That’s why 
in 2005 EU Directive 2003/53/EC limited the content of soluble chromates in cement to a maximum of 2 mg/kg.  
This is generally accomplished by intergrinding clinker and gypsum with the chemical reducing agent, ferrous 
sulfate, which maintains hexavalent chromium below 2 ppm. The proposed paper brings new ways of 
understanding the major role played by clinker mineralogy on soluble content of cements. 

Chief contributions  

This work is in line with the issue of hexavalent chromium control in an industrial framework, where 
mineralogy, soluble chromium and solubles sulfates of clinker can fluctuate due to process or raw meals 
modifications. Furthermore, set regulator addition may require adjustments, considering its impact, notably 
mechanical performances and admixtures compatibility, on cement characteristics. Therefore, final objective of  
this understanding step is a better optimization of reducing agent quantity introduced in various products from 
CEM I type Portland cement to ready to use pre-mixes.   

Keywords: Hexavalent chromium; Clinker mineralogy 
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Gehlenite as Mineral for Binders Identification 
 

Mavilia L 
Dipartimento Patrimonio Architettonico e Urbanistico (PAU), Reggio Calabria, Italy 

 
 
Abstract 
The minerals gehlenite, a calcium silico-aluminate of 2CaOAl2O3SiO2 chemical formula has been recognized 
as a possible marker of hydraulic limes. This statement is consistent with several thermal treatments 
performed on both pure chemicals and common raw materials. The physical parameters involved in the 
subjected treatment are 1100°C of temperature and 110 minutes in time.  Pure calcium carbonate and kaolin 
mixes with a weight ratio ranging  from 0.8 to 9.0 respectively give always a mixture of minerals with 
variable content of gehlenite. Its content has been found to be moderate for low and high values of the above 
compositional interval and elevated for the intermediate ones, with estimated values by 20 and 50 wt%, 
respectively. The other minerals were found to be quartz, lime, larnite, gehlenite, wollastonite, and anorthite. 
Rarely it has been observed the presence of mullite, and however only in samples with high content of kaolin 
as it happens for the mineral quartz. A roughly similar behavior has been showed from binary mixtures of 
common raw materials with variable content of clay and limestone. 
 
 
Originality 
This paper draws its strength from a critical reading of several scientific publications dealing               manly 
with the characterization of historical mortars and of limestone-clay ceramic products. It has observed that 
the mineralogical composition of the above materials often exhibits the presence of anhydrous gehlenite, a 
dicalcium silico-aluminate of chemical formula 2CaOAl2O3SiO2.  Can thus be the presence of this mineral 
indicative of the use of hydraulic limes as binder of mortars, otherwise the same is part of the aggregate 
component. In this case other studies such as optical microscopy can help to highlighted this aspect. 
Conversely, the presence of the  mineral in a hydrated form seem to be due to an hydraulic binder formed as 
a result of chemical reactions between calcium hydroxide and amorphous forms of silica-alumina materials. 
 
 
Chief contributions 
A tentative to classify by means of a simple and rapid analytical procedure as the powder X-ray 
diffractometry (PXRD) sometimes coupled with the optical microscopy (OM) lime-clay thermal treated 
derived materials on the basis of the presence of the mineral gehlenite. So it could be possible to claim that 
hystorcal mortars containing together with other components of the binder paste variable amounts of 
gehlenite can be classified with enough sure hydraulic lime mortars. Like traditional ceramics that inside the 
fired product show the presence of gehlenite originate with good approximation from firing processes at 
which has been subjected at temperature not exceeding 1100 °C clay with more than of 10% by weight of 
limestone. 
 
 
Keywords:  inorganic binders, hydraulic limes, gehlenite, hystorical mortars, analytical procedures. 
 
 
 
 
 
_________________________________________ 
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Environmental Impact of Implementing Alternative Fuels in Cement 
Plants  

 

1,2Rovira J* 
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Abstract
Cement plants are included in some inventories as potential air emission sources of a series of pollutants, 
including particles, polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), and heavy metals, 
among others. In recent years, the use of alternative fuels (e.g., sewage sludge, hazardous waste, etc.) in clinker 
kilns has become an intensive practice worldwide. Since a reduction of pollutant emissions and costs may be 
expected, this activity has resulted to be not only environmentally but also economically beneficial. However, 
there is still an important gap around the environmental impact of cement plants. In addition, the population 
living in the surroundings of these facilities is frequently concerned about the potential health risks. 
The present study was aimed at evaluating the environmental impact of two cement plants (CP A and B) where 
alternative fuels has been implemented: sewage sludge (CP A) and refuse-derived fuel (CP B). In order to 
determine the potential changes on the stack emissions of PCDD/Fs and heavy metals, environmental 
monitoring campaigns were performed before and after the partial substitution of fuel. Soils, herbage and air 
were used as long-, short- and current-term monitors, respetively. The results showed that the levels of both 
groups of contaminants (PCDD/Fs and metals) were similar before and after the alternative fuel 
implementation, in both studied cement plants. Moreover, it was not revealed any increase of human health 
risks (carcinogenic and no-carcinogenic) for the population living around the facilities. Additionally, other 
operational conditions such as emission levels of inorganic gasses (e.g., NOx, CO, etc.) were controlled during 
the experimental phase. In general terms, no significant differences were appreciated for most of the 
parameters. However, although these results agree with those obtained in previous studies, the use of 
alternative fuels has only been carried out for a limited period of time (1 year). Therefore, an extension over 
time of environmental monitoring programs is greatly encouraged. 

Originality 
The use of alternative fuels such as sewage sludge seems to be a very important pathway to solve different 
problems. On one hand, the emission of greenhouse gasses (CO2) is reduced, while on the other hand, a 
feasible solution is given to the waste management problem. These alternatives to traditional fossil fuels may 
actually be the solution of two of the main problems of our civilization. However, the use of alternative fuel 
means an additional issue of concern for inhabitants living near cement plants. The partial subtitution of 
traditional fuel may generate a change in the cement plant emissions and, consequently, a derive of the human 
health risks derived from the exposure to those pollutants. Then, it is necessary to control both emissions and 
immission values around the cement factory in order to detect possible changes due to fuel change. This work 
aims at presenting to the society, the cement industry and the government, two case-studies with quantifiable 
values of the health risks derived from the exposure to PCDD/Fs and metals in the surrounding of cement 
plants when fossil fuel is partially substituted by alternative fuel.

Chief contributions 
Waste (sewage sludge, refuse-derived fuels,...) valorization is an effective way of reducing CO2 emissions in an 
industrial sector with high energy requirements such as cement industry. Apart, this fact might be of great 
interest as it also provides a solution to the increasing problem of waste treatment, including municipal solid 
waste, hazardous waste, sewage sludge, etc. Nevertheless, all the stakeholders (government, cement industry 
and scientists) must be involved in ensuring that the use of these alternative fuels does not mean an increase of 
adverse effects for the environment and/or the population health. The main contribution of this study was the 
risk assessment around cement plants which replaced part of the usual fuel by alternative fuel. The present 
study did not detect any substantial increase of this risk in any of the cases studied: replacement of traditional 
fuel for sewage sludge (CP A) or refuse-derived fuel (CP B). 

Keywords: Cement plant, Environmental monitoring, Human health risk assessment, Metals, PCDD/Fs 
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Exploratory studies on the utilization of high sulfate bearing limestones in 
clinker making 
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Abstract: 
Limestone reserves are known to contain wide ranges of sulfate content. The cement industry in general uses limestones 
containing not more than 0.8% SO3 without any bypass. This leaves vast limestone reserves with higher sulfate levels 
unutilized. 

The present investigation is a systematic attempt to delineate the upper limits of sulfate content in limestone that could 
be used for cement making with and without by pass arrangements. Towards this objective, a set of exploratory 
clinkerisation studies has been carried out with limestones containing sulfate phase up to 2.0% in a muffle furnace 
ensuring little loss of sulfate from the system. Present paper deals with this set of trials with progressively increasing 
SO3 contents in raw mixes, their sintering characteristics, retentivity of sulfates in different clinker phases, effects on 
phase formation and relative proportions. The microstructure characteristics have also been studied. 

In such closed firing systems, it appears that the SO3 contents more than 1.6% has significant harmful effects on alite 
formation, general micro structural features and even hydration characteristics. 

Originality:
Currently many of the production units are left with vast quantities of marginal grade limestone reserves containing 
deleterious minor constituents like pyrites in notable amounts.  To maintain sustainability of these units it is important 
to use such limestone reserves after making suitable changes in technology for overcoming operational problems and 
environmental challenges. However before undertaking such upgradations it is desirable to assess influence of 
increasing pyrites in limestone on clinker quality, microstructure and its functional properties by carrying out lab scale 
trials. Such an investigation was expected to answer many crucial aspects like maximum levels of SO3 suitable for 
clinkrisation, extent of its volatility, its impact on clinker microstructure, form of entrapped sulfates in clinker and their 
role in cement hydration.  

Chief contributions:
The study tries to address issues faced by the production units while use of limestone containing higher amounts of SO3.
Experimental results provided clues to following aspects which are relevant for sustainability of the clinkerisation.  

• Form of sulfur and its distribution in given limestone 
• Form and amount of sulfur reaching clinkerisation stage 
• Effect of increasing kiln feed SO3 content on clinker microstructure and reactivity 
• Maximum SO3 levels in raw mixes without affecting properties of clinker

 
Key words: High sulfate limestone; Clinker; Sulfate; Magnesia;  
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First step towards Bio-superplasticizers 
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Abstract
For long, concrete mixtures incorporate chemical admixtures in order to enhance short term (high fluidity) and 
long term properties (compressive strength and durability). These chemical admixtures (High Range Water 
Reducer Admixtures or HRWRA) enhance the rheological and mechanical properties of cement-based materials 
while ensuring a reasonable duration of the dormant period to permit casting in good conditions. Moreover, 
through the increase of mechanical properties, they increase the thinness of structural design lowering concrete 
consumption and, thus, the impact on environment. For the last two decades, scientists worked on the 
development of long chain polymers to enhance concrete fluidity. Nevertheless, these polymers issued from oil-
engineering have secondary effects on public health such as the creation of formaldehydes. The most commonly 
used are oil-based polynaphtalene sulfonate (PNS), polycarboxylate (PC) and polyacrylate (PA) polymers. In 
order to make concrete construction greener, new HRWRAs from natural origin should be developed. Some 
natural polysaccharides and their derivates have interesting properties which explain their growing use in the 
field of materials. Their use is not only linked to the biodegradable and atoxic aspect (green components) but 
also due to the fact that their use can confer new properties to new materials. 
In the presented study, starch has been chosen as main polysaccharide chain. It has first been used without any 
modification, and then with different grafted substituents like acetate, maleate, succinate, sulfonate. The aim of 
this work is to switch from viscosity enhancing effect of the polysaccharide chain alone to workability 
enhancing effect of the produced grafted polymers. In order to modify the influence of these different 
substituents, we change their equivalent in the reaction media (i.e. the number of substituent moles per 
anhydroglucose unit). Results show that a graft of sulfopropyle or sulfobutyle side chains (with 2 or 4 
equivalents) on a starch polymer can lead to slump flows on grouts comparable with the ones obtained on PNS-
based mixtures. However, higher yield stress and plastic viscosity values and longer setting times are obtained 
on mixtures made with modified polysaccharide than on PNS-based grouts. These very promising results open 
the way to the synthesis of a 100% natural-based HRWRA. 

Originality 
The main HRWRAs for cement-based materials are extracted from oil derivates, a non renewable and polluting 
resource with a direct effect on the green house effect and, for some of them, toxic long term effects. The 
originality of this proposed work lies in the fact that it aims at diminishing the use of non environmentally-
friendly molecules presently employed for concrete making and replaces them by bio-based polymers.  

Chief contributions 
Preserving the environment by improving safety and biodegradability of products are arguments for a greater 
use of renewable resources. In this way, our laboratory Team called “Vegetal-based Chemistry” (part of the 
“Unité de Catalyse et de Chimie du Solide”) designs amphiphilic bio-based materials, starting from naturally 
occurring molecules, especially carbohydrates, to various applications according to the considered substrate. 
The team ‘cementitious materials’ of the Civil Engineering and Geo-environment (LGCgE) is devoted to the 
study of concreting enhancement depending on mixture composition and concreting conditions, and to the 
development of green concrete. The team is now studying stabilized-earth concrete and natural-based 
admixtures. 

Keywords: Cement, Superplasticizer, Starch, Rheology 
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USE OF GRANITE SAWING WASTES IN FUNCTIONAL CEMENT 
BASED MORTARS: COLOUR AND PHOTOCATALYTIC PROPERTIES 
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Abstract  
Appropriate waste management is one of the main requisites for sustainable development at present. This task is 
nowadays tackled by the material construction industry. This work focused on the valorisation of granite sludge 
(GS) wastes through their incorporation, as fillers and/or functional additions, into cement based mortar 
formulations. These wastes had a high proportion of SiO2 (52–62 %) and Al2O3 (10.5–13.5 %). Other 
significant components included Fe2O3 (6.8–27.9 %) and CaO (3.4–5.9 %). The composition, morphology and 
particle size distribution of GS wastes warrant their use by the mortar industry. 
 An interesting improvement in mechanical properties was obtained by gradually replacing CaCO3 filler with 
GS, increasing the compressive strength values from 5.2 to 6.25 N·mm-2. Conversely, 10 % cement can be 
replaced with GS without loss of compressive strength. The amounts of Fe2O3 present were large enough to 
obtain an effective reddish pigment simply by calcination at 700–900 ºC for a short time. The colour 
coordinates of the resulting products correspond to a middle-intensity yellow-orange colour. This is an 
additional benefit of these residues with a view to preparing coloured mortars with good mechanical properties. 
The ability for this waste to act as photocatalytic material is considered by the presence of iron compounds. We 
have tested this property when the GS waste has been introduced in a mortar. The previous results concerning 
to the photocatalytic degradation of organic dyes were promising. 
 
 Originality 
The main novelty presented on this work resides in the valorisation of solid wastes in mortars with the aim to 
provide new functional properties, apart from the enhancement of mechanical behavior, like as colour and 
photocatalytic activity. The new functional advanced mortar thus formulated has interesting applications, as 
example, in the use as self-cleaning plastering mortar for the restoration of historical building. By first time, it 
is reported the use of solid wastes as photocatalytic materials in cement based mortars. Photocatalytic 
materials are able to catalyze the mineralization of polluting agents. Thus, the use of this addition in building 
materials will serve to prepare low-cost self-cleaning and de-polluting products. 
 
 Chief contributions 
The present work deals with the following main items: i) The physico-chemical and colour properties of granite 
sludge (GS) wastes; ii) The incorporation of the GS wastes in the mortar formulation; iii) The pozzolanic 
activity of the GS wastes; iv) The optimization of GS as filler component in the mortar formulation; v) The 
preparation of coloured mortar through the use of GS wastes; vi) The study of photocatalytic activity of mortar 
with GS additions. 
 
Keywords: mortars, photocatalytic activity, granite, waste 
 
Introduction 
Appropriate waste management is one of the main requisites for sustainable development at present. 
A number of small and large enterprises have emerged in response, aiming at recycling and adding 
commercial value to the end products. The use of wastes can help diversify production and reduce 
final costs, in addition to providing alternative raw materials for a number of industrial sectors. The 
construction industry is one of the best targets of solid waste reconversion by virtue of the large 
amounts of raw materials it consumes and the large volume of final products in construction.  

                                                
* Corresponding author: Email  luis-sanchez@uco.es Tel +34957-218620, Fax +34957-218621 
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Feasibility of Waelz Slag as an Additive in Portland Cement CEM II/A-L 
42,5 R: Properties and Inertization 
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Abstract
The pyrometallurgical process (Waelz process) to which post-steelwork residues are subjected for zinc recovery 
produces an inert, eco-friendly slag mainly comprising iron oxide, lime, and silica. This by-product is used as a 
natural aggregate and filler in the construction industry. This work studies the inertization of this slag in the 
cement matrix and any alterations it may produce in the properties of the Portland cement to which it is added. 
The cement chosen for the study (CEM II / A-L 42,5 R) has had 3% of its lime filler replaced by the slag. We first 
determined the chemical, physical, and mechanical requirements for common cements in accordance with 
Spain's Instruction for Cement Acceptance RC-08: sulfate contents expressed as SO3, chloride contents, 
compressive strength at 2 and at 28 days, time of start and end of setting, and volume stability. In accordance 
with requirements for limiting chromium (VI) contents, as established by Order of the Ministry of the Presidency 
PRE/1954/2004, we analysed its contents as per the EN 196-10:2008 standard. In addition, we performed a 
series of non-mandatory quality-control tests on the cement, such as: grain size, the Blaine specific surface area, 
real density, loss on calcination, and additional compressive strength at 1, 7, and 56 days.  
In order to monitor the evolution of the microstructure, mineralogy, and inertization of the residue in the cement 
slurry, we analysed the samples by SEM and XRD at 1, 7, 14, and 28 days. Finally, whole and crushed cement 
specimens were subjected to leach assays at 28 days in accordance with standard 1311 of the U.S. 
Environmental Protection Agency. Leachate solutions of pH 4.9 and neutral pH were used to determine the 
amount of heavy-metal retention in the residue of the cement matrix. 
The results of this study demonstrate the technical feasibility of incorporating Waelz slag to CEM II / A-L 42,5 R 
cement as a viable alternative for re-use of these slags. 

Originality 
Current trends for industrial residues and by-products is to find novel techniques for their treatment and 
exploitation that not only comply with the goal of minimizing their toxicity, but also the goal of finding a use for 
them. Thereby, waste material can be reincorporated into the production cycle, with a resulting savings in costs 
for disposal, for raw materials, and a welcome decrease in environmental contamination.  
Within the topic of sustainable production, this team of scientists from the University of Sevilla presents a novel 
technique for the incorporation of zinc-recovery slags to Portland cement CEM II / A-L 42,5 R as a partial 
substitute for lime filler, with no disadvantages to the cement.  

Chief contributions 
The addition of 3% slag to these cements produces a cement that meets the chemical, physical, and mechanical 
requirements established in the Instruction for Cement Acceptance RC-08 currently in force in Spain and 
mandatory in compliance.  
The heavy metals from the residue are mechanically trapped in the cement matrix, with no leaching observed in 
the assays with neutral and acid pH. Consequently, the addition of this slag in the proportions tested is 
compatible with the legally established limits of the "Council Decision of 19 December 2002", which establishes 
the criteria and procedures for the admixture of residues in landfills in accordance with article 16 and appendix 
II of Directive 1999/31/CEE".  

Keywords: Waelz slag, inertization, addition, heavy metals,  cement matrix 
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Evaluation of calcined clayey soils as supplementary cementitious material 
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Abstract 
Nowadays the cement industry looks for the replacement of cement clinker by other supplementary cementitious 
materials (SCM) due to economic and environmental reasons. Calcined clays in form of metakaolin have for 
example received a special attention in recent years. When added to mortar and concrete, calcined clays 
addition is known to improve mechanical resistance as well as durability. 
This paper studies a clay soil from the central region of Cuba as a natural source for the production of highly 
reactive pozzolan. This soil contains kaolinite as main clay mineral. Two methods of obtaining the material are 
evaluated: the ground soil without sedimentation (clayey earth: T120) and sedimented clayey soil (AS900), both 
calcined at 900 °C and ground until achieving similar grain size. A sample of sugar cane straw ash (SC) has 
also been used for comparison with an already characterized pozzolan.  
The main objective of this research is to analyze the mechanical properties and microstructure changes in 
pastes and mortars by replacing 30% of ordinary Portland cement in weight by a pozzolanic mineral admixture, 
from the calcination of clayey soil. A calcium carbonate filler (F) is used, with equal percent of substitution, as 
reference mix of equal amounts of cement. The study shows that grinding has a major influence on reactivity of 
both processed materials. The reactive pozzolans, finely ground, also acts as filler, which enhances the cement 
hydration process. When 30% of cement is replaced by tested pozzolans, the compressive strengths of mortars 
are similar to the reference at 7 days. However, it shows higher values at 28 and 60 days. Refinement is evident 
in the internal structure of pores in pastes made from these pozzolans when applying the technique of mercury 
intrusion porosity (MIP). To assess the transport phenomenon into the material and their subsequent 
consequence on durability, sorptivity of mortars is evaluated, where clayey soils substituted systems show a 
reduction of their values from 28 days. This study leads to a reduction of more than 60% of capillary porosity in 
mortars made of sedimented clay compared to pure Portland reference. 
Keywords: pozzolans, calcined clays, porosity, sorptivity. 

Originality 
This paper focuses on obtaining a reactive pozzolan from calcination of clayey soils and its application as 
Portland cement replacement. It is perfectly related to context of several thematics of the XIII ICCC, such as: 
Sustainable Production (reduction of the clinker content from the use of alternative raw materials), Properties 
of the concrete in fresh and hardened state (admixtures, relationship between microstructure and properties) 
and Durability of Concrete (transport of gases and ions, permeability). The main novelty can be framed in: 

• Obtaining activate mineral admixtures from thermal activation of kaolinitic clays of low purity degree, 
using higher temperatures than the optimal for the activation of this mineral. 

• Substantial improves of concrete properties, specifically compression strength and durability, from the 
use of active mineral admixtures obtained from thermal activation of clayey soils. 

 
Chief contributions 
Recently, the use of calcined clays, basically in metakaolin form, for the production of concretes which require 
better structural behaviors and bigger durability, is a widely discussed topic. The same happens with the 
imperious necessity of reducing cement clinker consumptions with technicians, economics and environmental 
purpose. At present, the search of new alternative cementitious materials is necessary, mostly in developing 
countries, where the available materials require high technological costs or are very limited. In this sense, the 
main contributions of this research are the following: 

• The use of local materials, in this case a clayey soil with a kaolinite mineral of low degree purity as a 
natural source for the production of highly reactive pozzolan. 

• The improvement of environmental performance of concrete due to the reduction of ordinary Portland 
cement clinker consumption, together with the increasing of compressive strength and durability and 
the efficient use of alternative raw materials. 
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The effect of high calcium fly ash on the formation of cement 
properties with its participation 

Dr hab. inż. Jacek Gołaszewski, prof. w Pol. Śl. – Faculty of Civil Engineering Silesian 
University of Technology 

Dr hab. inż. Zbigniew Giergiczny, prof. w Pol. Śl. – Faculty of Civil Engineering Silesian 
University of Technology, BETOTECH Technology Center 

Mgr inż. Grzegorz Cygan - Faculty of Civil Engineering Silesian University of Technology 
Mgr inż. Damian Dziuk – Faculty of Civil Engineering Silesian University of Technology, 

BETOTECH Technology Center

Abstract 
In the present study, the activity of high calcium fly ash was evaluated on the basis of comparison of compressive 
strength binder containing 10 to 90% addition of ash to the strength CEM I Portland cement mortar. Physical 
and mechanical properties of Portland composite cements CEM II/A,B-M(S-W), CEM II/A,B-M(W-V) and CEM 
II/A, B-M (W-LL) with the addition of high calcium fly ash were presented. 
It was found that the high calcium fly ash (W), in particular after mechanical activation may constitute a 
valuable main component of cement. It was found that the presence of high calcium fly ash increases the 
boundaries of flow and plastic viscosity of mortars. 

Keywords: cement, high calcium fly ash, rheological properties. 

1. Introduction 

One of the main components of cements may be high calcium fly ash (HCFA), which are 
characterized by a more complex mineral composition compared with siliceous fly ash. This applies 
both to the glassy phase and crystalline components [1-7]. The basic crystalline components of high 
calcium fly ash are: anhydrite, tricalcium aluminate, tetracalcium suflate aluminate, gehlenite, 
anorthite, quartz, CaOfree. In case of the high content of calcium compounds and the appropriate 
synthesis conditions in the furnace chamber, phases characteristic of the clinker – C2S, C12A7, C2F, 
C4A3S can be formed, In comparison to the siliceous ash (V) components are reactivated with water 
and continue to give the ashes binding properties (pozzolana – hydraulic activity).
In the present study, the activity of high calcium fly ash (W) with other mineral addictions was 
compared, the properties of Portland composite cements containing high calcium fly ash were 
determined. The effect of variation of physical and chemical properties of lime fly ash on the 
rheological properties of cement-fly ash mixtures was presented. 

2.0. Results and discussion 

2.1. Evaluation of the high calcium fly ash activity  

The activity of HCFA was carried out on a batch of high calcium fly ash with the chemical 
composition show in Table 1. The chemical composition of the fly ash was determined according to 
EN 196-2. Figure 1 shows the diffraction pattern of studied fly ash. The main crystalline components 
are: quartz, CaOfree, gehlenite, anorthite and anhydrite. 

Table 1: The chemical composition of high calcium fly ash 

Content in % by weight 
Loss of ignition SiO2 Al2O3 Fe2O3 CaO CaOfree MgO SO3 Na2O K2O Cl-

2,9 42,9 17,2 4,3 25,9 1,40 2,0 3,5 0,3 0,1 0,00
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INERTIZATION OF A WASTE MATERIAL PRODUCED BY EXTRACTION OF TiO2 
FROM ILMENITE AND ADDED TO A ORDINARY PORTLAND CEMENT 
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Abstract 
In the production process of titanium dioxide from ilmenite, pollutants are produced that contain various 
hazardous substances. The treatment of said wastes produces a residue whose final end is dumping in authorized 
landfills. The aim of this study has been to determine the degree of inertization upon incorporation into an 
ordinary portland cement with lime additive, as well as the effect of its incorporation on the physical, 
mechanical, and chemical properties of the cement. Two types of cements were prepared: one comprising 77 % 
clinker, 18 % lime, and 5 % gypsum, and the other varying only in having 3 % of its lime exchanged for waste 
material. 
In accordance with the instruction for reception of cements (RC-08) in force in Spain, we determined the 
mechanical, physical, and chemical properties via a series of tests established in the Instruction. In addition to 
the mandatory tests, we have performed others (optional according to the Instruction) to determine various 
physico-chemical properties. The microstructure, mineralogy, and reactivity between the residue and the cement 
components are analysed by scanning electron microscope (SEM) with EDX for chemical analysis and X-ray 
diffraction (XRD) on samples at 1, 7, 14, and 28 days of age. 
The degree of inertization of residues in the cement has been determined by subjecting 28-day-old samples to 
leach assays following the EPA 1311 regulation (US Environmental Protection Agency). Inductively coupled 
plasma (ICP) was used for studying the chemical composition of the leachates. 
Based on the results of this work, we can state that the incorporation of 3 % waste material from the production 
of titanium dioxide from ilmenite does not negatively affect the cement studied. This comprises an opportunity to 
find a use for this waste material, with an added environmental benefit  

Originality 
The main focus for residue management policy in the European Union is based on establishing a hierarchy of 
management possibilities. In the first place it is to seek to reduce at the origin stage. After prevention, priority is 
given to activities involving reuse, recycling, and extracting value as opposed to dumping items in a landfill.  
The incorporation of waste material from the extraction of titanium dioxide from ilmenite into the manufacture 
of ordinary Portland cement (with no loss in its properties and in keeping with regulatory demands) proposed 
here by scientists from the University of Sevilla is a novel technique in cement production that is completely in 
line with the topic of sustainable production.  

Chief contributions 
A ordinary portland cement with the partial substitution of 3 % lime filler with waste material fulfils the 
chemical, physical, and mechanical requirements imposed by the instruction for reception of cements RC-08 
currently in force in Spain and absolutely mandatory. This study has demonstrated that the metals in the residue 
are fixed inside the cement matrix and that their mobilization is minimal and acceptable within the established 
environmental limits (Directive 1999/31/EEC), which makes this residue-bearing cement compatible with the 
regulations. 

Keywords: Portland cement, Ilmenite, waste, hazardous substances, residue-bearing 
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And Rubber Tire 
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Abstract 
 
Since the 1970s, it can be observed that many concrete structures in Brazil have suffered a growing degradation. The 
concern with the durability of these structures is the cause that motivated a substantial research in the country, aiming 
to improve the quality and to the reduction of cost related to maintenance and repairs. This work deals with the 
durability of high-performance concrete elaborated with two types of addition. The first one is the rice husk ash that 
partially replaces the cement, and the second one is the rubber waste produced from scraped tires, that partially 
replaces the aggregates. The tests of durability, applied to the concrete specimens, seek to represent many of the 
degradation processes, such as the actions of water, of temperature, of salts and of acid solution. The analysis of the 
results showed that the use of the additions influenced the effect of the harmful actions in the concrete. The tested 
specimens were made with Silica Fume, Rice Husk Ash, and tire rubber waste. In general, the study showed that the 
durability was not affected with the addition of the residues. It was observed that the presence of tire rubber residue in 
the concrete was very effective to combat the actions of chemical agents, of the high temperatures and of the 
penetration of water. Rice Husk Ash, even with larger particles, had similar results to that of the Silica Fume. 

 
Originality 
The study showed that the durability was not jeopardized with the addition of the residues, in addition, the rubber 
proved very effective to combat the action of chemical agents, high temperatures and the penetration of water. Rice 
Husk Ash, even with larger particles, had similar results to that of the Silica Fume. 
 
Chief contributions 
Interference of the additions to prevent the harmful actions in the concrete were verified for the parts dosed with Silica 
Fume, Rice Husk Ash, adding tire rubber to both of these. 
 
Keywords: Durability, High Performance Concrete, Rice Husk Ash, Tire Rubber. 
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Effects of LINO3 in Alkali-Silica Reaction and Comparison with the Effects of 
Fly Ash 
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Abstract 
Lithium-based additives have shown satisfactory results in the expansion reduction due to alkali-silica reaction (ASR), 
but many doubts remain about the mechanisms of ASR. The study herein assessed the effects of a lithium nitrate based 
(LiNO3) chemical addition, using several dosages, in order to understand its expansion mechanisms due to ASR. The 
study of the effects of LiNO3 on ASR was conducted by the accelerated mortar bar method (ASTM C-1260), using two 
kinds of reactivate aggregates, consequently, the test lasted up to 30 days. Mortar bars were also molded with a fly ash 
(FA) based mineral addition to compare the effects of a mineral addition with a chemical one on the expansion due to 
ASR. The results from the ASTM C-1260 test indicated that the LiNO3 addition was effective in the expansion reduction, 
but presented different addition values for the acceptable threshold of 0.10% at 14 days for each kind of aggregate. It 
was also observed that mixtures containing LiNO3 reduced the expansion up to 30 days, while for the mixtures 
containing fly ash the expansion continued to increase throughout the test.  The test indicated that the dosages of 
lithium addition (Li2O/Na2Oeq), efficient in the expansion reduction for the acceptable threshold of 0.10% at 14 days, 
were very high when compared to those found in the literature. Folliard et al. (2003), states that the use of cement with 
a high alkali content (Na2Oeq = 0.9 ± 1.0%) and the modification of the ASTM C-1260, would be the best solution to 
obtain lithium addition values compatible with field applications. 

 
Originality 
The study of the effects of the LiNO3 in ASR was conducted by the accelerated mortar bar method, using two kinds of 
reactivate aggregates, consequently the test lasted up to 30 days. 
 
Chief contributions 
The test indicated that the dosages of lithium addition (Li2O/Na2Oeq), efficient in the expansion reduction for the 
acceptable limit of 0.10% at 14 days, were very high compared to those found in the literature.  
 
Keywords: alkali-aggregate reaction, expansion, lithium composed, mortar. 
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Characterization of cementitious granular materials produced from 
contaminated soils
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2 Centro interdipartimentale di ricerca per lo studio dei materiali cementizi e dei leganti idraulici (CIRCe), Padua, Italy 
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Abstract 
In the present paper, an improved solidification/stabilization (S/S) process for the production of cement-based granular 
materials from contaminated soils is described. The presented method is based on the use of Portland cement as a 
binder and superplasticizers (SPs). The effectiveness of this process on the immobilization of inorganic hazardous 
wastes has been tested on a contaminated soil from an industrial site, showing high levels of several heavy metals and 
metalloids such as copper, zinc, arsenic and lead. 
At first, a characterization of the contamination was carried out. The nature and distribution of contaminants have been 
investigated in detail by means of SEM-EDS (scanning electron microscopy with energy dispersive spectroscopy) and 
micro-PIXE (particle-induced X-ray emission) chemical mapping, both in the original soil and in the cement grains 
after the S/S treatment. The coupling of the high imaging capabilities of SEM with the excellent detection limits of 
micro-PIXE, allowed the identification of several metal-bearing phases in the investigated samples. The analyses 
showed that the main source of pollution is related to the presence of m- to mm-sized particles of inorganic 
compounds, employed as pigments or additives by the glass production plant formerly operating at the studied area. 
In a second stage, the physico-chemical properties of the granular S/S materials were evaluated by means of 
mechanical and leaching tests. In particular, the attention was focused on the role played by superplasticizers in the S/S 
process. For this purpose, the performances of samples produced following the presented method have been compared 
with those of similar grains prepared without the addition of superplasticizers. Due to the lower demand of mixing 
water, the samples produced using superplasticizers showed a general improvement of performances in terms of 
decreased porosity, reduced leaching of contaminants and improved mechanical properties. The laboratory tests that 
were carried out showed that the granular materials produced with this improved S/S technique may be suitable for an 
in-situ re-use as filler or concrete aggregate and may be employed in several other large scale applications.

Originality 
In the present work, an interesting example of valorisation of waste materials using an optimized solidification/ 
stabilization (S/S) process is described. By using specific production methods, contaminated soils and sediments are 
mixed with Portland cement with the addition of a polycarboxylate superplasticizer and transformed into granular 
materials that may be re-used in-situ. The proposed treatment aims at reducing the landfill volume required for normal 
waste disposal, allowing the contaminated materials to be recycled in civil engineering applications. Two 
complementary analytical techniques like micro-PIXE spectrometry and SEM have been applied to the characterization 
of S/S materials. In particular, the high sensitivity of PIXE spectrometry allowed us to map the distribution of selected 
elements (mainly heavy metals), even if present at very low concentrations, not detectable by conventional SEM-EDS or 
other spectroscopic methods. 

Chief contributions 
This research provides an important contribution to the characterization and improvement of cement based S/S 
materials. It is demonstrated here that the addition of superplasticizers in the formulation is a key-point in order to 
improve the overall performances of the final products, in particular for what concerns environmental compatibility 
and durability. The use of PIXE spectrometry, especially if coupled with other established experimental techniques, 
represents an effective approach for the investigation of many issues of interest for the cement and concrete scientific 
community. In this specific case, understanding the nature of the contamination and the mechanisms that regulate the 
incorporation of hazardous elements into a cementitious matrix is crucial in order to optimize the quality of the S/S 
processes. 

Keywords: solidification/stabilization, superplasticizers, brownfields, micro-PIXE, Murano
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Properties of Multifunctional High Volume Fluidized Bed Fly Ash Binders 
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Abstract 
The reduction of Portland cement content in paste, mortar or concrete can be successfully done by the fly ash 
addition. The many years experience is mainly related to the usage of siliceous fly ash from the bituminous coal 
combustion. There is significantly less information, as different fly ash materials from the fluidized bed 
combustion (AFBC) are concerned. In this work the cementitous materials composed of Portland cement, 
siliceous fly ash and fly ash from the fluidized bed combustion (AFBC), mixed at varying proportions were 
studied. The standard tests of mechanical properties and the other measurements of practical parameters were 
done. It has been found that these materials can be potentially used in road technology. Moreover, the results of 
heavy metals immobilization are very good - the leaching results are very similar to those obtained for common 
cements. 

Originality 
The originality of research presented in this paper, in the area of “sustainable production” (waste 
valorization), consists in the multicomponent and multifunctional character of proposed materials - AFBC for 
road technology and other geotechnical applications, where the environmental friendly with high 
immobilization potential binder could replace the other, traditional materials. 

Chief contributions 
The main issue of his work focused on the possibilities of usage by-products from fluidized-bed combustion 
(AFBC fly ash) to hydraulic road binders production.  

Keywords: Fly ash, Fluidized fly ash, Ash binders
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Abstract
The cement industry, which production process is one of the most energy intensive in comparison with other building 
materials, is continuously investigating and adopting more energy-efficient technologies to improve its profitability and 
competitiveness . Nanotechnology guiding them to cost-effectiveness with superior results and how their modifications 
will help propel the entire sector may be a solution in a near future. 
The aim of this work is to evaluate the influence of nano raw materials (nano-silica, nano-alumina, nano-iron oxide and 
nano calcium carbonate) on the quantity of energy involved in the clinkerization process as well as on the quality of 
clinker (alite reactivity).  
Clinkers made from nano and micro pure raw materials were synthesized at different clinkerization temperatures 
(1250-1450ºC) . Raw materials and clinkers were characterized using different techniques such as XRF, XRD-Rietveld, 
Optical Microscopy and, SEM. The hydraulic reactivity of clinker was evaluated by means of Isothermal heat-
Conduction Calorimetry. 
Encouraging results were obtained using nano raw materials for manufacturing of clinker. Alite reactivity was 
improved with additionally decrease of the clinkerization temperature from 1450 to 1250 ºC, in comparison with using 
micro raw materials. In that sense, sustainability of cement production may be improved using nano raw materials. 
Energy, emissions and cost savings may be achieved from the clinkerization, clinker grinding and cement 
manufacturing process. 

Originality 
This work shows experimental data which proves the environmental benefits of using nano raw materials for clinker 
production.in terms of energy and emission savings. 

Chief contributions 
-Raw mix design data using nano and  micro raw materials 
-Characterization data of clinkers made from nano raw materials using different instrumental techniques 
-Data on key parameters on cement production (clinkerization temperature, time of residence, hydraulic reactivity of 
clinker) which show the enviromental advantages (less energy comsuption and alite content-quality improvement) by 
using nano raw materials. 

Keywords: sustainable cement, nanomaterials, raw materials, clinkerization. 
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Abstract 
The sewage sludge ash (SSA) is a powdered material obtained from the combustion of sewage sludge generated 
in the urban wastewater treatment. Possible pathways for the elimination of the SSA are, first, controlled 
landfills, which do not represent the comprehensive management of waste, and secondly, the application in 
construction, in brick manufacture or, alternately, in concrete production as mineral admixture. This 
management route would lead to a significant recovery, yielding a closed cycle of materials. 
In this paper, the microstructure and properties of pastes and mortars with SSA were studied, using 
thermogravimetric techniques, mechanical strength development, and scanning electron microscopy. The 
influence of an additional pozzolan, such as coal fly ash (FA) over the mixture was also analyzed. The results 
show the feasibility of incorporating SSA or SSA/FA mixtures in Portland cement mortar to obtain benefits 
comparable or even superior to materials made only with cement. 
 
Originality 
Thermogravimetric studies on cement/SSA pastes and cement/SSA-FA pastes, show pozzolanic effect of the SSA 
for short curing time, while the FA has only a particle effect. 
The presence of both pozzolans with different behaviour has a synergistic effect that increases the benefits of 
their joint use in mixtures with Portland cement 
 
Chief contributions 
Regarding mechanical strength, an enhancement of the strength activity index (IAR) was observed with the 
increase of SSA content, reaching a value of 0.97 after 7-days curing for mortars containing 30% of SSA. 
Thermogravimetric analysis indicates that the SSA pozzolan has a quick effect, when it is present in substantial 
amounts, since the paste with 30% of SSA fixed a 30% of hydrated lime after 3 days of curing time. 
The particle effect of the FA can be observed from the amount of hydrates generated: despite its poor pozzolanic 
reactivity at short curing time (lower percentage of fixed hydrated lime), the amount of hydrates is comparable 
to those generated by pastes with only SSA. This effect is more noticeable the higher the substitution. 
 
Keyωords: sewage sludge ash, fly ash, mechanical strength, pozzolan, thermogravimetric studies 
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Study on Carbonation of Paper Sludge-Steel Slag Composites 
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Abstract
Two kinds of industrial wastes (paper sludge and steel slag) were mixed to manufacture useful materials through 
carbonation. The required raw materials were mixed by mortar mixer for about 4 minutes at the specified mixing ratio. 
Then the mixture was transferred to a stainless steel mould for manufacturing of rectangular composite specimens (90 
mm×40 mm×18 mm) under the pressure of 6.75 MPa. Carbonation was carried out in a sealed reaction chamber. CO2 
gas, with a purity of < 99.8%, was then applied for 65 min at a specified pressure. Specimens were cured at 23 � and 
approximately 70% RH for an additional two weeks immediately after carbonation curing. The compressive strength, 
flexural strength and volume density of paper sludge-steel slag composite materials were investigated before and after 
carbonation and the effects of the carbonation parameters (water/solid ratio, CO2 curing temperature and CO2 
pressure) were evaluated. The results showed that carbonated composite materials performed much better than 
uncarbonated ones, and approximately 90.2 g pure CO2 gas could be sequestered by per kg of this composite (M2) in 
the process of carbonation. The mechanical properties of the composite materials were negatively affected by the paper 
sludge amount, and water/solid ratio, curing temperature and CO2 pressure were all found to have effects on mass gain 
of carbonation and strength of composites. Water/solid ratio was the most important factor of carbonation, and 
increasing CO2 pressure had effects on carbonation but at a very slower rate.  
 
Originality 
In this paper, two kinds of industrial wastes (paper sludge and steel slag) are mixed to manufacture useful materials 
through carbonation. To evaluate the effects of carbonation on paper sludge-steel slag composites and determine the 
optimal mix proportion of composites through performance test; and to obtain optimal values of the carbonation 
parameters for the manufacture of paper sludge-steel slag composites, three factors (water/solid ratio, CO2 curing 
temperature and CO2 pressure in carbonation) were considered to optimize the carbonation process. 

Chief contributions 
Duration of carbon dioxide treatment affects both the early and long-term properties of wood-cement composites; 
however, there are few previous studies of carbonation of paper sludge-steel slag composites. Two kinds of industrial 
wastes (paper sludge and steel slag) are mixed to manufacture useful materials through carbonation. The objectives of 
this study are:  
●To evaluate the effects of carbonation on paper sludge-steel slag composites and determine the optimal mix 
proportion of composites through performance test. 
●To obtain optimal values of the carbonation parameters for the manufacture of paper sludge-steel slag composites, 
three factors (water/solid ratio, CO2 curing temperature and CO2 pressure in carbonation) were considered to optimize 
the carbonation process. 
At the same time, we are committed to the study of industrial application of this research, and we will build the 
production model line in Shandong Province.  

Keywords: Paper sludge; Steel slag; Carbonation; Mechanical properties 
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Abstract
Researches have been carried out to produce metakaolin (MK) - reactive pozzolana from two kaolinitic clays collected 
from different sources in Serbia. Starting clays, Vrbica and Miličnica, has significantly different chemical and 
mineralogical composition. According to kaolinite content and loss of ignitation, Vrbica clay may be classified as high 
quality starting material (kaolinite 80% and LOI 12.30%) and Miličnica clay as medium quality clay (kaolinite 52% 
and LOI 6.22%). The crystalline of the starting clays determined according to Aparacio-Galan-Ferrel index (AGF) 
showed that both clays might be classified as medium orderliness (AGF 0.8 and 0.9) on the scale were commercial 
kaolinit have an AGF equal to1.3. 
In order to produce metakaolin with appropriate pozzolanic activity, clays were heated at different temperatures in the 
range 550 – 700oC within different time. The optimal parameters for transformation kaolinite to metakaolinite were 
chosen using degree of material dehydroxylation and process economy, 650oC and 90 min for Vrbica and 650oC and 
120 min for Miličnica. The transformation was conformed by means of X-ray diffraction analysis, IR spectroscopy and 
thermogravimetric measurement.  
After calcinations, the lime reactivity of the metakaolin produced under optimal conditions was determined applying 
Chapelle method and according to Serbian standard (SRPS B.C1.018:2001). Values obtained by Chapelle method were 
0.63 and 0.45 gCa(OH)2/gMK, and by standard 25.3 and 6.9 MPa, respectively for the clays Vrbica and Miličnica. 
Specific surface obtained by BET method were very high, 20 m2/g for Vrbica and 13 m2/g for Valjevo. Further 
optimization of the pozzolanic properties of the calcined clays was done by milling produced metakaolin. 
Our findings indicates that Serbia have quality clays for producing metkaolinite without intermediate beneficiation 
stage. It is also find that clay with lower content of the kaolinite may be used for metakaolin production, giving 
satisfactory values for pozzolanic activity. Further investigations will be directed in order to investigate behavior of 
cement made with different quantities of metakaolin produced. 
 
Originality 
The application and performance of metakaolin is well covered in the scientific literature. However, there are limited 
references on the performance of the metakaolin based on low-grade or unprocessed kaolin.   
Our findings will enlarge knowledge on how chemical, mineralogical composition  and degree of crystalline of the 
starting clays used for obtaining metakaolin – pozzolanic additive by calcination, may affect the final characteristics of 
metakaolin, pozzolanic activity, specific surface and porosity, parameters important for its application in cement-based 
systems.   

Chief contributions 
On the laboratory level we produced metakaolin from two kaolinit clays which posses’ satisfactory values of pozzolanic 
activity for application as a supplementary cementitous materials. We found that Serbia has kaolinit clays, which may 
be used as a starting material for production of metakaolin. The production expenditures are lower in comparation with 
the process which needs purification of the clays before calcination, or further grinding of produced metakaolin, thus 
allowing produced metakaolin to be used even in the regular-grade cement and concrete.  
Development of building materials production is based on domestic raw materials. The Serbian kaolinit clays have not 
been exploited for the production of reactive pozzolana – metakaolin. Some of the commonly used supplementary 
cementitous materials in Serbia are fly ash (FA), silica fume (SF) and granulated blast furnace slag (GGBS). Therefore, 
the investigation of strength, microstructure and other performance parameters of cement containing thermally 
activated additives based on raw (unprocessed) kaolin was considered important. This research deals with such an 
evaluation. The strength and durability of conventional cement-based materials can be significantly improved by using 
thermally activated kaolin additives.

Keywords: Metakaolin, heat treatment, pozzolanic activity 
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The Effect of Mgo Admixture on Cement Pastes and Mortars 

Abstract 
One of the principal components of cement, limestone is usually not found in pure form. Limestones contain 
some MgCO3 and small amounts of silica, iron oxide, alumina, sulfur, and alkalis. When baked at 900ºC, 
CaCO3 decomposes to form CaO and MgO. MgO in portland cement is an oxide that might adversely affect 
cement paste and concrete properties. A large amount of MgO might lead to cracks and fractures in concrete as 
a result of expansion due to hydration. This study investigated the effect of magnesium oxide (MgO) on cement 
pastes and mortars both experimentally and based on literature review. MgO was added into cement pastes and 
mortars with rates of 0%, 5%, 10% and 15% in weight and XRD, SEM-EDS images, chemical analyses, and 
compressive strengths of paste samples on the 2nd, 7th and 28th days were examined. In the study, the most 
suitable compressive strength was obtained from 10% MgO-added cement pastes and mortars.  

Originality 
The examination of chemical and physical effects of MgO which is later added into CEM I 42.5R cement on 
cement pastes and mortars.  

Chief contributions  
In the results of this study, the increase in the amount of MgO added into cement has caused an increase in the 
amount of water as well. It has been found that the MgO admixture increases the setting start and end 
times. The study results demonstrate that cement pastes and mortars containing 10% MgO have produced the 
most suitable compressive strenth. 

Keywords: Cement, MgO, Cement Paste, Cement Mortar, Admixture, SEM.

INTRODUCTION 

MgO contained in the cement structure reacts with water in cement paste and first forms Mg(OH)2
and then MgCO3 using carbon dioxide from air. Reaction of MgO with water results in both heat and 
volume expansion. As MgO in cement is subjected to temperatures above normal in a rotary oven, 
reactions between MgO and water occur after the hardening of cement paste. Reactions that lead to 
expansion in the hardened cement paste might result in cracking of cement paste and concrete. 
Therefore, the desirable amount of MgO to be found in cements should not exceed 5% (Erdoğan, 
2003). 

Heating CO2 in MgCO3 until decomposition gives MgO. Theoretically, this decomposition 
temperature is between 600 – 650 ºC. However, the temperature is raised to 800 – 850 ºC in industrial 
production to increase efficiency. Mg(OH)2 crystals that are formed as a result of hydration have a 
greater volume than the sum of the initial volumes of MgO and H2O and spontaneous expansion takes 
place. Since MgO found in cement is usually obtained around 1400 ºC, it is classified as one of the 
materials to be baked at high temperatures. On the other hand, powdered MgO that could be used in 
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Abstract 
The pozzolans are siliceous or silicoaluminous materials, compounds of amorphous structure and high surface area. 
The Metakaolín (Al2Si2O7) is a widely studied pozzolan thanks to its high reactivity due to the three properties above 
mentioned, which allows it to easily react at early ages with the calcium hydroxide present on the cement to form 
compounds as gehlenite and tobermorite, which densify the cementing matrix and improve the initial mechanical 
strengths. The Ultramarine Blue (Na8Al6Si6O24S2) is a crystalline and inorganic pigment, with a lesser surface area and 
with similar chemical composition that of the Metakaolin, highly used in the industry due to its stability to external 
agents. Nevertheless, different researches conducted by the  research Group of the Cement and Construction Materials, 
oriented to reach the Portland coloration cement, have identified that the pigment loses its coloring stability with the 
hydration time, due to a fixation of the calcium hydroxide, which is produced by an ionic interchange of Ca+2 by Na+1 
through the phase Hauyne (Al6Ca2Na6O32S2Si6), which evidences the loss the structure of the pigment and it allows the 
formation of additional complexes of tobermorite, gehlenite and simultaneously ettringite due to its sulfate condition, 
dandifying the matrix and improving the initial mechanical strengths.  
This research compares the fixation rates of the calcium hydroxide by the Ultramarine Blue pigment and by the 
Metakaolin on pastes of lime, using X Ray Diffraction (XRD) and Thermogravimetryc Analysis (TG) in 20% 30% y 
50% weight substitutions and after 1, 3, 7,14 y 28 days of normal curing. The obtained results showed that the 
Ultramarine Blue fixes at least as many calcium hydroxide as the Metakaolin, classifying the pigment as a non 
conventional pozzolan due to its crystallinity and low surface area, and showing that the chemical composition of a 
pozzolan prevails over the surface area or the amorphous character when fixating calcium hydroxide occurred.  
 
Novelty of the work 
The results show that the Ultrmanarine Blue (Na8Al6Si6O24S2) is a non conventional pozzolan due to its crystalline 
structure and its low surface area, the Ultramarine Blue fixes it by an ionic interchange through the Hauyne phase, 
causing the loss structure of the pigment and at the same time the formation of hydrates and anhydrous compounds not 
common in the reaction of a pozzolan such as calcium and sodium carbonate hydrate (Na2CaCO35H2O), calcium and 
sodium aluminum silicate (Na5Ca5Al5Si2O8), sulphated calcium and sodium aluminum silicate (Al6Ca2Na6O32S2Si6).  
  
Main Contributions 
This work shows that the chemical composition of a pozzolan is the property that prevails over others properties, like 
the degree of crystallinity and surface area, to its reactivity when fixating the calcium hydroxide occurred. This 
contribution will allow rethinking the alkaline activation as a more efficient activation method of synthetic pozzolans 
compared with the milling and calcination, with high cost and pollution processes. Additionally, this work shows the 
reaction of the Ultramarine Blue pigment with the calcium hydroxide, which up to now has not been studied. 
  
Palabras clave: Pozzonalic activity, chemical composition, crystallinity degree, surface area, Ultramarine Blue and 
Metakaolin. 
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Abstract 
 
Sewage sludge ash (SSA) is a waste material obtained from the incineration of wastewater sludge.  The aim of this 
paper is to evaluate the effect of the use of SSA, as substitution for rapid hardened Portland cement CEM I 52.5R, on 
the properties of mortar and concrete. The physical, chemical and mineralogical characterization of raw and grinding 
SSA were determined. Mortars with 10%, 15% and 20% of two types of SSA of replacement of cement were produced. 
Flexural and compressive strength were determined in all mortars produced. Due to adequate properties of mortars 
made with grinding SSA, modulus of elasticity and sorptivity of those mortars were found out. Concretes with 10%, 
20% and 30% of grinding SSA of replacement of cement were produced and fresh and mechanical properties of all 
concretes were determined. The obtained results were compared with respect to those of control mortars made with 
CEM I 52.5 R and CEM II/ A-L 42.5R. 
The mortars with SSA achieved lower mechanical properties than control mortar made with CEM I 52.5R, however the 
reduction of compressive strength of mortar was lower than 8% when milled SSA was used. Those mortars obtained 
higher flexural strength than control mortar. The modulus of elasticity and the sorptivity of mortars with milled SSA 
were worse than those of control mortar made with CEM I 52.5R and better than those of control mortar made with 
CEM II/ A-L 42.5R. Due to moderate pozzolanic activity, the mortar made with any type of SSA obtained higher 
mechanical properties than control mortar made with CEM II A-L 42.5R. This implies that SSA-blended cement 
prepared with 52.5 strength category type I cement with up to 20% substitution could be considerate as a control 
mortar made with 42.5 strength type II cement. Low reduction of compressive strength occurred concrete made with 
milled  SSA, however higher splitting tensile strength and modulus of elasticity obtained than those of control concrete 
made with CEM I 52.5R after 28 days of curing due to adequate interface between cement paste and aggregates. All 
concretes with SSA achieved higher mechanical properties than those of control concrete made with CEM II A-L 42.5R. 
The mechanical properties of concretes made with SSA improved after 90 days of curing. 
 
Originality 
Limited research is done on the recycling of SSA probably because its quantity is much smaller than that of other by-
products such as coal fly ash. Another reason for the lack of publications may be related to the fact that management of 
sewage sludge by incineration processes is recent, as it was previously reused in agriculture. The use of SSA in cement-
based materials (paste and mortars) and sand replacement (brick fabrication or in asphalt paving material) is reported 
in few recent studies. However, there is no one publication about the mechanical properties of concrete made using the 
SSA as cementitious material. In this research paper several novelties are exposed: On one side, different percentages 
of SSA are used as substitution of CEM I 52.5R for mortar production in order to verify the used of production of 
cement type II of 42.5 strength. The quality of mortars was analyzed by diffraction and, their physical and mechanical 
properties were determined. For the other side, the applicability of this cementitious material in concrete production 
was confirmed according to the results obtained in concretes produced with Portland cement. 
 
 
Chief contributions 
One of the most important contributions of this research work was to verify the suitability of SSA for blending with 
commercially available Portland cement in order to produce more sustainable concrete, also called “green concrete”. 
The partial replacement of cement by SSA (moderate pozzolanic material) has advantages from ecological, economic 
and technical point of view.  By an exhausted experimental phase, the applicability of SSA for production of mortar and 
concretes with adequate properties was proved.   
 
 
Keywords: Sewage sludge ash, mortar, concrete 
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Abstract 
This study seeks to evaluate a new supplementary cementitious material (SCM) obtained by combustion of 
wastepaper sludge and wood residues in a fluidized-bed reactor. The ash resulting from the combustion process 
is known as wastepaper sludge ash (WSA). Unlike conventional fly ash produced by coal combustion, WSA does 
not fully meet chemical and physical requirements specified in standard specifications for coal fly ash (ASTM 
C618). Therefore, the effect of WSA on fresh and hardened properties of various concrete mixtures should be 
evaluated to determine its suitability as an alternative cementitious material in concrete. 
Different binding combinations incorporating WSA and different SCM with water-to-cementitious ratio (w/cm) 
of 0.4 were investigated in this study. Two binary mixtures incorporating 20 and 40% WSA and three ternary 
mixtures containing 20% WSA and one traditional SCM (silica fume (SF), granulated blast-furnace slag (GBFS) 
and metakaolin (MK)) were studied and compared to a control mixture with 100% of ordinary Portland cement 
(OPC). Results showed that the incorporation of WSA had a negative impact on concrete workability. However, 
the presence of WSA only slightly reduced the early strength, while all binary and ternary concrete mixtures 
showed equal or superior compressive strength relative to control concrete at 91 days. In addition, the use of 
WSA in binary and ternary mixtures decreased the chloride permeability of concrete at later age, reduced 
autogeneous shrinkage and lowered expansion due to alkali-silica reaction (ASR). The WSA seemed to be less 
effective in controlling expansion due to sulphate attack. Overall, our experimental results demonstrate that 
WSA has interesting hydraulic and pozzolanic properties, and this material is suitable for use in concrete. 
Nevertheless, WSA is not recommended for use in concrete subjected to sulphate exposure. 
 
Originality 
The potential for use of WSA in the construction industry derives from its cementitious properties. However, 
utilization is still limited due to its small production level, but also to the lack of information on the benefits of 
concrete incorporating WSA. This paper investigates the influence of WSA on concrete properties, including 
fresh and hardened properties, as well as durability characteristics. This study also intends to evaluate the 
usefulness of using WSA in concrete together with other commonly available SCMs. 
 
Chief contributions 
Reduction in CO2 emissions and recycling of waste materials are two of the main challenges facing sustainable 
development in 21st century. The cement and concrete industry offers the solution for both of these issues 
through using SCM to reduce cement content and incorporate materials that would otherwise have to be 
dumped as waste. The main contribution of this paper is valorization of a by-product from the pulp and paper 
industry as a cementitious material. The results of this study reveal that alternative cementitious materials 
which do not fully comply with standard specifications regulating the use of SCM in concrete, such as WSA, can 
be used to partially substitute OPC and produce economical and durable concrete. Moreover, this paper offers 
an insight into recycling residues with similar composition and provides an alternative method of waste 
disposal for future paper mill planners. 
 
Keywords: wastepaper sludge ash, supplementary cementitious material, durability, high-performance concrete 
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Abstract
An investigation on the reactivity of limestone, quartz and metakaolin that were produced by high-energy 
milling up to different levels of fineness has been conducted, through their replacement of Portland cement 
in mortars. Extensive chemical, thermal and X-ray analyzes have been conducted, as well as measurements 
of the pozzolanic activity using the modified Chapelle and strength based index methods. Mortar mixtures 
were then prepared by replacing 35% of the volume of Portland cement by the admixtures at the different 
levels of fineness, down to an average size of 90% below about 3 μm. Compressive strength values after 28 
days of curing were then used to estimate the pozzolanic activity, from which it was concluded that 
metakaolin presented the highest value (143%, that is, 43% higher than the value obtained with cement as 
the only cementitious material) with the finest grind. In the case when quartz was used pozzolanic activity 
values from 72% to 83% were obtained, when grind sizes were reduced from 34.5 to about 2.5 micrometers. 
This means that, when ground to ultrafine sizes, quartz may be classified as a pozzolanic material. In the 
case of limestone even after grinding down to ultrafine sizes the pozzolanic activity was not higher than 
75%, which means that this may not be considered a pozzolanic material. 
 
ORIGINALITY: In this work the influence of different scales of particle sizes on the pozzolanic activity was 
investigated, being measured using both mechanical and chemical methods of different materials: quartz 
(inert material), metakaolin (pozzolanic material) and limestone (partially soluble material). 
 
CHIEF CONTRIBUTIONS: This work showed that a material classified as non-reactive, as quartz, can 
present pozzolanic properties after high-energy milling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Corresponding author: E-mail gcc@uenf.br Phone: +55 22 2739-7373; Fax +55 22 2739-7381
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   Mixing BOF steel slag with Granite Sawing Waste as Admixture to 
Cement Clinker. Preliminary Studies. 

1Arrivabene LF* 
1 Instituto Federal do Espirito Santo (IFES), Espírito Santo, Brazil 

2Calmon JL 
2Universidade Federal do Espírito Santo (UFES) Espírito Santo, Brazil 

3Tenório JAS 
3Universidade de São Paulo (USP, São Paulo, Brazil 

1 Oliveira JR

Abstract 
This article concerns preliminary studies to produce cement with a mixture of granite block sawing waste and 
BOF steel slag.  The materials were mixed in order for the relation %CaO/%SiO2 of the mixture to be 1.2. The 
mixture was melted and rapidly cooled in water.  The sample was characterized and the X-ray diffractograms 
showed an amorphous material and the presence of mineral phases akermanite and gehlenite, which are 
considered ideal mineral phases for hydraulic activity. This mixture was added to clinker for cement production.  
The cement made with this mixture was tested for comparison with the blast furnace slag cement.  
. 

Originality 

The idea of using of granite sawing waste and steel slag in order to obtain a mixture with hydraulic properties 
emerged because of the high activity of the marble and granite mining industry and the iron and steel 
metallurgical industry in the state of Espírito Santo, Brazil. Since the waste from these industries is generated in 
large amounts, reusing it will lead to reducing environmental impact, adding value to residues, and 
corroborating what is foreseen for sustainable development.  

Chief contributions 

Reuse and recycle metallurgical and mining wastes for producing Eco-cement.  Develop a preliminary process 
of transforming mixed wastes so as to achieve blast furnace slag-like basicity.  Assess the Eco-cement properties 
in relation to blast furnace slag cement.  Indicate the need of further studies in order to improve the process.  


Keywords: BOF slag, granite sawing waste, cement, clinker, admixture 
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Microstructure of roman cements used for architectural restoration 

Gosselin C.∗ 
Swiss Federal Institute of Technology, Laboratory of Construction Materials, Lausanne, Switzerland 

 
Scrivener K.L. 

Swiss Federal Institute of Technology, Laboratory of Construction Materials, Lausanne, Switzerland 
 

Feldman S.B. 
Swiss Federal Institute of Technology, Laboratory of Construction Materials, Lausanne, Switzerland 

 
 

Abstract

Roman cement was extensively used to decorate facades during the nineteenth and beginning of 
twentieth Century. The interest of this material has been revisited recently in the field of 
conservation of architectural cultural heritage. This article gives results on the characterization of 
the roman cements (using XRD, SEM, EDS mapping analysis, selective dissolution) recently 
produced from the Lilienfeld marlstone (Austria), in comparison with a commercial roman cement 
(from Vicat, France). The mineralogical composition of the two cements strongly differs according to 
the presence of sulphate minerals in the marlstone and the temperature of calcination. XRD and 
SEM carried out on cement paste allow the identification of the AFm and AFt type phases as early 
age hydration products responsible of the flash setting typical to roman cements. The composition 
rich in alumina and the crystallinity of dicalcium silicates strongly differ in the Lilienfeld cement 
and influence their reactivity at the later ages.  

 

ORIGINALITY: This article gives new results on relatively unknown highly hydraulic binders so-called roman 
cements. The mineralogy of two types of roman strongly differs according to the difference in the raw materials 
and the calcination process. The characterization of the main amorphous reactive phases in the CaO-Al2O3-SiO2
system used combined techniques such as selective dissolution and quantitative EDS mapping image analysis, 
which is a new technique allowing the mapping of atomic ratio.  

CHIEF CONTRIBUTIONS: The main challenge of this study is the characterization of amorphous reactive 
phases resulting from the calcination of marls stones at low temperature (800-1000°C), to reproduce natural 
cements with composition and performance comparable to those obtained in the natural cements produced in the 
XIXth century and which revealed good properties of durability and compatibility (chemical, transfers) with 
stone substrates. This paper presents combined techniques for anhydrous cement characterization, in particular 
EDS mapping image analysis allowing the discrimination of intermixed and non crystalline phases. 

Keywords: Roman cement, microstructure, quantitative EDS mapping, C-A-S phases 
 
 

                                                      
 
 
∗ Corresponding author. E-mail – christophe.gosselin@epfl.ch Tel-+ (41) 21 693 43 82, Fax (41) 21 693 58 00 
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 Hybrid binders based on alkali sulfate-activated Portland clinker and 

metakaolin 
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1 
Instrument Centre for Solid-State NMR Spectroscopy, Department of Chemistry, and Interdisciplinary Nanoscience 

Center (iNANO), Aarhus University, DK-8000 Aarhus C, Denmark 
2
Herfort D 

2
  Aalborg Portland A/S, PO Box 165, Aalborg 9100, Denmark 

1
Skibsted J* 

 

Abstract 

 

The development of hybrid binders based on combinations of conventional Portland clinkers and alkali-activated 

aluminosilicates as a mean of improving the sustainability of the cement production and reducing CO2 emissions is 

currently attracting increasing interest. The normal approach in these binders, as with pure alumino-silicate systems, 

is to use alkali silicate or hydroxide activators; although the production of these chemicals is energy intensive 

compared to alkali sulfates. New alkali-activated binders in the system Na2SO4 (NS) – white Portland clinker – 

metakaolin (MK) have been synthesized by designing the precursor mixes based on the desired final phase 

assemblages. Compared to conventional blended Portland cements, these systems have the added advantage of 

allowing the use of much higher amounts of supplementary cementitious materials (SCMs) (up to 60% MK of total 

binder) without any loss in performance. 

The activation-hydration products of these binders formulated with different contents of NS and MK/(MK+limestone) 

ratios have been primarily assessed by 
29

Si and 
27

Al MAS NMR along with powder X-ray diffraction (XRD) at 28 days 

of curing. 
29

Si MAS-NMR shows the formation of silicate chain structures with Al substitution (Q
2
(1Al) sites) within the 

binder. The incorporation of tetrahedrally coordinated Al in the C-S-H phase is also observed by 
27

Al MAS NMR. 

These spectra also reveal that at lower levels of NS addition, AFm phases (e.g. monosulfate and/or monocarbonate) 

and AFt phases (ettringite) are the main aluminate phases formed in approximately equal proportions, whereas an 

increased NS content in the binder leads to the formation of additional ettringite at the expense of the AFm phases. 

Formation of an X-ray amorphous aluminosilicate gel is also identified in all samples, and the content of this phase 

increases as a function of reaction time and the content of NS in the binder, which is associated with the activation of 

the MK included in the system.  

 

Originality 

 

The alternative activator used in this work (NS) has previously been used to activate metallurgical slags and as a 

secondary component of some geopolymeric systems based mainly on fly ash. However, its combination with Portland 

clinker and MK has not been studied before. The approach of this work is also to target specific phase assemblages in 

the final product by thermodynamic modeling which has not previously been attempted in alkali-activated binder 

systems. The combination of solid-state NMR and X-ray diffraction represents a powerful approach to analyze the 

complex phase assemblages predicted in these systems. 

 

Chief contributions 

 

The present work represents the first study of the NS – clinker – MK system and the first application of 

thermodynamically predicted phase assemblages in the development of an alkali sulfate-activated binder. The systems 

studied have the potential of being an important alternative to traditional Portland cement-based binders in the drive 

towards environmental sustainability in the construction materials industry. The phases responsible for formation of 

the binder systems have been identified and the coexistence of calcium-aluminate and aluminosilicate phases is 

achievable using widely available precursors.   

 
Keywords: Hybrid binders, Alkali Activation, Metakaolin, Sodium Sulfate, NMR Spectroscopy 

 

 

______________________ 
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HYBRID CEMENTS WIH VERY LOW OPC CONTENT  

1Fernández-Jiménez A.1 Sobrados  I2. Sanz J2 and  Palomo A1. 
1Instituto Ciencias de la Construcción Eduardo Torroja (IETcc del CSIC), Madrid, Spain 

2Instituto de Materiales de Madrid, Madrid, Spain  

Abstract

Hybrid cements based on the alkali activation of aluminosilicates blends with low Portland cement clinker contents  
(less than 30 %), combining the best features of two components, constitutes a promising field of research for the 
development of new binders. The present paper compares the behaviour of a cement blend containing 80 % fly ash + 
20 % Portland cement clinker with (4 % Na2CO3 or 4 % Na2SO4) and without alkali activation. Reaction kinetics were 
determined by isothermal conduction calorimetry, composition and microstructure by XRD, NMR analyses. The 
findings showed that, when additioned with solid alkaline activators, blends with a very low (20 %) clinker content and 
high (80 %) percentages of fly ash can yield viable binders. Since the solid activators used in this study (Na2CO3 and 
Na2SO4) are not highly alkaline in themselves, their handling would not entail an occupational hazard. They 
nonetheless generated the chemical reactions necessary to enhance the alkalinity of the medium and favour fly ash 
reactivity. This, in turn, yielded a mix of cementitious gels whose thermodynamic behaviour would favour the formation 
of a (N,C)-A-S-H type gel. The carbonate or sulfate nature of the anion present in the activator affected the formation of 
secondary reaction products, leading to a predominance of calcite in one case and ettringite in the other. Two possible 
mechanisms are proposed when the reaction is activated by adding Na2SO4: i) the conversion of the gypsum initially 
formed into ettringite; ii) the evolution of phase U formed to ettringite 

Originality 

This study shows that cements can be manufactured with blends containing low (20 %) proportions of Portland clinker 
when solid alkaline salts are used as activator. While these activators do not, a priori, exhibit high alkalinity, their 
reaction with the cement phases in the medium generates the conditions necessary to enhance fly ash reactivity.  

Chief contributions 

This study shows that the presence of solid activators (Na2CO3 and Na2SO4) significantly accelerates the hydration 
reactions of cementitious blends with very low (20 %) clinker contents. The type of anion used in conjunction with the 
activator plays an important role in the formation of the secondary reaction products: with Na2CO3 the reaction is 
quicker but yields calcite, while the presence of sulfate ions favours the formation of ettringite and consequently a 
denser matrix, which raises initial strength. Lastly, two possible reaction mechanisms are proposed / put forward as a 
possible explanation for the good initial mechanical properties of these hybrid cements.  

Keywords: hybrid binders, sodium sulfate, sodium carbonate, alkali activation, fly ash   
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ALKALINE ACTIVATION OF METAKAOLIN-SLAG-CLINKER BLENDS 
 

1F. Zibouche* 2A. Fernández- Jimenénez1, 1N. Boudissa, 1M.T Abadlia, 2A.Palomo 

 

1Laboratoire Matériaux Minéraux et Composites, Université de Boumerdès. Algeria 
2Instituto Ciencias de la Construcción Eduardo Torroja (IETcc del CSIC), Madrid, Spain 

Abstract

This paper reports on a study of the use of solid alkaline activators (Na2CO3 and K2CO3) to obtain hybrid binders from 
a blend of 20 % clinker + 40 % blast furnace slag + 40 % metakaolin. The effect of activator dosage (5 or 8 wt%) and 
type of carbonate (Na or K) on 2- and 28-day pastes was determined. The reaction products were characterised with 
XRD, FTIR and SEM/EDX. The findings showed that the highest mechanical strength was obtained with 5 % Na2CO3.. 
The main reaction product formed was an (N,C)-A-S-H gel with CaO/SiO2 and SiO2/Al2O3 ratios very close to the ratios 
for the starting blend, an indication that nearly all its constituents had reacted. The secondary reaction products 
detected included metastable carboaluminates (3CaO.Al2O3.CaCO3.11H2O) that evolved toward the calcite or vaterite 
forms of calcium carbonate. The use of K2CO3 instead of Na2CO3 also led to the formation of a hydroxycarboaluminate 
(3CaO.Al2O3.0.5Ca(OH)2.0.5CACO3. 11H2O).

Originality 

This study showed that blends containing a small proportion of clinker and high proportions of other types of materials 
(defined in the CaO-SiO2-Al2O3 system) such as blast furnace slag and metakaolin, can be activated with alkaline solids 
such as carbonates (Na2CO3 or K2CO3) to obtain cements.  

Chief contributions 

This study showed that the presence of solid activators (Na2CO3 and K2CO3) significantly accelerates the hydration 
reactions of binders with very low (20 %) clinker contents. Five per cent doses of Na2CO3 sufficed to obtain good 
mechanical performance. Higher percentages led to supersaturation and higher costs. Despite the higher pH in K2CO3,
the best results were obtained with Na2CO3..  

Keywords: hybrid binders, sodium carbonate, potassium carbonate, clinker, slag, metakaolin   
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Quantitative determination of reactive SiO2  and Al2O3  in 
aluminosilicate materials 

 
C. Ruiz-Santaquiteria1, A. Fernández-Jiménez1, A. Palomo1 

1 Instituto Eduardo Torroja de Ciencias de la  Construcción (CSIC) Madrid, Spain 
 
 

Abstract

The present study assessed the accuracy with which two types of chemical attacks (acid and basic) 
quantified the potential reactivity of a series of natural and industrial aluminosilicates: two white clays, a 
red clay, a potassium feldspar and a fly ash. The acid attack (1 % HF) was performed pursuant to a 
procedure proposed by Arjunan et al. in the Tenth ICCC to quantify the vitreous phase in fly ash. The 
alkaline attack (8-M NaOH) consisted of reproducing the conditions prevailing in the alkaline activation 
of aluminosilicates. Quantification of the material dissolved in the two media showed that the results 
were comparable for all the aluminosilicates except potassium feldspar. The leachates from the chemical 
attacks were also analysed (with ICP) to quantify the solubilised silica and alumina and thus determine 
the (SiO2/Al2O3) reactive ratio in the aluminosilicates studied. A series of blends of these materials were 
also prepared for alkaline activation. The cements obtained were attacked with a 1:20 HCl solution to 
dissolve only the reaction products generated. Here also, ICP was used to analyse the resulting leachate 
and determine the SiO2/Al2O3 ratio in the reaction products. The experimental results showed that the 
(SiO2/Al2O3) reactive ratio calculated for the starting materials and the SiO2/Al2O3 ratio in the reaction 
products were closely correlated. 

Originality 

The SiO2/Al2O3 ratio of the N-A-S-H gel forming when a natural or industrial aluminosilicate is exposed 
to a highly alkaline medium and the amount of gel precipitating in the system in the process are two of 
the factors that determine mechanical strength development in alkaline cements. The latter factor 
depends heavily on the inherent reactivity of the starting materials, while the SiO2/Al2O3 ratio of N-A-S-H 
gels depends on the relative amount of silica and alumina ((SiO2/Al2O3)reactive ratio) present at the outset. 
The originality of the present research lies in its assessment of the capacity of different sources of silica 
and alumina to yield a material with good cementitious properties by quantifying the potentially reactive 
phase present in these starting materials. Moreover, an analytical procedure is proposed to 
independently and specifically determine the silica and reactive alumina content, i.e., the 
(SiO2/Al2O3)reactive ratio, in a series of natural and industrial aluminosilicates, a parameter for which no 
methodology has been put forward to date.  

Chief contributions 

The main contribution that can be attributed to this research is the quantification of the silica and 
reactive alumina content ((SiO2/Al2O3) reactive ratio) in a series of aluminosilicates of varying nature. This 
contribution is significant inasmuch as the ratio can be used to predict the properties of the alkaline 
cements obtained from a given aluminosilicate and therefore speedily and simply assess its aptness for 
use as a prime material in alkaline activation. The study also showed that while alkaline cements call for 
highly alkaline conditions, the reactivity of the aluminosilicates used can be assessed by an acid attack 
with a 1 % HF solution, for the results obtained with this attack were comparable to the findings 
observed under experimental conditions simulating alkaline activation.  
 
Keywords: alkaline activation, natural aluminosilicates, reactive alumina content, clays. 
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Linking Structure, Performance and Durability of Alkali-Activated 
Aluminosilicate Binders 

Provis JL1*, Myers RJ1, White CE1, van Deventer JSJ1,2

1 Department of Chemical & Biomolecular Engineering, University of Melbourne, Victoria 3010, Australia 
2 Zeobond Pty Ltd, Somerton, Victoria 3062, Australia 

Abstract 
This paper presents an overview of the application, outcomes and importance of some of the methods which are now 
being applied to the tailored design of alkali-activated aluminosilicate (“geopolymer”) nanostructure and 
microstructure. This structural design is aimed at optimising performance, as expressed in terms of mechanical 
properties, other specific physicochemical aspects (e.g. fire resistance or dimensional stability), and durability. 
Structural design can be achieved in part by specifying activator composition according to the properties (composition, 
reactivity and particle size/shape distribution) of the solid precursor(s) used. This is important because the precursors 
which are most commonly used, being fly ash and blast furnace slag, are waste or by-product materials and so vary in 
composition and material properties as a function of time and location. Thermal or chemical modification of 
precursors, blending of different raw materials, seeding of reaction mixes and control of curing conditions can also aid 
in tailoring and control of binder nano- and microstructure. 
In addition to developing methods of modifying binder structure and its influence on interactions with aggregate 
particles, it is also essential to develop and/or adapt analytical techniques to the study of alkali-activated and 
geopolymer binders. The complex multiscale hierarchy of these binders, which includes solid reaction products, 
unreacted precursors, liquid- and/or gas-filled pores, and aggregates of varying surface properties and reactivity, 
cannot be adequately characterised by any single technique.  
Obtaining information regarding the kinetics of binder formation is essential to understanding the reaction mechanisms 
which determine product nanostructure and morphology, and both laboratory and beamline-based (synchrotron and 
neutron) techniques have been adapted to this task. X-ray microtomography, different types of (traditional and non-
traditional) microscopy, and other advanced techniques can each provide advances in the understanding of binder 
structures. However, it is only by combining the data provided by these techniques with more classical analytical 
methods that it is possible to develop a detailed understanding of alkali-activated binder structure from the nanoscale 
up to the macroscale. This is essential in determining and predicting the mechanical and durability performance of 
alkali-activated binders, both in terms of immediate application and throughout the material lifespan.  

Originality 
This paper presents an overview of the results of the first ever application of a number of different analytical 
techniques, particularly based around the application of synchrotron and neutron beamlines, to the study of alkali-
activated (“geopolymer”) binders. Some of these techniques have been applied previously to the study of Portland 
cement-based materials, but their use in the analysis of these new aluminosilicate binder systems is entirely novel. This 
work provides novel insight into the optimal methods of formulating, mixing and curing geopolymer and other alkali-
activated binders with a view towards optimising specific material properties. 

Chief contributions 
The ability to describe and predict binder structure and durability based on a detailed understanding of the 
aluminosilicate gel structure is essential to the commercialisation of these materials as an environmentally beneficial 
alternative to Portland cement. The introduction of new analytical techniques, and new understanding of the roles of 
each component in this complex binder/aggregate/aqueous solution mixture, provides a critical basis for further 
research and development in this area. Enhancing and ensuring the durability of alkali-activated binders is essential to 
their environmental credentials, as performance in this area must be measured on a life-cycle basis, and a material 
requiring more frequent replacement or repair would not provide a significant environmental (or economic) advantage. 

Keywords: Geopolymer, alkali activation, durability, characterisation
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PROPERTIES OF GEOPOLYMER MORTARS MADE OF GLASS CULLET 
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Abstract 
With the environmental awareness related to the production of CO2, geopolymer-type materials represent now 
an alternative to classical binders found in civil engineering applications. On a chemical point of view, 
geopolymers enter in the category of aluminosilicates. They are produced by activating (with alkalis and/or 
temperature) mineral fines which contain silicon and aluminum. Traditionally, most studies involve geopolymers 
made of metakaolin, fly ash or slag. Soda-glass is a material having a high content in silicon. However, due to 
its low aluminum content (~2%), studies dealing with its use in geopolymers are not common. 
This work presents the results of an experimental campaign aiming to produce geopolymers from cullet glass. 
The study also gives the principal formulation parameters affecting the behavior of this type of materials. The 
properties are evaluated in terms of compressive strength, morphology and composition of hydrates. The glass 
used for the production of geopolymers comes from recycled glass bottles. The studied parameters are the 
fineness of the glass, the temperature of synthesis (20, 40 and 60°C), the nature and concentration of the 
activation product (KOH, NaOH). 
The results show that: 

- cullet of soda-glass can be used as base material for the production of geopolymers 
- high fineness of glass leads to better mechanical performances 
- it is not necessary to use high temperature to obtain high performances from cullet-geopolymer since

geopolymers are obtained at ambient temperature.  
- KOH is the activation product which leads to the higher performances 

Originality 
Development of geopolymers based on a material rarely used in this area. 
The studies found in the literature report the use of materials (e.g. metakaolin, fly ash, slag) which already have 
important reusing channels as cement binders. This is not the case for glass cullet, although it contains high 
amorphous silica. A slight grinding and an alkaline activation are sufficient to valorize this material. 
Most geopolymers are made using materials containing both Si and Al. Although soda-glass only have a small 
amount of Al (~2%), it is shown that it is possible to synthesize geopolymers having high performances. 

Chief contributions 
The aim of this work is to use an industrial by-product (cullet glass) for the synthesis of geopolymers. Actually 
mixed glass of different colours is economically difficult to reuse in the manufacture of new-glass products. 
Geopolymers could be an interesting alternative to recycle high quantities of glass cullet which are often stocked 
in landfill. 

Keywords: Glass cullet, geopolymers, mortars, activation 
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Investigation of Synthetic Fly Ash Glass Reactivity Using Nuclear Resonance 
Reaction Analysis and Wet Chemistry
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5Synchrotron SOLEIL, Saint-Aubin, Gif-sur-Yvette CEDEX, France

Abstract 
The reactive component of most fly ashes is the glassy phase.  Therefore to investigate this reactivity in detail, three 
types of glasses with differing chemical compositions that matched actual fly ash compositions were prepared.  A 
combinatorial chemistry approach was used. Each type of glass was hydrated in one of 5 different solutions.    In 
all there were 15 different glass/solution combinations.  A closed system approach was utilized to hydrate each 
combination isothermally in an individual Teflon vessel for 72 hours.  At the end of the hydration period the samples 
were removed and treated with pure methanol to stop the reaction. The hydrated glasses were then analyzed by 
Nuclear Resonance Reaction Analysis (NRRA), which is based on the 1H(15N, α,γ)12C reaction, to characterize the 
hydrogen depth profile within the first 2 μm from the surface. The hydrogen depth profile is the result of several 
competing  physico-chemical processes: the diffusion of water into the glass in exchange for ions diffusing out,  the 
formation of hydrated phases at the surface and the removal of  material by etching. In some cases the hydrogen 
depth profile was convex which could indicate the presence of a thick hydrated layer hindering the etching. In 
others, a concave profile indicated a much shallower profile which could be due to a high etching rate rather than a
slow rate of diffusion. This ambiguity was resolved by wet chemistry, which consisted of analyzing the chemical 
compositions of the solutions by ICP-AES.   The etch depths, calculated from the final silicate ion concentrations of 
the solutions, ranged from about 0.6 μm to 133 μm.  The glass with the lowest Ca/(Na+K) ratio typically showed the 
greatest relative etch depth for a given solution.  The solution that produced the greatest etch depth was the 
simulated porewater solution which was dominated by potassium hydroxide. Overall, the results indicated that the 
Ca/(Na+K) ratio in the fly ash glass and also in the pore water are important factors in determining the reactivity.

Originality 
This research concerns the subtopic of Supplementary Cementitious Materials under the main topic of Properties of 
Fresh and Hardened Concrete.  Innovations include the use of synthetic fly ash glass as a model system to study 
selected aspects of fly ash reactivity in isolation. Also, the use of NRRA enabled the direct observation of the 
developing hydrated surface layers with a depth resolution of a few nanometers. Moreover, hydrating each 
specimen in an individual container made it possible to quantify the etch depths of the glasses by mass balance 
calculations over a wide dynamic range from nm to cm. This is the first time that the surface layer information from 
NRRA has been combined with the dissolution rate calculated from etching solution to provide a complete picture of 
the rate controlling steps in the fly ash glass hydration process. 

Chief Contribution 
This research has provided insights into the relative contributions of etching and gel formation to fly ash reactivity 
on multiple length scales from nm to cm.  The size of the etch depth compared to the hydrated surface layer 
thickness was found to depend on the composition of both the glass and the pore solution. The diverse set of results 
indicates that fly ash reactivity cannot be predicted simply by fly ash bulk chemical composition.  This will lead to 
more reliable predictive models of fly ash reactivity, and hence to improved fly ash/concrete performance. 

Keywords: fly ash, glassy phase, pozzolanic, NRRA, CSH gel, etch depth
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The Effect of Na2O on the Pore Structure and Water Permeability of Alkali 

Activated Fly Ash 
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Abstract
The pore structure of alkali activated materials can provide important information on the water transport 
properties and durability of the materials. In this study, the porosity and pore size distribution of the alkali 
activated fly ash with different Na2O content in the activator (from 1 mol/kg  to 1.5 mol/kg per fly ash weight) 
were studied by mercury intrusion porosimetry (MIP) method at the curing ages of 7 days and 28 days 
respectively. The water permeability of the specimens was also measured with the same curing age. The results 
indicate that the total porosity decreased when higher Na2O content was used. For specimen with lower Na2O
content, the pore structure development was very slow after 7 days curing, and the water permeability did not 
significantly decrease between 7 days and 28 days. The results also reveal that the critical pore diameter and 
the effective porosity obtained by MIP method correlate well with the water permeability of alkali activated fly 
ash. The total porosity, on the other hand, did not show consistent trend with permeability. 
Originality 
First, the pore structure and water permeability of alkali activated fly ash with different alkali contents at 
different curing ages were presented in this study. Second, the relationship between pore structure obtained by 
MIP method of alkali activated fly ash and water permeability was investigated. The main factors influencing 
the water permeability were also discussed.  
Chief contributions 
The pore structure and water permeability data provide valuable information on the durability of alkali 
activated fly ash. The main factors of pores that influence the water transport properties of the material could 
also be the main parameters determining the acid resistance and corrosion. This will contribute to the 
fundamental study of alkali activated fly ash in building materials. 

Keywords: fly ash, alkaline activator, pore structure, water permeability
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Transport properties of Geopolymer systems and their effect on 
binder permeability and durability 

Kwesi Sagoe–Crentsil, Alan Taylor and Trevor Brown  
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Abstract
The porosity and pore size distribution of cementitious matrices significantly influence transport mechanisms 
while controlling both mechanical performance and durability. This investigation aims at assessing the 
interrelationship between reaction chemistry of geopolymer cements and liquid/gas permeability using a range 
of conventional analytical tools including high and low permeability measurements and image analyses of 
matrix pore distribution. The mean water permeability coefficient values (Kw) of steam-cured 40MPa 
geopolymer concrete specimens varied linearly with applied pressure reaching 1.52E-10m/s at 525kPa water 
pressure while gas permeability(k) reached 6.19E-17m2 at 300kPa gas pressure. Measured permeability values 
were up to two orders of magnitude higher than those obtained for reference ordinary Portland cement(OPC) 
samples. Permeability decreased for higher compressive strength concrete grades although only marginal 
differences in overall pore size distribution were observed between equivalent strength grade OPC and 
geopolymer matrices. The effect of dissolution-condensation reactions on interconnectivity of capillary pore 
network structures and related transport mechanisms are examined with reference to matrix densification 
processes associated with cement hydration reactions. It is further observed that controlled mesoporous 
structure and pore refinement of steam-cured GP matrices play a significant role in defining permeability and 
diffusion rates of geopolymer matrices.  
 
Originality 
The present work draws on permeability measurements of geopolymer concrete to assess implications on long–
term durability performance of this class of binders using equivalent grade OPC concrete as a reference 
system. The quantitative assessment of gas and water permeability of structural grade geopolymer concrete, 
reported in this study, presents valuable permeability data and explores relationships between permeability, 
concrete strength and cure conditions on fluid  transport through geopolymer concrete matrices.
 
 
Chief contributions 
Increasing demand for alternative binder systems to conventional OPC binders has been dependent on the 
development of appropriate technical performance data including durability specification to gain market 
acceptance. To investigate aspects of geopolymer binder performance, conventional permeability measurement 
tools have been employed to examine basic durability parameters.   This approach provides insight into 
fundamental transport mechanisms governing Geopolymer binder system; a key requirement to develop 
durability codes for design and construction with geopolymer concrete.   
 
 
Keywords: Fly ash, geopolymer, permeability, durability, compressive strength
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Abstract

A new material for bipolar plate of proton exchange membrane fuel cells (PEMFC) was fabricated by 
composition technique using geopolymer as binder and graphite as conductive filler. Electrical 
conductivity of the composite was measured by a four-point probe resistivity determiner.The effects of 
graphite content on the electrical conductivity and the mechanical properties of this graphite-filled 
geopolymer conductive composite were observed; the effect of curing temperature on the mechanical 
performance of this composite was also investigated. The experiment results show that the conductivity of 
this composite increases with an increase of graphite content, and the mechanical performance can be 
improved by rising curing temperature. The electrical conductivity, compressive strength and flexural 
strength of the composite bipolar plate with 60vol.% graphite content, cured under 80 deg C, were 68 
S·cm-1, 32.2 and 20.5 MPa. So the graphite-filled geopolymer conductive composite bipolar plates appear 
to be a good candidate for PEMFC bipolar plates. 

ORIGINALITY: This research belongs to the field of new cementitious matrix. Because geopolymer 
possess excellent mechanical properties, such as sound thermal stability, high heat resistance to acid, fast 
setting, high strength, and long life, all of which render geopolymer fit for matrix of graphite conductive 
composite. To the best we know, there are no reports in the literature concerning conductive 
geopolymer-based composites. In our research, the graphite-filled geopolymer conductive composite 
bipolar plate is prepared by using geopolymer as binder and graphite as conductive filler and its 
electrical and mechanical properties are also investigated.  

CHIEF CONTRIBUTIONS: The graphite-filled geopolymer composite not only can lower the cost of 
bipolar plate of PEMFC, but also the synthesize technology will be greatly simplified, its flow fields can 
be machined directly by injecting and mold pressing. The setting and hardening rate of geopolymer is 
determined by the ambient temperature, raw materials and mix proportion, its rheology property can be 
well controlled by optimizing raw materials and test parameters. Our previous research showed that 
when SiO2/Na2O molar ration and mass concentration of water-glass were 1.2 and 40% respectively, 
liquid/solid weight ratio was 0.6-0.8, and ambient temperature was 10-30 deg C, geopolymer could 
maintain good fluidity within 30 minutes to ensure cast molding. 

Keywords: Polymers; Composites; Mechanical properties; Electrical properties 
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Calcium Sulfoaluminate Cements Obtained from Bauxite-Free Raw Mixes

Telesca A1, Marroccoli M, Pace ML, Valenti GL
Dipartimento di Ingegneria e Fisica dell’Ambiente (DIFA), Potenza, Italy 

Abstract 
The most important properties of calcium sulfoaluminate (CSA) cements are regulated by their key-component, C4A3$. 
Besides this compound, C2S, C5S2$, various calcium aluminates (C12A7, C3A, CA, C4AF, C2AS, CAS2), lime and/or 
calcium sulfate (in relation to the type of application) can occur in CSA cements, depending on the synthesis 
temperature as well as the nature and proportioning of raw materials. 
As far as the manufacturing process is concerned, CSA-based binders show noticeable environmentally friendly 
features. Compared to ordinary Portland cements, they are characterized by reduced limestone requirement, kiln 
thermal input and CO2 generation as well as greater usability of industrial wastes and by-products often difficult to 
reuse. Limestone, bauxite and gypsum are the main natural materials involved in the manufacture of CSA cements and 
can be usefully replaced by industrial wastes such as blast-furnace slag, coal combustion ash from both traditional 
combustors and fluidized bed reactors, waterworks slime, red mud, phosphogypsum and flue gas desulfurization 
gypsum. 
In particular, fluidized bed coal combustion waste, whose utilization is of critical importance for the success of this 
technology, has proved to be an excellent source of CaO, SO3, SiO2 and Al2O3 for the synthesis of CSA cements. 
Unfortunately, its Al2O3 content does not allow a full replacement of an expensive natural resource like bauxite and an 
integration with Al2O3 rich by-products is therefore needed. In this regard, alumina powders and anodization mud are 
worthy of consideration. The former are by-products derived from the secondary aluminium manufacture; the latter is a 
residue generated during the production of anodized aluminium elements. 
The synthesis process of CSA clinkers obtained from raw mixes (heated in a laboratory electric oven for 2 hours at 
temperatures ranging from 1150°C to 1300°C) containing limestone, gypsum, fluidized bed combustion waste and/or 
Al2O3 sources like alumina powders or anodization mud or both, was investigated in this paper, using XRD analysis as 
main characterization technique. It has been found that a very good selectivity towards C4A3$, even better than that 
achieved with the use of only natural materials, was displayed by  waste-based raw mixes. DTA-TGA analyses showed 
that CSA cements derived from synthesized clinkers behave, upon hydration, similarly to an industrial CSA cement 
obtained from natural raw materials. 

Originality 
Within the area of the sustainable production, the attention paid to the contribution of the manufacture of CSA cements 
is relatively recent. Compared to Portland cements, their decreased synthesis temperature, easier grindability and 
reduced content of clinker as well as lower limestone requirement, kiln thermal input and CO2 generation were outlined 
by several researchers. Another environmentally friendly feature of CSA cements is represented by the utilization of 
quite a few industrial wastes and by-products as raw materials for their manufacture: this is a peculiar research theme 
faced by the Authors in several publications, including also previous Proceedings of the International Congresses on 
Cement Chemistry. 
Besides the most likely increased sulfur dioxide emission, the requirement of an expensive natural material like bauxite 
probably represents the major concern related to the manufacture of CSA cement. After the wide experience made by 
the Authors with several industrial wastes, the originality of their approach consists in the attempt to use in this 
investigation Al2O3-rich by-products as full substitutes for bauxite in CSA clinker generating raw mixes. 

Chief contributions 
The assessment of the ability of industrial wastes such as alumina powders or anodization mud to entirely replace 
bauxite as Al2O3 sources for CSA cement manufacture was the main research goal. Very good results were obtained in 
terms of both selectivity towards the major constituent of CSA clinkers and hydraulic behaviour of the related cements. 
Another reached objective was to ascertain that fluidized bed combustion waste, whose utilization is of critical 
importance for the success of this technology, can be suitably used together with alumina powders and/or anodization 
mud. A further step of the research is represented by the extension of the investigation from the study of laboratory 
made synthetic preparations to the examination of pilot-scale massive productions. 

Keywords: Cement Manufacture, Raw Materials, Industrial Waste Utilization, Sustainable Development, Calcium 
Sulfoaluminate Cements
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Abstract 

Calcium Sulfoaluminate cements (CSA cements) have been known for several decades. They have become more 

and more popular over the last few years, particularly, because of the high physical mechanical performances 

and the lower environmental impact associated with the manufacturing cycle in comparison with Ordinary 

Portland Cements (OPC). In different applications, e.g. floor screeds, fast setting or rapid hardening 

formulations, CSA cements are suitably used as main or secondary constituents in cementitious binders. The use 

of binders based on CSA cements in structural concrete seems to be very promising. However, as CSA cements 

are not classified as cements according to EN 197-1, for an application in structural concrete in most cases 

these binders need a technical approval. The mix composition of CSA based systems – as already reported by 

many scientists – strongly influences the hydration mechanisms, the mineralogical phases formed during the 

hydration and the final mechanical properties. In fact, according to the mix composition, markedly different 

engineering characteristics can be obtained: rapid hardening or shrinkage compensating properties are found 

respectively when the CSA cements are used alone or blended with OPC based cements.  

In this study a binder formulation based on commercial CSA cement, produced by Buzzi Unicem, was 

investigated. Buzzi Unicem has assigned a test program to the VDZ Research Institute to investigate the 

development of the hydrated phases, the mechanical properties of mortars and concrete and the durability of 

concrete. In particular, the following test procedures according to European Standards and recommendations 

were used: compressive strengths, resistance to freeze-thaw without de-icing salts, resistance to carbonation and 

to sulphate attack. Finally, the results of all the investigations provide  general descriptions of all the features 

concerning the characteristic of CSA cements in concrete, e.g.: (1) energy saving, (2) reduced environmental 

impact, (3) availability of required raw materials, (4) mechanical performances and (5) long-term durability. A 

recommendation for the use of CSA cements in concrete is given. 

 

Originality 

Scientific literature offers many studies concerning the hydration mechanisms of systems based on CSA cements. 

However, only very few papers are available describing systematically and rigorously the concrete applications 

of a industrial CSA cements, of which most refer to study prepared in Asia (mainly P.R. of China) using concrete 

mixtures, binder compositions and testing conditions markedly different from the European Standards’ situation. 

This work describes the tests methods and the results obtained for the long-term mechanical properties and the 

durability of concrete prepared with one commercial binders, produced by Buzzi Unicem, containing CSA 

cements, Calcium sulphates by testing according to European Standards and recommendations. This paper 

rigorously analyzes these results and presents them in connection with the innovative aspects deriving from the 

development and the use of a CSA based binder.   

 

Chief contributions 

This work provides fundamental contributions regarding the use of CSA cements for concrete applications.  

The results shown in this paper can be exploited to understanding the characteristics of the performances and 

long-term durability of concrete based on CSA cements. They show the possibilities and limitations of the use of 

CSA cements for the production of concrete in structural elements according to European Standards and 

recommendations. 

 

Keywords: Calcium sulphoaluminate cement, CSA cement, durability, concrete, ettringite, carbonation, freeze-

thaw, sulphate resistance 
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Abstract 

The basic component of calcium sulfoaluminate (CSA) cement is C4A3$, it is able to produce ettringite when hydrated 

with lime and/or calcium sulfate. Commercial CSA cements generally contain calcium sulfate both included in CSA 

clinker (as anhydrite) and added to it (as anhydrite or gypsum); lime, if required, can derive from CSA clinker (as free 

CaO) or hydration of Portland cement blended with CSA cement (as calcium hydroxide). The hydration features and 

technical properties of a CSA cement, arising from a clinker without free lime, cured from 90 minutes to 180 days, both 

alone (a) and blended with Portland cement (b), were investigated in this paper. Drying-shrinkage and compressive 

strength tests were performed and the results were interpreted on the basis of the microstructural data obtained 

through XRD and DTA-TGA analyses as well as mercury intrusion porosimetry. 

Phase (a) of the investigation looked at the use of CSA cement as a high-performance binder characterized by rapid 

hardening and dimensional stability as well as high chemical resistance and reduced shrinkage. The hydration of C4A3$ 

in the presence of calcium sulphate alone quickly generates, besides aluminium hydroxide, non-expansive ettringite 

particles developing in the form of large prismatic crystals responsible for an elevated mechanical strength. The most 

relevant features of the hydration process are: 1) a high reaction rate and phase stability; 2) a considerable free water 

consumption and a reduced capillary porosity; 3) a peculiar pore size distribution shifted towards low-porosity regions. 

Phase (b) of the investigation was mainly aimed at floor concrete applications, where both high compressive strength 

and low drying-shrinkage are needed at early curing times. Blending Portland cement with CSA cement enables it to 

exploit not only the intrinsic contribution of the latter in terms of early strength and reduced shrinkage, but also the 

shrinkage-compensating effect exerted by microcrystalline ettringite particles, responsible for an expansive behaviour 

and formed by the C4A3$ reaction with water, calcium sulphate and calcium hydroxide generated by Portland cement 

hydration. The hydration process of a suitable CSA-Portland cement blend is mainly characterized by: 1) the rapid 

formation of ettringite and its dominant role among the hydration products; 2) the reduced hydration rate of C3S and 

C3A at early ages; 3) the absence of calcium hydroxide; 4) the more concentrated porosity distribution (within the 

submicronic region) compared to that of Portland cement. 

 

Originality 

CSA cements are used worldwide, often as admixtures for Portland cement, and were first applied, mainly as expansive 

binders, around the end of 1950’s. Since then, high-performance and dimensionally stable cementitious matrices have 

been developed in the 1970’s by the Building Materials Academy of China, where they are presently almost exclusively 

manufactured. The circumstance that the characteristics of a CSA based additive are generally quite different from 

those of a real cement, together with the absence of European Standards regulating the use of cements derived from 

non-Portland clinkers for structural applications, generally forced the researchers to investigate CSA cement 

formulations obtained by synthetic laboratory preparations or Chinese CSA imported clinkers. 

This research draws its originality from a long-term joint collaboration between a university department and a cement 

company that actually produces the CSA cement under investigation, with the aim of acquiring a better basic and 

technological knowledge of its hydration properties. The results of this cooperative project have in part already been 

published, also in the previous ICCC Proceedings. The present paper deals with the search for correlations between 

microstructural characteristics and technical properties of a hydrated high-performance CSA cement and extends the 

investigation to the understanding of its behaviour when blended with Portland cement. 

 

Chief contributions 

The main objective of this work was to explain the results of drying shrinkage and compressive strength tests carried 

out on a high-performance CSA cement cured alone and in mixture with Portland cement, on the basis of 

microstructural data on the paste-hydrated cements. The role played by composition and proportioning of both 

cements, reaction rate of their constituents, nature of their hydration products as well as water consumption and pore 

size distribution in the hydrated systems, was elucidated. 

Applications for general structural purposes as well as pre-cast products and concrete pavements were envisaged. 

 

Keywords: Calcium Sulfoaluminate, Ettringite, High-Performance Cements, Expansion, Shrinkage Compensation
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Abstract 
Calcium sulfoaluminate (CSA) cements are attracting increasing attention because of their lower energy and CO2 

emissions during clinkering compared to portland cement.  However, CSA cements do not have a standard phase 

assemblage, which makes it difficult to compare results across experimental studies.  Hydration behavior and property 

development are highly dependent on phase composition, yet these relationships are poorly defined in the literature.  In 

this study, the effect of phase composition on hydration and properties of laboratory-synthesized CSA cements was 

explored.  Specifically, the ratio of C4A3 to C2S was varied, while C4AF and C contents were held constant. Clinkers 

were synthesized from reagent-grade chemicals as well as combinations of natural raw materials and wastes.  Gypsum 

content was optimized and the resulting cements were analyzed for hydration rate, compressive strength development, 

and dimensional stability.  A clinker composition was optimized with performance characteristics similar to portland 

cement, with the idea that similar performance will facilitate acceptance and use.   

 

Originality 
Many studies on CSA cements examine only one clinker composition or examine clinkers whose compositions are 

incompletely or only qualitatively characterized.  In this work, the composition-property relationship is specifically, 

systematically, and quantitatively investigated leading to a more rigorous examination.    

 

Chief contributions 
The chief contributions of this work lie in the development of a clinker composition optimized for performance and the 

refinement of composition-property relationships.  Both of these are important contributions to the research community 

to serve as a starting point for further work, but also to future efforts at standardizing and implementing these cements. 

 
Keywords: calcium sulfoaluminate, ye’elimite, phase composition, hydration 
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Abstract 
Two different binders composed of Portland cement, calcium sulphoaluminate clinker and calcium sulphate were 
studied, one containing gypsum and one containing anhydrite. To obtain sufficient time to cast the samples, an organic 
retarder was used. A study combining various analytical techniques on solids and extracted pore solutions coupled to 
thermodynamic modelling was needed to fully understand the hydration process and to determine the composition of 
the crystalline and of the X-ray amorphous hydrates present in the binders. On that purpose, X-ray diffraction, Rietveld 
refinement, thermogravimetry, ion chromatography and thermodynamic modelling were applied. Results show that the 
overall hydration mechanisms are similar in presence of gypsum or anhydrite, the main difference being in the kinetics 
of reactions due to the slower dissolution of anhydrite compared to gypsum in the presence of retarder. The hydration 
starts with the formation of ettringite and X-ray amorphous hydrates. In the anhydrite-bearing system, the ettringite-
forming reaction is stronger delayed by the addition of the retarder. Therefore, a significant amount of X-ray 
amorphous hydrates form before ettringite starts crystallizing. The volume of the hydrates amorphous fraction in the 
two ternary binders constantly increases. It is composed of different phases and its chemical composition is changing 
over time. During early hydration, it is mainly composed of aluminium hydroxide and strätlingite, while in the 
anhydrite-bearing system it can additionally contain monosulphoaluminate. At later ages, the aluminium hydroxide 
content decreases and additional monosulphoaluminate and C-S-H are formed. 

Originality 
This work presents a study combining pore solution analysis, hydrate phases quantification and thermodynamic 
modelling of rapid hardening binders containing Portland cement, calcium sulphoaluminate clinker and calcium 
sulphate. The quantification by Rietveld refinement of the anhydrous and hydrate phases in these very complex 
hydrating binders is challenging, the systems being composed of up to eleven crystalline phases (including solid 
solutions) and of a mix of various X-ray amorphous hydrates. 

Chief contributions 
One main application of calcium sulphoaluminate cements is their use in rapid hardening ternary binders based on 
Portland cement, calcium sulphoaluminate cement and calcium sulphate. However, the hydration processes of such a 
system are very complex. In our study we could show by Rietveld refinement of X-ray diffraction patterns that besides 
crystalline phases, mainly ettringite, a big part of the hydrates are X-ray amorphous. A mass balance calculation 
revealed that the amorphous hydrates mainly consist of monosulphoaluminate, other AFm-type phases like strätlingite 
as well as C-S-H. 

Keywords: Calcium sulphoaluminate cement, calcium sulphate, pore solution, X-ray amorphous hydrates, ternary bind-
ers
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Abstract 
This paper reports the first leaching experiments performed on calcium sulfoaluminate (CSA) cement-based materials 
according to a standard test developed to understand and model the degradation processes of cement pastes.  
Two pastes (w/c = 0.55) were prepared with a ye’elimite-rich binder (68.5% in the clinker, against 15.9% C2S) 
containing 0% (CE0t) or 20% gypsum (CE2t). They were submitted to a brief thermal cycle at early age, as may occur 
in a massive structure, and subsequently cured for three months (20°C, 95% R.H). Some cylinders were then leached in 
deionised, decarbonated and thermo-regulated (20 ± 1°C) water under nitrogen atmosphere. The composition of the 
leaching solution remained constant during the tests, with a pH maintained at 7.0 by adding nitric acid in the reactor. 
The leaching solution was renewed when the volume of added nitric acid reached 1% of the solution volume. After each 
renewal, the solution was analysed by ionic chromatography and OES-ICP. At the end of the experiment, the 
mineralogy of the leached zone was assessed by scraping progressively the samples from the external surface to the 
sound core using a micromilling machine. With a combination of XRD, TGA, and SEM/EDS analyses, it was possible to 
determine the phases within slices of approximately 100 m thick, parallel to the leached surface.  
The cumulative quantities of Ca2+, OH- and SO4

2- ions in the leachates increased linearly versus the square root of time, 
showing that leaching was controlled by diffusion. The gypsum-free material exhibited the highest decalcification rate. 
Examination of the solid samples after three months revealed three zones:  

- the surface layer, highly porous and composed of aluminium hydroxide, perovskite and C-(A)-S-H (thickness: 
200 (CE0t) to 400 µm (CE2t)), 

- an intermediate zone, less porous, in which several precipitation and dissolution fronts occurred (thickness: 
1300 (CE2t) to 2200 µm (CE0t)), 

- the sound core.  
The hydrated phase evolution along depth was accurately determined and was qualitatively reproduced with a model 
coupling transport by diffusion and chemical reactions. 

Originality 
Calcium sulfoaluminate cements (CSA) are regarded as a possible low-CO2 alternative to Ordinary Portland cements 
(OPC). However, the hydration reactions and equilibria in CSA cements are complicated and not as well defined as for 
OPC. Moreover, information on the degradation mechanisms of CSA cement pastes under leaching conditions is very 
limited and either focussed on the leached solid or on the leachates. Besides, no attempt has been made to model the 
leaching of these materials due to their very different mineralogy as compared to OPC pastes. 
This article reports some leaching experiments, obtained by a robust methodology previously developed on OPC 
pastes, on two CSA cement pastes under controlled conditions (pH, temperature, chemistry of the aggressive solution), 
in which both the solids and the solutions were carefully analysed. Based on these results, a first modelling approach is 
proposed, aiming at predicting the extent of degradation of a CSA cement paste by the action of pure water and the 
mineralogical evolutions involved. 

Chief contributions 
This paper provides results for a better understanding of the durability of CSA cement-based materials under leaching 
conditions. It also shows the feasibility to model the degradation of these materials using a reactive transport model, 
using an approach similar to that previously developed for Portland cement. 

Keywords: calcium sulfoaluminate cement, leaching, reactive transport, modelling

                                                
* Corresponding author: Email celine.cau-dit-coumes@cea.fr Tel +33 4 66 39 74 50, Fax +33 4 66 33 90 37 



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 157

M-4

T-5

W-6

TH-7

F-8

AREA 3 - Oral CommunicationSession 15 / 6 July / 15:00-17:10                  Paper 622

Hydration of a Belite-Calcium Sulfoaluminate-Ferrite cement : AetherTM  

Morin V1*., Walenta G.2*
Gartner E., Termkhajornkit P., Baco I., Casabonne J.M. 

LAFARGE Research Centre, 95 Rue du Montmurier, 38291 Saint-Quentin-Fallavier, FRANCE 

Abstract 
We used multiple techniques to study the paste hydration, and w/c = 0.50, of a Belite-Calcium Sulfo-Aluminate-Ferrite 
(AETHERTM) cement containing about 48% belite (C2S), 28% ye’elimite (C4A3$), 18% ferrite solid solution (C2(A,F)) 
and 6% anhydrite, over 6 months at 20°C. The XRD-Rietveld method was used in order to identify and quantify the 
different crystalline in the clinker and cement as well in their hydration products, and to estimate the total amount of 
amorphous phases. TGA and DTA methods were used to confirm the XRD data, and to characterize the main 
amorphous hydrate phases formed (AH3 and C-S-H). Isothermal calorimetry and pycnometry were used to measure the 
overall hydration rate, and gave results in reasonable accord with the other methods. The hydration could be divided 
into three principal steps: initial rapid hydration of ye’elimite plus anhydrite to give ettringite in the first few hours plus 
an amorphous hydrated alumina (AH3), followed by a slow reaction period of 2-3 days, after which belite hydrates, 
consuming AH3 to form strätlingite. Finally, belite and ferrite phases continue to hydrate slowly, consuming strätlingite 
and giving C-S-H plus an iron-rich siliceous hydrogarnet. Ettringite formed initially persists throughout the hydration 
and calcium monosulfoaluminate hydrate (AFm) is also formed, increasing slowly in amount, apparently due to slow 
hydration of residual ye’elimite physically “trapped” inside large clinker particles.

Originality 

This work represents a more thorough study than previously published of the hydration of this new class of cements, 
which appear to represent a novel and important approach to producing hydraulic cements with lower manufacturing 
CO2 emissions. The analytical methods have been refined relative to previous studies, especially the Rietveld XRD 
technique, which now permits a reasonable quantification of the total amount of amorphous phases. Comparison of the 
degree of hydration of individual phases measured by specific techniques (XRD, TGA and DTA) with the more general 
“bulk thermodynamic” techniques of calorimetry and pycnometry shows reasonable agreement although calorimetry is 
not usable for more than the first few days due to baseline errors at low hydration rates.  

Chief contributions 
The most novel conclusion of this work is the observation that the observed slow continuous formation of 
monosulfoaluminate AFm phase throughout the hydration of BCSAF cement is almost certainly due to hydration of 
ye’elimite crystals “trapped” inside large clinker grains, such that it cannot hydrate until the surrounding belite and 
ferrite phases have been consumed. 

Keywords: Belite, calcium sulfoaluminate, cement, hydration, CO2 emissions.

                                                
1 Corresponding author: Email vincent.morin@lafarge.com Tel (+33) 474 82 18 24, Fax (+33) 474 82 80 11 

2 Corresponding author: Email gunther.walenta@lafarge.com  Tel (+33) 474 82 18 28, Fax (+33) 474 82 80 11 



158 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 3 - Oral Communication 15:00-17:10 / 6 July / Session 15Paper 159



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 159

M-4

T-5

W-6

TH-7

F-8

AREA 3 - Oral CommunicationSession 15 / 6 July / 15:00-17:10                  Paper 225

       
    

 

        
           

 
 
 
 
                 
                  
              
              
          
  
                  
                 
                    
               
      α   α 
 
                  
                    
                    
                  
               
                  
                
                    
                   
                      
                   
                    
                
                     
 
 
                  
                    
               
            
              
  
                  
                 
            
 
  
                
                
                
                  
                
              
         
 
      
 

                                                 
       



160 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 3 - Oral Communication 15:00-17:10 / 6 July / Session 15Paper 417

Application of γ-2CaO･SiO2 for  High Durability Concrete
1Minoru Morioka1*
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Abstract
Before starting development of life-extended concrete, the authors searched the hints by surveying the relics of the 
ancient Roma, Egypt and China. It was clarified that as the common point of these ancient concretes remaining for 
ultralong-term, carbonation had advanced. Carbonation had been considered an undesirable phenomenon in the past, 
since it neutralizes concrete of alkalinity and induces the corrosion of reinforcing steel. However, the authors found that 
by adopting a technique to actively carbonize concrete through blending it with a specific admixture, it was possible to 
remarkably densify concrete and suppress the successive penetration of carbon dioxide and chloride ions. This 
technique could also remarkably reduce the eluviation of calcium ions as described below, resulting in success in life 
extension. EIEN has high mechanical strength and high bending toughness, and it also has small change rate in length 
and small diffusion coefficient. Its striking feature is solubility, which is smaller than that of common concrete by four 
digits. EIEN has received carbonation curing, which forces to modify the CaO component to sparingly-soluble calcium 
carbonate, its solubility is remarkably small. The leaching phenomenon of Ca ions becomes a fatal defect, when the 
long-term durability of concrete is considered3). In addition, this phenomenon is the cause to change the surrounding 
environment of concrete to high alkalinity, which may affect vegetation environment, aqueous environment and 
ecosystem. EIEN, whose CaO component has been converted to neutral calcium carbonate, does not generate such 
problems. In addition, EIEN confines CO2, as a greenhouse effect gas, into concrete when carbonation curing is applied. 
This is the reason why EIEN is earth-friendly and environment-friendly.

Originality
As a result of pursuing the life extension of concrete to the utmost limit, the life-extended concrete “EIEN” has been 
developed. EIEN named after “Earth, Infinity, ENvironment.” In keeping with this name, EIEN is an earth-friendly and 
environment-friendly life-extended concrete. EIEN can be said to have been born from the combination of reverse ideas, 
because this material was born from the “material” and “curing method” that cannot be applied from common sense 
on conventional concrete. This paper introduces the outline of EIEN

Chief contributions
By making use of the high salt interception performance and leaching resistance of EIEN, it is applied to the repair of 
piers, which are under severe conditions of salt environment. The cases of buried formwork and pier repair using EIEN 
are shown in Photograph 1. In addition, as usage to make use of the features of low pH and leaching resistance, 
applications to vegetation concrete, water utilization facilities and water supply facilities are planned. Large 
expectation is also given to EIEN in the construction field of radioactive waste treatment plants, which requires the long 
life of facilities.

Keywords: Neutralization, Carbonation reaction, Self protection effect, γ-2CaO･SiO2,Iintelligent materia, Durability.
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Alkali-Activation of Slag Cements:  
Activation Process, Microstructure and Mechanical Properties 

 

1Puertas F*, 1Varga C  
1 Instituto de Ciencias de la Construcción Eduardo Torroja (IETcc-CSIC) Madrid, Spain 

2Palacios M 
2 Institute for Building Materials-ETH Zurich, Switzerland 

3Pellerin B, 3 Eychenne-Baron, C, 3Babayan D, 3Boustingorry P, 3Elkhadiri I.
3 CHRYSO, S.A.S.,Isys Le-Moulineaux- France

Abstract
Blended cements are more environmentally friendly than ordinary Portland cements (OPC), for their manufacture is 
less energy-intensive, emits less greenhouse gas into the atmosphere and entails the re-use of industrial by-products 
such as granulated blast furnace slag. Of the 27 cements listed in European standard EN 197-1:2000, seven contain 
slag, in proportions ranging from 6 to 95 %. The advantages of slag-blended cements include not only the energy 
savings and lower pollution involved in their manufacture, but also their high mechanical strength at older ages and 
long durability due to their fine pore structure. They do have drawbacks, however, most prominently their low early age 
strength, particularly in the case of CEM III cements. For this reason, the aim of the present study was to raise the 
early age mechanical strength of slag cements CEM III (EN 197-1) through alkali activation. The activation process, 
hydration product structure and paste and mortar microstructure were studied in detail. 
Four cements were used, CEM I (as a reference) and three CEM III cements differing in their slag content (50, 70 and 
90 %). Waterglass (Na2O·nSiO2·mH2O) solutions with 5 % Na2O by slag mass were used as activators. Cement paste 
activation was studied by conduction calorimetry and the products were characterized mineralogically and 
microstructurally. Finally, the mechanical strength and porosity of these waterglass-CEM III cement mortars were 
determined. Conduction calorimetry, in conjunction with the XRD results, showed that alkaline activation grew more 
intense with rising slag content. In contrast, the waterglass solution inhibited ordinary Portland cement hydration 
significantly. The BSE/SEM/EDX results confirmed the formation of two C-S-H gels in waterglass-CEM III cements, 
one attributed to Portland cement hydration and the other to slag activation. The 29Si MAS NMR spectra showed that a 
cross-linked C-A-S-H gel formed as an outcome of slag activation. In this C-A-S-H gel, Si was partially replaced by Al 
in bridge positions. Chain length also rose with slag content in the cement, to a maximum of 10 links in the 7-day 
cement containing 90 % slag. Mechanical strength increased with the slag content. Specifically, mortars prepared by 
mixing cement with 90 % slag and a waterglass solution with 5 % Na2O were comparable to CEM I mortars and three 
times stronger than mortars prepared with water. These high strength values may be due to the generation of a more 
intensely polymerized and cross-linked C-A-S-H gel and low mortar porosity.   

Originality 
A number of studies have been conducted to explain hydration in slag-blended cements and the alkaline activation of 
(clinker-free) blast furnace slag. On the contrary, very few studies have addressed the alkaline activation of slag-
blended cements and its effect on the nature of the hydration products or cement and mortar microstructure and 
macroscopic properties, primarily mechanical strength. The present paper reports on an in-depth, meticulous study. 
The findings reveal the beneficial effect of the alkaline activation of CEM III cements on mechanical strength, 
particularly in cements containing more than 70 % slag. This rise in mechanical strength is directly related to the 
nature of the hydration products formed and paste and mortar microstructure. 

Chief contributions 
In the present study, the mechanical strength of slag-blended cements was raised three-fold by waterglass activation, 
generating cements comparable in strength to, but more environmentally friendly than, ordinary Portland cements. The 
microstructural studies conducted indicated the coexistence of two C-S-H gels in waterglass-CEM III cements: one 
attributed to Portland cement hydration and the other to the alkaline activation of slag. The latter was highly 
polymerized and cross-linked. The low porosity of the mortars resulting from the formation of this cross-linked C-A-S-H 
gel explains their higher mechanical strength. Finally, the present study found that the dissolution of the silicate and 
aluminate phases in Portland cement is inhibited in the presence of waterglass, confirming that this alkaline solution 
significantly curbs Portland cement hydration. 

Keywords: CEM III, alkaline activation, C-S-H gels, C-A-S-H gels, mechanical strength 
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The hydration mechanisms of alkali activated slag systems (AAS) 
with different MgO content 

Ben Haha M.* 
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Lothenbach B. 
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Winnefeld F. 
Empa, Swiss Federal Laboratories for Materials Science and Technology, Dübendorf, Switzerland 

Abstract 

The hydration mechanisms, the microstructure and composition of alkali activated ground granulated blast fur-
nace slag (GGBFS)  pastes with varying MgO content of the slag  using different alkaline activators have been 
investigated to understand the effect of the MgO content on the kinetic, strength development and the kind and 
amount of hydration products formed. The hydration up to 180 days was studied for 3 different slags, using sev-
eral techniques including X-ray diffraction (XRD) and thermogravimetry (TGA). Scanning electron microscopy 
(SEM) techniques were used to calculate the degree of hydration from backscattered electron (BSE) images us-
ing SEM image analysis (SEM-IA) and to determine the nature of hydration products using energy dispersive X-
ray spectroscopy (EDS) analysis.  

The type of alkaline activator and the MgO content of the slag influenced the kinetics of the reaction. The higher 
the MgO content the faster was the reaction, and a higher degree of reaction was observed at all ages. Higher 
MgO content resulted also in higher compressive strengths after 28 days for water glass (WG) activated slags. 
C-S-H with a significant Al content (C(-A)-S-H) and hydrotalcite were found to be the most important hydrates 
phases in the different alkali activated slag systems. In the high MgO slag systems more hydrotalcite was 
formed and a lower Al uptake in the C(-A)-S-H was observed.  

ORIGINALITY 

The activation of  slags exhibiting a poor reactivity is a challenge, as the chemical composition of the slag can 
have a large influence on the relative amount of the different hydrates that form and thus on the volume of the 
hydrated products. The investigation of slags containing different MgO contents allows studying the influence of 
MgO content on reactivity, strength, the composition of the hydrate assemblage and microstructure.  

CHIEF CONTRIBUTIONS 

The combination of experimental investigation of the kind and amount of hydrates formed, thermodynamic mod-
elling, with the determination of strength and the development of the microstructure allows identifying the im-
portant factors influencing the reactivity and the strength development in the alkali activated slags. In addition, 
the investigation of slags with different MgO content give insight into to effect of MgO on microstructure, hy-
drate assemblage and the strength development.  

*Corresponding author: Email: mohsen.ben-haha@empa.ch Tel: +41 44 823 47 49   Fax: +41 44 823 40 35
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The Effect of Si/Al Ratio on the Strength Development and Microstructure of 
Fly Ash and Slag Based Geopolymers 
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2Perraki T, 2Perraki M,
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Abstract 
This work is a comparative study on the strength development and microstructure between fly ash and ground 
granulated blastfurnace slag based geopolymers. Both raw materials are industrial by products but they vary as far as 
origin, chemical composition (especially Ca content) and mineralogy are concerned. Fly ash and slag based 
geopolymers, with Si/Al molar ratios varying from 1.5 to 4.5, were prepared and their compressive strength was 
measured. X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Infrared Spectroscopy (FTIR) were 
applied in order to examine the mineral composition and microstructure of the final products 
The compressive strength of geopolymers was found to depend systematically on the Si/Al ratio, with the maximum 
being 45.52 MPa for a Si/Al ratio of 2.5 in the case of fly ash and 112.7±2 MPa for a Si/Al ratio of 3.5 in the case of 
slag. The Si/Al ratio affects also the mineral composition and the microstructure of the final products. Low ratios 
favour the formation of crystalline compounds (mainly zeolites), while high ratios seem to inhibit the alkaline 
dissolution of the raw materials. In both cases, a reduction of compressive strength was observed. The similarities and 
differences of microstructure between fly ash and slag based binders and the incorporation of Ca in the geopolymeric 
matrix are also discussed. 

Originality 
Fly ash and ground granulated blastfurnace slag are both industrial aluminosilicate by-products but they vary as far as 
chemical and mineral composition is concerned. This work is a comparative study on their alkali activation, aiming to 
explore the similarities and differences of strength development and microstructure between fly ash and slag based 
binders and the incorporation of Ca in the geopolymeric matrix.

Chief contributions 
Given the EU regulations, it is crucial to develop new technologies that allow the recycling of industrial wastes into 
added-value products.  This work concerns the utilization of fly ash and ground granulated blastfurnace slag as raw 
materials for the synthesis of alkali activated aluminosilicate binders and contributes to a thorough knowledge on 
their properties and structure. 

Keywords: Geopolymers, Fly Ash, Slag, Microstucture, Compressive strength 
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Magnesia Modification Alkali-Activated Slag Fly Ash Cement: A Low 
Carbon Cement 
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Abstract

Alkali-activated cement attracts increasing attention due to its low carbon emission and its consumption of solid 
waste; however, its high tendency to crack is one of the limiting factors to its utilization. In this paper a new type 
of magnesia modification alkali-activated cement was prepared, the strength, setting time, shrinkage ratio and 
cracking behavior, as well as the composition and structure of hydration product of it were investigated in this 
paper; the composition and structure of hydration product of this alkali-activated cement were observed, its 
hydration process was also studied. The results indicated that the setting time of this cement is similar to the 
ordinary commercial cements; its strength reaches the standard of 42.5 degree cement, its cracking resistance 
has been remarkably improved because of the micro-aggregate effect of fly ash and shrinkage compensating of 
magnesia. 

ORIGINALITY:In this paper a new type of alkali activated slag and fly ash cement modified by light burn 
magnesia was invented, the light burn magnesia can hydrate rapid and have no effect on the soundness of the 
cement, but the expansion resulted by it can compensate the shringkage of the alkali activated slag and fly ash 
cement, to of  this cement has very low carbon emission.

CHIEF CONTRIBUTIONS: 
In this paper a new type of low carbon emission and low shrinkage cement was prepared;
The optimum proportion of this cement was studied; 
Properties of this cement were studied; 
The hydration product and microstructure of this cement was studied. 

Key words: alkali-activated cement; crack; magnesia; volume stability; hydration 
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Durability of Activated Composites of Metakaolin and  
Blastfurnace Slag in HCl and MgSO4 
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Abstract 
 
This investigation examines the chemical durability of alkali activated cement pastes manufactured using combinations 
of metakaolin (MK)/ blast furnace slag (BFS). Two testes were used to determine the performance of the materials. The 
testes involved immersion of samples with composition; BFS/ MK weight ratio (100/0, 80/20, 50/50, 20/80 and 0/100), 
modulus of the alkaline solutions of sodium silicate (Ms=SiO2/Na2O at 1) and %Na2O (5%, 10% and 15%) for a period 
of 1 year into solutions 0.5N of hydrochloric acid (HCl) and magnesium sulfate (MgSO4). The samples were 
characterized on compressive strength, dimensional stability, products of degradation and microstructural changes. A 
mixture composed with 50%BFS and 50% cement Portland (CP) was used as reference. 
 In the HCl solutions, after 1 year the most significant strength reduction was manifested for samples 100-0;Ms=1;5% 
Na2O, 80-20;Ms=1;10% Na2O, 0-100;Ms=1;15% Na2O and 50CP-50EAH which showed the worst performance with 
strength losses of >52%. On the other hand samples with 50-50; Ms=1;10% Na2O had the best performance with 2% of 
strength reduction. In the magnesium sulfate solution samples with >50%BFS were hardly deteriorated while systems 
with >50%MK presented augment in their compressive strength. Samples with ≥50 %MK showed the best dimensional 
stability in the both chemical environments with length changes minor than 0.02% after 1 year. In acidic media, the 
deterioration of the samples appeared to be connected with the migration of ions Ca, Na, Al and Mg into solution 
promoting the formation of secondary phases as NaCl , however in presence of MgSO4 the formation of expansive 
phases as: Mg(OH)2, gypsum and Na2CO3 were the cause of deterioration of the pastes.  The final observations 
suggested that the combination of the reaction products derived of the MK reaction (geopolymeric gel N-A-S-H) and 
BFS (C-S-H) gave place to the formation of microstructures chemically more stables than those obtained from the 
single chemical activation of the BFS and MK. 
 

Originality 

The durability of alkali activated cements is a subject of interest in the literature; however, the number of contributions 
available is quite small.  The number of papers dealing specifically with composite cementitious materials based on 
metakaolin and blast furnace slag is even more limited.  Such cements enhance the widely accepted ecological 
advantages of the activated metakaolin cements, by means of the incorporation of an industrial waste. Moreover, the 
resulting properties make these composites very promising for field applications. 

 
 
Chief contributions 

Studies on activated composite cement of metakaolin and blast furnace slag are scarce in the literature. The subject of 
chemical durability is of chief importance in order to understand how these cements perform in harsh environments 
where Portland cement is known to perform poorly.  This contribution presents new results on the durability of alkali 
activated cements subjected to chemical attack of HCl and MgSO4 for up to 1 year.  The results are useful to widen the 
understanding of the resulting properties of these cements 

 
 
 
Keywords: Alkali activated cements, Composites of BFS-MK, Geopolymers, acid attack, sulfate attack
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Due to the Leaching Process  
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Abstract

This paper investigates the resistance of alkali-activated binder to leaching. This type of binder was 
obtained by alkali-activation of blast-furnace slag. The slag was activated by aqueous solution of 
sodium silicate. The resistance of alkali-activated slag to leaching was studied on mortar prisms, with 
the use of an accelerated test with concentrated solution (50%) of ammonium nitrate at 20oC. Strength 
of mortar was determined after 30, 60, and 90 days of exposure to ammonium nitrate solution. 
Portland-slag cement (CEM II/А-Ѕ 42.5R) was used as the reference material.  
After 30 days of exposure to ammonium nitrate solution the strength of alkali-activated slag, with 
respect to control samples, was slightly reduced (about 5%). At the same time the reference Portland-
slag cement sample showed drastic strength reduction (over 50%). After 90 days of exposure the 
reduction of Portland-slag cement strength was over 80%. In the case of the reference cement sample, 
significant loss of portlandite, i.e. calcium, was established by X-ray and scanning electron microscopy 
(SEM/EDS) analysis. The loss of calcium lead to a progressive decalcification of calcium–silicate–
hydrates (C–S–H), drastic reduction of strength and destruction of the samples studied. In comparison 
with the reference cement sample decalcification of alkali-activated slag was a very slow process, 
whereby a minor change in the structure was observed.  
Based on the results of investigation it can be concluded that alkali-activated slag has showed high 
resistance to leaching. 

 
ORIGINALITY: The tests of alkali-activated slag durability are most commonly related to the acid 
corrosion resistance, chloride penetration, carbonation, and alkali–silica reaction, but seldom to 
resistance to leaching (decalcification). Different test methods were developed to perform mortar 
and/or concrete decalcification experiments. Immersion tests in water (deionized or mineralized) are 
mainly used for characterizing the leaching process. Since calcium leaching is a relatively slow 
process, various accelerated tests have been developed. In this work, the resistance of alkali-activated 
slag to leaching was investigated by using accelerated test with concentrated solution (50%) of 
ammonium nitrate
 
CHIEF CONTRIBUTIONS: Decalcification changes the bulk density and the pore structure of the 
hydrated cement paste. The use of supplementary cementing materials, combined with adequate curing, 
decreases the permeability of mortar and concrete and changes the kinetics of calcium leaching. The 
beneficial influence of supplementary cementing materials is due to the reduction in the initial 
portlandite content and to a significant reduction of the transport properties of the mixtures. The 
results of these investigations provide useful information for better understanding of the leaching 
process of alkali-activated binders and for the long term service predicting. This investigation could 
help to open the way to a wider practical application of alkali-activated binder. 
 
Keywords: alkali-activated slag, leaching, strength
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Chatterjee A.K. 
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A  Abstract 
 
Since in India the generation of electricity is overwhelming dependent on the combustion of high ash coal, the 
present availability of fly ash has already exceeded 130 million tones and its generation is likely to touch 170 
million tones by 2011-12. Although the present utilization of fly ash is close to 50 per cent of the quantity 
generated, the country-wide directive is to effectively utilize the entire quantity that would be generated by the 
year 2011-12 and thereafter. 
 
In this backdrop a parallel line of development that is being explored is the formulation of an alkali activated fly 
ash binder. But the Indian fly ashes with very low glass formation and high alumina content do not necessarily 
respond to the alkali activation to the desired extent. 
 
Keeping this in view, a study has been conducted with five highly crystalline fly ashes from five different sources 
in two ways in our laboratory : first, on the possibility of re-vitrifying the fly ashes with and without fluxes, and  
second, on the alkali response of these fly ashes without any re-vitrification. This paper deals with the 
experimental results pertaining to the reaction trends and potential of crystalline fly ashes for such thermal and 
chemical activation. 
 
Keywords: Alkali activation, fly ash, glass formation, alkali silicates. 
   
Introduction 
 
A highly potential alternative to Portland cements is strongly emerging through the development of a 
class of clinkerless alkali activated binders essentially containing slag, fly ash or their combinations. 
The alkali activation of slags has been extensively studied (1-5). The broad observation of these 
studies has been that blast furnace slag containing lime-silica glass predominantly gets activated by 
the relatively mild alkali solutions, producing CSH gel. So far as the class F fly ash is concerned, the ˚ 
of activation is not only dependent on the strength and type of the activating agents but also on the 
glass content and alumina content of the fly ash. It is also reported that the reaction products of glassy 
fly ashes are zeolite in nature, which has led to the wider adoption of the term “geopolymer cements” 
for such binders. (6, 7) 
 
In this background an attempt has been made to evaluate the potential of Indian fly ashes showing 
very low glass formation and significantly high alumina content either to be re-vitrified for enhanced 
glass content or for the direct alkali activation so that such fly ashes become more amenable to form 
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Influence of Admixtures on Phase Development in Ternary Binder Systems  
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Abstract 

Ternary binder systems contain calcium aluminate cement (CAC), ordinary portland cement (OPC), and a sulphate 
compound (Anhydrite (AH) or Hemihydrate(HH)) as hydraulic components. Such binders are used e.g. in grout or self-
levelling underlayment. 
The investigated mixtures contained varied amounts of CAC, OPC and AH/HH. The general outline was approximately 
1/3 binder, 1/3 quartz sand, 1/3 lime stone powder. To adjust setting and flow Lithium Carbonate and Melflux 2651 F 
were used. 
In-Situ-XRD has been used fort the investigations: A mortar paste was mixed, filled into a sample holder and then 
covered with a Kapton foil. Such a sample was repeatedly measured for 24 hours. The measurement time for a single 
measurement was about 5 minutes. 
According to the phase composition after 24 hours the binder system can be divided into 2 main groups (CAC-rich, 
OPC-rich). Additionally, Mortars with CAC as the only hydraulic compound can be distinguished from the CAC-rich 
mortars. This is not possible forthe pure OPC mortar. 
In CAC-mortars only AFm-phases (mono- and hemicarbonate) were found. In CAC-rich mortars AFm- and AFt were 
found. And in OPC-rich mortars Portlandite and AFt were formed. 
As expected the admixtures did change the dynamics of phase development. In some cases the admixtures did also 
change the phase composition. 
Phase development in CAC mortars is a sequence of temporarily formed C2AH8 followed by hemicarbonate and finally 
monocarbonate. When Melflux is used, an additional AFm phase is formed synchronously to hemicarbonate. When the 
system is accelerated with Lithium Carbonate the formation of C2AH8 is suppressed. 
In CAC-rich mortars with HH the sequence of phases is at first Ettringite followed by temporarily formed Gypsum and 
finally hemicarbonate. Lithium Carbonate accelerates the formation of hemicarbonate. If AH is used instead of HH 
only Ettringite is formed. 
In OPC-rich mortars the phase formation sequence is Ettringite followed occasionally by Portlandite. Melflux retards 
the formation of Portlandite. With accelerator and retarder AFm is found instead of Portlandite.  
 

Originality 

Focus of the actual study is on complex binder systems (real products). Comparable studies known to the authors deal 
with less complex model systems. There are especially no other studies known where additives are varied systematically 
and the mortars are studied with In-Situ-XRD.  
 

Chief contributions 

In the actual study basic scientific methods are applied on complex binder systems (real products). The scientific 
contribution is the combination of basic science and commercial applications.  

 

Keywords: ternary bindersystem, phase formation, additives 
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Abstract 
By controlling the particle size distribution of low-heat and moderate-heat Portland cement clinker so as to 
increase the packing fraction, cement materials have been designed that form a high-strength concrete with 
high fluidity and compressive strength at a low water-to-cement ratio. A strong correlation was observed 
between concrete fluidity and the packing fraction as determined from a simulation program capable of 
calculating the packing fraction of powder particles from a given particle size distribution. Using low-heat 
Portland cement clinkers ground to powders with several particle sizes, suitable mix proportions for yielding 
high fluidity were determined using a packing simulation program. Using cements with these adjusted particle 
sizes as well as commercially available cement with the standard particle size, studies were carried out on the 
fluidity, reactivity, and structure of pastes as well as the properties of the mortars. The particle size distribution 
that most effectively increases the packing fraction, as determined using the packing simulation program, is a 
two-component mixture of particles with different particle sizes. The packing fraction increases as the difference 
between the two particle sizes increases. The apparent viscosity of cement pastes at a low W/C decreases with 
the use of a cement having a larger packing factor. On this basis, the authors propose ultra-high-strength 
cement with high fluidity even at a water-to-cement ratio of 20% or less, in which the particle size distribution is 
adjusted without using silica fume.  
 
Originality 
Conventionally, the N value of the Rosin-Rammler distribution equation has been used, as the parameter 
representing the spread of particle size distribution, in evaluating the characteristics and packing fraction of 
powders. In this research, the packing fraction of powders was determined using a packing simulation program. 
This program calculates the void fraction (packing fraction) by incorporating a statistical technique into the 
model proposed by Suzuki et al. and taking into account geometrical factors, such as coordination number and 
particle size ratio, from a given particle size distribution. The suitable particle size distribution of low-heat and 
moderate-heat Portland cement was determined using a packing simulation program. Mortar made using low-
heat cement with an adjusted particle size distribution has a flow of 300 mm or more even at a W/C of 0.17 in 
flow tests without tamping. The compressive strength of this mortar is 172 N/mm2 at an age of 91 days. 
 
Chief contributions 
In order to manufacture ultra-high-strength concretes with compressive strengths of 100 N/mm2 or higher, it is 
necessary to reduce the water-to-powder ratio (W/P) below 0.25 while ensuring that workability is maintained. 
Conventionally, cement mixed with ultra-fine silica fume is used to obtain ultra-high-strength concrete. 
However, silica fume is an import and it is known that the physical properties of cement paste, mortar, and 
concrete vary with the brand of silica fume and even among different manufacturing lots. The objective of this 
research is to design cement materials that enable ultra-high-strength concrete with excellent workability to be 
produced without the need for silica fume, which, as noted above, presents problems with handling and quality 
control. It is expected that this research will lead to realization of an ultra-high-strength concrete having high 
fluidity at reduced water-to-binder ratios through the combined use of silica fume and cement. 
 
Keywords: High Strength Cement, Packing Fraction, Low-heat Protland cemen. Moderatehea Portland cement 
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Abstract 
Global warming, caused by the emission of greenhouse gases, is now a serious problem. CO2, which accounts 
for about 60% of greenhouse gas emissions, has increased by about 80% between 1970 and 2004. Accordingly, 
reductions in CO2 emissions are now being demanded around the world. The cement industry is a major 
emitter of CO2, owing largely to the pyroprocessing of raw materials such as limestone in the production 
process: manufacturing 1000 kg of cement results in the emission of 800 kg of CO2. The cement industry has 
attempted to reduce CO2 emissions by increasing manufacturing efficiency and utilizing waste materials. 
However, achieving large reductions in future CO2 emissions is difficult. 
Moreover, larger and more durable concrete structures are sought, and the demand for high-strength concretes 
is increasing. However, high-strength concretes require large amounts of cement, and thus result in large 
amounts of CO2 emissions. High-strength concretes also have a high heat of hydration and undergo large 
autogeneous shrinkage, which may result in degradation of concrete structures, for example, crack formation.  
In this research, we aim to develop clinker-free concrete (CFC) that does not require Portland cement. In this 
experiment, fly ash and blast furnace slag were used as the main materials. In addition, anhydrous gypsum was 
used to control autogeneous shrinkage, and was mixed with calcium hydroxide as an alkali activator. The CFC 
was found to have compressive strength greater than 60 N/ｍｍ2 after 28 days of water curing at 20 °C. 
Moreover, it was confirmed that CFC also has enough freezing and thawing durability as well as carbonation 
durability. 

Originality 
Aimed to reduce CO2 emissions and cost, research has been carried out on the use of fly ash and blast furnace 
slag as substitutes for cement. However, the compressive strength of the concretes developed in past research is 
generally below 60 N/mm2. Moreover, the durability of these concretes is poor. High-quality fly ash is also 
currently required. Because of these drawbacks to the existing concretes, their scope and contribution to the 
efficient use of resources are limited. On the other hand, the CFC developed in the present study has high 
compressive strength of higher than 60 N/mm2, as well as sufficient durability. Moreover, low-quality material 
can be used to produce CFC, thus contributing to the efficient use of resources. 

Chief contributions 
The developed CFC does not use cement. Therefore, the CFC is expected to lead to a substantial reduction in 
CO2 emissions. Moreover, since CFC has high compressive strength and high durability, its scope is wide. 
Therefore, CFC is expected to be useful for various situations. The material used to produce CFC is low-quality 
industrial waste, the use of which contributes to the effective use of resources. Our hope is that CFC can play a 
role in addressing various global problems. 

Keywords: clinker free concrete, high-strength concrete, durability, fly ash, blast furnace slag, CO2
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Abstract 
The cement industry is regarded to be responsible for 6-7% of all the greenhouse gases emitted world-wide (0.85-1 ton 
of CO2 per ton of cement). Thus the construction sector is very interested in the development of new cement binder 
materials as an alternative to ordinary Portland cement (OPC). In this respect the most promising emerging approach 
is based on raw materials suitable for alkaline activation, essentially alkali-activated fly ash (AAFA), which originate 
new binding materials known generically as alkaline cements. Carbon steel reinforcements are compatible with AAFA 
mortars, where they show corrosion rates even lower than those recorded in sound OPC mortars.  
As in OPC-based, in fly ash-based structures, chloride pollution and carbon dioxide penetration may induce severe 
corrosion problems. The concomitant presence of both chlorides and carbonation produces an extremely severe 
environment, the effect of which has not yet been widely studied, particularly in fly ash systems. Under this condition, 
corrosion inhibition may help to withstand this problem in an easy-handling and cost-effective way. Therefore, the 
inhibiting behaviour of some organic compounds against steel corrosion was evaluated in a synthetic solution and 
preliminary results achieved in OPC and AAFA mortars are described.  
The polarization curves recorded over 3 days immersion tests show that in synthetic solution, the mixtures 0.05M 
sodium glycerophosphate (GPH) + 0.05M sodium 3-aminobenzoate (3AMB) and, particularly, 0.05M GPH + saturated 
sodium N-phenyl anthranilate (PhAMB) exhibit good inhibitive effects towards the rebar corrosion. 
The polarization resistance values collected during 150 days of partial immersion in chloride-polluted tap water of 
carbonated OPC mortars show Rp values of about 2-3 × 104 Ω cm2, indicating active corrosion on the reinforcements. 
AAFA mortars where the fly ash has been activated by either a sodium hydroxide solution (FAA mortar) or a sodium 
hydroxide + sodium silicate solution (FAB mortar) exhibit Rp values around 1-2 × 105 Ω cm2. In the presence of 
inhibitors at the following concentration ratios: [GPH] : [3AMB] : [Cl−] = 1 : 1 : 4, and [GPH] : [PhAMB] : [Cl−] = 1 
: saturated : 4, high inhibiting efficiencies are obtained after 20 days of exposure (OPC : 50-70%; and AAFA: 98-
100%), while at the end of the test (150 days) these efficiencies decrease (OPC: 30-60%; and AAFA: 50-70%).  
 
Originality 
The high environmental impact of the construction industry is largely due to the energy-intensive process of ordinary 
Portland cement (OPC) production and to maintenance and repairs of concrete structures, carried out to prevent early 
structural failures. So great attention is addressed to development of more eco-friendly cements based on alkali-
activated fly ash (AAFA) and to the study of cost-effective easy-handling methods to increase the service life of 
structures.  
In the presence of chloride pollution and concrete carbonation, corrosion affects steel rebar both in OPC and in AAFA 
mortars. In the literature, very few information is given concerning efficient inhibitors capable to reduce rebar 
corrosion in the concomitant presence of both chlorides and carbonation in OPC concrete. To the author knowledge, 
no research has yet been dedicated to develop inhibitors for AAFA concrete. This paper describes the results 
concerning new inhibitors for application in carbonated chloride-polluted mortars. Tests were carried out particularly 
in a synthetic solution. Preliminary results in conventional OPC and fly ash-based mortars are also given. 

Chief contributions 
A rapid screening test based on polarization curves recording, after 3 days immersion in a synthetic solution 
(simulating the electrolyte composition in a carbonated chloride-polluted OPC mortar) shows that the mixtures 0.05M 
sodium glycerophosphate (GPH) + 0.05M sodium 3-aminobenzoate (3AMB) and 0.05M GPH + saturated sodium N-
phenyl anthranilate (PhAMB) are able to keep the inhibition action throughout the exposure period. 
Tests carried out in carbonated chloride-polluted mortars after 20 days of exposure show high inhibition efficiency (IE) 
in the presence of both mixtures in AAFA mortars (about 99%), while the IE in OPC mortars are lower (about 60%). 
Subsequent results obtained after 150 days of exposure show a further decrease of the IE in OPC mortars (about 56% 
with GPH + 3AMB, and 32% with GPH + PhAMB). On the contrary, in FAA mortar the mixture GPH + 3AMB 
maintains its high inhibiting action, while in the case of GPH + PhAMB the efficiency decreases down to 58%. Also in 
FAB mortar the IE decreases (about 50% and 70%, with the two inhibiting mixtures, respectively).

Keywords: Fly ash, Corrosion Inhibitors, Carbonation, Chloride, Eletrochemical properties 
*Corresponding author: Email mcriado@cenim.csic.es Tel +34915538900, Fax +34915347425
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Abstract
The most important measure the European Commission took to prevent bovine spongiform encephalopathy (BSE) from 
spreading is the ban of meat and bone meal (MBM) from mammals in compound feed for ruminants. This ban started 
efforts to use MBM as alternative fuel in cement kilns, allowed by its calorific value (similar to wood). Moreover, the 
high temperature and time spent in the kiln guarantee the destruction of all organic matter, including proteins such as 
prions. Nevertheless, the high phosphorus content of MBM presents a problem in the clinkering reactions, as it affects 
the properties of clinker melt, influences adversely the phase composition of clinker and thereby the cement quality. In 
industrial practice, only such volumes of MBM are incinerated, which result in maximum 0.5 wt. % P2O5 in clinker 
(only exceptionally more).  
Our research addressed the composition of minerals of clinkers with P2O5 content higher than the above limit. We 
discovered that besides the earlier hypothesized C2S-C3P substitution, a part of phosphorus is incorporated in clinker 
silicates via the berlinite substitution 2Si4+ ↔ Al3++P5+, known from quartz or feldspars. Following this finding, 
addition of surplus Al to the raw meal and simultaneous absence of Fe enabled to produce white cements with P2O5 
contents as high as 3.5 wt.% without negative effects of unacceptably high free CaO or low alite content. 
Ensuing research on the influence of further minor oxides, also supported by the microprobe study of individual clinker 
minerals has shown that simultaneous increase of Al, P, Mg, S, Na and K enables to produce clinkers with P2O5 
content of 2 wt.% or higher, composed of around 60 wt.% C3S, 20% C2S and <2 wt.% free CaO, i.e. similar to 
common Portland clinkers. In all cases P2O5 contents in belite are 2.5-3 times higher than in alite, reaching up to 4.5 
wt.% in belite and 1.5 wt.% in alite; interstitial phases are almost P-free. 
The third method how to produce clinker with high P content we investigated is input of MBM in the cement kiln as 
pressed pellets 1 cm in diameter. These pellets get calcined to a mixture of Ca phosphate and Ca-Na phosphate, 
without influencing substantially the phase composition of the rest of the clinker; both Ca silicates of such clinkers are 
poor in P. In this way, up to 10 wt.% P2O5 can be introduced in the cement produced from such clinker without 
debasing its hydraulic properties. 
Originality 
So far, cement factories using meat and bone meal (MBM) as alternative fuel have not been able to incinerate this fuel 
in quantities higher than corresponding to 1 wt.% P2O5 in the resulting clinker. The detailed study of the chemistry of 
individual minerals of clinkers prepared from raw meals containing calcined MBM has revealed the existence of other 
than earlier assumed C2S-C3P substitution, the berlinite (2SiO2 ↔AlPO4) substitution mechanism. Supporting the 
latter by addition of excess Al (without concurring Fe) led to production of white cement with up to 3.5 wt.% P2O5, 
possessing good mechanical properties. Further research in more complex substitutions, involving besides Al and P 
also Mg, Na, K, and S enabled to make clinkers with composition close to common Portland clinkers, containing up to 
3 wt.% P2O5. For introduction of even higher amounts MBM in cement kilns without negative effects of P2O5 on 
clinker melt and clinker phase composition, the MBM was input in the kiln as pressed pellets, making it possible to 
produce cements with up to 10 wt.% P2O5. All three methods of introducing more MBM in the cement kiln represent 
novel approach to utilizing it as alternative fuel in cement production. 
Chief contributions 
The presented research shows three new ways of introducing phosphorus from meat and bone meal (MBM) into 
clinker. Two of them are based on the authors´ finding of so far unknown substitution mechanisms, analogous to those 
known to operate in natural minerals. Intentional addition of surplus Al to raw meal without Fe leads to production of 
white clinkers with up to 3.5 wt.% P2O5, addition of surplus Al with Mg, S, and alkalis leads to clinker with phase 
composition of ordinary Portland clinker. Both methods overcome main disadvantages of usage of higher volumes of 
MBM in cement kilns – suppression of alite formation and high free lime content in clinker burned from ordinary raw 
meals. The third method is based on feeding MBM into cement kiln in the form of pressed pellets. MBM pellets get 
calcined to calcium phosphates practically without reacting with clinker. The rest of the clinker mass has phase 
composition like OPC, with dominant alite. The bulk P2O5 content in such clinker can be up to 10 wt.%, without 
substantially debasing the mechanical properties of cement made of it. These methods of improved MBM utilization as 
alternative fuel enable to spare deficient and expensive fossil fuels.  
 
Keywords: phosphoclinker, meat-and-bone meal, berlinite substitution 
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Development of photocatalytic cement-based materials:
situation and perspectives
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Abstract
In this paper, a brief review of the situation is made dealing with the photocatalytic cement-based materials and 
their current applications in the building sector.
Starting from the pioneer application of the Church “Dives in Misericordia” in Rome, where a new type of 
cement was used with the aim of providing an innovative property (maintenance of white colour along time), it 
can be said that these materials are now a valid solution which is frequently chosen by architects, designers and 
stakeholders for the achievement of structures, buildings and large works which are environmentally friendly 
and distinctive in terms of quality and durability.
Considerable costs have been sustained in “pilot” projects, in order to validate the solutions which were 
certified by means of laboratory tests specifically developed for the assessment of photocatalytic properties.
However, photocatalytic cement-based applications are by now widely recognized as effective and 
environmentally friendly.

ORIGINALITY
The development of innovative, sustainable technologies for the improvement of environment is an absolute
need. In this sense, photocatalytic cements represent a significant contribution which can be widely 
implemented in the construction industry.
Italcementi Group has developed a range of products based on the TX Active® concept, demonstrating the 
possibility of exploiting the photocatalytic performances for the air quality improvement and for high level 
architectural solutions. Several patents have been applied on these technologies and related applications. A 
license agreement was also signed with Heidelberg Cement Group, aiming to a widening of the market for a 
broader implementation of the solutions.
This research approach also represents an innovation in terms of multidisciplinary approach (Engineering, 
Architecture, Chemistry, Physics, Biology, …) for cement industry, with the involvement of several academic 
groups and research centres which can make their scientific contribution for developing new solutions.

CHIEF CONTRIBUTIONS
Innovative solutions for air purification and for the improvement of technology in concrete industry have been 
developed in these recent years and are currently on the market: paints, renderings, precast panels for vertical 
applications; paving blocks, roofing tiles, concrete pavements for horizontal applications.
Many research activities are currently conducted on photocatalysis applied to the building industry and cement-
based solutions represents the largest market in terms of volumes already applied. Indeed, photocatalysis 
represents a very exciting topic in order to make innovation in cement industry with sustainable solutions.
This industrial research is still in the early stage of development and results obtained till now are very 
promising, but they require a large effort in terms of research and innovation, aiming to the best compromise 
between material costs and photocatalytic performances.

Keywords: depollution, photocatalysis, roads,  self-cleaning, white concrete

1 Corresponding author: Email g.guerrini@itcgr.net , Tel-+ 39 0355789422, Fax-+39 035579418
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CEMENTING SYSTEM FOR CARBON CAPTURE AND 
STORAGE (CCS) 

 
Dugonjić-Bilić F., Lesti M., Plank J.* 

 

Technische Universität München, Chair for Construction Chemicals, Lichtenbergerstraße 4, 85747 Garching, Germany 

Abstract

Geological storage of CO2 sequestered from the exhaust stream of coal power plants by injection into depleted oil and 
gas reservoirs has gained increasing interest around the globe as an economically viable means to reduce greenhouse 
gas emissions.  
Conventional Portland cement is known to degrade under the attack of CO2. The resulting increase in permeability of 
the cement sheath behind the casing allows gases and fluids to migrate to the surface. Hence, the sealing effect is lost. 
The failure is caused by a reaction between CO2 and portlandite (calcium hydroxide) present in hydrated cement, 
leading to the formation of CaCO3  and its subsequent dissolution in CO2 enriched water in the form of Ca(HCO3)2.
Leaching of such calcium bicarbonate creates channels for carbon dioxide migration to the surface of the well and 
poses a severe risk for the residents. Previously, a new binder system based on calcium aluminate cement and poly 
phosphate has been developed which exhibits outstanding CO2 resistance and temperature stability up to 320 °C. Main 
limitation of this novel binder is a lack of additives to retard and control the water loss from the aqueous slurry of this 
cement. Conventional fluid loss additives known for Portland cement-based systems do not work here. 
In our study, we first present an effective retarding admixture for this binder system. Comparison of four different 
retarders (boric acid, tartaric acid, calcium lignosulfonate and hexylene triamine pentamethylene phosphonic acid) 
revealed that only a combination of boric and tartaric acid at the specific ratio of 2.7:1 (wt./wt.) retards hydration of 
this cement long enough to ensure pumpability over 6 h at a pressure of 200 bars and a temperature of 80 °C. Testing 
of numerous fluid loss additives revealed that carboxymethyl hydroxyethyl cellulose, polyethylene imine and polyvinyl 
alcohol do not prevent water loss. This lead to the conclusion that admixtures whose working mechanism is based on 
physical pore plugging or film formation do not work in this special cement. Thus, polymers which control fluid loss by 
adsorption on cement were probed. This approach proved to be successful, and an AMPS®-based copolymer produced 
excellent fluid loss control at 80 °C. The mechanism behind this effect is decreased filtercake permeability caused by 
adsorption of the polymer onto positively charged surfaces of hydrates from this cement. This way, the pores of the 
cement filtercake are physically obstructed. 

Originality 
Novel admixtures for a CO2 resistant binder system based on calcium aluminate cement and poly phosphate are 
presented. This binder is a potential candidate for CO2 sequestration wells. Unlike Portland cement, this new cement 
confers outstanding resistance to CO2 at temperatures up to 320°C.  
However, additives which can adjust the properties of this cement are yet unknown. Effective retardation of this highly 
reactive binder presents a major challenge. At conditions of 400 bars pressure and a temperature of 110°C, a specific 
mixture of boric and tartaric acid of  was found to produce best results. Additionally, an AMPS®-based copolymer was 
found to effectively control fluid loss from this slurry. 

Chief contributions 
Avoiding CO2 emission is one of the major challenges for mankind in the next decades. One technique to solve this 
problem is CO2 sequestration and subsequent geological storage. In such CCS (Carbon Capture and Storage) projects, 
CO2 will be separated from the exhaust stream of power plants and will be injected into depleted oil or gas reservoirs. 
One big challenge for CO2 sequestration is to ensure impermeability of the cement seal over periods of hundreds of 
years. The study presented here describes performance and working mechanisms of retarding and fluid loss control 
admixtures useful in a CO2 resistant binder system based on calcium aluminate cement and poly phosphate. Effective 
retardation of this cement was achieved by a combination of two different retarders which chelate Ca2+ as well as Al3+.
Additionally, effectiveness and working mechanism of an anionic AMPS®-based fluid loss polymer is described. As a 
result, this novel cementing system is now technically fit for application on CCS wells. 

Keywords: CO2 sequestration, carbon capture and storage, calcium aluminate cement, polyphosphate, retardation, 
fluid loss additive, AMPS® copolymer 
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SYNTHESIS OF METAKAOLIN-BASED GEOPOLYMERS 
AND THE EFFECT OF THE INCORPORATION OF 

GEOTHERMAL SILICA WASTE 
 

Vega-Cordero E., Gómez-Zamorano L.Y *.  
Facultad de Ingeniería Mecánica y Eléctrica, UANL, Nuevo León, México. 

Escalante-García J.I. 
Centro de Investigación y de Estudios Avanzados del IPN, Saltillo, México 

 
Abstract 
Geopolymers based on metakaolin (MK) were synthesized using different replacement levels of geothermal 
silica waste (GSW) in dispersion. This material is a byproduct of the electric energy generation by means of 
geothermal brine and steam extracted from the underground. Following from that, the aim of this study was to 
analyze the effect of the GSW on the mechanical properties and the development of the microstructure of the 
geopolymers exposed at different conditions as sulfate attack and elevated temperatures up to 800°C. The 
mixtures were activated with a solution of sodium silicate and sodium hydroxide with molar ratios SiO2/Al2O3 = 
2.8, 3.0 and 3.2, Na2O/SiO2 = 0.32 and H2O/Na2O = 10, utilizing 0, 5, 10, 15 and 20% of geothermal silica 
waste. The pre-curing treatment was carried out at 60°C during 2 hours.  After the curing periods of 3, 7, 14 
and 60 days the compressive strength was evaluated. The materials obtained were characterized by means of X-
ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and scanning electronic microscopy 
(SEM).  The tests to evaluate the sulfate attack and high temperatures involved an immersion for a period of 14 
and 28 days into a solution of 5% sulfate magnesium and an exposure to 200, 400, 600 and 800°C during 2 
hours, respectively. All the XRD patterns exhibited an amorphous peak displacement associated with 
geopolymeric gel formation and also a similar displacement in the characteristic band of aluminosilicates in 
FTIR spectrums was obtained indicating the geopolymerization. The results showed that geothermal silica 
waste affects negatively the mechanical performance mainly at early curing periods. The best mechanical 
performance was obtained with a ratio of SiO2/Al2O3 3.2 and 0% of geothermal silica waste. According to 
SEM, an increase in porosity was observed with a higher GSW load in the system. Also the GSW load affected 
negatively the chemical and thermal resistance of geopolymers. The sulfate attack promoted the re-formation of 
caolinite and the exposure to 800°C of 20% GSW systems promoted the highest loss of compressive strength.   
 
Originality 
Nowadays is important to reduce the carbon dioxide (CO2) emissions to the atmosphere since the world is 
facing important problems due to environmental degradation. This need could be directly related with the 
continuous search for environmentally friendly construction materials, in order to minimize the use of Portland 
cement and reduce the CO2 emissions generated by its production (5-7%). One of the ways to contribute to this 
reduction is the using of alternative and by-product materials, such as GSW, to develop new construction 
materials. In view of this, this work focuses in the alkaline activation of metakaolin and the use of GSW as part 
of raw materials further that synthesis of geopolymers demands less energy requirements. Also the 
incorporation of GSW into the system reduced significantly the use of sodium silicate, one of the most expensive 
ingredients in the geopolymer, therefore the production of the geopolymer could be less expensive, having 
higher compression strength values compared with ordinary Portland cement. 
 
Chief contributions 
The main contribution is the development of new materials and the use of geothermal silica waste. It’s 
noteworthy that over 80% of geothermal plants in the world that produce electric power by underground water 
and steam extraction, present problems related with the generation and accumulation of this kind of wastes. In 
this work was possible to incorporate this waste material up to 20 wt.% in the metakaolin-based geopolymer. 
Although the GSW load reduced the mechanical performance, the compressive strengths showed by all the 
systems exceed by far the properties obtained for the ordinary Portland cement. Even those geopolymers 
subjected to sulfate attack and high temperatures exhibited comparable compressive strengths to Portland 
cement. These results indicated that with the incorporation of the GSW to the geopolymeric matrix is possible to 
provide an added value to this waste material without an important reduction in the mechanical and chemical 
performance. 
 
Keywords: Geopolymers, metakaolin, geothermal silica waste. 
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Geopolymers as Matrix for Industrial Wastes 
 

Lancellotti I., Ponzoni C., Kamseu E., Romagnoli M., Barbieri L., Leonelli C.  
Dipartimento di Ingegneria dei Materiali e dell’Ambiente, Università di Modena e Reggio Emilia, 41100 
Modena, Italy, e-mail: isabella.lancellotti@unimore.it 

 
Abstract 
Geopolymerization is here proposed with the purpose to inertize hazardous fly ashes (ERC 19.01.13*) in a solid 
matrix bonding physically and chemically various pollutants in order to reduce their mobility. In addition it is 
proposed to valorize a ceramic waste with high silica content.  
The chemical stability of geopolymers synthesized by alkali activation of metakaolin and the addition of 20 and 
40 wt% of two different kinds of incinerator fly ash, (electrofilter and fabric filter fly ashes, containing large 
amounts of chlorides and volatile heavy metals) is presented. The room temperature consolidation of fly ashes-
containing geopolymers has been tested for leachability in water accordingly to EN 12457 test. For all the 
compositions, the leachable metals in the eluate, determined by ICP_AES, are below limit values set by Italian 
regulation for non-dangerous waste landfill disposal confirming the effectiveness of the matrix to fix the different 
heavy metals. The stability of the geopolymeric matrix was also evaluated in terms of forming cations (Si+4, Na+1 
and Al+3 ) release.   
Furthermore, porcelain stoneware polishing sludges, a not hazardous waste (08.02.02) produced in the ceramic 
tile industry, have been tested as raw materials for new formulations of geopolymer, replacing partially (50-
70wt%) or totally metakaolin. Due to the high content of silica (SiO2 = 66wt%) compositions with different 
amount of sodium silicate have been prepared. Again the stability of the geopolymeric matrix was evaluated in 
terms of release of Si, Na and Al after contact with distilled water for 24h at room temperature. Microstructure 
observations were also conducted by SEM to evaluate the formation of geopolymeric amorphous phase and to 
correlate its formation with the percentage of polishing sludges.  
 
Originality: 
The originally of this research is both the evaluation of the possibility to use as-received wastes in the 
formulation of aluminosilicate based geopolymer materials. In particular are here investigated one hazardous, 
incinerator fly ashes, and one non-hazardous, ceramic polishing sludge, waste. Differently from fly ash and 
bottom ash from coal power plants, the relative low amounts of SiO2 and Al2O3 present in incinerator ashes does 
not allow the formation of chemically stable geopolymers without the addition of metakaolin, while the chemical 
composition of the ceramic waste permits also the complete substitution of metakaolin. The scarcity of studies on 
immobilization of conventional well-cured sodium polysialate geopolymers prepared from incinerator fly ash 
and the absence of studies about the use of ceramic industry residues led to the present work. 
 

Chief contribution:  
The main contributions of the authors concern the investigation of the leaching of heavy metals and chlorides, in 
the hazardous waste containing geopolymer. It is also important the contribution in understanding the 
mechanism of interaction between metals and geopolimeric amorphous lattice, while for both the wastes 
typologies the study the geopolymeric matrix stability, and the microstructure of the prepared materials. 
 

 

Keywords: geopolymers, inertization, wastes. 
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Reactivity of silica to form silicate-based consolidated materials 

Tognonvi M T, Kouassi SS, Soro J, Rossignol S*

  
Groupe d’Etude des Matériaux Hétérogènes (GEMH E.A. 3278), CEC, Ecole Nationale Supérieure de Céramiques 

Industrielles, 12 rue de l’Atlantis, 87068 Limoges Cedex, France

Abstract 

A study based on the use of sodium silicate gels as binder for cold consolidation of silica-based aggregates has been 
investigated. The gels used as precursor of binder were synthesised by adding hydrochloric acid to a concentrated 
sodium silicate solution which is composed of Si7O18H4Na4 neutral complex as major species. Consolidated materials 
were obtained by mixing the previous solution before gelation with granular materials (fine silica powder and sands). 
The study of the gel-silica-sand ternary system shows that the existence domain of materials depends on the size 
distribution of sand. The microstructure of ternary samples reveals the presence of the three components with a partial 
attack of grains surface suggesting a possible dissolution reaction. This was confirmed by FTIR experiments during the 
monitoring of the consolidation. Actually, the νasSi-O-Si broad band resulting from the average of the contribution of 
the set of Q4, Q3 and Q2 units with a sharp peak located around 1078 cm-1, firstly shifts to lower wavenumber until 21 
days and then to higher wavenumber characteristic of a dissolution / precipitation reactions. On the other hand, the 
consolidation of the material is strong when the amount of fine silica in the material is high leading to efficient 
mechanical properties. Therefore, consolidation could be explained by the dissolution of small particles of silica and 
their precipitation into the grain boundary of sand. 

ORIGINALITY: This study shows the possibility of the development of a silicate-based new binder. The setting of 
materials occurs at room temperature through the gelation of a sodium silicate solution in an alkaline medium (pH = 
10.86). The peculiarity of these silicate-based materials is their stability in water while those obtained with non-
acidified sodium silicate solution are water-soluble. Therefore, the acidified sodium silicate solution which leads to the 
formation of irreversible gels reacts as a binder to developed new ceramic materials. As the consolidation occurs in an 
alkaline medium (pH = 10.86), and as the silica solubility increases in basic medium, the main reactions are the 
dissolution of small particles of silica and their precipitation into the boundary of large grain evidenced by FTIR 
experiments.  

CHIEF CONTRIBUTIONS: Consolidated materials are formed without CO2 emission and energy consumption, for 
they are realized at room temperature. These materials are therefore in line with the environmentally friendly materials 
such as geopolymers. The new challenge in our research group is to form the sodium silicate solution required for the 
formation of the consolidated materials by dissolving waste glasses and fine silica (size < 10 µm) in sodium hydroxide 
at temperature close to room temperature (70°C). 

Keywords: sodium silicate solution, silica particle size, gelation, consolidated materials, mechanical properties 
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Synchrotron Infrared Study of Thermally Treated Celitement Single Crystal 
Precursor 

 

1Gasharova B1 
1 Karlsruhe Institute of Technology (KIT), Institute for Synchrotron Radiation / ANKA light source, Karlsruhe, Germany 

2Garbev K, 2Stemmermann P 
2 Karlsruhe Institute of Technology (KIT), Institute of Technical Chemistry, Karlsruhe, Germany 

 
Abstract 
One valuable contribution of the cement industry to global climate protection could be the application of low-energy 
cement, e.g. belite cement. Recently, at KIT (Karlsruhe Institute of Technology) a new family of binding materials 
called Celitement was designed as a promising environmentally friendly and cost-effective alternative. To achieve 
sustained success a huge effort was made to understand the fundamentals of the Celitement process. One particular 
example is the decoding of the phase transformation mechanisms during thermal treatment of alpha-
Ca2[SiO3(OH)](OH) (alpha-C2SH) single crystals. Alpha-C2SH can be used as precursor for both cement types, 
Celitement and belite cement.. In this presentation we will illustrate the power of synchrotron infrared radiation when 
applied to studies of crystallochemical variations within micro single crystals. Sophisticated analyses of this type are 
particularly useful in establishing correlations between macroscopic properties and materials microstructure, and thus 
play an essential role in the rational design of sustainable materials. 
The brilliance of the infrared synchrotron light is significantly higher than that of a conventional light source and 
provides excellent signal-to-noise even at the diffraction limit. Synchrotron infrared images of alpha-C2SH single 
crystals as synthesized and after heating were recorded at the infrared beamline of the ANKA synchrotron facility. In 
the temperature range between about 300 and 400°C we observe coexistence of the precursor phase alpha-C2SH and 
it's first transformation product dellaite (Ca6[Si2O7][SiO4](OH)2). Dellaite domains form in the core of the crystals. 
The rim consists of alpha-C2SH. This indicates an "autoclave effect" within a single crystal, where the water diffusion 
out of the crystal structure plays a decisive role by building pressure inside the crystal high enough for dellaite to form. 
The dehydration of alpha-C2SH is a multi-stage process for the reason of different bond strengths of the OH groups. 
Protons bonded to Ca polyhedra expel at higher temperatures compared to the relatively weak OH bonds coordinating 
silicate tetrahedra. Two isolated SiO3(OH) silicate tetrahedra condense in the course of dehydration to form a dimer: 
2[SiO3(OH)] - H2O = [Si2O7], which is the first step towards formation of dellaite. The whole equation for the phase 
transition of alpha-C2SH into dellaite could be presented as follows: 3Ca2[SiO3(OH)](OH) – 2H2O = 
Ca6[Si2O7][SiO4](OH)2.  
 
Originality 
You invite papers to review the advances in the chemistry of cement in light of present concern about climate change 
with focus on sustainability. The motto of the 13th ICCC is "cementing a sustainable future". The present paper reports 
about the development of a family of novel sustainable binding materials aiming at reducing energy and CO2 emission 
during production. The focus of the presentation is an example of the importance of fundamental cutting-edge research 
for the sustained success of materials design.  
 
Chief contributions 
The main contribution by our research is the development of a family of novel sustainable binding materials based on a 
fundamental knowledge of the processes during manufacturing which in turn is based on cutting-edge basic research 
utilizing among others synchrotron-based techniques at large-scale facilities.  
 
Keywords: novel binding materials, Celitement, cutting-edge research, synchrotron-based infrared microspectroscopy 
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Hydration Behaviour of Magnesium Oxychloride Cement
1Schollbach K1

Magnesium oxychloride cement, also called Sorel cement, was discovered by S. Sorel in 1867 and is an acid base 
cement that is the product of mixing powdered magnesium oxide (base) with a concentrated solution of magnesium 
chloride (acid). The principal crystalline phases formed are 3Mg(OH)2xMgCl2x8H2O (3-1-8) and 
5Mg(OH)2xMgCl2x8H2O (5-1-8) along with Mg(OH)2. Magnesium oxychloride cement possesses high early strength, 
good resistance to saline solutions and abrasion, as well as the ability to incorporate large amounts of fillers. The raw 
materials can be produced from seawater and the production of MgO requires far lower temperatures than the 
clinkerisation of OPCs, which makes this material an attractive prospect for reducing CO2-emissions. However, the 
inability of magnesium oxychloride cement to withstand prolonged exposure to water has prevented a more widespread 
use. Recently the material has generated renewed interest due to its possible application in the construction of dams in 
geological repositories in saline environments.

In this work details about the hydration behaviour of magnesium oxychloride cements in relation to MgO reactivity 
which has a profound influence on the hydration behaviour and subsequent composition of the cement is presented.
Samples were prepared with a solution/solid ratio of 1 and a MgCl2 concentration of 3mol/l. Magnesium oxide was 
prepared from alkaline magnesium carbonate at temperatures between 600°C and 1100°C. The hydration was 
investigated using isoperibolic heat flow calorimetry, XRD and SEM (Scanning Electron Microscop)y. The reaction 
products, including the amorphous content, were quantified using the Rietveld method with the help of an internal 
standard.

Results show that the main hydration at room temperature has two heat flow maxima that correspond with the 
formation of 5Mg(OH)2xMgCl2x8H2O and Mg(OH)2. Increasing reactivity of the MgO speeds up the hydration and the
maxima occur earlier. The phase content of 5Mg(OH)2xMgCl2x8H2O is between 38-44wt%, while the Mg(OH)2 content 
lies between 23 and 35wt% and decreases with increasing calcination temperature. Amorphous content is between 23 
and 37wt%. The most reactive MgO, calcined at 600°C, forms an exception. Here only 3Mg(OH)2xMgCl2x8H2O is 
formed along with a high amount of amorphous phase.

The microstructure of the cement, as investigated with SEM, is dense. Pores are filled with well crystallized needles of 
5Mg(OH)2xMgCl2x8H2O. Again, the MgO calcined at 600°C forms an exception. Due to the high amorphous content 
and the small crystallite size of the 3Mg(OH)2xMgCl2x8H2O, almost no pore fillings ares visible.

Originality
The Hydration of magnesium oxychloride cement was studied in detail, combining calorimetric studies, Rietveld 
analysis and SEM. This is the first time the hydration in general and the influence of the magnesium oxide reactivity,
caused by different calcination temperatures has been examined in magnesium oxychloride cement using these 
methods.

Chief contributions
The results of these investigations will form the basis for further research on the hydration of magnesium oxychloride
cement, taking into account more variables, such as different concentrations used, ambient temperature or age. This is 
essential for understanding and prediction of the hydration behaviour, especially the amounts of 
5Mg(OH)2xMgCl2x8H2O and 3Mg(OH)2xMgCl2x8H2O formed, which influence the resulting hardness of this cement.

Keywords: Magnesium oxychloride, Sorel, Magnesia, Hydration
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The hydration process of the alkali activated calcium aluminosilicate glasses 
 

1Deja J. 
1Gołek Ł.1 

1AGH University of Science and Technology, Kraków 
Faculty of Materials Science and Ceramics 

Department of Building Materials Technology 
 

 
 
Abstract 
Alkaline activation of slags gives the chance to produce special low energy, high strength and durable binders. 
The best way to examine the influence of chemical composition of slags on the properties of hardened pastes, is 
to focus on specially prepared synthetic glasses - models, that have defined compositions. For examinations 
there were prepared four different calcium aluminosilicate glasses. The Al2O3/SiO2 ratio of the glasses was in 
the range 0.25 to 1.2. The process of the alkaline activation of glasses was investigated using following methods: 
compressive strength tests, X-ray diffraction (XRD), nuclear magnetic resonance (NMR), scanning electron 
microscopy (SEM). The effect of Al2O3/SiO2 ratio of the glass has significant influence on the rate of hydration 
processes. The type of calcium aluminosilicate glass and  Al2O3/SiO2 ratio in the binder has fundamental 
influence on the phase composition and microstructure of the hydrated pastes. In case of high Al2O3/SiO2 ratio 
there is a possibility to achieve a very high compressive strength in a very short times. Using of alkali activation 
allowed to make binders that indicate the compressive strength above 100MPa after one day of hydration. 
 
Originality 
Presented materials contain the results of examinations, that are the part of wide scientific field of our team 
work with alkali activated materials. Presented paper includes the results of study on the chemical composition 
of the glassy state materials on their activity and the nature of hydration products. The presented results are part 
of the Łukasz Gołek PhD thesis. 
 
Chief contributions 
This work is a small part of wide range of examinations conducted during PhD work of Ł. Gołek – “The 
influence of the chemical composition of aluminosilicate glasses on the process of their alkali activation”. The 
main scope of this work was examination of the influence of Al2O3 / SiO2 ratio on the activation process, but 
there was also examined the influence of the kind and amount of activator, the conditions of hydration process 
and additionally there was examined influence of the MgO presence in hydrated system. In order to realize the 
scope there was necessity of synthesize pure glasses with different chemical compositions which serve as models 
of cementitious materials. This work contribute the knowledge that the Al2O3 / SiO2 ratio has really significant 
influence on the chemical activity of glassy – state materials during alkali activation. The examination of alkali 
activated materials is difficult at least. The materials which are alkali activated most often have very complex 
chemical composition. The cause of difficulty is amount of different phases among of hydrates. In order to 
simplify the examinations there were prepared the pure glasses from the CaO – SiO2 – Al2O3 system, with 
different A/S ratio. The obtained results show that there is a possibility of predict the mechanical properties and 
phase composition of hardened materials through the modification of A/S ratio of substrates of hydration or 
through modification of conditions (temperature and pressure) of the hydration process. 
 
 
Keywords: zeolites, hydrogarnets, geopolymers, slags, synthetic glasses, alkaline activation, autoclaving 
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The influence of mineral additives and alkalis on metakaolinite hydration in 

hydrothermal conditions. 
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2
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2
 AGH University of Science and Technology, Faculty of Materials Science and Ceramics, Cracow, Poland 

 

 

Abstract 

Fly ashes formed during coal combustion in fluidized bed boilers with flue gases desulphurization contains 

metakaolinite, free lime, CaSO4 II and CaCO3. Scientists are looking for an optimal way of utilizing it in building 

materials technology. The main goal of investigations was to better understand the hydration process of metakaolinite 

with crystalline compounds of fly ash. The investigations are focused on modification of binder and hydrothermal to 

allow utilization of fly ash from fluidal coal combustion in autoclaved aerated concrete technology  

Hydration of metakaolinite will take place in hydrothermal conditions at 180
o
C with length of hydrothermal curing 

periods varying from 12 to 48 hours. During first stage of investigations, the impact of Ca(OH)2, CaSO4 II and CaCO3 

on the structure and microstructure of resulting composite material was examined. In second stage of the investigations 

the influence of small amount, 1,0 and 1,5% of Na2O and K2O was tested  

 

Originality 

Data analysis and practical knowledge shows that from this scope scientists doesn
,
t have research. Fluidized ashes 

contain metakaolinit, CaOw, CaSO4 and CaCO3. The same components are in binding agent (lime+gypsum+part of 

aggregate(fly ash))  in autoclaved aerated concrete.  

 

Chief contributions 


              
 

                    


                
               
                 
 
In general introduction of fly ash from fluidized combustion causes alteration of phase composition, microstructure and 

structure of autoclaved aerated concrete. It results in changes of particular properties like strength, shrinkage, freeze-

thaw resistance. 

Małolepszy Jan is Professor in the Faculty of Materials Science and Ceramics at the AGH University of Science and 

Technology in Krakow, Poland. Binding materials and concrete technology are his special fields for over 30 years. 

Properties of alkali – activated slag binders are one of his main subjects from early 1970’. He is an author or co-author 

of over 250 technical papers. 

Łaskawiec Katarzyna  is researcher in The Institute of Ceramics and Building Materials, Research Centre of Concrete 

CEBET in Warsaw, Poland.  Her primary interest is in the area of autoclaved aerated concrete, especially the influence 

of fly ashes from burning of coal in fluidized boilers with desulphurization on properties of AAC. 

 

 

Keywords: metakaolinite, hydrogarnets, autoclaved, mineral admixture 
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1 
 

OPTIMIZATION OF THE ALKALINE ACTIVATION PROCESS 
OF DIFFICULT-TO-TREAT INORGANIC WASTES 

García-Triñanes P. *, Pereiro G., Bao M. 
 

University of Santiago de Compostela, ETSE Chemical Engineering Department,  
Santiago de Compostela, SPAIN 

 

Abstract 

Several types of waste from different industrial sectors have been studied; namely fly ashes, thermal 
processing wastes from the ceramic industry, siliceous slags, aluminium hydroxide dry sludge and glass 
residues.  
The recovery process of these wastes is difficult and has no clear market alternative. Therefore, based on 
their composition, it is interesting to investigate the recycling of these materials by means of new 
techniques such as alkaline activation.  
In view of the above, this research is based on eco-efficient processing, for which different mixtures were 
tested, both at room temperature and 60 ºC, focussing on the influence of this variable on the curing 
reaction and the resulting mechanical and structural properties.  
The particle size tested was always smaller than 200 microns in every case, and a physicochemical 
characterization of the different raw materials was carried out by setting up a series of experiments and 
determining features such as degree of activation, the influence of curing time or the importance of the 
activation solution for each mixture. 
Finally, the cylindrical pieces obtained were tested applying compressive stress in order to analyze the 
mechanical performance of the proposed cement systems. 
 
Originality:  
 
The novelty of this work lies in the nature of the siliceous raw materials used in the alkaline activation 
process. The research conducted has provided an alternative that avoids the use of Portland cement (the 
predominant source of CO2 in the construction industry) and it has also defined the compositions of the 
alkaline dispersions and the curing conditions to achieve improved mechanical properties.  
Similarly, it is worth mentioning the application of eco-efficiency criteria throughout the different trials, 
which use minimum quantities of reagents in each case, thus improving process economics. 

Main contributions: 

 - An alternative strategy to enhance the value of mineral wastes or by-products with difficult commodity 
viability.  
- This research deals with the composition of the alkaline dispersions suitable for fast curing based on 
environmental criteria; it also looks into the direct influence on the mechanical behaviour of the solid 
cement pieces obtained, engaging in key variables like temperature, particle size, specific surface or the 
chemical nature of the raw materials. 

 

Keywords: Industrial wastes, aluminosilicates, geopolymers, structure and mechanical properties 
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Durability of Geopolymers Synthesized from Calcined Ore-dressing 
Tailings of Bauxite Exposed to Sulphate and Acid Solutions 

 

W. S. Zhang1*, J. Y. Ye, Y. Wang, D. Shi  
State Key Laboratory of Green Building Materials, China Building Materials Academy,No.1 Guanzhuang 

Dongli  Chaoyang District, Beijing 100024, China 

 
Abstract
The durability, including resistance to solution of sulphate and inorganic acid, of geopolymers produced by 
calcined ore-dressing tailings of bauxite (hereinafter referred to as tailings) was investigated. The comparision 
of geopolymers mortar’s durability with that of Portland blastfurnace-slag cement and special cement, such as 
moderate sulphate resistance Portland cement, aluminate cement, early strength sulphoaluminate cement and 
anti-acid cement, was presented as well. The tests involved immersion mortars in solution of 3% sodium 
sulphate, 3% magnesium sulphate, 5% hydrochloric acid, 5% sulphuric acid  and in solution of concentrated 
sulphuric acid of acid/water ratio 4/10 (mass ratio, same below), concentrated hydrochloric aicd of 4/10 and 
9/10, respectively. The change of appearance, mass and flexural and compressive strength were measured. 
Compared to the flexural strength reduction or compressive strength decline of special cement mortars, 
geopolymer mortars show  a more excellent sulfate resistance as the subequal growth of flexural and 
compressive strength in different solution of sulphate salt is observed. The performance of geopolymer mortars 
is also superior to that of special cement mortar when expose them to solution of low concentrated acid, 
because geopolymer mortars can keep original appearance but also has the lowest mass loss and the slightest 
strength deterioration. When geopolymer mortars are attacked by concentrated acid solution, extraordinarily 
significant degradation such as appearance destruction in concentrated sulphuric acid and strength reduction 
more than 50% in concentrated hydrochloric acid happens, suggesting that geopolymers synthesized from 
calcined tailings are not be resistant to concentrated acid. 

Originality 
The ore-dressing tailings of bauxite, by-product of Bayer-mineral processing method and sinter-mineral 
processing method, become a new and unique kind of solid waste of Chinese alumina industry. It is glad that the 
tailings are rich in siliceous and aluminum minerals such as kaolinite, which meets the raw materials 
requirement of geopolymers to some extent. In fact, geopolymers synthesized from calcined tailings, slag and 
alkali-activator has been prepared successfully. The mortar cured at room temperature has good mechanical 
properties. Its 3 days flexural and compressive strength is 6.7 MPa, 39.3 MPa, respectively. The 28 days 
flexural and compressive strength is up to 10.0 MPa, 60.2 MPa, respectively. So the utilization of tailings as 
starting materials for geopolymers is first originality. 
It is well known that geopolymers produced by calcined kaolinite or other by-product has excellent resistance to 
chemical erosion. However, impurities such as corundum, anatase, hematite and magnetite in calcined tailings 
may do not undergo the reaction of geopolymersization, and may have negative effect on the durability of 
geopolymers. So the research on durability of geopolymers synthesized from calcined tailings in sulphate 
solution and acid solution is second originality. 

Chief contributions 
The technology of utilization this tailings as starting materials of geopolymers contributes to harmlessness, 
resource and reduction of ore-dressing tailings of bauxite which is difficult to stockpiles due to fine particles, 
high water content, slow precipitation and noncementitious. 
The clarification and comparision of  durability of geopolymers synthesized from this tailings facilitates us to 
understand its advantage, which is in favor of its utilization for engineering and prefabrication. 

Keywords: geopolymers, ore-dressing tailings of bauxite, durability, sulphate resistance, acid resistance
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Hardening Processes and Properties of Alkali Activated Fly Ash - Cement 
Kiln Dust Mixtures 

Badanoiu A.∗, Voicu G., Catanescu E. 
University Politehnica from Bucharest, Faculty of Applied Chemistry and Materials Science, Romania 

Abstract

The paper presents the hardening processes and mechanical properties of mixtures of fly ash (FA) and two types 
of cement kiln dusts (CKDs), activated with NaOH 8M. The specimen's curing was made at 60oC for 24 hours in 
humid atmosphere (95% R.H.) followed by air curing at normal temperature (23oC) up to 210 days. The 
compressive strength values of alkali-activated binders are influenced by the mineralogical composition, grain 
size distribution of the solid component (FA and CKDs) and the amount of each one in the mixture. For type I 
CKD (Kro-with a high amount of calcite and high fineness) an increase of compressive strength is recorded  for 
the alkali activated mixtures when the amount of Kro increases (from 25%wt. to 50%wt.). This increase is due to 
a filler effect and, most probably, to the acceleration of reactions in which structure-forming products are 
generated (small Kro grains can act as nucleation sites). On the opposite side, the compressive strengths 
decreases when type II CKD (Kge-containing a higher amount of alkali - as soluble salts) substitute FA in the 
mixture. The decrease of liquid/solid ratio from 0.25 to 0.15 determines an important strength gain of mortar 
specimens with both types of CKD. 

Originality 

Both FA and CKD are by-products that can be recycled in cement and concrete manufacture or can be used in 
alternative applications (soil stabilization, water treatment, agriculture). Still, more than 40% of the yearly 
output of these materials are considered wastes and are stockpiled in landfills. Therefore the development of 
value added products based on these materials is beneficial both from economical and ecological reasons. 
Countless papers were published regarding the alkali activation of FA but the use of CKD as alkali activator of 
cementitious materials such as slag or fly ash was less studied. This paper presents how the mechanical 
properties of the product obtained through alkaline activation of FA-CKDs mixtures are influenced by the 
characteristics and amount of starting materials in relation with structure, composition and amount of the 
reaction products. 

Chief contributions 

The compressive strength of mortars based on alkali activated FA-CKD mixtures was assessed in correlation 
with the characteristics of starting materials. The hardening processes and the resulted products were assessed 
by XRD analysis, FT-IR spectroscopy, SEM and EDX. Based on these data we estimate that the complex 
hardening process of these system consists in several different processes which are superposed: Ca(OH)2
formation, Ca(OH)2 carbonation or pozzolanic reaction with silicate and aluminate phases from FA and 
possibly copolymerization of individual alumina and silica components with geopolymer or/and zeolites 
formation. 

Keywords: Fly ash, cement kiln dust, alkali activated binders, mechanical properties
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Slag alkaline concrete with mineral admixtures

Bilek V1

ZPSV a.s., Trebizskeho 207, 687 24 Uhersky Ostroh, Czech Republic 

Abstract 
This paper focuses on the application of limestone filler, feldspar filler, amfibolite filler and concrete filler in alkali 
activated materials. Up to 33 or 50% of ground granulated blast furnace slag was replaced by these fillers. The 
workability of alkali activated mortars with an increasing amount of fillers was measured. Limestone enhances 
workability, other fillers enhance workability up to 20% replacement of slag. Only amfibolite filler and some concrete 
filler deteriorate workability.  Fillers also affect the strengths of alkali activated mortars. Apart from concrete fillers, 
the other fillers lower early strengths. Both studied concrete fillers enhance it. The effect of fillers on 28-days strengths 
varies – feldspar filler enhances it. 

Originality 
The utilisation of industrial waste and/or secondary materials is very convenient. Fly ashes are often one of the used 
admixtures. But also a wide variety of other powder materials could be used. One of them is, for example, concrete 
powder which can arise during recycling of concrete or powder from quarries.  

Chief contributions 
Alkali-activated concrete with a replacement of slag by cheaper fillers (particularly concrete filler)are more convenient 
for practical application, due to lower costs and higher early strengths.  

Keywords: alkali activated materials, limestone  filler, feldspar ,filler, concrete  filler
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Influence of the Calcium Sulphate and W/C Ratio on the Hydration of Calcium 

Sulfoaluminate Cement 
 

Marchi M.
*
, Costa U. 

CTG S.p.A. – Italcementi Group, Bergamo, Italy) 

 

 

 

Abstract 

Calcium sulfoaluminate cements (CSA) have been known for several decades, but they have recently been considered as 

a promising low-CO2 alternative to Ordinary Portland cements and an opportunity for the wastes recycling. The key 

component of CSA cements is the compound calcium sulfoaluminate (C4A3$), due to its ability of generating ettringite 

when it reacts with water, lime and/or calcium sulphate.  

Various applications of these binders have been developed, for instance low-shrinkage, self-stressing and high early 

strength cements, depending upon the composition and on the reactivity of the cement.  

However the relationships between these factors and -mechanical properties have not been yet deeply studied in terms 

of mechanisms and kinetic of the hydration process and microstructure and composition of the resulting hydrated 

phases. In this study, both the hydration kinetic and products microstructure of an industrial CSA clinker were 

investigated. In particular the influence of the type of calcium sulphate (anhydrite and gypsum), the calcium sulphate 

addition and water/binder ratio on the hydration of CSA clinker have been exploited. The hydration kinetic is strongly 

influenced by the type of calcium sulphate, namely gypsum and anhydrite. The main differences are observed during the 

first day of hydration, in particular in the first 8 hours. The high solubility of gypsum leads to a rapid formation of 

hydrates in an amorphous form that lead to a more dense paste in the first 24 hours and to a high compressive strength.  

The slow dissolution kinetic of anhydrite favours the formation of a well crystallised ettringite network that lead to a 

rapid paste plasticity loss (lower setting time) and to the formation of a less dense paste with lower compressive 

strength. At later ages (2, 7 and 28days) the degree of hydration results to be similar in both the samples as the 

microstructure of the paste. The compressive strength is as a consequence similar, but some differences in the shrinkage 

behaviour are observed. Monosulfate is formed only after 2 days of hydration, when calcium sulphate is consumed. The 

presence of strätlingite was observed only in the case of low amount of calcium sulphate and high w/c ratio.  

                    
Originality 
Sulfoaluminate cement are widely used for different applications, but the hydration mechanism and products have not 

been so deeply studied. Only few works are available in the literature on this topic, and nor of them have explored at 

the same time the effect of w/c ratio and the calcium sulphate addition. Moreover in this work a relationship between 

the hydration process kinetic, the microstructure and composition the resulting hydrated phases and the physical 

mechanical properties has also been stated.  

                    

Chief contributions  

The results of this work emphasize the importance of the calcium sulphate reactivity on the hydration kinetic of CSA 

cements giving useful information on the hydration process and hydration products and their relationship with the 

physical-mechanical properties.  

This work lays the foundations of further studies on more complex systems containing CSA (CSA+Portland cement, 

CSA+admixtures). 

 
Keywords 

Calcium sulfoaluminate cement, calcium sulphate, hydration products, mortar properties 
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Hydration mechanisms of calcium sulfoaluminate cements 
assessed by scanning electron microscopy and thermodynamic modelling 

 

1Winnefeld F*, 1Ben Haha M, 1Lothenbach B 
1 Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Concrete/Construction 

Chemistry, Dübendorf, Switzerland 
 
 
 
Abstract 
The production of Portland cement clinker accounts for about 5% of the total man-made CO2-emissions, as the 
manufacturing of 1 t cement clinker generates about 800 kg of CO2. A promising low-CO2 alternative is the production 
of clinkers based on calcium sulfoaluminate (CSA). Unlike Portland cements, where the main hydrates are calcium 
silicate hydrates and portlandite, calcium sulfoaluminate cements are systems based on calcium aluminate sulfate 
hydrates. They are produced by burning a CSA clinker from limestone, bauxite and calcium sulfate at about 1250°C 
and blending the clinker with 15-25% calcium sulfate.  
In this study, the hydration of CSA cements was examined at hydration times between 1 hour and 28 days by (i) solid 
phase analyses (X-ray diffraction, thermogravimetry, energy disperse X-ray microanalysis), (ii) quantification of 
unhydrated cement, hydrate phases and capillary porosity by image analysis of backscattered electron images, (iii) 
analyses of the pore solution composition and (iv) thermodynamic modelling of the hydration processes.  
The main hydration product of CSA is ettringite, which forms together with amorphous Al(OH)3 until the calcium 
sulfate is consumed after around 1-2 days of hydration. Afterwards, monosulfate is formed. In the presence of belite as 
minor clinker phase, strätlingite forms as an additional hydration product. The pore solution is dominated during the 
first hours of hydration by potassium, sodium, calcium, aluminium and sulfate and exhibits a pH of around 10.5. When 
the calcium sulfate is depleted, the sulfate concentration drops by a factor of 10, causing an increase of the pH to 
around 12.5.  
The image analysis of backscattered electron micrographs reveals that CSA cements exhibit a very rapid development 
of their microstructure leading to a very dense system with low porosity. The quantification of anhydrous cement 
particles and hydrates by image analysis correlates very well with the findings from X-ray diffraction and 
thermogravimetric analyses.  
A thermodynamic hydration model for CSA cements based on cement composition, dissolution kinetics of clinker phases 
and calculations of thermodynamic equilibria by geochemical speciation has been established. The modelled phase 
development with ongoing hydration agrees very well with the experimental findings. It is shown as well that it can be 
used to predict the phase development of CSA binders modified by addition of Portland cement or supplementary 
cementitious materials like limestone powder. 
 
Originality 
The paper highlights that a multi-method experimental and modelling approach is needed to fully assess the hydration 
mechanisms of calcium sulfoaluminate cements. Besides standard methods like X-ray diffraction, thermogravimetry and 
pore solution analyses, quantitative image analysis of backscattered electron images of polished sections was applied. 
With this method the anhydrous CSA cement particles (and thus the hydration degree), the hydrate phases and the 
capillary porosity were quantified depending on hydration time. EDX analyses were used to identify and characterize 
the hydrate assemblage. The obtained data from the microstructural analyses were used to verify and refine previously 
developed thermodynamic hydration model of CSA cements. The model allows predicting the hydration mechanisms of 
CSA based binders, especially the development of hydrate phases and pore solution over time. 
 
Chief contributions 
CSA cements represent a cementitious binder that has attracted new interest during the climate debate. In order to 
apply this kind of cements in construction materials like mortars or concretes, a deep understanding of the mechanisms 
concerning hydration and durability is needed. Thus, it is crucial to determine nature, amount and composition of the 
relevant hydrate phases and capillary porosity and their development with time. The thermodynamic model can be used 
to assess the thermodynamic stability of the hydrates in the CSA system. It allows the prediction of phase development 
of calcium sulfoaluminate cements and their blends with other materials like supplementary cementitious systems (e. g. 
limestone, blast-furnace slag) or ordinary Portland cement, which is demonstrated in the present contribution.  
 
Keywords: calcium sulfoaluminate cement, hydration products, microstructure, EDX analysis, thermodynamic 
modelling 
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Retention of alkalis by hydrated low-pH cements designed for underground 
radioactive waste repositories 

1Bach TTH, 1Cau-Dit-Coumes C 
1 Commissariat à l’Energie Atomique, CEA/DEN/MAR/DTCD/SPDE 

BP17171, 30207 Bagnols-sur-Cèze cedex, France 
2Pochard I1, 2Nonat A 

2 ICB, UMR 5209 CNRS Université de Bourgogne, 21078 Dijon, France 

Abstract 
A solution to manage longlived radioactive wastes over the very long time is their disposal in deep geological 
structures. The disposal concepts are based on a multibarrier design approach including the waste package (the waste 
and the material used to stabilize it in a suitable overpack), the engineered barrier inserted between the waste package 
and the rock, and the geological barrier, i.e. the actual rock. In most designs, bentonite is a key component of the 
engineered barrier system. It is however unstable at high pHs (≈1213), such as those encountered in ordinary concrete 
leachates. Since it seems more and more difficult to exclude concrete from any sensitive areas containing bentonite in a 
repository, some work has been undertaken in order to develop lowpH cements which would show an improved 
compatibility with clays. 
LowpH cements, also referred as lowalkalinity cements, are binders with a pore solution pH ≤ 11. They can be 
designed by replacing significant amounts of Portland cement (OPC) (≥40%) by silica fume, which can be associated in 
some cases to lowCaO fly ash and/or ground granulated blast furnace slag. Such a blend has several positive effects: (i) 
consumption of portlandite, which is formed by the hydration of OPC and which buffers the pore solution pH at 12.5,to 
produce calcium hydrosilicates (CSH) by the pozzolanic reaction, (ii) decrease in the CaO/SiO2 ratio of the CSH and 
partial substitution of Al3+ for Si4+ in the silicate chains of the CSH, which is expected to  enhance their sorption 
capacity of alkalis, and (iii) dilution of OPC, which decreases the heat output during hydration. The pore solution pH of 
the cement paste is then controlled by the solubility of CSH: the smaller the CaO/SiO2 ratio of CSH, the lower the 
pH. 
As compared to references prepared with OPC, lowpH mortars are characterized by an alkali content in their pore 
solution strongly reduced, by a factor 20 to 200. However, the speciation of the alkali in the solid is not established, 
which is a problem of main importance to understand and control the effective capacity of these materials to reduce the 
alkali release. This work focuses on the mechanism of alkali retention by hydrated lowpH cements and on the behaviour 
of these materials against temperature in the range 2080°C. It is shown that sorption of potassium is higher than that 
of sodium and mainly results from electrostatic interactions with CSH.  

Originality 
Development of lowpH cements by use of alternative raw materials and consecutive reduction in clinker contents. 
Cement/clays compatibility. mechanism of alkali retention by lowpH cements. Effect of temperature up to 80°C. 

Chief contributions 
Design of lowpH binders. Investigation of their physicochemical evolution during hydration. Characterization of the 
durability of hydrated materials under leaching: experimental and modelling approach.  

Keywords: Low pH binders, C-(A)-S-H, alkalis, temperature, retention 
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Hydrating Behaviour of Activated Belite Sulfoaluminate Cements 

Aranda, M.A.G. *, Cuberos, A.J.M., Cuesta, A., Alvarez-Pinazo, G., De la Torre, A.G., 
Departamento de Química Inorgánica, Cristalografía y Mineralogía, University of Malaga, Spain 

Schollbach, K, Pöllmann, H 

Institut für Geologische Wissenschaften und Geiseltalmuseum, Halle, Germany 

 

ABSTRACT. 
Belite calcium sulfoaluminate (BCSA) cements are an alternative to deplete up to 35% CO2 emissions, comparing to 
the Ordinary Portland Cements (OPCs) production process. However, hydration reactivity of belite phase is slow 
which leads to low mechanical strengths at medium ages. 
In this work, we will present some details about the hydrating behaviour of BCSA cements. We have prepared BCSA 
clinkers with nominal mineralogical composition of C2S (50 wt%), C4A3S (30 wt%) and C4AF (20 wt%). In order to 
enhance their hydraulic reactivity, these clinkers have been doped with borax (0.0, 1.0 and 2.0 wt% expressed as 
B2O3) to promote stabilization of -forms of C2S which were expected to be more reactive. The Rietveld quantitative 
phase analyses indicate that BCSA clinker without borax has all belite as -polymorph; the clinker with 1 wt% 
borax has 47% as  and 53% as , and finally, the clinker with 2 wt% borax has all belite as -polymorph. These 
clinkers have been mixed with gypsum to prepare cement pastes for the hydration study. 
We report calorimetric data for all the cements with a w/c ratio of 0.5 and up to 6 days. The total heat evolved 
during early age hydration is useful information to have insights about the performances of the cements and to 
decide the optimum amount of gypsum to be added. These data are supported by an optical and environmental 
scanning electron microscopy (OM and E-SEM) study. We will correlate the morphology and amount of hydrated 
phases with specific signals in the calorimetric curves. 
Moreover, we will present Rietveld quantitative phase analyses of pastes hydrated during 1, 3 and 6 months to 
better characterize the hydraulic behaviour of these cements at later ages. 
 
Originality 
The hydrating behaviour of laboratory activated belite calcium sulfoaluminate cements is studied in detail, 
combining calorimetric studies, optical and environmental scanning electron microscopy. The later age hydration is 
followed by X-ray powder diffraction. So far, BCSA cements have been studied but the merit of this approach is to 
differentiate the hydrating behaviour between different degrees of activation with state-of-the-art analytical tools. 
 
Chief contributions 
We will correlate heat evolved during hydration of BCSA cements with morphology and amount of hydrated phases. 
The main goal of this study will be the demonstration of -forms of C2S being more reactive than -C2S by Rietveld 
quantitative phase analysis of the cement pastes. This behaviour has been previously proposed but not directly 
demonstrated. 
 
Keywords: Sulfobelite cements, -C2S, hydration, Rietveld quantitative phase analysis. 
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Special cements on base sulphoaluminate clinker 

1Kouznetsova T.V.
1Mendeleev University of Chemical Technology, Moscow, Russia 

2Krivoborodov Y.R 
1Mendeleev University of Chemical Technology, Moscow, Russia 

3Samchenko S.V. 
3Department of Moscow Civil Engineering Academy 

4Burlov I.Y. 
4Research Center of JSC “Podolsk-Cement" 

Abstract
Cement is one of the main construction materials which plays a very important role in economic development of 
stated but however it is consumer of high energy and emits greenhouse gases during manufacture. The main reason 
of  these conditions lies in the fact of  high  burning temperature and high CaCO3 in the row materials to produce 
the ordinary Portland Cement. To reduce energy consumption and CO2 emissions it was necessary to working out 
new type of clinker. 
 In Russia and in different countries a lot of researchers have undertaken a number of studies of the 

sulphoaluminate cements. These cements consist of several phases, mainly such as C 34A s , C2S, CA or C12A7,
C4AF or C6A2F. Cements are characterized by excellent properties, thus they have been the subject of numerous 
studies. The authors have determined the composition of sulphoaluminate clinker produced from various raw 
materials, the temperature of clinker formation. 

 water. 

In this paper some investigations of cements based on sulphoaluminate clinker are overviewed. For many years 
Russian sulphoaluminate clinker was manufactured using bauxite, aluminate slug, clay and fly ash. It has allowed to 
obtain sulphoaluminate cements, having different properties. 
Clinker composition, containing mineral phases as follow as C4A3S, C2S, CA or C12A7, C4AF, CaSO4 can be used 
for obtaining the different cements such as fast-setting cement, self-stressing one, oil-well one, colored cement, 
cements hardening at low temperature, etc. All of these cements have a high resistance to attack by magnesium 
solution and sea
The use of sulphoaluminate clinker to produce the different special cements allows increase improvement of cement 
quality and simultaneously to decrease fuel consumption on clinker sintering. 

Originality 
At last Congress (12 ICCC, Canada) it was recommended to study special cements as the perspective one. In this 
paper it is presented the use of  sulphoaluminate clinker to produce the different types of cement. 

Chief contributions 
The authors studied possibility of  production sulphoaluminate clinker  using the different row materials, created 
optimal composition of clinker and cements. The use of sulpholuminate clinker to produce the different special 
cements allows increase improvement of cement quality and simultaneously to decrease fuel consumption in clinker 
sintering and  quantity of CO2 emissions.

Keywords: sulphoaluminate clinker, clinker phase, hydration, expansion, corrosion, strength development. 



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 199

AREA 3 - PostersPaperGeneral Poster Session 2 / 15:00-16:00 / 7 July

M-4

T-5

W-6

TH-7

F-8

145

COMPARATIVE STUDY OF THE ADHESION OF RUBBER 
PARTICLES TO CALCIUM SULFOALUMINATE OR 

PORTLAND CEMENT MORTARS 

DIOURI Abdeljebbar1*, IDRISSI Meryem1, KHACHANI Nacer1

1Laboratoire de Chimie du Solide Appliquée, Faculté des Sciences, B.P. 1014. R.P.Avenue Ibn Battouta, 10000 
Rabat, Maroc 

YAICH Sami2, MEHREZ Khemakhem2 

2Institut Supérieur des Etudes Technologiques de Sfax, Tunisie 

DAMIDOT Denis 3  
3Civil and Environnemental Engineering Department, Ecole des Mines de Douai, 941 Rue Charles Bourseul, 

59500 Douai, France 

Abstract 
The accumulation of scrap tires is a potential source of major environmental and economic problems. To 
preserve the environment, several recovery actions have been made, particularly in the field of construction 
materials. Studies in this regard have been focused on the recovery of rubber granules ridded of metal and 
textiles. Most publications dealt with the use of rubber in concrete and mortar made from Portland cement and 
reported problems related to the adhesion between rubber particles and mortar.  
The aim of this paper was to study the behaviour of rubber particles added to mortars made with calcium 
sulfoaluminate cement compared to similar mortars obtained with Portland cement. The preparation of mortars 
was made by adding various sand replacements by rubber particles. The compressive and flexural strengths 
were carried out at 28 days. The shrinkage and swelling tests were also performed in this study. X-rays 
diffraction and environmental scanning electronic microscopy equipped with EDAX analysis were used to 
determine the microstructure. 
Measurements of dimensional changes showed that the addition of rubber particles contributed to the reduction 
of the shrinkage in mortars containing calcium sulfoaluminate cement. The mechanical tests showed a lower 
compressive strength but presented a higher flexural strength for mortars made with calcium sulfoaluminate 
cement. The microscopic observations revealed clearly a better adhesion of rubber particles with the calcium 
sulfoaluminate cement paste. 

Originality 
Calcium sulfoaluminate (CSA) cements are requiring less energy and produce less CO2 than Portland cement 
during their manufacturing and thus are receiving increasing attention in the context of sustainable 
development. The valuation of rubber particles is also important in some applications in order to avoid the use 
of rocks as aggregate. 
The idea of using calcium sulfoaluminate cement instead of Portland cement to design mortars containing 
rubber aggregate with better properties is original and is based on previous studies made on macro defect free 
mortars that reported a good compatibility between organic materials and a cement paste containing more 
calcium aluminate than calcium silicate phases. 

Chief contributions 
This work is the result of several studies on the valorization of waste of different origins in cementitious 
materials. Collaboration between three research laboratories in Morocco, France, Tunisia and their long 
experience has led to the realization of this work.  

Keywords: sulfoaluminate cement, wastes, rubber, adhesion, flexural strength, compressive strength. 
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Properties and structure formation of a stone of compositional slag alkaline
bindings with siliceous mineral additives

1Rakhimova N1*, 1Rakhimov R
1Kazan State University of Architecture and Engineering, Department of the building materials,

Kazan, Russian Federation

Abstract

The authors have made researches of properties and structure formation of compositional slag-alkaline bindings
(CSAB) stone with fine milled siliceous additives of quartz sand (S1), used sand (S2) and microsilica (S3).
Influence of dispersion of S1 and S2 on properties of CSAB was studied when adding them with a grinding subtlety
in a range from 200 to 800 m2/kg and the maintenance from 20 to 60 per cent. Adding the ground S1 with dispersion
of 200 m2/kg at any maintenance and irrespective of conditions of hardening leads to the strength decrease, which
increases with the additive maintenance increase, however this allows receiving CSAB with stone strength of 43-47
МPа with 30 per cent of the additive. Adding S1 with the dispersion of 500 m2/kg provides having CSAB equal to
the non additive bindings at the 10 per cent of the additive maintenance and hardening under standard conditions,
and at the 20 per cent of the additive maintenance under steaming. Adding S1 with 800 m2/kg dispersion allows
receiving CSAB equal in strength with the non additive binding at the maintenance of the additive of 30 per cent
when hardening under standard conditions and 40 per cent under steaming.
The X –ray phase method of CSAB stone with S1 and S2 additive has not revealed occurrence of the new growths
different from the ones formed during hardening process of the non additive binding. At the same time, the analysis
of the electronic-microscopic pictures has shown that S2 additives provide the formation of more dense and homo-
geneous structure of a stone.
The greatest influence on the density and strength of CSAB with S3 additives is reached at their maintenance within
3-7 per cent depending on hardening conditions. Thus stone strength increases twice as much. This may result from
the fact that S3, obviously, completely passes into the structure of the new formations and essentially reduces ba-
sicity of matrixes of the CSAB stone which can be seen from the results of the analysis of the element wise structure
of the non additive binding stone with the S3 additive.

ORIGINALITY: For the first time complex researches of the properties of S1 with the non additive and with addi-
tives of the ground ones, S2 and S3 of slag bindings are made at a wide variation of dispersion and a parity of
components. Laws are revealed and dependences of change: of normal consistency and terms of setting of the paste;
hardening kinetics, strength, average density and water absorption by the CSAB stone depending on the mainte-
nance and dispersion of components, hardening conditions are established.
The authors of the report with the help of the X-ray phase methods, scanning electron microscopy have revealed
features of structure formation of a stone with siliceous mineral additives. It is revealed that adding siliceous min-
eral additives depending on their crystallization differently influences on decrease in basicity of the new formations.
Interphase layer of the binding matrix with S1 and S2 particles shows a higher silica maintenance which testifies
the decrease in basicity of the new formations in this layer and S3 completely passes into the structure of the new
formations, including crystal quartz. The analysis of the electronic microscopic pictures allows establishing in-
crease of CSAB density with siliceous additives which is in its maximum when adding S3.

CHIEF CONTRIBUTIONS: Achievements of the researches are determined by the urgency of the problems of pro-
ject developments and manufacturing of CSAB with mineral additives under the modern tendencies of project devel-
opments and manufacturing of all kinds of bindings with mineral additives.
The basic achievements of the research are as follows: possibility of expansion of a raw-material base of CSAB
manufacturing is shown; possibility of considerable – up to 50 per cent and even much more decrease in a slag
component by ground S1 and S2 in manufacturing of CSAB preserving their physical and mechanical properties is
established; possibility of increase in strength of slag alkaline bindings up to twice as much when adding 3-7 per-
cent S3 is revealed; on the basis of the researches of laws of properties formation and structure formation of slag
alkaline bindings with siliceous additives the possibility of their management by regulating the maintenance and
dispersion of slag and additives is shown and the scientifically-proved preconditions for development of the certain
product list of slag alkaline bindings with the set properties, in particular, with strength of the stone binding from
30 to 110 МPа are created.
Keywords: slag-alkaline binding, quartz sand, used sand, microsilica
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Quantitative Characterization of Fly Ash Reactivity for use in Geopolymer 
Cements 

 

1Gustashaw, K.1* 
1 The University of Texas at Austin, Austin, TX 
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2 Nelson Architectural Engineers, Dallas, TX 

3Stutzman, P ; 1 Juenger, M 
3 National Institute of Standards and Technology, Gaithersburg, MD 

 
 
Abstract 

The ability to characterize the reactivity of fly ashes is an essential part of making use of this 
aluminosilicate-rich waste product in geopolymer binders. Most fly ash reactivity investigations only consider 
the bulk reactivity of the ash because of incomplete information on the constituent phases. This study used a 
new method for characterizing fly ash and the resulting geopolymer reaction products that combines Rietveld 
quantitative x-ray diffraction (RQXRD) and scanning electron microscopy coupled with multispectral image 
analysis (SEM-MSIA) to quantitatively characterize both crystalline and glassy phases. The combined 
information from these methods gives quantitative mass fractions of each independent crystalline and glassy 
phase in any material analyzed, including unreacted fly ash, partially reacted fly ash, and geopolymer reaction 
products. The method was used in the present study for characterizing fly ashes prior to alkali-activation and to 
identify the reaction products formed in a geopolymer paste. The different phases in fly ash were shown to react 
differently in the alkaline environment required for geopolymerization. 

Originality 
 
Obtaining accurate, quantitative compositional information on the glassy phases in fly ash is essential in order 
to understand their behavior in geopolymer binders. The proposed characterization protocol is a novel way to 
determine this information using analytical equipment that is already used in cementitious materials analysis. 
The drawback of traditional fly ash chemical characterization by oxide analysis is the inability to identify and 
quantify individual glassy phases, not to mention to discern their different reactivities. By using this method to 
characterize the multiple glassy phases present in fly ash, as opposed to assuming them to be uniform, a more 
targeted method for designing activating solutions can be developed.  
 
Chief	  contributions	  

The work contributes a new way of identifying and quantifying the multiple reactive phases in fly ash instead of 
chemical testing or oxide analysis. This method has been used to show that the reactivities of different glassy 
phases within individual fly ashes are not the same, thus the typical assumption that the bulk amorphous content 
is incorporated into the geopolymer microstructure can be refined based upon improved raw material 
characterization. By using the RQXRD and SEM-MSIA method to characterize fly ash glassy phases, the 
relationships between activator and glass reactivity can better defined to engineer a material with improved 
properties. 

 
 
Keywords: geopolymer, fly ash, SEM 
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Behaviour of Fly Ash Geopolymers at Elevated Temperatures Compared to 
that of Cement Mortars 

 

Asprogerakas A, Panagiotopoulou C, Kakali G, Tsivilis S 
National Technical University of Athens, School of Chemical Engineering, Athens, Greece 

 
 
Abstract 
Geopolymers consist a new type of construction materials that possess excellent mechanical properties and may 
exhibit good resistance to thermal and chemical attack. Theoretically any aluminosilicate material can undergo 
geopolymerisation under certain conditions. In the present work, the thermal behavior of fly ash- based 
geopolymer pastes and mortars in comparison to the thermal behavior of appropriate cement mortars is 
investigated.    
For the conduction of experimental, four series of fly ash geopolymer specimens were prepared using sand/fly 
ash ratios varying from 0 to 2. In addition, cement mortar specimens were prepared using cements CEM I 42.5 
N and CEM II 32.5 N (EN 197-1). The thermal resistance of the specimens, both geopolymeric and cementitious, 
was investigated by exposing the samples to temperatures between 25 and 800ºC. After the thermal treatment, 
the compressive strength of the specimens and the relative mass changes were measured, while the structural 
changes were investigated by means of XRD.  
Thermal stability of the studied geopolymer materials was rather low, regardless of the amount of the added 
sand. The samples experienced significant strength and mass loss after thermal treatment and the initially 
amorphous structure was replaced by nepheline. Cement mortars showed strength loss after exposure to 
elevated temperature but their behaviour seems to be better than the geopolymer one. Their strength reduction 
was noticeable, but not disastrous, when exposure temperature was less than 400°C.   
 
Originality 
In this work the effect of temperature on the properties of fly ash geopolymer and cement mortars is investigated. 
Using the same geopolymeric synthesis and by changing the amount of added sand, the effect of the sand on the 
thermal stability of fly ash-based geopolymers has been determined. Furthermore, by preparing appropriate 
cement mortar specimens and submitted them to thermal treatment, it was possible to perform an adequate and 
realistic comparison of the thermal behavior of these different binding materials.   
 
Chief contributions 
It is estimated that 9500000 t/y of fly ash are produced from the electric power generation plants in Greece and 
only 10% of this amount is exploited in cement and concrete technology. Given the EU regulations, it is crucial 
to develop new technologies that allow the recycling of coal fly ash into added-value products. This work 
concerns the utilization of Greek fly ash as raw material for the synthesis of alkali activated aluminosilicate 
binders and contributes to the transformation of an industrial hazardous by-product into a “green” construction 
material. 
 
Keywords: Geopolymer, Fly ash, Cement, Temperature, Strength 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
 Corresponding author: E-mail stsiv@central.ntua.gr, Tel +302107723262, Fax +302107723188 
 



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 203

AREA 3 - PostersPaperGeneral Poster Session 2 / 15:00-16:00 / 7 July

M-4

T-5

W-6

TH-7

F-8

245

Researches of the mechanism of influence of mineral and chemicals
admixtures on the process of anhydrite binding hardening

1Khaliullin M.I.1*, 1Rakhimov R.Z.
1 Kazan State University of Architecture and Engineering (KSUAE), Department of building materials, Kazan,

Russian Federation

Abstract
The aim of the work done was to research the mechanism of influence of a complex of mineral and chemicals
admixtures of multifunctional action on process of hardening of composite anhydrite binding of increased
water resistance.
Researches were held with application of the electronic paramagnetic resonance method (EPR),
spectrophotometry method and sorbtion of organic dyes, electronic microscopy, and also standard techniques of
strengthening tests.
Maximum strength indicators and the degree of hydration of the anhydrite are observed at the structure of the
composite anhydrite binding distinguished by the highest concentration of surface negatively and positively
charged centers.
When adding mineral fillers into the structure of anhydrite binding - limestone, dolomite and quartz increase in
degree of hydration of anhydrite binding and strength indicators of a gypsum stone occurs in process of
increase of crystal chemical similarity to gypsum in the following line: quartz - dolomite-limestone. Density of
increase of crystals of neogenic gypsum on carbonate substrate is higher, than that of quartz substrate.
Possibly, it is connected with the fact that carbonates have high concentration of surface defects which are
carrying out the role of the centers of crystallization. Supposing, presence of admixture radicals SO3

-, SO2
-,

which are related to anhydrite and gypsum, in carbonate fillers as structural defects raises efficiency of these
additives effect, in comparison to adding ground quartz sand with lower concentration of surface defects and
other nature of structural defects.
Lime additive is characterized by the highest concentration of positively charged centers; it creates the alkaline
environment raising speed of anhydrite dissolution, hydration degree of the anhydrite binding and durability of a
gypsum stone. When lime and zeolite containing additives interwork sparingly soluble low based hydrosilicates of
calcium which densify pore structure of a gypsum stone are formed. Adding supersoftener "S-3", which is
characterised by high concentration of the surface negatively charged centers, causes decrease in water requirement
of the binding, which, in turn, increases average density of a gypsum stone and leads to high durability.

Originality
Correlation between concentration of the surface charged centers for various structures of the composite anhydrite
binding with degree of hydration of the anhydrite and density indicators of a gypsum stone is revealed.
Representations about the mechanism of influence of additives of mineral fillers of limestone, dolomite and
quartz on hardening process of the anhydrite binding substance are developed.
It is revealed, that optimum indicator values of properties of composite anhydrite binding are reached when
using a complex of additives of the multifunctional action raising solubility of the anhydrite, accelerating
crystallization of neogenic gypsum, softening and densifying structure of a gypsum stone at the expense of pore
filling by sparingly soluble hydrate new growths.

Chief contributions
The received views about the mechanism of influence of mineral and chemicals admixtures on hardening
process of the composite anhydrite binding allow to predict additives effect and to carry out their optimum
choice for the purpose of the directed regulation of properties of composite anhydrite binding. On the basis of
the received results of the researches composite anhydrite bindings of high durability (marks «300», «400»,
«500») and water resistance are received for the purpose of manufacturing of high-quality finishing materials.

Keywords: composite anhydrite bindings, mineral additives, chemicals admixtures , surface defects
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Modelling the performances of alkaline activated Fly ash mixtures 
 

Capelli L
1
,
 
Canonico F, Bianchi M, Gastaldi D, Pelucchi M 

 Buzzi Unicem S.p.A. – Research and Development, Casale Monferrato (AL), Italy 

 

Abstract 

Hydrothermal synthesis and geopolymerisation techniques have been known for several decades, and have 

become, over the last few years, a matter of intense study. The very interesting mechanical performance, such as 

relatively high early and late mechanical strengths, that some materials exhibit after hydrothermal synthesis, 

make these geopolymerisation techniques very attractive for the development of alternative building materials, 

with reduced energy and environmental impact; moreover, building materials obtained through hydrothermal 

synthesis can be produced using industrial by-products (like fly ash) or natural raw materials (such as 

metakaolin or pre-calcined kaolin), offering a relevant reduction  in the CO2 payload. The paper presents a 

detailed study aimed at investigating the short-  and long-term mechanical performance of mortar samples 

tested in different activation conditions (activator concentration, curing temperature and curing time). Eight 

admixtures based on fly ash were selected, through the use of experimental design techniques, and prepared with 

the objective of investigating the mechanical properties after a hydrothermal synthesis in alkaline conditions. A 

mix of fly ash and lime was used as the main component of the mix, in combination with different concentrations 

of activator (NaOH). 

 The study allowed the development of a mathematical model describing the dependence of the strength 

development on (1) the concentration of the activator, (2) the curing temperature and (3) the curing time; the 

best performing formulations were then used to prepare concretes that were also submitted to mechanical 

performance tests.  

A critical analysis of the results, of the potential applications and of the contribution to the reduction of green-

house effect gases GHG resulting  from the use of  these kinds of materials, in comparison to traditional cements 

will be presented and some recommendations regarding their  application will be provided.   

 

Originality 

Several papers are available in the literature concerning the potential application of hydraulic binders produced 

by hydrothermal synthesis; the originality of this paper is to systematically approach the study of fly ash 

activation under hydrothermal synthesis, giving a detailed view of the effects induced by different activation 

conditions (curing time and curing temperature). The conclusion of the work is the development of a 

mathematical model that can be used to estimate the short- and long-term mechanical performance of activated 

fly ash in different activation and curing conditions, providing a tool for evaluating the economical and 

environmental convenience of fly ash activation.  

 

Chief contributions 

The results of this paper help to increase the knowledge of fly ash activated systems. In particular, some 

important contributions relating to the relationship between mechanical strengths and activation conditions are 

given. The development of a mathematical model describing the dependence between mechanical strength and 

activation conditions will enable an easy and clear evaluation of the convenience (economic and environmental) 

of the use of fly ash activated systems as building materials.   

 

Keywords 

Geopolymerisation, hydrothermal synthesis, fly ash, alkali activated binder. 
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Composition Design of Alkali Activated Fly Ash Binders Using Taguchi Method 
 

1Panagiotopoulou Ch, 1Kakali G*, 1Tsivilis S. 
1 National Technical University of Athens (NTUA),  School of Chemical Engineering, Athens, Greece 

 
Abstract 
Alkali activated aluminosilicate binders (also called inorganic polymers or geopolymers) are new construction 
materials possessing interesting properties such as rapid development of compressive strength and improved durability. 
Their formation involves a chemical reaction between an aluminosilicate material and a sodium silicate solution, in a 
highly alkaline environment. The development of geopolymer technology can contribute to the reduction of green-house 
gas emissions and the exploitation of industrial by-products which are converted to valuable construction materials. 
This work concerns the use of fly ash (coming from the power station at Megalopolis, Greece), as raw material for the 
synthesis of inorganic polymers and it is part of a research project concerning the exploitation of Greek minerals and 
by-products in geopolymer technology. 
There are several factors that have been reported to affect geopolymerization, including the type and quantity of the 
starting materials as well as the curing conditions of the initial mixture.  The effect of the synthesis parameters on 
formation of inorganic polymers are usually examined by “changing one factor at a time”. In this study Taguchi 
experimental designing model was applied in order to study the synergetic effect of selected synthesis parameters on the 
compressive strength development of fly ash based geopolymers. The experimental design involved the variation of 
three control factors in four levels. The selected factors and the corresponding level range were: i) the alkali to 
aluminum ratio in the starting mixture, 0.5R/Al1.5, ii) the kind of alkali ion, 0Na/(Na+K)1.0 and iii) the 
concentration of  silicon in the activation solution, 0 [Si]/R2O2.0. The above design procedure led to the conduction 
of 16 experiments. The compressive strength of geopolymers was measured and the final products were also examined 
by means of  XRD, FTIR and SEM. 
As it is concluded, the optimal synthesis conditions for Greek fly ash geopolymers are R/Al=0.85, Na/(Na+K)=0 and 
[Si]/R2O=1.35, while the factor having the highest impact on the development of compressive strength was the alkali to 
aluminum ratio.   
  

Originality 
In this work, the alkali activation of Greek fly ash and the synthesis of fly ash based inorganic polymers are examined.  
There are several factors that have been reported to affect the geopolymerization of aluminosilicate raw materials. The 
effect of the synthesis parameters on formation of inorganic polymers are generally examined by “changing one factor 
at a time”. The authors of this work, based on previous literature, have selected some of the most important factors and 
have applied the Taguchi experimental design method in order to optimize the synthesis of fly ash based geopolymers. 

Chief contributions 
It is estimated that 9500000 t/y of fly ash are produced from the electric power generation plants in Greece and only 
10% of this amount is exploited in cement and concrete technology. Given the EU regulations, it is crucial to develop 
new technologies that allow the recycling of coal fly ash into added-value products. This work concerns the utilization 
of Greek fly ash as raw material for the synthesis of alkali activated aluminosilicate binders and contributes to the 
transformation of an industrial hazardous by-product into a “green” construction material. 

Keywords: Geopolymers, Fly Ash, Composition, Taguchi, Compressive Strength 
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Formation of C-S-H, C-A-S-H and N-A-S-H gels in alkali activated fly ash 
binders 
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Borowiec Paulina 
Bytnar Małgorzata 

University of Science and Technology, Faculty of Materials Science and Technology, Department of Building 
Materials Technology, Cracow, Poland 

 
Abstract 
The C-S-H, C-A-S-H and N-A-S-H gels are the base hydration products of the alkali-activated glassy state 
materials. The geopolymers properties are determinated by the parameters of such hydrates. In the article there 
was taken into consideration studies about the formation process and the properties of C-S-H, C-A-S-H and the 
N-A-S-H gels. This work is a trial of gels synthesis in solutions and comparison with the obtained hydration 
products with the phases that were formed in naturally matured alkali activated fly ash mortars and concretes. 
For synthesis, the alumina nitrate, calcium nitrate and sodium silicate were used. There were conducted the 
long-term synthesis in room temperature which brings the solid hydration products. The obtained gel phases 
were examined by XRD, DTA, IR and SEM-EDS methods. The presented results illustrate the properties of the 
synthesized phases and the comparison among them. 
 
Originality of the research 
Presented materials contain the results of examinations, that are the part of wide scientific field of our team 
work with alkali activated materials. Presented paper includes the results of study on the morphology of hydra-
tion products formed during alkali activation in C-S-H, C-A-S-H and N-A-S-H systems. Presented results were 
obtained during our laboratory examinations and have never been presented or published before. 
 
Chief contributions 
This work is a small part of wide range of examination conducted during international project, which concerns 
the fly ash and blast furnace slag based alkali activated materials. There were many different aspects of exami-
nations. One of them was understanding the process of forming different kind of hydrates during the reaction 
with alkalis in various systems. In order to realize the scope of this part there was the necessity to examine the 
pure systems with different molar ratios of particular components. The authors made the samples of hydrates 
based on the  fly ash and blast furnace slag and as the following they tried to synthesize similar gels in water 
solutions by co-precipitation process. The obtained results of examinations are presented in this work. 
 
Keywords: fly ash binders, alkali activation, N-A-S-H, C-A-S-H, C-S-H 
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The Effect of Ultrafine Red Clay Brick Pozzolan on the Microstucture of 
Cement Paste and its Correlation with Non-Destructive Engineering Properties 
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Abstract 
The anisotropies of Portland cement based materials are of extreme importance to determine their engineering 
properties. This is because interface related aspects of the cement hydration are affected by the local chemistry of the 
components of the matrix. The effect of such complex microstructure on the engineering parameters must be carefully 
examined, so that evaluation of the structure integrity can be properly made via Non Destructive Testings. The aim of 
this paper is to correlate the mechanical properties (destructive and non-destructive) with the microhardness of cement 
paste at early ages. The samples were cast using Early Strength Development Portland cement and two water to binder 
ratio (0.33 and 0.44 by mass). Also, two sets of cement pastes were mixed with and without a ground redbrick waste 
(20% by mass) pozzolan replacing cement. The test ages were 1, 3 and 7 days. The micro features of the early hydrated 
cement pastes were assessed by means of Scanning Electron Microscopy (Backscattered Electron Imaging Mode) and 
Vickers Microhardness. The data shows that the presence of the pozzolan affects the distribution of the unhydrated 
cement and the homogeneity of the cement matrix, yielding to different microfeatures and reflecting on the mechanical 
properties. 
 
Originality 

 Early age pozzolanic effect of Red Clay Brick pozzolan on the microhardness of cement paste is scarce in 
published articles. 

 Microhardness features of cement paste are rarely shown in the literature, especially at early ages of 
hydration. 

 The correlation between microhardness of cement paste and non-destructive dynamic parameters is also 
scarce in the literature. 

 
Chief contributions 

 To increase the understanding of the effect of the use alternative pozzolans, in this specific case an ultrafine 
red clay brick pozzolan.  

 To increase the knowledge of the assessment of the effect of mix design on the engineering properties asses by 
means of some non destructive dynamic techniques, considering the microstructure and microhardnes of early 
hydrated cement.  

 To improve the understanding of the heterogeneity of the microstructure of cement paste, and its correlation 
with the assessed properties.  

. 
  
Keywords: Microhardness, Hydration, Early Age, Pozzolan, Redbrick Waste 
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1Gomes KC 
1 DSER/CCA- Federal University of Paraiba, Brazil 

2Torres SM* 
2 DEMAT/CT- Federal University of Paraiba, Brazil 

2De Barros S; 3 Vasconcelos IF; 4Barbosa NP 
2 DEMAT/CT- Federal University of Paraiba, Brazil 

3 DEMM/CT- Federal University of Ceara, Brazil 
4 DECA/CT- Federal University of Paraiba, Brazil 

 
* sandromardentorres@yahoo.co.uk 

 
 
 
Abstract 
Alcaline activation of alumino-silicate materials have attracted significant attention of the scientific community. This is 
chiefly due to properties such as good thermal stability and high resistance to aggressive environments. Most studies on 
this subject are based on traditional precursor materials such as calcined kaolinite clay (metakaolinite) and fly ash. In 
the tropical regions of the earth, there are other aluminosilicate containing materials, such as red tropical soils (RTS). 
In this type of soil, alongside with the presence of other alumino silicate phases such as kaolinite, the levels of iron 
(Fe2O3) are as high as 60%. Their alkaline activation potential is, still, needed of systematic evaluation. The aim of this 
work is to evaluate the potential of RTS as a precursor for the development of geopolymers. The mechanical properties 
and the structural characteristics of the samples were evaluated by means of compressive strength and x-ray 
diffraction, x-ray fluorescence, infrared and Mössbauer spectroscopy. Even with very high levels of iron, RTS presented 
a potential for use in the synthesis of geopolymer. The compressive strength of the samples ranged from 20 to 80 MPa. 
Considerations will be given on the distribution of iron within the structure of the activated material. 
 
 
Originality 
There is a need for systematic studies in order to explore the potential use of sources of geopolymer precursor other 
than the traditional metakaolinite and fly-ash. Given the nature of precursor materials, it is important to evaluate the 
distribution of iron in the structure and mechanisms of geopolymer synthesis. This brings an academic challenge with 
implications for the scientific community, considering that the vast majority of published material addresses aspects 
related to the latter precursors. As Fe (II, III) and Al(III) are interchangeable in some minerals such as goethite 
(FeOOH), bohemita (AlOOH) and hematite (Fe2O3). The presence of large amounts of iron in geopolymers results in 
NMR data that are less useful to characterize geopolymer structure. This explains why iron is not often discussed in 
geopolymer related articles. This is given to the fact that the ferromagnetic nature of iron may compromise data 
analysis. In this sense, this work proposes to use 57Fe Mössbauer Spectroscopy as an alternative technique that favors 
analyses where NMR fails to provide accurate data. This is because it is based on resonant excitation of nuclear energy 
levels which are sensitive to iron local coordination and electronic structure.  
  
 
Chief contributions 
 To increase the knowledge for the development of geopolymeric materials from a variety of industrial and natural 

precursors.  
 To contribute towards sustainable engineering solutions once geopolymers contribute less to green gas emissions as 

well as incorporates value to industrial waste immobilizations. 
 Iron is often present in several industrial waste and minerals. As far as structural characteristic of geopolymers are 

concerned, it also contributes for understanding of the role of iron in the geopolymer matrixes.  
 To increase the range of raw useful materials as precursors for alkaline activation. 

  
 
Keywords: Alcaline activation, tropical soils, Iron, Mössbauer 
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Research of Producing Belite-Calcium Barium Sulphoaluminate  

Cement via High Silica Modulus  

 
Lu Lingchao* 

 University of Jinan, Jinan, China 
Wang Hui 

University of Jinan, Jinan, China 
Wang Shoude, Guo Xiangyang 

University of Jinan, Jinan, China 
 
Abstract
Belite-calcium barium sulphoaluminate cement is a new cementing material. Calcium barium 
sulphoaluminate is known with rapid hardening and high early strength. Orthogonal test method taking 
clinker modulus as the influencing factors was carried out to optimize the preparing conditions at 
1380℃ with 9% C2.75BB1.25A3S. Mineral constituent and structure of the clinker were analyzed by the 
means of XRD, SEM-EDS and Lithofacies. The results show that the optimal iron modulus, silica 
modulus and lime saturation factor was 1.3, 3.1 and 0.81, respectively. The compressive strength of the 
cement reached to 41.5MPa and 84.8MPa at 3d and 28d curing ages.  
 
ORIGINALITY 

Belite cement has many excellent performances with low heat of hydration, high long-term strength, 
low raw material quality requirement and low CO2 emission. However, the hydration activity of belite 
mineral is so low that early strength of belite cement is very much lower than that of other cements. So 
improvement of early strength of belite cement has become a hot point of technical research. And many 
methods were applied, which contained activation β-C2S lattice, rapid cooling for stabilizing the high 
temperature C2S mineral and fine ground cement. But these methods were not effective for 
improvement the early strength of belite cement. Barium calcium sulphoaluminate mineral 
(C2.75BB1.25A3 S ) is a new mineral which has good advantages of early strength and activation. And this 
mineral has expansion property, which could decrease micro cracks of cement shrinkage. Meanwhile, 
BaO can solid solution in C2S lattice, and this changes activation of C2S lattice. And C2S lattice of high 
activation can be kept with BaO mixing. Therefore, early strength of belite cement can be improved by 
means of mixing C2.75B1.25B A3 S mineral and activation of belite mineral. The purpose of paper is that 
the value of composition was research and the best property was gained from changing modulus value.  
 
Chief contributions 
Lu Lingchao is an instructor of this paper, he gave the trend of the research of paper and gave many 
advises of experiment process. Wang Hui is operator of experiment and paper writers. Wang Shoude, 
and Guo Xiangyang gave much help in experiment and paper. 
 
Key words: belite, calcium barium sulphoaluminate, mechanical performance, iron modulus, silica 
modulus 
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ABSTRACT 

 
This study has been conducted to investigate the influences of magnesium chloride content on physico-
mechanical properties of magnesium oxychloride cement pastes. Four mixes M1, M2, M3 and M4 were prepared 
by different contents of MgCl2 9.9, 18.75, 24 and 31.6 wt. % of mix, respectively. The result of mechanical 
properties of mix M3 gives the highest value of compressive strength after the curing in air at ambient 
temperature for 7 days. It is noted that the compressive strength after curing in air at ambient temperature for 7 
days increases by increasing the MgCl2 content up to 24 wt. % of mix then decreases. Three mixes MI, MII and 
MIII were designed using MgO, MgCl2, Sand dunes, synthetic fiber and phosphoric acid to study the effect of 
phosphoric acid addition on the increasing water resistance of magnesium oxychloride cement pastes. The result 
was noted that the addition of phosphoric acid to magnesium oxychloride cement (MOC) can greatly improve its 
water resistance.  

 
INTRODUCTION 

 
Magnesium oxide, or calcined magnesia, is normally obtained by calcinations of magnesite (MgCO3) 
at a temperature of around 750 °C. The quality or reactivity of the formed magnesium oxide powder is 
largely affected by its thermal history (calcination temperature and duration) and particle size [Haper, 
1967 & Sorrel, 1976 & Matkovic, 1977]. This in turn influences both the reaction rate and the 
properties of the reacted products of magnesium oxychloride cement. The setting and hardening of the 
magnesium oxychloride cement takes place in a through-solution   reaction [Urwongse, and Sorel, 

1980]. 
 
Magnesium oxychloride cement, also known as Sorel cement [Sorel, 1867] is a type of non-

hydraulic cement. It is formed by mixing powdered magnesium oxide (MgO) with a concentrated 
solution of magnesium chloride (MgCl2). 

 
The four main reaction phases in the ternary MOC system are 2Mg(OH)2·MgCl2·4H2O   

(phase 2), 3Mg(OH)2·MgCl2·8H2O (phase 3), 5Mg(OH)2·MgCl2·8H2O (phase 5), and lastly 
9Mg(OH)2·MgCl2·5H2O (phase 9). Of which, the phase 3 and phase 5 may exist at ambient 
temperature, whereas the phase 2 and phase 9 are stable only at temperatures above 100 °C [Bensted 
and Barnes, 3002]. Another possible reaction product with a suitable reaction environment is 
magnesium hydroxide or brucite, Mg(OH)2. 

 
Magnesium oxychloride cement has many superior properties as compared to ordinary 

Portland cement [Bensted and Barnes, 3002]. It has high fire resistance, low thermal conductivity, 
good resistance to abrasion, and unaffected by oil, grease and paints. It also has high early strength and 
is suitable for use with all kinds of aggregate in large quantities, including gravel, sand, marble flour, 
asbestos, wood particles and expanded clays. The lower alkalinity of magnesium oxychloride (pH of 
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Synthesis and characterization of geopolymers from 
clinoptilolite tuff
1Chávez-García ML1* 

1Facultad de Química, Departamento de Química Inorgánica y Nuclear.  

Universidad Nacional Autónoma de México, México D. F., México
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Abstract 
A clinoptilolite-based geopolymer was synthesized from a clinoptilolite tuff by activation with 14M KOH, at ~25 oC. 
The influence of the KOH concentration and the open and closed curing on the chemical properties of the geopolymer 
were investigated. The optimum conditions to synthesize the clinoptilolite polymer were 38 µm particle size, reacting 1 
g clinoptilolite with 750 µL 14 M KOH, 10 min, precuring in a closed container for one day followed by one day in an 
open container, and final curing at 80 °C for 72 h. XRD and IR analyses indicate that the geopolymer is composed of 
an amorphous phase and semi-crystalline K-feldspatic and illitic or muscovite-like components (10, 66 and 120 days). 
The amorphous phase in the geopolymer increased with the concentration of KOH. XRD confirmed that the 
geopolymeric reaction was homogeneous at the surface and through the bulk of the clinoptilolite particles. SEM results 
show that the synthesized geopolymer is homogeneous, free of cracks but with aisle micro cracks and porous without 
significant damage to the matrix. The physical and mechanical characteristics of the geopolymer suggest that colloid 
reactions on clinoptilolite could produce building materials of good quality. 

Originality 
Studies on the synthesis of geopolymers prepared from aluminosilicates, fly ash, blast furnace slag, and particularly 
from clay minerals and zeolites are not common in Mexico. In this study we propose the use of zeolite tuffs for the 
production of geopolymers. Zeolite tuffs are extensively distributed in Mexico; they are of good quality that warrants 
their application as raw materials for the production of geopolymers. Zeolites have the additional advantage of not 
requiring any thermal pre-treatment -as is the case with clays- thus offering when used as substitute for cement the 
potential to reduce emissions of greenhouse gases, mainly CO2. 

Chief contributions 
Zeolite tuffs, specifically heulandite-clinoptilolite tuffs, are widely distributed in Mexico. They are of potential 
application as raw materials for the synthesis of inorganic geopolymers, which have importance as new cement 
matrices. Thus the present interest to study the reaction mechanisms, the effect of impurities and the evaluation of 
geopolymers as eventual cement replacement and in the immobilization of hazardous wastes, metal ions and organic 
components. 

Keywords: Geopolymers, Clinoptilolite, KOH activation
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Alkaline activation of blended fly ash and cement kiln dust 
A. B. Cabrera-Fuentes* 
A. Fernández-Jiménez 

A. Palomo
Instituto Eduardo Torroja de Ciencias de la  Construcción (CSIC) Madrid, Spain 

 
Abstract
Alkaline activation is a very versatile technology applicable to many materials whose composition hinges on the 
SiO2.Al2O3.CaO system (metakaolin, slag, fly ash...). Cement kiln (or bypass) dust (CKD) is, in turn, an 
industrial by-product generated in Portland cement manufacture. The purpose of the present study was to 
determine the effect of the addition of 5 and 20 % cement kiln dust on the alkaline activation of type F fly ash. 
The fly ash-cement kiln dust blends were alkali-activated with two solutions: W15 (SiO2/Na2O = 0.19) and W84 
(SiO2/Na2O = 0.19) and cured for 28 days at 85 ºC and 95% relative humidity. The findings appear to indicate 
that the primary reaction products precipitating were a mix of cementitious gels: an alkaline aluminosilicate gel 
including calcium in its structure ((C,N)-A-S-H gel), perhaps resulting from fly ash activation, and a C-S-H gel 
containing Al, whose presence may be attributed to CKD hydration. The formation of these gels gave rise to an 
uneven distribution of reaction products, yielding products whose mechanical strength proved to be lower than 
in pastes with no cement kiln dust. That notwithstanding, in all the cases studied the strength values obtained 
were higher than 30 MPa. 
 
Originality 
The originality of the present research lies essentially in the formula proposed to re-use cement kiln dust: as an 
addition in the cements obtained with alkali-activated power plant fly ash. In other words, the proposal is to use 
two industrial by-products to obtain a new cementitious binder, which would not only improve environmental 
conditions but would add value by deepening the understanding of alkaline activation as an alternative 
procedure for obtaining new cements.  

Chief contributions 
The main contribution attributable to this research is the attainment of materials with good cementitious 
properties via alkaline activation of a blend of two industrial by-products: fly ash and cement kiln dust. From the 
standpoint of further knowledge, this study showed that the cement developed generates reaction products 
consisting of a mix of an alkaline aluminosilicate gel with calcium in its structure ((C,N)-A-S-H gel) and an Al-
containing C-S-H gel. Another finding was that the working conditions (curing at a temperature of 85 ºC and 
high alkalinity) prevented the sulfates (anhydrite) and chlorides (sylvite) present in the CKD from forming 
ettringite, Friedel's or similar salts.  

Keywords: alkali-activated fly ash, cement kiln dust, sodium silicate.  
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Abstract 

Flue dust (FD), generated from electric arc furnace, is one of the biggest problems for the content of heavy 

metals such as Zn, Fe, Cr, Cd, Pb and others, emitted to the atmosphere during the manufacture of steel. The 

flue dust is classified as hazardous waste in Brazil, the NBR 10.004, as in other steel producing countries such 

as USA, Japan and Germany, and its composition depends on the type of steel produced. In developed countries 

FD is the subject of a process which aims at the recovering of those metals – especially zinc – for their 

reutilisation in other industries. Because those processes are less used in Brazil, studies about the reutilisation 

of FD in other industries – such as civil construction – are necessary. 

 

Originality 

As a solution to this serious problem, studies of recycling this material has been made, both for the recycling of 

metals of interest to the manufacturing process itself, and as feedstock for other industries, such as the building 

materials industry. However, the flue dust delayed time of tumor Portland cement, invalidating its use as the 

content of FD adopted. In this regard, an alternative to the use of flue dust in the construction industry is its 

addition to a mixture of fly ash on alkali-activated, free of clinker, known in the literature as geopolymer. 

 

Chief contributions 

 

Pastes were prepared based on fly ash containing alkali-activated levels of flue dust 15% and 25%. The 

characterization of the pastes was performed with the aid of TG / DTG and SEM. The thermograms showed an 

endothermic peak in the range of temperature of 100 to 130°C on the water loss by evaporation. The curves of 

TG and DTG showed that the addition of the flue dust downplayed the endothermic peak on the mass loss at 

200°C. Data from thermal analysis revealed that the water content decreased continuously in accordance with 

the temperature. Increased addition of flue dust showed that between 250ºC and 900ºC the geopolymer is 

structurally stable maximizing durability and life. SEM images reveal no significant changes between the 

samples containing the flue dust and the reference samples. 

 

Keywords: flue dust; fly ash; alkali-activation; geopolymer. 
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Abstract
Protective treatments modify the surface energy of construction materials: water repellents obstruct the absorption of 
water molecules and anti-graffiti coatings prevent paint from adhering to the substrate. The present study aimed to 
determine the surface energy of (CEM I 42.5 N) cement paste before and after coating with different concentrations of a 
commercial fluorinated anti-graffiti product and an organically modified silicate (ormosil) (re-diluted in their 
respective solvents to concentrations of 5 and 75 %). 
The dispersive and acid-base-specific components responsible for hydrated cement paste surface energy were 
determined by quantifying their interactions with n-alkane, acid, amphoteric and basic probe molecules. When applied 
at low concentrations (5 %), neither protector modified the dispersive component of cement paste surface energy, which 
at 40 ºC came to 52.9 mJ/m2 (44 mJ/m2 at 60 ºC). This is an indication that they failed to suitably cover particle 
surfaces, and indeed, higher concentrations (75 %) of both were needed to reduce the dispersive component and 
provide adequate anti-graffiti protection. Under the latter conditions dispersive energy was observed to decline to 42 
mJ/m2 at 40 ºC. An analysis of the values of the acid-base interaction constants in uncoated and coated cement paste 
showed that the commercial product essentially lowered the number of acid centres on the surface (Kb/Ka= 1.61), while 
the ormosil eliminated basic sites (Kb/Ka= 0.18). 
Resumen
La aplicación de tratamientos protectores en materiales de construcción modifica su energía superficial impidiendo la 
absorción de moléculas de agua, en el caso de los tratamientos hidrofugantes, o evitando la adherencia de las pintadas, 
cuando se trata de antigraffiti. El objetivo del trabajo fue determinar las energías superficiales de una pasta de 
cemento (CEM I 42.5 N) antes y después de ser impregnada con diferentes concentraciones de un antigraffiti fluorado 
comercial y otro sintético tipo Ormosil (rediluidos en sus respectivos disolventes al 5 y 75%). 
La determinación de las componentes dispersivas y específicas (ácido-base) de la energía superficial de la pasta de 
cemento hidratada se realizó a través de la cuantificación de las interacciones que se establecen con distintos tipos de 
moléculas sonda (n-alcanos, ácidas, anfóteras y básicas). La aplicación de ambos protectores en bajas concentraciones 
(5%) no modifica la componente dispersiva de la energía superficial de la pasta de cemento, que alcanza a 40ºC un 
valor de 52.9 mJ/m2 (44 mJ/m2 a los 60ºC). Esto indica que no recubren la superficie de las partículas adecuadamente, 
y que es necesario concentraciones más elevadas de ambos productos (75%) para reducir dicha componente y que, por 
lo tanto, el antigraffiti la proteja adecuadamente. De esta forma se han determinado energías dispersivas en torno a los 
42 mJ/m2 a 40ºC. Analizando los valores de las constantes de interacción ácida y básica de la pasta de cemento sin 
impregnar e impregnada se puede concluir que el producto comercial disminuye fundamentalmente los centros ácidos 
de las superficies (Kb/Ka= 1.61) a diferencia del Ormosil que se dirige a los centros básicos (Kb/Ka= 0.06). 

Originality 
There are not studies about the surface energies of cement paste when treated with anti-graffiti coatings and thus, it is 
difficult to evaluate the adhesion substrate-treatments. 
This study analyze for the first time the dispersive component of the surface energy and the acid and base constants of 
cement paste treated with anti-graffiti coatings  by means of inverse gas chromatography at infinite dilution (IGC-ID). 
The results show that both treatments protect in a suitable way (by lowering the dispersive component of the surface 
energy) when they are applied in the right amount. 

Chief contributions 
Both anti-graffiti treatments induce a similar decline in the surface energy of cement paste. CF3 (Protectosil) terminals 
are not more effective than CH3 (ormosil) terminals in lowering the dispersive component of cement paste surface 
energy. Through the determination of acid and base constants, it was concluded that ormosil was drawn essentially to 
the basic centres in cement paste and Protectosil eliminated the acid ones.  

Keywords: Inverse gas chromatography (IGC), Surface energy, Acid-base, Cement paste, Anti-graffiti coatings 
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Calcium silicate – calcium aluminate interactions
and their influence on cement early hydration

Quennoz A*, Gallucci E, Scrivener KL 
 Ecole Polytechnique Fédérale de Lausanne  (EPFL), Laboratory of Construction Materials, Lausanne, 

Switzerland 

Abstract
Cement hydration is characterized by the reaction of calcium silicate, calcium aluminate and calcium sulfate 
phases with water. Understanding the chemical reactions which lead this material to harden is fundamental for 
the prediction of performance and durability. Extensive studies have been carried out in the past on simple 
systems such as alite and C3A-gypsum to understand the basic mechanisms occurring during cement hydration. 
However, the hydration of real cements is much more complex as many reactions occur simultaneously and the 
interactions between the main cement phases are still unclear. This work aims at investigating the interactions 
between silicate and aluminate phases using model cements of controlled compositions. A C3A/C3S ratio close 
to cement compositions was chosen and gypsum was added in different amounts to influence the time of 
occurrence of the aluminate reaction. The hydration of these systems was studied from the point of view of their 
kinetics and phase assemblage. The results obtained on model cements were compared to pure systems (alite 
and C3A-gypsum) in order to understand the nature of the interactions between aluminate and silicate phases 
and their effect on hydration. 
 
We observed that extra peaks were present in heat evolution profile of the model cements compared to pure 
systems. These extra peaks were attributed to interactions between the cement phases. Differences in the 
evolution of the aluminate- sulfate phase assemblage when hydration occurs in the presence of alite are 
thought to be at the origin of these differences in the calorimetric curve. In model cements ettringite continues 
to form after the depletion of gypsum; while in pure C3A-gypsum systems the ettringite starts to dissolve 
together with C3A directly after gypsum consumption. The EDS analysis of the C-S-H showed that the sulfate 
ions adsorbed on C-S-H can be released to form more ettringite after gypsum depletion.    
  
Moreover, it was observed that the presence of C3A-gypsum effects significantly the alite hydration. We 
observed an acceleration of the alite reaction in the presence of C3A and gypsum for properly sulfated cements 
and a slow down of this reaction for undersulfated cements.  
 
Originality 
In this study on hydration mechanisms, not only are the kinetics aspects of the reaction studied, but also the 
influence of the original mix design on the phase assemblage and the microstructural development was 
followed to determine the nature of the interactions between the main cement phases.  
Moreover, as increasing attention is returning to the problem of undersulfation, some low sulfate compositions 
have also been investigated. The reason for renewed interest in this phenomenon is that sometimes commercial 
cement may behave in an undersulfated manner when used in the field with additives or mineral additions.  

Chief contributions 
With this study on model cements made of pure phases we have shown that the heat evolution curve of cements is 
not the direct sum of the contribution of its constituents. First of all, the hydration kinetics of the individual 
cement phases is modified when hydration occurs in multi-phase systems.  Moreover, additional exothermic 
peaks appear in multiphase systems due to the interaction between the cement phases. The controversial origin of 
the shoulder sometimes observed on the silicate peak in Portland cements was of particular interest. We were 
able to show that this shoulder is associated with a second ettringite formation by reaction of C3A and sulfate 
ions absorbed on C-S-H.   

Keywords: Calorimetry, hydration, model cements, alite-C3A interactions, second ettringite formation 
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Abstract 
Limestone powder additions influence the hydration products in an OPC system. The calcium carbonate present in the 
limestone powder interacts with the calcium aluminate hydrates (AFm), forming calcium monocarboaluminate hydrate 
instead of calcium monosulphoaluminate hydrate, thereby stabilizing the ettringite (AFt) and increasing the amount of 
bound water. This could in turn lead to lower porosity and subsequently higher strength. 
 
The idea was that the effect of limestone powder might be more pronounced in fly ash blended cement than in OPC. 
This would be due to the higher amount of calcium aluminate hydrates generated in the fly ash containing system, 
compared to the limited amounts generated by OPC. 
 
A systematic study of several mixes containing different combination of ASTM class F fly ash and limestone powder, 
replacing 35% percent of the OPC has been carried out. The aim was to relate microstructural properties such as the 
degree of reaction, nature of hydration phases and capillary porosity to compressive strength.  
 
In order to understand the effect of limestone powder in this system, X-ray diffraction (XRD), thermogravimetric 
analysis (TGA) and quantitative microstructural analysis were performed on paste samples using scanning electron 
microscopy (SEM) with image analysis (IA). These experimental results were then compared with the output of a 
thermodynamic model. The model predicts the hydration assemblage at equilibrium for a given composition of raw 
materials. The results of the model can be used to investigate the sensitivity of the system for certain parameters e.g. the 
degree of hydration of the FA, the limestone or gypsum content. 
 
The compressive strength results showed a strength decrease when OPC is replaced with limestone powder alone, 
whereas a strength increase occurred when 5% of fly ash was replaced with limestone powder. The increase in 
compressive strength appears to correspond to the changes in the AFm and AFt hydration phases and the subsequent 
increase in total volume of hydration products. The effect of limestone powder additions was greater in the case of the 
fly ash blended cement than for the OPC and the effect increases with increasing degree of reaction of the fly ash. Thus 
the initial hypothesis was confirmed. 
 
Originality 
In this study a multi method approach, including compressive strength, quantitative and qualitative microstructural 
analysis and thermodynamic modeling was used to investigate the system OPC - fly ash - limestone powder.  
 
The thermodynamic model is used to understand and illustrate the effect of limestone powder on the composition of the 
hydration products. It enables us to interpolate between certain combinations, investigate the sensibility of the system 
for certain parameters. 
 
 
Chief contributions 
It is known that 5-10% of an OPC can be replaced by limestone powder without altering the macro-properties to a 
great extend. Whether this is also valid for fly ash blended cements is investigated in this study. 
A combination of techniques was applied to understanding the interaction between the different components in the OPC 
- fly ash - limestone powder system.  
The use of the thermodynamic model for the prediction of the composition of hydration products for composite cements 
was investigated and discussed. 
 
Keywords: limestone, fly ash, modeling 
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Influence of calcium sulphate on hydration and mechanical strength of 
tricalcium silicate 

S. Gunay1, S. Garrault1, A. Nonat1, P. Termkhajornkit2 
1Laboratoire de Recherche sur la réactivité des systèmes granulaires, Dijon, France;        

2Lafarge Centre de Recherche, Saint Quentin Fallavier, France

Abstract   
Mechanistic understanding of the impact of sulfates on the compressive strength of cement paste is a poorly 
understood problem. While the reaction of sulfates with aluminate clinker phases have been generally 
emphasized, in this study we take a closer look at the often neglected impact of sulfates on the hydration and 
mechanical strength development of tricalcium silicate (C3S) paste. The objective of this study is to determine 
whether there is an optimal effect of calcium sulfate on C3S hydration and C3S paste strength and to explain the 
mechanism. Evolutions of the degree of hydration and the corresponding compressive strength and porosity 
volume are determined at different age.  Results have shown that there are specific effects of calcium sulfate on 
C3S hydration and pastes cohesion which have been linked to the fact that, according to the literature, the 
sulfates ions adsorb on the C-S-H surface. At 3 days, an optimal effect is observed and the observed increase of 
the compressive strength is linked to an increase of hydration degree in the presence of calcium sulfate. 

 
Originality  
In this article, the impacts of gypsum on hydration and mechanical strength of C3S pastes were studied. It 
enables for the first time to actually quantify effects of calcium sulphate on hydration kinetics and 
microstructure development in order to evaluate their respective effects. The results show that the main effect of 
calcium sulphate on mechanical strength gain is due to an increase of hydration degree of tricalcium silicate 
pastes.   Additionally it has been possible to show that for a same quantity of precipitated hydrates, there is an 
increase of the paste cohesion at early age (first hours of hydration) and a decrease of mechanical strength at 
later age (28 days).
 
 
Contribution
The addition of calcium sulphate to cement clinker is an essential step in optimizing the mechanical properties 
of hydrated cement pastes. Despite the fundamental knowledge accrued in the literature, the current method of 
determining the optimum sulphate dosage has limited theoretical basis. In this study, we shed light on the often 
neglected impact of sulphates on the hydration and strength development of C3S.
 
Keywords 
Gypsum, C3S, hydration of C3S, mechanical strength of C3S
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 Influence of   hydrates rate formation on the rheological properties  
of the paste  
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Abstract

Reaction of clinker phases with water is related to the change of rheological properties of the paste during 
hydration. Formation of hydrated phases  in the volume occupied originally water or on the surface of cement grains, 
as well as the morphology of hydrates, reduces the distance between grains and results in an increased plastic viscosity 
of the paste. Basic properties of the Portland cement paste are governed C-S-H gel, primarily setting. In this contests 
the content of alite and its reactivity have the significant effect on paste rheology in two first hours after mixing with 
water. Very important factor is also ettringite – product of tricalcium aluminate hydration in the presence of sulphates. 
Usually the hydraulic activity of  cement, in the early stage of hydration is determined on the basis of the degree of C3A
depletion. The last process is also influenced by the kind of calcium sulphates and the sulphates in general. Depending 
on their amount and type, sulphates retard the hydration of tricalcium aluminate to a different extent, and at the same 
time they accelerate the hydration of silicates. The action of sulphates may cause the change of yield stress by 
flocculation as well as  retardation of cement hydration
      The experiments are focussed on  explanation of the aforementioned parameters on the rheological properties of 
paste. Model pastes are used, the composition of which allows formation of determined hydration products (alite, alite 
+ calcite, alite + coarse-grained kleinite + gypsum, alite + fine kleinite + gypsum, alite + C3A + gypsum). The 
following research methods were used: rheological measurements in the time below 2 hours, microcalorimetric 
analysis and BET specific surface area measurements after 2 hours of hydration. The results of experiments led to 
following conclusions: 

• alite is much more quickly hydrolysed in the mixture with calcite;  significantly shortening the time of C-S-H 
gel formation; formation of much higher amount of C-S-H in the mixture of alite and calcite caused higher 
plastic viscosity of this paste. 

• the kind and amount of hydration products has a decisive influence of the rheological characteristic of pastes: 
           a) C-S-H gel has the most significant influence on plastic viscosity,
           b) the yield value of pastes is determined by the global  contents of hydrates  C-S-H + ettringite + portlandite

• the degree of size reduction of kleinite influences the rate of ettringite formation and therefore  increase the 
yield value of the paste. 

Originality 

Currently, the main problem with the production of concrete is to look for factors influencing the rheological 
properties. The paper presents the influence of hydration products on rheological properties through the use of model 
systems allowing the creation of certain hydration products. The results provide guidance on how to influence the 
rheological properties by modifying the composition of cement. 

Chief contributions 
The main assumption of this study was to look for answers on how the various products of hydration affect the 
rheological characteristics of cement slurries. In this study the rheological properties up to two hours time were taken, 
the heat of hydration was measured and ettringite content was examined. In this way, there were created conditions for 
inference regarding the effect of hydration on rheological properties of slurry. 

Keywords: C-S-H faze, rheology, yield value, hydration 
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Acceleration by Retardation

Justnes H1

SINTEF Building and Infrastructure, Trondheim, Norway

Abstract
The “acceleration by retardation” concept is to make an admixture composition that will accelerate the setting 
of Portland cement by retarding two other processes; dissolution of gypsum and retardation of C3A hydration by 
another admixture than gypsum.
Small dosages of pyrocatechol (0.02-0.03% of cement mass) leads to flash set of cement, most likely by 
inhibiting dissolution of calcium sulphate and thereby rapid hydration of C3A. These small dosages of 
pyrocatechol seem not to affect C3S hydration.
It has been indicated by isothermal calorimetry and physically observed on excess paste that the “flash set” 
induced by pyrocatechol can be counteracted by other retarders in smaller dosages than gypsum (e.g. sodium 
gluconate), leading to a faster setting (i.e. set acceleration) than the reference. However, these retarders delays 
onset of C3S hydration as well and may therefore also delay early strength evolution.
If the assumed mechanism of pyrocatechol is correct, the inhibited gypsum may react on a later stage and lead 
to a kind of delayed Ettringite formation that could generate expansion and cracking. This possibility was 
checked out by casting concrete with and without similar admixture blends, and monitoring their linear and 
volumetric expansions. However, no abnormal expansion has been observed until present (≈1½ years).
The long term strength (measured until 180 days) was improved by the admixture combination.

Originality
The combination of two retarders to create acceleration of cement.

Chief contributions
Improvements on the understanding of cement setting and how different admixtures are affecting it. The findings 
may inspire others to search for an alternative to sodium gluconate that will only retard C3A and not C3S.

Keywords: Acceleration; expansion; flash set; gypsum; isothermal calorimetry; retardation.

Introduction

The objective of this study was to make an admixture composition that will accelerate the setting of 
Portland cement by retarding two other processes. In order to grasp the concept, one can in short say 
that the setting of Portland cement is regulated with gypsum that form a complex with the rapid 
hydrating mineral tricalcium aluminate (C3A in short hand notation) and block it for further reaction 
for some time. One component of the admixture blend (pyrocatechol, or simply catechol, with formula 
C6H4(OH)2) blocks the gypsum for reacting/dissolving, while the other makes a weaker complex with 
tricalcium aluminate than gypsum, so the net result is acceleration of setting in spite of being a 
“double retardation”. 
It may be more correct to say that pyrocatechol is a “presumed gypsum retarder” as it leads to a “flash 
set” as if gypsum was not added to the clinker upon grinding. So gypsum retardation is more a 
hypothesis than a documented mechanism.
This “flash set” by pyrocatechol was first observed by Myrvold et al. (2003) when they tested the 
influence of a number of organic compounds resembling functional groups in lignosulphonate on the 
setting time of cement at a dosage of 0.2% of cement mass. 

1 Corresponding author: Email herald.justnes@sintef.no Tel. +4793058688 Fax. +4773597136
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Characterization of C-S-H Using an Advanced Synchrotron Based 
Spectroscopic Technique: Study on the Effects of Polymers on C-S-H 

Nanostructures Using Scanning Transmission X-ray Microscopy 
1Ha, J.1*, 1Chae, S., 2Chou, K. W.; 2Tyliszczak, T.; 1Monteiro, P. J. M. 

1 University of California-Berkeley, Department of Civil and Environmental Engineering, Berkeley, USA 
3 Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, USA 

Abstract
Calcium Silicate Hydrate (C-S-H) is the main hydration product of portland cement. Two major reactions of C-S-H 
were investigated in this study. First, the effects of organic polymers on C-S-H structures were studied in details. C-S-H 
samples were synthesized and modified with polyethylene glycol (PEG) or hexadecyltrimethylammonium (HDTMA). An 
increased BET surface area measurement was observed for the modified C-S-H samples relative to the unmodified C-S-
H sample. Results from powder X-ray diffraction (XRD) indicated an expansion of the layer spacing for the modified C-
S-H materials. Attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectroscopic measurement also 
suggested lowered water contents in the layered structures for the modified C-S-H samples. The extent of changes in the 
experimental results were greater for PEG modified C-S-H compared to the one of HDTMA, suggesting that interaction 
of PEG with is likely to be greater than HDTMA. Scanning transmission x-ray microscopy (STXM) results further 
supports this observation. STXM uses light in the soft x-ray region where a number of different atomic resonances 
present. This is the first comprehensive study using STXM to quantitatively characterize the level of heterogeneity in 
cementitious materials at high spatial and spectral resolutions. The results from different experimental measurements 
were consistent and suggested that C-S-H layer structures were significantly modified due to the presence of organic 
polymers and that the types of organic polymers determined the extent of the changes in the C-S-H nanostructures. 
Second part of the study involves carbonation reaction of C-S-H. The structural and chemical decomposition of C-S-H 
after carbonation is critical in determining the durability and servicibility of concrete. Building on results from our first 
part of the study, we have tested the reaction of C-S-H materials with CO2. STXM was used to study C-S-H materials 
that are exposed to different reaction time with CO2. We found significant differences in spectra between the 
atmospheric and 48hr continuous CO2-carbonated C-S-H samples. Si K-edge spectra suggest an increased 
polymerization of silicates depending on the duration of CO2 exposure. In this study, we have observed that the degree 
of silicate polymerization and coordination environment for precipitated mineral phases vary depending on the CO2
exposure level. Furthermore, PEG-modified C-S-H materials showed less extent of calcite formation, suggesting that 
certain organic polymers hinder the precipitation of calcium bearing mineral even under extensive exposure to CO2
environment.
Originality 
In this project, we have used scanning transmission X-ray microscopy (STXM) to solve both the spatial resolution and 
speciation limitation problems with the current experimental methods in studying cementitious materials. STXM is a 
transmission microscopy using a monochromated x-ray beam produced by synchrotron radiation. X-ray absorption 
edges occur when an incident photon energy exceeds the binding energy needed to remove completely, i.e., ionize, an 
electron from an orbital shell. As a result, different near edge absorption bands (i.e., NEXAFS spectra) are observed 
and these bands are sensitive indicators of the local chemical bonding environment surrounding the atom of interest. 
Using STXM with concurrent measurements of NEXAFS, it is possible to examine sample compositions (i.e., energy 
range 75-2150 eV) and spatial heterogeneities (i.e., 25~30 nm spatial resolution). We are the first research group 
conducting a comprehensive study using this novel, state-of-art technique to quantitatively characterize the level of 
heterogeneity in cementitious materials at the high spatial and spectral resolutions over a broad energy range from 
carbon to silica. 
Chief contributions 
Our study has provided insight into an interaction of different organic polymers with C-S-H materials. We synthesized 
C-S-H with C/S ratio of 1.6 and modified it with polyethylene glycol (PEG) or hexadecyltrimethylammonium (HDTMA) 
to examine the effects of different organic polymers. Based on the experimental results, we conclude that both organic 
polymers have strong interaction with C-S-H, and PEG reacts more readily with C-S-H materials. We also examined 
the interaction of modified C-S-H with CO2 and found that the duration of carbonation and the types of organic 
polymers determined the extent of secondary mineral precipitation. We have used scanning transmission X-ray 
microscopy (STXM) and we are the first research group conducting a comprehensive study using this novel, state-of-art 
technique to quantitatively characterize the level of heterogeneity in cementitious materials. In this study, we have 
shown that C-S-H structures are significantly modified due to the presence of the organic polymers and the chemical 
composition and structures of the polymers determine the extent of the C-S-H structural modifications and reactions 
with CO2. Furthermore, we have demonstrated the use of a new advanced synchrotron based spectroscopic tool to 
apply studying cementitious materials to the community. 
Keywords: C-S-H, carbonation, STXM, organic polymer 
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From atoms to microtexture of cement hydrate 
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Abstract 
Calcium-Slicate-Hydrate (C-S-H) gel is the binder phase and the principal source of strength in all 
Portland cement concretes. Despite the widespread use of concrete and decades of studies on C-S-
H, the interplay between the structure, composition and  morphology of this complex gel persists to 
be poorly understood. Here we propose a bottom-up multi-scale approach developed with the focus 
of predicting the morphology and properties of C-S-H at the micro level based on the consequences 
at the atomistic level. In particular, we show that different Ca/Si ratios present in real cement 
hydrate system drive the morphology and structure of C-S-H microtexture. First, using 
combinatorial approaches, we build all possible molecular “polymorphs” of C-S-H phases for each 
Ca/Si ratio. By allowing for short silica chains distributed as monomers, dimers, and pentamers, 
these C-S-H archetypes of molecular descriptions of interacting CaO, SiO2, and H2O units provide 
realistic values of the Ca/Si ratios and the density computed by a unique combination of grand 
canonical Monte Carlo simulation of water adsorption and NPT molecular dynamics at 300 K. 
Second, we show that upon applying tension to the thermodynamically stable polymeric C-S-H 
structures, rupture occurs mostly around the silica-rich regions and defected regions. These regions 
represent particle boundaries for C-S-H amorphous systems, and form the microtexture of C-S-H 
which is simulated by Monte Carlo method using a coarse grain potential derived from MD 
simulation of the C-S-H particles. Finally, we probe the bulk modulus of our microtexture model, as 
compared to experimentally measured properties of C-S-H.  
 
Originality 
Our method to obtain a C-S-H microtexture starts with information at the atomic level without any 
fitting parameters. Partial charges of all atomic species are obtained and validated based on ab initio 
calculations on C-S-H models. These charges play a crucial role on MD interactions, which 
eventually determine coarse grain potential parameters used in modeling C-S-H microtexture. This 
bottom-up approach introduces innovative paradigms to study and modify the cement chemistry at 
the molecular level.  
 
Chief contributions 
The molecular structure and morphology of C-S-H phase at different Ca/Si ratios have been a 
matter of controversy in the cement science community.  Herein, we have proposed an atomistic-
based combinatorial method, which i) shows C-S-H as a polymorphic material, and ii) identified C-
S-H strength boundaries, which affect C-S-H properties at the larger scales. To our knowledge, by 
analyzing more than 130 different amorphous C-S-H molecular systems, our proposed 
combinatorial approach in conjunction with coarse grain modeling is a new bottom-up methodology 
to decode the interplay between the cement chemistry, structure and morphology in amorphous C-
S-H systems. This method is amenable to other complex amorphous systems which may lack clear 
structure and particle boundaries. 
 
 
Keywords: C-S-H, Combinatorial atomistic modeling, particle boundaries, microtexture.
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Abstract 
This paper studies a new hydrated mineral phase originated from the thermal activation process of paper 
sludge. This phase was initially identified as hydrotalcite-like compound by DRX techniques. The studied by-
products were composed  of talc, calcite, stratlingite and hydrotalcite-like compounds. To determine mechanical 
and thermal stability, such compounds were subjected to sorting, concentration based on particle size and 
drying in an furnace at 90ºC. As result, the following textural fractions were obtained: <2μ, (2-10) µm (10-20) 
µm and (20 -50) µm. Structural characterization  of the raw residue and the fractions were performed by X-Ray 
Diffraction, Infra Red spectra, Scanning Electron Microscope with Addition of Energy-Dispersive X-Ray 
spectroscopy analysis. The memory effect, a physical property of the HT-like compounds, was tested in the 
initial and residual fractions, after calcination up to 500ºC and subsequent rehydration, determining the values 
of surface area by BET method. All results were compared with those obtained from a standard hydrotalcite 
synthesized in the laboratory.  
The XRD shows a similarity in the positions of the characteristic reflections for the standard hydrotalcite and 
the origin sample, with a decrease in the crystallinity degree. FTIR spectra confirm the existence of carbonate 
groups and water in the interlayer region. There is a composition change: the hydrotalcite model is an 
overlapping layer of octahedral aluminum and magnesium carbonate within the interlayer region; while studied 
hydrotalcite presents silicon, suggesting a superposition of silicon tetrahedral sheets and octahedral aluminum 
carbonate in the interlayer region. Hydrotalcite like compounds revealed memory effect, increasing their 
structural order. The ultra sound treatment and subsequent drying at 90°C destroyed the hydrotalcite like 
structures. 

Originality: The paper sludge containing kaolinite and calcite, after controlled calcinations, is transformed into 
a by-product containing metakaolinite. When dealing with saturated solution of lime is consistently observed the 
presence of hydrotalcite like compounds characterized by the high content of silicon. The literature on 
pozzolanic activity of this waste material is cited as carboaluminates; however, they look more like intergrades 
of metakaolinite when determining its composition. The originality of this study deals with determining a 
structural superposition of tetrahedral and octahedral sheets with the carbonate within the interlayer region, 
which is the anion contributing to some properties in LDH compounds.  

Chief contributions: Within the framework of environmental improvement and economic optimization of the 
industry, the characterization of LDH compounds is fundamental, by being one of the main products of the 
pozzolanic reaction. There is the possible use in the future with the applications. 
 
Keywords: Hydrotalcite like compounds, LDH, memory effect, pozzolanic reaction. 

                                                 
1 Corresponding author: Email mfrias@ietcc.csic.es,  Tel +34 913020440, Fax +34 3020700 
 
 



226 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 4 - Oral Communication 15:00-16:45 / 5 July / Session 9Paper 692

Re-examination of Portland Cement from Nano Scale Perspective 
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Abstract
Hydration reactions and the resulting nano-structures are responsible for the fundamental properties of Portland 
cement concrete, including reolegy, strength, creep and durability. Recent advances in cement hydration and nano-
characterization techniques for Portland cement have started to unravel the very basic cement hydration phases (C-S-H 
gel in particular) at the nano scale.  With convincing evidence, it is likely that Portland cement can be classified as an 
“inorganic cement”.  Cross-linking small aluminosilicate units proceed in a similar fashion to that of organic 
polymers, although the degrees of polymerization are much smaller.  In this paper, several critical issues are discussed 
and highlighted, when possible, in terms of inorganic polymerization and sol-gel processes.  The ability to tailor 
chemical structures of “inorganic cements” at a nano scale level can not only render improved mechanical properties 
but also possibly create very unique microstructures.  Therefore, exciting opportunities exist in obtaining new 
fundamental cement knowledge which may open doors for many innovative applications. 

Originality 
Cement hydration is very complex, partly due to a large number of loosely defined reaction constituents and the non-
crystalline nature of dominant hydration products.  This paper reviews some recent discoveries of the cement hydration 
phases, and attempts to interpret the observed results by sol-gel process.  As postulated in the paper, cement hydration 
may be regarded as a subset of a more generalized reaction scheme, inorganic polymerization. 

Chief contributions 
This paper reexamines the fundamental aspects of the cement hydration products, especially the C-S-H gel.  An 
alternative to the well known hydration chemistry of Portland cement, its major phases may be constructed by an 
inorganic polymerization process in a similar fashion to that of organic polymers.  This process is similar to sol-gel 
process.

Keywords: cement hydration, C-S-H gel, inorganic polymerization, sol-gel process 
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Abstract
Polymer redispersible powders are modern additives used to improve hardened cement based materials properties, 
mainly flexibility and adhesive strength. Polymer redispersible powders are used as compounds of ceramic tiles 
adhesives, plasters, repair mortars, etc. Most commonly used polymer redispersible powders are the ones based on the 
ethylene – vinyl acetate copolymer (EVA). Despite its widespread use, there are still little information about the 
influence of EVA redispersible powders on the hydration of portland cement, nor its individual components. Paper 
presents the results of investigations on the influence of commercial EVA redispersible polymer powders on the 
hydration of one of  major cement phases: tricalcium aluminate. The main emphasis is put on chemical aspects of 
interactions within the hydrating systems. Results obtained showed, that the presence of EVA redispersible powders 
significantly alters the rate of hydration process of C3A. Except kinetics, the presence of EVA powders causes serious 
changes in liquid phase composition during and after hydration. Detailed observations indicate, that except physical 
influence, connected with film formation process, there are also significant chemical interactions between hydrating 
C3A and EVA powder.  

Originality 
Results presented in the paper are first such detailed study on the influence of EVA redispersible powders on the 
hydration of tricalcium aluminate. The amount of data in the literature, describing such systems is extremely poor.  
Present paper gives new information on the influence of EVA redispersible powder on the liquid phase composition in 
hydrating C3A suspensions. Research conducted by us not only shows the course of changes in tricalcium aluminate in 
the presence of EVA powders, but also allows to drawn conclusions on the nature of interactions occurring.  

Chief contributions 

Paper presents data on the influence of EVA redispersible powder on kinetics of C3A hydration. Changes in liquid 
phase composition caused by the presence of EVA powder are also presented. Influence on AFm phase stability is 
important especially when calcium aluminate cements are used as one of components. The presence of chemical 
interactions within the hydrating system is also clearly shown.  

Keywords: redispersible polymer powders, EVA, hydration, tricalcium aluminate 
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Abstract 
Cementitious matrices are being used worldwide as a containment medium for radioactive and non-radioactive waste 
to retard the mobility of contaminants. AFm phases are hydrates precipitated during the hydration process of Portland 
and CSA cements. The most important AFm phase is the monosulfoaluminate (i.e. the sulphate AFm phase). These 
phases, of general formulae Ca2Al(OH)6XnH2O (X is either one singly charged anions or half a doubly charged 
anion), are layered compounds. Their structure is composed of positively charged main layer [Ca2Al(OH)6]

+ and 
negatively charged interlayer [X-nH2O]. The mains anions encountered in AFm chemistry are carbonate CO3

2, sulfate 
SO4

2- and chloride Cl-. Nevertheless numerous others anions can insert the AFm interlayer region such as nitrate NO3
-, 

bromide Br-, iodide I-, chromate CrO4
2-… The chemistry of AFm phases have been widely studied, and their interesting 

anionic exchange capacity make these compounds are good candidates for the binding of anionic radio-nuclides 
present in nuclear wastes like chloride and carbonate (36Cl and 14C). The aim of the present study was to focus on the 
possibility to trap these three anions (sulfate, carbonate and chloride) by considering the existence of solid solutions 
and definite compounds. The crystallographic structures of two AFm mixed compounds were fully characterised: the 
chloro-carboaluminate compound [Ca2Al(OH)6]·[Cl1/2·(CO3)1/4·2.25H2O] from single crystal data and the chloro-
sulfoaluminate compound, called Kuzel’s salt [Ca2Al(OH)6]·[Cl1/2·(SO4)1/4·2.5H2O], from synchrotron powder data. 
The synthesized [Ca2Al(OH)6]·[Cl1-x·(CO3)x/2] samples have shown the existence of two polymorphs for chloro-
carboaluminate (monoclinic and rhombohedral) at 25°C and only the rhombohedral polymorph at 85°C. In the cases of 
the two other poles Cl-SO4 and CO3-SO4, only definite compounds were detected, with a new carbo-sulfoaluminate 
compound observed by powder X-ray diffraction and Raman spectroscopy. 

Originality 
Chemistry of AFm phases and anion exchange has already been studied, namely for carbonate, chloride and sulfate 
anions. Nevertheless the understanding of the ionic immobilisation mechanisms in AFm phases need close studies in 
order to quantify the nature of the binding mechanisms which are very species sensitive. For this purpose, it is of great 
importance to characterise in detail the crystallographic structure of mixed compounds (containing two anionic 
species). The present paper presents the first resolved structures of bi-anionic AFm compounds: the chloro-
carboaluminate (related to hydrocalumite) and the chloro-sulfoaluminate (Kuzel’s salt). Long-rang order 
characterisations, combined with local environment characterisation brought by spectroscopic analyses (Raman and 
NMR), has been efficiently used to locate chloride and carbonate into the structure, and undertsand the anion exchange 
mechanisms. X-ray powder diffraction analysis on chloro-sulfoaluminate AFm phase has evidenced, for the first time, 
the existence of a second-stage AFm phase. This crystallographic study explains the absence of large solid solution 
domains for the chloride-sufplate system. 

Chief contributions 
The crystallographic characterisations, namely based on X-ray single crystal analyses, of AFm phases performed the 
last decade (on carboaluminate, Friedel’s salt structure transition, binitroaluminate, and the Br- or I- related Friedel’s 
salt halides) allow to improve knowledge on AFm crystal-chemistry. We investigate now the crystallographic 
description of more complicated systems; i.e. bi-anionic AFm phases. Such detailed structure description are needed to 
predict the long-term behaviour of binding hydrates from cementitious matrix, and the potential impact of the 
immobilised waste on the environment. This is particularly true when considering the immobilisation of radio-ncleides 
in concrete. The aim of our project is the chemical understanding and thermodynamic modelling of the process 
responsible for the retention of contaminant species in cimentitious systems. 

Keywords: AFm phases, chloride, sulfate, carbonate, X-ray diffraction. 
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Interfacial Chemistry of C–S–H on Waste Ion Immobilization
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Abstract
In the nuclear industry, cementitious materials are widely used for both immobilization and encapsulation as well as for 
stabilisation of radioactive wastes. The selection of the cementitious materials depends upon understanding the 
chemistry of the system. Immobilization occurs when the waste is converted from mobile phase to immobile phase by 
precipitation, sorption, or exchange reactions. Calcium silicate hydrate (C–S–H), the main constituent of cementitious
materials, is responsible for the major physical and chemical properties of cementitious materials. The surface 
properties of C–S–H play an important role on the adsorption conditions and the selectivity of heavy metals on its 
surface. However, the surface chemistry of C–S–H is much less known as compared to other OH bearing oxides. The 
mechanisms on the surface charge of C–S–H and the interfacial properties between C–S–H surface and pore liquid, so 
far, objectives of very few studies. Thus, the primary objectives in this research are to investigate the surface properties 
of C–S–H and to elucidate the mechanisms on the chemical interaction of electrolyte ions with C–S–H surface. C–S–H, 
like other minerals, develops an electrical charge on the surface when it is contacted with an electrolyte solution. It can 
be considered that the formation of surface electrical charge is due to combination of ionization, dissolution, and ionic 
adsorption. Further, C–S–H consists of surface groups called silanol sites (≡SiOH). These sites are available for 
release or adsorption of protons as well as adsorption of cations and anions. In this study, the surface charge of C–S–H 
was determined through titration. The surface charge values are analyzed by use of a surface complexation model in 
PHREEQC to obtain the ionic adsorption reactions as well as the associated equilibrium constant values. Using the 
predicted surface site density of C–S–H and the associated equilibrium constants, not only ionic adsorption isotherm 
but also multi–ionic transport can be predicted in cementitious materials. Furthermore, the behaviour of iodide on the 
surface of C–S–H has been discussed through the adsorption and electrokinetic experimental results. 

Originality
The details of electrical double layer (EDL) theory that describes solid/solution interface are presented as a surface 
complexation model for amorphous C–S–H. C–S–H is somewhat similar to other minerals, but the mechanisms of 
charge development and adsorption phenomena are different. The surface properties of C–S–H such as surface site 
density and the associated equilibrium constants have been determined.  In addition, this study suggests that C–S–H is 
capable of adsorption of various electrolyte ions on its surface. The adsorption of electrolyte ions significantly changes 
the interfacial chemistry of C–S–H/solution. Some ions (E.g. Calcium) have high ability to adsorb on the surface of C–
S–H and leading to charge reversal, whereas some other ions (E.g. Sodium) behave as indifferent ions towards C–S–H. 
Further, adsorption and electrokinetic experiments revealed that there is no electrostatic adsorption of iodide on C–S–
H surface.  

Chief contributions
The important constituent of this research study is to understand the mechanism of ionic adsorption on C–S–H surface 
through experimental works as well as through a detailed modelling approach (a surface complexation model for C–S–
H/solution interface) in waste ion immobilization. C–S–H surface groups are available for adsorption of both cations 
and anions through surface complexation reactions. The surface site density of C–S–H, the stoichiometry of the ionic 
adsorption equations, and the equilibrium constants are determined in this study. These parameters are very important 
to understand the binding mechanisms of cations and anions on C–S–H, and then essential for long–term prediction of 
the safe disposal of radioactive waste as well as in the durability performance of reinforced concrete structures.

Keywords: Immobilization, C–S–H, electrical charge, surface site density, ionic adsorption  
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Production and characterization of clinker thin films as a new tool for nanoscale 

studies of hydration mechanisms 
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Abstract 

Nanometer-sized films of clinker phases have been prepared using electron-beam evaporation methods with the aim to 

produce suitable samples for nanoscale studies of hydration mechanisms and nanomechanical properties of 

cementitious materials. After deposition on a silicon substrate, film thicknesses and mineralogical composition were 

characterized by optical interferometry (OI) and grazing-angle X-ray diffraction (GAXRD), respectively. Chemical 

composition of samples was determined by X-ray photoelectron spectroscopy (XPS) of samples of a few tens of 

nanometers in thickness. Results from the GAXRD and XPS analysis show that samples quickly react with the 

atmosphere and show clear signatures of partial hydration and carbonation. However, quantitative analysis shows that 

the Ca:Si ratio of the deposited film is the same as in the bulk starting material. 

 

Originality 

 This is an effort to develop tools that collaborate to the improvement of the knowledge of the clinker phases’ hydration 

at molecular level during its first stages and with this to a better understanding of the behavior of these materials. 

To date AFM has not been widely used to study clinker phases mainly due to the fact that thin and flat surfaces are 

required. Most AFM studies have been carried out using polished pellets of silica sheets. Thin films have been used to 

produce ceramic films in the semiconductor, aerospace and optics industry but thus far have not been applied to clinker 

phases. This study is an effort to develop integrated tools to improve the knowledge of early stage clinker phase 

hydration at the molecular level and to better understand the behavior of these materials. 

 

 

Chief contributions 
The development of thin films of clinker phases opens a wide range of possibilities for the study of the properties of the 

cement and its phases at the molecular level. Clinker hydration is a very complex process involving several phases and 

secondary products formed and, subsequently, concrete properties are governed at the atomic level with single crystal 

formation. Thus the durability and behavior of the concrete during its service life strongly depends on its 

nanostructure.  

 

 

Keywords: Clinker, thin films, hydration 
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INFLUENCES OF THE CHEMICAL COMPOSITION OF FLY ASHES ON
THEIR REACTIVITY
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Abstract
The use of hard coal fly ash (Class F fly ash) as a main constituent of cementitious systems is becoming increasingly
more interesting. The use of fly ash as a supplementary cementitious material saves primary raw materials and fuels
and reduces the CO2 emissions of the cement industry. For the production of efficient binder systems containing fly ash,
a fundamental understanding of the hydration reactions of fly ashes is essential - not only in cement clinker based
matrices but also in other media. Therefore, the research focussed on both the investigation of the corrosion
mechanisms of fly ashes in alkaline media and the investigation of “pure” fly ash reaction products. Relations between
the chemical composition of fly ashes and possible reactions were accentuated.
Fly ashes react pozzolanic to calcium silicate hydrates (C-S-H) and calcium aluminate hydrates (C-A-H), and due to
alkaline activation to aluminosilicate gels. Both the pozzolanic reaction of a fly ash and other reactions, like the
formation of zeolites, are influenced by the reactivity and the interaction of different elements such as Si, Al, the alkalis
and others. If fly ash reacts in a matrix based on Portland cement clinker, the differentiation of the reaction products
can be extremely complicated. An extended knowledge of the composition of these products is essential for a better
understanding of fly ash reactivity. Thus eight fly ashes with different contents of Si, Al, Fe, and Ca were selected.
These fly ashes were suspended in artificial cement pore solutions. Afterwards the eluate was examined by means of ion
chromatography and photometric methods. „Pure“ fly ash reaction products were generated by the reaction of
different fly ashes with calcium hydroxide in different reaction media. These products were analysed by means of X-ray
diffraction and dynamic scanning calorimetry.
As a result conclusions about the relationship between available dissolved elements during the reaction and the
hydration products of the fly ash could be drawn. Furthermore, impacts of the chemical composition of the fly ash glass
on the conversion of the fly ash will be presented.

Originality
For the production of high performance binders with a high fly ash content an extended knowledge of the hydration
reactions of the fly ash is essential. Investigations on fly ashes so far have mostly referred to the parameters organic
carbon, free lime, reactive silica and the influence of the particle shape and the refinement on the reaction of the ash.
Most investigations were accomplished with Portland cement clinker based systems by varying the used cements.
However, there is a lack of knowledge concerning the exact course of the reactions of fly ashes themselves in different
media and the influence of the chemical composition of the fly ashes on their reaction behaviour. These important
topics were investigated intensively in this research by studying the corrosion processes of several fly ashes and their
pure reaction products systematically. The corrosion of the ashes was determined by examinations of different eluates.
For the differentiation of hydration products caused by the reaction of the fly ash and Portland cement clinker, pure fly
ash products were synthesized. Consequently, the characteristics of different fly ashes themselves could be shown.

Chief contributions
The use of hard coal fly ashes as a supplementary cementitious material is a possibility for the cement industry to
reduce the clinker factor and CO2-emissions. For the production of cements with high fly ash contents an extended
knowledge of the reaction mechanisms of the fly ash hydration is necessary. Consequently, it is not sufficient to examine
the pozzolanic reaction of fly ashes. Furthermore, for the optimal usage of fly ashes as supplementary cementitious
material, information on the influence of the fly ash composition on all possible hydration reactions is needed. The
results of this research show relations between the chemical compositions of the fly ashes, the products formed and
their reaction conversion. Baseline information was created, which is essential for the assessment and controlling of the
reaction behaviour of fly ashes. The results are also important for further possibilities for the use of fly ashes as a
cement component in new innovative and sustainable binder systems.

Keywords: Hard coal fly ash; reactivity; chemical composition; conversion; compressive strength
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Influence of cement properties in the reaction rate  
and mechanical behavior of concrete with high fly ash content 
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Abstract 
The use of fly ash (FA) as an admixture to concrete is broadly extended for two main reasons: the reduction of costs 
that supposes the substitution of cement and the micro structural changes motivated by the mineral admixture. 
Regarding this second point, there is a consensus that considers that the ash generates a more compact concrete and a 
reduction in the size of the pore.  However, the measure in which this contributes to the pozzolanic activity or as filler is 
not well defined.  There is also no justification to the influence of the physical parameters, fineness of the grain and free 
water, in its behavior. 
This work studies the use of FA as a partial substitute of the cement in concretes of different workability (dry and wet) 
and the influence in the reactivity of the ash.  The concrete of dry consistency which serves as reference uses a cement 
dose of 250 Kg/m3 and the concrete of fluid consistency utilized a dose of cement of 350 Kg/m3. Two trademark of 
Portland Cement Type 1 were used.  The first reached the resistant class for its fineness of grain and the second one for 
its composition.  Moreover, three doses of FA have been used, and the water/binder ratio was constant in all the 
mixtures. We have studied the mechanical properties and the micro-structure of the concretes by means of compressive 
strength tests, mercury intrusion porosimetry (MIP) and thermal analysis (TA). 
The results of compressive strength tests allow us to observe that concrete mixtures with cements of the same 
classification and similar dosage of binder do not present the same mechanical behavior. These results show that the 
effective water/binder ratio has a major role in the development of the mechanical properties of concrete. The study of 
different dosages using TA, thermo-gravimetry and differential thermal analysis, revealed that the portlandite content is 
not restrictive in any of the dosages studied. Again, this proves that the rheology of the material influences the reaction 
rate and content of hydrated cement products. 
We conclude that the available free water is determinant in the efficiency of pozzolanic reaction. It is so that in 
accordance to the availability of free water, the ashes can react as an active admixture or simply change the porous 
distribution. The MIP shows concretes that do not exhibit significant changes in their mechanical behavior, but have 
suffered significant variation in their porous structure. 
 
Originality 
The work tries to establish the influence of the ash as admixture in two extreme doses (low and high volume) of cement.  
Both dosages are allowed by the EHE-98 Construction Code (Spain). It also tries to evaluate the contrast that the 
fineness of the grain and the composition of the cement have on the pozzolanic reactions of the ash for cements 
cataloged under the same designation of common cements. 
Finally, the proposed tests try to compare the influence of the rheological changes produced in the material when the 
volume of fly ash increases significantly. The experimental campaign aim is to determine the influence of various 
parameters in the mechanical behavior and microstructure. Low and high volumes of ash have been used to distinguish 
the changes in the parameters to be analyzed: effective free-water, rheology, and cement/binder ratios. 
 
Chief contributions 
The work evidences the influence of the doses of cement and the effective water/binder ratios, over the effectiveness of 
the doses of fly ash used.  It also shows the variations in the mechanical properties and the micro-structure of concretes 
that use fly ash and cement that acquire their resistance class by different ways (fineness of grain or composition). 
Ultimately, the influence of the rheology of the material, the development of resistance to compression, and the reaction 
rate are observed. 
 
Keywords: concrete, microstructure, porosimetry, thermal analysis and fly ash 
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Effect of filler on early hydration 
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Abstract 

Knowledge of the microstructure of hydrated cement paste is essential for forecasting their performance. 
“Inert” mineral admixtures such as quartz or titanium dioxide are considered to influence the rate of 
dissolution mainly due to heterogeneous nucleation. They may have an influence on the calorimetry curve 
during the first days and particularly on the peak associated with C3A hydration products. It may be related to 
the nucleation of hydrates on foreign minerals particles which catalyzes the nucleation process. However, the 
relation between the effect on calorimetry curve and the C3A consumption and /or nature of hydrates formed is 
not clearly established. 
The X-Ray Diffraction (XRD)/ Rietveld method has been used to follow quantitatively the reaction of cement 
phases as a function of time for cement with and without titanium dioxide (TiO2) in the anatase form. We can 
observe a quicker consumption of C3A due to the filler effect, associated with the peak intensity enhancement in 
the calorimetry curve. As the hydrated products of C3A were difficult to study by XRD as AFm is an ill-
crystallized phase, 27Al Nuclear Magnetic Resonance (NMR) was employed to follow the variation of ettringite 
and AFm as a function of hydration time in the presence and absence of TiO2. The consumption of C3A can be 
clearly related to the formation of AFm phase. Scanning electron microscopy (SEM) with Ti, Si and Al mapping 
were applied on hydrated samples using backscattered electron images to show the location of hydrated 
products containing Al around TiO2 particles. 

ORIGINALITY 

The originality of the present research is to establish a link between the observed calorimetry curve and XRD, 
NMR techniques. 

CHIEF CONTRIBUTIONS 

The research permits to follow the impact of "inert filler" on the hydration mechanism. The presence of anatase 
in the studied system accelerates the C3A to AFm reaction as evidenced by calorimetry, XRD and 27Al NMR. 

Keywords: Cement, NMR, XRD, calorimetry 
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Effect of finely dispersed limestone additives of different origin on cement 
hydration kinetics and cement hardening   
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Abstract 
  
Blended cements type CEM II/A-LL and CEM II/B-LL were produced using the limestone additives from 
different sources. The following parameters of hydrating pastes or mortars were determined: water demand, 
initial and final setting time, compressive strength up to 56 day. The effect of limestone powder materials mixed 
with basic Portland cement is pronounced particularly as the compressive strength of cement mortars at later 
age and higher percentage of additive is concerned.    
Hydration process of cement mixtures with limestone additives was followed using calorimetry and other 
methods with aim to evaluate the scope of heat effect lowering, modification of microstructure, as well as the 
processes occurring in the liquid phase. The hydration products were characterized by means of different 
techniques (SEM, EDS).  
It has been found that the 30% limit of additive results in the production of CEM II/B-L 32,5N. The lower water 
demand and better workability should be underlined. The bright colour of mortars with limestone is important 
as the use of this materials for masonry works and “small prefabrication” is considered . 
The effect of limestone additive will be discussed from the point of view of the percentage and the geological 
origin of limestone component. The soft limestone (Jurassic) seems to be more “active” than the harder 
(Devonian) one. It is possible to produce even blended cement type CEM II/B-L class 42,5R (according to the 
EN 197-1), however some limestone products - particularly those from Devonian deposits, appear to be 
insufficiently active when mixed, not interground, with cement.  
  
ORIGINALITY This work  relates to the use of limestone component in cement production (“reduction in 
clinker content”), as well as the use of limestone powder in concrete technology. Limestone powder is delivered 
as a by-product in the lime industry in Poland where the technology is based on the process in shaft and Maertz 
kilns for limestone feed of large size. There are many deposites of limestone of different geological origin 
differing with chemical composition and structural properties; this influences the applicability of limestone as a 
component of cementitious materials and the details should be highlighted. 

CHIEF CONTRIBUTIONS The results indicate that different  sources of limestone give the material differing 
with chemical composition and physical properties (hardness, structural defects, crystal size). Therefore even 
the finely ground limestone powders, when used as an additive to cement, result in a little different water 
demand and, lower or higher early and final strength. It should be underlined that the level 15% is critical when 
the production of Portland limestone type CEM II 42,5R is considered and the level 30% limestone, as related 
to the possible cement CEM II 32,5N  manufacturing.

Keywords: Lime cement blend, limestone powder, heat of hydration, water demand, strength 
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Abstract 
Ultra High Performance Concrete (UHPC) is an innovative building material whose high strength is advantageous for 
future applications in highly filigree structural members and even as a replacement for steel building components. The 
mechanical and chemical properties of UHPC are determined by the formation of the strength-giving amorphous 
calcium silicate hydrates C-S-H from the clinker phases, silica fume and water. For the optimization of UHPC 
performance, a scientific working knowledge of microstructure formation depending on temperature and composition is 
necessary. At present, the development of C-S-H microstructure and the bonding of water are not well understood. 
Therefore the quasi-elastic neutron scattering technique (QENS) has been used to study the kinetics of water-bonding in 
the C3S-SiO2-H2O system with different compositions. Parallel investigations are being performed with 29Si NMR to 
observe the structure (polymerisation) of the silicates and with XRD to examine the formation of Ca(OH)2 and the 
consumption of C3S in the hydration process. After preparing the paste samples, QENS, XRD and NMR are used to 
follow the hydration process for up to two weeks. The results of first investigations are promising. 

Originality 
A new approach is used to investigate the hydration process. It consists of combining the QENS, NMR and XRD 
methods which each focus on different constituents (water, silicates, crystals) enabling the hydration reaction to be 
studied as a whole. Furthermore this method enables us to improve the integrity of the results and the accuracy of the 
conclusions because they are gained by different independent methods, e.g. the consumption of C3S by XRD and NMR. 
QENS enables direct observation of changes in bonding and mobility of water during hydration and promises new 
insight into how C-S-H forms and the proportion of water in the different bonding states. The QENS investigations are 
being performed at the new research reactor FRM II in Garching, Germany, a modern neutron source of high intensity. 
The investigations are performed on a time-of-flight spectrometer (TOF-TOF) whose extremely high energy resolution 
permits the (a) monitoring of the water-bonding process over time intervals as short as one minute and (b) observation 
of water in different bonding states - this has not been done up to now. 

Chief contributions 
The XRD measurements show the evolution of the crystalline phases (C3S and Ca(OH)2) and amorphous phase in 
dependence of the amounts of water, C3S and quartz flour. The NMR results with, for example, pure C3S at w/b = 0.48 
(water to binding agent ratio) show changes in the mean chain length of the silicates and not a constant increase during 
the first 20h of hydration. Higher polymers are detected from 7 hours onwards. The QENS investigations yield 
information on the bonding of water in C-S-H, its different forms and amounts. At the beginning of the hydration most 
of the bound water is physically bound as glassy water of restricted mobility on the surface of an early C-S-H phase 
with an enormous specific surface area of about 800 m2/g. The formation of this physically bound water is depending 
on the amount of C3S replacement by micro silica. During nucleation/growth and diffusion period the amount of 
chemically bound water approaches/exceeds that of physically bound. The kinetics of this process are affected by the 
w/b ratio of the paste. 

Keywords: Hydration, Tricalcium silicate, Quasielastic neutron scattering 
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THE DYNAMICS OF DEUTERIUM IN HARDENED CEMENT 
PASTEMEASURED BY SOLID STATE 2H NMR 
1Daisuke MINATO1*, Toyoharu NAWA1*, Toshifumi HIRAOKI1*, Suguru GOTO1*
1 Faculty and graduate school of engineering Hokkaido university,Sapporo,Japan 
 
Abstract
To gain a more direct insight into nature of water in contact with calcium silicate hydrate (C-S-H), the main 
component of hardened cement, deuterium (2H or D) quadruple echo NMR (nuclear magnetic resonance analysis) 
spectra, deuterium relaxation time T1 and rotational correlation time τc were determined from white Portland cement 
and 2H 2O mixtures subjected to different relative humidity curing conditions, (RH) 98, 60, 33 and 11%, for 91 days. 
The 2H-NMR spectra shows two signals: a sharp central signal at 0 kHz and outer symmetric signals around 
±100kHz. The central signal is considered to belong to mobile deuterium and the outer symmetric signals are 
considered to belong to immobile deuterium. The strength of the central signal decreases with increasing curing RH, 
but even the RH11% sample has shows a signal strength that indicates the existence of both mobile and rigid 
deuterium in the sample. The study on relaxation time T1 and rotational correlation time τc indicates that the signal of 
central signal contributes the mobile state deuterium can be distinguished into two different components by τc: a 
faster τc component is comparable to the liquid state and a slower τc showing restricted movement of the water. 
Previous studies have shown two water states near the surface of pores in C-S-H; one is a single-layer of adsorbed 
water like on the surface of protein and the other is a several layer thick ‘semi-adsorbed’ water layer around the 
absorbed water. Further, the water generating the slower τc value could belong to such adsorbed water and the faster 
τc value could be assigned to semi-adsorbed’ water. These results will help to describe and evaluate the structure 
changes of C-S-H induced by the relative humidity at curing. 
 
Originality 
Many methods such as transmission electron microscope and x-ray differential scattering method at small glancing 
angles have been applied to study the structure of C-S-H. However, these methods generally require a complete 
drying of samples for the measurements. Thus, it is difficult to observe the effects of the curing RH on structural 
changes of C-S-H. With NMR there is no need to dry samples. Many studies have applied 1H NMR to cementitious 
materials, however the 1H NMR spectra obtained are generally broad because the magnetic dipole interaction mainly 
affects the magnetic relaxation and absorption line shape, causing intermolecular interactions. There are also studies 
applying 2H NMR to cementitious materials, here 2H NMR shows very sharp spectra because the magnetic dipole 
interactions such as the intermolecular interaction is eliminated. In addition, "mobile" deuterium can be easily 
distinguished from "rigid" deuterium (here termed “immobile”) because the 2H NMR spectrum changes depending on 
the mode of molecular dynamics. Therefore, the originality of this study is to apply a unique and improved method to 
study the structure of C-S-H. 
 
Chief contributions 
Structural models of C-S-H have proposed to study the influence of the structural changes of C-S-H on the physical 
behavior of cementitious materials. For instance, the colloidal C-S-H model, which postulates many layered C-S-H 
globules, was proposed by the results of adsorption isotherms in vapor and nitrogen adsorption to express the drying 
shrinkage and creep of cementitious materials. In this model the structural changes to C-SH caused by differences in 
curing RH is also suggested. The layered globules release increasing numbers of water molecules with decreasing 
curing RH and only one absorbed water layer remains on the surface of the CS-H at RH11%. This desorption of 
water molecules causes shrinkage of the C-S-H structure and also the drying shrinkage of cementitious materials. 
However, there has been no method to directly measure the existence of water in C-S-H especially at Low RH 
ambient conditions. The above mentioned 2H NMR shows sharp signals of ""mobile"" deuterium even from RH 11% 
samples and it is possible to analyze the water molecular dynamics. This analysis suggests differences in the state of 
the water associated with C-S-H particles, such as adsorbed water or bulk water. Thus, 2H NMR can measure the 
state of water in C-S-H and can be used evaluate the results generated by previously proposed C-S-H models. 
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The Effects of Silicate Structures on Hydration of Pozzolanic Materials
1K. Koizumi1*

1 Department of Chemistry, College of Science and Technology (Nihon University), Chiba, Japan 
2K. Kagami, 2Y. Umemura 

2 Department of Civil Engineering, College of Science and Technology (Nihon University), Tokyo, Japan 
1N. Tsuyuki 

1 Department of Chemistry, College of Science and Technology (Nihon University), Chiba, Japan 

Abstract
The blended cement has been positively used in Japan, because of environmental problems and useful recycling of 
industrial wastes have been considered in recent years. 
Not only blast-furnace slags known as hydraulic materials, but also fly-ash and fumed silica that have character of 
pozzolanic activity are effectively used. The pozzolanic activity is generally confirmed by quantitative measurement of 
calcium hydroxide consumed in hydrated binder mixtures. On the other hand, the calcium silicate hydrates (C-S-H) 
value generated by the hydration estimated from the residual values, in which unhydrous cement clinker and crystalline 
hydrates are subtracted from whole hydrates, is not accurate. 
The authors have reported a study of changes in silicate anion structures of hydraulic binders, such as ordinary 
portland cement (OPC) and pulverized blastfurnace slags, during hydration using trimethylsililation (TMS) method. In 
this study, the pozzolanic reaction of the pastes mixed with fly-ash and calcium hydroxide are studied in terms of 
mechanisms of their influences on silicate anion structures by use of TMS method. We clarified difference between the 
reaction of hydraulic materials such as OPC / blast-furnace slags and of pozzolanic materials such as fly-ash from 
analytical results of silicate anion structures of C-S-H in detail. Furthermore, the activation of pozzolanic reaction of 
fly-ash with heating is related to the formation of C-S-H. 

Originality 
The analysis of silicate structures with trimethylsililation (TMS) method targets short-length siloxane chains (n=1 to 6) 
of calcium silicate hydrated (C-S-H). The hydraulic materials such as OPC and blast-furnace slags, irrespective of 
hydrated or unhydrated, are contained in analyzable objects with TMS method. The C-S-H generated from fly-ash and 
calcium hydroxide by pozzolanic reaction are derivatized by TMS method, although long random silicate chains such as 
raw fly-ash and some aggregates (glass-like silicates) are ruled out. Thus, only reacted parts of fly-ash can be analyzed 
with separation from unhydrous parts by use of TMS method. Both parts are not distinguished in other analytical 
methods such as 29Si-NMR, XRD etc. This research is different from another examination in terms of focusing only C-
S-H that is reacted part of pozollanic materials. 

Chief contributions 
The authors have studied of changes in silicate anion structures of cement-based materials by use of TMS method. In 
general the dimer and pentamer of siloxane chains increases with the progress of hydration. From the analytical results, 
we understood accurately the progress of hydration of binders. We could confirm that the siloxane origomer chains of 
C-S-H in concrete were degrated by carbonation. Influence on durability of concrete, influence of heavy metal ions or 
superplasticizers on cement hydration were confirmed by analysis of silicate anion structures with this method. 

Keywords: Pozzolanic Reaction, Silicate Anion Structure, Trimethylsililation, Fly-ash
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C-S-H Seeding:  
An approach for the nanostructural tailoring of cement-based materials 

 

Rouhollah Alizadeh*, James J. Beaudoin, Laila Raki, Jon Makar 
Institute for Research in Construction, National Research Council, Ottawa, Canada 

 

Igor Moudrakovski 
Steacie Institute for Molecular Sciences, National Research Council, Ottawa, Canada 

 
 
Abstract 
The hydration of calcium silicate phases (i.e. C3S and -C2S) in Portland cement results in the formation of calcium 
silicate hydrate (C-S-H) – a major contributor to the strength and durability of hardened cement paste. The 
stoichiometry of C-S-H (e.g. C/S and H/S ratio) can vary depending on various parameters such as the initial 
water/cement ratio and the use of supplementary cementitious materials. The change in the composition of C-S-H has 
been shown to be related to its mechanical and chemical behavior. A method for modifying the nanostructure of 
hydrating cement systems that employs synthetic C-S-H as a nucleation seeding agent during the hydration process was 
developed. C3S was hydrated in the presence of five types of synthetic C-S-H (I) having C/S ratios of 0.6 to 1.5. The 
products were characterized by several analytical techniques including conduction calorimetry, SEM, TGA-DSC and 
29Si MAS NMR analyses at various hydration times. The hydration of C3S was significantly accelerated due to the 
nucleation seeding mechanism of the synthetic C-S-H. Most importantly, it was demonstrated that the kinetics of the 
formation and the chemistry of the C-S-H product can be manipulated depending on the type of the C-S-H seed. This 
method makes it possible to tailor the nanostructure of the cement-based materials.  
 
Originality 
The nucleation seeding during C3S hydration has been previously attempted using various materials. The primary focus 
in the previous studies has been on the accelerating effect of the seeding agents. The effects were studied mainly by 
conduction calorimetry. The authors, however, examined the alteration of the nature of the C-S-H phase (composition 
and degree of silicate polymerization) through C-S-H seeding as investigated through several analytical methods. 
Synthetically prepared C-S-H materials of known stoichiometry (i.e. C/S ratio) were utilized as seeding agents during 
the hydration of C3S. It was shown that the C/S ratio of the C-S-H product in the hydrated material is dependent on the 
C/S ratio of the C-S-H seed used in the system.  
 
Chief contributions 
The mechanical and durability characteristics of C-S-H are primarily influenced by the chemical composition of the C-
S-H. These are dependent on the concrete mixture proportions, curing conditions and the use of supplementary 
cementitious materials, e.g. fly ash and silica fume. The ability to control the formation and tailor the chemistry of the 
C-S-H in hardened cement and concrete has been elusive. The current work, however, demonstrates that it is possible 
to engineer the formation of the C-S-H and modify its intrinsic chemical properties. This is a potential advancement in 
concrete materials design as it provides a unique tool for the modification of the nature of hydrated cement paste and 
its optimization for performance requirements in a variety of service conditions. The current study could potentially 
lead to a major change in the way that we look at the concrete production. It has also opened up several directions for 
future research that involve the nanostructural metamorphosis of C-S-H in cement systems.  
 
Keywords: Calcium Silicate Hydrate (C-S-H), C3S, Seeding, 29Si NMR, Nucleation 
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On the Origin of the Dormant Period of Cement Hydration 
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ICB, UMR 5209, Université de Bourgogne, Dijon, France 

1Sallier Y, 2Nicoleau L 
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Abstract 
This work is devoted to the study of the origin of the so called “dormant period” in the early hydration of Portland 
cements. Nowadays, it is generally agreed that during early period of hydration, calcium silicate hydrates (C-S-H) 
should nucleate and begin to grow on anhydrous grains, that it corresponds to the workability period of cement pastes. 
In the present work, this initial C-S-H nucleation-growth period has been studied by monitoring ionic concentrations of 
diluted system suspensions during hydration of pure C3S, cement and also alite containing aluminium ions. Many 
chemical admixtures are routinely added to cement paste in order to shorten or extend this period. Some investigations 
have been carried out here in presence of gluconate kwon as strong retarder.  
The results show the following: 
- in the case of pure C3S hydration, there is no a dormant period. Experimental and simulated investigations clearly 
show that the initial stage of low activity, which can be wrongly compared to a very short dormant period, can be 
explained only considering the nucleation and consecutive growth of C-S-H clusters. In this case, the greater the 
number of initial C-S-H nuclei the sooner the acceleration of hydration occurs. 
- when retarders are added to C3S, a dormant period occurs, it is the case for gluconate addition. During hydration a 
complex calcium-gluconate adsorbs on first C-S-H nuclei and prevents them from growing.  
- when gluconate is added to cement, , this is mainly a complex aluminium-gluconate, aluminium coming from 
aluminate phase dissolution, which adsorbs on first C-S-H nuclei. 
- In the case of the hydration of alite containing alumium and hydration of C3S in aluminate solution, there is also an 
initial dormant period. It has been evidence the formation of a C-S-H containing aluminium ions that does not act as 
nuclei for C-S-H growth. 
The studied species, aluminate and gluconate, prevent the first C-S-H nuclei from growing and lead to a delay of 
acceleration of hydration. These “poisoning species” are progressively consumed by formation of new C-S-H nuclei 
and the dormant period last until aluminium or gluconate concentrations remain greater than a limit value for which 
precipitated C-S-H nuclei are not poisoned and can grow. 

ORIGINALITY 
A lot of studies have been devoted to the hydration process of Portland cement and mainly during the initial stage 
which has been object of many hypotheses differing in the explanation of what causes the initial period of low activity 
and  how this latter terminates. The presented researches attempt to explain, in presence of aluminate ions or/and 
gluconate, the difference between the early hydration of C3S and anhydrous silicate phase in OPC, namely the origin of 
the dormant period.  

CHIEF CONTRIBUTIONS 
During pure tricalcium silicate hydration, C-S-H nucleates in the very first minutes; this precipitation is immediately 
pursued by an accelerated growth process. On the contrary, we have clearly shown that a dormant period occurs 
before the growth when the silicate phase is hydrated in presence of aluminate ions or gluconate; in both cases, first C-
S-H nuclei are poisoned by these species that induces a delay before the acceleration of hydration. 

Keywords: Cement hydration, dormant period, alite, retarders
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A new method for X-ray Investigation of Cementitious Materials - Ranging from 
classical Bragg-Brentano type diffraction phase analysis to 3 dimensional CT 

microstructure analysis 

Pöllmann, H., Meier, R. *, Riedl, U. *, Blaj G.,* 
Institut für Geologische Wissenschaften und Geiseltalmuseum, Halle, Germany 

*Panalytical company, Almelo, Netherlands 
 
 

ABSTRACT.
The combination of X-ray methods to investigate concrete bars by a laboratory X-ray measurement to determine, density, 
mineral formation, mineral distribution and finally 3-dimensional results on microstructure is described.  
For this purpose two different concretes were used in comparison  - one with norm sand and cement and another concrete 
in which the sand was partially replaced by glass powder. The applied X-ray laboratory methodology therefore gives 
information on : 
Density (0D) , Phase formation (1D), Phase distribution (2D), Microstructure (Fabric) and Pore Distribution (3D).  
The combination of phase analysis, density and microstructure using an X-ray platform allows to correlate meso- to 
nanoscopic features with material properties and to estimate the durability. 
Especially the possibility to show 3D-resulst together with phase analysis is an important new technique. 

Originality 
The use of a laboratory X-ray powder diffractometer for establishing phase composition, phase distributiona including 
X-ray tomography with the same instrument applied for mortar samples is shown. 

Chief contributions 
X-ray tomography in combination with phase determination and phase distribution using a laboratory X-ray powder 
diffractometer is shown. Two mortars were characterized from1- 3 dimensional aspects. 

Keywords:CT- analysis, X-ray diffraction, mortar, phase distribution, ASR, glass powder 
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Quasi-Elastic Neutron Scattering Investigation of the Effect of Water/Cement 
Ratio on Tricalcium Silicate Hydration
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Departamento de Fisica Aplicada III, Universidad Complutense de Madrid, Madrid, Spain
Neumann, D. A. 
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Abstract
The effect of water/cement variation on the hydration of C3S was investigated with Quasi-Elastic Neutron Scattering 
(QENS).  This technique measures nondestructively the amount of water that is bound up in the hydration products 
as well as the remaining free water.   The experimental approach consisted of mixing samples of C3S powder with 
varying amounts of water and then performing QENS measurements on them continuously for 48 hours on the 
Fermi Chopper instrument at the NIST Center for Neutron Research.  The results were plotted as the boundwater 
fraction, β(t), versus time.  

The plots all showed a characteristic shape with an initial flat induction period followed by an acceleratory 
period with nucleation and growth kinetics and finally a transition to diffusion-limited kinetics.  The time of the 
transition was the same for all the w/c ratios.  The degree of hydration β(t) at the transition was different for each 
case, but they could all be collapsed into a single master curve by a simple vertical scaling.  The scaling factors 
showed an excellent linear correlation with the w/c ratio. This result suggested rescaling β(t) data by  multiplying by 
the w/c ratio.   The product β(t)· w/c has units of boundwater volume per mass of cement.  It was found that at the 
transition point, this took on a fixed value of 0.25 cm3/g for all the curves. This rules out the pore-filling mechanism 
which is conventionally given as the explanation for the transition point.  

Moreover, this value agrees with estimates of the amount of reactive silica formed during the prior induction 
period as measured by Nuclear Resonance Reaction Analysis. It thus supports the recently proposed theory that 
during the peak reaction period, the hydration reaction is characterized by boundary nucleation kinetics rather than 
the volume nucleation kinetics of the conventional Kolmogorov Avrami Mehl Johnson theory.

Originality 
This research concerns the Hydration and Microstructure subtopic of  the Reactions of Hydration main topic.  This 
is the first time that QENS was applied to investigate the influence of the water/cement using the relatively high time 
resolution,  ~30 min, of the Fermi Chopper instrument.   This permitted  the detailed observation of the kinetics in
the vicinity of the transition point.   Innovations in the analysis of the data included the vertical rescaling of the 
individual curves to collapse them into a single master curve and also the transformation of the reaction progress 
variable β(t) into volume of boundwater per mass of cement.  This in turn led to the discovery that hydration 
reactions occurring in the induction period determine the subsequent transition point.  

Chief Contribution 
This research overturns the conventional pore-space filling explanation of the transition point and replaces it with a 
more fundamentally correct explanation based on the supply of reactive silica at the end of the induction period.  It 
thus ties together the three stages of C3S hydration kinetics (induction period, peak period and diffuse-limited  
period) that have usually been treated separately.  These findings will lead to more accurate predictions of the 
performance of Portland cement concrete.

Keywords: tricalcium silicate, water/cement ratio, neutron scattering, hydration kinetics, transition point

* Corresponding Author: E-mail rliving1@umd.edu Tel +202 797-1072  Fax  +301 314-2029



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 243

M-4

T-5

W-6

TH-7

F-8

AREA 4 - Oral CommunicationSession 10 / 5 July / 16:50-19:00                 Paper 113

1

EFFECT OF TEMPERATURE ON THE COMPOSITION AND 
STRUCTURE OF C-S-H GEL OBTAINED BY HYDRATING C3S

1Sáez del Bosque I.F.; 3Martín Pastor M; 1,2Martínez Ramírez S; 1Blanco-Varela MT 

1 Instituto de Ciencias de la Construcción Eduardo Torroja.(CSIC), Madrid, Spain 
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Abstract

This study explored the effect of temperature (25, 40 and 65 ºC) on the structure and composition of C-S-H gels 
obtained by hydrating C3S for 1, 14, 28 and 62 days at 100 % RH. The samples were studied with 29Si MAS 
NMR to determine the mean chain length (MCL) and degree of hydration (HyD) of C-S-H gels. Paste behaviour 
was also studied with DTA/TG and XRD. 

Further to the XRD results, all the pastes contained portlandite and anhydrous C3S (T1). No other crystalline 
compound was detected. The MCL obtained for the C-S-H gels from the 29Si NMR data ranged from 2.5 to 3.8, 
and was observed to lengthen with rising temperatures. While the degree of sample hydration (according to the 
NMR data) rose with time, it increased with temperature only up to the 28th day, for in 62-day samples it 
declined with rising temperature. The Ca/Si ratio of the gels, found by combining the TG results and the NMR 
degree of hydration data, increased with rising curing temperatures. The longer the hydration time and the 
higher the temperature, the lower was the H/Si ratio. 

In samples cured at 25 and 40 ºC, the Ca/Si ratio grew with the HyD to a value of 1.5 at 62 days. In the samples 
cured at 65 ºC, however, the Ca/Si ratio remained constant at 1.5 regardless of the degree of hydration. 

Originality:

In precasting, an increasingly popular practice in construction, temperature is often used to 
accelerate reactions and raise plant productivity. The properties of cement-based materials depend, 
among others, on the composition, structure and microstructure of the C-S-H gel forming as the 
calcium silicates in the cement hydrate. 

While the effect of temperature on the degree of reaction in hydrated C3S pastes is well understood, 
its effect on C-S-H gel microstructure, MCL and composition expressed in terms of the Ca/Si and H/Si 
molar ratios is unclear and the findings reported in the literature are contradictory. The originality of 
this study lies, then, in the clarification of how these parameters react over a range of temperatures. 

Chief contributions 

Quantitative data are provided on the variations in C3S pastes depending on temperature and 
hydration time. The data furnished include degree of hydration, MCL and the Ca/Si and H/Si ratios in 
the C-S-H gels obtained. The NMR and TG data are combined to obtain Ca/Si and H/Si ratios for the 
pastes at different temperatures and hydration times.  

Key words:

C3S hydration, C-S-H, thermal curing 
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Abstract  

Tricalcium aluminate (C3A) is the phase that reacts most quickly in contact with water. Generally, the 

crystalline form of C3A synthesized during clinkerization is cubic. However, Na+ can be incorporated into 

the crystalline lattice of C3A, replacing Ca
2+

, leading to the formation of orthorhombic C3A. Previous 

studies have shown that the presence of this polymorphous can significantly influence the cement hydration 

and conflicting hypotheses have been proposed to explain this behavior. The present paper investigates the 

hydration reactions of cubic and orthorhombic C3A in presence of gypsum by isothermal heat conduction 

calorimetry, Field emission-Scanning electron microscopy (FE-SEM), thermogravimetry (TGA) and real 

time X-ray phase analysis. These techniques provide measurements of ettringite formation and of other 

hydration products. This study used pure phases (cubic and orthorhombic C3A) synthesized in laboratory to 

analyze the reactions independently, isolating the reactions from the others phases. Real time analysis of 

the hydration reactions showed differences in the hydration of each aluminate and the results indicated that 

the orthorhombic phase is more reactive at early ages in presence of gypsum, consuming them more 

quickly.  

 

 

Originality 
The reaction of tricalcium aluminate C3A with water is almost immediate. Crystalline hydrates, such as 

C3AH6, C4AH19 and C2AH8 are quickly formed with generation of a large amount of heat. In presence of 

calcium sulfate, the product formed from the C3A reaction is ettringite or high-sulfate calcium aluminate.  A 

lot of hypotheses have been proposed to explain this behavior without general agreement principally in 

orthorhombic C3A – gypsum systems. This research throws some light in this field using real time analysis. 

The thermogravimetry analysis was explored and correlated with other techniques (FE-SEM, XRD 

and calorimetry).  

 

 

Chief contributions 

The results demonstrate that important differences occur in the hydration of each C3A polymorph and 

gypsum; orthorhombic C3A reacts faster with gypsum than the cubic phase, forming earlier ettringite and 

consuming faster the aluminate, this behavior suggest that the Na
2+

 increases the SO3 consumption; 

however, this higher reactivity is dependent on the amount of gypsum; in the absence of gypsum the 

behavior is the opposite, cubic C3A is more reactive releasing more heat and forming the aluminate 

hydrates earlier.  

 

Keywords: cubic tricalcium aluminate, orthorhombic tricalcium aluminate, ettringite, hydration 
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Abstract 

Fruit acids are commonly used as a retarding additive in a variety of formulations for building chemistry. Nevertheless, 
the characterisation of the retarding effect on the hydration is mainly done at a qualitative level. To precisely control 
setting behaviour and rheological properties of the cement paste a combination of different retarding and accelerating 
additives is applied. Hence, an accurate understanding of the mechanism of action of each additive is necessary for a 
reasonable optimisation and the exclusion of negative effects between different additives respectively.   

The influence of tartaric acid (0.23 wt.%) on quantitative phase development, calorimetric and setting behaviour of an 
OPC (w/s ratio 0.28) during early hydration was investigated at a temperature of 23°C and compared with the results 
obtained from the pure OPC system. Tartaric acid, if used, was dissolved in the mixing water to guarantee a 
homogeneous distribution in the paste. The preparation of the slurry was performed by manually mixing temperature 
equilibrated samples of cement powder and water for 1 minute. Calorimetric investigations were carried out with a 
TAM Air heat-flow calorimeter. Setting time was assessed by using an automated Gillmore-needle apparatus (imeter, 
MSB Breitwieser) until the final setting time was reached. To prevent samples from surface drying a water reservoir 
was installed in the measuring cell. In-situ XRD was carried out on a Bruker D8 with LynxEye detector for 22 h. All in-
situ XRD samples were covered with Kapton polyimide film to avoid evaporation of H2O and reaction with atmospheric 
CO2. The quantification of phase development in the pastes was performed by Rietveld analysis. Structural models for 
the phases present in the cement paste were taken from the ICSD but were refined previously by fitting the enriched 
residuals obtained from selective dissolutions of the dry cement. In order to stabilize the results the scale factors of non-
reactive phases during the first 22 h of hydration were kept fix. Other refined parameters were lattice parameters and 
scale factors of evolving phases, sample displacement and background. After Rietveld analysis, a correction for the 
formed C-S-H and a conversion to the phase content in the paste was calculated. 

The investigations showed that an addition of 0.23 wt.% tartaric acid significantly changed the kinetics of OPC 
hydration. The aluminate reaction was retarded during the first 45 minutes. After 45 minutes the aluminate reaction 
was strongly accelerated and led to a rapid formation of ettringite, which is almost completed after 2 h of hydration. 
Additionally a strong retardation of the silicate reaction was observed. This significant modification in hydration 
kinetics and phase development in the paste is responsible for the change in setting behaviour.  
 
Originality 

The investigations show a correlation between hydration kinetics, phase development and stiffening of the paste during 
early OPC hydration with and without addition of tartaric acid. An addition of the chosen amount of tartaric acid, 
which is generally described as a retarder, can lead to a faster setting behaviour caused by rapid ettringite formation. 
The aluminate reaction is suppressed at first and finally strongly accelerated. Only the silicate reaction is retarded due 
to the presence of tartaric acid and making a minor contribution to setting behaviour.  
 
Chief contributions 

The investigations show that an addition of a retarder like tartaric acid can lead to a different influence on silicate and 
aluminate reaction during hydration of OPC dependent on the chosen concentration. Setting behaviour may not 
generally be retarded by an addition of fruit acids. A reaction mechanism for fruit acids like tartaric acid is suggested 
to show the importance of the chosen concentration of fruit acid in order to control hydration of different cements with 
different phase content (especially C3A and sulfate carriers).  
 
Keywords: OPC, tartaric acid, setting time, phase development  
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Effect of Organic Additives on Dissolution Kinetics of Fly Ash 
 

1Göbel M* 
1cbm – Centre for Building Materials, TU München, Munich, Germany 

1Urbonas L, 1Heinz D 
1cbm – Centre for Building Materials, TU München, Munich, Germany 

 
 
Abstract 

The use of fly ash as a supplementary cementitious material for the partial replacement of Portland cement 
clinker in concrete production lowers the emission of CO2. The positive effect of fly ash on the rheology of fresh 
concrete and the permeability and thus the durability of hardened concrete and structural components is known 
and accepted. However, using fly ash as a cement substitute leads to a decrease in early strength due to the slow 
pozzolanic reaction. In this paper, the effect of organic additives on the dissolution behaviour of fly ash was 
investigated because enhanced reactivity of fly ash and thus improved early strength are desirable. As known in 
glass corrosion chemistry, several organic additives were thought to break up the siliceous network of the fly ash 
glass. Besides carboxylic acids, alkanolamines are able to leach out ions of fly ash glass. Some alkanolamines 
are already used in cement production as grinding aids. 
To investigate the effect of organic additives, fly ash was mixed with KOH solution (pH 13.0). Depending on the 
additive, different dosages were used. Also a reference without additive was made. The mixtures were rotated in 
sealed polyethylene flasks in an head-over laboratory agitator. Filtrate samples were taken after 5, 10, 30 min, 
1, 4 and 24 h and analysed by ICP-OES. The amounts of Si, Al, Fe, Ca, Mg, and Na were quantified. 
Precipitation of the filtrate samples was analysed by XRD. Blends of fly ash and cement were also produced for 
the investigation of hydration behaviour. Isothermal heat conduction calorimetry was used to observe heat 
evolution rate depending on type and dosage of additive and XRD measurements were used to observe the 
formation of hydration products. The effect of additives on the strength of mortar with and without fly ash 
depending on kind and dosage of the additive was also investigated. 

Originality 

An increase in early strength of concrete made with cement blends containing fly ash is of obvious economic and 
ecologic importance. Researchers have already considered different ways of enhancing the reactivity of fly ash. 
Higher fineness or chemical activation by alkali sulphates and alkanolamines is known to improve early 
strength. However, the effect of alkanolamines on the dissolution behaviour of fly ash is unknown. The actual 
effect of additives on fly ash dissolution in binder blends is isolated by investigating the behaviour of the 
separate components and the composite. This work is the basis for the future development of high performance 
fly ash cement blends to reduce clinker content in concrete and improve durability. Moreover, the application 
field of high volume fly ash concretes can be extended. 

Chief contributions 

Higher solubility of fly ash components in KOH solution (pH 13.0) was observed due to the effect of organic 
additives. In particular, the amounts of Ca, Fe and Al in solution were enhanced by the use of organic additives. 
The solubility of fly ash was found to depend on its composition and the type and amount of additive. The effect 
of organic additives in blends of Portland cement and fly ash depends on the type and amount of additive and the 
composition of the binder. Every additive has an optimum in dosage and fly ash to cement ratio as observed by 
heat flow calorimetry. Heat flow and total hydration heat of fly ash cement were increased by the use of 
additives. Additives are shown to increase the early strength of fly ash cement mortar. 

Keywords: Alkanolamine, solubility, fly ash glass, fly ash cement 
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Influence of Plasticizer Type on Hydration Kinetics of Self-Compacting 
Concrete
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Abstract
In self-compacting concrete (SCC), the role of superplasticizer is crucial for rheological reasons. Besides, the 
superplasticizer (SP) can influence the hydration reaction kinetics. In this study, the effect of the superplasticizer 
on the hydration reaction kinetics is investigated using cement pastes composed of CEM I 52.5 N from two 
different suppliers, two types of polycarboxylic ether (PCE) based superplasticizer and fly ash as mineral 
addition. To define the early-stage hydration reaction kinetics, the heat of hydration was monitored using
isothermal calorimetry and the setting time was determined using automated Vicat needle measurements. The 
similar types of PCE superplasticizers (SPX and SPY) have different charge density of the backbone. SPY has 
the highest charge density and also the solid content of its dispersion is higher. Adding both SP dispersions in 
equal concentration (as % cement mass) to the cement pastes, either or not containing fly ash, the following 
findings are established for the Vicat measurements: the initial setting time increases, while increasing the 
concentration of each SP; the initial setting time is higher for 1% of SPY compared to 2% of SPX; the setting 
time interval increases disproportionally, compared to initial setting time, for 2% of SPY. Isothermal 
calorimetry measurements of the same pastes have lead to the following observations concerning the SP dosage: 
similar retardation of initial setting as in the Vicat measurements is observed; the height and the width of the 
hydration peaks decreased when more SP was added, suggesting a diminished formation of the AFt-phases. TGA 
measurements confirm the prolonged precipitation of Ca(OH)2 and therefore, reaction of the SP with Ca2+ ions 
in pore solution might be expected. In that way, the estimated retardation can be linked to the charge density of 
the SP. Other mechanisms concerning SP-ion interaction were regarded feasible to explain the observed 
retardation behavior. The obtained differences in retardation behavior of the same type of cement from different 
suppliers have been attributed to the cement characteristics: The cement with the larger fraction of fine particles 
has shown an earlier initial hydration. The cement with the highest calculated SO3/C3A ratio clearly showed a 
more explicit hydration peak, attributed to AFt formation. The addition of fly ash showed an acceleration of the 
hydration reactions, favoring the arguments for a more homogeneous distribution of nucleation sites provided 
by fly ash.

Originality
The retarding effect of synthesized superplasticizers has been illustrated in literature and efforts have been made 
to explain the retarding mechanism. The objective of this paper is to clarify the retarding effect on hydration 
kinetics, of the selected superplasticizers, in order to combine them with other accelerators or retarders. The use 
of this combination of admixtures favors sustainable applications like over-retarding residual fresh concrete at 
site, followed by activation after one or more days. In that way the potential waste of concrete is prevented.

Chief contributions
To describe the early-stage hydration reaction kinetics, the heat development of cement pastes is monitored, as 
well as the setting time is estimated by Vicat penetration test. These results were evaluated, using several 
mechanisms presented in literature, in order to explain the retardation effect of two commercially available PCE 
superplasticizers. In this way, the insight in hydration behavior clarified the observed retarded setting.   

Keywords: Self-compacting concrete, polycarboxylic superplasticizer, hydration kinetics, retardation
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Influence of polycarboxylate side chains length on cement hydration and 
strengths development

Moratti F.*, Magarotto R., Mantellato S., 
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Roncero J.
BASF Construction Chemicals Espana S.L., Development Admixture Systems Europe, Spain Palau 

Abstract
In this paper the influence of the side chains length of polycarboxylates on the kinetics of cement hydration is 
investigated by means of thermogravimetric analysis, nuclear magnetic resonance, scanning electron microscopy and 
other techniques. The correlation with the strength development in concrete is then reported. 
Short side chains bring retardation in the strength development at 24 hours, but the ultimate strengths at 28 days result 
as unmodified. The analysis of the microstructure of cement paste at 28 days revealed that the side chain length has no 
impact on the structure of the ettringite crystals and the other products of hydration thus assuring durability. 
Furthermore, the retardation given by short side chains can be modulated and compensated by playing with the number 
of charges and side chains per backbone, thus preventing the calcium ions chelation and speeding up the hydration. 
Short side chains can therefore be used in all those applications were superior robustness and rheology are requested 
without the drawback of the retardation if a careful design of the molecule is carried out. 

Originality 
In this paper it was demonstrated that the side chain length has a specific impact on the strength at all curing ages.  
This paper gives some guidelines to the design of polycarboxylates that can be engineered to achieve the desired 
performances in terms of strength development. Some evaluations were also carried out considering different types of 
cements, showing that the use of short side chains leads to higher retardation when used in combination with limestone 
blended cements. A specific design of the molecule can anyway be adopted in order to counterbalance this effect.  

Chief contributions 
A very detailed study on the cement hydration was carried out by means of several analytical techniques and different 
polymeric structures, giving a comprehensive picture of how the polycarboxylate design can be moduled in order to 
achieve the desired performances in terms of strength development.  
 
Keywords: Cement hydration, side chain length, strength development, microstructure.
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Impact of sodium gluconate on cubic and orthorhombic-C3A, “C3S”/cubic-C3A 
blends and commercial OPCs with different sulfate contents 

 
Cheung, J 

Grace Construction Products, Cambridge, MA, USA 
 
Abstract 
An isothermal calorimetry study was conducted to investigate the impact of sodium gluconate on the hydration of cubic 
and orthorhombic-C3A pastes, 80/20 blends of “C3S”/cubic-C3A and four commercial OPCs with different sulfate 
contents. It was observed that, in the presence of sulfate and calcium hydroxide, exothermic reactions of orthorhombic-
C3A occurred significantly faster and released 10 times more initial heat than that of the corresponding cubic-C3A 
systems. The initial peak is believed to stem from rapid hydrolysis of C3A, followed immediately by the formation of 
calcium aluminate hydrates. The total energy released for the first 10 hours was about 6-8 times higher for the 
orthorhombic-C3A than for the cubic-C3A blends, when both are made with a good supply of sulfate. However, for 
under-sulfated blends, the total energy released from the cubic system in the first 4 days was higher by about 50% than 
that from the orthorhombic system.  
 
The extent of retardation by sodium gluconate was significantly less for the orthorhombic-C3A system than for the 
cubic-C3A system. In the cubic-C3A systems with sufficient sulfate content (SO3:C3A of 2.5 by mole), only one 
exothermic peak occurred after the initial dissolution peak. The retardation by sodium gluconate grew linearly with 
increasing dosage up to 0.125%, after which the retardation rate slowed down from 0.125% to 0.25%. In the cubic-C3A 
systems with lower sulfate content (SO3:C3A of 0.50 by mole), two exothermic peaks, at 1-20 hours and 30-80 hours, 
occurred after the initial dissolution peak. The extent of retardation for the cubic-C3A systems with low sulfate content 
increased almost linearly from 0-0.25%.  
 
As reported previously in other studies of the 80/20-by-weight blend of “C3S”/cubic-C3A, we observed that the 
aluminate peaks occurred before the silicate peaks when the sulfate content was very low (SO3:C3A mole ratio of 0.17). 
This order of occurrence was reversed at a more moderate, but still low sulfate level (SO3:C3A mole ratio of 0.49). We 
also confirmed that the silicate peak hydration was retarded more when the sharp aluminate peak occurred before the 
peak of the silicate hydration. When sodium gluconate was added to this “C3S”/cubic-C3A blend, retardation of the 
silicate peaks grew non-linearly with dosage. This pattern was similar to what was observed for the cubic-C3A systems. 
In contrast, the aluminate hydration peaks were noted to occur earlier and sharper with addition of sodium gluconate 
for the well-sulfated system. These differences suggest a difference in hydration reaction of the C3A, dictated perhaps 
by the availability of sulfates. In the under-sulfated case, the occurrence was first retarded and then accelerated. 
 
In commercial cements, the extent of the silicate peak retardation seems to correlate with the amount of alite and cubic- 
C3A in the cements; the higher the amount of alite and cubic-C3A, the longer the retardation by sodium gluconate. 
Longer retardation was also noted in cements with higher surface areas and lower SO3/C3A ratios. 
 
Originality  
Previous studies have examined the impact of different chemical admixtures on pure C3S, pure C3A or cement 
containing different amounts of C3A. However, a detailed look at the impact of chemical admixtures on different 
crystallographic forms of C3A has not been reported. This research provides an understanding of the impact on the 
occurrence of reactions by sodium gluconate in different crystallographic forms of C3A that is present in clinker 
compositions, and shows that the form of the C3A and the amount of C3S gave the most impact on set-time retardation. 
This study presents simple but illuminating examples where the behavior of set and retardation are impacted by the 
mineralogy of the C3A phase. 
 
Chief Contribution 
Knowledge of the interactions of chemical admixtures with different crystallographic forms of C3A will provide insight 
useful to our pursuit of understanding cement hydration kinetics and will also provide important information for testing 
or modifying different cement hydration models. In addition, as kiln operation changes can substantially affect C3A 
crystallographic form, the need to consider kiln operation changes in light of their potential impact on C3A form is also 
highlighted. 
 
Keywords: sodium gluconate, cubic-C3A, orthorhombic-C3A, C3S, silicate peak suppression 
 
_______________________ 
 
Corresponding author: Email josephine.h.cheung@grace.com, Tel +617 498-4404, Fax +617 498-4360 
 



250 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 4 - Oral Communication 16:50-19:00 / 5 July / Session 12Paper 187

The effects of prehydration of a combination of cubic C3A with β-
hemihydrate on adsorption of BNS superplasticizer 
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Abstract 
Industrial cements can undergo some prehydration during their manufacturing process or during transportation and 
storage. In the cement plant, a first contact with water may occur from the dehydration of gypsum which is ground 
together with clinker in the mill at temperatures of 80 - 120 °C. Afterwards, during storage in a silo, cement may sorb 
water from continued dehydration of gypsum. Finally, because of improper packing and storage conditions, cement 
may undergo further surface hydration. The early uptake of water by cement is commonly referred to as the 
prehydration phenomenon. It can result in alteration of the cement properties during storage which is highly 
undesirable. Nevertheless, it has been reported repeatedly. The principal consequences of this cement prehydration may 
include decreased compressive strength and low heat of hydration, altered rheological properties and poor response to 
superplasticizer addition. Various cement clinker phases prehydrate very differently. Using a water sorption balance it 
was shown that, the amount of chemically and physically sorbed water and the relative humidity at which water 
sorption starts to occur differ significantly between clinker phases. Photoelectron spectroscopy (XPS) revealed that 
prehydration results in the formation of a nano layer of cement hydrates covering the surface of the clinker phases. In 
multi phase mixtures of cement constituents, moisture sorption can exhibit a more complex behaviour. Here, the 
moisture sorption profile of individual cubic C3A and β - CaSO4 · ½ H2O was examined, and was compared with the 
behaviour of a binary mixture of C3A with β - CaSO4 · ½ H2O. It was found that the extent of prehydration of C3A was 
affected by the modification of C3A, by temperature and the presence of the sulphate. Generally, binary mixtures were 
found to sorb significantly higher amounts of water than the individual phases. The prehydration products of this binary 
mixture were characterized by FTIR-ATR spectroscopy. ESEM imaging revealed that prehydration occurs via liquid 
condensed water which dissolves the cement constituents, and not via water vapour. 
 
Originality 
Due to the complex nature of cement, the mechanisms behind its prehydration are not yet fully understood. The 
prehydration of cement is obviously far more complex than the sum of each individual prehydration reaction. This 
paper highlights the question whether the mechanism behind prehydration is solely based on a topochemical reaction 
between cement and water vapour, or whether it follows the well known route of cement hydration characterized by a 
dissolution – oversaturation – precipitation process. The subject of prehydration of cement is highly interesting for 
cement manufacturers and applicators. 
  
Chief contributions 
It is commonly known that ageing of cement or inadequate storage can result in different engineering properties of 
concrete or mortar. In our study, the general phenomenon of prehydration of cement was scientifically investigated. 
With “cement prehydration”, we mean the interaction between cement and water vapour. Through specific 
experiments, it was possible to replicate the onsite problems in the laboratory and thus determine the causes and effects 
by using modern analytical methods. Currently, the knowledge of very early cement hydration and related analytical 
methods is still limited. Prehydration of cement is a surface process, whereby only a few methods like photoelectron 
spectroscopy (XPS) and FTIR-ATR spectroscopy can be utilised. The aim of this study is to fill this gap by enhancement 
of the current methods and by development of new analytical strategies for cement surface analysis of cement. Finally, 
the dosage and effectiveness of BNS superplasticizer used in combination with prehydrated C3A/β - CaSO4 · ½ H2O is 
investigated.  
 
Keywords: Prehydration, cement, C3A, β-hemihydrate, adsorption, superplasticizer
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Formation of Organo-Mineral Phases Incorporating PCE Superplasticizers 
During Early Hydration of Calcium Aluminate Cement 

 
Ng S, Plank J*

Technische Universität München, Lehrstuhl für Bauchemie, Lichtenbergstr. 4, 85747 Garching b. München, Germany 
 
 

Abstract
Organic admixtures, particularly those possessing highly anionic character, may intercalate into calcium aluminate 
hydrates and form layered organo-mineral phases of the general composition [Ca2Al(OH)6](A)x·(OH)y·nH2O. The 
formation of intercalates has been analytically proven in model systems such as hydrating C3A, but not in real Portland 
cement. This can be attributed to the nano crystallinity of the XRD amorphous intercalates and the presence of sulfates 
which may entirely prevent intercalation. Here, for the first time, we present experimental evidence confirming the 
formation of organo-mineral phases incorporating PCEs in calcium aluminate cement (CAC) during its early 
hydration. A comprehensive study using a commercially available CAC (~ 70% Al2O3) undergoing early hydration in 
the presence of three different PCEs revealed that aside from surface adsorption, intercalation plays a key role. 
Generally, the intercalation ability of PCEs is dependent on the methacrylate (MA): MPEG-MA ester molar ratio. 
When CAC was hydrated with PCEs for 2 h, suspensions containing PCEs possessing a molar ratio of 1.5:1 failed to 
display intercalates. However, nano crystalline, colloidal particles were recovered when PCEs possessing a molar ratio 
of 6:1 were utilized. Under XRD analysis, these particles displayed the characteristic reflections of organo-mineral 
phases with a d-spacing of ~ 6.4 nm. This layered structure was further confirmed by TEM imaging. During CAC 
hydration, direct formation of the organo-mineral phases occurs via co-precipitation and nucleation where self-
assembly of dissolved Ca2+ and Al(OH)4

- occurs in the presence of PCE as template. Another mechanism is indirect 
formation via anion exchange between the interlayer OH- and dissolved PCE in the initially formed C2AH8. This 
exchange process, however, is relatively slow and probably consumes insignificant amounts of PCE. Slump flow tests 
revealed that PCEs composed of MA: MPEG-MA ester at molar ratio of and 1.5:1 respectively disperse this CAC very 
well. Lower effectiveness was obtained for PCEs with higher molar ratios (3:1 and 6:1 respectively). This behaviour is 
contrary to what is known for Portland cement. Apparently, a link exists between the dispersing force of PCE and 
intercalation tendency. PCEs possessing high anionic charge (3:1 and 6:1 molar ratios) are very prone to 
intercalation. Thus, for an added dosage, these PCEs are consumed and become less effective as dispersant. PCEs 
exhibiting low anionic charge are fully available for the dispersion effect as none is wasted in the intercalation 
reaction. This mechanism explains the difference in dispersing force for these PCEs in Portland cement and CAC. 

Originality 
This work addresses the mechanism behind the reactions occurring during early hydration of a high alumina cement in 
the presence of polycarboxylate-based (PCE) superplasticizers. In literature, little work has been presented on the 
interaction of high alumina cement with superplasticizers. Even less has been proposed on the mechanism of 
interaction, with focus on the chemical absorption. Here, we confirm the formation of intercalates from high alumina 
cement in the presence of PCEs during early hydration. The intercalates formed after 2 h at room temperature are nano 
crystalline and form a colloidal suspension which can be obtained as a gel precipitate under prolonged hydration of up 
to 2 days. This confirms the formation of intercalates via co-precipitation during early hydration of this cement, 
followed by subsequent growth of the Ca-Al-PCE-LDH nuclei. We believe that the proof for existence of intercalates in 
cement to be of great significance as it can explain numerous phenomenons such as the differences in performance of 
PCEs under conditions of delayed addition.  

Chief contributions 
PCE is a commonly used high-performance superplasticizer in the field of construction chemistry due to the low 
dosages required for the same effectiveness as its counterparts such as the polycondensates. These superplasticizers 
may intercalate into the layered structures of calcium aluminate hydrates, mainly C2AH8, thus rendering the 
polycarboxylate ineffective as dispersing agent during early hydration. Despite the importance, intercalation in 
cementitious materials has only been reported using simplified systems involving the hydration of pure C3A over a 
hydration period of 2 days or 2 h at elevated temperatures. These conditions are not ideal representations of actual 
cement systems where workability of the PCEs is required. Here, we provide experimental proof that organo-mineral 
phases incorporating highly anionic PCEs are being formed during early hydration of CAC under typical field 
conditions. Thus, for the first time, the formation of organo-mineral phases from PCE and a cement under realistic 
conditions of applications is shown to occur. This can then be directly correlated to the dispersing force of different 
PCE molecules.  

Keywords: Calcium aluminate cement, polycarboxylate, organo-mineral phases, intercalation, dispersing force
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Abstract
One of the main topics of the research on cement admixtures is the organic-inorganic interaction at the surface 
of the cementitious  phases to understand the way the polymer acts. The aim of this work is to study the effect of 
polycarboxylate comb-polymer (PCP), used as dispersing agent, on  hydration delay. 
In order to evaluate the role of the polymer structure on hydration we separated the PCP in two main parts: the 
backbone (PAA) and the dispersing chain. An active unit that reduces the PCP complexity was “ad hoc” 
synthesized. It consisted of  a single chain based on ethylene oxide polymer(Mw=1000) O-methoxy terminated,  
at one  end  and having at the other  a carboxylate group able to link the inorganic surface and representing the  
repetitive unit of the comb-polymer. 
The hydration delay of C-S-H formation induced by comb-polymer was analyzed  by conduction calorimetry  
and the morphology of the crystalline structure in growth by SEM, specially investigating the relation between  
structure and hydration time. Because of the several complexities of the cementitious system undergoing 
hydration reactions we focussed the attention on one of the most important silicate phases of cement, the 
tricalcium silicate (C3S) and we studied the  formation of portlandite crystals.  
Observing the results we noticed that the hydration delay is ascribable  to the comb-shaped  structure because  
ethylene oxide chain can assume conformations able to  act as  “crown ethers”  modifying the salt concentration 
near the cement surface. Moreover we noticed that organic admixtures can  influence  portlandite growth better 
arranging  its crystalline structure.  

Originality 
In this work we analyse the hydration delay induced by dispersing comb-polymer on the C3S phase by separately 
investigating  the role of the two main parts that form the PCP itself: the backbone and the dispersing PEO 
chain terminated with the linking site. The organic synthesis of the PCP main blocks and the analysis of their 
thermochemical and surface effects separately induced on the pure phases formed during cement hydration   
represent a contribution to the understanding of cement-dispersant interaction. 

Chief contributions 
Lidia Eusebio made the experimental work in laboratory and the processing of data. Marco Goisis, Giuseppe 
Manganelli and Paolo Gronchi supervised the research and  coordinated the work between the industrial and 
the academic laboratories.  

Keywords: C3S, polymer, dispersant, setting time, surface modification. 
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Influences of the type and amount of calcium sulphate on the reactivity of
alkanolamine-based set accelerators/strength improvers

1Recchi P1*, 1Magistri M, 2Lo Presti A, 2Cerulli T
1 Cement Additives Division, Mapei S.p.A., Milan, Italy

2Central Analytical Lab, Mapei SpA, Milan, Italy

Abstract
Since the discovery, in the second half of 19th century, that the addition of gypsum to Portland clinker allows a better
control of cement setting, wide attention has been given to the study of the effects of calcium sulphate on silicate
hydration. It is well known that calcium sulphate can control other mechanical performances, such as compressive
strengths and dimensional stability, but the details of the mechanism of action are not completely understood. On the
other hand, less attention has been focused on the influence of different types of calcium sulphate on the reactivity of
organic additives. In this paper the performances of alkanolamine-based cement additives (widely used in cement
manufacturing, thanks to their effect on grinding efficiency and clinker hydration) are described in function of the type
and amount of sulphates.
Several cements with different SO3 content coming from different types of calcium sulphate have been reproduced and
the effect of alkanolamine-based set accelerators/strength improvers on cement hydration has been tested. The results
clearly show that the type of calcium sulphate used (gypsum, bassanite, anhydrite) has a sensitive influence on the
reactivity of organic additives. Particular attention has been given to the correlation between mechanical performances
and mechanisms of cement hydration. On the basis of the data collected, some hypothesis on the interactions between
organic additives, sulphate ion and clinker hydration are proposed.

Originality
The originality of the paper lies in the detailed study of the relations between the type and amount of calcium sulphate
and the performances of cement additives in terms of compressive strength increase. As far as we know there are no
papers dealing with this particular concept with specific reference to alkanolamine-based set accelerator/strengths
improvers.

Chief contributions
Grinding additives based on alkanolamines are commonly used worldwide during cement manufacturing and their
effect on compressive strengths enhancement is crucial for the improvement of cement composition and clinker
reduction. In our opinion the main contributions of this paper is to give practical advices about the relations between
cement additive reactivity and sulphate type and amount. During industrial production the optimisation of organic
additives in function of sulphate content is not usually carried out but, according to the results of our work, it can lead
to further benefits.

Keywords: Grinding aids, alkanolamines, sulphates
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Effect of Comb type Superplasticizers on hydration kinetics  
of Industrial Portland cements 

Regnaud L.∗ (CTG Italcementi Group, APS Laboratory, Guerville, France) 
Rossino C. (CTG Italcementi Group, Laboratories department, Bergamo, Italy) 
Alfani R. (CTG Italcementi Group, Laboratories department, Bergamo, Italy) 
Vichot A. (CTG Italcementi Group, R&D Management, Guerville, France) 

Abstract 

Comb type Superplasticizers are widely used in concrete formulations because of their efficiency to improve 
initial workability of concrete without water addition and to lengthen workability retention over time. Their 
dispersing effect is linked to the adsorption of polymer on cement grain surfaces which leads to steric repulsion 
effect. However, their use in concrete is often associated to a delay on cement hydration kinetic, which can 
cause in some cases significant undesired retardation of concrete setting time.  
In this paper, the study about the effect of two commercial polycarboxylate ether (PCE) superplasticizers on the 
hydration kinetic of several Ordinary Portland cements is presented. The cements differ mainly by their alkaline 
level and their tricalcium aluminate amount, while the superplasticizers differ by the type of their backbone. The 
investigation is focused on the delay induced by superplasticizers on acceleration period, obtained thanks to 
calorimetric measurements on cement paste. 
Results showed first that for both PCE superplasticizers, the delay obtained at similar dosage changes in 
function of the chemistry composition of cement. Nevertheless, these variations are different in function of the 
PCE superplasticizer used. With  one PCE superplasticizer, the behaviour is explained by the fact that the delay 
induced is correlated to the initial adsorption of the superplasticizer for most of cements, while with the other 
PCE superplasticizer, it appears that the delay induced is correlated to the quantity of superplasticizer 
remaining in solution. 

ORIGINALITY: The originality of this study lies first in the fact that a large number of cements with different 
chemical composition were tested. In fact, some previous work studied the effect of PCE superplasticizers on 
hydration of main pure cement phases but not many data have been published on hydration of Industrial 
Portland cements. Besides, the exploitation of the data in order to find a meaningful relationship for all cements 
tested appears as a new way of investigation. 
The second originality of this study is the effect of the backbone type of the PCE superplasticizer on the delay 
induced which has not been discussed in literature.

CHIEF CONTRIBUTIONS: Compatibility between superplasticizers and cements is a very important research 
topic for cement manufacturer as Italcementi Group. The addition of superplasticizers in concrete allows to 
obtain flowable concrete with high strength, but the setting time is delayed and this effect can becomes 
problematic in some cases. This research gives information on the impact of chemical composition of cement on 
the delay induced by superplasticizer addition, but also on the impact of the architectural design of the 
superplasticizer on this delay, in order to optimize the combination superplasticizer/cement and avoid 
incompatibilities.  

Keywords: cement, hydration, superplasticizer, setting time, adsorption 
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Effects of Alkali Metal Hydroxides on the Efficacy of Alkali-Free Accelerators
Maltese C.1*, Pistolesi C., Bravo A., Cella F., Cerulli T., Salvioni D., Dal Negro E.

MAPEI SPA R&D Laboratory, Milan, Italy

Abstract
Alkali-free accelerators are relatively new admixtures which allow to project concrete on the rock wall during tunnel
excavation. This sprayed concrete layer acts as a consolidating shield avoiding the convergence (the tendency of the
section to squeeze) or dangerous structural collapses. Their efficiency could be related to: cement class and its
chemical composition; environmental conditions (humidity; temperature); concrete mix design. A loss of accelerator
efficiency is extremely dangerous for workers safety as sudden collapses of the sprayed material can occur. Only few
studies are published on the effects of these factors on the accelerating properties of alkali-free accelerators. In this
paper, the influence of an alkali metal (sodium) was studied on cement pastes added with different alkali-free
accelerators. It was discovered that the higher the alkali content the lower the accelerator performances. In order to
elucidate this phenomenon, an analytical work was carried out including morphological (Environmental Scanning
Electron Microscopy – Field Emission Gun - ESEM-FEG), chemical (Induced Coupled Plasma – Atomic Emission
Spectroscopy - ICP-AES), crystal-chemical (X Ray Powder Diffraction - XRD), physical-chemical (hydration
temperature profile; Thermo Gravimetry / Differential Scanning Calorimetry - TG/DSC) evaluations. The results
revealed significant morphological and crystal chemical differences among the investigated samples.

Originality
Several parameters could affect the reactivity of alkali-free accelerators such as, for example: accelerator solid
content, class and chemical composition of cement, setting regulator, environmental conditions and concrete
composition. Only few papers on the subject were published during the last years. Alkali metal ions, for example,
being present in significant quantity in cement or aggregate, could heavily contaminate concrete thus affecting
accelerator performance. The interaction between alkali metal ions and alkali-free accelerators is unknown. In this
research the effect of sodium hydroxide on the efficacy of several alkali-free accelerators was studied.

Chief contributions
This study points out that sodium hydroxide lower alkali-free accelerator efficacy. This phenomenon could depend on
the formation of U phase, which replaces ettringite usually formed in a ordinary cementitious system admixed with an
alkali-free accelerator. Therefore during the excavation work, cement and aggregates with low alkali concentration
should be preferred in order to improve the safety of tunnelling work.

Keywords: Alkali-free Accelerators, Setting Time, Sodium Hydroxide
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Studies on Hydration and Microstructure of Ultra High Performance 
Concrete incorporating Rice Husk Ash 

 

Nguyen van Tuan*, Ye Guang 
Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, Netherlands 

 
 
Abstract

Rice husk ash (RHA) is not an ultra-fine material as silica fume (SF) but it also has a very high specific surface 
area due to its porous structure. With a similar chemical composition and a specific surface area of RHA and 
SF but a different morphology of particle, the effect of RHA will be different from SF on the hydration and the 
microstructure of cement paste and concrete. The objective of this research is to study the effect of RHA on the 
hydration and the microstructure of UHPC. The results are compared to those obtained from the control sample 
and the sample containing SF. 

The results show that the addition of RHA can enhance the hydration of cement in UHPC at the later ages. RHA 
also refines the pore structure of UHPC and reduces the Ca(OH)2 content of UHPC paste but less significant 
compared to SF does. The thickness of the interface transition zone between sand particles and cement matrix of 
all samples was about 5 μm at the age of 28 days. It is interesting that the compressive strength development of 
the RHA-sample is higher than that of the control sample after 7 days and that of the SF-sample after 3 days.  
 
Originality 

Nowadays, the environmental pollution is one of the important world wide problems. Rice husk is an 
agricultural waste in the developing countries, i.e. Vietnam. The use of RHA in construction is one of the useful 
solutions to reduce the environmental pollution. The limited availability and high costs constrain the 
application of SF in these developing countries. Studying the possibility of using RHA to substitute silica fume 
to produce UHPC is the practical challenge of this research. 

The addition of RHA in UHPC has some drawbacks, such as its big particle size and its high water demand. 
However, the results from this investigation show that the development of compressive strength of the RHA 
sample even higher than that of the SF sample. Therefore, the understanding of the hydration and 
microstructure of UHPC using RHA is very important to explain this interesting result. 

Chief contributions 

- The study fundamentally demonstrates that RHA can be used to produce UHPC instead of SF. The 28-day 
compressive strength of the RHA sample can be achieved in excess of 170 MPa. This strength can reach to 190 
MPa at the age of 91 days under a normal curing condition. 

- Based on these results, it is hypothesized that RHA can act as an internal curing agent in UHPC. 

Keywords: cement hydration, microstructure, rice husk ash, silica fume, ultra high performance concrete 
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Contribution of Class F Fly Ash to the Hydration Reactions in blended Portland 

Cements 
 

1
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1
* 

1 
Empa, Laboratory for Concrete and Construction Chemistry, Überlandstrasse 129, 8600 Dübendorf, Switzerland 
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2
 GeoZentrum Nordbayern, Mineralogy, University of Erlangen-Nuremberg, Germany 

 

 

Abstract 
The production of cement clinker counts for about 5% of the total man-made CO2-emissions. About 60 % of these 

emissions are caused by the decarbonation of limestone. For that reason a common strategy to reduce the emitted CO2 

is to replace the clinker in the cement by supplementary cementitious materials, like blastfurnace slag or fly ash. 

Therefore it is important to investigate the contribution of these materials to the hydration in blended cements. This 

study is dedicated to the contribution of a low calcium siliceous fly ash to the hydration of a blended cement. To assess 

this contribution a multi-method approach was chosen. The hydration of samples of Portland cement with and without 

50 wt% of fly ash and a reference sample containing 50 wt% of inert quartz powder was investigated by means of 

isothermal heat flow calorimetry, chemical shrinkage and image analyses of the backscattered electron (BSE) images. 

Furthermore the solid phases of the samples were characterized by means of X-ray diffraction and scanning electron 

microscopy (SEM). The EDX-studies of the C-S-H in the fly ash-samples showed a different Al/Si-ratio compared to the 

pure OPC samples.  

These results showed on one hand the well known promotion of the OPC by the inert filler materials and on the other 

hand the pozzolanic reaction of the fly ash starting already at hydration times of 1 d.  

 

Originality 

In cement and concrete, the material fly ash is commonly used as supplementary cementitious material (SCM) or as a 

filler. Especially low calcium siliceous fly ashes are attributed to act mainly as filler materials and to hydrate slowly, 

because of its low reactivity. Most of the studies concerned with class F fly ash investigate its influence on the long-

term development of the material properties. Especially the investigation of the reaction of fly ash at early ages is a not 

very well investigated field and sometimes it is even stated to be not existent. The problem of quantifying the hydration 

degree of fly ash in blended cements is thus approached by a new method of image analyses of the backscattered 

electron (BSE) images. These results will also be the basis for an improved thermodynamic model of the fly ash-

hydration in blended cements.  

 

Chief contributions 

The systematic combination of different methods in this study shows the contribution of fly ash to the hydration and the 

composition of the solid hydration products of blended cements. It could be shown that the fly ash is not a purely inert 

filler at hydration times earlier than 7 d, but that it starts to react after already 1 d of hydration. Furthermore the 

quantification of the degree of fly ash-hydration in the blended cement by BSE-image analysis is one of the key features 

needed for thermodynamic modelling. Finally the applied techniques help us to get a clearer understanding of the fly 

ash-hydration in blended cements.  

 

Keywords: Fly ash, hydration, blended cement, filler, pozzolanic reaction, C-S-H 
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The Hydration of The Blended Cement with Micronized Sand 
1Phung Trong Quyen1* 

1 Faculty of Civil Engineering and Geosciences, Delft University of Technology,  
Delft, The Netherlands 

 
 

Abstract
In order to reduce the environmental pollution and save exhaustible resources caused by cement industry, the use of 
powdered mineral admixtures as a partial replacement for Portland cement could be an effective and successful 
solution. The use of quartz powders with the particle size smaller than 200μm, i.e. micronized sands, can be such a 
solution. In order to simulate properly the hydration of blended cements with micronized sands, this study investigates 
the main effects on the hydration of blended cements. Two micronized sands with difference in particle size distribution 
were considered. The replacement ratio of Portland cement by micronized sands was 20%. Calorimetric test, analyses 
using Back Scattered Electron (BSE) and Energy-Dispersive X-ray Spectroscopy (EDS) and Differential Thermal 
Analysis and Thermogravimetry (DTA/TG) for cement pastes were performed. From the chemico-physical point of 
view, the effects, which are the effects of (1) chemical reaction by the impurities in sands, (2) the actual water-cement 
ratio, (3) pozzolanic reaction, (4) nucleation and growth, and (5) the physical interaction between the hydrating cement 
particles and micronized sand, were proposed and investigated. As the results, some of these effects promote the 
hydration of the cement particles in blended cements. The effect of chemical reaction by the impurities in micronized 
sands can be ignored. The small effect of pozzolanic reaction was observed after 28 days of curing. The three last 
effects were found significant, depend on a fineness of micronized sand. The effect of the physical interaction between 
the hydrating cement particles and micronized sand was found significant and must be taken into account in the 
simulation of the hydration of cement blended with micronized sands. 
 
Originality 
This study was performed at Delft University of Technology, Faculty of Civil Engineering & Geosciences, Department 
of Design and Construction, Section of Materials and Environment. The experimental data, the evaluation, and 
conclusions are original and have not been published anywhere before. 
 
Chief contributions 
This study aims to clarify the role of micronized sand in the hydration of cement particles in cement blended with 
micronized sands. The effects on the hydration of the cement particles and the proposal of applying these effects into the 
simulation of the hydration of blended cements are also contributions of the study. Furthermore, the study with 
micronized sand can be a good reference for studying the effect of other mineral admixtures on the hydration process, 
such as silicafume, fly ash, ground granulated blast furnace slag.   
 
Keywords: Micronized sand; Supplementary cementing materials; Degree of hydration; Fineness; Simulation 

                                                 
1 Corresponding author: E-mail t.q.phung@tudelft.nl Tel: +31152787953, Fax: +31152786383 



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 259

M-4

T-5

W-6

TH-7

F-8

AREA 4 - Oral CommunicationSession 14 / 6 July / 15:00-17:10                  Paper 271

Development and evaluation of methods to follow microstructural development 
of cementitious systems including slags 

 

1Kocaba V.* and 2Scrivener K.L. 
1 Saint-Gobain Recherche, Service Physique et Chimie des Plâtres et Ciments, Aubervilliers, France 

2Ecole Polytechnique Fédérale de Lausanne, Laboratoire des Matériaux de Construction, Lausanne, Switzerland 

Abstract
In order to better understand the factors affecting the rate of reaction of SCMs in cementitious blends it is essential to 
have an accurate method to evaluate it independently from the degree of reaction of the clinker component. Methods of 
measuring the degree of reaction of anhydrous clinker phases were improved and provided the starting point for the 
study of hydrated systems. Secondly, the effect of slag on clinker phases was identified. It was found that slag favoured 
the hydration of the ferrite phases and significantly retarded the hydration of belite and, consequently, the degree of 
reaction of cement. 
It was also observed that the slag modified the composition of the hydrates of the cement. Analyses of hydrated cements 
with and without slag show a higher substitution of Al for Si and lower C/(S+A) ratio in C-S-H in blended systems.  The 
amount of calcium hydroxide, relative to clinker content is not significantly reduced, confirming that slag is hydraulic 
rather than pozzolonic. 
To measure the reactivity of slag in blended pastes at later ages, different methods were studied. Scanning electron 
microscopy with elemental mapping appeared to be the only accurate method to quantify the degree of reaction of slag, 
despite being time consuming. However the difference in cumulative calorimetry curves of slag blends in comparison to 
blends with inert filler also allowed the reaction of the slag to be isolated. Calibration of these techniques using the 
SEM-IA-mapping results is a promising method to understand and quantify the reactivity of slag. 

Originality 
To study the microstructural development of cementitious systems, conventional techniques like quantitative X-ray 
diffraction, thermal analysis, scanning electron microscopy and isothermal calorimetry have been used. However, even 
for these well established techniques, many details need to be taken into account to optimise the final results. In this 
way, one part of this work was dedicated to the evaluation and optimisation of methods to study microstructural 
development of cementitious systems with or without slag.  
On the other hand, many studies have been conducted on slag in blended pastes, but their degree of reaction within a 
blend is very difficult to quantify. Independent repeatability tests allowed the limitations of different techniques to be 
identified and highlighted the interest to combine methods. The objective and the originality of the project were to 
develop a methodology to study the reactions of clinker and slag separately in blended cements. 

Chief contributions 
In this work a methodology was established to study cementitious systems including slags:  

The accuracy of characterisation methods for anhydrous and hydrated materials with and without slag was 
evaluated.

A specific approach was developed to follow the influence of slag and isolate its contribution in blended systems. 
To quantify the reaction of slag, the following conclusions were established:  

Even if SEM-Image analysis mapping is time consuming, it appeared to be the only accurate method to quantify the 
degree of reaction of slag.  

The difference in cumulative calorimetry curves of slag blends and blends with inert filler (quartz) allowed the 
reaction of the slag to be isolated. 

Keywords: slag, microstructure, reactivity, XRD-Rietveld refinement, SEM-Image analysis mapping and isothermal 
calorimetry.
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Impact of curing on the porosity development of 
cement pastes with and without slag 

1
1 Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark

Canut, M.M. 

2, 3Geiker, M. R.
2 Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark

3Department of Structural Engineering, Norwegian University of Science and Technology, Norway

Abstract
The combined impact of curing conditions and partial substitution of cement by ground granulated blast furnace slag 
(slag) on the development of porosity of cement paste cured up to two years maturity was studied by mercury intrusion 
porosimetry (MIP). The method seems suitable to characterise both the volume of larger pores and the threshold pore 
size. The threshold pore size is the largest size of pores providing connectivity and thus one of the parameters 
controlling the transport of substance in the material.  Preliminary results indicate that slag causes a refinement of 
pores illustrated by a decreased threshold pore size for a given intruded volume for pastes (w/b=0.4) cured saturated at 
20ºC for 28 days or more. The impact of slag was less pronounced after two years saturated curing and for samples 
cured sealed at 20oC. For pastes cured at 55oC the beneficial effect of slag was not observed, as the relationships 
between intruded pore volume and threshold pore size for samples with and without slag were comparable. 

Originality
Limited information is available on the impact of curing conditions (temperature and moisture) on the porosity of 
systems with slag.

Chief contributions
Partial replacement of cement by slag may facilitate sustainable construction. For service life design and construction 
planning improved understanding and knowledge of the impact of curing on the performance of concretes with slag are 
required. The present paper illustrates a pore refining impact of slag on pastes cured at 20oC, but also that increased 
curing temperature seems to reduce the impact of slag.     

Keywords: Portland cement paste, slag, porosity, curing temperature, mercury intrusion porosimetry 
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Modelling of microstructure of Portland cement – fly ash binders based on 
calorimetric and thermogravimetric experiments 

1De Belie N*, 1Baert G, 1De Schutter G 

1 Magnel Laboratory for Concrete Research, Department of Structural Engineering, Ghent University, Belgium 

Abstract 
In this study Portland clinker is considered as a mixture of four minerals with their own reaction sensitivity to the 
presence of fly ash. The kinetics of the reactions have been analysed by fitting generally known models such as e.g. the 
Avrami and Jander equations to isothermal heat measurements on fly ash – cement pastes. The pozzolanic reaction of 
fly ash is described with equations in which pozzolanic CSH and strätlingite are formed. Pastes of various cement-fly 
ash combinations have also been subjected to thermogravimetric analysis at curing ages varying between 3 hours and 2 
years. The amount of calcium hydroxide and chemically bound water present at the test age have been analysed. A 
decrease in calcium hydroxide content with time is an indication for the on-going pozzolanic reaction of fly ash. The fly 
ash reaction degree was also measured by means of selective dissolution in a water-methanol-picric acid solution. It 
can be concluded that the amount of calcium hydroxide consumed by one gram reacted fly ash varies with time. A 
maximum of 0.6 to 0.7 gram calcium hydroxide per gram reacted fly ash was obtained after a curing period of three to 
six months. The amount of chemically bound water follows from the thermogravimetric experiments. Upon its reaction 
with cement and fly ash, water receives a smaller specific volume resulting in a chemical shrinkage of the paste. The 
obtained values for water retention are not only in agreement with the experimental findings of Powers, but also 
confirm what stoichiometrically could be expected. Also the amount of chemically bound water per gram reacted fly ash 
has been determined for the fly ash equations in which pozzolanic CSH and strätlingite are formed. From the 
calculated amount of retained water, chemical shrinkage and volume portion of each reaction product and unreacted 
particles, the microstructure can be quantified. The calculated volume fractions are compared with predictions by the 
3-dimensional NIST model. A good correlation between both can be concluded for the CSH phase and the dissolution of 
alite and belite.  

Originality 
Although the use of fly ash has significantly increased over the years, both in industry and research, it still remains 
unclear how its influence can be implemented correctly in a civil engineering design. Due to the uncertainty in the 
cement and fly ash interaction, the European code EN 206-1 applies a more pragmatic approach. The fly ash effect is 
reduced to an efficiency factor or k-value, enabling the calculation of an effective water-cement ratio, defined as the 
mass of water divided by the sum of the cement mass and k times the fly ash mass. Empirically, the k-value changes with 
time as well as with the amount of fly ash present in the mix. This approach however, remains inadequate and falls 
short to explain or predict the durability and microstructure formation of concrete with fly ash. Moreover, it cannot 
offer an answer on whether the presence of fly ash has an accelerating or decelerating effect on the cement hydration. 
Both phenomena have been observed by different researchers and appear to be in contradiction at first glance. In this 
paper, the independent reaction rate principle is applied on fly ash – cement blends in order to find a fundamental 
answer. 

Chief contributions 
A more intensive application of industrial by-products with pozzolanic or cementitious characteristics in cement or 
concrete mixtures can enhance further implementation of the sustainability concept in the construction industry. Partial 
replacement of the cement content by these materials can contribute to a reduction of carbon dioxide emission: for 
almost each tonne of cement almost one tonne of carbon dioxide is emitted. However, not only can by-products save 
resources and lower the environmental impact, they also can be considered as highly valuable end-products. In this 
study the ‘the independent hydration concept’ is adopted instead of  the ‘equal fraction rates’ concept, which has been 
used by many other investigators. Fly ash may accelerate the reaction of a clinker mineral, while at the same time it 
can decelerate another mineral. Depending on the relative proportions of the clinker minerals, the method can explain 
the apparent contradiction found in literature related to the acceleration or deceleration effect of fly ash on the cement 
hydration. From the calculated amount of retained water, chemical shrinkage and volume portion of each reaction 
product and unreacted particles, the microstructure can be quantified.  

Keywords: fly ash, hydration model, microstructure, thermogravimetry, selective dissolution
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Use of X-ray Diffraction to Investigate the Early Stiffening of Cement 
Pastes 
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Abstract 
 
X-ray diffraction analysis with quantitative Rietveld analysis was used to determine the cause of early stiffening 
of portland cements that were also associated with setting problems of concrete in the field. The mineral phases 
in the cement that promote early stiffening and the early hydration products that form in the cement paste, which 
are responsible for the loss of plasticity, were identified and quantified. It was found that cements with high 
contents of K2O, syngenite was precipitated in the first few minutes leading to more persistent early stiffening. 
When calcium langbeinite was present in the cement, the formation of syngenite in the first few minutes of 
hydration seemed to be strongly favoured to the extent that much of the initially solubilized sulphate was 
consumed and the aluminate reaction was not adequately controlled. 
 
Originality: A method is presented for stopping hydration as early as a few minutes after mixing allowing XRD 
analysis to be performed on the hydrated sample. Using Rietveld analysis, quantitative determinations were 
made of the hydration products formed within minutes of mixing (e.g., ettringite, syngenite, secondary gypsum), 
to help identify the cause(s) of early stiffening. 
 
Chief Contributions: This work shows how XRD can be used to determine the presence of minor phases 
associated with early stiffening problems in order to identify the cause of problems, so that changes can be made 
to materials, kiln operations, or cement production to prevent future problems. For example, intergrinding with 
anhydrite rather than gypsum minimises early stiffening where clinkers contained problematic Ca-langbeinite. 
 
Keywords: early stiffening, syngenite, secondary gypsum, calcium langbeinite, Rietveld analysis, X-ray 
diffraction 
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Conduction Calorimetry and X-Ray Diffraction Investigation of Cement 
Retardation at 70 – 120°C  

 

Luke K1 
 

Trican Well Service, R&D, Calgary, Canada 
 
 
Abstract 
Studies on cement retardation in the temperature range of 70 – 120°C using conventional well cementing techniques 
indicate discontinuities with respect to thickening time. In the temperature range of 70-100°C unexpectedly long 
thickening times can occur that are not linear but exponential in relation to retarder concentration. At 100-120°C 
thickening times become shorter again with some retarders showing a notable threshold concentration above which 
there is minimal increase in thickening time. These discontinuity effects have serious implications in formulating 
slurries for use in this temperature range.  
Conduction calorimetry was used to determine the effects of various retarders on a thermally stable Class G system 
(Class G cement with 40% silica flour) at a water to cement ratio of 0.4 over the temperature range 70 - 120°C.  
Retarders included sucrose, dextrose, trehalose, lignosulphonate and glucoheptonate and were chosen for their 
different retardation effects on cement. Studies were performed in a Setaram C80 conduction calorimeter with a high 
pressure gas controller. This system allowed the temperature to be ramped from ambient to the test temperature under 
pressure and more closely simulates well conditions.  
At 70 - 90°C conduction calorimetry shows heat of hydration curves similar to that obtained at ambient temperatures, 
though in this case the initial heat flow peak was not determined as cement and water could not be mixed in-situ. The 
shape of the second peak varies considerably depending on the retarder used and in some cases has a notable shoulder 
on the decline. The shoulder under certain test conditions can appear as a third peak. It is considered that this peak 
relates to reaction of the ferrite phase which is around 15-18% in the Class G cement. At 100 – 120°C differences 
between retarders are even greater. Moderate retarders give three distinct peaks where the second peak is considered 
to relate to reaction of the ferrite phase forming hydrogarnet whereas the third peak is attributed to the silicate 
hydration. Increasing retarder concentration does not significantly affect the time at which the second peak is observed 
but does show a linear increase in retardation of the third peak. Powerful retarders show only two peaks with 
retardation of the second peak directly related to retarder concentration. X-ray diffraction was performed on samples 
removed from the calorimeter at selected times in an attempt to identify phase changes associated with the observed 
heat flow peaks.  
 
Originality 
Limited publications exists on the use of conduction calorimetry to study the effect of retarders under hydrothermal 
conditions as it pertains to well cementing. The ability to ramp the temperature from ambient to the test temperature 
and perform the test under applied pressure to simulate downhole conditions, factors that are known to influence the 
hydration behaviour of retarded cements, as far as the author is aware, have not been investigated before.  
Although the discontinuities in thickening time between 70-120°C are well known from conventional API consistency 
measurements there has been only limited studies done to explain the underlying chemistry. This work used both 
conduction calorimetry to identify the heats of hydration and XRD to identify phase changes that occur over this 
temperature range as a means to understand the fundamental reasons for these discontinuities. As work in this area 
was limited retarders that had shown different responses in calorimetric studies at ambient temperature were 
investigated along with retarders used in well cementing in order not only to explain the discontinuities but also to gain 
more insight into retarder cement mechanisms under hydrothermal conditions. 
 
Chief contributions 
The primary object of the research was to attempt to understand the fundamental chemistry of retarded cement slurries 
that cause discontinuities in retarder response in the temperature range between 70 and 120°C. The contributions 
gained from this research are considered to be two-fold. The first from a research perspective is in understanding more 
the fundamentals of retarders on cement chemistry at 70-120°C for which there is little published on at the current 
time. The second is that the information learnt can be directed towards developing a better retarder system for use in 
the 70-120°C temperature range that give improved retardation response. In addition the research shows conduction 
calorimetry as a useful tool for studying cement at elevated temperature in conjunction with other standard techniques. 
 
Keywords: Isothermal calorimetry, mineralogy, well cements, retarders, elevated temperature 
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1

COMPARATIVE EXPERIMENTAL AND VIRTUAL INVESTIGATIONS OF THE INFLUENCE 
OF CALCIUM AND MAGNESIUM CARBONATES ON REACTING CEMENT 

1Zajac M.1* 
1 HeidelbergCement Technology Center GmbH, Leimen, Germany 

2Dienemann W. 
2 HeidelbergCement Technology Center GmbH, Leimen, Germany 

3Bolte G. 
3 HeidelbergCement Technology Center GmbH, Leimen, Germany 

Abstract 
The European Cement Standard EN 197-1 defines requirements on the quality of limestone as main constituent for 
Portland limestone cement (PLC). The limestone must have a CaCO3 content higher than 75%, which is not available 
in all quarries. The potential use of dolomite, dolomitic limestone or limy dolomite could give new options and its 
application would help to reduce CO2 emissions. 
In the past two decades, there have been a number of publications dealing with the durability of dolomite cements or 
concretes with dolomitic aggregates. However, there is little published research concerning the impact of dolomite on 
the hydration kinetics and cement paste assemblage. Published studies demonstrate that limestone, which is 
mineralogically similar to dolomite, has significant impact on the hydration kinetics and phase assemblage. 
HeidelbergCement launched a project focusing on the manufacturing of dolomite cements. Thereby, extensive 
investigations were undertaken to elucidate the basic reactions and practical applicability of such a cement during the 
first 180 days of hydration.  
In this investigation, the hydration of dolomite containing cement was studied in comparison to limestone cement and 
ordinary Portland cement. Additionally the dedolomitization reaction was investigated in the modelled system. 
Chemical, mineralogical and physical characterizations of the materials were considered in comparative evaluations. 
The reactions of cements with water in paste were evaluated with help of various methods including calorimetry tests, 
quantitative XRD measurement and TG testing. The thermodynamic model (GEMS) was applied to calculate the 
hydrates assemblage evolution during the hydration of the cements. 
Investigation of a mixture of dolomite with portlandite enabled the determination of  the phase development during the 
dedolomitization reaction. The products of this reaction were identified as calcite and brucite. Blending cement and 
dolomite it  was found that the dolomite influences the hydration assemblage of the hydrated cement similarly like 
limestone. The kinetics of the reaction of cement phases in the presence of dolomite is also influenced. 
Thermodynamic modelling results agree well with the experiments. Comparisons between experimental and modelled 
data enable deeper understanding of the hydration process.  
The effect of dolomite on hydrating cement is similar to the effect of limestone. According to modelling the dolomite 
dissolution in reacting cement is not associated with significant volume changes. Based on the results of this study, 
dolomite can be successfully used as cementitious materials.  
Originality 
According to the best knowledge of the authors, this paper presents the rare example of an investigation of the impact of 
dolomite on the physics and the chemistry of the reactive cement system from early mixing time  until further period of 
hydration. The paper is associated with the following areas of interest: 

• Sustainable production; reduction in clinker content  
• Hydration and microstructure; reactions of hydration, modelling 

Responding to the need to introduce new composite cements and reduce emissions, this report describes the results of 
the investigation of the reaction of Portland cement in the presence of dissolving dolomite up to 180 days of hydration. 
This is compared with the hydration development of limestone cement and ordinary Portland cement.  
Chief contributions 
The results of the project demonstrate that the dedolomitization reaction alone is not associated with significant 
changes of the cement paste volume. The interaction of dolomite with the reacting clinker is similar to that observed for  
limestone. According to this work, dolomite with low content of cryptocrystalline quartz and clay minerals (similar to 
limestone) might be used for the manufacturing of composite cements. The project demonstrates as well, that 
thermodynamic modelling can be successfully applied in research of industrial laboratories.  

Keywords: Hydration, dolomite, limestone, thermodynamic modelling
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Effects of Metakaolin or Silica Fume on Hydration of Cement-Admixtures 
Blended Systems 

Z.Y. Wang, W.S. Zhang*, J.Y. Ye，H.X. Wang, J.B. Zhang 
State Key Laboratory of Green Building Materials, China Building Materials Academy, Beijing, China 

Abstract
This paper mainly investigated the influence of metakaolin or silica fume on the mechanical performance and 
hydration behaviour of cement-admixtures blended systems containing expansive admixture and superplasticizer. 
With metakaolin or silica fume, both compressive and flexural strength of cement-admixture blended systems 
increases. Restrained expansion of mortar containing metakaolin or 10% silica fume also increases, on the 
contrary, it decreases when mortar is incorporating 20% silica fume. Induction period shortened, the main 
exothermic peak and the peak of ettringite formation appeared earlier, and the heat liberating rate trended to 
slower when metakaolin or silica fume added into the cement-admixtures blended systems. Portlandite in the 
hydration product reduced when there was metakaolin or silica fume in the Systems. The formation of ettringite 
was promoted and the shape of ettringite turned to hexgonal pillar-liked in the cement-admixtures blended 
systems with metakaolin. While there was no obvious influence on the formation of ettringite in the cementitious 
system with silica fume, except the shape of ettringite in the hydrated cement became long pillar. Both mortar of 
cement-admixtures blended systems with metakaolin and silica fume seemed to be less porous, and amount and 
morphology of the hydrated products varies with the existing metakaolin or silica fume in cement-admixtures 
blended systems.  

Originality 
The paper investigated the hydration of cement-admixtures blended systems incorporated superplasticizer, 
expansive agent and supplementary materials such as silica fume and metakaolin, which seldom concerned by 
other researchers. But as a matter of fact, this cement-admixtures blended systems is commonly used in concrete 
engineering. 

Chief contributions 
The investigation reveals the effect of silica fume and metakaolin on the hydration of cement-admixtures blended 
systems incorporated expansive agent, especially on the effect of amount of hydration product such as ettringite 
and portlandite, may guide the usage of supplementary materials and expansive agent in concrete engineering.  

Keywords：metakaolin; silica fume; cement-admixtures blended systems ; heat evolution of hydration; hydrated 
products
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Analysis of cementitious materials by X-Ray diffraction methods -

Time and spatial resolved  
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1
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1
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1 
BAM Federal Institute of Materials Research and Testing, Berlin, Germany  

2
 Humboldt-Universitaet zu Berlin, Department of Chemistry, Berlin, Germany 

 

 

Abstract 

The material properties and durability of cementitious materials depends on both hydration conditions during 

the construction and resistance against chemical attacks after the construction of buildings. In this study ex-

perimental setups were developed to investigate the changes of the phase composition with a high resolution 

during these different time periods of cementitious materials life. The time resolution for the investigations of 

the hydration behaviour is down to 30 sec and provides a detailed view into the dynamics of the hydration proc-

esses at very early stages. The spatial resolution of the investigations of the microstructure, especially the 

changes of the phase composition due to sulphate attack, is 10 m and allows reconstructing the chemical at-

tack in detail. In general, the in-situ investigations based on X-Ray diffraction methods using intensive synchro-

tron radiation (E = 12 KeV) at the spot beamline at BESSY II (HZB, Berlin). Examples for changes of the 

phase composition of common phase systems are present to show the functionality of both experimental setups 

and offers new perspectives for technical applications.  

 

Originality 

The investigations of the hydration at early stages by using an acoustic levitation provide the contact free 

analysis of samples and ensure constant water cement ratio. This is a tremendous improvement since former 

studies using capillaries coupled with water injection system could not guarantee a homogeneous dispersion of 

water within the cement suspension. The high photon flux of the synchrotron facility offers an integration time 

of about 30 sec for a single diffraction pattern. This allows a detailed view into the dynamics of the hydration 

processes at early stages.  

The high spatial resolution of 10 µm allows characterizing the changes of the phase composition due to chemi-

cal attacks in detail, which was up to over knowledge not implemented before for cementitious materials. 

Hence, specimens were investigated without destroying their microstructure and avoiding further preparation 

techniques like milling.  

 

Chief contribution 

Both time-resolved and spatial analysis allows combining chemical and phase analytical methods. The investi-

gations of the hydration processes could be couple with further experimental methods e.g. RAMAN spectros-

copy. The time resolved investigations provide a better understanding of early hydration mechanisms. Also the 

influences of organic additives to the material properties of water/cement suspensions could be studied with a 

high time resolution.  

The spatial analysis offer new possibilities to analyse concrete degradation processes in-situ. This not invasive 

method allows investigating the same samples with further experimental setups. The results are directly compa-

rable to results of imaging techniques e.g. polarisation microscopy. 

 

Keywords: in-situ, time-solved, spatial analysis, early hydration, sulphate attack   
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Nuclear Resonance Reaction Analysis and Wet Chemistry Investigation of the 
Hydration of Tricalcium Aluminate Phases

1Schweitzer, J, 1Zickefoose, J
1Department of Physics, University of Connecticut, Storrs, CT USA

2Livingston, R*

Department of Materials Science & Engineering, University of Maryland, College Park, MD,USA
3Cheung, J

3Grace Construction Products, Inc, Cambridge, MA, USA
4Becker, H-W, 4Rogalia, D

4Tandem Dynamitron Laboratory, University of the Ruhr, Bochum, Germany
5Galan, I, 5Bengtsson, N

5Istituto Eduardo Torroja, Madrid, Spain

Abstract 
The hydration of C3A was investigated with Nuclear Resonance Reaction Analysis (NRRA), to measure hydrogen 
concentrations at specific depths within the first 2 μm from the surface.  Pellets of either cubic or orthorhombic C3A, 
were hydrated in solutions saturated with respect to both calcium hydroxide and calcium sulfate at 25ºC. In some 
cases the retarder sodium gluconate was added to the solution.  Individual specimens were removed from the 
solution at specified time intervals and analyzed by NRRA.
In all cases, the region of the hydrogen depth profile closest to the surface showed a linear relationship with depth
that is interpreted as a crystalline surface layer.  For the two cubic C3A samples, the hydrogen depth profiles were 
significantly different beyond the linear region depending on whether sodium gluconate was added.   Without 
sodium gluconate, the depth profiles showed a typical curve with the main peak, presumably CAH gel, at about 200 
nm.   With sodium gluconate the main peak was absent and the concentration of hydrogen at depth was much lower.  
This suggests that the sodium gluconate makes the surface layer more impermeable to water transport.  For the 
orthorhombic samples, the depth profiles had similar shapes for the samples both with and without sodium 
gluconate, but the former showed a much deeper reacted zone.  For all the samples, the depth profiles generally 
increased with time, except for the cubic C3A without sodium gluconate which steadily decreased over time.  
The dominant ions were Ca2+ and SO4

2- in the hydration solutions.  Over time, the SO4
2- concentrations typically 

decreased, indicating precipitation of ettringite.  For the solutions without sodium gluconate, the Ca2+

concentrations also decreased slightly.   For those with sodium gluconate, the cubic specimen showed a 10-20% 
increase in Ca2+ while the orthorhombic specimen showed an increase of nearly 60%.  For this specimen, the Al 
concentration nearly tripled.   The increases in these ions may be due to the chelating effect of the gluconate ion.  

Originality 
This research concerns the subtopic Reactions of Hydration under the main topic of Hydration and Microstructure.  
Innovations include the application of NRRA for the first time to study this chemical system, which enabled the 
direct observation of the development of surface layers with a depth resolution of a few nanometers.   The 
complementary analysis of the solution chemistry by ICP-AES revealed the mechanisms affecting the hydration 
process, and also which made it possible to calculate the etch rate of the pellet. This is the first time that these 
techniques have been combined to determine both the etching of the surface during hydration and the nanoscale 
determination of the hydration profile in the remaining substrate.

Chief Contribution 
The hydration of calcium aluminates is a significant complicating factor in the overall hydration of Portland 
cement.  This research permits direct observation of the differences between cubic and orthorhombic C3A as well as 
the influence of chemical admixtures which are intended to control the set of the cement.  This information will 
provide a more refined model relating the chemical composition of Portland cement to the hydration reaction 
kinetics.

* Corresponding Author: E-mail rliving1@umd.edu Tel +202 797-1072  Fax  +301 314-2029
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Effect of blast furnace slag and limestone powder addition  
on the properties of cement with various C3A content 

 

1Hirao H1*, 1Sutou S, 1Kuga R, 1Yamada K 
1 Taiheiyo Cement Corporation, Researh & Development Center, Chiba, Japan 

 
 
Abstract 
Addition of mineral admixtures to cement is an effective way to reduce of CO2 emission by cement industry. On the 
other hand, Japanese cement industry utilizes more than 26 million tons of waste materials and by-products every year. 
When the unit amount of waste materials and by-products in cement raw material is increased, the amount of C3A in 
clinker will typically increase. In this study, the influence of the amount of C3A in cement on the strength development 
of cement with blast furnace slag and/or limestone powder was investigated. The amount of minerals and hydrates in 
cement and hardened cement was quantified by XRD/Rietveld analysis and the pore size distribution of hardened 
cements was measured by mercury intrusion porosimetry. As a result, following conclusions were obtained. The 
strength of mortar prepared with high C3A cement (C3A=12%) was about 10 MPa lower than that with cement with 3 
and 7% of C3A. However, the high C3A cement with 15% of blast furnace slag and 5% of limestone powder developed 
comparable mortar strength with the others. In cement paste prepared with this blended cement, the amount of coarse 
pores was less by-production of much amount of mono- and hemi- carbonate hydrates, and the Al2O3 content and 
CaO/SiO2 ratio of amorphous phase was significantly low. It is considered that these changes of hydrates and hydrated 
texture contributed to the increment of the strength development. Consequently, the high C3A cement can contribute to 
utilize wastes and by-products and develop comparable strength with ordinary Portland cement by blending 
appropriate amount of blast furnace slag and limestone powder that contribute to reduce CO2 emission. 
 
Originality 
Generally, it is considered that the increment of C3A in cement negatively affect to the properties of cement such as 
strength development, etc. This study suggested that high C3A cement with 15% of blast furnace slag and 5% of 
limestone develops comparable strength with ordinary Portland cement. Also, the mechanisms of strength development 
of the blended cement were considered from the results of hydration analysis. 
 
Chief contributions 
This study suggested that the properties of high C3A cement could be improved by mineral admixtures appropriately. 
Therefore, the results of this study will contribute to the reduction of CO2 emission and the utilization of waste 
materials and by-products of cement industry. 
 
Keywords: C3A, Limestone powder, Blast furnace slag, Hydrates, Compressive strength 
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INVESTIGATION OF HIGHLY SOLUBLE SULFATE CARRIERS IN RAPID SETTING 
CEMENT SYSTEMS 

Seufert S.2, Goetz-Neunhoeffer F.1*, Neubauer J.1, Hesse C.2

1Geozentrum Nordbayern, Mineralogy, University of Erlangen-Nuremberg, Schlossgarten 5a; 
Germany 

2BASF Construction Chemicals GmbH, Dr. –Albert-Frank-Strasse 32. 83308 Trostberg; Germany 

Abstract: 
The reactivity of the sulfate carrier plays a major role in rapid hardening setting cement systems. In dependence of the 
sulfate availability at early times of hydration both, the aluminate and silicate reactions are influenced. In this 
investigation different amounts of α-bassanite were added to cement mixture. Its influence on the hydration mechanism 
was investigated by XRD and calorimetric methods. 
A rapid hardening cement mixture with a mixing ratio of 90 wt.%  white cement (WC) and 10 wt.% calcium aluminate 
cement (CAC) was mixed with different amounts of α-bassanite. The cement powder was homogenized and 
equilibrated at 23 °C. For preparation of the pastes water was added to the cement (w/s value 0.5) and the sample was 
stirred by external stirring for one minute. The calorimetric investigations were carried out with an Erlanger heat flow 
calorimeter. The XRD measurements were carried out on a Bruker D8 X-ray diffractometer. Rheological measurements 
were carried out with an automated Gillmore needle (imeter/MSB, Augsburg, Germany). Rietveld refinement was 
performed for selected measurements using the structural models from ICSD of the cement phases. To achieve results 
of high quality, selective dissolutions of the cements were carried out. The residues were investigated by powder 
diffraction and the XRD patterns were fitted by refining the structural models. The refined parameters of the phases 
were implemented for the QXRD of the hydrating cement pastes.  
The investigations show the important role of the sulfate carrier on the early hydration of a WC/CAC cement mixtures. 
With an increasing amount of α-bassanite in the WC/CAC mixture, the ettringite formation during cement hydration is 
significantly influenced. The higher Ca2+ and SO4

2- availability at early times of hydration lead to a hindered ettringite 
formation over the first hours of hydration. In opposite, ettringite formation in systems without sulfate addition is 
almost finished ten minutes after the stirring process.  

ORIGINALITY: 
OPC clinkers are sulfated during the milling process and thus mostly contain sulfate carriers with different reactivity 
like bassanite and anhydrite. Both sulfates are dissolved at different points of time of hydration. The understanding of 
the role of sulfate in the cement mixture is crucial. The used white cement contains 1.3 wt.% β-bassanite and 3.1 wt.% 
anhydrite. By adding more bassanite to the WC/CAC cement mix, the bassanite/anhydrite ratio is increased and 
therewith the sulfate availability at early times of hydration. The stepwise addition of α-bassanite to the system enables 
us to detect even small changes in the hydration process of the WC/CAC cement system. The investigation underlines 
the influence of the sulfate carrier availability on phase formation and hydration kinetics in a fast hardening cement 
system. The main focus was on the phase reactions for which reason several in-situ XRD pattern were evaluated by the 
Rietveld method.  

CHIEF CONTRIBUTIONS: 
The investigations show the correlation between soluble sulfate carriers and the hydration of a rapid hardening setting 
cement system. A shift in the hydration reactions can be observed with increasing α-bassanite content in the cement 
mix. This shift is not continuously, but small changes in sulfate content of 0.1 wt.% lead to major changes in phase 
reactions. Results from calorimetry match with the phase development so that the heat flow events can be assigned to 
the specific reactions. An increasing α-bassanite content in the cement slurry retards the formation of ettringite and thus 
decelerates the stiffening process of the cement.  

*corresponding author: goetz.gzn@me.com 
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The first 24 hours of commercial cement hydration 
 

1De Rooij M.R.* 
1 The Netherlands Organization for Applied Scientific Research (TNO), Delft, The Netherlands 
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Abstract 
The research in this article is focused on the first 24 hours of hydration of five commercially available Portland 
cements It is in this period that the concrete sets and hardens. Particular interest has been given to the so called 
induction or dormant period, as there is still not one generally accepted theory to explain this period. The research 
program provides data that can be used for validation of different theories, which are often based on studies of pure 
phases. It also provides information for modelling purposes to model real concrete. Finally, it provides directions for 
practice why different cements react differently and what are the important parameters. 
The different cements have been analysed using isothermal calorimetry, quasi-elastic neutron scattering (QENS), 
nuclear resonance reaction analysis (NRRA), pore solution analysis, and in-situ synchrotron  x-ray diffraction. 
The results clearly show that the cements do not react identically. It is concluded that C3S amount shows potential of 
reaction, but specific surface area is the parameter to control rate of reaction. Furthermore, it is shown that pure C3S 
and pure C2S react identically during the pre-induction peak. Only after the pre-induction peak the reaction paths start 
to deviate. It is hypothesized that this is due to differences in the reaction product (shell). Results by QENS 
measurements indicate that this product layer is not directly attached to the cement grain, but is separated by a small 
layer of solution. From the NRRA measurements it is concluded that the shell product layer is not fixed but seems to 
change over time, which classifies it as metastable or intermediate. A combination of pore solution analysis and 
mineral phase development using synchrotron data showed the complexity of sulphate related phases. The initial 
release of sulphates during the pre-induction peak does not seem to come from the gypsum family but from arcanite. So 
much sulphate is released that additional gypsum and anhydrate are formed as well as a buffering amount of syngenite. 
It is concluded that calcium seems to control the start of the induction period and that a necessary level of silicon or 
silicon based nuclei controls the end of the induction period. 
 
Originality 
Hydration and microstructure formation in Portland cement systems is a highly complex process. Much of the research 
in this area has used the simplification of studying single pure phases, in order to find parts of the puzzle. However, by 
studying simple systems the effect and influence of interaction of the different reactions is lost. In this research trend 
analogies are used on real cements. By studying five similar, but not completely identical, commercial Portland 
cements, insight in the interactions of reaction processes have been obtained through the differences in their reaction 
behaviour. New boundaries have been breached by working together with NIST in applying quasi-elastic neutron 
scattering on hydrating cement past during the first 24 hours. Also at Ruhr-Universität Bochum the Dynamitron 
Tandem accelerator has been used for nuclear resonance reaction analysis to analyse the build-up of the first hydration 
layer. Finally in Grenoble the Europeans Synchrotron Radiation Facility has been used to study the mineral changes in 
hydrating cement pastes during the first 24 hours. The combination of all these techniques and collaborations provided 
a unique insight in the initial hydration processes of commercially cements. 
 
Chief contributions 
Through this research important steps have been made in the fundamental understanding of the chemical processes 
occurring during the first 24 hours of Portland cement hydration. Trend analogies of commercial cements showed the 
importance of surface area, while the amount of C3S in cement clinker is only of secondary importance. Sophisticated 
detection techniques like QENS and NRRA provided strong indications for the formation of a product, a shell layer 
during the pre-induction peak. This shell is not directly attached to the cement grain, but is separated by a small layer 
of constrained solution. Furthermore, it is shown that this shell layer is not stable but changes over time. The initial 
release of sulphates during the pre-induction peak does not seem to come from the gypsum family phases but from 
arcanite (K2SO4). So much sulphate is released that additional gypsum and anhydrate are formed as well as a buffering 
amount of syngenite as could be shown by synchrotron data. Based on these findings fundamental concepts of hydration 
mechanisms can be adjusted. Such concepts are important stepping stones in fundamentally unravelling hydration 
systems including also blast furnace slag, powder coal fly ash and next generation binder systems. 
 
Keywords: Induction period, microstructure formation, hydration, pore solution, synchrotron, QENS, NRRA. 
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Particle Aggregation Phenomena During the Early Hydration Stages, Studied by 
Small Amplitude Rheological Measurements 

 

Bellotto M.* 
Giovanni Bozzetto S.p.A., Filago (Bg) Italy 

 
 
Abstract 
In cement paste particles are subject to an attractive interaction which constitutes the origin of the cohesive properties 
which are macroscopically observed. From a practical point of view these forces control the resistance of early age 
cement paste to deformation and flow, and determine the consistence of concrete. It has to be stressed that these forces 
are due to the surface modification of cement particles subsequent to hydroxylation and early hydration, but 
quantitatively hydration proceeds to a very limited extent during the first hours. 
The microstructural evolution of cement paste has been studied at later age by nanoidentation measurements, by 
ultrasound wave propagation and more recently by synchrotron X-ray tomography. The micro-mechanical and elastic 
properties have been modelled by assuming a multi-scale composite material, where the evolution is connected with a 
refinement of the capillary pore structure. However a similar investigation is still lacking for the early hydration 
period, where fluid properties dominate the paste behaviour. 
Aim of the present paper is to show how it is possible to study the microstructural evolution of cement paste in the time 
period immediately after mixing by means of small amplitude oscillation rheological measurements. It is shown that the 
structure development of cement paste, responsible for the increase of elastic modulus, can be destroyed by the 
application of large deformations, outside the linear domain, and rebuilds reversibly with the same kinetics before 
macroscopic setting occurs. The microstructure of cement paste can be modelled by a fractal aggregation of individual 
particles. During flow the fractal aggregates interact with the hydrodynamic field, and are fractured by shear forces. 
When motion stops the aggregates fill the space through a depercolation scheme and elastic properties arise. The 
increase of elastic modulus in stationary conditions is related to a refinement of the structure and to a decrease of the 
size of the aggregates. 
The presence of admixtures affects the particle-particle interactions, which remain however always attractive. At a 
similar depercolation threshold superplasticizers decrease the average aggregate dimensions, and consequently 
increase – not reduce! – the elastic modulus of the paste. Retarding admixtures show an irreversible poisoning of the 
surface of cement particles, and the microstructural evolution loses its reversibility after disruption by large amplitude 
deformations. This behaviour agrees with the adsorption isotherm which shows a surface precipitation of the admixture 
onto the grains’ surface. 
 
Originality 
The present paper shows for the first time how the microstructural development in cement paste can be studied by 
means of rheological methods. The microstructure of cement paste can be described by a fractal aggregation of 
individual particles. The aggregates shield the interior fluid from interactions with the exterior, and behave as rigid 
objects. The development of elastic properties can be visualised through a depercolation mechanism and the formation 
of a continuous network of rigid contorted chains showing elastic properties. 
The presence of chemical admixtures modifies the surface properties of the cement particles, and affects the 
macroscopic behaviour of the mix. The particle-particle interactions remain however always attractive. 
 
Chief contributions 
We used for the first time a micro-rheological approach to model the viscoelastic properties of cement paste. The model 
which has been developed accounts for the presence of attractive forces between cement particles, and for the 
modification of such forces with the addition of chemical admixtures. We have shown how the microstructural 
development is reversible before the onset of setting, and rebuilds with an identical kinetics after disruption by shear 
forces. The presence of admixtures modifies both the rate of the elastic modulus growth and its reversibility. 
This contributes to two areas of interest: 1) the comprehension of microstructural development within cement paste and 
its relation to interparticle forces, 2) the comprehension and prediction of the behaviour of chemical admixtures to 
modify the technological properties of concrete. 
 
Keywords: cement paste rheology, interparticle attractive forces, micro-rheological model 
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Sequential Dispersion-Flocculation Mechanism for Cement-Based 
Materials

Betioli, A.M* 
Federal Institute of Santa Catarina, Department of Civil Construction, Criciúma, Brazil 

Pileggi, R.G.; 
University of São Paulo, Department of Construction Engineering, São Paulo-SP, Brazil 

John, V.M. 
University of São Paulo, Department of Construction Engineering, São Paulo-SP, Brazil 

Abstract 
The natural tendency of cement to agglomerate results in a heterogeneous microstructure where the cement 
particles are in direct contact and the water is entrapped in the agglomerates. The flowability and 
mechanical properties of the cementitious system are negatively affected. Strong polyelectrolytes are able to 
disperse the cement particles, improving the workability, minimizing the friction forces and, consequently, 
increasing the hydrated cement surface area. However, there are another applications where flocculants are 
needed, thus resulting in a stiffer structure with reduced plasticity during the sheet conformation. In order to 
associate the advantages of dispersed systems with the flocculated structure, this paper proposes a novel 
sequential dispersion-flocculation mechanism, where the particles are previously dispersed before the 
addition of the flocculant. Four water-reducing admixtures were evaluated (melamine, naphthalene, 
polycarboxylate and polyacrylate) and three polyacrylamide flocculants (anionic, cationic and non-ionic). 
The results showed that even with superplasticizers, the addition of flocculants increases the cohesion 
phenomenon (elastic modulus (G’) increases with time) but without a loss of plasticity, the final loads during 
squeeze-flow tests being lower than those for the reference paste. 

ORIGINALITY: The agglomeration of cement particles plays a predominant role in the direct interparticle 
contact, low flowability, heterogeneous structure, microstructural defects, and a low level of contact 
between the cement surface and water. These problems can be solved by adding water-reducing additives, 
but in some cases the particles cannot be fully dispersed. Thus, this paper proposes a new mechanism, the 
sequential dispersion-flocculation mechanism, which makes it possible to disperse the particles and 
flocculate them as required. 

CHIEF CONTRIBUTIONS: The new flocculation mechanism proposed in this paper, named sequential 
dispersion-flocculation, could be applied to improve applications other than fiber-cement materials such as: 
shotcrete, widely used as a rock support in mines and in civil engineering projects, by controlling the 
rebounds through flocculant addition during the application; extruded and sprayed materials, by preventing 
the direct interparticle contact and friction forces; and in self-compacting concrete it could reduce the 
formwork costs, decreasing the hydrostatic concrete pressure by flocculating the material inside the mold. 

* Corresponding author: E-mail-andrea.betioli@ifsc.edu.br, Tel-+ (55) 34783952 
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 1

SURFACE MODIFICATION OF FLY ASHES WITH CARBIDE SLAG AND 
ITS EFFECT ON STRENGTH AND AUTOGENOUS SHRINKAGE OF 

CEMENT PASTES 
 

1,2HAO Cheng-wei, 1DENG Min1*, 1MO Li-wu, 1LIU Kai-wei 
1 State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing University of Technology, Nanjing 

210009, China 
 2 Department of City Constructions and Environment, West Anhui University, Luan, 237012, China 

Abstract
Particle surfaces of grade III fly ashes were modified through mixing with carbide slag and calcining at 850°C 
for 1h. Mineralogical compositions and surface morphology of fly ashes before and after modification were 
analyzed by X-ray diffraction analyzer (XRD) and scanning electron microscope (SEM) equipped with energy 
dispersive spectrometer (EDS). Effect of surface-modified fly ashes on compressive strength and autogenous 
shrinkage of cement pastes were examined. Microstructures of cement pastes were examined by mercury 
intrusion porosimeter(MIP) and SEM. Results show that β-C2S was formed on surface of fly ashes after 
modification. Hydration of β-C2S on surface-modified fly ashes densifies interface zone and enhances bond 
strength between particles of fly ashes and hydrated clinkers. In addition, surface modification of fly ashes tends 
to decrease total porosity and 10-50nm pores of cement pastes. As a result, surface modification of fly ashes 
increases compressive strength and reduces autogenous shrinkage of cement pastes.  

Originality
This work tries to reduce autogenous shrinkage and increase strength of cement pastes incorporated with grade 
III fly ashes. Technique adopted is to modify interface zone between grade III fly ashes and hydrated clinkers by 
surface modification of fly ashes through calcining fly ashes mixed with carbide slag. The content of this paper 
has not been published. 

Chief contributions 
Surface modification of fly ashes may enhance bond strength between particles of fly ashes and hydrated 
clinkers and decrease total porosity and 10-50nm pores of cement pastes. As a result, surface modification of fly 
ashes increases compressive strength and reduces autogenous shrinkage of cement pastes. 

Key words: Surface modification; fly ash; carbide slag; autogenous shrinkage; strength 
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Origin of Drying Shrinkage of Hardened Cement Paste: Hydration Pressure
1Ippei MARUYAMA

1 Graduate School of Environmental Studies, Nagoya University, Nagoya, Japan 

Abstract 
Driving force of drying shrinkage of hardened cement paste has been attributed to RTln(h)/v with external relative 
humidity h and water molar volume v either in theories of capillary tension and disjoining pressure. However these 
theories failed to explain considerable hysteresis observed in length-change isotherms. In this study, sorption isotherm 
and length-change isotherm of cement pastes were determined with different water to cement ratios and cement types, 
and an internal pressure of shrinkage  was calculated using measured strain and elastic modulus of the skeleton.  
Based on the concept of disjoining pressure and the model of adsorbed water and hardened cement paste matrix, 
equation wV/Vwas derived,where the w: is volumetric water content (m3/m3) at the reference temperature, 
: incremental disjoining pressure from the reference (N/mm2), K : bulk modulus of hcp (N/mm2), and V/V : volume 
change strain of hcp. From this equation and experimental results, disjoining pressure (e) (= hydration pressure) as a 
function of statistical thickness e was obtained as (e)=4500exp(-2e/0.95). Obtained disjoining pressure decays 
exponentially showing the similar tendency with the “hydration forces” observed in many other hydrophilic substances. 
In other words, this internal pressure is a kind of disjoining pressure originated from hydration force which is built up 
within adsorbed water films as a result of interactions between hydrophilic solid surface and water molecules. The 
proposed model can give a rational explanation for the relationship amoung water content, surface area of hardened 
cement paste, bulk modulus, and drying shrinkage of hardened cement paste. 

Originality 
The originality of this contribution is to calculate the driving force of drying shrinkage of hardened cement paste 
experimentally and evaluate this driving force with the statistical thickness of adsorption. According to this approach, 
hydration forces on the surface of hardened cement paste is revealed. This hydration force concept can give a rational 
explanation for the relationship among water content, surface area of hardened cement paste, bulk modulus and drying 
shrinkage of hardened cement paste.  
The proposed mechanism can explain the relationship between component of binder and shrinkage properties and 
mechanism of shrinkage reducing agent. Therefore, the proposed mechanism or model will contribute to the mitigation 
of shrinkage cracking of concrete and enhancement of durability of concrete structures.  

Chief contributions 
This paper will contribute to precise evaluation of risk of concrete cracking which spoils the appearance of concrete 
surface, increases the deflection of beams and slabs, and also induces the corrosion of rebar. Therefore this paper will 
contribute the sustainable use of buildings and concrete structures. 
In addition, this paper reveals key physical parameters which control the shrinkage behavior of hardened cement. And 
from the reaction of cement and this key parameters, some points regarding cement mineral proportions to reduce 
shrinkage can be deduced.

Keywords: Drying shrinkage, Disjoining pressure, Hydration force, Hardend cement paste
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C-S-H gel dissolution kinetics. First results 
1Trapote-Barreira A., 1Soler J. M., 1Cama J.

1Institute of Environmental Assessment and Water Research (IDAEA-CSIC), Barcelona, Spain
2Galí S.

2Department of Mineralogy and Ore deposits, Faculty of Geology, Barcelona University, Spain
3Lothenbach B.

3Swiss Federal Laboratories for Materials Science and Technology (EMPA), Zurich, Switzerland

Abstract
Portland cement is a major component of the engineered barrier system in proposed repositories for low and 
intermediate-level radioactive waste. C-S-H gel, which constitutes at least 60% of the fully hydrated Portland cement 
paste, controls the durability and barrier properties of cement. Although the C-S-H solubility has been studied, its 
dissolution kinetics is currently unknown.

In the present communication kinetic data on C-S-H dissolution are presented. In order to obtain C-S-H gel dissolution 
rates and determine the evolution of Ca/Si ratio in solution and in the solid, flow-through experiments with C-S-H
powder (< 25 µm) were performed in parallel and stopped at different times, at room temperature and CO2-free N2
atmosphere. Ca and Si concentrations and pH were monitored during the experiments. The initial Ca/Si ratio of the C-
S-H gel was measured by EM to be 1.65.

The evolution of pH and Ca and Si concentrations in the experiments showed three distinct dissolution stages: (1) Ca 
concentration was much larger than Si at the start of the experiments, indicating preferential dissolution of portlandite 
(Ca(OH)2) and slow, close-to-equilibrium dissolution of the C-S-H gel. The initial Ca/Si ratio in solution was much 
larger than in the solid; (2) as the portlandite content diminished, a gradual decrease in Ca and increase in Si was 
observed, indicating an increase in C-S-H gel dissolution. The aqueous Ca/Si ratio decreased to values below 10 at the 
same time that the Ca/Si ratio in the solid decreased during dissolution. pH also decreased. (3) Concentrations of Ca 
and Si and pH (≈10) reached steady state. At th is stage, the Ca/Si ratio in the solid and in the aqueous phase tended to 
a constant value of about 0.9, suggesting that (i) the C-S-H gel was the main dissolving phase and (ii) the dissolution 
reaction was stoichiometric with respect to a phase with a Ca/Si ratio similar to that of tobermorite. Steady-state 
dissolution rates of the C-S-H gel normalized to the final BET specific surface area ranged from 10-11 to 10-10 mol m-2 s-

1.

Originality
The innovation of this work is based on the obtainment of the C-S-H gel dissolution rates by means of flow-through 
experiments. Experimental data shown in previous studies were obtained using leaching experiments (closed systems).
In contrast, the present study reports kinetic data obtained in an open system that allows fully kinetic control of the 
parameters being derived.

Chief contributions
A main contribution is the obtainment of the C-S-H gel dissolution rates under established solution saturation states.

Keywords: C-S-H gel, dissolution kinetics, cement durability.
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IMPACT OF STEAM TREATMENT ON THE MICROSTRUCTURE AND 
CHEMISTRY OF CURED OIL WELL CEMENTS  

 

1Makar JM* 
1National Research Council Canada, Institute for Research in Construction, Ottawa, Canada 

2Luke K 
2 Trican Well Service, R&D, Calgary, Canada 

 
Abstract 
The cement sheath in thermal recovery oil wells is subjected to elevated temperatures up to about 320°C during the 
injection of steam to stimulate high viscosity crude oil production. Initially the cement sheath in these wells is pre-cured 
at formation temperature (≤40°C) prior to being exposed to steam treatment. Steam treatment can be performed 
anytime from immediately after the cement has set to years later. It is generally assumed that the cement chemistry and 
microstructure resulting on steam injection is similar to that obtained for geothermal cements where the cement sheath 
is heated directly to elevated temperatures as it is pumped downhole and cured at those temperatures. The objective of 
this study was to determine the impact of steam treatment on the microstructure and chemistry of pre-cured cement 
pastes.  
Thermal cement samples composed of Class G well cement and 40% silica flour by weight of cement were cured at 35°C 
for 1 and 14 days followed by steam curing at 230°C and 20.7 MPa pressure for 1 day and then allowed to cool to 
ambient temperature over 48 hours. A variety of analytical techniques were used to determine the mineralogy and 
microstructure of hydrated cement phases. Comparison was made with baseline samples that had been cured at 4 and 17 
days at 35°C and a sample heated to and cured at 230°C for 1 day and cooled over 48 hours to ambient temperature 
without prior curing at 35°C.   
Cements cured at 35°C prior to heating at 230°C showed significant differences in chemistry and microstructure 
compared to the baseline samples. On heating the pre-cured samples to 230°C complete conversion of the amorphous C-
S-H gel, Ca(OH) 2, ettringite and unreacted SiO2 flour to crystalline C-S-H occurred. Xonotlite and 1.1nm tobermorite 
were the predominant phases with other minor identifiable and non-identifiable phases present. Fracture surfaces also 
showed different features occurring between samples pre-cured for 1 and 14 days at 35°C. More notable was the fact 
that the baseline sample heated directly to 230°C contained a mixture of amorphous and crystalline C-S-H and 
Ca(OH)2 as well as unreacted C4AF and silica flour. In that sample aluminium substituted tobermorite was the 
predominant crystalline C-S-H phase with indications of xonotlite and other crystalline phases. The impact of pre-
curing on the chemistry cement sheath integrity in comparison to direct cure at 230°C is discussed.  
  
Originality 
The work in this paper is part of a more extensive study to investigate the impact on cement sheath microstructure, 
chemistry and physical properties resulting from steam treatment processes used in enhanced oil recovery. In the case 
of enhanced steam recovery, the well is cemented at temperatures ≤40°C and only once the cement has set and the well 
is in production is it exposed to elevated temperatures that can reach up to 320°C from steam injection. Steam injection 
treatments can occur immediately on production or years later depending on rate of oil recovery.   
No study has been reported that specifically investigates the effect of steam injection on cement that has first been 
allowed to set at ≤40°C. It has generally been assumed that the phase assemblage, microstructure and long term 
stability are similar to those of cements cured at temperature and pressure as in deep or geothermal wells. The 
originality of the present work is that it shows that that there are some notable differences in the stable phases and in 
the microstructure produced by the two curing conditions that may impact the integrity of the cement sheath.   
 
Chief contributions 
Cement research typically examines the behaviour of cementitious materials when they are hydrated under a single 
temperature regime (i.e. close to room conditions or at a constant, higher temperature and pressure).  This type of 
temperature regime is not representative of conditions during enhanced oil recovery operations in oil well, where the 
cement is typically hydrated initially at temperatures ≤40°C, but is later exposed to temperatures of up to 320°C.  It has 
generally been assumed that cements hydrated under these conditions are similar in properties to those hydrated 
entirely at the high temperature and pressure conditions seen in deep or geothermal wells.  The chief contribution of 
this work is to demonstrate that the two curing conditions produce hydrated cements with substantially different 
properties.  The phase assemblage and microstructure of the hydrated cements produced when cements are allowed to 
set at ≤40°C and then heated to high temperatures are unique and significantly different from those produced when the 
cement is hydrated entirely at the higher temperature.   These differences suggest that the impact of changing 
temperature regimes needs to be considered in sheath design and placement.  
 
Keywords: well cements, phase transformation, thermal cements, mineralogy, mechanical properties 
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Modelling Hydration Kinetics of Multi-phase Cementitous Systems
1Aditya Kumar and Karen L. Scrivener1*

1 Laboratory of Construction Materials, Ecole Polytechnique Fédérale de Lausanne, STI-IMX-LMC 
12, Lausanne, Switzerland.

Abstract

This study presents the description of hydration kinetics in multi-phase cementitous systems using μic[1]. The overall  

progress of hydration is simulated using a dissolution mechanism combined with nucleation and growth of products.  

Dissolution is implemented to compute the evolution of concentration of ionic species in the pore-solution. Saturation  

index calculations are implemented to compute the time of precipitation of each product individually. Once the pore-

solution is saturated with respect to portlandite,  the kinetics of reaction is triggered to a modified form of phase  

boundary nucleation and growth mechanism.  The growth of C-S-H is modeled based on a diffuse growth criterion in  

which the density of packing of the C-S-H phase increases with hydration[2,3]. The kinetics parameters are calibrated  

and the same values are used consistently in all systems. The rate of heat evolution obtained from the simulations were  

compared  with  isothermal  calorimetry  data  obtained  for  various  multi-phase  systems  systems  with  different  

compositions, phase assemblages and particle size distributions and good agreement was found. 

Originality

The  model  simulates  the  hydration  of  complex  cementitous  systems  starting  from  very  early  ages.  The  kinetic 

parameters in the model are calibrated and used unaltered in all simulations reducing the number of « fit » parameters  

to 2. The theory presented in the study is used to simulate several model systems and commercial cements. The model is  

also flexible to be used to study the effect of various process parameters including effect s of w/c, initial states of pore-

solution, particle sizes etc. 

Chief contributions

A theory is presented to describe dissolution of clinker phases from a geochemistry point of view. A model is described  

to simulate, hydration of complex systems and evolution of concentrations of various ionic species. 

Keywords: modelling, dissolution, nucleation and growth



280 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 4 - Short Presentations 09:45-10:45 / 5 July Paper 326

In-Situ C-S-H Density Measured With Continuous Analytical Methods – 

Influence Of Particle Size And Hydration Conditions  
 

Gallucci E*  
Sika Technology AG, Zürich, Switzerland 

Costoya M 

Holcim Group Support, Holderbank, Switzerland 

Quennoz A, Scrivener K 
EPFL, Lausanne, Switzerland 

 

 
Abstract 

The actual physical properties of C-S-H in saturated cementitious materials are an issue with respect to recent works 

which have shown the sensitivity of its structure and density to parameters such as the particle size of its originating 

reacting phase (namely alite) or the curing temperature. 

Synthetic alite was produced at 1600°C and separated into several narrow particle size fractions. Their hydration was 

followed with continuous (isothermal calorimetry, chemical shrinkage) and discrete methods (SEM-IA, XRD-Riedvelt, 
29

Si NMR) which cross correlation enabled to access the in-situ density of the C-S-H formed. Its relation with the 

quantity of bound water per C-S-H unit is discussed with respect to the latest C-S-H models and shows to be in good 

agreement with early relevant works. 

 The results obtained show that the density of C-S-H is rather insensitive to the alite particle size and packing in the 

fresh mix. This supports the views that the microstructural arrangement of C-S-H at early age is related to the packing 

density of the C-S-H units rather than to a change in its intrinsic structural properties. The increase of C-S-H density 

with the curing temperature (20 to 60 °C) is discussed with regard to C-S-H models and structural properties. 

 

Originality 

One strong outcome of this study is related to the careful and systematic determination of accurate intrinsic properties 

of cement hydrates. The main idea is to explore the potential of conventional and routine methods to provide 

a profound and valuable characterization of hydrates and more generally cement systems in view of a good handling of 

their microstructural, and per extension the macroscopic properties of the hardened material they are involved in..  

 

Chief contributions 
The present study intended to show the feaability of such an approach. The use of such cross correlation between 

multiple well calibrated techniques could and is currently extended to Portlance cement and more complex cement 

blends. This implies to account for several phases contributing to the overall chemical shrinkage and is far more 

complex to handle but would enable assessing on one hand, the modifications induced by the presence of supplementary 

cementitious materials on the properties of C-S-H, and on the other hand this approach can be applied to the SCMs 

themselves to understand how they behave upon hydration.  

 

Keywords: C-S-H, density, bound water 
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Synchrotron-based micro-spectroscopic investigations on Al, S, and Fe 
speciation in cementitious materials

1Wieland E.*, 1Dähn R.
1 Paul Scherrer Institut, Villigen PSI, Switzerland 

2Dilnesa B.Z., 2Lothenbach B.
2 Empa, Swiss Federal Laboratories for Materials Testing and Research, Dübendorf, Switzerland 

Abstract
Performance of cementitious materials at the macroscopic level is controlled by physical and chemical processes 
occurring at the molecular scale. Detailed knowledge of the phase composition of cement and the microstructure of 
cement paste during the course of cement hydration is essential to understanding material properties, such as strength 
development and durability. The current understanding of the microstructure and chemical properties of hardened 
cement paste (HCP) has been achieved using standard laboratory techniques, in particular X-ray diffraction (XRD) in 
combination with Rietveld refinement, thermogravimetry, solid-state nuclear magnetic resonance methods etc. 
Scanning electron and transmission electron microscopy coupled with microanalysis (SEM/EDS, TEM/EDS) have been 
used to provide spatially resolved information on the microstructure and the chemical composition in hydrated cement 
at the micro-scale. Nevertheless, the above techniques provide little spatially resolved information on the local 
coordination environment of elements of interest in HCP.  
In this study the potential of synchrotron-based techniques to determine the coordination environment of Al, S, and Fe 
in crushed and intact cement paste is described and discussed. Micro-X-ray fluorescence (micro-XRF) can be used to 
determine the spatial distribution of the above elements in intact HCP samples. It is shown that K-edge micro-X-ray 
absorption near edge spectroscopy (micro-XANES), in combination with iterative target factor analysis and least-
square fitting, can be utilized to estimate the contributions of the different Al- and S-bearing cement minerals to the 
composite XANES spectra determined in the cement matrix. Requirements and limitations in conjunction with the 
proposed approach will be discussed. The approach is currently being applied to identify the main Fe-bearing cement 
minerals in crushed and intact HCP samples.  

Originality 
Synchrotron-based spectroscopic techniques may provide complementary information in connection with phase 
identification and quantification of cement minerals in complex cementitious matrices. For example, micro-X-ray 
absorption spectroscopy (micro-XAS) is element-specific and therefore can give very specific structural information on 
the local coordination environment of an element of interest. The use of micro-XAS in combination with micro-XRF, 
micro-diffraction (micro-XRD) and standard techniques enables us to tackle important questions in conjunction with 
phase characterisation during the course of cement hydration and the immobilization of toxic and radioactive waste 
ions with respect to the length scale of the spatial heterogeneity in the cement matrix. 

Chief contributions 
The use of XAS for studying sorption processes in cementitious systems has grown in importance in the last years. 
Extended X-ray absorption fine structure (EXAFS) spectroscopy has successfully been applied to develop a molecular-
level understanding of the interaction of Ni, Zn, Sn, Se, I and U with HCP and cement minerals, e.g. C-S-H. Over the 
past years a novel approach has been developed by combining conventional spectroscopic and microscopic techniques, 
e.g., SEM/EDS, with synchrotron-based micro-spectroscopic techniques with the aim of investigating the coordination 
environment of contaminants in intact HCP. The use of micro-XAS, in combination with micro-XRF or micro-XRD, 
respectively, was found to be a versatile tool for spatially resolved investigations on retention processes in 
heterogeneous cement-based waste matrices. The approach is currently being extended to molecular-level descriptions 
of the local coordination environment of cement-derived elements, such as Al, S, and Fe. These studies suggest that 
synchrotron-based micro-XAS/XRF/XRD allows elemental speciation to be studied on a length scale relevant to 
cementitious materials. 

Keywords: micro-spectroscopy, aluminium, sulfur, iron, micro-scale characterisation, phase identification

*Corresponding author e-mail: erich.wieland@psi.ch  Phone +41563102291, Fax +41563103565 
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Hydration of C3S, C2S and their Blends.  
Micro- and Nanoscale Characterization 

 
1,2Puertas F1*, 1,2Goñi S, 1Hernández M.S , 1,2Guerrero A, 1C. Varga   

1 Instituto de Ciencias de la Construcción Eduardo Torroja  (IETcc-CSIC), 28033 Madrid, Spain 
2 Nanostructured and Eco-efficient Materials for Construction Unit, 

 LABEIN-Tecnalia Associated Unit /IETc-CSIC, Spain. 
3Palacios M 

3Institute for Building Materials. ETH Zurich, 8093 Zurich, Switzerland 
2,4Dolado J.S. 

4 Centre for Nanomaterials Application in Construction (NANOC), LABEIN-Tecnalia. Parque Tecnológico de Bizkaia, 
C/ Geldo, 48160 Derio, Bilbao, Spain. 

 5Zhu W, 5Howind T. 
5University of the West of Scotland. Paisley, PA1 2BE, UK 

 

Abstract

This study forms part of wider research conducted under a EU 7th Framework Programme (COmputationally Driven 
design of Innovative CEment-based materials or CODICE). The ultimate aim is the multi-scale modelling of the 
variations in mechanical performance in degraded and non-degraded cementitious matrices. The model is being 
experimentally validated by hydrating the main tri-calcium silicate (T1-C3S) and bi-calcium silicate (β-C2S), phases 
present in Portland cement and their blends. 
 
The present paper discusses micro- and nanoscale studies of the cementitious skeletons forming during the hydration of 
C3S, C2S and 70 % / 30 % blends of both C3S/C2S and C2S/C3S with a water/cement ratio of 0.4. The hydrated pastes 
were characterized at different curing ages with 29Si NMR, SEM/TEM/EDS, BET, and nanoindentation. 
 
The findings served as a basis for the micro- and nanoscale characterization of the hydration products formed, 
especially C-S-H gels. Differences were identified in composition, structure and mechanical behaviour 
(nanoindentation), depending on whether the gels formed in C3S or C2S pastes. The C3S gels had more compact 
morphologies, smaller BET-N2 specific surface area and lesser porosity than the gels from C2S-rich pastes. The results 
of nanoindentation tests appear to indicate that the various C-S-H phases formed in hydrated C3S and C2S have the 
same mechanical properties as those formed in Portland cement paste. Compared to the C3S sample, the hydrated C2S 
specimen was dominated by the loose-packed (LP) and the low-density (LD) C-S-H phases, and had a much lower 
content of the high density (HD) C-S-H phase.   
 
 Originality 
 
Different micro- and nanoscale characterization techniques were used to study calcium silicate hydration. This 
thorough characterization provided evidence for verifying the relationship between type of silica hydrate and the nature 
and strength of the C-S-H gels formed.  
 
Chief contributions 
 
The composition, morphology, structure, porosity and strength of gels forming from different calcium silicates were 
determined with micro- and nanoscale characterization studies. The C3S gels were shown to have more compact 
morphologies and smaller BET specific surface areas, and to be less porous and denser than the gels from C2S-rich 
pastes.  

* Corresponding author: F. Puertas (Francisca Puertas), e-mail: puertasf@ietcc.csic.es; tel. 34 913020440 
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INFLUENCE OF SUPERPLASTICIZERS ON LONG TERM VARIATION IN C3A
HYDRATION AND FORMATION OF AFM PHASES – EFFECTS ON DURABILITY 

 
Rößler C., Sowoidnich T.1 

Finger-Institute for Building Materials Science, Bauhaus-University Weimar, Germany 
 
 

Abstract
Superplasticizers are applied in concrete production to improve the performance and to produce high 
strength concretes. Most previous investigations discuss the mechanisms of liquefaction, hydration 
retardation and cement - superplasticizer incompatibilities. Little information is given about the influence 
of superplasticizers on durability of concretes, especially their effect on long term C3A hydration and AFt / 
AFm formation.  
The present study discusses the risk of increased C3A hydration and AFm formation of Portland cements in 
the presence of superplasticizers. It is generally known that under normal conditions in concrete AFm 
phases are metastable and their recrystallisation to ettringite is probable (Delayed Ettringite Formation, 
DEF). DEF is one severe risk for durability of concrete. 
It is shown by quantitative X-ray diffraction (Rietveld method), isothermal heat calorimetry measurements 
and high resolution scanning electron microscopy in combination with durability testing, that 
superplasticizers may increase the AFm to AFt ratio and the degree of C3A hydration. Findings are 
supported by dissolution experiments on pure C3A in dependence of superplasticizer addition. Also it is 
shown that for Portland cements with increased content of soluble alkali sulphates the risk of increased 
AFm formation is limited. 

Originality 
After discussing the effects of superplasticizer on the early hydration stages (< 2h) and fluidity o cement 
pastes we are now able to extend the view to long term influences of superplasticizers on the hydration 
reactions between C3A, set regulator and sodium sulphate. 
Comparison of experiments on pastes of cement, pure C3A, cement with increased C3A and or sodium 
sulphate content and dissolution experiments on pure C3A allow us to get new insights into the reactions 
between C3A, set regulator and sodium sulphate in the presence of superplasticizers. Combination of this 
approach with high resolving analytical methods such as microstructural characterisation by SEM, QXRD, 
isothermal heat calorimetry and chemical characterisation of changes in the aqueous phase composition by 
ICP-OES allows us to draw new conclusions on long term changes in C3A hydration due to superplasticizer 
addition and their possible impact on durability of concrete. Also it is discussed if by selection of cement 
and superplasticizers the risk for decreased durability can be limited. 

Chief contributions of the authors 
The hydration of portland cement and in particular the interaction with SP is the focus of the investigation 
of the authors (Rößler, C.; Möser, B.; Stark, J., Influence of superplasticizers on C3A hydration and 
ettringite growth in cement paste in: Proceedings of the 12th International Congress on the Chemistry of 
Cement, Montreal, Canada July 2007, CD-ROM; Rößler, C.; Stark, J.; Steiniger, F.: Tichelaar, W., 
Limited-dose electron microscopy reveals the crystallinity of fibrous C-S-H phases Journal of the American 
Ceramic Society 89 (2006) pp. 627-632.) After works on the hydration mechanism (Rößler, C. Hydratation, 
Fließfähigkeit und Festigkeitsentwicklung von Portlandzement - Einfluss von Fließmitteln, Alkalisulfaten 
und des Abbinderreglers, Thesis, Logos Verlag Berlin (2007) ISBN 978-3-8325-1490-7; Rößler, C., 
Sowoidnich, T., Möser, B. (2009) The Influence of superplasticizers on the hydration of C3S, 31st

International Conference on Cement Microscopy, St. Petersburg, Florida / USA, CD-Rom; Sowoidnich, T., 
Rößler C. (2009). The influence of Superplasticizers on the dissolution of C3S. in: 9th CANMET/ACI 
International Conference on Superplasticizers and Other Chemical Admixtures in Concrete, Ed.: V. M. 
Malhotra, pp.335-346) and kinetics we expand with this article the research on durability.  

Keywords: AFt, AFm, bassanite, C3A, dissolution, durability, gypsum, hydration 
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Formation And Destabilization Of Organo-Aluminate AFm Phases 
 

1Giraudeau, C., d’Espinose de Lacaillerie, J.-B 1* 
1 Ecole Supérieure de Physique et de Chimie Industrielles, ESPCI ParisTech (UMR CNRS 7615 Science et Ingénierie de 

la Matière Molle) Paris, France 
2Nonat A. 

2 Université de Bourgogne (UMR CNRS 5209 ICB) Dijon, France 
3Flatt, R. 

3 Sika Technology AG, Zürich, Switzerland 
 
 
Abstract
The formation of organo-aluminate phases is a process speculated to consume superplasticizers, thereby reducing their 
efficiency as a dispersant in concrete. Over the past years various studies demonstrated that polycarboxylate polymers 
can be incorporated into organo-aluminate phases. We have shown that the interaction of the Ca-Al Layered Double 
Hydroxide, the so-called AFm phase, with anionic polycarboxylate ether based dispersant polymers (PCE for short) is 
not a simple adsorption but a more complex intercalation phenomenon leading to the transient sequestration of the 
PCE within the AFm crystallites. As a result, part of the PCE is immobilized forming a layered organo-mineral 
composite and does not play its role of dispersing agent. In a previous contribution, the prediction of scaling laws 
derived from models of conformation of comb copolymers in solution were tested against Small-angle x-ray diffraction 
(XRD) experimental results. A model of adsorbed polymers in a configuration of a flexible chain of hemispheric cores 
appeared compatible with the observed interlayer spacings in the range of several nanometers. 
Here, the chemical analysis of the intercalation solutions reveals that the intercalation mechanism probably proceeds 
though dissolution / precipitation over several hours. The release of the PCE in presence of sulfate ions also is not an 
immediate process and probably proceeds in the same way, though a dissolution / precipitation process. 
 
Originality 
The formation of intercalation composites between PCE's and hydrocalumite layers obtained by coprecipitation in a 
lime saturated solution containing the PCE was experimentally established.  We were able to rationalize the composite 
structure using scaling laws derived from excluded volumes considerations for comb copolymers in solution. 
 
Chief contributions 
The PCE intercalated hydrocalumite composite was able to resist sulfate exchange for times in the range of hours. We 
thus propose that the PCE-AFm nanocomposite formation could be a practical key to understanding the dependence of 
superplasticizer effects on the cement composition, noticeably its calcium aluminate content.  

Keywords:  Aluminates, ion-exchange, nanocomposites, polymers, Portland cement, superplasticizers 
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Effect of Diethanol-Isopropanolamine on the Hydration of Slag Blended 

Cements 
 

Riding K1 
 Kansas State University (KSU) Manhattan, Kansas, U.S.A. 

Silva D 
 W.R. Grace & Co., Cambridge, Massachusetts, U.S.A. 

Scrivener K 
 Laboratory of Construction Materials, Ecole Polytechnique Fédérale de Lausanne, Switzerland 

 
Abstract  
 
Diethanol-isopropanolamine (DEIPA) is an alkanolamine used in the formulation of cement additives and 
concrete admixtures. Besides being a good grinding aid in the cement mill, DEIPA increases the strength of 
cements at all hydration ages, and cements blended with fly ash and slag tend to show a greater response to the 
chemical. 

In this research, the impact of DEIPA on the hydration of blast furnace slag blended cements is studied using 
several analytical techniques, such as quantitative X-ray diffraction with Rietveld refinement (QXRD), scanning 
electron microscopy (SEM) with backscattered electron image analysis, thermogravimetric analysis (TGA), and 
chemical shrinkage. Isothermal calorimetry was also used to demonstrate the impact of DEIPA on the reactivity 
of slag in blended cements. Compressive strength tests were performed to assess the impact of the amine in such 
cements. 

It is demonstrated that DEIPA increases the mortar strength by enhancing primarily the aluminate hydration 
and the morphology and composition of the hydrates, such as calcium hydroxide and C-S-H.  The visual 
observation was confirmed by isothermal calorimetry, where DEIPA was found to directly enhance the rate of 
reaction of granulated blast-furnace slag after 48 hours of hydration. 
 
ORIGINALITY: Evaluating the degree of hydration of clinker and supplementary cementitious materials such 
as fly ash and slag in blended cements is a difficult task. Because of that, identifying the mechanisms by which 
chemicals can improve the performance of blended cements is a challenge. This article demonstrates that 
available analytical techniques can be used to investigate the hydration of blast furnace slag and the hydration 
of clinker as separate entities in blended cements.  In addition, this is the first presentation to describe how 
DEIPA activates cement and slag hydration. 
 
CHIEF CONTRIBUTIONS: The article presents a technical approach that allows one to understand the 
impact of chemicals on slag and fly ash blended cement hydration as well as to investigate the impact separately 
on clinker and on the supplementary material. In addition, the article gives microstructural information 
explaining how DEIPA increases the strength of cements containing slag, contributing to a better understanding 
of the microstructure - performance relationship. The benefit of the amine could also be converted into a higher 
content of supplementary materials in the concrete while still maintaining the same performance. 
 
Keywords: Slag blended cement, hydration, alkanolamines, DEIPA. 
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Influence of Alkali Ions on a Silicon Site Distribution in Portland 

Cement Paste by 29Si-MAS NMR Spectroscopy 

 
Brykov A* 

Danilov V 

1Saint-Petersburg State Institute of Technology, Saint-Petersburg, Russia  

 
Mokeev M 

2Institute of Macromolecular Compounds, Saint-Petersburg, Russia 

 
Abstract 
The 29Si-MAS NMR spectroscopy was used for investigating the effect of the addition of sodium and lithium 
compounds (nitrates and chlorides) to Portland cement paste on the distribution of Qn species in hydration 
product with age (up to 6 months). The amount of alkalis recalculated for Na2O was varied from 0.5 to 6% from 
the weight of cement. The compressive strength development of cement pastes with and without alkali additives 
was simultaneously investigated. The interpretation of the obtained results has been done in terms of common 
physicochemical conceptions. 
 
Originality 
Using 29Si-MAS NMR spectroscopy, the peculiarities of the silicon site distributions in hardened Portland 
cement pastes with admixtures of alkali (Na, Li) compounds have been studied and compared with the 
development of compressive strength of these pastes during hydration.  
 
Chief contribution  
It was found that some difference in the polymeric state of silicon between the cement pastes with alkali 
additives and control sample (without additives) is not so significant to be taken into account for negative 
influence of alkalis on strength. The negative consequence of the alkali presence consists in the including of 
alkali ions into the structure of hydration product instead of calcium and in deficit of bridge bonds -Si-O-Ca-O-
Si-. 
 
Keywords: Portland cement, alkalis, hydration, strength, MAS NMR spectroscopy   
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XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 287

M-4

T-5

W-6

TH-7

F-8

AREA 4 - Short Presentations5 July / 09:45-10:45                   Paper 519

Study the Hydration Process of Cement Blended with Rice Husk Ash        
by Means of Isothermal Calorimetry  

 

1Nguyen van Tuan*, 1Ye Guang  
1 Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, Netherlands 

2Bui Danh Dai 
2 Department of Building Materials, Hanoi University of Civil Engineering, Hanoi, Vietnam 

 
Abstract

Rice husk ash (RHA) and silica fume (SF) are classified as "highly active pozzolans". RHA is not an ultra-fine 
material like SF but also has a very high specific surface area due to its porous structure. With a similar 
chemical composition and a same specific surface area of RHA and SF, the effect of RHA on the hydration and 
the microstructure of cement paste might be expected different from that of SF.  

The first aim of this work is to study the effect of RHA on the hydration of cement in comparison with that of SF. 
The second aim is to evaluate the apparent activation energy (Ea) of cement blended with RHA. The 
experiments were performed by using isothermal calorimetry.  

The results show that RHA is a highly reactive pozzolan and in some mixtures well comparable with SF. The 
addition of RHA increases the degree of cement hydration particularly in the later period. The effect of RHA on 
the degree of cement hydration is higher than that of SF in low water to binder (w/b) ratio mixtures. Besides, it 
was found that the value of Ea depends on the degree of hydration, the w/b ratio, and the RHA replacement. 

Originality 

Both RHA and SF are classified as "highly active pozzolans". However, with a similar chemical composition 
and a same specific surface area of RHA and SF, the activity of SF comes mostly from its ultra fine particles, 
but in case of RHA, it mostly comes from the porous structure. The effect of SF and RHA on hydration process 
and the development of microstructure of cement paste is different.  

Chief contributions 

- The degree of hydration of RHA mixtures is higher than that of SF mixtures at the low w/b ratio and at a later 
period. 

- The activation energy of blended cement was dependent on the degree of cement hydration, the water-binder 
ratio, and the RHA replacement. 

Keywords: activation energy, cement hydration, isothermal calorimetry, rice husk ash, silica fume 
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Study on the Hydration of Cement Based Pastes with Silica Gel from 
Residual Rice Husk Ash 
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Abstract 
This work presents the results of a study that focused on the hydration of cement based pastes containing a silica gel 
from residual rice husk ash. Measurements of the chemical composition, X-ray diffraction, infrared spectroscopy, 
particle size distribution, and pozzolanic activity were carried out in order to characterize the obtained material, and 
the optimal silica gel was selected for use as a mineral admixture in cement pastes. The hydration of the cement based 
pastes containing silica gel (0.0%, 2.5% and 5% by mass) was investigated by X-ray diffraction and thermogravimetry 
analyses and compressive strength tests. The analytical and mechanical tests were carried out after 3, 7 and 28 days of 
water curing in order to evaluate changes in the properties over time. The results indicate that the mixtures containing 
silica gel showed improved mechanical behavior over all time periods evaluated due to the pozzolanic activity of silica. 

Originality 
The silica gel extraction used in this research was adapted to the characteristics of rice husk residual ash aiming the 
optimal yield. Moreover, the use of nano-sized particles of silica gel in cement based pastes represents an original 
application. 

Chief contributions 
Silica gel is a synthetic silica compound that can be extracted from rice husk ash by the sol-gel method. This type of 
extraction can be done at ambient temperatures, making it an alternative to the thermal treatment, which is often used 
in the production of highly reactive pozzolans. The sol-gel method involves the synthesis of an inorganic polymer 
network by means of chemical reactions in solution at low temperatures. The purpose of this study was to produce 
silica gel from a rice husk residual ash and to investigate the effects of adding this material to Portland cement. 
 
Keywords:  silica gel; sol-gel; rice husk ash. 
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Influence of mineral additions on the phase composition in autoclaved Ultra-
High Performance Concrete (UHPC) 
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1 Federal Institute for Materials Research and Testing (BAM), Berlin, Germany 
 
 
Abstract 
Curing under water vapor saturation pressure (autoclaving) has a significant influence on the micro structure and 
mechanical properties of UHPC. It generally leads to an enhanced cement hydration and accelerated reaction rate of 
supplementary cementitious materials (SCM) and/or mineral additions, forming crystalline calcium silicate hydrates 
(C-S-H). The increased reactivity affects the C-S-H phases by changing their elemental composition, depending on the 
type of SCM or addition. It is known that the silicon content of the C-S-H has a great influence on the mechanical 
properties. With custom designed mix proportions and curing conditions, it was possible to create a UHPC with a 
controlled elemental composition of hydrate phases by using common raw materials. The amount of SCMs has been 
increased in favor of cement clinker without much negative impact on chemical and mechanical performance.  
The influence of sulfate rich SCMs was investigated in particular. During autoclaving sulfur was bound in form of 
crystalline calcium silicate sulfates, but not affects the chemical composition of C-S-H in cement paste. It is assumed 
that this reaction process opens a possibility to utilize increased amounts of SCMs/mineral additions with higher sulfur 
content (e.g. some class-C fly ashes) without harming the properties of the cement paste. 
 
Originality 
In the presented study it was attempted for the first time to autoclave Ultra-High Performance Concrete with a focus on 
the usage of mineral additions and waste materials. Due to the less known phase system and its influence on the 
mechanical and chemical properties, we tried to understand the reactions of different materials under different curing 
conditions. The main goal of this study was to reduce the amount of energy and cost intensive starting materials and to 
improve the sustainability of UHPC without impairing its mechanical properties. 
 
Chief contributions 
Autoclaving has three main effects on UHPC. The first is an improved hydration of cement clinker. The second effect is 
a remarkably higher reaction rate of supplementary cementitious materials and also of mineral additions. Both lead to 
a denser micro structure and an improved cohesion between cement paste matrix and mineral additions, and effects an 
change in the composition of C-S-H phases dependently on the deployed SCMs/mineral additions. The third effect is the 
healing of flaws by filling cracks and small air voids with crystalline C-S-H. These effects cause a general change in 
micro structure, which results in the improvement of mechanical properties when the UHPC is autoclaved.  
 
Keywords: UHPC, autoclaving, hydrothermal curing, C-S-H composition  
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Immobilization of Arsenite and Arsenate Ions in Aqueous Sample 
Using Calcium Alumino-Zincate 

 

1 Sango, H.1* 
1 Hirano, M., 1 Murakami, M. 

1 College of Science and Technology, Nihon University, Chiba, Japan 
2 Sugano, M. 

2 Junior College, Nihon University, Chiba, Japan 
 
 
Abstract 
Recently, a lot of problems concerning the contamination of the soil and groundwater by heavy metals such as 
chromium and lead have occurred, and the enlargement of the pollution area by diffusion of their ions has been 
also extremely worried.  In addition, the arsenic pollution of well water in South Asia nations is a serious 
problem though it is not a metallic element.  It was expected that the reaction of arsenic with cement compounds 
was similar to that of chromium, because both elements were dissolved in water as oxyanion.  In general, large-
scale facilities for chemical multi-staged process are necessary to remove the toxic anions such as chromate, 
arsenite and arsenate ions (denoted as Cr[VI], As[III] and As[V] respectively).  The removal of those anions 
from the contaminated water by hydration of cement or cement compound is an advantageous method 
technically and economically because it needs neither large-scale facilities nor the elaborate setup. 
Many researches concerning the immobilization of Cr[VI] in mono-sulfate type hydrate (AFm) or tri-sulfate 
type hydrate (AFt) by hydration of calcium aluminates such as C3A have been reported.  Moreover, coauthors 
are also planning to report on the immobilization of Cr[VI] by hydration of calcium alumino-zincates in this 
symposium.  In this report, the immobilization process of As[III] and As[V] by calcium alumino-zincates, the 
influence of Cr[VI] coexisting in their arsenic solutions and the effect of Ca(OH)2 addition on the removal 
reaction were investigated.  The compound 14CaO.5Al2O3.6ZnO (C14A5Z6 for short) was used as calcium 
alumino-zincate.  The results obtained were summarized as follows: 
1) Both As[III] and As[V] were removed from aqueous sample by addition of C14A5Z6, however, the removal 

rates of them were much lower than that of Cr[VI]. 
2) The removal of As[III] from aqueous sample was accelerated by Cr[VI], though that of As[V] was hardly 

affected. 
3) The addition of Ca(OH)2 to C14A5Z6 was effective to the removal of As[III] and As[V] from aqueous sample, 

and the removal rate of As[V] was considerably larger than that of As[III]. 
 
Originality 
1) The research to which harmful ions such as Cr[VI], As[III] and As[V] were removed from the polluted water 

by C14A5Z6 was none at all. 
2) There were no reports on the simultaneous removal of Cr[VI] and either As[III] or As[V] by C14A5Z6. 
3) It was reported for the first time that the immobilization reaction of As[III] and As[V] was accelerated by the 

addition of Ca(OH)2. 
 
Chief contributions 
1) Application growth of cement compound: The new use for C14A5Z6 was found. 
2) Purification of industrial wastewater and contaminated natural water using cement compound: It became 

possible to remove As[III] and As[V] from aqueous sample economically. 
3) Solidification of contaminant: The enlargement of the pollution area by toxic anions was able to be prevented 

by using C14A5Z6 as soil stabilizer. 
 
Keywords: Calcium Alumino-zincate, 14CaO.5Al2O3.6ZnO, Immobilization of Hazardous Substance, Arsenic, 
Chromium 
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TEM/ EDS/ EELS as Electron Probe Alternative to 
Synchrotron Radiation for Elucidating the Cement Phases 

Composition: A review.

Rincón, J. Ma. 

Instituto CC Construcción E. Torroja, CSIC, Madrid, Spain 
jrincon@ietcc.csic.es

Abstract
Since years the Transmission Electron Microscopy has demonstrated to be a valuable tool for determining the 
microstructure and composition of cement phases in the bright field imaging (BF) conditions and by electron 
diffraction crystallographic analysis (SADP, microdiffraction and CBED) of different phases from all type of 
cements. The compositional microanalysis made possible thanks to the solid state EDS detectors has given much 
information of crystalline and amorphous cement phases. On the other hand and more recently, the extended use 
of synchrotron radiation accelerators have given complementary information of these structures (SXRLS). 
Nowadays, with the analysis of the electron beam losses in the same dedicated TEM/ EDS/ EELS (Energy Loss 
Spectroscopy) instrument could be a fast and more simple alternative for giving additional information of these 
structures. The basic principles comparing both methods are given and more recent results are reviewed and 
discussed. 

Originality 
After a review of recent last ten years main results published in literature on cement phase structures under 
Transmission Electron Microscopy and Energy Dispersive Spectroscopy (TEM/ EDS) it is showed the 
capabilities of Energy Loss Spectroscopy (EELS) attached to TEM as a more simple and attanaible tool than 
synchrotron for research of cement compounds 

Chief contributions:  
Basis and applications of EELS Spectroscopy performed in TEM are given as complementary method to the SXR 
for the investigation of cementicious phases (composition and structure) by XAFS Spectroscop. 

Keywords: electron microscopy, TEM, EELS, redox speciation, Synchrotron Radiation 

Introduction

Cements are complex materials due to the presence of many crystalline phases and due to 
polymorphism of some components. For characterising the hydration processes there have been 
previously much attempts (Scrivener, 2004). Additional difficulties are due to the low cristallinity and 
heterogeneity structure of hydrated phases. Because the hydration process is time dependent , the use 
of SXRSL is very useful. The knowledge of hydration of cement phases and formation of phases is 
well known since time (Alonso et al, 2009). Thus, Synchrotron facilities provide a wide range of 
opportunities for doing new experiments usually not possible under traditional X-Ray sources. The 
SXR gives a continuum radiation and even the X-Ray Absorption Spectroscopy (XAFS) with the 
EXAFS and XANES with element composition information and local and medium range structural 
order around a Periodic Table element. Diffraction studies on clinkerisation of high-belite clinkers has 
been possible by XRSLS (De la Torre et al,  up to 1400ºC following the polymorphic transformations 
of dicalcium silicate at high temperatures being possible to give the amount of liquid/ melted phase 
that appeared. 
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Effect of size fraction and glass structure of siliceous fly ashes on fly ash cement 
hydration

Tkaczewska E

AGH University of Science ang Technology, Faculty of Materials Sceince & Ceramics, Department of Building 
Materials Technology, Krakow, Poland

Abstract 

Paper presents effect of size fraction and glass structure of siliceous fly ashes on cement hydration. Two fly ash 
fractions, below 16µm and 16÷32µm, from the 1st and the 3rd section of electro-filter were analysed. Cement hydration 
was investigated by determination of hydration heat, Ca(OH)2 content and unreacted C3S content as well as by 
estimation of cement compressive strength and cement microstructure. Research results indicate that finer fly ash 
fraction reveals higher depoliymerization degree of SiO4 units in glass and in consequence accelerates cement 
hydration degree. Incorporation of fly ashes below 16µm from the 3rd section of electro-filter can obtain cement of high 
strength class of 52.5N. At 180 day, this cement reveals Ca(OH)2 content drop of 67% and C3S hydration degree is 
higher by 49% in comparison to control sample.

ORIGINALITY: Literature data show that pozzolanic properties of fly ashes are connected with their fineness as well 
as chemical and mineralogical composition. There are not many works analysing effect of glass structure on fly ash 
hydration. Role of siliceous fly ashes in cement hydration has been investigated for many years. These investigations 
concerned cement containing fly ashes below 45µm. Fly ash fraction 30µm, especially below 16µm, have not been 
analysed from point of view of cement hydration. Results proved that the same fly ash fraction reveals different alkalies 
content, whereas the content of other components is comparable. The proportion between crystalline and amorphous 
SiO2 is also changed. The fly ashes below 16µm from the 3rd section of  electro-filter show the highest depolymerization 
degree of SiO4 units in glass and consequently the highest pozzolanic activity. The same fly ash fraction gives different 
Ca(OH)2 content  in cement paste and different C3S hydration degree. The lowest unreacted C3S content is found for 
cement containing fly ashes below 16µm from the 3rd section of  electro-filter.

CHIEF CONTRIBUTIONS : The aim of paper is analysing dependence between size fraction of fly ashes as well as 
glass structure  of them and cement hydration. The strength of fly ash cement is connected with fineness of cement. The 
higher fineness the higher strength class cement can be obtained. However, production of high quality cement required 
greater amount of energy for milling of cement. The production of Portland cement is very energy-consuming. The 
incorporation of fly ashes into cement is connected with decrease in amount of Portland cement clinker and 
consequently lower CO2 emission from the clinkering process. The incorporation of high pozzolanic activity fly ashes 
into cement modify its microstructure by decreasing its porosity. The consequence of that is possibilty of production of 
high class fly ash cement, containing fly ashes in replacement range in up to 40%. Necessary condition is suitable size 
distribution of fly ashes and their high pozzolanic activity. 

Keywords: cement hydration, class F fly ashes, size fraction, glass structure

                                                
 Corresponding autor: Email tkaczews@agh.edu.pl, Tel +4812 6172482, Fax +4812 6172452 
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Reactivity and Microstructure of Ternary Cement Pastes
1Østnor T1

1 SINTEF Building and Infrastructure, Trondheim, Norway
*, 1De Weerdt K; 1Justnes H

4Bjøntegaard Ø,
4 Norwegian Public Roads Administration, Trondheim, Norway

Abstract
The reactivity and microstructure of ternary cement pastes has been characterized by thermogravimetric 
analyses and scanning electron microscopy, respectively. The pastes were composed of cement, 4.8 silica fume 
and 0, 19 or 33% siliceous fly ash, all as replacement of cement. The cements were 2 different Portland cements, 
and the water/powder ratio was kept constant to 0.40. The 6 mixes were investigated after 1, 3, 7, 28 and 90 
days, as well as 1 and 2 years, sealed curing with respect to reactivity, and the microstructure studied at 28 
days, 1 year and 2 years sealed curing only.
The thermogravimetric analysis was used to determine total chemical water and calcium hydroxide content. For 
one of the cements with 35 % fly ash, the total pozzolanic reaction of silica fume and fly ash seemed to bind 
about the same amount of water as was inherent in the considerbale amount of calcium hydroxide it consumed..
For the other cement more water was bound in the pozzolanic reaction products than the water inherent in the 
consumed calcium hydroxide, and only minor amounts of calcium hydroxide were consumed in the case of both 
19 and 33% fly ash replacement. All mixes had sufficient calcium hydroxide left to protect rebars against 
corrosion when used in concrete. 
The microstructure was investigated on plane polished cross-section of the pastes. One cement contained 
limestone, and examples of reacting limestone with rims indicating the original particle boundary could be seen. 
A number of calcium aluminate hydrate phases were observed in voids and hollow fly ash grains. There was a 
tendency of increasing abundance of calcium aluminate hydrates with increasing fly ash content as a result of its 
pozzolanic reaction. Furthermore, there was a tendency of decreasing Ca/Si ratio and increasing Al/Si ratio of 
the CSH gel with increasing amounts of fly ash.

Originality
Increased sustainability in construction is an important topic focused on in the later years. The short term 
answer for the concrete sector is blended cements or addition of supplementary cementing materials (SCMs) to 
the concrete mixer.
The present paper gives an important contribution to understanding the reactivity and microstructure of ternary 
cementitious binders based on industrial available components relevant for practical concreting in Norway.

Chief contributions
In Norway fly ash has recently been taken into use in large projects to make low-heat concretes in order to 
reduce thermal cracking in massive structures. The property development of such concretes is relatively slow,
but experiences so far indicate that the durability properties turn out to be very good in the long run. The action
between binder components is decisive for the durability of concrete. Increased understanding of the chemistry, 
solid phases and pore structure of such concretes is of great interest for public owners of infrastructures that 
often are exposed to very harsh environment.

Keywords: Fly ash, Pozzolans, Silica fume, Thermal analysis, Ternary cement

1 Corresponding author: Email tone.ostnor@sintef.no Tel +47 73594566
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Monitoring the Hydration of Mortar containing Metakaolin using 

Electrical Impedance Spectroscopy 

 
1
Fita I.C

1*
 

1
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1
Cruz J.M 

1
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2
Payá J, 

2
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2
 Soriano L 

2
 Instituto de Ciencia y Tecnología del Hormigón, Universidad Politécnica de Valencia, Spain 

 
 
Abstract 

A commonly used practice to improve the performance of Portland cement composites consists of replacing part 

of the cement with a very reactive pozzolan such as metakaolin (MK). The products of the reaction between MK 

and portlandite (CH) change the micro-geometry of the porosity leading to increased compressive strength, a 

reduction in permeability and increased durability. The transport properties of ions in the cement systems are 

related to the porosity. Therefore, the direct measurement of microstructure geometry allows us to determine 

the ionic diffusion in the same way that electrical measurements allow us to estimate the microstructure. 

This paper discusses electrical impedance measurements of control mortar (cement only) and MK mortar (35% 

MK and 65% cement). To remove external variables and to obtain the intrinsic impedance of mortar, a method 

with changeable area was applied. The impedance was analyzed with frequency and two electrical parameters 

were calculated: dc-resistivity and capacitive exponent . To complete the study, compressive strength, 

scanning electron microscopy (SEM) and thermogravimetric analysis (TGA) were carried out. 

 

ORIGINALITY:Implementation of a non-destructive technique based on electrical impedance spectroscopy 

that increases our understanding of the intrinsic properties of mortar.  

Application of this technique to mortars that have no portlandite (CH) because it has been consumed by 

pozzolanic reaction. 

CHIEF CONTRIBUTIONS: Results show that the electrical resistivity at day 1 is similar or greater in control 

mortars, but from day 3 the increase in resistivity is significant in MK mortars. The exponent alpha increases 

monotonically in the control mortar, while in the MK mortar it begins with lower values than the control 

mortar, it increases in the period 2-3 days, and it decreases until it reaches lower values than the control 

mortar at day 7. These data in the 2-3 days indicate a great capacitive conductivity that is related to an increase 

of pore size dispersion due to the new products created by the pozzolanic activity. The results show a very 

different microstructure in the mortars with and without MK, demonstrating the refinement process due to the 

presence of MK.  

In addition, thermogravimetric measurements and testing of compressive strength were carried out. The 

mortars with MK achieved total consumption of CH, which demonstrates its high pozzolanic activity. This result 

was confirmed by the values of compressive strength, which exceeded the control mortar by 80 percent at 28 

days curing time. 

Keyords: porosity, electrical impedance spectroscopy, portlandite, metakaolin 
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Topological models of stone structures on the base of the
different bindings with powder fillers

1Rakhimov R, 1Rakhimova N1*
1Kazan State University of Architecture and Engineering, Department of the building materials,

Kazan, Russian Federation

Abstract

In a general view, the structure of the stone of the binding with fillers depending on the ratio mineral matrix/filler is
represented as porphyritic, contact and overcontact. Such conceptions about the structure of the stone of the binding
allow counting its modules of elasticity by the rule of mixtures. However, the thickness and properties of the inter-
phase layer between the matrix of the binding and the particles of the filler is not considered, the influence of which
on the properties of the composite stone of the binding can be determinative. It is reasonable to subdivide the fillers
to physically active, which do not form hardening products with cementing properties and chemically active, which
form hardening products with cementing properties.
Mainly the physical activity of mineral fillers is shown in systems with the organic bindings. It leads to the change of
strength and density of the boundary layers up to the thickness of 10-200 microns, of degrees of stitching at cross-
linked polymer and dimensions of spherulites at crystallize polymers in matrix volume. Mainly the physical activity
of the filler is shown in the systems on the basis of the gypsum binding as well.
Models of boundary layers of polymeric and gypsum systems with porous and dense fillers are considered in article.
The fillers forming new formations with cementing properties show both physical and chemical activity. The boun-
dary layer includes a part of a surface band of the filler to the depth, depending on its chemical activity and poros-
ity, and a part that is changed on structure and properties of a matrix of the core binding in the zone adjoining the
surface of the filler. To the greatest extent, the formation of such boundary layer is inherent in systems on the basis
of Portland cement, slag alkaline and lime bindings with the fillers possessing chemical activity. In the article mod-
els of a boundary layer in the stone of lime and cement binding with microfillers are considered.
Models of structure and structural elements of the stone of compositional slag alkaline bindings with additions of
micro silica and ground quartz sand, fly ash, ceramic brickbats and zeolite containing rocks are presented. The
models were developed on the basis of experimental researches by the authors of the article.

ORIGINALITY: For the first time on the bases of the system analysis of the known and own researches of the au-
thors scientific concepts about the structure of the stones of various bindings with mineral microfillers were devel-
oped and the general and particular models of their structure and structural elements were made. Due to the fact
that all types of fine dispersed fillers have high specific surface and thereafter surface energy, and some kinds have
chemical activity, the authors of the article suggest subdividing them not into "inert" and active mineral additons
but to the following ones: physically active, not forming hardening products with cementing properties and chemi-
cally active, forming composites with binding properties. Models of the boundary layers of polymeric and gypsum
systems with the fillers, showing mainly physical activity; and models of the boundary layers in cement and lime
systems with microfillers forming composites with binding properties are considered. For the first time models of
the structure and structural elements of the stone of composite slag alkaline bindings with additions of microsilica
and ground quartz sand, fly ash, ceramic brickbats and zeolite containing rocks are developed.

CHIEF CONTRIBUTIONS: Scientific concepts about the structure of the stones of various bindings with micro-
filler were developed and the general and particular models of their structure and structural elements were made.
On the basis of the experimental researches models of structure and structural elements of the stone of composi-
tional slag alkaline binding with additions of microsilica and ground quartz sand, fly ash, ceramic brickbats and
zeolite containing rocks are presented were developed for the first time.Construction of the models of structure and
structural elements of the stone of the binding with microfillers allows giving scientifically-proved treatment of
mechanisms of formation of properties of materials on the basis of compositional bindings with the fillers of natural
and technogenic origin. There is the need to develop theoretical and experimental basis of their structure and prop-
erties control for account of regulation of chemical, mineral and granulometric structure and the technology of
combination of components, dispersity, physical and chemical activity, shape of their particles, conditions and the
time of the hardening process. The results of the researches stated in the article are definite contribution to the de-
velopment of these bases.

Keywords: compositional materials, structure, structure model, filler, physical activity, chemical activity

1 Corresponding author: E-mail-rahimova.07@list.ru, Tel +(7843)5104727, Fax +(7843)2362721
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Influence of Multiwalled Carbon Nanotubes on the Microstructure of 
CSH-Phases 

 

1Weitzel, B 
2Hansen, MR 

1 Kowald, TL, 1Müller, T, 2 Spiess, HW, 1 Trettin, HFR*1 
1 Institute for Building and Materials Chemistry (University of Siegen) Siegen, Germany 

2 Max Planck Institute for Polymer Research; Mainz; Germany 
 
 
Abstract 
Carbon Nanotubes (CNTs) have remarkable properties with respect to flexural strength and surface area. These 
properties are very interesting for their application in concretes, mortars and other construction materials. The 
knowledge of the basic processes during the hydration of cement based materials and the influence of carbon nanotubes 
therein is important for future applications.  
Experiments show an influence of multiwalled carbon nanotubes (MWCNTs) on the nucleation and crystal growth of 
calcium hydroxide during the hydration process of tricalcium silicate. This can be explained by incorporation of the 
carbon nanotubes into the micro- and nanostructure of the hydrated cement and their nucleation function. Until now 
there is no chemical proof for MWCNTs embedded in the hydrated tricalcium silicate. After 28 days of hydration a 
higher degree of condensation can be observed due to the function of MWCNTs working as crystal seeds. 
29Si MAS NMR measurements have been performed to investigate the incorporation of MWCNTs. The incorporation 
leads to a change in silica tetrahedra Qn distribution. The nucleation-effect of CNTs is supposed to be a reason for the 
acceleration of the hydration as proofed by calorimetric methods. 
 
Originality 
Carbon nanotubes are a high potential additive in concrete technology. We incorporated carbon nanotubes into the 
binder structure to improve the mechanical properties and the durability of cementitious materials. 
The durability of cementitious materials is closely linked to the structure. Broadening the knowledge of the processes 
that improve the structure integrity is inalienable to manipulate the systems such that high-efficient binders can be 
created.  
Spectroscopic methods are powerful tools to obtain information about reactivity and structure of cementitious 
materials. By combining different spectroscopic methods and microscopy structural properties can be assigned at a 
micro- and nanoscale. NMR-spectroscopy is a well-established method to investigate the bonding properties of 
chemical systems. The main advance is the opportunity to specify the connectivity of the silicate tetrahedra in CSH-
phases by means of 29Si MAS NMR. IR- spectroscopy yields additional information about functional groups and 
hydrogen bonds. Both methods are also useful to explain the hydration processes of cement-based materials. In 
combination with optical methods conclusions about the morphology can be drawn as well. Concerning measurements 
are mostly completed. 
The first-time combined application of these methods to analyze the structure and hydration processes of CNT--
reinforced binders is shown by our group. 
 
Chief contributions 
The incorporation of carbon nanotubes into CSH-phases is a crucial step in the improvement of ultra high performance 
concrete (UHPC). By using carbon nanotubes as reinforcement it is possible to create high-efficient components with 
higher flexural strength compared to concrete without CNTs. Because of the ability of CNTs to work as a starter for the 
crystal nucleation there also a higher compressive strength can be achieved. This causes a decrease of used clinker in 
cementitious materials because less cement is necessary to build up construction parts with the same mechanical 
properties. 
Higher mechanical strengths are useful by the ambition to build higher constructions. In the future this is very 
important because there is an increasing population growth rate and higher buildings will be necessary. 
By using UHPC lower clinker content is needed. This is an important contribution to the environmental protection by 
saving carbon dioxide. Carbon dioxide is produced during the cement fabrication. Less clinker means less CO2. 
Because of the nucleation-effect of CNTs denser structures in concrete can be achieved. These concretes reinforced by 
CNTs obtain a higher durability because there is less damage by aggressive media and acids. This leads to a long-term 
sustainability by saving resources.  
 
Keywords: carbon nanotubes, calcium silicate hydrates, microstructure, nuclear magnetic resonance 
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Preparation and Characterization of MK-Blended Cement Mortar 
Having Various Water/Binder Ratios  

H.M.KHATER 
                    Housing and Building National Research Centre (HBNRC) 

87 El-Tahreer St., Dokki, Giza, P.O. Box 1770 Cairo 
E-Mail:Hkhater4@yahoo.com 

Abstract   

Blended cement mortars were prepared from ordinary Portland cement (OPC), with different contents of 
metakaolin (MK) that produced by firing Kaolin at 820oC for 2 hrs in the ratios of 0, 10, 15, 20, 25, and 
30%. The water to binder ratios was 0.30 and 0.60% and binder to sand ratio was 1:3. Results of 
compressive strength values of the blended OPC mortars specimens were improved relative to those 
contains no MK up to 25 wt.% OPC substitution, and  then decreased at 30wt.% MK incase of higher water 
ratio; while at the lower water content, 20%MK exposed to a significant improvement and then decreased 
for higher metakaolin content up to 30%. SEM microstructures indicate a good improvement for the matrix 
structure of the blended cement mortars where a more dense structure was observed. 
 

Originality 

Metakaolin is used as an additive for blended cement mortar resulting in strength and microstructure 
enhancement. Where, metakaolin is a reactive aluminosilicate materials having a very fine pores (Mk 
<0.3µm) lead to more compaction and densification of the mortar structure. Also, pore refinement of mortar 
pastes is due to physical effect of Mk as it is ultra fine particles fills the voids in cement, forming dense 
microstructure. In addition to its chemical effect that results from the reaction with cement hydrates. 
 

Chief contributions 

Blended cement mortars having different contents of metakaolin (MK) at various water to binder ratios of 
0.30 and 0.60% results in an enhancement in mechanical and microstructure properties as MK increases up 
to 25 wt.% OPC substitution, and  then decreased at 30wt.% MK incase of higher water ratio, while at the 
lower water content; 20%MK exposed to a significant improvement. SEM microstructures indicate a good 
improvement for the matrix structure of the blended cement mortars where a more dense structure was 
observed. 
 

 

Keywords: cement, mortar and metakaolin. 
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EFFECT ON SLAG HYDRATION OF BLAST-FURNACE SLAG CEMENT 
IN DIFFERENT CURING CONDITIONS

1Takeshi IYODA* 
1 Department of Civil Engineering, Shibaura Institute of Technology, Tokyo, Japan 

2Kimihiro INOKUCHI 
2 Department of Civil Engineering, Shibaura Institute of Technology, Tokyo, Japan 

3Taketo UOMOTO 
3 Public Works Research Institute, Ibaraki, Japan 

Abstract 
In Japan, the usage of blast furnace slag in construction will increase due to environmental considerations. However, 
the effect of curing condition and curing period on the hydration of cement and slag hydration in blended cements is not 
clear, nor is the relative contribution of cement and slag hydration to strength and durability development in blended 
cement. In this research, the cement and slag hydration ratio in blast-furnace slag cement under different curing 
conditions, such as temperature, relative humidity, and curing period, is measured using the selective dissolution 
method. It was found that hydration stops if relative humidity is less than 80%, and that if 80% relative humidity is 
maintained hydration can occur even at temperatures as low as 7 degrees Celsius. On the other hand, the speed of 
hydration is faster at higher temperatures such as 40 degrees Celsius than at normal temperatures such as 20 degrees 
Celsius, so it can be concluded that the influence of temperature on blast-furnace slag in blast-furnace slag cement is 
similar to that of temperature on ordinary Portland cement. The hydration of blast-furnace slag is also influenced by 
mix proportions such as water-cement ratio and Blaine’s fineness of cement. In the case of high water-cement ratio, the 
hydration ratio of slag will increase and reach a high hydration ratio; however, in the case of low water-cement ratio 
the hydration of slag will stop at a low hydration ratio at an early age. Using these results showing the hydration ratio 
of slag with different mix proportions and curing conditions, estimation of the hydration of blast-furnace slag cement 
under different conditions may be performed.  

Originality 
Until now, measurement of the hydration ratio of blast-furnace slag in blast-furnace slag cement has been performed 
under sealed condition – which represents the ideal case – in order to clearly show the slag hydration. However, these 
conditions are not reflective of the actual conditions of concrete structures, so it is important to estimate the hydration 
ratio of blast-furnace slag under real conditions considering both varying temperatures and relative humidity. It is also 
necessary to consider the effect of hydration ratio at varying mix proportions and different types of blast furnace slag. 

Chief contributions 
Concrete structure is exposed to various environment such as drying condition, high relative humidity and different 
temperatures. And also internal condition in concrete structure is influenced high temperature by the heat of cement 
hydration. Estimation of the hydration of blast-furnace slag in blast-furnace slag cement on different condition is 
necessary for estimating the properties and durability of concrete structures. Currently, it is possible to estimate 
durability properties such as drying and autogeneous shrinkage, strength for concrete structures using ordinary 
Portland cement from hydration of cement on mix proportions, but it is difficult to apply the same methods when using 
blast-furnace slag cement, because it is different of cement hydration and slag reaction. This research may contribute 
to increasing the usage of blast-furnace slag in construction and thus helping to protect the global environment. 

Keywords: Blast-furnace slag cement, slag reaction, selective dissolution, curing temperature, curing relative humidity
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Phase Identification and Semi-Quantitative Analysis of Hardened Portland 
Cement as a Function of Time 
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2Estop E1* 
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Abstract
It is well known that the silicates contained in Portland cement give rise to hydrated phases when mixed with water. 
These hydrated phases are believed to be amorphous and responsible for the mechanical resistance of the obtained 
cement. In this work we investigate the extent of the hydration with cement ageing. An inherent difficulty in any study on 
cement or concrete that seeks to address the microscopic or submicroscopic scale is the variety of its constituent 
phases. Therefore cement phase identification as a function of the hydration degree constitutes an own objective. 
 
In this work we report the study of CEM I 52.5-R cement as a function of time by applying polarised transmitted light 
microscopy (PTLM), scanning electron microscopy (SEM) and powder X-ray diffraction (PXRD), with the intention of 
complementing the features of each technique in the complex task of identifying the phases. The analysed samples had 
an age of seven days, 28 days, and two years, and have been prepared following the UNE-EN 196-1:2005 standard.  
 
Polarised microscopy made possible the clear observation of only a few crystalline particles (> 5μ) distributed inside a 
fine-grained matrix. High contrast zones are firstly identified by PTLM to be subsequently analysed by SEM. Electron 
backscattering (BSC) and energy dispersive spectrometry (EDS) have been employed to correlate optical (PTLM) 
contrast with chemical composition.  
 
Powder X-ray diffraction has been carried out for phase identification and for semi-quantitative purposes. In the 
second case an internal standard (ZnO) has been used in the quantification of the crystalline phases as well as the 
amorphous phase. Nevertheless, the RIR method has proved not to be enough accurate to evaluate the amorphous 
content. 
 
Further analyses are planned for more accurate compositional data by the electronic microprobe and quantitative 
phase determination from powder X-ray diffraction by the Rietveld method. 
 
Originality 
One of the challenges of the present work has been the implementation of a systematic methodology to characterise the 
presence of primary phases in hardened cements as well as secondary phases. This protocol includes polarised light 
and SEM microscopies as complementary techniques to powder X-ray diffraction. This procedure has allowed us to 
identify several phases: C3S, C4AF, ettringite and portlandite. 
 
Chief contributions 
In this work the evolution of hardened cement phases with time has been analysed. With respect to crystalline phases, 
primary phases C3S, C2S, C4AF and secondary phases portlandite, ettringite and calcite are observed at early ages (7 
days sample). The evolution to 28 days cement is marked by the decrease of C2S and C3S, the maintenance of 
portlandite and a significant increase of calcite. This hydration process does not lead to the increase in portlandite due 
to the high carbonation degree. At two years CaCO3 has became the main compound (through different calcite 
polymorphs) and the only primary phases detected were C2S and C4AF. 
 
 
Keywords: hardened Portland cement, phase identification, polarised light microscopy, powder X-ray diffraction, SEM 
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Effects of Additives on the Hydration of Cement Paste with Large
Water Solid Ratio (W/S=1) and the Microstructure of the Hardened

Cement Paste

Kiyoshi Asaga1*,
1 Teikyo University of Science and Technology, Department of Environmental Science, Uenohara, Japan

2Masafumi Sakamoto
2 Clion Co., Ltd., Tokyo, Japan

3Yumiko Shirakawa, 3Ryoko Yamada
3 Teikyo University of Science and Technology, Department of Environmental Science, Uenohara, Japan

Abstract
Ordinary Portland cement(OPC), low heat Portland cement(LHC) and Eco-cement(EC) pastes in the presence of
various additives such as limestone powder, granulated blast furnace slag, silica fume or fly ash with large water solid
ratio (W/S=1) were prepared by using special viscosity thickener and polycarboxylic acid type superplasticizer. These
pastes were cured for 1day to 4years in water at 20C. Hydration process and microstructure were discussed by
hydration rate and pore structure in the hardened pastes. Obtained results were summarized as follow.
In the paste with large water solid ratio, hydration rate of cement was larger than that with generally used water
cement ratio, because it was not affected by the decreasing effect of densification of microstructure by formation of
hydrates. Belite in the cements was almost hydrated within the 182days of curing. The morphology of hydrates was
changed considerably with the kind of cement. And the morphology of the hydrates largely affected on the pore
structure of the pastes. The large pore around 500nm in diameter was only observed in the hardened EC pastes of 1
years of curing. In the addition of lime stone powder, monocarbonate hydrate was produced and the amount of pore
between 10-104nm in the hardened pastes were larger than that without additives. In the addition of slag, the amount of
pore between 10-104nm in the hardened pastes was less than that without additives, the pore structure in the hardened
pastes was changed considerably with the kind of cement. In the addition of silica fume, ettringite remained in the
hardened paste for 4years of curing, pore size and the amount of pore between 10-104nm in the hardened pastes were
small or less than that without additives.

Originality
It is well known that hydration rate of cement and a texture of hardened cement paste are affected by water cement

ratio (W/C). In order to get a uniform texture, cement pastes are usually made with W/C = 0.3~0.4. Hydration rate of
cement in the pastes is restricted by little space for hydration products and observation of morphology of hydrates is
difficult in the dense texture. On the other hand, hydration process in suspension is quite different in the paste hydration.
In this study, the cement paste with large water solid ratio (W/S=1) without bleeding was able to be prepared by using
viscosity thickener of alkyl allyl sulfate and tetra alkyl ammonium salt and polycarboxylic acid type superplasticizer,
and the hydration process, morphology of hydrates and pore size distribution in the hardened paste of OPC, LHC and
EC with additives were able to be discussed in detail.
In addition of above mentions, the structure of inkbottle pore was precisely discussed by the repetition measurement of

mercury penetration of 2 times of increasing of pressure and decreasing pressure at measuring one sample.

Chief contributions
In this study, it was made clear that hydration rate of cement minerals was not delayed largely in the cements paste
with large water cement ratio, and belite was able to be almost hydrated within the 182days of curing at 20C. The
morphology of hydrates was able to be clearly observed in the pastes. And it was made clear that the morphology of
the hydrates largely affected on the pore structure of the pastes. Obtained results might be contributed to discuss
mechanism of hydration and formation of microstructure in the cement pastes.
The effects of additives on the pore structure of 3 kind of cement were precisely discussed. Obtained results of precise
pore structure such as inkbottle pore or through pore might be contributed to make clear for transformation
phenomena of materials in cement pastes and concretes.

Keywords: Portland cement, Eco-cement, Additives, Hydration, Water cement ratio, Morphology of hydrate, Hardened
paste, Pore structure, Mercury intrusion method

1 Corresponding author: Email asaga@ntu.ac.jp Tel +81554636859, Fax +81554634431
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Modification of cement matrixes of carbon nanotubes 
 

G. Yakovlev 

Izhevsk State Technical University, Izhevsk, Russia 
 

A. Lushnikova 
Izhevsk State Technical University, Izhevsk, Russia 

 
G. Pervushin 

Izhevsk State Technical University, Izhevsk, Russia 
 

O. Khasanov 
Tomsk Polytechnic University, Tomsk, Russia 

 
 
Abstract 
The modification of cement matrixes with carbon nanotubes allows considerably improving physical and 
mechanical properties of constructional composites. For more effective uniform distribution of nanotubes in 
mineral binding matrixes, fresh suspensions should be applied. 
Nanoparticles with sizes 6 - 20 nm possess high surface energy and, as a rule, they are combined into “clews” 
or clusters with sizes up to 400 - 900 μm. At the same time, nanoparticles are difficult to distribute onto single 
nanostructures in aqueous disperse medium and require special technologies for their dispergation. In the 
carbon nanosystems  dispergation process the problem of their stabilization in aqueous suspension, when 
storing prior to use, becomes urgent. 
The type of plasticizing additive used during the dispergation of carbon nanotubes significantly influences the 
concrete mechanical characteristics. Polyplast SP-1 is the optimal plasticizing additive which increases the 
compression strength by 96.8 % when adding carbon nanotubes in the amount of 0.006 % from Portland cement 
mass. 
 
Originality 
The investigation of cement concrete microstructure demonstrated that the introduction of carbon nanotubes 
results in a cardinal change in the morphology of crystalline-hydrate new-formations in cement matrix. The 
introduction of carbon nanotubes results in structuring the cement matrix with the formation of dense defect-
free structure with good cohesion with the filler surface. Such structure provides the increase in the strength of 
cement concrete, confirmed with the results of concrete mechanical test. 
 
Chief contributions 
In the experiments on the modification of fine cement concrete the aqueous dispersion of carbon nanotubes in 
plasticizer solution obtained in hydrodynamic ultrasound dispenser was used. Optimal content of carbon 
nanotubes during making concrete mixture was 0.006 % of cement mass. Compressive strength reached 36.33 
MPa, (control specimen – 18.46 MPa), that gives 96.8 % strength increase. Bending strength reached 3.35 MPa 
(control specimen – 2.31 MPa) that gives 45,1 % strength increase. 
 
Keywords: cement matrix, carbon nanotubes, morphology, microstructure 
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Studies on the interactions between superplasticizers and hydrating OPC 
1Jansen D., Goetz-Neunhoeffer F., Neubauer J. 

1 Geozentrum Nordbayern, Mineralogy, University of Erlangen-Nuernberg, Germany 
2Hergeth W-D., Haerzschel R. 

2 Wacker Chemie AG, Muenchen, Germany 

Abstract 
Various investigations are currently being carried out into the forms of interaction between superplasticizers and 
cements during hydration, in order to understand their influence on retardation, mortar rheology and final material 
strength. Superplasticizers are chemical admixtures which are commonly used in concrete and mortar technology to 
improve workability of cementitious systems and application properties such as self-leveling behavior and surface 
smoothness.  
Several papers on superplasticizer performance have been published in recent years in which e.g. fluidity evolution, 
strength development and heat of hydration have been analyzed. Various models for the interaction between hydrating 
cements and superplasticizers have been suggested which, however, do not explain all experimental findings.  
In our study, i) heat flow calorimetry was used to monitor the influence of superplasticizers on the hydration behavior 
of OPC, and ii) XRD in-situ experiments were performed to investigate the phase development in the cement paste 
during hydration, both where superplasticizers were present and where they were absent. The OPC used was a 
standard-grade material typically used in dry mortar systems. New-generation comb-shaped polycarboxylate-based 
polymers were used as superplasticizers.  
The quantitative phase composition of the OPC was accurately determined by analyzing residues from selective 
dissolution experiments which agreed very well with Rietveld results. A quantification method has been developed to 
determine to a high degree of accuracy the phase composition of the cement paste during hydration.  
The experiments demonstrated that the superplasticizers used retard cement hydration as a function of concentration 
and charge density. XRD in-situ experiments  unambiguously demonstrate that i) the superplasticizers retard the 
reaction of both the silicate and the aluminate phases, ii) after a pronounced dormant period, the reactions of the 
silicates and the C3A occur almost simultaneously, and iii) ettringite and portlandite precipitate almost simultaneously 
with the dissolution of the clinker phases. Where superplasticizers are not present, dissolution of silicates and C3A does 
not occur simultaneously. 

Originality 
Superplasticizers do not only improve the flowability of cementitious systems but also reduce energy consumption by 
improving the pumpability of the mortar. Less manual interaction by craftsmen and less consumption of machine power 
means a saving of resources and money at the construction site. On the other hand, any (organic) additive to a 
cementitious formulation may influence hydration kinetics and final material properties, such as surface smoothness 
and water- and vaporpermeability. Despite there having now been achieved a basic understanding of OPC - 
superplasticizer interaction, and there being an increasing number of ongoing research projects currently underway, 
there are still certain unsolved questions, especially in terms of altered cement hydration kinetics. 
In the past, most publications on the interaction of superplasticizers with OPC have been focused on adsorption and 
rheology experiments. In our study, however, online XRD in-situ investigations in combination with heat flux 
experiments are used to provide new insights into quantitative phase development during cement hydration where 
superplasticizers are present.  

Chief contributions 
In our study we have been able to demonstrate that the presence of superplasticizers in an OPC containing formulation 
does not only retard the overall cement hydration but also has implications specifically for aluminate and silicate 
reaction kinetics. After a prolonged dormant period, the reactions of the silicates and C3A occur almost simultaneously 
in the presence of superplasticizers, whereas, where superplasticizers are not present,  both reactions begin  
independently of each other.  Based on the experimental findings both of extensive online XRD and heat-flux 
measurements, a consistent explanation could be given of the interrelation of clinker dissolution kinetics, sulphate-
carrier disappearance, silicate and aluminate reactions, as well as of ettringite and portlandite formation.  

Keywords: OPC hydration XRD in-situ investigations, superplasticizer
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Influences of Nano-particles Made from Aluminosilicate Hydrates on 

Hydrating Cement Pastes 
SHUI Zhonghe*, YU Rui, DONG Jun, SUN Tao 

School of Materials Science and Engineering, Wuhan University of Technology, Wuhan, China 

Abstract: This paper outlines the study conducted on the influence of nano-particles made from aluminosilicate 
hydrates (such as hardened cement paste) on hydrating cement paste. The dehydrated cement pastes (DCP) was 
prepared firstly, with heating at an elevated temperature. The SEM results of the separated particles show that 
the fine particles can be separated effectively and part of them can reach nano-scale almost, with the existence 
of sodium hexametaphosphate and the deposition of ultrasonic dispersion. The mechanical experimental results 
show that the compressive strengths of the cement pastes can be improved obviously when the DCP (with 
nano-particles) is added. Especially, when the additional content of the DCP (with nano-particles) is about 4%, 
the compressive strength and the growth ratio of compressive strength compared to pure cement both come to 
the maximum. Techniques of X-ray diffraction (XRD) and scanning electron microscopy (SEM) were employed 
to identify the hydration process of the cementitious systems with DCP that contain nano-particles. The results 
obtained reveal that the addition of DCP (with nano-particles) haven’t resulted in the appearance of new 
hydration products, but a large mount of crystal nucleus, which may bring many tiny reaction groups in the 
early ages densifying the microstructure with low porosity and high compressive strength. 

Originality 
The innovative idea is that aluminosilicate hydrates is used to prepared nano-particles, which is a kind of 
dehydration phase with huge specific surface area and high chemical activity. It is possible to prepare nano 
particles by heating the aluminosilicate hydrates containning C-S-H gel. And, the dehydrated phases can 
re-hydrate and form new hardened cement stone. This means that many silicate and alumina wastes can be used 
as raw materials to prepare recycled and effective admixture and to improve the cementitious materials. 

Chief contributions 
A simple and environmentally-friendly approach was developed to prepare nano material, which can effectively 
improve the properties of cement-based materials as an active admixture. 

Keywords: Aluminosilicate Hydrates, Dehydrated cement pastes (DCP), Nano-particles, Separation methods, 
Crystal nucleus

1
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Influence on the hydration of calciumsulphate-hemihydrate   
 

1Pritzel, C.*, 1Trettin, R. 
1
Institute for building and materials chemistry; University of Siegen; Siegen; Germany

  

 

 
Abstract 

The hydration of calcium sulphate hemihydrates can be influenced by several ways. 

Different additives can be used to influence the kinetics of the hydration ot various technical properties of the 

created gypsum. Some of these additives are polycarboxylate ethers, organic acids, gypsum crystals or inorganic 

salts. It is also well known that higher temperature influences the expansion during the hydration of calcium 

sulphates. 

All this ways to influence the reaction have been tested and observed by optical microscopy, scanning electron 

microscopy, heat flow calorimetry and other methods. Those measurements are very interesting to get 

information about the hydration mechanism and the influence of additives on technical properties of gypsum. 

To investigate the hydration of gypsum by optical microscopy a special measure cell was created. 

All those additives do not influence only the kinetics of the hydration they also influence the morphology of the 

created gypsum crystals and by that the technical properties of the product. Most of these additives are also used 

as additives for cement hydration. Different fruit acids have been investigated. They decelerate the hydration 

and lead to shorter crystals and change the aspect ratio. Some polycarboxylate ethers influence the hydration in 

the same way. 

Different inorganic sulphates accelerate the hydration and the crystal needles get longer and thinner. If the 

reaction temperature is higher the crystals get longer and thinner also and the reaction is faster. 

 

 

Originality 
For observing the hydration of different inorganic binders systems and the influence of additives on the 

hydration processes it is very useful to start with a basic system like gypsum. In this case only three different 

phases are interesting for the reaction. This phases are anhydrite, bassanite and gypsum. The reaction process 

of cementitious systems are more complicate, but all methods which are used to understand the hydration of 

gypsum can also be used for the research on cement based materials. Most additives which are used in gypsum 

systems also work in cement based systems more or less.   

Gypsum is used in concrete to retard the setting and hardening by influencing the tricalcium aluminate 

hydration. Therefore it is necessary to know how different additives react with the hemihydrate in cement.   

Knowing the reaction processes of different inorganic binders is important to improve and manipulate the 

properties of binder systems. This leads to a higher sustainability.  

 

 

Chief contributions 

In this work the hydration of hemihydrates and the influence of different additives on the hydration have been 

investigated. Especially the influence of different additives on the morphology of the reaction products has been 

examined. These morphologies influence the technical properties like porosity, flexural and compressive 

strength and others. It has been found out which additives leads to which morphology and their influence on 

certain properties. 

We could show that fruit acids and some polycarboxylate ether based superplasticizers lead to shorter crystal 

needles with a lower aspect ratio. This morphology decreases the porosity and the flexural and compressive 

strength but it is very useful for dental gypsum because it increases the strength but it also increases the porosity 

and the expansion of the gypsum during the hydration. It is shown that all tested additives have predicted 

positive effects on the material but they have some disadvantages because of their side-effects. 

 

Keywords: hydration of gypsum, influence of additives, optical microscopy  
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Stability of Ettringite in the Presence of Superplasticizers 
 

1Chen C1* and 1Chou W 
1 Department of Construction Engineering, National Taiwan University of Science and Technology, Taipei, Taiwan 

 
 
Abstract 
The stability of synthesized ettringite in the presence of naphthalene and carboxylated superplasticizers was explored in 
this study. In the absence of superplasticizers, ettringite was found stable in aqueous solutions with pH around 10. 
However, in the presence of superplasticizers during the synthesis, resulting ettringite was stable at pH other than 10. 
The weight loss of ettringite was reduced in solutions with pH 4, pH 9, and pH 11. The carboxylated superplasticizer 
had a greater stabilizing effect than naphthalene-based superplasticizer in both acid and basic solutions. Moreover, in 
the presence of superplasticizers, X-ray diffraction (XRD) patterns showed that the amounts of ettringite were increased 
and the secondary electron microscopy (SEM) showed that the morphologies of the ettringite crystals were larger, 
again suggesting the stabilization of ettringite. Results in this study may explain the cement-admixture compatibility 
problems due to the ettringite formation during the early hydration of cement pastes.  
 
Originality 
Cement-admixture problems have been long discussed in literature. Naphthalene and carboxylated superplasticizers 
have been found to induce different flow behaviors of the cement pastes. The former one could induce gelation at low 
superplasticizer dosages while the later one always induces dispersion. This study firstly explains those different 
dispersing behaviors by the stability of ettringite formation at early hydration age.  
 
Chief contributions 
Ettringite is associated with the early flow behavior of the cement pastes. Results of this study have shown that the 
ettringite is stabilized by the superplasticizers. The stabilization depends on both the alkalnility of the immersing 
solutions and kinds of superplasticizers. Therefore, based on the results of this study, both the cement and admixture 
companies could rapidly evaluate the cement-admixture compatibility in the future by the formation of ettringite in a 
small trial mix and take actions to mitigate the compatibility problems, such as adequate addition of alkalis to reduce 
the ettringite formation, increases of suggested dosages, etc. 
 
Keywords: ettringite, superplasticizer, stabilization, naphthalene, carboxylate 
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Mapping of mechanical properties of cement paste microstructures
1Howind T*, 1Hughes JJ, 1Zhu W

1 University of the West of Scotland, Paisley, United Kingdom
2,3Puertas F, 2,3Goñi S, 2Hernández MS, 2,3Guerrero A

2 Eduardo Torroja Institute for Construction Science (IETcc), Spanish National Research Council (CSIC),
Madrid, Spain

3 Nanostructured and Eco-efficient Materials for Construction Unit, LABEIN-Tecnalia Associated Unit /IETcc, 
Spanish National Research Council (CSIC), Madrid, Spain

4Palacios M
4 Instituto de Cerámica y Vidrio, Spanish National Research Council (CSIC), Madrid, Spain

3,5Dolado JS
5 Centre for Nanomaterials Application in Construction (NANOC), LABEIN-Tecnalia,

Bilbao, Spain

Abstract
The presented study is related to the EU 7th Framework Programme CODICE (COmputationally Driven design 
of Innovative CEment-based materials). The main aim of the project is the development of a multi-scale model 
for the computer based simulation of mechanical and durability performance of cementitious materials. 
This paper reports results of micro/nano scale characterisation and mechanical property mapping of 
cementitious skeletons formed by the cement hydration at different ages. Using the statistical nanoindentation 
and micro-mechanical property mapping technique, intrinsic properties of different hydrate phases, and also 
the possible interaction (or overlapping) of different phases (e.g. calcium-silcate-hydrates) has been studied. 
Results of the mapping and statistical indentation testing appear to suggest the possible existence of more 
hydrate phases than the commonly reported LD and HD C-S-H and CH phases.

Originality
Through the characterisation of the different calcium silicate hydrates (C-S-H) there is evidence for the possible 
presence of more than the common C-S-H and CH phases. The new phase identified could be created by the 
overlapping of outer and inner C-S-H products with outer C-S-H products during the hydration process. Similar 
observations have been made by the modellers involved in the European CODICE research project during their 
work at modelling of the hydration of cementitious materials.

Chief contributions
The composition and strength of hydrated pastes made from different calcium silicates were determined in a 
sub-micro/nanoscale scale by using the nanoindentation technique and electron microscopy. Especially the 
nanoindentation results delivered evidence for the possible existence of more C-S-H phases than commonly 
reported. It seems possible that the new phases were formed during the hydration by the overlapping of and 
outer C-S-H products.

Keywords: Cement, Nanoindentation, Mapping, Young’s modulus, Hardness 
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EFFECT OF SUPERPLASTICZER ON SILICA FUME 
 POZZOLANIC CEMENT

Magdy A. Abd El.Aziz 
Associate  prof.  of Structural Eng. .,  Faculty of Eng., Fayoum University 

ABSTRACT
Silica fume is a by-product in the production of silicon or its alloys. It is very fine material and has a surface area = 20 
m2 /gm. It is a siliceous material and contains (85-95) % SiO2 in an amorphous state. It reacts with lime in the 
presence of moisture at normal temperature to form calcium silicate.    
          The aim of the present work is to study the effect of silica fume substitution on the characteristics of ordinary 
Portland cement. Different mixes of OPC and various proportions of silica fume with and without superplasticizer were 
prepared in tap water and hydrated up to 90 days. The hydration behavior was followed by measuring the free lime and 
porosity. Also, The physico-mechanical properties of each mix were measured such as water of consistency, setting 
times compressive and splitting strengths. The results have shown that, the water of consistency increases with silica 
fume content which adversely affects the mechanical properties, especially at a high content (above 8.0 Wt., %). In 
order to improve the physico-mechanical properties of OPC-silica fume pozzolanic cement, superplasticizer must be 
added. The free lime content of blended cement pastes decreases with curing time and silica fume contents. Useful 
conclusions and recommendations concerning the use of silica fume with OPC in the production of blended cements 
were obtained. 
Key words :  Silica fume (SF), Ordinary Portland cement (OPC), Hydration behavior, Physico-  mechanical properties. 

Introduction
A material is said to be pozzolanic if it is capable of combining with calcium  hydroxide liberated on 
hydration Portland cement to form calcium silicates at  room temperature The definition implies that a 
pozzolanic materials contains a reactive silica which combine with liberated lime at significant rates relative 
to the rate of hydration of cement.(1) The use of pozzolanic cement is increasing worldwide because it needs 
less energy and low cost for production. The artificial pozzolanic cement is made by intergrinding  Portland 
cement with a portion of pozzolanic material as silica fume, fly ash and slag. (2 ) Silica fume is a by-product 
in the production of silicon or its alloys. It is very fine material and has a surface area ≈ 20 m2/gm. It is a 
siliceous material and contains (85-95) % SiO2 in an amorphous state. It reacts with lime in the presence of 
moisture at normal temperature to form calcium silicate hydrate (CSH).(3) 
Superplasticizers have been found beneficial in offsetting some of the undesirable characteristics of concrete 
used especially in hot climate. The advantages of these chemical admixtures are: lowering mixing water, 
retarding the initial and final setting, enhancing the strength and decreasing the drying shrinkage or the 
permeability.(4)  
The aim of the present study include the following: 
The effect of addition of different amounts of silica fume on the properties of ordinary Portland cement 
pastes and mortars. The hydration behavior was followed by measuring the free lime, evaporable water. 
Also, The physico-mechanical properties of each mix were measured such as water of consistency, setting 
times compressive and splitting strengths.    
The effect of adding  super-plasticiser  was studied to the last mixes to show its effect on the hydration 
characteristics  and physico-mechanical properties of the hardened cement pastes and mortars up to 90 days . 
 
2. Experimental Techniques
The materials used in this investigation were silica fume from Ferrosilicon Alloys Company   ( Edfo-
Komombo ), Aswan, Egypt  and ordinary Portland cement  provided from Beni Suef Cement Company. The 
surface area of OPC and silica fume was 3500 cm2/g, 20 m2/g  respectively. The chemical composition of 
OPC and silica fume is listed in Table 1. The dry mixes were prepared  as shown in Table (2). 
The superplasticizer was Sikament-RG obtained from Sica Egypt for chemical building material and having 
the following properties (as indicated by the suppliers) :  
Nature : liquid 
Color  : colorless 
Density: 1.19 kg/litter  
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Hydration Behaviors of Modified Steel Slag 
 

Li J.X.1, 2, Yu Q.J.*1, 2, Wei J.X.1, 2, Zhong G.1, 2 
1. School of Materials Science and Engineering, South China University of Technology, Guangzhou 510640; 
2.Key Laboratory of Specially Functional Materials of the Ministry of Education, South China University of 

Technology, Guangzhou, 510640, China 
Abstract 
This study investigates the hydration behaviors of modified steel slag(MSS) which is obtained by burning of the 
mixture of basic oxygen furnace steel slag (BOFS) and electric arc furnace steel slag (EAFS) at high 
temperature in the laboratory. The composition and structure of BOFS, MSS and hydration products were 
characterized by X-ray diffraction and Non-evaporable water.The morphological observations of hydration 
products were detected using scanning electron microscopy. The hydration heat evolution was identified by 
means of an isothermal calorimeter. The results show autoclave soundness of cement incorporating 30% ground 
MSS can meet the requirements of ASTM C 151-09. It is found that hydration products of hardened pastes 
incorporating 30% ground MSS are composed mainly of C-S-H gel, Ca(OH)2 and ettringite, while 
magnesioferrite in MSS remains stable during hydration process. In addition, one more obvious heat evolution 
peak appears in heat-flow rate curve of MSS compared with that of BOFS, which is similar to that of Portland 
cement, indicating that the hydraulic activity of MSS is improved markedly. 
 
Originality 
The presence of C3S, C2S, C4AF and C2F in steel slag makes it potentially usable as a cementitious material, but 
due to its low C3S content it gives lower hydraulic activity than typical Portland cement clinkers. Many 
activation approaches, such as mechanical, thermal or chemical methods, have been used to improve the 
hydraulic activity of steel slag. These treatments or methods, namely so called “back-end modification 
techniques”, need additional energy and chemical activators, and the modification effect varies with the 
chemical and mineral composition of steel slag. Molten basic oxygen furnace slag contains much heat and has 
good fluidity. By adding some mineral admixtures to the molten slag during steel slag’s discharging process, it 
is possible to increase the content of cementitious minerals(such as C3S, C2S and C3A) in the product, resulting 
in improved hydraulic activity. 
 
Chief contributions 
The hydraulic activity of MSS is improved markedly. The hydration process of MSS is similar to that of OPC. 
The cumulative hydration heat of MSS in the first 3 days is 3.5 times as that of BOFS. Autoclave soundness of 
cement with 30% ground MSS is improved than the reference sample,which meets the requirements of ASTM C 
151-09. RO phase has been transformed to magnesioferrite after modification and remain stable during 
hydration process.  
 
Keywords: Basic oxygen furnace Steel slag; Electric arc furnace steel slag; Modified steel slag; Hydration 
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Buffering in Cementitious Systems based on OPC 
 

1Matschei Thomas1* 
1 Product Innovation & Support (Holcim Group Support Ltd.) Holderbank, Switzerland 

2Glasser Fredrik Paul 
2 Department of Chemistry (University of Aberdeen), Scotland, UK 

 
Abstract
Following the development of an adequate thermodynamic database, a number of predictions have been made 
concerning hydrate coexistence and the predictions verified experimentally. They show that hydrated Portland cements 
-the metastable persistence of C-S-H excepted- are approaching equilibrium. If the equilibrium is perturbed, as by 
leaching or ingress of reactive ions, or by changes in temperature, a new equilibrium is rapidly reached. 
Thermodynamic calculations coupled with rate laws based on transition state theory are used to show how fast 
individual phases or phase assemblages respond to perturbation of the equilibrium states. Selected examples from the 
literature were chosen for verification. 

Changes in phase composition often occur in steps, each step being characterised by having at least one degree of 
freedom. Phase changes buffer against change; for example, portlandite, gypsum and C-S-H are very effective buffers 
in hydrated OPC paste. This realisation is in fact a great simplification in understanding the relationships between 
chemical and phase composition. 

Buffering actions also enable the mineralogy of paste and the composition of pore fluid to be greatly simplified into a 
limited number of cases. Of course the additional presence of soluble species such as (Na, K) causes the numerical 
value of the buffering aqueous concentrations to be numerically “fuzzy”. But the concept, even in simplified form, 
opens new possibilities to determine qualitatively and quantitatively the amount of phases present from the reactive 
composition.  

Originality 

The use of thermodynamic calculations allows the impact of changes in the composition of the starting materials, or 
temperature, or both, to be assessed. Thus thermodynamics is now used as a standard tool in the cement industry for 
the derivation of key performance indicators, e.g. chemically bound water, total porosity, as a function of cement 
composition and reactive fraction. Calculation has simplified quantification of the complex hydration behaviour of 
cementitious materials. So far however, calculations have been restricted to thermodynamic equilibrium states and 
kinetics is often not taken into account. We give examples relevant to hydrated Portland cements as well as to Portland 
cement based blended cements which show how thermodynamic principles, coupled with kinetic rate laws, can be used 
to simplify experiments on lab scale as well as giving a uniform framework to  interpret experimental results  

Chief contributions 

The chemical composition of a hydrated Portland cement is easily determined by modern and classical analytical 
methods but the phase composition is not so readily determined. In recent years we showed that cementitious systems 
can be treated similarly to other materials; thermodynamic laws can be applied to predict mineralogical changes as 
function of composition, temperature, etc., if certain metastable phenomena are taken into account. In fact many 
chemically complex materials, e.g. alloys, contain mixtures of metastable and stable phases and are amenable to 
conventional thermodynamic treatments with only slight modifications. However in recent years the number of 
publications based on the application of thermodynamic methods in cement science increased steadily, which shows 
that a general acceptance of thermodynamics as a tool in addition to conventional experimental methods has been 
achieved. 

Keywords: buffering systems, phase assemblages, kinetics, pore solution, aqueous chemistry 
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Mechanisms of hydration of cementitious materials at early age 
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Abstract 

 
Mechanisms concerning early hydration of alite, the principal phase of Portland cement, are still a subject of 

controversy. Many models have been proposed to explain the reactions that may take place at very early age 

but none of them have been able to reconcile all generated experimental data related to this period. It is 

nevertheless admitted that hydration of alite proceeds by dissolution-precipitation according to Le Châtelier 

principle. 

To date, major findings show that dissolution of crystals preferentially occurs at specific surface sites 

characterised by an “excess surface energy” due to local distortions of the crystallographic lattice. This 

suggests that dissolution is controlled to a certain extent by surface reactions at reactive sites that include 

point defects, dislocations, twinning and/or grain boundaries (Helgeson, 1984). 

In our studies, we were able to show the importance of the density of crystallographic defects by comparing the 

early age reactivity between an annealed sample and an untreated one by isothermal calorimetry. The 

thermally treated sample showed an important increase of the length of the induction period without any 

important change regarding the acceleratory and deceleratory periods. 

On the other side, the effect of the saturation state of the surrounding solution on the dissolution behaviour of 

alite in dilute conditions was probed using scanning electron microscopy in secondary electron mode. 

Formation of etch pits were observed in the case of high undersaturation (DI water) whereas such features 

were not observed at lower undersaturation (saturated lime conditions). The importance of the initial 

saturation state on the kinetics of hydration of alite paste undergoing various mixing process is also shown and 

confirm the importance of the dissolution process. 

These findings lead us to a novel perspective on the mechanisms governing the length of the induction or 

dormant period. 

 

ORIGINALITY: We present a novel approach based on the mechanism of dissolution derived from the field of 

geochemistry to explain the slow-down of the rate of reaction of alite at very early age. 

 

CHIEF CONTRIBUTIONS: This paper presents a study on the influence of crystallographic defects and 

solution saturation state being the main factors influencing the length of the induction period. Using different 

mixing procedure as well as different starting solution, we have been able to distinguish between transport and 

surface reactions limiting processes. 

Literature concerning these aspects remains still poorly documented in the area of cementitious systems. 

 

1. Introduction 

 
Over the last decades, two main schools of though have developed hypothesis on the cause of the 
induction or dormant period. The idea of a protective membrane has been emitted since the early 
sixties (Kantro et al., 1962, Stein and Stevels, 1962, de Jong et al., 1967, Kondo and Daimon, 1969, 
Jennings and Pratt, 1979, Brown et al., 1985, Jennings, 1986, Gartner and Jennings, 1987). This idea 
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COMPATIBILITY STUDIES BETWEEN N-A-S-H AND C-A-S-H GELS.
STUDY IN THE TERNARY DIAGRAM Na2O-CaO-Al2O3-SiO2-H2O.
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1 Eduardo Torroja Institute (CSIC), Madrid, Spain 

2Macphee DE 
2 University of Aberdeen, Department of Chemistry, Aberdeen, UK 

1Fernández-Jiménez A, 1Palomo A 
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Abstract

 Alkali-activated aluminosilicate systems are differentiated from Portland cement (PC) hydrated systems by their 
initially high alkalinity (at least a 10-fold increase in hydroxide concentration) and the absence of lime. Also, the main 
reaction product is a three-dimensional structured sodium aluminosilicate hydrate gel designated N-A-S-H instead of 
the one-dimensional calcium silicate hydrate (C-S-H) gel of PC pastes. In the search for environmental solutions to 
address CO2 emissions from PC production, dilution of the cement component by alkali-activated aluminosilicates 
begins to look a like viable option and consequently, a mixture of aluminate-substituted C-S-H gels (C-A-S-H) and N-A-
S-H gels may be expected. In the present study, the compatibility between both C-S-H and N-A-S-H gels of various 
compositions has been investigated. Compositional diagrams are provided as a guide to phase composition and the 
phase assemblages obtained under equilibrium conditions are identified. In calcium-rich formulations (Ca/Si =1.1-1.5), 
C-A-S-H and C2ASH8, together with monocarboaluminates are stables phases regardless of the Na2O content. 
However, in the lime poor part of the diagram (Ca/Si=0.35, Si/Al=1.5) an amorphous gel (N,C)-A-S-H precipitates. 
These observations are supported by direct compatibility tests on pre-formed C-A-S-H and N-A-S-H gels. In these 
cases, experimental evidence confirms that three-dimensionally structured (N,C)-A-S-H gels can be de-stabilised by Ca 
to give 2D (C,N)-A-S-H gels in suitable systems. Kinetic factors in real cements may delay this process; the co-
existence of the different gel types has already been observed in real cements. Both gels are associated with 
microstructure and strength development however, so a mixture of gel types need not be a disadvantage. 

Originality 

Phase relations in the Na2O-CaO-Al2O3-SiO2-H2O system pertaining to hybrid OPC-alkali activated aluminosilicate 
blends have not previously been studied systematically. This paper offers new insights into the relative stabilities of N-
A-S-H and C-A-S-H gel types.

Chief contributions 

The main contribution of this paper is the thermodynamic date reflecting stability of gels arising in hybrid OPC-AAA 
systems. These provide a basis for thermodynamic modelling of such systems and a predictive capability not currently 
available.

Keywords: C-S-H gel, N-A-S-H gel, compatibility,TEM-EDX, compositional diagrams
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Thermodynamic Stability of Hydrated Portland Cement Phases in the 
Presence of Barium Carbonates 
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Abstract
The present study analyzed the thermodynamic stability of cement phases in the presence of witherite and 
barytocalcite. This entailed performing thermodynamic calculations in closed systems at 25ºC based on 
the approximation of equilibrium constants. PHREEQC software, developed by the U.S. Geological 
Survey, was used throughout. The solubility product data for each compound were taken from the 
literature.  
 
The compatible phases and range of stable ionic concentrations for each phase were determined for the 
following subsystems: a) CaO-BaO-CaCO3-H2O; b) CaO-BaO-CaSO4-H2O; c) CaO-BaO-CaCO3-
CaSO4-H2O; d) CaO-BaO-Al2O3-CaCO3-H2O; e) CaO-BaO-Al2O3-CaSO4-H2O and  f) CaO-BaO-Al2O3-
CaSO4-CaCO3-H2O. The conclusions drawn were as follows. 
 

1. In the presence of portlandite, witherite and barytocalcite induce barytocalcite and calcite 
precipitation, respectively, releasing significant amounts of Ba2+ into the solution (2.95 to 25.75 
mmol/kg). 

2. Neither ettringite nor gypsum is stable with that amount of barium in the solution and both 
phases decompose in the presence of barium carbonate. 

3. In the CaO-BaO-Al2O3-CaSO4-CaCO3-H2O system, ettringite is only stable in solutions 
containing [Ba2+] ≤ 0.1176 mmol/kg, while gypsum is stable for [Ba2+] ≤ 1.469e-4 mmol/kg.  

 
 
Originality 
Portland cement mortar and concrete decay, characterized by the formation of gypsum, ettringite or 
thaumasite, may be induced by sulfate attack in materials exposed to a sulfate-containing moist 
environment. C-S-H absorption of sulfate ions during the pre-casting of concrete elements cured at high 
temperatures, with concomitant DEF expansion, has been also described. This type of damage is also 
frequently found in compact, scantly porous concretes made with SR cements. 
 
These expansive processes could be averted in Portland cements if the sulfate ion involved in the 
respective reactions were eliminated. Expansive processes could also be mitigated in cements by using a 
non-gypsum setting regulator containing an additional ion, barium, able to form an insoluble salt with 
the sulfate in solution.  
 
Chief contribution 
The study establishes the thermodynamic essentials underlying the evolution of several phases of 
hydrated cement in the presence of witherite (BaCO3) or barytocalcite (BaCa(CO3)2). This is a first step 
toward the development of a sulfate-resistant cement for underground construction using low aluminate 
Portland cement clinker containing witherite or barytocalcite as a setting regulator.  

Keywords: thermodynamic modelling, OPC, barium carbonates, sulfate attack 
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Fe-Containing Hydrates in Cementitious System
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Abstract 

Ordinary Portland cement (OPC) contains besides CaO, SiO2 and Al2O3 also 3-4 %wt of iron oxide. The aluminum oxide 

present in the cement precipitates mainly as ettringite, monosulphate or monocarbonate. However, little information exists 

about the fate of iron during the hydration of cement. The experimental identification of Fe-containing hydrates in the complex 

matrix of hydrated cement pastes is difficult with techniques like XRD, TGA and SEM/EDS. Thermodynamic modelling might 

be used to predict which Fe-bearing phases would be stable in Portland cement systems. However, solubility products of 

possible Fe-hydrates are not known. In addition, the formation of solid solutions with the Al-containing analogues phases 

could stabilize the iron hydrates.  

 

In this study, potential Fe-containing hydrates like Fe-hemicarbonate, Fe-monocarbonate, Fe-monosulfate, Fe-Friedel’s salt 

and Fe-siliceous hydrogarnet were synthesized. To study the solid solution formation, the Fe-hydrates and Al- analogues were 

experimentally synthesized from C3A(3CaO
.
Al2O3) and C2F(2CaO

.
Fe2O3) clinkers at pH=13.0 by varying the mole fraction of 

Al-end members. XRD, TGA and ESEM were used to characterize the solid phases. The compositions of the liquid phases were 

analyzed using ICP-OES/MS. The kinetic of formation was studied. At ambient temperature Fe-Ms, Fe-Mc, Fe-Hc, Fe-Si-Hg 

and Fe-Fr were found to be stable at pH 13. Both XRD and thermodynamic modelling indicated that Al-containing and the Fe-

containing hydrates may form solid solution. Based on the measured composition of the liquid phase, the solubility products of 

these hydrates were calculated using GEMS. The calculated solubility products were used together with data for other solids 

to model the hydrate assemblages of hydrated Portland cement. Based on modeled data the formation of stable Fe-Si-Hg is 

predicted in Portland cement system.  

 

The determination of the solubility products of Fe-hydrates helps to extend the thermodynamic database of cement minerals 

and establish whether and to which extent Fe-containing hydrates are stable in fresh and in leached cementitious systems. 

Characterization of the solids using different techniques improves our understanding of the properties of the hydrates. This 

information is further essential for future investigations of cement-water interaction with a view to the durability of 

cementitious materials. 

 

ORIGINALITY 

A lack thermodynamic of data for Fe-containing cement minerals exists, which limits future applications of the thermodynamic 

approach in cement chemistry. The determination of the solubility data for Fe-hydrates extends the thermodynamic database 

and enables us to calculate the processes during cement hydration more satisfactorily which will help to fill the gap of 

knowledge on the fate of iron during cement hydration. Characterization of Fe-containing solids using different techniques 

improves the understanding of the properties of the hydrates. The study helps to understand to what extent Al is substituted by 

Fe in cement systems. 

 

CHIEF CONTRIBUTIONS 

Little and rather controversial information exists about the fate of Fe-oxides during the hydration of Portland cements. The 

knowledge which Fe-containing phases will form in cementitious systems is important for a better understanding of cement-

water interactions with a view to the durability of cementitious materials and assessments related to the safe disposal of 

radioactive and hazardous wastes. 
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FORMATION OF AN INTERMEDIATE PHASE AND INFLUENCE OF 
CRYSTALLOGRAPHIC DEFECTS ON DISSOLUTION OF C3S

Bellmann F*,  Sowoidnich T, Möser B 
Bauhaus University Weimar, Weimar, Germany 

Abstract
Tricalcium silicate (Ca3SiO5, C3S) is used as a reference material to study the hydration of Portland cement. 
Thermodynamic calculations have suggested that there is a high change in Gibbs free energy during reaction of 
C3S with water. Experimental investigations show that this property of tricalcium silicate is complemented by a 
high dissolution rate suggesting a very fast reaction of C3S with water. Contrary to these considerations, a true 
induction period is observed lasting between 1 and 5 hours when C3S is mixed with water.  
Simulation calculations are used to show that a restriction of the dissolution by the presence of inhibiting ions in 
the solution is not able to induce an induction period. These computations indicate that tricalcium silicate 
should react completely within a few hours in the absence of an additional retarding effect. The presence of an 
intermediate phase containing hydrated, uncondensed silicon tetrahedra may result in a protective layer around 
anhydrous grains of C3S. Despite such a phase has been detected by 29Si NMR, its protective properties could 
not be demonstrated experimentally.  
The influence of crystallographic defect site density on hydration of C3S is studied. Restriction of dissolution by 
a low amount of imperfections was found to be unable to induce an induction period. 

Originality 
The nature of the basic reactions of tricalcium silicate with water has been studied for more than 100 years. 
Despite much progress in recent years, there is still a debate related to the origin of the induction period. 
Experimental techniques are used in this study to measure the dissolution rate of C3S samples with different 
crystallographic defect site density. The use of these data and results from isothermal heat conduction 
calorimetry reveal further evidence that an intermediate phase with protecting properties forms during the first 
seconds of C3S hydration.  

Chief contributions  
The results of this study allow a differentiation between the impacts of different factors on the induction period. 
It is shown that dissolution of the anhydrous particles is not the limiting factor in the kinetics of C3S hydration. 
Apparently, this process depends critically on nucleation and growth of hydrate phases. 

Key words: C3S, hydration, thermodynamic calculation, induction 
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Tricalcium Silicate Hydration with CaCl2: Application of the 
Boundary Nucleation Model to Quasielastic Neutron Scattering Data 
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Abstract
Tricalcium silicate (C3S) hydration in the presence of CaCl2 is followed using quasielastic neutron scattering (QENS) 
and the kinetics of product nucleation and growth are modelled using a boundary nucleation (BN) model combined 
with a diffusion-limited hydration model. The BN model, previously applied to calorimetry data of hydrating C3S/CaCl2, 
is applied to QENS data that includes components whose time-evolution does not follow that for evolved heat 
(measured using calorimetry). This work tests the BN model to describe QENS data for C3S/CaCl2 and compares the 
results with those previously published for the BN model using calorimetry. Notably, we find large differences in the 
specific nucleation rate obtained from the BN model using QENS and calorimetry data. The BN model produces 
comparable quality fits to those from the commonly-used Johnson–Mehl–Avrami–Kologoromov (JMAK) model for 
QENS data of C3S paste and a better fit to data for the C3S/CaCl2 paste. The BN model is found to support the theory 
that nucleation and growth begins at the time of mixing and proceeds with a single kinetic process. The differences in 
the calorimetry and QENS data revealed using the BN model are not reflected in the JMAK model, where good 
agreement is found between the nucleation and growth rate obtained from QENS and calorimetry data. The differences 
found using the BN model between QENS and the calorimetry data are attributed to differences in C3S samples rather 
than the experimental analysis technique. Further work is required to definitively establish this. 
 
Originality 
This work contains three principal points of novelty and significance: 

1. Application of the BN model to QENS data for hydrating C3S/CaCl2 for the first time, and comparison of results 
using the BN model obtained using calorimetry and using QENS. Our results reveal significant differences in 
one of the kinetic parameters of the BN model between the calorimetry and QENS data, that are not identified 
using JMAK. These are tentatively attributed to differences in C3S samples rather than the experimental 
analysis technique, however, further work is required to definitively establish this.  

2. Exploration of the kinetics of a hydrating C3S/CaCl2 system by the BN model through coupling with a second 
model describing the diffusion-limited kinetic regime. 

3. Extending the range of systems explored by the BN model by applying it to QENS data – this work represents 
the second time that the BN model has been used to interpret QENS data of any hydrating cementitious system. 
This is important as QENS measures part of the hydration process not measurable by calorimetry.  

Chief contributions 
The widely used JMAK (Johnson–Mehl–Avrami–Kologoromov) nucleation and growth model relies on the assumption 
that nucleation is spatially random. This is known not to be true for cementitious matrices where nucleation occurs only 
at surfaces. An alternative boundary nucleation (BN) model was previously applied to calorimetry data and the results 
suggest that nucleation and growth begin at the time of mixing. The originality of the work being presented here lies in 
comparing results of the BN model for hydrating C3S/CaCl2 obtained using QENS with those obtained previously using 
calorimetry, although this also represents the first time that the BN model has been coupled with the diffusion-limited 
hydration model to analyze QENS data for hydrating C3S/CaCl2 The JMAK model shows no difference between the 
effect of CaCl2 using calorimetry or QENS data, however, the BN model reveals significant difference in the hydration 
kinetics, which is attributed to the C3S type rather than the technique of analysis. Further work is in progress to verify 
this,  
 
Keywords: Tricalcium silicate, Hydration, CaCl2, Neutron scattering  

                                                 
* Corresponding author: Email vanessa.peterson@ansto.gov.au
 



322 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

M-4

T-5

W-6

TH-7

F-8

AREA 5 - Short Presentations 09:45-10:45 / 6 July Paper 683

Does applied stress affect Portland cement hydration? 
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Abstract 
In this contribution the effect of applied non-hydrostatic stress on the degree of hydration of Portland cement paste with 
high w/c-ratio is investigated. Small samples (5×5×6 mm) were loaded at a stress level of 0.4 times the compressive 
strength at an age of 7 or 28 days. Before and after 100 days under load, the degree of hydration (α) of the stressed and 
reference load-free samples was measured by SEM image analysis and thermogravimetric analysis (TGA). Even though 
all samples were sealed, sample drying and possible carbonation occurred during the creep tests and this complicated 
elucidating the effect of applied stress on α. SEM image analysis of unhydrated cement showed that α of samples loaded 
at 7 days age was 2-3% lower than the one in the corresponding load-free samples after 100 days. This negative effect 
of applied stress on α was not confirmed by TGA measurements, probably because carbonation or another chemical 
reaction reduced the calcium hydroxide content. Non-hydrostatic thermodynamics predicts that applied non-hydrostatic 
stress has a much smaller effect on cement solubility than hydrostatic pressure (by 3 orders of magnitude). Applied non-
hydrostatic stress is therefore not expected to significantly increase the driving force of cement dissolution. The 
observed stress-induced reduction of α is explained by a reduced precipitation rate of calcium hydroxide on the stressed 
surface of pre-existing calcium hydroxide crystals. 
  
 
Originality 
The accelerating effect of hydrostatic pressure on (Portland) cement hydration, relevant for the case of oil-well 
cements, has been well established. The effect of applied non-hydrostatic stress on cement hydration, the topic of this 
paper relevant for loaded concrete at ambient pressure, has only poorly been studied and remained unclear. The 
existence of a non-hydrostatic stress effect would have implications for constitutive modelling of creep, strength, and 
stress-corrosion of concrete under load including aging effects. By using a combination of two experimental techniques 
the problem is reassessed here, and the results are compared to what is thermodynamically expected for load levels at 
which microcracking is believed to be unimportant. 
 
 
Chief contributions 
The results of this research suggest that applied non-hydrostatic stress slows down Portland cement hydration. This is 
in apparent contradiction with earlier reported results. This contribution could motivate further research into the effect 
of applied stress on cement hydration. 
 
 
Keywords: Cement hydration, Creep, SEM image analysis, Thermogravimetric analysis 
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Analysis of chemical shrinkage experiments on blended cement paste via a 
coupled thermodynamic/kinetic hydration model 

1Guillon, E.1*
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Abstract
In response to the pressing need to reduce global CO2 emissions, Lafarge, the world’s leading building materials 
producer, is increasingly offering concretes containing high contents of supplementary cementitious materials (SCMs). 
Since these materials have a different chemistry and microstructure compared to Portland cement, current 
performances indexes (such as durability indicators) based on Portland cement concrete may not be fully applicable. 
To predict the final properties of these materials, new performance tests and models must be developed. These models 
require quantitative information on the microstructure of cement paste, the most essential being porosity, hydrated 
cement paste phase composition, and pore solution chemistry. This paper describes a computationally efficient model 
of cement and SCM hydration that can adequately predict these first-order microstructural descriptors, while still 
capturing the chemical and physical complexity of the blended systems. 
Our approach is based on two modules running sequentially: a kinetic module, which determines the evolution of all 
anhydrous phases, and a speciation module which determines the phase assemblage according to the degree of 
reaction of anhydrous phases. The kinetic module is based on an enhanced version of a semi-analytic particle model, 
and aims to reproduce the complexity of hydration phenomena in cement-based materials. It considers chemical effects 
(dissolution of anhydrous species, diffusion through hydrate barrier) as well as physical effects (self-desiccation, solid 
phase percolation, interaction between phases) for each species (i.e. C3S in clinker) in each particle. The speciation 
module, capitalizing the latest thermodynamical data in the literature, evaluates the pore solution composition and the 
hydrate assemblage. Effect of the hydrate deposition on kinetics is also considered. 
Chemical shrinkage characterization is a convenient technique to continuously follow the hydration of blended cements 
without big equipments but this method, like isothermal calorimetry, is not able to directly deduce a hydration degree 
of these cementitious phases. Our model has been used to simulate such experiments. By adjusting dissolution rate of 
SCMs and under given assumptions on physical properties of C–S–H, we successfully reproduced some experiments 
and estimated the hydration degree of slags. The accuracy of physical data of C–S–H phases becomes crucial in order 
to insure confidence in estimated hydration degrees. 

Originality 
The originality of this work resides in the development of a hydration model which has been specifically designed to 
provide the essential microstructural input data for predicting final properties of cement-based materials. This 
represents a subtle shift in the current directions of cement hydration models, which have either been focused on the 
very early age (where kinetics can be described by nucleation and growth) or on the simulation of 3D microstructures. 
We argue that the latter approach, while giving rich information, is rarely fully exploited to predict mechanical 
properties such as strength and Young’s modulus. In many cases, and to a first-order degree, volume fractions are 
sufficient in estimating properties. 
By focusing on the prediction of first-order microstructural indicators, we are thus able to perform simulations in 
under a minute on an ordinary PC. At the same time, even if the complete 3D microstructure is not explicitly modelled, 
we have integrated the complexities on hydration kinetics introduced by chemical variations in starting materials, as 
well as by physical phenomena such as self-desiccation. This permits modelling of systems covering a wide range of 
compositions and curing conditions. 

Chief contributions 
This work highlights two main contributions. First, we have developed a model to fill a real need, which is to be able to 
quickly provide the necessary and sufficient microstructural input data for modelling properties of cement-based 
materials. Our approach, which focuses on first-order parameters, captures nevertheless the complexity of cement 
hydration by predicting the evolution of each anhydrous and hydrated phase. We have validated our model on several 
systems, starting from pure phases to pastes containing blends from 8 hours to final hydration. 
 Second, we have developed an integrated experimental methodology to quantify degree of hydration and volume 
fractions of all phases in a hydrated cement paste. The synergies of this experimental approach with the development of 
the model will be demonstrated in the paper. 

Keywords: hydration, modelling, blended cements, chemical shrinkage, C–S–H 

1 Corresponding author: Email emmanuel.guillon@lafarge.com Tel +33474828051, Fax +33474828000 
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Model for equilibrium, surface chemistry and interface properties of 
hydrates in the CaO-SiO2-Al2O3-H2O system

Haas J1, Pochard I, Nonat A 
ICB UMR 5209 CNRS, Université de Bourgogne, Dijon, France

Abstract
Ordinary Portland cement is being increasingly replaced by blended cements, where part of the clinker is 
replaced by secondary cementitious materials (SCM) such as blast furnace slag or fly ash. Many SCMs contain 
alumina. The speciation of this alumina in hydrates is not well understood. Aluminium can substituate silicon  in 
C-S-H or forms hydrates such as strätlingite (C2ASH8) or siliceous hydrogarnets (C3ASXH6-2X with 0.2<x<0.4 or 
0.6<x<1) phases. It is well-known that setting and hardening of cement is due to interactions between the 
hydrated particles formed. Therefore, the performance of these blends, for instance in terms of strength 
development and durability will depend on the ability of the hydrated particles formed to interact with each 
other. If consistent performance of these blended cements is to be addressed, more emphasis must be placed on 
investigating the surface chemistry and the interparticle interactions of these hydrates in solutions 
representative of cements pore solutions.
The first step was to synthesize hydrates in the CaO-SiO2-Al2O3-H2O system in an alkali free environment to get 
a thermodynamic model taking into account the phase assemblage and the surface chemistry of the hydrates.
Hydrates and solutions were characterized at equilibrium to obtain all specifications needed. For this purpose, 
the ionic composition of the equilibrium solutions were completely described by ICP-OES and pH 
measurements. The solids were characterized by classical methods (XRD. The surface chemistry and colloid 
properties of the hydrated particles depending on the bulk conditions were studied by means of electrophoresis 
and electroacoustic.

Originality
One of the interests of this work is to deal with an emerging challenge of main importance, i.e. the reduction of 
clinker content in the framework of CO2 avoidance. This work is also relevant concerning both the 
thermodynamic approach of hydrates suspensions. But the main originality is the colloid chemistry approach 
(description of surface chemistry, solid/solution interface) which is still rare in the field of cement chemistry.

Chief contributions
The main contribution of this work is the definition of thermodynamical models to describe hydrates phase 
assemblages in the CaO-SiO2-Al2O3-H2O system. 

Keywords: C-A-S-H, C-S-H, thermodynamic modelling
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Thermodynamic Modeling of Compositional Variations of an Ordinary 

Portland Cement and Their Effect on the Phase Changes Under Sulfate 

Attack 

Kunther, W.∗ 

Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Concrete and 

Construction Chemistry, Dübendorf, Switzerland 

Lothenbach, B.
 

Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Concrete and 

Construction Chemistry, Dübendorf, Switzerland 

Ben Haha, M.
 

Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Concrete and 

Construction Chemistry, Dübendorf, Switzerland 

Scrivener, K.
 

École Polytechnique Fédérale de Lausanne, Laboratory for Construction Materials, Lausanne, Switzerland 

 

Abstract: The resistance against sodium sulfate attack of an ordinary Portland cement with different calcium 

sulfate and silica fume contents is investigated. Mortar and paste samples were produced and exposed to a 

sodium sulfate environment. In the cements, which contain silica fume, less ettringite and gypsum precipitate 

and less expansion of the mortar bars is observed. Thermodynamic calculations support these experimental 

findings. The moderate addition of gypsum to the ordinary Portland cement also results in less ettringite 

formation during sulfate attack and in a reduced expansion as was expected from thermodynamic calculations. 

Originality: No study is available, which compares systematically the influence of different initial calcium 

sulfate and SiO2 contents on the experimentally determined phase assemblage of an OPC under sulfate attack 

and with the results of thermodynamic modeling. 

The coincident of both aspects (systematic variation and modeling) enables a better understanding of the 

important processes under sulfate ingress. The experiments are close to standard laboratory conditions but the 

gained insights will also be helpful when more complex environmental conditions are investigated.  

Chief Contributions: This systematic study compares the influence of different initial gypsum and SiO2 contents 

on the changes in the experimentally determined phase assemblage of an OPC under sodium sulfate attack with 

calculated phase assemblages providing new insights on the mechanism of sodium sulfate attack. The phase 

compositions are characterized experimentally and compared with each other and with thermodynamic 

calculations. 

Key Words: 

Sulfate attack, thermodynamic modeling, leaching 
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 1 

Impact of calcium nitrite corrosion inhibitor on the constitution of cement 

hydrates exposed to chloride. 

 
M. Balonis-Sant*, F.P. Glasser 

 
Department of Chemistry, Meston Building, University of Aberdeen, Aberdeen,  

AB24 3UE, Scotland, UK 
 
 

Abstract 

Calcium nitrite acts as a corrosion inhibitor for embedded steel. Additionally it is used as an accelerating admixture to 
increase early strength development or counteract slow strength gain of concrete in cold conditions. Hydrated cements 
contain mainly portlandite and a gel-like phase, a calcium silicate hydrate termed C-S-H while the alumina combines 
with water and calcium, etc. to form AFt and AFm phases. Experimental work was undertaken to determine the impact 
of calcium nitrite. It strongly interacts with AFm.  
The layered double hydroxide corresponding to Ca4Al2(NO2)2(OH)12·4H2O, was synthesized and characterised by XRD 
and TG/DTG. Solubility was determined experimentally. Ion concentrations were measured after several months of 
equilibration (water/solid ratio around 30). Ionic speciation and log Ksp was calculated using the GEMS-PSI code. 
Thermodynamic modelling was applied to predict phase changes from added Ca(NO2)2. A key purpose of the 
calculation was to determine the binding power of AFm for nitrite in competition with sulfate, carbonate and chloride 
at the high pH characteristic of cement. Relevant experiments on phase assemblages were performed to verify 
thermodynamic predictions.   
The implications for retention of nitrite in cement undergoing attack in service environments are presented. Cements 
containing nitrite exhibit ‘smart’ behaviour. Nitrite can be stored within the AFm phase even in competition with 
hydroxide, sulfate and carbonate but is released in response to chloride ingress: chloride displaces nitrite from the 
AFm and is bound in by forming Ca4Al2Cl2(OH)12·4H2O (Friedel’s salt). Nitrite ions thus released are concentrated in 
the aqueous phase and result in increased [NO2

-]/[Cl-] ratio which is important to assure that steel reinforcements 
remain passivated. This mechanism is described and quantified and suggestions for optimising its ‘smart’ behaviour 
are made. 

 

Originality 
There is lack of quantitative characterization data regarding nitrite in cement hydrates in the literature and purpose of 
the present study was to address this lack and simulate the availability and retention of nitrite in cement pastes in 
competition with hydroxide, sulfate, carbonate and chloride.  
 

Chief contributions 
Ca(NO2)2 is a soluble salt and might be expected readily to leach from cement, thus giving rise to concerns that it could 
be a transient component of the cement. We reported a broader study of the chemical-mineralogical impacts of nitrite 
on cement. Nitrite can be stored within the AFm phase. It was discovered that nitrite AFm behaves as a ‘smart’ 
material, releasing nitrite only in response to chloride ingress and keeping system within the envelope of passivating 
conditions. The storage capacity of cement systems for nitrite which is influenced by design of the cement system was 
evaluated by calculation. 
 

Keywords: AFm phases, Thermodynamic modelling, Equilibrium, Gibbs free energy, Calcium nitrite 
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A Coupled Thermodynamic Phase Equilibrium – Multi Species Mass Transfer 
Model Capable of Reproducing the Combined Action of Chloride attack and 

Carbonation 
 

1Hosokawa Y* 
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2Yamada K 
2 Taiheiyo Consultant Co. Ltd, Sakura, Japan 

3Johannesson B  
3 Department of Civil Engineering (Technical University of Denmark), Copenhagen, Denmark 

4Nilsson L-O  
4 Division of Building Materials (Lund Institute of Technology), Lund, Sweden 

 
 
 
Abstract 
In the combined degradation process of concrete by the chloride penetration and carbonation, chloride ions bound by 
the cement hydrates become free after carbonation and concentrate at the carbonation front. Thus, it may cause more 
severe damage of reinforcement than when the chloride attack and carbonation occur independently. Standard mass 
transport model cannot reproduce such a complicated behavior caused in the hardened cement by the combined 
degradation because the target of analysis in those models is either Cl or CO2 penetration. The aim of this study is to 
develop a model which reproduces the changes in phase composition with the combined process of chloride attack and 
carbonation. The model to be described consists of a mass transfer model combined with a thermodynamic phase 
equilibrium model. The mass transfer model calculates the transfer of aqueous species in pore solution and CO2 in the 
gas phase of the concrete pores. The thermodynamic model provides the phase composition at each spatial position of 
considered domain of the hardened cement using the PHREEQC program. By coupling the chemical module with the 
mass transfer part, the temporal change of phase composition in hardened cement paste caused by the penetration and 
the chemical action of the external deteriorating factor can be numerically reproduced. It is noted that the relative 
humidity of the pores of the concrete has an impact on the progress of carbonation, that is, the penetration speed of 
CO2 gas changes with the moisture content of hardened cement. In the calculation processes of the model, the 
penetration speed of CO2 gas is controlled based on the numerically determined moisture content associated with the 
particular relative humidity using the moisture sorption isotherm of the material. However, the moisture transfer is not 
taken into account, and accordingly, it is assumed that the inner relative humidity of the hardened cement is always in 
balance with the outer one and the moisture content of the hardened cement does not change during the carbonation 
process. The consideration of the moisture transfer is an issue for future research. For the verification of the model, 
concrete specimens containing a given amount of chloride were carbonated under controlled conditions in the 
laboratory. The comparison of calculation results obtained by the model and the experimental results confirmed that 
the model can reproduce the experimentally measured concentration profile of chlorides.  
 
Originality 
The originality of this study is the development of a novel model by coupling three different separate models: 
thermodynamic phase equilibrium model, multi-species mass transfer model and moisture transfer model, and to 
reproduce the release of chloride, the reduction of pH value and the variation of solid phase composition, all which are 
caused by the combined deterioration of chloride attack and carbonation. 
 
Chief contributions 
Recently a wide variety of deterioration prediction models has been developed. However the development of the model 
to predict the degradation behavior caused by the combined deterioration of chloride attack and carbonation has not 
been treated in a thermodynamically detailed manner before. As the combined deterioration always occurs in actual 
concrete structures, this study contributes to the development of a performance-based design considering the combined 
deterioration. 
 
Keywords: Mass transport, Multi-species diffusion, thermodynamic phase equilibrium, Combined degradation, 
Chloride attack, Carbonation 
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Anion-exchange reaction of Friedel’s salt between Cl- and SO4
2- or CrO4

2- 

1OHYA, J.1*,
1HIRANO, M., 1SANGO, H. 

1 College of Science and Technology, Nihon University, Chiba, Japan 
2SAKAI, E. 

2 Graduate Schools of Science and Engineering, Tokyo Institute of Technology, Tokyo, Japan 

Abstract
Hydrocalmite is one of the hydrates formed from various calcium aluminates, and this phase is composed of 
a positively charged main layered [Ca2 (Al, Fe) (OH) 6] + and a negatively charged interlayer [X-·nH2O] 
where X denotes one formula unit of a monovalent charged anion or half a formula unit of a divalent 
charged anion. Many different anions can serve as X. This hydrocalmite is kinds of a layered double 
hydroxide (LDH). There are many researches about the anion-exchange reaction on a hydrotalcite-like 
compound such as Mg-Al-OH systems. It has been little quantitatively-assessed about the anion-exchange. 
In this report, the anion-exchange selectivity between divalent anions such as SO4

2- or CrO4
 2- and Friedel’s 

salt is examined. Friedel’s Salt is synthesized from 3CaO·Al2O3, CaCl2 and water. The starting material is a 
mixture of 3CaO·Al2O3 and CaCl2 in molar ratio of 1:1, and water to powder ratio is 0.6 in mass. This 
synthesized Friedel’s salt and CaSO4·2H2O or CaCrO4 are mixed with water. The mixing ratios of 
CaSO4·2H2O or CaCrO4 to Friedel’s salt are from 0.25 to 3.5 in molar ratio. The volume of water to the 
powder is 20 mm3 to 1 mg, and the dipping time is 2 weeks. By the addition of CaSO4·2H2O, ettringite 
([Ca3Al (OH) 6·12H2O] 2·3(SO4) ·2H2O) is formed. The amount of ettringite is increased with increasing the 
additive ratio of CaSO4･2H2O; on the other hand, Friedel’s salt is gradually decomposed. When the 
addition ratio of CaCrO4 to Friedel’s salt is below 1.00 in molar, hydrocalmite containing CrO4

2-(Ca4Al2
(OH) 12·CrO4·8H2O) is formed. In these cases concentration of Cr in solution phase is below 
0.5×10－3mol·dm-3.When the addition ratio of CaCrO4 to Friedel’s salt in molar is above 1.00, hydrocalmite 
containing CrO4

 2- is formed. However, Kuzel’s salt and Friedel’s salt is not determined by XRD. When the 
additive ratio of CaCrO4 is above 2.00, concentration of Cr in solution phase is above 1×10－2mol·dm-3, and 
ettringite containing CrO4

2-([Ca3Al (OH) 6.12H2O] 2·3(CrO4) ·2H2O) is formed 

Originality
-Hydrocalmite composed by hydration of Calcium Aluminates is quantitatively assessed about anion-
exchange.
-The influence of CaSO4·2H2O or CaCrO4 on the stability of Friedel’s salt is investigated. 
-The anion exchange selectivity of Friedel’s salt under the coexistence of the divalent anions such as SO4

2- 

and CrO4
 2- is examined. 

Chief contributions 
-Clarification of anion exchange mechanism of hydrocalmite 
-Application as heavy metal ion adsorbent of Friedel’s salt, calcium-aluminate hydrates and calcium- 
Aluminates

.
1 Corresponding author: Email ooya@chem.ge.cst.nihon-u.ac.jp Tel & Fax +81-47-469-5308
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Determination of Ca2+ and OH- Ions at Very Early Stage 
of Hydrating Cement Paste 

1Hošková Š.* 
1Department of Physics, Faculty of Civil Engineering, Czech Technical University in Prague, 

Thákurova 7,166 29 Prague 6, Czech Republic  
1Tichá P, 1,2Sveshnikov A.M., 1Rollová .J.

2Institute of Physics, Academy of Sciences of the Czech Republic, v.v.i. Cukrovarnická 10,  
162 53, Prague 6, Czech Republic

Abstract 
When commonly used Portland cement is mixed with water, the intensive exothermic chemical reactions start 
followed by massive release of hydration heat. Chemically, tricalcium (resp. dicalcium) silicates react with 
water to produce calcium silicate hydrates, calcium hydroxide, ettringite and other minor products. Further 
setting of this system is then associated with hydration of the two calcium-based constituents. 
At a very first stage of evolution, the clusters of a new phase – portlandite – start to form via nucleation within 
setting system, followed by formation of ettringite and basic hydrates. To nucleate clusters of Ca(OH)2, 
sufficiently high level of concentrations of calcium ions, Ca2+, and hydroxide ions, OH-, have to be reached.  
Our contribution is addressed to determination of concentration of the above building units (i.e., Ca2+ and OH- 

ions) using novel chemical method. For example, applying EDTA solution with following indirect Ca2+

determination titrated with Mg2+ ions in Schwarzenbach buffer medium allows to determine Ca2+ concentrations 
for different times. Similarly, concentration of OH- ions has been determined by titration method using HCl acid.  

Originality 
The reliable determination of concentration of Ca2+ and OH- in hydrating cement paste is impossible without 
stopping of the hydration. We propose a new procedure for both stopping the hydration and determination of the 
concentration of Ca2+ and OH-   ions. 

Chief contributions 
Time dependence of concentration of Ca2+ and OH-   ions is measured for different w/c ratio.

Keywords: Hydrating cement paste, Early stage of hydration, Concentration of free Ca2+ and OH- ions.  

Corresponding author: Email hoskova@fsv.cvut.cz    Fax +420 233333226 





-ORAL COMMUNICATION-

AREA 6
Modelling





XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 335

AREA 6 - Oral CommunicationSession 21 / 7 July / 16:15-18:30                   Paper

M-4

T-5

W-6

TH-7

F-8

459

1 
 

The C-S-H gel formation understood by Atomistic Simulation Methods 
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Abstract 
The amorphous C-S-H gel, acronym of Calcium Silicate Hydrated gel, is undoubtedly the most important component of 
the cement paste. Cement mechanical properties, durability, chemical stability, and engineering properties such as 
creep or shrinkage have been demonstrated to depend strongly on the C-S-H gel behavior. Therefore, an intensive 
experimental effort has been made to study the properties and behavior of the C-S-H gel, with special focus on the 
nanoscale. The actual state of the art describes the gel as a nanogranular material, where some nano-sized particles 
that coalesce to form the C-S-H matrix. Many aspects of the C-S-H gel remain obscure, as the real composition and 
structure of the particles, the interaction between them, many of their properties, and their formation mechanism. 
Precisely this last point is of great interest, as it might be the key to understand aspects like the cement hydration or the 
C-S-H gel nanoparticles structure, and hence, their properties. Most of the insight on the C-S-H gel formation comes 
actually from studies on the hydration of clinker phases. The hydration process under different conditions – and its 
retardation or acceleration – can be indirectly related to the C-S-H gel formation due to the necessary chemical 
equilibrium between the pore solution and the solid phases. However, the amorphous nature of the gel and the complex 
hydration kinetics make a difficult task a precise and direct investigation of its nucleation and growth mechanisms. In 
this work we take advantage of atomistic simulation methods to study in deep the formation of the C-S-H gel from a 
very fundamental point of view. Atomistic simulation methods are not a traditional tool in cement research. 
Nevertheless, they have proof in the last years that they can be an excellent complement to the experiments in order to 
understand the characteristics of the material at the atomic- and nano-scales. Here we investigate the C-S-H gel 
formation using a combination of different atomistic simulation methods, supporting our results with recent 
experimental findings. We propose a model for the nucleation and growth of the C-S-H gel which can be fully 
integrated with the clinker hydration process, as well as with the microstructure development and cement paste aging. 
 
Originality  
The C-S-H gel formation has been previously studied by means of different experimental techniques, either direct, such 
as SEM and TEM, or indirect, such as DSC, NMR spectroscopy, or IR spectroscopy. However, the hydration complexity 
and heterogeneity makes very difficult the characterization of the real chemical reactions and structures formed during 
the process. Although the already mentioned complexity is also a drawback for atomistic simulation, all the variables 
can be controlled more precisely in the simulation, and very detailed processes can be studied. This is the novel 
approach adopted here, combining different levels of theory, from force-field to ab-initio calculations, to the 
investigation of the C-S-H gel formation. Up to the authors’ knowledge, such a study has been never carried out, and 
therefore the originality is beyond any doubt. The suggested model will improve the actual C-S-H gel knowledge. In 
fact, the application of atomistic simulation methods in cement research is itself a novel approach to the problem. Only 
a couple of groups have worked in the past with such methodology, although the relevancy of the obtained results 
increased the interest of the community in atomistic simulation as a complementary tool to the experiments.  
 
Chief Contributions 
The obtained results will contribute directly to the understanding of the C-S-H gel formation. Despite the great effort of 
the community in the last years, non-conclusive results have been reached. We expect from our results to clarify the 
problem, building a consistent model for the C-S-H gel nucleation and growth. Furthermore, the result could be related 
to other aspects as the hydration process and the C-S-H gel structure.  
 
Keywords: C-S-H gel, nucleation, growth, atomistic simulation, reaxFF, hydration reactions 
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Evaluation of microstructure and transport properties of hydrating cement 
paste using micro-CT image 
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Abstract
X-ray computed microtomography (micro-CT) was utilized to obtain three- dimensional (3D) images of the hydrating of 
cement paste with water-to-cement (w/c) ratio at different ages, i.e., 1, 3, 7 and 28 days. On the basis of the gray level 
histogram of microtomography images, the phase threshold values for each specimen were determined. The component 
phases of the cement paste such as pores, hydration products and unhydrated cement particles were identified from 
each other. The volume fraction of pore and degree of hydration of the specimens at different curing ages were 
estimated from the image analysis and compared with the experimental data measured by mercury intrusion 
porosimetry (MIP) tests and loss-on-ignition (LOI) tests respectively. Furthermore, the degree of pore connectivity was 
analyzed based on cluster-labelling technique. Finally, transport properties, e.g. diffusivity of tritiated water of each 
specimen was estimated and compared with the experimental results obtained from the literature. The results derived 
from image analysis show a reasonably agreement with the measured results, which indicates that micro-CT is a 
reliable and suitable technique to characterize the microstructure evolution of hydrating cement paste. The obtained 
microstructure can be used to estimate the transport properties of cement-based materials. 
 
Originality 
X-ray computed microtomography as an innovative and non-invasive 3D imaging technique is utilized to acquire the 
3D microtomography images of hydrating cement paste by second author of this study. The spatial resolution is 0.5 
µm/voxel. To our knowledge, it is the highest resolution of lab-based CT image in the study of cement-based materials 
up to now. Based on the microtomography images, the image analysis is carried out. The estimated characteristics of 
hydrating cement paste such as porosity and degree of hydration are validated with the experimental results. In 
addition, the relationship between the measured microstructure and transport property of hydrating cement paste is 
studied.  

Chief contributions 
In view of the crucial importance of transport properties of cement paste to the durability assessment and design of 
cement-based materials, it is of great practical significance to predict the transport properties. Transport properties 
are intimately related to the microstructure. Therefore, it is of importance to investigate the microstructure of cement 
paste firstly. The study presented herein represents the measured microstructure by using X-ray microtomography at a 
high spatial resolution. Furthermore, the microstructure-based prediction of transport properties of cement paste is 
carried out. The predicted results can be used as input to determine the transport properties of mesoscale 
mortar/concrete based on the further unpscale modeling and used by civil engineers and designers to assess the 
durability and predict the service life of structures.    

Keywords: X-ray computed microtomography, Microstructure, Transport property, Cement paste
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Modelling of guest-ion incorporation in alite and belite and 
the hydroxylation of their surfaces by periodic  

Density Functional Theory calculations 
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Abstract 
 
In this work we utilize periodic Density Functional Theory (DFT) calculations to predict site preferences and guest-ion 
substitution schemes in the principal anhydrous phases of Portland cement, i.e., alite (Ca3SiO5), belite (Ca2SiO4). The 
calculations are performed by introducing guest atoms in an extended unit cell of the cement phase, followed by a 
lattice energy minimization. The precision of this approach, the size of the asymmetric unit after introduction of the 
guest-ions, and the cut-off energies in the DFT calculations have been examined and optimized for the coupled 
substitution of Si4+ and O2– by Al3+ and F– in β-Ca2SiO4. The results from these optimizations have formed the basis for 
studies of guest-ion incorporation in the larger asymmetric unit of triclinic Ca3SiO5 (162 atoms). The preferential 
substitution of Al3+ ions into specific Si sites of the nine structurally different sites is examined by evaluation of the 
stabilization energies. The replacement of Si4+ by Al3+ is charge-balanced by substitution of O2– by F– and it is 
demonstrated that the fluoride ions are preferentially incorporated in the interstitial oxygen sites of the Ca3SiO5 
structure, i.e., the oxygen sites not involved in covalent Si–O bonds. This result is in accord with recent 19F and 29Si 
MAS NMR experiments. It is found that the replacement of Si4+ by B3+ in belite results in a trigonal boron site, achieved 
by the breaking of the B–F bond in the BO3F unit. Finally, the DFT approach has also been used to study the 
interaction between a water molecule and the surface of alite and belite. For alite the calculations show a significantly 
lower energy for the reaction of H2O with the interstitial oxygen sites as compared to the covalently bonded oxygens of 
the SiO4 tetrahedra. Thus, H2O donates H+ to the interstitial oxygen while the remaining hydroxyl group is ionically 
bonded to Ca2+ ions at the surface. 
 
Originality 
 
The incorporation of guest ions in the principal anhydrous phases of Portland cement has an important impact on 
several chemical and physical properties of cement including its reactivity. Generally, it is difficult to obtain structural 
information about the local environments for the guest-ions, primarily as a result of their low concentration. In this 
work we report the first investigation on the applicability of periodic density functional theory (DFT) calculations to 
predict site preferences and guest-ion substitution schemes in alite (Ca3SiO5) and belite (Ca2SiO4) and to study the 
initial steps in the hydrolysis of the surface of alite and belite.  
Atomistic modelling of cementitious systems is dominated by force-field calculations, using classical empirical 
potentials for the electrons and charged particles, which have the advantage that very large systems can be considered. 
However, in the description of bond-forming and bond-breaking chemical reactions or of changes in coordination type, 
quantum chemical approaches are required. In comparison with ab initio quantum mechanical calculations, generally 
used for precise calculations of the electronic properties of low molecular systems in the gas or liquid phase, the DFT 
approach is less stringent in the description of the individual electrons, allowing larger units of atoms to be studied. 
 
Chief Contributions 
 
The present work shows that periodic DFT calculations can provide useful structural information about site 
preferences and guest-ion substitution schemes in alite and belite, as demonstrated by the coupled substitution of Si4+ 
and O2- in alite by Al3+ and F- ions. For the incorporation of boron in alite and belite, the DFT structural optimizations 
show that the B3+ ion in the substituted Si site (i.e., BO3F) cannot preserve the tetrahedral structure but transforms into 
a trigonal planar structure of a BO3 unit. This illustrates the ability of the DFT approach to cope with the breaking of 
bonds. Information on bond breaking and bond formation is also demonstrated in studies of the interaction of a water 
molecule with the surface of alite and belite. The present study shows that DFT represents a strong tool in predicting 
guest-ion substitution schemes in silicate phases. Thus, this approach may advantageously be used to achieve structural 
insight prior to more extensive and time-consuming experimental studies in the laboratory. 
 
Keywords: Periodic DFT calculations, guest-ion incorporation, alite and belite, hydrolysis reaction. 
_____________________ 
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First principles calculations of anhydrous cement clinker phases 
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Abstract 

Theoretical first principles calculations using quantum mechanical descriptions of the electronic structure and atomic 

interactions are becoming increasingly popular to describe the structural and thermodynamic properties of inorganic 

materials. In the case of the anhydrous cement clinker phases, the main interest lies in the incorporation of guest ions 

(Mg
2+

, Al
3+

, Fe
3+

, S
6+

,...) and their impact on the chemical and physical properties of the final product. Due to the low 

concentrations, it is difficult to obtain reliable structural and thermodynamic data experimentally. Ab-initio 

calculations using the DFT (Density Functional Theory) approach with a linear augmented plane wave basis set can be 

used to study the electronic structure of crystalline materials and to derive the total energy as well as spectroscopic 

information. This calculated data can then be used to decide if adequate experiments can be performed for validation. 

In this contribution, we report first results on total energy calculation using VASP (Vienna Ab-initio Simulation 

Package) of pure compounds (Ca-silicates, Ca-aluminates in all relevant structural modifications) and on Mg
2+

 

substitution in γ-Ca2SiO4. The calculated values agree well with the known experimental thermodynamic and structural 

data. 

 

Originality 

The contribution is in the scope of Area 6 (Modelling) of the conference. First principles calculations are used to derive 

relevant thermodynamic data of anhydrous cement clinker phases. In order to validate the approach, the main clinker 

phases were chosen and the calculated data was compared to available experimental values. Mg substitution in Ca-

silicate was studied in a second step. No relevant enthalpy of mixing data exists for this substitution and the ab-initio 

calculations allow to derive this important missing data. 

 

Chief contributions 

First principles calculations were used to determine thermodynamic properties of anhydrous cement clinker phases 

with respect to the simple oxides and to simulate the energetic contribution and mechanism of Mg substitution in 

Ca2SiO4. This was never reported before in the literature. Our positive results encourage to perform more calculations 

to simulate minor element incorporation.   

 

 

Keywords: ab-initio calculations, thermodynamics, anhydrous clinker phases 
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Molecular Understanding of Directional Surface and Interface Tensions 

of Gypsum and Calcium Sulfate Hemihydrate 
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Abstract 
Determination of the surface energy of crystallographic planes in gypsum (CaSO4 ·2H2O) and calcium 

sulfate hemihydrate (CaSO4 · 0.5H2O, Plaster of Paris) is an important step towards understanding surface 

interactions with organic admixtures used in gypsum wall board production. We employ molecular 

dynamics simulation with a new force field which allows quantitative understanding of interfacial 

interactions and is compatible with parameters for (bio) polymers (PCFF). Among a variety of analyzed 

cleavage planes, crystal faces with high water content are of lowest surface and interface tension. In 

gypsum, the (010) surface yields a minimal cleavage energy of 297±7 mJ/m
2
. Together with contributions 

from remaining surfaces (120) and (011), an average surface energy of 344±13 mJ/m
2
 is computed in 

agreement with experimental data (352 mJ/m
2
). In hemihydrate, (010) surfaces also have a minimal 

cleavage energy of 480±40 mJ/m
2
. Solid-water interface tensions are 25±2 mJ/m

2
 for the (010) crystal face 

of gypsum and 67±3 mJ/m
2
 as a Wulff average (experiment 64 mJ/m

2
). In hemihydrate, the surface tension 

is higher than for gypsum due to less amount of water. 

 

Originality 

In this paper we examine both solid-vapour and solid-liquid interfaces using accurate computational 

models and explain interfacial properties of calcium sulfate hemihydrate which have remained uncertain. 

Extension to organic admixtures, used to reduce the water content during manufacture of gypsum wall 

board, provide insight into the atomistic-level interactions and guidance in the design of polymers. This 

work sets the ground for molecular level investigations on the working mechanism of gypsum admixtures.  

 

Chief Contributions 

This paper is the first research work to methodically use atomistic simulation to understand the cleavage of 

all possible planes of gypsum and plaster of Paris. It introduces a new pcff force field that enables reliable 

molecular dynamics simulations for the study of interfacial properties on the gypsum and plaster of Paris 

surfaces.  

 

Keywords:  Molecular Dynamics (MD), Calcium Sulfate Hemihydrate (HH) 
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Flow simulation of fiber reinforced self compacting concrete using Lattice 
Boltzmann method 
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Abstract 
Self compacting concrete (SCC) is a promising material in the civil engineering industry. One of the benefits of 
the SCC is a fast and simplified casting followed by decreased labor costs. The SCC as any other type of 
concrete has a significantly lower tensile and shear strength in comparison to the compression strength and, 
therefore, it needs to be reinforced. Fiber reinforced concrete is an alternative to traditional stirrups 
reinforcement leading to lowered labor costs. To be able to access mechanical properties of the fiber reinforced 
concrete, knowledge of final spread and directions of fibers is necessary. Computational fluid dynamics (CFD) 
comes to play at this stage. Formulation of a possible CFD model that is able to solve multi-phase and multi 
component non-Newtonian flow with complex boundary conditions and fiber suspension and preferably in 
reasonable time brings a very challenging task. 
A relatively new group of models - Lattice Boltzmann Modeling (LBM) - is presented in this paper. The 
conventional LBM is modified to include fiber and particle suspensions and non-Newtonian rheology and is used 
to model the fiber reinforced self compacting concrete flow.  

Originality 
Application of Lattice Boltzmann Modeling to the field of fiber reinforced self compacting concrete is a novelty. 
It is the first paper dealing with multiphase flow with fiber shaped particle suspension and non-Newtonian 
rheology.  

Chief contributions 
One of the main contributions presented by the paper is the ability to predict final dispersion and orientation of 
fibers in the fiber reinforced self compacting concrete and thus to allocate possible problematic places. Such a 
prediction is not possible in other conventional methods in a comparable computational time.  

Keywords: Steel fiber reinforced concrete, Lattice Boltzmann method, Immersed Boundary method 
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Abstract 
To predict correctly the castings process of self compacting concrete a numerical model capable of simulating 
flow patterns at the structural scale and at the same time the impact of the varying volume fraction of aggregates 
and other phenomena at the scale of aggregates on the flow evolution is necessary. In this contribution, the 
model at the scale of aggregates is introduced. The conventional lattice Boltzmann method for fluid flow is 
enriched with the immersed boundary method with direct forcing to simulate the flow of rigid particles in a non-
Newtonian liquid. Basic ingredients of the model are presented and discussed with the emphasis on a newly 
developed algorithm for the dynamics of particles whose interactions strongly depend on velocities of particles. 
The application of the model is demonstrated by a parametric study with varying volume fractions of aggregates 
and speed of shearing used for computation of effective viscosities. 
It is shown that the presented model based on well established methods and without any artificial parameters, 
numerical tricks or modifications provides an efficient tool that can be applied to a range of engineering 
problems on different length-scales yielding results matching favorably theoretical or experimental findings. 

Originality 
Dispersion of aggregates during casting influences significantly the rheology of the fresh concrete and 
consequently the microstructure and properties of the hardened concrete. Detail simulation of the flow of a 
heterogeneous material presents a challenging task since the model needs to consider phenomena at the scale of 
structure (flow pattern during casting) as well as at the scale of aggregates (segregation) at the same time since 
one depends on the other. The presented modeling framework is capable of predicting the flow patterns at the 
scale of structure considering the effect of varying local volume fraction of aggregates and other properties.  It 
provides, thus, more accurate estimation of the dispersion of aggregates in the hardened concrete directly 
influencing its properties. This allows a more precise estimation of the effect of casting on the final properties of 
the structure and also optimization of the rheological properties of the fresh concrete with respect to the final 
properties. 

Chief contributions 
Combination of the finite volume-based flow model and the lattice Boltzmann model of non-Newtonian flow in 
the field of civil engineering is a novelty providing an access to the modeling of the heterogeneous flow at the 
scale of structure with reasonable computational time. Such modeling is not possible with conventional 
computational fluid dynamics tools in a comparable time. 

Keywords: Suspension, Lattice Boltzmann Method (LBM), Non-Newtonian fluid, Flow modeling, Self 
compacting Concrete 
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Atomistic Simulation of Portlandite 
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Abstract 
The growth mechanisms of portlandite have not, to our knowledge, been studied on an atomistic level before. The 
interest in doing so now is the fact that portlandite morphology has been observed to vary significantly with the 
chemical environment of the growing portlandite crystals. If these changes in morphology are completely understood, 
the morphology of portlandite in hydrated cementitious systems might be controlled. As portlandite is an important 
component of hydrated cementitious systems and of concrete a change in morphology might enhance the durability 
and/or aid in the fine tuning of the physical properties of concrete structures. This is a very important issue as at the 
moment cement production is responsible for a non-negligible part of CO2 emissions. In order to understand changes of 
the portlandite morphology, the properties of portlandite-water interfaces have to be known and understood. The 
method of choice will be classical molecular dynamics which has an atomistic resolution but, contrary to ab initio 
methods, allows the study of systems with a size of several nm3 for a couple of nanoseconds. This is important as 
adsorption, desorption and surface diffusion processes happen at the nanosecond time scale. However to be able to 
estimate the accuracy of the method, the behavior of the employed force field has to be well described. Therefore for the 
current work three different force fields will be used and characterized by comparing properties of simulated 
portlandite, tobermorite(9 Å), water and portlandite aqueous solutions to known experimental data. The force field will 
then be used to calculate the equilibrium shape of CH particles (Wulff shape) in vacuum as well as in water. 

Originality 
The optimisation of the mechanical properties and durability of concrete is therefore very important in order to reduce 
the gray energy of concrete structures and reduce the related CO2 emissions. The nature of the solid liquid interfaces 
where dissolution of the anhydrous phase, adsorption of cement admixtures and growth of new crystalline phases take 
place are however very difficult to access experimentally. This makes the optimization of the material very complex. 
The use of atomistic modeling has made great progress over recent years in many different fields such as properties of 
interfaces, crystal growth and self-assembly. While some work in that direction has already been done a systematic 
study of different portlandite-water interfaces with an estimation and comparison of the performance of different force 
fields for cementitious materials is still missing and is therefore the object of this work. 

Chief contributions 
Results from molecular dynamics simulations of portlandite-water interfaces will be presented. Additionally an 
extensive study and comparison of three different force fields for cementitious systems will be presented. 

Keywords: Portlandite, Morphology, Atomistic Simulation 
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 Understanding the Reactivity of Clinker Phases at the Atomic Scale 
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Abstract 
 
Cement is essentially formed from hydration of synthetic rock, “clinker” which has a number of different phases and 
polymorphs. Hydration is a complex process, which occurs in three steps, dissolution, saturation, and precipitation, 
and all depend on both chemical and physical parameters. As the mechanical and chemical properties of cement are 
mainly affected by the hydration stages, it is crucial to understand the main reaction mechanisms in order to control 
and modify them. In addition to tailoring and enhancing the properties of cement, such control could allow for the use 
of clinker phases that require substantially less processing energy. 
 
In this work, we use atomic scale, quantum mechanical simulations to understand the factors effecting clinker 
reactivity. As a first step we modeled the crystal structure of two major clinker phases, alite (Ca3SiO5 or C3S) and belite 
(Ca2SiO4 or C2S). The results that we obtained are in very-well agreement with the experimental X-ray diffraction data. 
Next, we cleaved the clinker crystal in the simulation along different directions and fully optimized the system, leading 
to a prediction of the most stable surfaces. Reactions occurs at the surface so determining the surface pattern is crucial. 
By using the computed surface energies, we can predict the full structure of the clinker nanocluster. At the final stage 
we examined the electronic structure of different nanocluster phases in order to shed light on the reaction mechanisms 
and use this new understanding to predict possible novel routes for modifying and controlling them.  
 
Originality 
 
The stable surfaces of and nanocluster shape of alite and belite are for the first time predicted by atomic scale, quantum 
mechanical computational simulations. The first atomic scale analysis on the reaction of the clinker is reported and 
methods to modify the reaction are predicted. 
 
Chief Contributions 
 
The prediction of the structure of the clinker nanocluster and understanding the reaction mechanism at the nanoscale 
will help us suggest new methods to change the reaction rate, water to cement ratio, formation of calcium silicate 
hydrate, among other key properties that control the mechanical and chemical properties of cement. 
 
Keywords: Cement, clinker, alite, belite, reaction, dissolution, surface chemistry 
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Abstract 
Quantitative characterization of the microstructure of cementitious materials is crucial to the prediction of their 
mechanical and transport properties, and to the assessment of their performance and durability. However, 
accessing the 3D micro-structural information of cement-based material is not a trivial task. Experimental 
methods based on electron beams are intrinsically limited to 2D cross-sections of the real 3D structure. 
Moreover, a number of artefacts can be introduced during sample preparation and measurement. On the 
modelling side, the recent development of numerical simulation models provide powerful techniques for the 
prediction and quantification of the temporal evolution of the 3D micro-structure, though experimental 
validation is needed in order to test the reliability of underlying assumptions and numerical models. 
Here a novel experimental technique is presented, based on X-ray diffraction computed micro-tomography 
(XRD-µCT) enhanced by an “ad hoc” post-processing of the reconstructed image based on quantitative 
information. The use of XRD-µCT allows to reconstruct a phase-resolved 3D map of the cement material 
without perturbing the original microstructure. The output of the tomographic scans consists of a stack of 2D 
slices in which the relative amount of a selected phase, within each voxel, is encoded as a greyscale intensity 
value. Conversion of the greyscale intensity values into volume fractions is obtained by a multi-step process 
encompassing: a) evaluation of the nano-crystalline/semi-amorphous (C-S-H) and amorphous fraction 
(capillary H20); b) calibration with the fraction of the selected phase within the whole 2D slice, as obtained by 
full-profile Rietveld-type refinement. Finally, analysis of the tomographic reconstructions by a multifractal 
technique provides a tool for the quantitative comparison of the phase distribution patterns: a) between 
different measurements; b) between analogue samples and simulated micro-structures. The results of the 
multifractal analysis may also provide information about the modes of growth and aggregation of the phases 
formed during the hydration process.  

Originality 
In this work, XRD-µCT was applied for the first time to cementitious materials. Although in recent years both 
micro-tomography and Rietveld analysis have been successfully used to investigate cement-based materials, we 
illustrate how the coupling of these techniques has an enormous potential in providing a quantitative 
description of the 3D micro-structural features of the studied samples in situ, using a non-invasive approach. 
Moreover the potential of multifractal analysis, combined with a simple numerical scheme, to discriminate 
different types of phase distribution and modes of precipitation, hardly detectable by visual inspection of 
experimental images, is illustrated. 

Chief contributions 
This research represents an important contribution to the quantitative non-invasive assessment of the 
microstructure of cementitious materials. It provides the concrete and cement modelling community with a novel 
experimental tool for construction of 3D phase distributions in cement-based material and quantification of  
local abundances. It also provides a method for quantitative comparison between real-world and simulated 
samples. Application of these technique helps to better understand the development of cement micro-structures 
and the implications for the performance and durability properties of the final products. In particular, we used 
this method to construct and quantitatively analyze ettringite distribution maps. Such a quantitative 
characterization is relevant to understanding mechanisms such as delayed ettringite formation and expansion in 
expansive cements. 

Keywords: Tomography, Diffraction, Multifractal, Ettringite 
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Abstract 
For accurate predictions of the service life of concrete structures, it is important to know the microstructure of concrete 
materials, because transport of substances in concrete occurs through pores. Therefore, several methodologies such as 
mercury intrusion porosimetry (MIP), gas adsorption, optical observations and so on were used for determining the 
microstructure of cement based materials. However, these methods give no information regarding the spatial 
distribution of the various phases such as unhydrated cement, fly ash, blast furnace slag, hydrates, and pores. 
Knowledge of details of the spatial distribution of each phase is important for considerations of pore continuity and 
leaching of calcium ions from calcium hydroxide and C-S-H, because leaching occurs from near the surface of concrete. 
In this study, a three dimensional spatial image was reconstructed based on an autocorrelation function (ACF) 
calculated from backscattered electron images (BSE). The ACF determines the probability that two different points at 
arbitrary distances are the same phase, and yields a correlation length for each phase. The quantity of each phase was 
determined by a BSE image, and ACF is calculated from a binary image for each phase. It is assumed that phases 
distribute randomly because the ACF at long distances converge in the square value of the quantity of each phase at 
distance 0. As a result, a novel technique to reconstruct a three-dimensional spatial image of blended cement pastes 
using the ACF calculated from BSE images was developed. It is shown that the ACF of unhydrated cement and large 
pores with different W/C ratios are very similar, although the ACF of calcium hydroxide with different W/C ratios are 
different. 
 
Originality 
It becomes possible to evaluate the properties of cement based materials including fly ash and blast furnace slag with 
accurate information of pore volume  by reconstructing the model that considers the spatial distribution of unhydrated 
cement particles, fly ash, slag, calcium hydroxide, and large pores. Evaluations using the backscattered electron image 
have so far been performed in two dimensions, however using the technique proposed in this study it is possible to 
perform evaluations in three dimensions. 
 
Chief contributions 
The model makes it possible to reconstruct and so predict the properties of concrete by considering the spatial 
distribution of unhydrated cement particles, fly ash, slag, calcium hydroxides, and large pores. This makes it possible to 
predict the degree of deterioration of concrete. The proposed technique is useful to evaluate the durability of concrete 
because transport of components such as chloride ions, carbon dioxide, and others is strongly influenced by the 
connectivity of pores and the phase distribution. 
 
Keywords: Backscattered electron image, Auto correlation function, Three-dimensional spatial image, Hardened 
cement paste 
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Abstract 
Hydrogen embrittlement is believed to be one of the main reasons for cracking of structures under stress. High strength 
steels in these structures often include a ferritic core made of alpha-iron (body centered cubic lattice). 
Previous work was concerned with the interaction of atomic hydrogen with iron using first principles calculations.  We 
studied the effect of interstitial hydrogen in the iron lattice and the stress induced by the interestial hydrogen in the host 
lattice. 
In this paper we show the dynamical behaviour of hydrogen inside the iron lattice. Using ab-initio Molecular Dynamics 
we obtain hydrogen diffusion paths and by taking statistical averages diffusion coefficients. Depending on temperature, 
the diffusion path involve going through tetrahedral or octahedral. Simulations where a number of hydrogens 
occasionally coincide in one unit cell have been performed to elucidate the effect of interactions between hydrogens. 
From simulated diffusion path we extract the diffusion coefficient from Einstein´s equation. We also show the Fe-Fe 
interaction weakens. Iron Debye temperature decreases monotonically for increasing concentration of interstitial 
hydrogen, proving that iron-iron interatomic potential is significantly weakened in the presence of a large number of 
diffusing hydrogen atoms.   

Originality 
This work is finishing now and it is a continuation of previous Ab-Initio calculations.  

Chief contributions 
We show the dynamical behaviour of hydrogen inside the iron lattice by ab-initio Molecular Dynamics calculations. We 
obtain hydrogen diffusion paths and the Fe-Fe interaction weakens.  

Keywords: Molecular Dynamics, Ab-Initio, Hydrogen Embrittlement, High Strength Steel. 
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Abstract 
 
The Portland cement industry is individually responsible for 5% of global greenhouse gas emission into atmosphere. 
Thus, the sustainable development in both modern and developing countries requires the concrete industry to search for 
reasonable environmental-friendly substitutions. Alkali-Activated Slag (AAS) and Alkali-Activated Fly-Ash (AAFA) 
cements are two outstanding nominees which are mainly comprised of industrial by-products. While increasing demand 
for industrial waste materials and reducing the need for landfills, producing these cements requires less fossil fuels 
leading to less pollutants and more domestic energy independence. However, a detailed characterization of mechanical 
and durability properties along with economical considerations can lead to their widespread acceptance.Chemical 
analysis of AAS and AAFA cements reveals a considerable aluminum to silicon ratio depending on the composition of 
constituent slags. The state of the art experimental approaches juxtapose 29Si and 27Al MAS NMR techniques and XRD 
data to elucidate a proper atomic structure for the hydration resultants. The experimental community agrees upon the 
formation of longer silica chains and higher number of Q3 sites in CSH gel in presence of aluminum species. In this 
model, aluminum atoms are substituted in silica chains producing a net deficit charge which is counter-balanced by 
ions. Several experimental and numerical studies are performed to characterize the position of the aluminum atoms in 
the drierketten chains in terms of bridging and pairing sites. However, there is no characterization of mechanical 
properties.In this study, atomistic simulation techniques are exploited to unravel many of the intricate questions 
regarding the atomic structure and mechanical properties of Calcium-Aluminate-Silicate-Hydrates namely CASH. A 
wide range of atomic structures from normal and anomalous Tobermorite 11Å and 14Å crystals to complex realistic 
CSH gels are exploited to incorporate aluminum inside. The combinatorial approach employed generates thousands of 
initial probable structures with different aluminum to silicon ratio and different charge-neutralizing agents. All these 
atomistic specimens are relaxed using Gibbs free energy minimization approaches and stability and mechanical 
properties are calculated afterwards. A proportionate number of samples are chosen to undergo shear and tensile tests 
to investigate on the effect of aluminum content on the fracture energy release rate.. 
 
Originality  
The research on the aluminum incorporation has been bounded for several years by investigating the position of 
aluminum in the tetrahedral silica chains. This research is the first original work which puts a step forward and 
predicts the mechanical properties of Calcium-Aluminates-Silicate-Hydrates by means of atomistic simulation 
techniques. For the first time, a combinatorial approach is taken to produce thousands of initial atomic structures 
based on all possible aluminum substitutions in the silica tetrahedral chains. To the knowledge of authors, there is no 
report on the analysis of mechanical properties of CASH, mainly indentation, shear and elastic modules, using 
numerical methods. The first analysis of aluminum content effect on the fracture energy release rate of CASH makes 
this work the first of its kind on using molecular methods for such applications in nano-chemo-mechanics of 
cementitious materials.  
 
Chief Contributions 
In summary, in low C/S regimes aluminum-silicon substitution is the dominant type of substitution and calcium-
aluminum substitution is prohibited mainly because of low highly-structured calcium content in the interlayer spacing. 
In contrast, in high calcium concentrations the limited numbers of bridging silica are first saturated with aluminum and 
afterwards aluminum atoms substitute calcium in the interlayer spacing. Therefore, it is accentuated that the aluminum-
calcium substitution is merely possible in the disordered interlayer spacing of calcium-silicate-hydrates with with high 
concentration of cations.  In this way and for the first time, we are able to provide a consistent explanation for the XRD, 
WDS and NMR observation based on a molecular model in which aluminum substitution is calcium-dependent. In the 
case of calcium-aluminum substitutions, this model entails the discovery of complex 3D networks of alumino-silicates 
which can have substantial effect on the strength and durability of concrete structures. 
 
Keywords: atomistic simulation,  cement hydrate,  fly ash, mechanical properties, structural characteristics 
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Statistical Mechanics of Cement Setting: 
Molecular Dynamics of a Colloidal Model 

Monasterio P. 
Concrete Sustainability Hub, Department of Nuclear Science and Engineering, Massachusetts Institute of Technology, 

Cambridge, MA, USA 
Masoero E.  

Concrete Sustainability Hub, Department of Civil and Environmental Engineering, Massachusetts Institute of 
Technology, Cambridge, MA, USA 

 Pellenq R.  
Concrete Sustainability Hub, Department of Civil and Environmental Engineering, Massachusetts Institute of 

Technology, Cambridge, MA, USA 
 Yip S.* 

Concrete Sustainability Hub, Department of Nuclear Science and Engineering and Department of Materials Science 
and Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA 

 
Abstract 
The temporal hardening of a binary colloidal suspension is studied by atomistic modeling of the microstructural 
evolution and its effects on shear stiffness. Our first goal is to determine the extent to which an idealized model of a 
two-component nonreactive system can describe the rheological behavior at the onset of hardening.  The challenge is to 
devise a method allowing the microstructure of the suspension to evolve under specified conditions and, simultaneously, 
extract an effective shear modulus as an indicator of aging.  We use molecular dynamics for both evolution and 
property calculation, although separate simulations are performed.  Because molecular dynamics has limitations 
concerning the time interval it can cover, we are in the process of introducing an activated state technique capable of 
reaching macroscopic time scales.  
 
The second purpose of this study is to consider how the atomistic insights can guide us to probe the mechanisms 
controlling the hardening of cement slurries.  Comparing the simulation behavior with experimental results obtained by 
ultrasonic attenuation, we see analogous features of hardening in two stages separated by a significant interval.  
However, in view of current understanding of cement cohesion and the role of the binder phase, calcium-silicate-
hydrate, it is clear that further modeling is needed to adequately describe the second setting.  Thus this paper should be 
regarded as a first step toward quantifying the molecular-level dynamics of cement setting.   
 
Our colloidal model uses potential functions describing the interactions between the solvent (species A) and the solute 
particles (species B).  The A-A, B-B, and A-B interactions have isotropic repulsive and attractive components.  In 
addition the B-B interactions have a directional component to describe preferential bonding of soft spheres with sticky 
points on their surfaces. The particle mass, concentration, and interaction parameters are treated as adjustable in 
demonstrating the capability of the model to describe the two-stage hardening.  Results, obtained from simulations 
carried out using nondimensional variables, show hardening in distinct stages: an initial stage corresponding to the gel 
formation of species A, an induction period during which species B migrates, and a second stage associated with 
percolation of B clusters. The establishment of the reference colloidal model means a systematic study of size, mass, 
and concentration of the particles can be carried out. Additional model refinements which will be incorporated in 
future work are heterogeneous concentration effects (dissolution and nucleation at the clinker surface) and activated-
state kinetics to follow the evolution in macroscopic time scales.   
 
ORIGINALITY: We are not aware of any previous attempts to model the full kinetic evolution of cement setting using 
an explicit particle model with effective interactions.  Our approach is also inspired by a similar phenomenon in the 
study of stress corrosion cracking where a corresponding three-stage behavior also manifests.  Even if our approach is 
not the first attempt, we believe that no previous atomistic simulation has captured the three-stage behavior that we are 
presenting.    
 
CHIEF CONTRIBUTIONS: Cement setting has long been a grand challenge to the cement chemistry community; it 
continues to drive both fundamental and applied research efforts.  This singular phenomenon also poses challenges to 
the materials science community.    Our study is notable for its conceptual basis focused on microstructural evolution, 
allowing a common appreciation of complex materials phenomena, such as viscous flow in glasses and thermal creep in 
metals, from a unified perspective.  Our work may be seen as a contribution toward bridging the cement chemistry 
(which knows the problem) and the materials modeling and simulation (which is developing emerging concepts and 
tools) communities via a novel statistical mechanics analysis of a reference colloidal model. 
 
Keywords: setting, colloids, molecular dynamics, incubation, hardening 
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Water, Water Everywhere: Effects of Computational Water Models on the 
Structure and Dynamics of Confined Water in the Calcium-Silicate-

Hydrate Phase of Cement 
 

Ji, Q.1, Bonnaud, P.,1 Youssef, M.2, Yildiz, B.2, Pellenq, R.3 and Van Vliet, K.J.1 

 

1. Massachusetts Institute of Technology , Department of Materials Science and Engineering, Cambridge, MA, USA 

2. Massachusetts Institute of Technology , Department of Nuclear Science and Engineering, Cambridge, MA,USA 

  3. Massachusetts Institute of Technology , Department of Civil & Environmental Engineering, Cambridge, MA, USA 

Abstract 
Water molecules play a key role in defining the structure and properties of the calcium-silica-hydrate (C-S-H) 
gel phase of cement and concrete. However, little is known about the structure and dynamics of this water under 
the extreme confinement and soluble ion content of the C-S-H phase itself. Two chief challenges in 
understanding the role of water and aqueous electrolytes in the nanoscale pores of the C-S-H gel are (1) 
incomplete knowledge of the C-S-H structure; and (2) the longstanding challenge of computationally modeling 
water itself. An empirical interatomic model for C-S-H has been developed by assuming a specific classical 
atomistic model of H2O termed "single point charge" or SPC. This choice has not been validated by comparison 
with other computational water models that confer additional bond flexibility or charge distribution, with an 
associated cost of lower computational speed. Here, we consider two distinct classical molecular models of 
water (SPC and TIP5P) to determine the effects of these computational simplifications on C-S-H properties. We 
find that both of these water models stabilize the similar structure of C-S-H structure over 100s of nanoseconds 
of molecular dynamics simulation, with minimal densification. We also observe that the C-S-H elastic properties 
are essentially independent of the water model details. Further, we show that this water is significantly 
restrained due to confinement within C-S-H: mean squared displacement, rotation and vibration of water within 
C-S-H show an apparent decrease by several order of magnitude, as compared to dynamics of bulk water. This 
study demonstrates that SPC and TIP5P can predict C-S-H properties with comparable accuracy, though the 
choice of model for specific simulations is further guided by the key properties of interest and requirements for 
computational efficiency. 
 
Originality 
This is the first study to test the structural stability and properties of the recently reported interatomic potential 
for the C-S-H molecular structure of cement. Further, the structural and mechanical properties of C-S-H have 
been considered as a function of the computational water model assumed for this complex phase.  Given the 
important assumptions underlying the flexibility and charge transfer capacity of computational water models, 
and the role that these water models have in computational predictions of C-S-H stability, this study provides 
value to the cement and concrete community through a systematic analysis of computational speed to simulate 
the C-S-H molecular structure.  
 
Chief contributions 
This study contributes the first systematic analysis of how the assumptions within classical computational water 
models impact the structure and properties of the C-S-H phase of cement. Implementation of this C-S-H phase 
and methodology in the GROMACS molecular dynamics compute engine now provides open-source capabilities 
of hydrated C-S-H modeling to the cement & concrete communities. Contributions to the community include 
clear identification of how SPC and TIP5P water models predict key C-S-H properties, and how water dynamics 
within the C-S-H molecular structure differ from those of bulk water.  
 
Keywords: C-S-H, molecular simulation, confined water, classical water models, cement 
 
Introduction 
The calcium-silicate-hydrate gel phase of cement, or C-S-H, is the chief product of the hydration of 
Portland cement. One of its key components, water, affects the formation of C-S-H in terms of the 
water/cement ratio, the structure and properties of the hardened cement paste, and the environmental 
changes in those properties during shrinkage or creep (Jennings, 2008). Three different water 
interactions within cement have been differentiated via quasielastic neutron scattering (QENS)   
(Bordallo, 2006): water molecules that are chemically bound to and are integral to the C-S-H 
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Modeling the Hydration of Cement Blended with Rice Husk Ash 
 

Nguyen van Tuan*, Zhang Qi, Ye Guang 
Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, Netherlands 

 
 
 
Abstract

A model of the hydration of cement blended with rice husk ash (RHA) is proposed in this paper. This model is a 
modification of the basic HYMOSTRUC3D model which was developed by Breugel (1991), Koenders (1997) 
and Ye (2003). The effects of RHA on the degree of pozzolanic reaction of RHA, the volume fraction of 
hydration products, the capillary- and the gel- porosity of cement paste can be obtained from this model. By 
using an appropriate amount of RHA replacement, the microstructure of RHA blended cement paste is 
improved, in which the pozzolanic reaction of RHA causes a decrease of Ca(OH)2 content and an increase of 
CSH content of system. Some properties of RHA such as the particle size, the amorphous phase content and the 
replacement content were also evaluated in this model. The simulation results show that the pozzolanic activity 
of RHA is higher with the finer RHA or with the RHA containing a higher amorphous phase content. There is an 
optimum RHA replacement and the excess RHA has no contribution to the pozzolanic reaction between RHA 
and CH produced from cement hydration. 
 
 
Originality 

The effect of cement replacement materials on cement hydration is very important in order to use them in 
construction. Among these cement replacement materials RHA is a potential pozzolan which is classified as a 
highly reactive pozzolan like silica fume. The effect of RHA on cement hydration still remains unclear in many 
aspects, i.e. the fineness, the amorphous phase content, etc. The simulation is a good tool to understand the 
overall picture of these effects. This will result in optimizing the use of RHA in construction.  

Chief contributions 

 Simulation of hydration of cement blended with RHA. This model takes into account the chemical reactions and 
the degree of hydration of four components of cement, i.e. C3S, C2S, C3A, C4AF. The effect of the particle size, 
the amorphous SiO2 content of RHA, the RHA replacements was considered to evaluate the degree of pozzolanic 
reaction of RHA and the volume fraction of hydration products. From this model, an optimum RHA replacement 
was determined in which the excess RHA only acts as an inert filler. 
 
Keywords: cement hydration, multi-component, rice husk ash, silica fume, simulation 
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A Granular Topochemical Model for Cement and Concrete 
  

Yanqui-Murillo C1 
San Agustin National University of Arequipa. Arequipa. Peru 

 
 
Abstract 
In this paper, a structural cement model is proposed, based upon the theory of granular lattices and the 
deterministic theory of the stress transmission in discontinuous media. For a non flocculated structure, four 
textural coefficients are defined to take into account the non spherical shape of grains, the size distribution, 
the kind of arrangement, and the diffuse adsorbed layer of water, responsible of the paste plasticity. A 
primitive space lattice is used to define de basic granular element, for which solid and total volumes are 
easily calculated to obtain the pore content of the packing as a function of the textural coefficients and of the 
structural angle of the lattice. As a first trial, theoretical relationships are compared to the experimental 
minimum and maximum porosities of aggregates and clinker, showing a good correlation. Associated with 
the structure of the packing, the stress transmission through the grains may be solved by assuming the 
Trollope´s principle of the centroidal reactions, by which the contact force network coincides with the grains 
lines of contact, and whose orientation depends upon the kind of strain of the unit cell. Accordingly, for an 
elongation strain cell, an internal transversal tensile stress appears, so failure of a specimen submitted to an 
unconfined compressive load occurs because of the development of cracks oriented parallel to the direction 
of loading. Moreover, elimination of the structural parameter from both such theories allows the uniaxial 
tensile or compressive strength to be expressed as a function of the pore content or the water-cement ratio, 
in similar fashion to the Abrams´ rule. In this frame of reference, experimental extreme porosities of the 
clinker powder not only define the coefficients of grain shape and uniformity, but also its inherent kind of 
packing. The coefficient of plasticization is established by knowing that a hydrated cement grain is two times 
bigger than the anhydrous one. Now, the cement paste structure is defined by the fresh mixture subjugated to 
the demand of the grains bounds and the offer of water, part of which forms the adsorbed layer. During the 
setting period, this water goes into solution and also percolates and diffuses into the grain to form the 
adsorbed layer of the tiny particles that compound it, regarding the fractal principles. Chemical reactions 
between these substances define the hardening period, but the strength is governed by the hydrated clinker 
grains because their bounds are weaker than those of the gel particles. By proceeding in this way, the 
Powers-Brunauer cement model turns to be quantitative because it is furnished with a granular structure, 
and Garbocsi model becomes simple and deterministic. Moreover, as a matter of simple algebraic volume 
operations, the entrapped air content in normal concrete and the absorbed water in lightweight concrete are 
taken into account in equations of the concrete tensile or compressive strength. Finally, all formulae derived 
from the theory have been compared with the overwhelming experimental data reported by worldwide 
authors, showing a high degree of correlation. 
   
  
Originality 
The theory of granular packings as well as the theory of stress transmission in discontinuous media, in the 
present approach, has been developed by the author since 1978, to explain the special behavior of granular 
matter and their static response to external loads, under several boundary conditions. Advances and results 
have been published in theses and proceedings of several domestic and international conferences. 
 
 
Chief  contributions 
The major contributions are: a) the development of a comprehensive, deterministic and simple model for 
granular matter; b) the application of this model to study the structure and microstructure of portland 
cement and concrete, at different stages; c) the demonstration of its power of prediction and flexibility to 
allow new parameters be included; and d) the derivation of a rational relation between the concrete strength 
and the pore content or the water-cement ratio. 
 
Keywords: Packings, plasticity,  granular mechanics, cement model, concrete strength 
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Abstract 
The grinding of clinker is an essential step in cement production that consumes a lot of electrical energy 

and can also be a limiting step in the overall throughput of a given plant. The use of grinding aids has been 

known for a long time to limit these shortcomings, mainly by reducing particles agglomeration. Present 

work aims at understanding this process, focusing on the major clinker phase, tricalcium silicate (Ca3SiO5). 

For this we perform molecular dynamics simulations on grinding aids at the surface of tricalcium silicate 

under NVT conditions. A force field was first set up to describe this phase and then checked in terms of the 

cleavage energies it predicted. These were found to vary between 1250 and 1450 mJ/m
2
, and show distance 

dependence up to 50 mJ/m
2
 at separation on the order of 10 to 100 nm due to strong coulomb interactions. 

Values are however consistent with experiment data from the literature. The same procedure was also 

applied to hydroxylated surfaces, which are believed to be more representative of reality, since some 

humidity is always present during the grinding. The adsorption of TIPA (Triisopropanol amine) and TEA 

(Triethanol amine) was then calculated and was found to be exothermic both at 25ºC and 110ºC. The 

adsorption energies of hydroxylated and dry surfaces with TIPA are –24±3 and –31±4 kcal/mol and with 

TEA –18±4 and –21±4 kcal/mol at 110 ºC (grinding temperature of cement clicker) respectively. Thereby 

TIPA interacts more strongly with dry as well as hydroxylated surfaces. Further calculations are 

articulated for alite surfaces which contain point defects (impurities).    

 

Originality 

Grinding aids have been used for a very long time but the details of their working mechanisms are poorly 

understood. Moreover these admixtures represent a great potential of improving hydration of clinker so 

that increased amounts of SCMs may be used without compromising early stage properties. This work 

pioneers the molecular level investigations of grinding aids working mechanism.  

 

Chief Contributions 

This paper is the first research work to methodically use atomistic simulations to understand the behaviour 

of grinding aids. Moreover, it shows that C3S can be modeled in such a way as to close correctly capture 

its cleavage energies, something that can be a challenge for most force fields.  

 
Keywords: Tricalcium Silicate (C3S), Alite (Impure C3S), Molecular Dynamics (MD), Hydroxylated (Hyd) 
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Percolation of phases in hydrating cement paste at early ages:  

an experimental and numerical study 

1Chen Wei1*
1 School of Materials Science and Engineering, Wuhan University of Technology, Wuhan, China

1Li Yuan 
1 School of Materials Science and Engineering, Wuhan University of Technology, Wuhan, China

1Shui Zhonghe 
1 School of Materials Science and Engineering, Wuhan University of Technology, Wuhan, China

Abstract:
The microstructure development of hydrating cement paste at early ages is not only an indication of the 
hydrous reactivity of the specific cement, but also precursor of the final solid materials. In this study, 
the percolation of phases in hydrating cement paste during early ages are investigated by using 
continuous non-destructive methods including the ultrasonic pulse propagation velocity (UPV) method 
and the non-contact electric resistivity method. The cement hydration process is modeled with the 
three-dimensional computer model CEMHYD3D originally developed at NIST. The volumetric fraction 
of solid phase, their percolation degree and volumetric fraction of pores in the paste are predicted with 
the computer model.  

The model outputs are compared to the experimental results to explore the possibility of investigating 
the percolation of phases during the early stages of cement hydration with the non-destructive methods. 
The results have shown that, on the one hand, the development of UPV cannot be directly used for 
evaluating the percolation degree of solids phases at early ages, and on the other hand, the electrical 
resistivity is a good indicator for the percolation of pore spaces in the paste.  

Originality 
This research is focused on exploring the possbility of using two important non-destructive methods for 
minitoring the early age hydration of cement, including the ultrasonic propagation velocity method and 
the non-contact electric resistivity method, to probe the percolation of solid phases and pore spaces in 
hydrating cement paste.While these two methods are increasingly used in research, their 
microstructural foundations are not solidly established yet. By using the computer model CEMHYD3D, 
it is possible to predict quantitatively the key parameters such as the fraction of solids, that of the 
percolated solids, the percolation degree of solids and the pore fraction in the paste. By taking the 
advantage of the computer modelling, the objectives of this research are approached.  

Chief contributions 
The chief contributions of this study include: (1)The UPV development is not adequate for probing the 
percolation of solid phases during early age hydration of cement paste;(2) The electric resistivity test is 
a good method for probing the pore spaces in the hydrating cement paste. 

Keywords: Percolation, Cement paste, Ultrasonic propagation velocity, Electric resistivity, 
CEMHYD3D
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RELATIONSHIP BETWEEN MICROSTRUCTURE AND PROPERTIES 
OF SILICATE COMPOSITES ON THE BASIS  

OF ACTIVATED LIME-SILICA BINDER 
 

Lutskin E* 
Odessa State Academy of Construction and Architecture, Odessa, Ukraine 

Shinkevich E 
Odessa State Academy of Construction and Architecture, Odessa, Ukraine 

 
 

Abstract 
Bases of manufacture of silicate materials of non-autoclave hardening are developed. The opportunity of 
realization of a complex of technological regimes on use of reserves of a structure of mineral substances in 
manufacture of silicate materials of non-autoclave hardening and wall's articles on their basis is theoretically 
proved and practically confirmed. With use of elements of experimentally-statistical modelling the analysis of 
influence of contents and hardening conditions on characteristics of structure, microstructure and property of 
silicate materials of non-autoclave hardening has been executed. The analysis of interrelation properties with 
structure’s parameter, content and technological regimes is necessary for regulation quality of the received 
composite material. Carrying out of the given researches with application of experimentally-statistical models is 
proved. The algorithm and strategy of the analysis of results of experiments is stated. 
The tactical line of structures optimization and technological regimes on experimentally-statistical models is 
effectively defined. Experimentally-statistical models allow to consider simultaneously significant number of 
factors in conditions of concrete manufacture. These models allow to spend the deep analysis of a concrete 
situation and to consider features of gears of hydration and structurization. 
The analysis algorithm of process of structurization at various stages of technology with use of experimentally-
statistical modelling and methods of computer material science has been offered. It is algorithm allows: 
-quantitatively to describe parameters of structure at each stage of technology and to estimate opportunities of 
their regulation; to analyze change of interrelations between properties and characteristics of structure under 
influence of content and technological regimes; to lead search of optimum structures and technological regimes 
within the limits of the accepted approach. 
 
Originality 
Method of production, optimum contents and hardening conditions of silicate building composites, which 
provide decrease in power consumption of manufacture as a result of transition from autoclave processing of 
products to thermo-moisture, are developed. Analysis of interactions between the parameters of the structure 
and properties was carried. The analysis of influence of structure characteristics on properties during 
structurization has allowed to describe a number of the phenomena. Optimum contents and hardening 
condition, which provide reception of silicate composites of various purpose with a demanded level of 
properties on a complex of criteria of quality, are developed. 
 
Chief contributions 
The optimization of the composition and the of hardening regimes in the conditions of thermo-moisture 
treatment on the basis of experimentally-statistical modeling ensured the receipt of materials with the required 
properties. The analysis influence "mixture–technology–structure–properties" has been fulfilled on 
experimental-statistic models. The changing of properties of silicate materials under the influence of specific 
surface of mineral additive, of hardening conditions and content of gypsum addition have been estimated. 
Correlation analysis allows to receive new information about the influence of the factors of structure and the 
technology on a degree of correlation the between structure and the properties of building materials. Optimal 
compositions and the hardening conditions are recommended for the receipt of articles of a different functional 
purpose. 
 
Keywords: silicate composites of non-autoclave hardening, activated lime-silica binder, experimentally-
statistical modelling, correlation analysis 
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OF LIME-SILICA BINDER, WHICH ACTIVATED TOGETHER 

WITH A FINE-GRAINED FILLER 
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Abstract 
The kinetic-mathematical model of hydration which comprehensively describes the change in time and the space 
of elementary processes of hydration of lime-silica binder, activated together with a fine-grained filler was 
developed. In a kinetic-mathematical model multiphasic process of hydration was presented by consecutive 
transition of elementary stages. Elementary stages of dissolution, crystallization, adsorption and kinetics of 
chemical reactions was described with application of fundamental laws (Nernst’s, Fick’s, Arrhenius, 
Freundlich’s and Eyring’s laws). 
The first stage of hydration process was accompanied by the change of the water-maintenance of a mixture as a 
consequence of wetting, adsorption and linkage of a moisture as a result of chemical reactions that was 
described in work with the corresponding equations. The differential equations of the second order describe the 
speed of the change of calcium hydroxide and silicic acid concentration. These equations also describe calcium 
hydrosilicates formation taking into account the elementary stages. 
Two additional models which describe the gear of crystallization of calcium hydrosilicates in grain amorphous 
silex (tripoli) and on the activated surface of crystal quartz grain were developed. These additional models 
allow to calculate the time of full calcium hydrosilicates crystallization on the amorphized of quartz surface 
during activation and the time of full tripoli’ grains recrystallization too. 
 
Originality 
The kinetic-mathematical model contains of seven equations which consider the set of chemical and physical 
processes. The differential equations of the second order entering into a model, describe speed of the change of 
calcium hydroxide and silicic acid concentration and of calcium hydrosilicates formation taking into account 
the elementary stages. Basic parameters of hydration processes which define the transition from one stage to 
another were selected and proved. The equations of the specific surface change also enter into a model during 
hydration of each composite binder components. There were constructed auxiliary models which are additional 
elements of the generalized model and consider features of hydration and crystallization on the grains of silica. 
These model contain components with amorphous and crystal structure of binder. 
The time of full calcium hydrosilicates crystallization on the amorphized of quartz surface during activation and 
the time of full tripoli’ grains recrystallization which is proportional to a foursquare of its radius is calculated 
with the help of two models. The kinetic model of processes of hydration is developed for the analysis of change 
of a crystal phase in time at a stage of operation. It was developed the kinetic model of hydration processes at a 
stage of operation for the analysis of crystal phase change in time. 
 
Chief contributions 
Partial decisions of the crystallization processes of separate elements were received: the quartz activated grains 
and tripoli. Their qualitative conformity to experimental data was marked. The kinetic-mathematical model can 
be used for the development of the methodology of experimental researches. 
The kinetic-mathematical model of hydration process has the certain advantages before similar which were 
developed for the description of hydration processes of binder. They are due to it’s universality and absence of 
some restrictions. In this model elementary stages of hydration process were grouped by special image and 
described by the fundamental equations. The physical sense of value entering into the equations including 
constants was proved. Kinetic-mathematical models allow to reasonably choose of necessary factors for the 
description of the phenomena and hydration processes mechanism. 
 
Keywords: kinetic-mathematical model, hydration, lime-silica binder, silicate composites of non-autoclave 
hardening, activation 

                                           
*Corresponding author: Email elena_shinkevich@ukr.net Tel +380677671724, Fax +380487236904  
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Prediction of endogenous shrinkage of Portland cement pastes 

A. Brahma 
Faculté des Sciences de l'ingénieur, Université Saâd Dahlab, Bp270 Blida, Algérie

Department of civil engineering   
  

Abstract
In general, the cement paste constitutes the only active phase of hydraulic mixture. The deformation at very 

young ages may, under certain conditions, cause premature cracking of the material. This can compromise 
performance and durability of structures in service
One of the factors through which the premature cracking can be analyzed is the deformation of the endogenous 
cement matrix 
The evolution of shrinkage occurs in two phases governed by two different mechanisms. The first phase, more 
important, is of chemical origin. It is due mainly to the phenomenon named Le Chatelier contraction. The second 
phase is counted from when the material becomes rigid enough to oppose resistance to the contraction due to the 
phenomenon of capillary depression. The separation between the two phases is not exact. 
In general, the shrinkage is caused by forced movement of water caused by water imbalance. 
Other competing phenomena affect the evolution of endogenous shrinkage.. 
 In this study we are interested in endogenous shrinkage of cement pastes. A statistical prediction model was 
developed. It involves the most influencing parameters on endogenous shrinkage of cement pastes. 

Keywords: cement pastes; endogenous shrinkage; chemical shrinkage; modeling
  

Originality: In the various fields of science, one often has to explain and / or analyze phenomena which we do 
know that from the behavior of experimental measurements. For this reason, it is interesting to synthesize a 
mathematical model whose behavior is similar to the real phenomenon. 
In some cases, knowledge of model parameters and conditions of the experiment phenomena can propose a 
mathematical model called deterministic. But in most cases, it is unclear the precise mechanism of the 
phenomenon. We can then design a statistical model which we estimate the parameters from the measurement 
samples. Given the ignorance of the precise mechanism of endogenous shrinkage we propose a statistical model 
which we estimate the parameters from the measurement samples. Therefore, this work is original by the 
approach used for the modeling of the shrinkage at the young ages of cement pastes.

  
Chief contributions: The main contribution focuses on the behavior of hydraulic materials. Several studies 
concerning the mix design of hydraulic mixtures, their spontaneous dimensional variations and their behavior 
under sustained loads were studied.
Other topics were discussed which include: the optimization of the geometric dimensions of reinforced concrete 
beams, the potential strength of concrete under sustained load, the long-term behavior of reinforced concrete 
structures and pre-stressed concrete. 
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Nucleation of Portlandite: a Theoretical Study
1,2Sveshnikov A. M.*

1Institute of Physics AS CR, Cukrovarnická 10, 162 53 Prague 6, Czech Republic
2Faculty of Civil Engineering, Czech Technical University in Prague, Thakurova 7, 165 29 Prague 6,

Czech Republic
1,2Demo P., 2Hošková Š., 2Tichá P.

Abstract
Understanding of the mechanism, responcible for the induction period of cement paste hydration is very important for
extension of its workability period. Several hypothesis have been proposed earlier to describe this stage. In the present
paper we study the induction period from the basis of nucleation hypothesis. The expressions for the energy barrier of
nucleation of portlandite and the critical size of its clusters are obtained. Dependence of the nucleation rate of calcium
hydroxide on water to cement ratio is analyzed.

Originality
The early stage of nucleation of portlandite is studied for the first time, the critical size and nucleation rate are evaluated.

Chief contributions
Evaluation of the size and shape of the critical portlandite cluster, calculation of the nucleation rate.

Keywords: Cement hydration, Induction period, Nucleation, Critical size.
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Quantitative study and simulation of the intersection and connectivity of 

fibers and cracks in cementitious composites 
Yuan Haifeng, Chen Huisu*, Lv Zhong  

Jiangsu Key Laboratory of Construction Materials, School of Materials Science and Engineering, Southeast 
University, Nanjing, 211189, China 

 
Abstract  
As fibers act as bridging elements across the crack surfaces, the intersection between fibers and cracks is a key 
factor in determining the mechanical properties of fiber reinforcement composites. Suppose the fibers were 
uniformly randomly distributed in fiber reinforced cementitious composites, from the perspective that fibers will 
bridge the crack surfaces when crack occurs, the theoretical solution was developed to calculate appropriate 
length of fiber via Buffon’s needle model. Afterwards, in terms of the stereological theory, the method to 
calculate the dosage of fibers was further proposed. And the reliability of the above theoretical methods was 
verified by computer simulation. Meanwhile, it may be necessary to investigate the fiber-fiber interaction with 
the development of the micromechanics of the matrix. Computer simulation was employed to model the 
formation of fibrous network.   
 
Originality 
Fiber reinforcement is a widely used solution to improve the performance of cement based composites. There are 
many investigations focus on determining the reasonable fiber size and dosage. Most of these efforts, no matter 
experimental or theoretical, were aimed to study the influence of fiber size and dosage on the mechanical 
performance of fiber reinforced concrete. Relatively, few of the researches considered the influence of fiber size 
and dosage on the fiber-crack intersection. This article presents theoretical models to predict the rate of fibers 
being crossed by cracks and the amount of fibers which intersect with a single crack in the matrix with simplified 
cracks pattern. Computer simulation was employed to verify these models. Then the formation of fibers-network 
was investigated by computer simulation as well. 

Chief Contributions 
Since the fibers could act as bridging elements across the crack surfaces only if the fibers intersect with cracks, 
the fiber-crack intersection is a factor worth considering when determining the fibers size and dosage. Using the 
theory of Buffon`s needle problem introduced by Buffon in 1777 and principle of stereology, the quantitative 
solution of the probability of a single fiber being crossed by cracks and the amount of fibers which intersect with 
a single crack can be predicted. A series of computer algorithm were introduced to simulate such problems in 
matrix with complex crack pattern of which the theoretical solution is difficult to derive. The critical fiber dosage 
of the formation of fibrous network and the relationship between cracks volume fraction were simulated in this 
article as well. Thus, these theoretical models and computer simulation methods will be available to assist the 
determination of the size and dosage of fibers when design the fiber reinforced cementitious compsites. 
 
Key Words: fibers, cracks, intersection, connectivity, cementitious composites 
*Corresponding author: E-mail: chenhs@seu.edu.cn Tel:+86-25-52090645;Fax:+86-25-52090667;
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The Mechanism of Self-healing in High Performance Concrete  
 

1H. Huang1* 
1Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, Netherlands 

2G. Ye 
2Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, Netherlands 

 

Abstract
Because of the brittleness of concrete, cracks are easily caused by shrinkage and external loading, and 
these microcracks lower the performance of concrete. However, these microcracks can be healed by 
further hydration when some extra water and unhydrated cement particles are available. A typical feature 
of high performance concrete (HPC) is that a high proportion of unhydrated cement particles remains in 
the matrixes due to the low water/cement (w/c) ratio. Therefore the main criterion for the self-healing is the 
effective supply of extra water in the system. 
In this research, the extra water was assumed to be stored in capsules which were pre-mixed in the HPC 
concrete mixture. When the HPC cracks, the cracks pass through the capsules because of the low strength 
of the capsules. In this way the water can be released from the capsules. This released water induces the 
further hydration of unhydrated cement particles. As a result, the cracks in the HPC will be healed by the 
further hydration products. However, the amount of further hydration products which are formed in the 
cracks as the function of time is not figured out. The effects of crucial parameters, i.e. the fraction of 
unhydrated cement and the crack width, on the efficiency of self-healing by further hydration are not clear. 
In order to realize the self-healing of cracks in HPC, the mechanism of self-healing by further hydration 
was studied in this paper. A model to simulate self-healing of cracks was developed based on the 
thermodynamics and diffusion theories. The amount of further hydration products formed in the 
microcracks was predicted through this model. The fraction of anhydrous cement, i.e., 14%, 29% and 43% 
was taken into account, as well as the crack width of 8 μm and 16 μm. The quantitative relationship 
between the efficiency of self-healing and the crucial parameters was determined. Therefore, the study of 
the mechanism of self-healing by further hydration provided convincing theoretical basis for realizing the 
self-healing in HPC. 
 
Originality 
It is proved that the self-healing in HPC can prolong the service of concrete structure. One of the methods 
to realize the self-healing is to utilize the further hydration of unhydrated cement in HPC. The cracks are 
expected to be filled up by the newly formed hydration products. However, the main challenge of this 
method is that there is little or even no water existing in the system for the further hydration during the late 
period of the hydration. In this paper, in order to provide convincing theoretical basis for realizing the 
self-healing in HPC, the mechanism of self-healing by further hydration was studied by modeling. A model 
to simulate self-healing of cracks was developed based on the thermodynamics and diffusion theories. The 
quantitative relationship between the efficiency of self-healing and the crucial parameters, i.e. the fraction 
of unhydrated cement and the crack width, was determined. 
 
Chief contributions 
One of the main contributions of this research was the investigation on the mechanism of self-healing in 
HPC by further hydration. A model to simulate self-healing of cracks was developed based on the 
thermodynamics and diffusion theories. The amount of further hydration products formed in the crack as 
the function of time was calculated by this model. The effects of crucial parameters, i.e. the fraction of 
unhydrated cement and the crack width, on the efficiency of self-healing by further hydration were 
determined. This investigation on the mechanism of self-healing provides convincing theoretical basis for 
realizing the self-healing in HPC by providing extra water from the inner of the concrete. 

                                                        
1 Corresponding author: Email haoliang.huang@tudelft.nl Tel +31(15)2788343 
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An Approach to Determine The Size of Representative Volume Element (RVE) 
for Microstructural Parameters of Cementitious Composites

1,2Chen H S*, 2Stroeven P, 2Sluys LJ, 1Sun W 

1 Jiangsu Key Laboratory of Construction Materials, School of Materials Science & Engineering, Southeast University, 
Nanjing 211189, China 

2Faculty of Civil Engineering and Geoscience, Delft University of Technology, Delft 2628CN, The Netherlands 

Abstract 
Multiscale modeling approach is becoming a promising technology to link the structure of materials at lower scale 
level with its properties at higher scale level. In the process of upscaling, the most important issue is the statistical 
reliability of information obtained at each scale level of the materials. Researchers in the field of computational 
mechanics tried to develop various methods to determine the RVE's size for mechanical parameters. However, 
researchers from the fields of materials often slide over this issue during the study of microstructure. Consequently, it 
brings the difficulty to guarantee the reliability of microstructural information obtained at specific scale level. In this 
condition, even the quantitative relationship between microstructure and macro-properties is developed, it cannot 
ensure the formula/model is correct because of the unreliable microstructure characterization.  To solve the problem, 
this paper expects to develop an approach on how to determine the critical minimum size of representative element for 
a microstructure parameter. Three common-used RVE criterions for macro-mechanical parameter in computational 
mechanics, i.e. Chi-square criterion, student t-test criterion, and coefficient of variation criterion, were collected and 
evaluated based on a microstrucutal parameter, solid volume fraction. Finally, it was found that coefficient of variation 
criterion could be the most suitable approach to determine the RVE’s size for microstructural study. In the future, 
people may use this criterion to further investigate the influence of the structure-sensitivity of various microstructural 
parameters on critical size of RVE. 

Originality 
Characterization of microstructure is an important step for building the relationship between microstructure and 
macro-behavior of materials. Most efforts in the literatures focused on qualitatively description of microstructure. Even 
for the researches which intended to quantify the microstructure, few people was concerned about how to guarantee the 
reliability of microstructural information at the given scale level. A reliable criterion is unavailable in the literature on 
how to check whether the sample size satisfies the minimum requirement of RVE. This paper presents a method to 
determine minimum size of RVE of sample for microstructural study and verify its reliability.  

Chief contributions 
Since the representative volume element is the base to obtain a reliable microstructure information, and no method on 
how to obtain the RVE’s size for microstructure study is available in the literature, this paper expects to develop an 
approach to determine critical size of representative volume element for characterizing parameter of microstructure in 
cementitious composites. Based on the comparison of the three ever-used methods (i.e. Chi-square criterion, student t-
test criterion, and coefficient of variation criterion) in the field of computational mechanics, a proper method is 
proposed as a criterion on how to determine RVE’s size for arbitrary microstructural parameter. In addition, the 
structure-sensitivity of various microstructural parameters can be analyzed via the approach developed above. And it 
further provides a reliable solution for the potential researchers who expect to build the quantitative relationship 
between microstructure and properties of material at different scale level. 

Keywords: Representative Volume Element(RVE),Microstructural Parameter, Structure-sensitivity.

* Corresponding author: E-mail: chenhs@seu.edu.cn; Tel:+86-25-52090645;Fax:+86-25-52090667 
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Configurational NMR Study of Sodium Polymethacrilate-g-PEO Comb 
Polymers 

 

Rozzoni A.*, Bellotto M. 
Giovanni Bozzetto S.p.A., Filago (Bg) Italy 

 
 
Abstract 
Polycarboxylate polymers with polyethylene oxide non-ionic side chains constitute one of the most widespread classes 
of concrete superplasticizers. They are appreciated for their high efficiency and the ease with which their properties 
can be tailored to the specific application by changing the molecular structure. However they suffer from one major 
drawback which is constituted by their large performance fluctuations with different cements and even with different 
batches of the same cement quality. These performance fluctuations depend on the specific polymer-cement interactions 
which are driven by the polymer conformation in the cement interstitial solution. We present in the following how minor 
structural details may affect their conformation and thus their performance. 
We compare two polymers which are equal in all aspects except two minor and easily overlooked details. They are 
comb-like copolymers with a sodium polymethacrilate backbone and grafted side chains of polyethylene oxide. The link 
between the backbone and the side chains is an ester bond in both cases. The molecular weight distribution of the 
polymer and of the side chains are equal, as well as the side chain density. They differ in the fact than one, which we 
will call Polymer A, has the PEO chains terminated with a methoxy group, while the other, which we will call Polymer 
B, has terminal hydroxyl groups. Moreover the latter Polymer B has the first three units attached to the backbone 
through the ester bond of propylene oxide instead of ethylene oxide, the rest being ethylene oxide. 
We have studied the monomer sequence in the backbone and the stereochemistry of the configurations considering the 
sequence of acid and ester units and the arrangement of the pseudo-asymmetric centre of each unit by profile fitting 
high resolution 13C NMR spectra. It results that polymer B has a larger portion of syndiotactic sequences – about 74% - 
than polymer A – about 59%. The different configuration reflects in a different behaviour in solution as evidenced by 
measurements of LCST (Lower Critical Solution Temperature) and potentiometric titration curves. The observed 
differences result in a significantly different water reduction efficiency, which is higher for polymer B. 
 
Originality 
We have used high resolution 13C NMR spectra to investigate the molecular configuration and the tacticity of 
polycarboxylate polymers with polyethylene oxide non-ionic side chains currently used as superplasticizers. We have 
shown that minor structural differences may have an important influence on the configuration of the polymer, on its 
conformation in solution and on its efficiency. These aspects have been overlooked in the past when discussing the 
relative efficiency of the polymers and their fluctuating performances in different conditions. A deeper understanding of 
the polymer architecture will help in producing more robust superplasticizers. 
 
Chief contributions 
Our work addresses the microstructure of polycarboxylate polymers with polyethylene oxide non-ionic side chains, 
studied by profile fitting high resolution 13C NMR spectra. We have shown how minor details may prove important to 
favour a specific conformation in solution which turns out to be more effective during the application. This contributes 
to the understanding of the mechanism of action of concrete superplasticizers, and gives a new perspective to the 
discussion about their robustness. It also pushes for the development of new products and new synthetic routes less 
prone to such a variability. 
 
Keywords: PCE superplasticizers, 13C high resolution NMR, polymer configuration. 
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Multi-method approach for the characterization of the behavior 

of superplasticizer in cement suspensions 
 

1, 2
 Lucia Ferrari

*
, 

1 
Josef Kaufmann, 

1 
Frank Winnefeld, 

a
Empa, Swiss Federal Laboratories for Materials Testing and Research, 

Laboratory for Concrete/Construction Chemistry, Ueberlandstr. 129, 8600 Duebendorf, Switzerland. 
2
Johann Plank 

b
Technische Universität München, Department of Chemistry, Lichtenbergstr. 4, 85747 Garching, Germany 

 

 

Abstract 

Superplasticizers (also known as High-Range Water-Reducing Admixtures) are fundamental chemical 

admixtures to disperse the colloidal particles in fresh concrete and mortar mixtures. Besides improving the 

workability properties, many other aspects are positively influenced, allowing the production of high 

performance concrete or self-consolidating concretes. Despite this wide use of superplasticizers, their 

fundamental mechanisms of interaction at the solid-liquid interface are not completely understood yet, 

sometimes leading to unexpected effects, e.g. cement sensitivity, fast slump loss, flash setting or delay setting. 

The main working principles of these admixtures are related to their adsorption on the colloidal particles and 

the dispersion nano-forces exerted by their side chains. Furthermore, this adsorption process provokes 

significant alteration in the surface charge, hence in the ζ-potential of the particles in suspension. 

A study including all these aspects (rheology, adsorption isotherms, force characterization by atomic force 

microscopy -AFM- and ζ-potential) is presented here. A comprehensive understanding of superplasticizers 

fundamentals principles is emphasized. Besides fresh cement pastes, model inert powders in combination with 

synthetic solutions are used to control the effect of different ions contents. A detailed analysis about polymer 

architecture and about ionic species in solution is presented in order to illustrate the influence of these 

parameters on superplasticizer behavior. Moreover, the AFM results clarified the formation of superplasticizer 

multilayer, and highlighted changes in force ranges according to the solution used to treat it. 

 

Originality 

This work presents a wide set of techniques which allows a complete characterization of the action of 

superplasticizer in suspension. Previous work based on selections of these methods only included the possibility 

of capturing some of all the involved aspects of the complex mechanisms of these polymers. The comparison and 

correlation of these results obtained with different facilities permitted to detect separately different sides of the 

same phenomena and gives a detailed view of the effect of these chemical admixtures on particles suspensions. 

 

Chief contributions 

The combination of these different methods offers a high quality characterization of the superplasticizer 

interaction at the solid-liquid interface. This study is important to understand the main factors relating these 

chemical admixtures with their effect on the workability and rheology of fresh cement suspensions. A detailed 

analysis of polymer architecture and of ionic species in solution is presented in order to clarify how these 

parameters can affect superplasticizer efficiency. Furthermore, the direct detection of multilayer formation is 

experimentally measured by AFM. These observations may open many possibilities for development of new 

admixtures and to improve the performances of the fresh concrete. 

 

 

 

 

Keywords: atomic force microscopy; zeta potential; adsorption; rheology; superplasticizer; cement. 
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Interaction of Water Reducer Admixtures
with Recycled Aggregates for Concrete 

 

1Roncero J*, Lopez J, Gimenez V 
1 BASF Construction Chemicals España, S.L., Development Admixture Systems Europe, Barcelona, Spain 

2Magarotto R 
2 BASF Construction Chemicals Italia, S.p.a., Development Admixture Systems Europe, Treviso, Italy 

 
Abstract
Due to sustainability reasons, the use of recycled aggregates in concrete is expected to increase significantly in a near 
future. Currently, most of the concrete produced with recycled aggregates is used for non-structural applications, being 
its use residual in the case of structural applications. Different reasons are behind this trend, some of them related to 
market situations but also to the decrease in the concrete performance when these aggregates are used. Along these 
lines, its higher absorption coefficient makes difficult preparing structural concretes with high proportion of recycled 
aggregates and, consequently, high-range water reducers or superplasticizers are fundamental. However, few studies 
deal with the interaction of these admixtures with recycled aggregates.  

In this work, the interaction of a wide range of water reducer admixtures with different recycled aggregates was studied 
by means of adsorption tests. Results are correlated with the porosity distribution measurements and compared to non-
recycled aggregates. 

Originality 
This work deals with the study of the interaction of traditional chemical admixtures (plasticizers and superplasticizers) 
with recycled aggregates evaluating their adsorption behavior both in terms of percentage of adsorption, as well as the 
amount of admixture adsorbed per surface area measured through BET (i.e., adsorption of nitrogen technique).  
Considering the characteristics of the porosity distribution of the recycled aggregates, which show a significant 
contribution of the smallest pores to the total pore volume in comparison to reference aggregates, the use of chemicals 
able to block the water absorption and, therefore, to reduce the coefficient of absorption of recycled aggregates seems 
to be a feasible approach. Concrete tests were also done in order to confirm the approach followed and, also, its 
effectiveness.

Chief contributions 
The main contribution of this research consists in the study of the interaction of chemical admixtures with recycled 
aggregates and how chemical admixtures could contribute to make possible the use of high percentages of replacement 
of coarse aggregates by recycled aggregates without sacrificing significantly the compressive strength of the concrete.   

Keywords:  
Chemical admixtures, Recycled aggregates, Sustainability, Superplasticizers 
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NMR investigations of the water retention mechanisms by cellulose ethers 
in mortars 

Govin A. 1a, Patural L.a, Grosseau P.a, Porion P.b, Ruot B.c, Devès O.c 
 

 a École Nationale Supérieure des Mines de Saint-Étienne,  LPMG UMR 5148, Saint-Etienne, France 
b Centre de la Recherche sur la Matière Divisée, CNRS-Université d’Orléans, UMR 6619,  Orléans, France 

c Université Paris-Est, CSTB, Marne-la-Vallée, France 
 
Abstract 
Cellulose derivatives as renewable resources gain in importance in a time of growing energy and resource 
demand and ecological awareness. The most important applications are pharmaceuticals, cleaning agents as 
well as building materials, where they are used as thickening and water retaining agents. In masonry coatings 
formulations, cellulose ethers are introduced in order to control fresh mortar properties, rheology and 
application performance as well as the final strength of the render. Water retention is a key property imparted 
by the cellulose ether in a cement render formulation. Indeed, when applied on highly absorbent support and / 
or submitted to evaporation, the material must retain the necessary amount of water which is required for 
proper setting of the cement. In consequence, the hydration process took place in good conditions leading to 
hardened mortar with high mechanical strength.  
The aim of the study is to better understand the fundamental mechanisms of water transports in fresh cement-
based materials. In this frame, three types of cellulose ethers were used (HydroxyEthyl Cellulose, 
HydroxyEthylMethyl Cellulose, and HydroxyPropylMethyl Cellulose). Several features were studied, such as 
the admixtures structural parameters (weight-average molecular mass and substitution degrees), particle size, 
concentration, and mortar consistency. Using well-characterized molecules, it will be possible to understand 
their way of action on mortar water retention. They could provide strong capacities thanks to the possible 
superposition of several phenomena such as a rheological effect similar to that caused by polysaccharides 
(increasing the viscosity). Another effect, specific to cellulose ethers, remains to be defined. This could be 
caused by a modification of the porous network in the fresh state, or the presence of polymer layer acting as a 
diffusion barrier. In this frame, using nuclear resonance magnetic techniques, the effect of cellulose ether on 
water mobility in fresh cement based materials was explored.  
 
Originality 
In spite of the success of cellulose ethers in practical applications, little work has been devoted to the 
mechanism of their remarkable water retention capacity. Very few admixtures were characterized in terms of 
water retention. It seemed that the polymer molecular parameters (i.e. molecular weight and substitution 
groups) had a significant influence, but no clear water retention mechanism could be identified. In this work, a 
large panel of cellulosic derivatives was investigated to determine the key-parameters. One of the assumptions 
to explain the water retention is that cellulose acts as a diffusion barrier to the water. With this objective, the 
cellulose ether effect on the self-diffusion coefficient of water was studied by Nuclear Magnetic Resonance. This 
technique was also used to investigate the water mobility between two fresh cement pastes.  
 
Chief contributions 
Various panels of cellulose ethers were used to investigate the influence of the physic-chemical parameters. The 
results demonstrated that the average molecular weight of the cellulosic derivatives is a key parameter whereas 
the molar substitution (the number of moles of hydroxypropyl or hydroxyethyl groups per mole of 
anhydroglucose) had a minor impact on the water retention capacity and the consistency on the freshly mixed 
mortar. Indeed, in a cellulose ether group, the higher is the molecular weight, the better is the consistency and 
the stronger is the water retention. On the contrary, for starch ethers, opposite phenomena were noticed. Thus, 
the water retention is not only related to the consistency, another parameter is involved.  
To explain the water retention mechanism, Nuclear Magnetic Resonance experiments (pulsed-gradient spin-
echo and NMR relaxometry) were performed to study the influence of the polysaccharide on both self-diffusion 
coefficient of water and surface diffusion coefficient. These analyses help us to understand the water retention 
mechanisms thanks to the results on the water diffusion coefficients (in the bulk and at solid interfaces). 
  

Keywords: Cellulose ether, Water retention, diffusion coefficient 
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Effect of the molecular weight of PCE-based superplasticizers on their 
interaction with different cements

N. Zeminian1*, R. Magarotto, I. Tucci 
BASF Construction Chemicals, Treviso, Italy 

Abstract
Nowadays, the use of polycarboxylate-ether superplasticizers (PCEs) has become a common practice in the production of concrete.
Several generations of PCEs have been developed over the last decades, different either in terms of monomers chemistry or in terms 
of polymer structure. 
Given a set of monomers, the main structural parameters that can be changed, thus producing polymers with different performance,
are the backbone length, the side chain length and the molar ratio between charges and side chains. Among them, the length of the 
backbone is often neglected in the studies that are focused on the correlation between PCEs structure and performance.  
In the present work, two polymers have been taken into consideration, possessing different molar ratio: one is a typical water 
reducer, though characterized by poor workability retention, and the other is a good workability retainer and moderate reducer. For 
each of them, several polymers have been prepared, which are different only in terms of backbone length. Their performance has 
been investigated with several cements, characterized by different chemical composition.    
By doing so, not only the water reduction and workability retention capability of the polymers have been highlighted, but also their 
robustness, intended as the ability to offer consistent performance, under variation of the cement characteristics. An optimal 
backbone length has been identified for each polymer.   

Originality 
This study has been carried out on two classes of polycarboxylate-based polymers which have the same chemical 
structure and differ only by the molar ratio. This similarity between them, allowed drawing some conclusion on the 
influence of the backbone length on the reactivity of these superplasticizers. In this case, also the adsorption tests take 
on a more important meaning, and the correlation with the performance trials in mortar and concrete is the key to 
better understand the variation of behaviour with the chemical structure. 

Chief contributions 
This study allowed defining an optimal backbone length for the water reducer and the workability retainer polymer, in 
order to have a good performance on different cements, and to guarantee a good robustness under variation of the 
materials. It is very important to assure this point, since nowadays the natural resources are decreasing and secondary 
cementitious materials are progressively used, thus introducing a high variability of substrates. It was also possible to 
define a reliable theory that justifies some different performance observed for the two classes of admixtures. 

Keywords: Admixture, Superplasticizer, Polycarboxylate, Molecular weight, Adsorption, Water reduction, Workability 
retention, Mortar, Concrete
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Study of new plasticizing admixture as “sulfated humus sodium” and it 
influence to properties for cement and concrete 
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Abstract 
In this paper were examined a study results on obtaining of high-quality plasticizer by the simultaneous method 
of chemical and thermal treatment from nontraditional and cheap natural raw material as oxidized brown coal. 
That oxidized brown coal is wasted at BAGANUUR coal-mining industry in Mongolia for soil digging process 
because of the oxidized brown coal is located between the soil and coal layer as above the useful area coal 
basin. The oxidized brown coal it contains 30-80% of humus substances, and it is valuable chemical raw 
materials; however, they are used in the industry even so much. 

Purpose of this work were concluded for obtaining high-quality new plasticizer for the cement containing 
building materials (as concrete) by the sodium sulfite salts treatment from oxidized brown coal, which was 
prepared by the sulfate-nation of humus substances under the relatively soft conditions. Sulfate-containing 
radicals of the humus substances were produced in that product by the reaction. Therefore the sulfated product 
from the oxidized brown coal was shown surface-active property i.e. the surface tension of additive containing 
solution was reduced to 60-68mN/m and characterized as well for the cement particles adsorptions. 

Studies on that admixture influence for cement and concrete properties showed that the sulfated humus aqueous 
solutions offer the possibility for reduction of water-cement ratio in the concretes and increases the strength of 
cement stone and concrete batch and that would save 10-15% of cement consumption for the concrete 
production. It is established that the additive of sodium sulfated humus (SFH-Na) would improve plasticity of 
cement and concrete mortar and facilitate flow ability of concrete mixtures.  

ORIGINALITY: The novelty and originality of this work were considered as the first time developed the 
scientific bases of the technologies for obtaining the high quality additive for the concrete from the oxidized 
brown coal by using domestic waste material. 

CHIEF CONTRIBUTIONS: Therefore practical value of this of technology were concluded in the fact that 
opens the way of new high-quality plasticizer synthesis for the concretes and consists from the ecologically 
clean natural raw material, without extra priced chemical reagents such as naphthalene, urea, melamine, 
POLYCARBOXYLATE and POLYACRILAMIDE and other substances, which is not produced in the Mongolia 
by the now. 

The summarizing results for those studies were carried out in our laboratories it is possible to establish that 
sodium sulfated humus are high-quality chemical additive and modifier of concrete article.  

Keywords: plasticizer, humus substances, cement, concrete  
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Concentration effects in the rheology of cement pastes: Krieger-Dougherty 
revisited 

 

Banfill PFG1 
School of the Built Environment, Heriot-Watt University, Edinburgh, EH14 4AS, UK 

 
 
ABSTRACT 
Cement pastes are concentrated suspensions of granular particles in water and their rheology strongly affects the 
behaviour of all concretes and other cementitious materials. While the rheology of cement pastes has been extensively 
studied over the last 60 years, leading to the general conclusion that cement particle shape, size and concentration are 
key variables, the overwhelming majority of the results to date have been expressed in terms of the effect of 
water/cement ratio on the measured rheological parameters. While this has been helpful in making empirical progress, 
a more fundamental approach requires that the concentration be expressed in volumetric terms. A suitable relationship 
is the Krieger-Dougherty equation: 
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Here )(φη  is the viscosity at solid volume fraction φ  of a suspension of particles whose maximum packing fraction is 

mφ  when dispersed in a medium of viscosity sη . ][η  is referred to as the intrinsic viscosity and varies according to the 

shape of the particles, from 2.5 for spheres up to very high numbers for fibres of high aspect ratio. While originally 
formulated for viscosity the Krieger-Dougherty equation can be used for other rheological parameters such as yield 
stress. From the relationship between  )(φη  and φ  curve fitting enables the values of mφ  and ][η   to be estimated for 

a liquid medium of viscosity sη . 

 
This paper uses a comprehensive series of datasets relating rheology and concentration, which have been collected 
from the literature over the past 60 years. Each dataset has been converted from the original water/cement ratio form 
to volume concentration and then fitted to the logarithmic transformation of the Krieger-Dougherty equation by linear 
regression. The logarithmic form makes it possible to use a linear fit, whereas the untransformed equation diverges to 
infinity at the maximum packing fraction which makes it difficult to assess the best fit of the data. 
 
The paper draws conclusions on the appropriate values of the suspension parameters (maximum packing fraction and 
intrinsic viscosity) for the different datasets and discusses the implications of the findings in the light of what we know 
about the properties of cement. It considers the validity of the equation for modelling the rheology of cement pastes and 
other cementitious materials. 
 
ORIGINALITY: 
The originality of this paper lies in the fact that no-one has attempted a widely applicable correlation between cement 
paste rheology and concentration which exploits the rich array of data that has been collected since research on cement 
paste rheology started. A graphical survey was carried out in Tattersall and Banfill’s book in 1983 but is purely 
empirical showing the range of measured rheological parameters obtained at a range of water/cement ratios. A few 
individual papers have attempted to fit their own data to the Krieger-Dougherty equation but the fit has mostly been 
made ‘by eye’. The logarithmic transformation of the equation has been used by Hendrickx et al but no attempt at a 
wider comparison was made. 
 
CHIEF CONTRIBUTIONS: 
An ability to model the rheology of cementitious materials depends on the veracity of the relationship between rheology 
and concentration. At the time of writing there is no generally applicable relationship for this and this paper offers the 
possibility of deriving such a relationship. This is a novel contribution. 
 
KEYWORDS: Cement paste, rheology, concentration, plastic viscosity, yield stress 
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Interactions between Granulated Blastfurnace Slag or Limestone as Cement 
Main Constituent and Super-Plasticisers Based on Polycarboxylate Ether 

 

Rickert, J.1 
Verein Deutscher Zementwerke e.V., Research Institute of the German Cement Industry, 

Cement Chemistry Department, Duesseldorf, Germany 
 

Herrmann, J. 
Gerd Wischers Foundation, Science Foundation of the German Cement Industry, Duesseldorf, Germany 

 
Abstract
Nowadays, concretes are most frequently produced with cements with several main constituents due to their ecological 
and technological benefits. Super-plasticisers enhance the performance of fresh and the durability of hardened 
concrete. Approximately 60% of the super-plasticisers are based on polycarboxylate ether (PCE) with rising tendency. 
However, there is still a substantial lack of scientifically based knowledge of the precise interactions between cement 
main constituents which substitute clinker and PCE molecules. 
Investigations were performed on pastes from laboratory made cements using rheological measurements, zeta potential 
experiments, and pore solution analyses. All cements contained the identical Portland cement clinker and sulphate 
carrier component. By specific variation of the type, content, and granulometry of granulated blastfurnace slag or 
limestone their effects on the cement and on the interactions with PCE molecules have been investigated systematically. 
The essential dosage of PCE to reach the maximum flowability of cement pastes decreased with increasing content of 
granulated blastfurnace slag or limestone which substituted clinker. PCE molecules majorly adsorbed on the surfaces 
of clinker and initial hydration products. Clayey components within limestone may increase the dosage of PCE which is 
essential for maximum flowability. The adsorption potential of the PCE with higher molar mass and smaller ratio of 
gyration radius to hydrodynamic radius was less influenced by the composition of the pore solution. 

Originality 
Investigations were performed on pastes from laboratory made cements containing the identical Portland cement 
clinker and sulphate carrier component. By a specific variation of the type, content, and granulometry of granulated 
blastfurnace slag or limestone a systematic investigation of their effect on the cement and on the interactions with PCE 
molecules was achieved. This approach together with the methodical evaluation of the results of rheological 
measurements, zeta potential experiments, and pore solution analyses contributes to an enhanced scientifically based 
understanding of the precise interactions between granulated blastfurnace slag or limestone as cement main constituent 
and PCE. This knowledge is substantial for the prediction of the interactions between these cement main constituents 
and PCE to avoid incompatibilities between cements with several main constituents and super-plasticisers in concrete. 

Chief contributions 
The essential dosage of PCE to reach the maximum flowability of cement pastes should be determined for the particular 
cement super-plasticiser combination at the respective water/cement ratio. The essential dosage can be determined both 
by the shear resistance curves and by zeta potential measurements. The essential dosage depends on the content, 
fineness, and reactivity of clinker and other main constituents in cement, the water/cement ratio, the composition of the 
pore solution, and the molecular structure of the PCE. As a rule of thumb, the essential dosage of PCE to reach the 
maximum flowability of pastes decreases with increasing content of granulated blastfurnace slag or limestone that 
substitutes clinker. 

Keywords: adsorption, cement main constituent, effective charge density, pore solution, super-plasticiser, zeta potential 
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 Flow properties of fluid concretes incorporating or not metakaolin 
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Abstract 
The objective of the paper is to assess the flow properties of concretes incorporating or not metakaolin as a 
function of the variation of the granular composition. The solid mix proportion of the concrete that was used per 
weight is 1:2:2.6 (binder: sand: coarse aggregates). The binder was composed of either 100% cement CEM I or 
a combination 85% CEM I + 15% metakaolin flash. The sand was composed of two fractions (50% each): the 
sand 1 (Sd1) 0/0.315mm and sand 2 (Sd2) 0.315/1.0mm. The coarse aggregates were prepared with five binary 
granular compositions, where the first part (FP) was 0/4mm, and the second part (SP) was 4/12.5mm. The 
binary composition was made according to five rates (FP/SP) per weight: 30/70, 40/60, 50/50, 60/40 and 70/30. 
The water/binder ratio was kept constant at a value of 0.6. A superplasticizer (vinyl copolymer type) was used in 
order to adjust a fluid consistency of the concrete. In the case of concrete incorporating metakaolin, whatever 
the granular composition, an extra quantity of superplasticizer was necessary to maintain the consistency 
because of the high cohesion. The properties measured at the fresh state were the slump and the rheological 
properties, shear-dependent and time-dependent ones by means of a concrete rheometer.  
Even though the slump is quite similar between concretes, the results show a great influence of the binary 
composition of coarse aggregates and metakaolin on the rheological properties of the concrete. In particular, a 
recovery of the structure was, in some cases, visible when metakaolin (MK) was incorporated. 
 
Originality 
The originality of the proposed paper is centred on the combined effect of the variation of the granular 
composition and the presence or not of metakaolin flash on the rheological properties at the concrete scale.  
 
Chief contributions 
The main contribution of this paper is the study of the combined effect of metakaolin and granular composition 
on the flow properties of concrete. This contribution can be of interest for concrete manufacturers. 
 
Keywords: concrete, granular skeleton, metakaolin flash, workability, rheology 
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Effects of sulphates on the rheological behavior and electrokinetical 
properties of cement pastes for Self Compacting Concrete. 
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Abstract: 
The use of admixtures, which tends to be generalized in the formulation of SCC, requires taking into account the 
chemical composition of cement, particularly its content of SO3, which can inhibit or restrain the effect of these 
admixtures (superplasticizers). In order to contribute on the understanding of these phenomena due to the 
presence of SO3 in cement, we propose to evaluate the action of certain sulphates, incorporating different types 
of sulfated additions (K2SO4, Na2SO4, and CaSO4.2H2O) to the cement paste. To this end, our work will concern 
the study of rheological properties and physical characteristics of the pastes obtained using two types of cement, 
namely, CPA and CRS. The experiment will focus on two reports: W/C = 0.30 for which the polynaphthalene 
sulphonate (PNS) is used as superplasticizer and W/C = 0.50 (without superplasticizer). The results show that 
the presence of sulfate leads to different rheological behaviors that are functions of the nature of sulfates and 
cements used. 
ORIGINALITY: The purpose of this research is to study the problem of incompatibility of cement/ 
superplasticizer and effect of different kind of sulphates 
 
CHIEF CONTRIBUTIONS: Effects of sulphates on rheological behaviour (shear stress and plastic viscosity) 
and electrokinetical properties (zeta potential) of cement paste 

Keys words: cement, rhéology, superplasticiser, yield stress, plastic viscosity, SCC, sulfates. 
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Effect of Cement Grinding on Workability of Concrete  
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Abstract 
In this paper, effect of grinding of portland cement on its consistency and workability of resulting concrete is 
investigated. Research work has been conducted over five cement factories and their average trend is discussed. Fresh 
clinker was collected from same batch of each factory. It was ground with 4% gypsum in a 13 kg ball mill. During the 
course of grinding, fineness was periodically measured using Blaine’s air permeability apparatus and from each 
factory, six cement samples, having fineness range from about 1500 cm2/g to 4000 cm2/g were prepared. In order to 
confirm uniform oxide ratio, their chemical composition was analyzed by XRF-Cement Spectroscopy. Consistency test 
of all the samples were performed in the laboratory. In order to have an idea of workability, slump test and compacting 
factor tests were performed on concrete mixes made consecutively by all samples keeping constant mix and water 
cement ratios. Graphs were drawn between fineness of cement and these properties, for each factory separately and 
comparative study of different trends found, were carried out. An average trend of the four factories was also drawn for 
each property under discussion. Relations between fineness of cement and workability of concrete were established by 
using “Least Square Regression Method”.  

.  
Originality 
The work of different researchers on effect of fineness of cement on properties of concrete was done mainly on portland 
cements manufactured outside Pakistan. The trend of locally manufactured cement by using indigenous materials was 
still demanding lot of research work.  
 
Chief contributions 
The optimum value of fineness recommended in this research will be very helpful for cement factories to have a balance 
between desirable properties of cement and its grinding cost. This may result in lower production costs of cement and 
in this way will serve national interests by introducing economy in the construction industry.The mathematical 
relationships obtained wil also be highly beneficial for the construction industry. These will help to select particular 
cement fineness for a particular workability specially in local environments. Also,the work may prove helpful to 
determine the advantages and disadvantages gained, in case of cements used, having fineness more or less than the 
specified ranges, described in different codes. 
 
 
Keywords: Fineness, Grinding, Spectroscopy, Workability, Clinker 
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Abstract 
The development of self-compacting concrete in Saudi Arabia under the hot and harsh conditions widespread in 
the Kingdom represents a real challenge. Moreover, the requirement of utilization of local fine materials in self-
compacting concrete is essential for mass production and cost reduction. The adequate additions of local fine 
materials as fillers in self-compacting concrete should render efficient plastic viscosity and ensure sufficient 
stability of all phases. However, an increased amount of fine materials requires the use of high range 
superplasticizer to get the desired flowability. The optimization of the rheology of self-compacting concrete 
necessitates the optimization of its paste phase, i.e. cement, water, fine materials and superplasticizer. A few of 
polycarboxylate-based super plasticizers intended for the production of self-compacting concrete are available 
in Saudi Arabia construction market, such as Glenium. The robustness of this type of superplasticizer with 
cement and fine material is critical. A little variation in the dosage of Glenium could lead to detrimental 
bleeding, segregation and formation of a thick powder layer at the concrete top surface. Formulation of robust 
mixtures of cement with Glenium and limestone dust is the aim of the current paper. A modified mini-slump test 
supported with photographic-based evaluation method is used. In this method an evaluation index called visual 
deposit surface index is taken as a qualitative and semi-quantitative index for the superplasticizer concentration 
range that should be tested. Binary combinations of cement with Glenium and limestone dust are evaluated in 
paste then being applied in self compacting concrete.  Different rheological properties such as T500, Slump flow, 
J-ring flow and visual stability index of SCC mixtures with limestone dust are determined at different times until 
a standard flow of 650 mm is attained. As an outcome of this research, a good agreement between the effective 
range of superplasticizer dosages obtained from the visual deposit surface index and rheological properties of 
concrete is attained. 

 
Originality of the research 
The current research presents a simple test method to optimize the incorporation of a polycarboxylate high 
range water-reducer admixture in self-compacting concrete using a photographic-based evaluation method. 
This method determines an effective and robust range of admixture dosages that can be added to SCC without 
creating significant segregation and without forming a remarkable layer of floated fine particles at the top 
surface. 
 
Contribution of the research 
The current research contributes to the increase in demand for using the local fine materials and admixtures in 
self-compacting concrete with minimum concomitant compatibility and robustness inconveniences. Moreover, it 
helps in the production of low cost self-compacting concrete in Saudi Arabia under the hottest, most dry and 
harshest climate in the world. 
 
Keywords: Optimization, Mini-slump test, Rheology, SCC 
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Abstract 

The performance of shrinkage-compensating concrete, in terms of reducing the risk of cracking, mainly depends on 

correct synchronisation between two different processes inside the concrete: the evolution of its early age mechanical 

strength which is controlled by cement hydration, and the expansion rate which is controlled by expansive agent 

hydration. Recently the use of shrinkage reducing admixtures (SRA) has been recommended in shrinkage-

compensating concrete due to the improvement in its performance in the absence of prolonged wet curing, thanks to 

the synergy achieved by combining SRA and CaO or MgO-based expansive agents. Some studies state that this 

positive combination is due to retardation in the hydration rate of the expansive agent which is able to induce a more 

efficient reinforcement tension (compressive stress in the concrete) due to improved steel-concrete bonding. In this 

paper, the influence of the type of  superplasticizer and temperature on the hydration processes of the cement and the 

expansive agent (CaO) have been analysed. In order to evaluate the CaO hydration, several expansive cement paste 

samples with different polyacrylated ester-based superplasticizers, with and without SRA, were prepared at different 

temperatures and analysed using TG (thermogravimetry). Compressive strength, workability loss, setting time and 

restrained expansion tests were also carried out on concrete. The results indicate that the type of superplasticizer used 

and/or the temperature have different effects on the rate of cement hydration and on the calcium oxide, especially 

during the first 24 hours of hydration. Some indications of the correct way to design a shrinkage-compensating 

concrete in different situations are presented. 

 

Originality 

Several papers have been written about the contribution of shrinkage reducing admixtures, expanding agents and high 

water reducing admixtures (HWRA) on the performance of shrinkage-compensating concrete. But most of these have 

analysed data coming from simplified systems (mortar, paste) produced  in standard conditions (Temp. = 20°C) In 

this work the behaviour of admixtures in concrete was analysed.  In particular the concrete tests were carried out at 

different temperatures, by using different types of superplasticizers: superplasticizers for normal ready-mix concrete, 

and superplasticizers for prolonged slump-life ready-mix concrete (commonly used in summer conditions). The 

effectiveness of the expansive process was determined on samples prepared 1 hour  after the initial preparation of the 

concrete in order to simulate what is commonly happening  in the field. Finally the data obtained on concretes  were 

correlated with the data coming from the TG analysis of the cement pastes. 

 

Chief contributions 

The results of this research will be very useful for technicians in designing shrinkage-compensating concrete  in 

different environmental conditions and/or when prolonged slump-life concrete is requested. In the paper are reported 

data showing the magnitude of the influence of temperature and the type of superplasticizer on the hydration 

processes of the cement and CaO-based expansive agent with and without the SRA.  The data obtained from the 

concrete tests can be used practically in order to produce   a shrinkage-compensating concrete successfully in 

everyday conditions. In fact, great care must be taken to avoid that any expansive action occurs too early when the 

concrete is in a deformable plastic state. In the latter case any advantage of compressive stress in the hardened 

concrete and tensile stress in the steel reinforcement is lost due to the weak bond between the steel reinforcement and 

the concrete. 

 

Keywords: Drying shrinkage, expansive agent, shrinkage reducing admixtures, shrinkage compensating concrete 
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Abstract
Calcium aluminate cements (CAC), defined in European standard EN 14647, differ from Portland cement (OPC) both 
chemically and mineralogically (its main component is monocalcium aluminate). These differences explain the 
behaviour and properties of the concrete prepared with this type of cement. 
Very few studies have addressed the compatibility between CAC cements and superplasticizers, particularly with 
respect to PCE-type latest generation admixtures. The water/cement ratio in concrete can be lowered (by values of 
nearly 40 %) with these admixtures because they allow equal flow to be achieved.. PCEs also partially mitigate the 
adverse effects of the conversion, in CAC concrete, of hexagonal into cubic hydrates. The role of these admixtures may, 
then, be essential to the stability and durability of CAC concrete. 
The present study researched the compatibility between calcium aluminate cement and four PCE-based admixtures with 
different molecular structures (different carboxylate group/ether group ratios). The reference used for the study was an 
ordinary Portland cement, CEM I 42.5R. 
The cement paste adsorption curves were determined for each admixture using a total organic content (TOC) analyzer, 
while the zeta potential curves were found with acoustophoresis techniques. The effect of these admixtures on the 
rheological behaviour of the respective pastes as well as on mortar flowability was also studied. Finally, other mortar 
properties and characteristics were determined, such as mechanical strength and porosity. 
The findings showed that low dosages of PCE admixtures induced much more intense fluidizing effects in the CAC than 
in the OPC pastes. This was due to the high zeta potential of these cements, which led to high adsorption of all the 
admixtures, even the ones with low carboxylate group content. According to the acoustophoresis findings, the PCE 
admixtures induced a steeper decline in the zeta potential in CAC than in OPC suspensions, although admixture 
adsorption led in both cases to zeta potential values of close to zero. PCE admixtures proved to have a beneficial effect 
on CAC mortar performance. 

Originality 
The originality of this study can be readily deduced from the paucity of in-depth analyses of the compatibility between 
PCE-based superplasticizers and CAC cements. The present paper constitutes a novel contribution to the state of the 
art in this area and contains very valuable information for the placement of superplasticizer-containing CAC concrete. 

Chief contributions 
The contributions deriving from this research include: 

a) The structural ratio (carboxylate group/ether group) has been shown to play a much less determinant role in 
PCE admixture-CAC cement compatibility than it does in OPC systems. Admixtures that are scantly effective 
in Portland systems are highly effective with CAC. 

b) The zeta potential of CAC cement pastes with and without PCEs has been determined for the first time. 
c) The PCE admixture dosage needed to obtain a given flowability in CAC pastes has been proven to be much 

lower than for Portland cement pastes, although flowability declines rapidly in the former. 
d) A study has been conducted on the effect of these admixtures on mortar properties and performance. 

Keywords: superplasticizers, calcium aluminate cement, compatibility, adsorption, rheology, 
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Influence Of High Molar Mass Polymers On The Rheological Behavior Of 
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Abstract 
Cellulose ethers are polymers derived from cellulose, which belong to the family of viscosity enhancing agents. 
They are widely used in construction as thickeners or water retention additives for mortar, plaster, grout or 
concrete. Although the production of these polymers is mastered and controlled, the role they play in these 
complex industrial products is still not fully understood. Thereby, the use of cellulose ethers is mostly empirical. 
In this work, consequences of the addition of cellulose ethers on the rheological properties and on the stability 
of cement pastes are studied. It is expected that adding polymers increases both the macroscopic viscosity of the 
cement paste and the viscosity of the interstitial fluid. Our results show that these polymers displaying a radius 
of gyration of the order of several tens of nanometers are partially physically adsorbed on cement grains. The 
part of polymer remaining in solution leads to an increase in viscosity of the interstitial fluid and thus reduces 
its mobility. The expected viscosity increase of the cement paste is then moderated by the apparition of depletion 
repulsive forces. These forces result in a reduction of frictional contacts between cement grains. This work 
highlights the influence of the molar mass of this type of polymer on these phenomena.   

Originality 
Most studies in literature about rheology admixtures deal with plasticizers or super plasticizers. Only very few 
studies concern the understanding of the effect of high molar mass polymers such as cellulose ethers. Whereas 
super-plasticizers decrease the attractive interactions between cement grains through steric forces, cellulose 
ethers lead to an increase in the viscosity of the interstitial fluid. The specificity of these high molar mass 
polymers is to physically adsorb because of their hydrophobic side chains whereas traditional polymers such as 
carboxylates are adsorbed because of their ionic side chains. Finally, the high molar mass of these polymers is 
at the origin of repulsive depletion forces, which do not exist for the lower molar mass polymers used in 
construction. 

Chief contributions 
Chief contribution of this work is the highlight of the mechanism of action involved for these non-ionic polymers 
in order to improve their use in construction. We suggest in this paper quantitative links between molecular 
parameters of these high molar mass polymers and macroscopic behavior of cement pastes. 

Keywords: Cellulose ethers, viscosity, adsorption, repulsive depletion 
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Correlation between setting, heat evolution, and deformations of cementitious 
binder systems depending on type and amount of superplasticizer 
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2 Eindhoven Technical University, Eindhoven, Netherlands 

 1Kuehne H-C and 1Meng B 
 
 
Abstract 
Today polycarboxylate ether based superplasticizer (PCE) is commonly used in concrete technology when high flow 
properties and water reduction are specified. The ionic strength of the polymers’ backbones determines the adsorption 
behaviour of polymers on clinker and early hydration products. The amount of required polymers for specified flow 
properties and the performance over the time of casting is thus determined by the molecular structure of the 
superplasticizer. The time depending consumption of polycarboxylate ether polymers strongly affects the reaction of 
aluminates and sulphate ions as well as the hydration process in general. Hence, the choice of polymers for particular 
flow properties greatly affects the very early properties of cementitious materials such as setting, heat evolution and 
autogenous deformations.  
In order to better understand how PCEs influence the early properties, mixes from cement, limestone filler, viscosity 
modifying agent and water were varied with a high and a low charge density superplasticizer in differing amounts. 
Results are presented from measurements with an automatic Vicat device, an isothermal heat flow calorimeter, and 
shrinkage cones. Tests were conducted at 5, 20, and 30 °C. 
It is shown that in presence of PCE the final set correlates well with the inflexion point of the heat flow curve, which 
emphasises the interrelation between C-S-H formation and setting. No such clear correlation can be found for the 
initial set, which is attributed to the fact that the initial set is rather a rheological than a structural phenomenon, so that 
other effects overlap with C-S-H formation. The results demonstrate that for a given polymer concentration low charge 
density polymers yield earlier setting than high charge polymers. However, this influence is overridden by the influence 
of the total amount of polymers in a cementitious system. Since PCE is typically added according to rheological 
specifications, and low charge PCE typically requires higher amounts of polymers than high charge PCE for 
comparable flow performance, low charge PCE retards setting more than high charge PCE.  
The paper furthermore points out that there is no significant influence of the polymer type or amount on the early 
deformations. Since type and amount strongly affect the hydration, it is demonstrated that early setting causes higher 
strain after the final set. It is hence concluded that higher PCE solid contents reduce the risk of early cracks that occur 
at time of setting, when a solid structure has already been formed but without resistance against cracks yet. 
 
Originality 
The paper focuses on early hydration processes and the way they are affected by chemical admixtures. In terms of 
hydration history, the focus is placed on the period between fresh concrete and hardened concrete. The paper thus 
mainly contributes to the main topics of the 13th ICCC “Properties of fresh and hardened concrete”, considering the 
effects of chemical admixtures on rheology, hydration, setting and deformations. However, since the effects cannot be 
extracted from micro-structural developments, the paper also contains numerous links to the main topic “Hydration 
and microstructure”. 
 
Chief contributions 
To date most research that observes cement superplasticizer interactions focuses on rheological properties. Only few 
published papers deal with the properties after casting until final set. Typically general differences of mixtures with 
polycarboxylate ether superplasticizers are investigated versus mixtures without. Aspects of particular molecule types 
and respective ionic backbone charge densities are less focused in research. The results of this paper help improving 
mixtures with regard to early hydration effects and sensitivity against early crack formation. 
 
 
Keywords: Polycarboxylate superplasticizer, setting, heat evolution, autogenous deformation 
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Abstract 
This research evaluates the influence of nano-silica addition on the rheological properties of cement pastes made with 

high early strength cement, using 0.30 water to binder ratio (wt.), 7 wt% of silica fume in relation to cement and 0.5, 

0.75 and 1 wt% of sodium polycarboxylate based superplasticizer in relation to binder. The nano-silica used has an 

average diameter of 80 nm and was added in the proportions of 0, 0.33, 0.66, 1.00 and 2.00 wt%. The rheological 

parameters were determined at 8 min and after every 30 min during the first 1.5 h hydration, using a rotational coaxial 

cylinder viscometer and the squeeze flow technique. Early age heat of hydration was determined with an isothermal 

calorimeter. The results showed that flow curves are satisfactorily represented by the Herschel−Bulkley rheological 

model. Yield stresses and plastic and extensional viscosities increase in a nonlinear fashion with the increase of nano-

silica contents in the pastes, particularly with the lowest dosage of superplasticizer. On the other hand, heat 

development at the early age was not significantly affected, so that the rheological behaviour observed up to 1.5 h were 

the result of physical rather than chemical changes imposed by incorporation of nano-silica into the cement pastes. 

Particle packing is believed to be the primary cause for the observed changes in the rheological properties observed up 

to 1.5 h hydration.  

 

Originality 
This paper seeks a better characterization and understanding of changes on rheological properties imposed by the 

incorporation of nano-silica in Portland cement based materials. The performed factorial design testing program 

allowed the determination of the effects of incorporating different amounts of nano-silica and polycarboxylic acid-

based superplasticizer on the rheological properties and early age heat of hydration on cement pastes. The results 

indicate that physical changes associated with particle packing could be the most significant cause for the observed 

rheological behaviour. Nevertheless, the rheological properties are not linearly affected either by nano-silica or by 

superplasticizer contents.  
 

Chief contributions 
This paper reports part of the research program to develop nanostructured cement pastes and mortars for production 

of thin construction boards. The research brings information on the rheological behavior of cement pastes produced 

with the addition of nano-silica, analysing different nS, SF, SP content and water/binder relation using both rotational 

and squeeze flow rheometry, in order to obtain a high performance paste with satisfactory fluidity.  

 

Keywords: nano-silica, cement, superplasticizer, rheology, heat of hydration. 
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Water layer thickness of silica fines and their effect on  
the workability of cement pastes 
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Abstract 
Concrete is used in infrastructure and in buildings. It is composed of granular materials of different sizes and the 
grading of the composed solid mix covers a wide range. The overall grading of the mix, containing particles from 300 
nm to 32 mm, determines the mix properties of the concrete. The properties in fresh state (flow properties and 
workability) are for instance governed by the particle size distribution (PSD) and the resulting particle packing (PP). 
One way to further improve the packing is to increase the solid size range, e.g. by including particles with sizes below 
300 nm. Possible materials, which are currently available, are limestone and silica fines like silica fume (mS) and 
nano-silica (nS). This paper addresses the characterization of six different silica fines with respect to their application 
in cement paste. Given that the fines provide by far the highest percentage of specific surface area in a mix, their 
packing behavior and water demand is of vital interest for the design of concrete. In the present work, different mixes 
are compared and analyzed using the mini spread-flow test method. In this way, a deformation coefficient derived by 
the spread-flow test is confirmed to correlate with the product of computed specific surface area (SSA) based on 
measured PSD and intrinsic density of the individual silica fines. Similarly, correlations with equal accuracy are found 
with a computed SSA using the BET method. With the flow experiments of different mixes it is possible to derive an 
individual deformation coefficient of the silica particles. It is demonstrated that the computed and the BET surface area 
values have a constant ratio (0.76 to 0.70). Finally, the value of a constant water layer thickness around the powder 
particles (24.8 nm) is computed for all silica fines at the onset of flowing. This implies the possibility to predict the flow 
behavior of paste only based on the knowledge of their SSA, either determined by computation or by BET 
measurements.   
  
Originality 
The results obtained for the water demand (βp), deformation coefficient (Ep) and water film (δ) of silica fines, 
specifically of amorphous silica nano particles have never been reported in the literature using the mini spread flow 
test method. This is an opportunity to publish new findings in the field of concrete technology related with nano 
particles addition and their effect on the rheology and workability of cement based materials. Also these parameters 
will allow for a tailor made design of new types of silica produced by olivine dissolution in acid, and the prediction of 
their water demand in cement paste, mortars and concrete mixes. The understanding of the effects of silica fines in 
cements paste allows for an optimized design of concrete mixes and contributes to the future application of these types 
of materials as cement replacement. 
 
Chief contributions 
Concrete is the most widely produced man-made material after drinking-water. Current micro silica is only applied in 
special cases, due to its high price, and nano silica is not used in practice yet. Nano silica can be produced in such 
quantities and for low prices that the mass application in concrete is within reach. It may replace cement in the mix, 
which is the most costly and environmentally unfriendly component in concrete. The use of nano silica makes the 
produced concrete financially more attractive and reduces the CO2 footprint of the produced concrete products. The 
nano silica will also increase the product properties of the concrete: the workability and the properties in hardened 
state, enabling the development of high performance concretes for extreme constructions. That means that a concrete 
with better performance, lower costs and an improved ecological footprint can be designed. The application of these 
concretes is possible both in infrastructure and in buildings.  
  
 
Keywords: Nano silica, Cement, Concrete, Water demand, Workability 
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Microstructural investigation of extrudable reactive powder concrete 
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Abstract
Reactive Powder Concrete (RPC) is well known for having ultra-high mechanical performances and a very good 
durability. The goal of our study is to find an extrudable RPC for concrete pipes manufacturing. Five RPC concrete 
mixtures (W/C = 0.16) were synthesized with variable amounts of polycarboxylate superplasticizer, silica fume and 
crushed quartz. The first three compositions do not contain any crushed quartz and vary only by their increasing 
amount of superplasticizer. In the last two compositions, crushed quartz replaces a part of silica fume. Four of the 
formulations are extrudable.  
In this paper, we discuss the microstructure of the five samples before extrusion. A systematic study by scanning 
electron microscopy has been performed on polished sections and fractures. As expected for RPC, all the samples show 
a high amount of residual anhydrous clinker. The three compositions without crushed quartz are rather similar, 
whereas two effects of the addition of superplasticizer and quartz on hydration are observed for the two last 
compositions. 

Originality 
The context of this study is to find extrudable reactive powder concrete aimed at concrete pipes manufacturing. Among 
the five compositions studied, four of them are extrudable. One of them exhibits very good properties: good 
extrudability, very good durability, and better mechanical strength with a decreasing of shrinkage. This sample 
contains crushed quartz. From an economical point of view, another advantage of this RPC is a moderate cost as far as 
crushed quartz is very less expensive (150 euros/ton) than silica fume (2000 euros/ton in 2010). This paper aims at 
showing the microstructure of the five samples for a better understanding and improvement of these materials. Very few 
microstructural data on reactive powder concretes have been published yet. 

Chief contributions 
This paper presents a systematic microstructural study by scanning electron microscopy. Very few microstructural data 
on reactive powder concretes have been published yet. 
We show two effects related to the increasing of polycarboxylate content. The distribution of crushed quartz is modified. 
A significant role on the hydration of cement is observed, with a considerable decrease of belite. 

Keywords: extrudable reactive powder concrete, scanning electron microscopy, polycarboxylate, belite, crushed quartz 
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Moisture Release Mechanism of Concrete 

 
Jorge A. Capote Abreu  

GIDAI – Fire Research Center – University of Cantabria, Santander, Spain 

Daniel Alvear Portilla
GIDAI – Fire Research Center – University of Cantabria, Santander, Spain 

Jorge Crespo Álvarez   
GIDAI – Fire Research Center – University of Cantabria, Santander, Spain 

Abstract 
Permeability of concrete depends of concrete’s microstructure and porosity, determines the rate of moisture release at 
normal and elevated temperatures, and has strong influence in the development of pore pressure within concrete at 
high temperatures. High performance concretes generally have lower permeability than normal strength concrete that 
leads to explosive fire induced spalling when are exposed to high temperatures.  
The present work has been developed under the collaboration of Group GIDAI from the University of Cantabria and 
CANDESA. An experimental methodology based on thermogravimetric methods has been proposed. The methodology 
permits the analysis of the moisture release rate of small concrete samples exposed to a fast unidirectional heating, by 
means of a conical frustum burner device. The chemical decomposition, thermal changes and mass loss at different 
temperatures were determined by thermogravimetric and differential scanning calorimetry analysis. For the analysis, a 
Case of Study is presented. A high strength self-compacting concrete made of calcareous aggregates was analyzed. 
Concrete mix was designed to achieve a compressive strength of 60 N/mm2 at 28 days. Two different types of synthetic 
fiber were used, in proportions that vary from 0.0 kg/m3 to 1.0 kg/m3. For mass loss rate analysis, samples of 100 x 100 
x 47 mm were mould and cast. Samples were kept aging for a minimum 90 days previous to the realization of the tests. 
Experimental works were conducted using a high precision load cell. The samples were exposed to a 50 kW/m2 heat 
flux for 60 minutes. Mass loss rate and temperatures in the exposed face were measured. The temperatures in the 
lateral face of the samples were also monitored using infrared thermography. 
 
Originality 
The underlying need for study, improvement and development of new types of concretes, capable to resist adequately 
the effects of the thermal stresses generated in buildings during a natural fire is a challenge of the highest scientific 
novelty and significance. This work shows the results of the collaboration between Group GIDAI from University of 
Cantabria and CANDESA to improve the behavior against fire of self-compacting and high strength concretes. 
While synthetic fibers like polypropylene have been used to reduce explosive spalling in concrete, the mechanisms 
underlying this benefit are not well understood. This is because only a few studies to date investigate the behavior of the 
fibers itself and the influence of heating on its molecular structures and its properties. 
Recent advances in Fire and Materials Science and Technology has enable the use of new test methods and tools, which 
allow to determinate the parameters that characterize the combustion and the behavior under thermal attack of 
materials. 
The present study proposes a methodology for the analysis of melting and vaporization process of fiber in raw form and 
as part of the concrete matrix and its influence in the moisture release mechanism of high strength self-compacting 
concrete at high temperatures.   
 
Chief contributions 
With this work, a preliminary approach to the analysis of the contribution of synthetic fiber to the moisture release in 
heated concrete has been made. Results obtained can help for the better understanding of the mechanism of synthetic 
fibers to prevent explosive spalling in high performance concretes.  
Results show that with the melting of the fibers, slightly changes occurred in the mass loss rate. Vaporization of the 
fibers increases the connectivity of isolated pores, leading to an increase in the moisture release rate.  
Data collected can be used as inputs into numerical and computational models for the prediction of concrete spalling in 
members with or without fibers subjected to fire exposure. 
The methodology proposed, based on small-scale test and thermogravimetry has shown to be effective for the analysis 
of different variables that influence the behavior against fire of high strength self-compacting concretes. 

Keywords: concrete, elevated temperatures, heat flux, moisture release, experimental program 
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Abstract 
Nowadays, amorphous silica waste is often used as a replacement material in Portland cement. The most common 
waste materials are granulated slag from blast furnaces, silica fume, and fly ash. Another alternative material with 
reactive silica is glass waste. This material is commonly used as a raw material for the manufacture of new glass but 
can also be used as aggregate for Portland cement concrete or asphalt concrete or as a raw material for products made 
of clay. The fine waste dust from polishing, cutting of edges and drilling holes in glass has a grain size of around 2 µm 
and requires careful handling.  It is usually disposed of in landfills in Brazil. This study evaluates use of this waste as a 
mineral additive to clinker and to Portland cement blended with blast-furnace slag. The results indicate that adding 
glass dust does not affect the mechanical strength, increases strongly the Young modulus and decreases the rate of 
water absorption of mortar made with blended cements. However, new studies are necessary to help understand the 
influence of the glass dust size and the reactions between glass waste  and the compounds that make up cement. 
 
Originality 
Study of use the glass powder waste in simple Portland cement and blended cement with granulated slag from blast 
furnace.  The comparison of the results indicates a positive interaction possible between the sodium hydroxide (NaOH) 
from glass and the compounds. 
 
Chief contributions 
This research contributes for the development of more sustainable cementitious products and it brings positive effects to 
the environment once it shows one way to reduce the problems associated to disposal the fine powder waste from 
polishing, cutting of edges and holes in glass.  
 
Keywords: waste glass, Portland cement,mortar, mechanical properties 
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Abstract 
Photocatalysis is a phenomenon in which a substance known as a catalyst uses light to expedite the rate of a natural 

oxidation processes. Photocatalysts are semi-conductors, activated by UV-light. Using light energy, photocatalysts can 

induce the formation of strong oxidizing reagents which are able to oxidize inorganic and organic air pollutants, such 

as NOX, SOX, VOC’s. Photocatalysts promote faster decomposition of pollutants and prevent them from accumulating. 

In the laboratory two methods to assess the photocatalytic activity of inorganic materials are widely accepted. The 

photocatalytic activity of surfaces can be demonstrated and quantified in terms of the bleaching of an organic dye. A 

second measuring method, used for detection of photocatalytic activity, involves a test apparatus in which a mixture of 

air with NO or with NO and NO2 flows in a chamber over a test object and the NO and NO2 load is measured with and 

without exposure to light. 

The degree to which the use of photocatalysts is capable of reducing the oxide of nitrogen concentration in the air is 

determined at HeidelbergCement’s Technology Center using measuring apparatus according different standards. This 

permits variation of a large range of parameters, such as flow velocity, light intensity and the NO and NO2 

concentrations in the feed air, thus allowing simulation of diverse environmental conditions. 

 

Originality 
A system comprising TiO2 and cement has been studied recently within the framework of a strategy for reducing 

environmental pollution through the use of “green” construction materials containing photocatalysts.  

Suitable amounts of various TiO2 have been introduced into cement mixes to render the surface of the resulting 

structures photocatalytically active. In order to verify the photocatalytic activity experiments focusing on the oxidation 

of several kinds of non-organic and organic compounds have been carried out. Accelerated irradiation tests were then 

performed under various conditions. 

 

Chief contributions 
Photocatalytic reduction of air pollutions using titanium dioxide particles in concrete is technically feasible. The main 

target of this study was to understand in which way some factors influence the capability to lower NOX in the ambient 

air. These results open the way to a widespread development of de-polluting cementitious products. Concrete surfaces 

are expected to maintain their aesthetic characteristics unchanged over time, in particular the colour, even in the 

presence of aggressive urban environments. The results from the laboratory were already partly verified in real field 

experiments.  

 

 

 
Keywords: cement, photocatalysis, titanium dioxide, nitrogen oxide, air quality 
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Abstract
For many years it has been common knowledge that a chemical attack on concrete due to magnesium sulphate can be 
more severe than an attack due to sodium sulphate. Therefore, in several national standards specific limit values exist 
for magnesium beside the limit values for sulphate. As an example, the German standard DIN 4030 defines a 
concentration of 300 mg magnesium per litre as well as 200 mg sulphate per litre water as the lower limit for the 
concrete exposure class on chemical attack XA1. Above these concentrations, sulphate resisting cements have to be 
used for concrete manufacture. In most European countries Portland cements (CEM I) with low C3A content and slag 
cements (CEM III) with slag content above 65% are defined as sulphate resisting cements. Additionally, in some 
countries (UK, I, E) pozzolanic cements (CEM IV) are defined as well. These pozzolanic cements can be made with 
natural pozzolans or fly ashes.  
Recent laboratory investigations as well as field investigations have shown that concrete samples and mortar samples 
made with cement/fly ash mixes (cement/fly ash blends) are highly sulphate resistant to sodium sulphate or calcium 
sulphate attack but not necessarily when attacked by sodium sulphate together with magnesium sulphate. The 
investigations have been conducted with low sulphate concentration of 1500 mg sulphate and low magnesium 
concentration of about 150 mg magnesium per litre water. The observations were unexpected; because the magnesium 
concentration is clearly below the XA1 limit value and much lower than the typical magnesium concentration used in 
common laboratory investigations, which is typically above 1000 mg per litre.  
The objective of the current comprehensive research project is the clarification of the reaction mechanisms and the 
explanation of the observations. Therefore, investigations on concrete and mortar samples have been done or are 
ongoing. Different parameters, e.g. fly ash content, temperature, pre-storage and storage conditions have been varied. 
Beside length change and resonance frequency measurements, numerous microstructure investigations have to be done. 
For this purpose scanning electron microscopy (SEM) combined with energy dispersive X-ray analysis (EDX), 
quantitative X-ray diffraction, and mercury porosimetry (MIP) are used. First results show the dependence between the 
reactivity of the fly ash, the porosity and the reaction paths.  

Originality 
Investigations on the sulphate resistance of mortars and concretes made with high and low sulphate resisting cements, 
especially cement/fly ash blends, performed at practice-relevant low magnesium and sulphate concentrations are not 
known or at least extremely rare in published technical literature. The strong impact of such low concentrations of 
magnesium ions on the sulphate resistance of samples made with cement/fly ash blends under these conditions has not 
been reported before. Based on the results, the discussion on the suitability of cement fly ash blends for the manufacture 
of concrete with high sulphate resistance will receive new input.  

Chief contributions 
Sulphate resistance of blends between Portland cement and fly ash and Portland limestone cement and fly ash have 
been investigated under practical relevant conditions. If additionally magnesium ions are present in the attacking 
sulphate solution, the sulphate resistance of cements can be significantly decreased, even when the magnesium 
concentration is lower than the common limit values. Boundary conditions for this behaviour are a low exposure 
temperature and a short pre-storage time of the mortar or concrete before the exposure started. These conditions are 
typical for some of the common performance tests on the sulphate resistance. Microstructural investigations, especially 
with SEM/EDS and MIP have been used for the explanation of the observations. 

Keywords: Sulphate resistance, sulphate attack, SR cement, fly ash, magnesium
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ASSESSING THE BULK DENSITY OF CONCRETE BY VARIATION 
THE CONCENTRATIONS OF COMPOUNDS AND THEIR 

INFLUENCE ON THE COMPRESSIVE STRENGTH 
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Abstract 
This paper determines the value of the bulk density of concrete using a generic equation. Concretes were prepared with 
reference to mix proportion 1:2:2:0.5, and variations with the following mix proportions: 1:4:2:0.5; 1:0.5:2:0.5; 
1:2:4:0.5; 1:2:0.5:0.5; 2:2:2:0.5; 0.5:2:2:0.5; 1:2:2:1; and 1:2:2:0.25 (each compound was multiplied and divided by 
2). Samples were weighed over time to 20ºC. The results show that to increase the bulk density without the use of 
additives should be to increase the concentration of coarse aggregate. Increasing the concentration of sand causes the 
bulk density decrease. The increase or reduction of cement causes a reduced bulk density in the same proportion. The 
reduction of water causes a reduction in the bulk density of a greater degree than its increase. The variations of the 
densities for all concrete follow curves with correlation coefficients > 0.9. The variation of water concentration is the 
factor that most influences the bulk density over time. The shortage of cement makes the concrete loses water quickly, 
because none of the other components can hold water. The excess cement makes the concrete does not lose too much 
water, as this is consumed in the hydration process. Data analysis allowed to quantify the amount of air incorporated 
into the mixture before different concentrations. Regarding compressive strength, the variation of the components 
showed similar behavior to the variation of bulk density, except varying the concentration of cement. Thus, the project 
developed a procedure for calculating the bulk density, and the compressive strength of concrete considering the 
variation of concentrations of the components. 
 
 
Originality 
The assessing of the bulk density of concrete from traditional equations based solely on the concentrations of the 
components of the mixture. Similarly, the determination of the compressive strength is conducted exclusively by means 
of test failure. This paper deals with data obtained in the states of fresh and hardened concrete, trying to determine the 
bulk density, and the compressive strength by means of empirical equations. The idea then is to determine the effect that 
the variables "concentration of the components" and "air content" can directly cause in the value of the bulk density 
and the compressive strength of concrete. 
 
 
Chief contributions 
For buildings that use concrete as a structural material based on, the tools suggested by this paper can help direct the 
management and control of concrete, providing more accurate data, which consider variables that were previously 
overlooked. The equations for the determination of bulk density, as well as the influence of the variables measured in 
the compressive strength of concrete, can provide higher accuracy in calculations for determining the mix proportion, 
achieving a better ratio of components, which results in a more realistic behavior of concrete in construction. 
 
 
Keywords: concrete, bulk specific gravity and mix proportion. 
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1

Monitoring by resistivity and ultrasonic velocity of the effect of 
the w/c ratio on setting and hydration evolution

1Andrade C and 1Rebolledo N
1 Instituto Eduardo Torroja de Ciencias de la  Construcción (CSIC) Madrid, Spain 

Abstract 
The period from the mixing of concrete constituents to 24h later is a crucial step for the future performance of 
the concrete, which justifies its detailed study from different perspectives. One present trend is based in the use 
of non destructive techniques, as the ultrasonic pulses, either as the impulse-echo method or the flight time of 
sound wave, from cement mixing with water. Regarding resistivity, it has been used some decades ago for the 
identification of the setting time and the conductivity has been used for the study of the pore solution chemistry. 
In this study is presented the joint analysis of both ND techniques applied to an ordinary Portland cement. In the 
case of the sonic pulse, the technique of velocity or flight time has been used. The results show the suitability of 
the sonic flight time to monitor the dynamic modulus of the material and through the resistivity, the formation of 
the pore network and in consequence of the mechanical strength. Then both techniques jointly analyzed are 
promising for the prediction to longer terms of the strength, porosity and likely of other hydration events.   

Originality 
The simultaneous use of resistivity and ultrasonic pulses. There are very few data. It is original their comparison 
to the advance of hydration and not only to the setting. 

Chief contributions 
The possibility to predict long term strength and durability from very early NDT results. 

Keywords: electrical resistivity, ultrasonic waves, setting time and hydration 
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 POWER-ULTRASOUND – AN EFFICIENT METHOD TO 
ACCELERATE SETTING AND EARLY STRENGTH DEVELOPMENT 

OF CONCRETE 
 

Rößler C.1, Stöckigt M., Peters S., Ludwig H.-M. 
F.A. Finger-Institute for Building Materials Science, Bauhaus-University Weimar, Germany 

 
 
Abstract 
High workability and early strength of concrete is required in precast concrete production. To facilitate these 
requirements usually superplasticizers are added to the concrete mix. Unfortunately high efficient 
superplasticizers retard the setting and early strength development of concrete. To realise high production rates 
in precast concrete production the formworks are heated to accelerate strength development. The consequence 
is a reduction of economic and ecologic efficiency of the concrete production. Additionally heating of concrete 
bears the risk of overheating this may lead to a durability reduction (delayed ettringite formation) and crack 
formation. 
The present article discusses the options and challenges of power ultrasound application for concrete 
production. The aim is to accelerate early strength development of concrete by applying power ultrasound (20 
kHz). Therefore power ultrasound was applied to cement suspensions containing superplasticizers. The setting 
and early strength development (< 1 d) was tested. Additionally the development of microstructure, i.e. 
formation of C-S-H phases, portlandite was monitored by Scanning Electron Microscopy. Additionally the 
consumption of main clinker phases was quantified by X-ray diffraction (Rietveld method) and the hydration 
progress was measured by isothermal heat calorimetry. 
Results clearly show that power ultrasound accelerates C-S-H formation / alite hydration and thus the setting 
and early strength development of cement and mortar pastes. It will be shown that power ultrasound is an 
efficient method to accelerate the setting and early strength development of concrete. Significance of energy 
saving in consequence of power ultrasound application is discussed. 
 
Originality 
Presently one of the main tasks for concrete production is to control the fluidity and the setting / early strength 
development in such a way that the transition from fluid-like concrete behaviour to strength development is very 
rapid (hardening at the push of the button). Also modern concrete production requires a reduction in energy 
consumption and CO2 release. Thus new methods are needed to overcome traditional ways of hydration 
acceleration such as heating of formworks in precast concrete production. The current study discusses power 
ultrasound application in concrete production as one physical alternative to accelerate setting and early 
strength development in concrete.  
 
Chief contributions of the authors 
Preliminary results of application of power ultrasound to accelerate strength development in concrete 
production were presented at the 17th international conference on Building Materials ibausil in 2009 in 
Weimar in German (Rößler, C. Einfluss von Power-Ultraschall auf das Fließ- und Erstarrungsverhalten von 
Zementsuspensionen in proceedings of: 17. Internationalen Baustofftagung ibausil, Hrsg. Finger-Institut für 
Baustoffkunde, Bauhaus-Universität Weimar, S. 1 – 0259 – 1 – 0264, in German).  
Latest results on the influence of power ultrasound on cement hydration reactions and kinetics and a critical 
discussion of feasibility on application will be given at the ICCC 2011. 
Because power ultrasound influences two major cement / concrete characteristics, i.e. fluidity and early 
strength development another presentatins on the is given in these proceedings: Influence of power ultrasound 
on fluidity and microstructure of cement suspension by Peters S., Kraus M., Rößler C.). 
 
Keywords: cement paste, set times, early strength, power ultrasound, hydration 
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Performance of Concrete in Precast Products due to Heat Curing 
1García Calvo, J.L.*  
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2Robles Velasco, M.

2ORMAZABAL, Seseña, Spain, 
1Alonso, M.C.  

3Fernández Luco, L. 
3INTECIN-Universidad de Buenos Aires., Buenos Aires, Argentina 

Abstract
Heat curing processes are often used to ensure the production rate in industrial plants that fabricate precast concrete 
structures like Uniblok-Ormazabal. Heat curing may influence both the microstructural properties and the durability 
parameters of the reinforced concrete; thus, it is necessary to take into account these influences in the design of the 
concrete when a given performance has to be achieved. This paper deals with the evaluation of the influence of the heat 
curing process on several concrete parameters. 
Four different types of samples, made of identical concrete composition, have been evaluated: 

- Concrete directly cast at the plant and stored in standard curing conditions. 
- Concrete made in the laboratory and stored in standard curing conditions. 
- Concretes cores extracted from a precast structure made in plant, after the heat curing process. 
- Concrete made in the laboratory, submitted to a heat curing process that reproduced the one carried out 

in the plant. 
The parameters evaluated in the four sample types were: mechanical properties, porosity, capillary suction coefficient, 
microstructure (using Back Scattered Electron Microscopy), and resistance against carbonation and against chloride 
penetration.  
The obtained results show that the heat curing process can be well reproduced in a laboratory scale giving a concrete 
with the same properties than those obtained in the concrete fabricated in the plant production rate. Regarding the 
results obtained in the concrete properties evaluated, first of all it must be said that the concrete mix studied showed a 
very good performance, exceeding the requirements defined for this type of concrete. Moreover, when comparing the 
obtained results with several durability indicators found in the literature, the concrete mix studied can be defined as a 
high durability material. With regard to the influence of the heat curing on the concrete properties, it can be said that 
this process modifies the properties of the material and decreases the quality as compared to the concrete cured in 
standard conditions. However, once these changes are quantified, they can be compensated for in the mix design 
process and the resulting product can be compliant with the performance-based specifications. 

Originality 
This paper shows a study carried out both in laboratory scale and in a real industrial scale, which allows a more 
accurate interpretation of the obtained results, being a very good example of the mutual benefits that arise from the 
association between the industry and the research activities. The analysis of the final product, i.e., submitted to the 
actual curing regime, is not commonly found and its characterisation on a performance basis may lead to 
improvements in the design process and to further innovations in the industrial process. Only standard testing 
equipment has been used in the evaluation, and the innovative sample conditioning protocols, which successfully 
reproduce the actual factory conditions, may also be helpful.  

Chief contributions 
The main contributions that can be extracted from the present work are: 

- It is possible to reproduce in a laboratory scale the heat curing process carried out in a precast concrete 
plant. This facilitates the research activities and will allow to carry out different durability tests commonly 
used (or other types of tests) that require a specific sample size, etc. 

- A procedure to assess the quality loss associated to the heat curing process has been applied, thus 
allowing for compensating measures to be taken at the concrete mix design stage.  

- Crossed data interpretation allows for the identification of the causes of quality loss, which gives rational 
tools to prevent or to reduce the detrimental effect of heat curing. 

Keywords: Precast Concrete, Heat Curing, Durability Properties.
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Evaluation of Adiabatic Temperature Rise in Concrete with Various  
Mix Proportions by Adiabatic Calorimeter Used for Small Mortar Sample 

 

1Misumi H 1*, 1Maruya E, 1Takahashi T 
1 Ttechnical Development Center,Cement & Construction Materials Company, Ube Industries, Ltd., 

Cement Development Dept., Ube, Japan 
 
 
Abstract 
The use of industrial waste as a raw material for the production of cement is expanding. In Japan, however, it causes 

increased C3A content in cement. Therefore, in order to prevent thermal cracking of concrete, it will become 
increasingly important to control the adiabatic temperature rise. However, the evaluation of adiabatic temperature rise 
in concrete is not adequate for daily quality control because it requires considerable labor. 
The adiabatic temperature rise in concrete was evaluated by the adiabatic temperature rise test equipment. The 

concrete samples were prepared with AE water-reducing agent and superplasticizer. The adiabatic temperature rise in 
mortar was evaluated by an adiabatic calorimeter. The mix proportion of mortar was decided based on heat balance. 
The adiabatic temperature rise was evaluated by addition of the same amount of AE water-reducing agent and 
superplasticizer as concrete and no addition of them. 
As a result, the adiabatic temperature rise curve of mortar was similar to that of concrete by deciding mix proportion 

of mortar based on heat balance. For ordinary Portland cement with W/C (water-cement ratio by mass) = 0.35, the 
adiabatic temperature in mortar without superplasticizer rose a little earlier than that in concrete. These results 
indicate that the adiabatic temperature rise in concrete can be predicted by deciding the mix proportion of mortar 
based on heat balance and adding superplasticizer. 
In addition, analysis results of mortar samples hydrated under the adiabatic temperature rise condition showed the 

hydration ratio of C3S and C3A in cement was considerably high in three days. The adiabatic temperature rise was 
strongly related to the reacted amount of C3S and C3A in cement. 
 
Originality 
One method to predict the adiabatic temperature rise in concrete is simulation of hydration. However, no 

experimental technique for this method has been examined thoroughly. An adiabatic calorimeter used for small mortar 
samples has been developed for quality control of cement in Japan. In this study, the optimum condition to predict the 
adiabatic temperature rise in concrete by this equipment was developed. There is not such a study till now. 
The adiabatic temperature rise in concrete with various mix proportions and cements was evaluated by adiabatic 

calorimeter used for small mortar samples. As a result, the adiabatic temperature rise in concrete could be predicted by 
deciding the mix proportion of mortar based on heat balance and adding superplasticizer. 
 
Chief contributions 
The use of industrial waste as a raw material for the production of cement is expanding. However, it causes an 

increased C3A content in cement. Therefore, in order to prevent thermal cracking of concrete, it will become 
increasingly important to control the adiabatic temperature rise. However, the evaluation of adiabatic temperature rise 
in concrete is not adequate for daily quality control because it requires considerable labor. 
The adiabatic temperature rise can be predicted simply by using the developed equipment and the optimum condition 

for measurement. As a result, the quality in concrete can be inspected rapidly, and thermal cracking of concrete can be 
prevented. Concrete with the adiabatic temperature rise is studied reasonably, and this method is certain to contribute 
to material design. 
 
Keywords: Adiabatic temperarure rise, Adiabatic calorimeter, Mortar, Concrete 
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Development of an Accurate Methodology for Measuring the Pore Fluid pH of 
Low-pH Cementitious Materials 
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Abstract
Low pH cementitious (LopHC) materials are expected to be used in the construction of an underground repository for 
the geological disposal of high level radioactive waste (HLW). A fundamental aspect of the development of LopHC is 
the accurate and reliable measurement of the pore fluid pH in order to qualify and help quantify mix designs to achieve 
specific pH targets. The main objective of the current research is the development of an agreed protocol for measuring 
the pH value of LopHC. There are four different methods described in the literature for characterizing the pore solution 
of cementitious materials: 1) Pore fluid expression; 2) Leaching methods, including both in-situ and ex-situ 
techniques); 3) Percolation methods; and 4) Embedded pH sensors. The first three methods are used for extracting the 
pore solution of the concrete before pH determination, while the fourth, using embedded pH sensors, takes direct 
measurement of the pore fluid pH value. Of these methods, pore fluid expression (PFE) was chosen to represent the 
Reference Method because it is considered to be the most reliable and ex-situ leaching (ESL) with and without filtering 
were chosen as candidates for the Routine Method because they are fast, cheap and simple. In a first step, different 
parameters that may affect the measured pH values were evaluated, including the solid/liquid ratio, fineness, 
carbonation, time, and the results obtained from a pH meter in comparison with an OH– titration. Based on the results 
obtained from the first step, selected protocols were proposed and tested for reproducibility and repeatability in 8 
laboratories of 7 countries using the same LopHC sample. The proposed methodologies showed very promising results 
with low deviation and high reproducibility and have allowed the development of an agreed set of simple protocols for 
the determination of pH in LopHC.  

Originality 
Although in the literature there are numerous descriptions of pH measurement methodologies for cementitious 
materials, there is not a standard or even an agreed procedure. The development of this agreed procedure is essential 
to qualify and help quantify mix designs for LopHC to be used in the geological disposal of nuclear waste.  PFE is 
generally considered to be the reference method for pH measurements, however, due to the constraints of budget, 
specialized apparatus, operator skills, sample size, and time taken to extract a pore solution, this technique is not 
sufficiently practical to be recommended as a routine method for measuring the pore fluid pH of LopHC. Therefore, the 
selection of faster, cheaper and simpler methods, such as the ones described in the present work, is necessary. This 
study is the first of its type where an international consortium of six nuclear waste management agencies agrees on the 
need for a suitable and accurate pH measurement protocol for LopHC. 

Chief contributions 
An in depth evaluation of the advantages and disadvantages of different methods for measuring the pore fluid pH of 
cementitious materials described in the literature has been made. In the methodologies selected, an extensive and 
accurate evaluation of the parameters that may affect the pore fluid pH has been made and tested in 8 different 
laboratories. Standardising a protocol for pore fluid pH measurement is seen as a major contribution to the ongoing 
development of LopHC to be used in the geological disposal of HLW in a purpose built repository. 

Keywords: pH measurement methodology, low-pH cements, statistical analysis. 
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Characterizing the Microstructure of UHPCC with High-volume Fly Ash 
Addition by Nanoindentation 
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Abstract 
Remarkable advances have taken place in the research and application of Ultra High Performance Cementitious 
Composites (UHPCC) in the last twenty years, and UHPCC are supposed to be promising civil engineering materials 
in the future. However, the microstructure of UHPCC that governs their superior performance at macroscopic level is 
still a mystery. Application of the state-of-the-art nanoindentation technique to cementitious materials enables 
acquisition of mechanical properties at micro-scale, and many research progresses have been made in the last decade. 
In the present study, grid nanoindentation tests were used to characterize the microstructure of UHPCC produced with 
high volume fly ash addition. Composite paste specimen and mortar specimen were prepared to respectively investigate 
the micro-mechanical properties of the matrix and the interfacial transition zone in UHPCC. Results show that the 
hydration gel phases in UHPCC are dominated by High-Density (HD) C-S-H and Ultra-High-Dentity (UHD) phase 
which exhibit higher mechanical properties and that there exists a strong bond in both the fiber-matrix interfacial 
transition zone and the aggregate-matrix interfacial transition zone, which contribute to the outstanding performance 
of UHPCC at macro-scale. Extended curing at normal temperature from 28d to 90d facilitates formation of HD C-S-H 
and UHD phase, but no further hydration of cement occurs during this period. The micro-mechanical behavior of the 
steam cured paste is similar to that of the sample with 90d normal temperature curing. Moreover, addition of fly ash in 
the paste complexify the deconvolution analysis that a suspect phase is observed in the deconvolution results. It is 
observed from the ESEM image that small fly ash particles spread over the paste, so the undetermined phase could be a 
spurious phase and probably be responses from mixtures of small fly ash particles and the hydration gel phases. 
Therefore, it is incapable, in this study, to evaluate the influences of age and heat-treating on the reaction degree of  fly 
ash phase due to the existence of the spurious phase. 
 
Originality 
This study employ grid nanoindentation tests to characterize the microstructure of UHPCC prepared with high volume 
fly ash addition, in order to reveal the mystery of why UHPCC exhibit outstanding properties at the macro-scale. The 
influences of curing age and heat-treating on the microstructure are evaluated in this study. Besides, both the fiber-
matrix interfacial transition zone and the aggregate-matrix interfacial transition zone are tested and analyzed. 
 
Chief contributions 
 (1) The excellent performance of UHPCC mainly arises from the following two aspects: The hydration gel phases in 
UHPCC are dominated by High-Density (HD) C-S-H and Ultra-High-Dentity (UHD) phase which exhibit higher 
mechanical properties than Low-Density (LD) C-S-H and no weak interfacial transition zone exists in UHPCC.  (2) The 
The volume fraction of LD C-S-H decreases while the volume fractions of HD C-S-H and UHD phase increases when 
curing is extended at normal temperature from 28d to 90d, but no further hydration of cement occurs during this period. 
The mechanical properties of the steam cured paste at the micro-scale are similar to that of the sample with 90d normal 
tempreture curing.  (3) Small fly ash particles spread over the paste and lead to a spurious phase in the deconvolution 
results, making it hard to evaluate the reaction degree of fly ash. So the addition of fly ash in the paste complexify the 
deconvolution analysis of the grid nanoindentation tests.  
 
Keywords: Nanoindentation , Microstructure, UHPCC, Fly Ash, Interfacial Transition Zone 
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The effect of phyllosilicates in by-products aggregates on the rheological 
behaviour of experimental cement-based formulations 
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Abstract
The reuse of ornamental quarry stone by-products as aggregates in concrete mixtures, represents an opportunity to 
develop sustainable concretes by reducing the demand of primary aggregates and encouraging the use of alternative 
“waste” material sources. Granite and gneissic by-products from ornamental stone in the Piedmont areas, NW Italy, 
were employed in the typical size-classes, in order to evaluate their suitability for concrete applications. Measurements 
of geometrical shape, chemical and physical characterization, and X-Ray Diffraction Quantitative Phase Analysis 
(XRD-QPA) were obtained to describe the total amount of phyllosilicates, micas and chlorites, which could be 
potentially a critical factor for casting the concretes. In particular the relationship between phyllosilicate abundance 
and the workability of cement pastes was studied with slump flow tests on mortars, prepared according to the Concrete 
Equivalent Mortar (CEM) method. The rheological behaviour of the same mixes was also investigated with of a 
rotational rheometer with a selected rotational rate program. Adsorption tests on sands with the same particle size 
distributions were performed, as well in order to assess interactions with specific polycarboxylate superplasticizers 
(PCP). This paper aims to give some preliminary practical indications for optimizing mix-designs  gneissic stone by-
products as aggregates in concrete.  
 
Originality 
This study presents innovative methods and results for describing the impact of phyllosilicate content of aggregate on 
concrete rheological performances. Slump flow tests on mortars prepared according to the Concrete Equivalent Mortar 
(CEM) method and PCP-phyllosilicates interaction tests were performed to predict optimized mix-designs for mortars 
and concrete. This study also identifies the relationship between phyllosilicates abundance in aggregate and the 
workability loss of fresh concrete.  

Chief contributions 
The retrieval of alternative materials with suitable technical characteristics to be used as aggregates in sustainable 
concrete constructions is the chief contribution. This research describes the reuse of natural stone by-products, granite 
and gneisses from the Piedmont Region, of the North-Western Alps. Large volumes of quarried material, that is not 
used for dimension stone, processing, or other commercial uses, are normally destined to dumps.  

Keywords: concrete aggregates, gneissic stone by-products, PCP/Phyllosilicates interaction, Rheological analysis, 
Rietveld method.  
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Abstract 
This paper reports the detection of the first Brazilian field cases of the thaumasite form of sulfate attack (TSA). TSA has 
been found to be responsible for causing extensive damage in a concrete element. A concrete beam used as a top 
structure of an earth retaining limestone wall was located in a central square of the city of Campina Grande. In this 
region of the country, the climate is typical of the semi-arid region of the Brazilian Northeast and the average 
temperature has been systematically recoded during the time spam of the structure exposure. This area is characterized 
by being mostly dry and hot throughout the year, with temperatures always above 15o C. The mechanism of attack was 
assessed by means of X-ray diffraction and infrared spectroscopy (IRS). The main sulphate phase found within the 
damaged materials was thaumasite. The absence of Al-OH bands in the IRS spectra is indicative that a purer type of 
thaumasite formed in all damaged regions of the beam, which purity might have increased the intensity of the attack. 
Considerations are given on the primary risk factors affecting TSA.  
 
Originality 
The Thaumasite form of sulfate attack (TSA) is a complex and aggressive mechanism of deterioration of Portland 
cement based materials. Cold climate, with temperature below 15oC, is one of the primary risk factors promoting TSA, 
as proposed by the UK-Thaumasite Expert Group. This has led to the view that TSA field cases above such temperature 
are likely to be extremely rare and often less intense. Nevertheless, there are some laboratory investigations and field 
cases in which thaumasite have been observed at higher temperatures. The role of temperature on the precipitation of 
thaumasite is, however, still not completely established. The authors have not been aware of any thaumasite field case 
in Brazil and this paper describes extreme severe attack of a concrete beam in a place with average temperatures above 
typical occurrences of TSA field cases. 
 
Chief contributions 
The main thrust of this paper is to describe the conditions of a field case in which the thaumasite form of sulfate attack 
was responsible for causing extensive damage in concrete in temperatures greater than the average of TSA reported 
cases. Given that there might be a variety of possible local chemistry near the structure, ettringite to thaumasite solid 
solutions might be more prone to occur in field cases. Nonetheless, this paper shows evidence of the absence of 
octahedral alumina in the deteriorated materials, which characteristics of thaumasite type of phases, even for 
temperature far above 15oC as rather suggested in the literature. 
  
Keywords: Thaumasite, Sulphate Attack, Limestone 
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Abstract
The constant effort of the concrete industry to head towards sustainability implies the use of materials which may be 
characterized by a higher tendency to workability loss. However, workability retention has to be considered a key 
performance parameter to ensure a proper placing of concrete thus its homogeneity and durability in the structure. 
In the present paper, an investigation of the main reasons behind the workability loss are presented focusing on the 
chemical composition of cements and nature of the polycarboxylate (PCE)  superplasticizers. 
On the basis of this interaction study new concrete admixture solutions are presented which can ensure a constant 
workability over time even under very demanding conditions such as high temperature and low soluble sulfates. These 
solutions are evaluated with many different set of materials confirming the general validity of the approach. 
Kinetics of adsorption of polycarboxylates, pore solution analyses and rheological data obtained with various cements 
allow interpreting the performance in concrete in the light of a new mechanism of action. 

Originality 
Hydrolysable polycarboxylates retaining workability have been available already for some years, however the present 
paper focus on specific issues of this type of concrete admixture not deeply investigated so far: their compatibility with 
cement of various chemical composition and the correlation between their chemical structure and their performance. 
Their hydrolysis behaviour has been studied at various temperature values simulating different condition of utilisation 
in real concrete applications. In addition the performance has been investigated at different levels of initial fluidity as 
to stress the tendency to workability loss. 

Chief contributions 
The present paper mentions some of the main parameters which rule the workability retention in concrete and points 
out when hydrolysable polycarboxylates are most suitable with reference to those parameters.  
In addition, it reports the role of the pH of the pore solution and of the soluble sulfate to highlight the mechanism of 
action and the competitive factors which rule the adsorption of the hydrolysable polymer in comparison to the more 
traditional not hydrolysable polycarboxylates. 

Keywords: Workability Retention, Superplasticizers, Hydrolysis, Adsorption. 
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COMPATIBILITY OF CEMENT WITH NAPHTHALENE 

SUPERPLASTICIZER 
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Abstract 
The flowability and its time-dependent loss of cement paste were investigated. The saturating dosage of superplasticizer 
was determined. The influence of sulfate and soluble alkali content in cement paste on the compatibility of cement with 
naphthalene superplasticizer was discussed. 
The results show that adequate sulfate content benefits the compatibility through delaying the hydrating process of 
cement, which decreases the time-dependent flow loss and the hydration heat of cement paste. Increase of sulfate 
content in cement paste reduces the initial flowability and prolongs the setting time of cement, which has negative effect 
for the compatibility. It is hard to find an optimum quantity of sulfate for the compatibility on account of both positive 
and negative effects. This phenomenon is due to the influencing mechanism of sulfate on cement hydration and the 
rheology of cement paste.  
The flowability of cement paste is obviously affected by the soluble alkali content. The saturating dosage of naphthalene 
superplasticizer was lowered and the time-dependent flow loss of cement paste was reduced by adequate soluble alkali 
content. The optimal quantity of soluble alkali for the compatibility has been identified. Adequate soluble alkali content 
decreases the hydration heat of cement paste, benefits the compatibility through the promoting of sulfate effect in the 
cement paste solution. However, when the soluble alkali content exceeds a certain amount, the saturating dosage of 
naphthalene superplasticizer and the hydration heat of cement paste rise very fast and the setting time of cement paste 
was brought forward. The hydration process of cement was influenced by superfluous alkaline caution in the cement 
paste, which causes the rapid decline of the compatibility of cement with naphthalene superplasticizer. Therefore, there 
is an optimum quantity of soluble alkali for the compatibility. The optimum quantity of soluble alkali varies depending 
on the concentration of naphthalene superplasticizer in the cement paste.  
 
Originality 
The influencing mechanism of sulfate and soluble alkali on compatibility of cement with naphthalene superplasticizer 
was studied. Sulfate benefits the compatibility through the delaying of cement hydration and decreasing of the 
saturating dosage of superplasticizer; however, there are some adverse effects on the compatibility due to the increase 
of sulfate content in cement paste, which reduces the initial flowability and prolongs the setting time of cement. There is 
not an optimum quantity of sulfate for the compatibility. The optimal quantity of soluble alkali for the compatibility has 
been identified. The results show that adequate soluble alkali benefits the compatibility through the promotion of 
positive effects of sulfate in the cement paste. Therefore, the optimum quantity of soluble alkali varies depending on the 
sulfate content in the cement paste. 
 
Chief contributions 
The influence of the sulfate and soluble alkali content in cement paste on the compatibility of cement with naphthalene 
superplasticizer was studied. The interaction of sulfate, soluble alkali and cement with naphthalene superplasticizer 
was investigated. The influencing mechanism of sulfate on cement hydration and rheology of cement paste was 
confirmed. It is proved that sulfate exerts more influence with adequate dosage of naphthalene superplasticizer in 
cement paste. It is also proved that adequate soluble alkali benefits the compatibility through the promotion of positive 
effects of sulfate in the cement paste. This result will be helpful to solve the compatibility problems emerging in the 
practical applications of superplasticizer and provide the technical measures to improve the compatibility of cement 
with supeplasticizers. 
 
Keywords: sulfate, soluble alkali, cement, naphthalene superplasticizer, compatibility, flowability, hydration heat 
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Surface chemistry of ground granulated blast furnace slag in cement pore 
solution: Understanding the behavior of slag in blended cements containing 

polycarboxylate superplasticizers
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Abstract
Ground granulated blast furnace slag produced in iron-making is an amorphous, vitreous material which is widely 
used in blended cements. Here, the surface chemistry of slag dispersed in water and synthetic cement pore solution was 
studied in absence and presence of anionic dispersants. Three different slag samples possessing different oxide 
compositions and two polycarboxylate dispersants based on methacrylic acid–co–ω-methoxy poly(ethylene glycol) 
methacrylate ester were investigated. When suspended in deionized water, all slag samples released different amounts 
of Ca2+, K+, Na+ and OH- ions, thus producing pore solutions possessing high pH values (12 - 12.6). This dissolution 
process lasts for approximately 2 h until equilibrium is achieved. 
Cement pore solution strongly impacts the surface charge and hence adsorption capability of the slags, as was 
evidenced by their electrokinetic properties. Zeta potential measurements of the slag suspensions revealed that when 
dispersed in alkaline solution, all slags initially possess a highly negative surface charge resulting from deprotonated 
silanol groups. The initially negatively charged slag adsorbs considerable amounts of Ca2+ ions on its surface until 
saturation is achieved. Through this mechanism, slag attains a layer of Ca2+ ions on its surface which results in a 
positive zeta potential. In cement pore solution where sulfate anions are present, the zeta potential becomes negative 
due to adsorption of sulfate ions onto the positively charged layer of calcium ions. Consequently, the surface charge of 
slags dispersed in cement pore solution is always negative. 
Polycarboxylate (PC) superplasticizers effectively disperse slag suspensions. The effect differs between slag samples, 
depending on their composition. Effectiveness is particularly strong for PCs possessing high anionic charge amount. 
Their dispersion mechanism is based on adsorption onto the positively charged layer of Ca2+ ions present on the 
surface of slag. Typically, Langmuir – type adsorption isotherms are observed for polycarboxylates. Adsorption of PC 
occurs through desorption of sulfate ions from the layer of adsorbed Ca2+ ions. This effect is commonly referred to as 
competitive adsorption. The study demonstrates that when blended into cement, slag is not inert to anionic 
superplasticizers. Instead, competition occurs between cement and slag for the dispersant.
 
Originality 
Ground granulated blast furnace slag (GGBFS) belongs to the group of supplementary cementitious materials (SCMs) 
which are commonly blended with clinker to produce Portland composite cements (e.g. CEM II and CEM III). The 
interaction between superplasticizers and cement is generally well understood. However, the effects of superplasticizers 
on SCMs such as slag are less known. Most research studies on this topic focus on the interaction between 
superplasticizers and the entire system of blended cements including SCMs, but do not differentiate between the 
individual components which are present there. Therefore, in our study we focussed on slag as single component and 
determined the specific interaction between polycarboxylate and slag. 
First, the electrical surface charge developed by GGBFS when suspended in water was determined using a zeta 
potential instrument. Next, interaction between PC and GGBFS was studied by adsorption and zeta potential 
measurements performed in slag and cement pore solutions. Based on these results, a model for the electrochemical 
double layer existing on GGBFS surface in water and cement pore solution was developed. Finally, the relationship 
between the surface properties of slag and the dispersing performance obtained from the PCs is presented. 

Chief contributions 
Slag cements allow to build high strength and durable concrete structures similar to those achieved with ordinary 
Portland cement. However, the dosage of superplasticizer used in concrete mixtures containing slag cement or 
granulated blast furnace slag can vary significantly. The reason for this effect is not yet understood well. Most studies 
in this field ignored a potential interaction between superplasticizer and slag. They considered slag to be an inert 
material relative to superplasticizers.  
The results of this work demonstrate that strong interaction between PC and the surface of slag can occur, and that in 
blended cements, PC will interact with both Portland cement and slag. Consequently, slag is not inert towards PC, and 
higher or lower PC dosages compared to pure CEMI-based systems have to be considered when formulating concretes 
containing slag. The ratios of specific surface area and positive surface charge between cement and slag will determine 
the distribution of adsorbed PC polymer between those two components. 
Keywords: Slag, blended cements, polycarboxylate, adsorption, zeta potential.
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Abstract 
The present study carries out an experimental program to investigate the compatibility between systems of Portland 
cement type I and different dosages of a polymer-base superplasticizer with the addition of commercial silica fume. 
Solid content in the order of 5, 10 and 15% of silica fume for two water/binder ratios (0.35 and 0.40) were considered. 
The water/binder ratio of 0.40 showed results contained within an acceptable range in the analysis approach, but it 
was the water/binder of 0.35, which showed an improvement with an increase in the addition of silica fume. An 
optimum content of silica fume in the order of 10% for a water/binder ratio of 0.40 seems to provide compatibility 
based on the following characteristics: i) normal saturation dosage; ii) small flow time, and iii) fluidity retention after 
60 minutes. Additions of silica fume for a water/binder ratio of 0.35 result in small flow time values in accordance to 
the increase in silica fume content from 0 to 15 (wt%). However, these results did not show a significant change in 
saturation dosage and/or fluidity loss. On the other hand, this advantageous effect was not found for a water/binder 
ratio of 0.40, where the performance was less significant with respect to the flow time and negligible with respect to 
fluidity loss. It seems that the flow time was the main rheological parameter affected by the SF addition at both 
water/binder ratios. The saturation dosage and the fluidity loss did not present any significant improvement with 
respect to their corresponding control cases (PC-SP) at both water/binder ratios. 
 
 
Originality 
The experimental program represents the initial phase of a study that aims to obtain the optimum compatibility between 
systems composed of cement, superplasticizer and mineral admixtures, when the grout is in its fluid state. This study 
adapts a simple process (Marsh cone test) previously used in rheological characterization of cement pastes (Aïtcin, 
1998), integrating them with commercially produced SiO2. 
 
Chief contributions 
The findings of this study are encouraging for the rheological characterization of cement pastes mixed with mineral 
admixtures. It establishes the influence of the dosages of superplasticizer and the optimum water/binder ratios, over the 
effectiveness of the additions of silica fume used. The results show differences in the performance of the systems due to 
the dosage of silica fume and the water/binder ratio. 
 
Keywords: Cement, Super plasticizer, Marsh Cone, Rheology, Silica Fume, Compatibility 
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Abstract 
The superplasticizers (SP) and high mineral addition contents used in Self-Compacting Concrete (SCC) can have an 
important effect on the porosity of the hardened mixtures, influencing their durability and mechanical strength. In this 
paper, a combination of forced vacuum and boiling saturation techniques is used to determine the influence of the 
composition of six SCC concrete mixtures on the open porosity. The mixtures differ by the type of addition (quartzite, fly 
ash and two types of limestone addition), the cement type (a CEM I 52.5 R HES Portland cement and a coarser CEM 
III/A 42.5 N LA blast furnace slag (BFS) cement) and the cement-to-powder ratio (C/P). A traditionally vibrated 
concrete (TC) mixture with an identical water-to-cement ratio (W/C) is tested as a reference. The tests are performed 
on one year old concrete core samples. 
The combination of the saturation techniques results in an improved, though somewhat lengthy open porosity 
determination. The results show a distinct influence of the addition type: a higher specific volume and Blaine fineness of 
the addition lead to significantly lower open porosities. This effect is most important for the fly ash addition, for which 
the pozzolanic reaction adds to the densification of the microstructure. Due to the old age of the samples, the expected 
higher porosity for the coarser BFS cement is not distinguishable: the secondary pozzolanic reaction has had the time 
to phase out any differences. The lower C/P logically yields higher porosities due to the smaller quantities of reactive 
materials and consequent higher W/C. Except for the latter, all SCC mixtures show reduced open porosities compared 
to the TC, which can be explained by the presence of the additions and the superplasticizer. 
 
Originality 
This paper treats the assessment and analysis of the porosity of novel concrete compositions, which are adapted to the 
demands of modern construction practices, and whose properties are, up till now, not well known, understood and/or 
documented. The methodology is a combination of individually well established methods, which are however used in a 
combined manner, to obtain optimal results. 
 
Chief contributions 
The paper contributes to the improved understanding of the porosity in novel, high performance self-compacting 
concrete compositions, allowing the assessment of the impact of its precise composition on the open porosity at older 
ages. The work is part of a larger research program in which the durability and micro-cracking of these concretes is 
investigated using various research techniques. 
 
Keywords: Self-compacting concrete, open porosity, vacuum saturation, boiling saturation
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Abstract

The paper presents the results of the tests of a self-compacting concrete made with fines which include Portland 
cement and three fillers: hornfels, limestone and metakaolin, in a weight proportion between 23% and 45% of the 
admixtures. The first mix proportions were designed with a high proportion of Portland cement (720-750kg/m3), and 
are compared to those having a smaller content of cement and more fillers. The results obtained show that the 
limestone filler percentage should be higher than the hornfels one, and both of them significantly higher than that of 
the metakaolin so as to facilitate the fluidity and self-compactability. AIso, the higher proportion of fillers causes a 
rounded porosity in the mixing which has a bearing on better compressive strength results. 

Originality 

First of all, a previous selection of fillers with different levels of activity was taken as a starting point, to contribute 
the properties of the hornfels, coming from hornfels rocks, with a semipelitic composition (quartz), rich in Al with 
high content in Fe and low content in Ca, Mn and alkali. The dark colour is caused by the formation of the rocks 
during the intrusion of granite in slateous rocks. 

Secondly, the properties reached by self-compacting concrete in its fresh state have been measured, with respect to 
passing ability to flow freely inside the shuttering just by the action of its own weight, both in horizontal and vertical 
position, covering and filling the spaces between the bars without getting stuck. Therefore the reasons why some mix 
proportions have achieved or not some self-compacting tests with respect to the contribution of fines have been 
analysed. 

Chief contributions 

The variation of the components of the concrete admixtures is analysed, particularly the synergy of the fillers in the 
contribution of fluidity and  workability, reducing the quantity of cement and increasing or reducing separately that 
of the fillers, and to characterize the application in concretes that don't require high mechanical strengths. 

Keywords: self-compacting concrete, hornfel filler, limestone filler, metakaolin. 
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Abstract 

Cement is a vast domain of use for chemical admixtures. The so-called superplasticizers of kind polycarboxylate grafted 
poly(ethylene oxide) (PCP) demonstrated their efficiency for fluidity improvement. High costs of these admixtures imply 
to reduce added amounts. But the sole adsorbed PCP is efficient for improving the fluidity. To predict the optimum 
dosage, it is interesting to study the relationship existing between the rheology and the adsorbed amount. The 
adsorption is more representative than the dosage as used in several previous studies. Here we chose a calcite system 
to avoid cement reactivity and to mimic properties of a cement paste at the early age of hydration. Comb-type 
superplasticizers with various side chains density were studied in sulfated solution. The adsorption was evaluated by 
measuring the adsorbed amount and the PCP equilibrium concentration. A mini-cone slump test permitted to deduce 
the yield stress of the same paste. We found that the adsorption isotherms depend on the pore solution and the grafting 
degree. Without sulfate, the three PCP have the same adsorption ability. On the contrary, an effect of the side chain 
density is revealed in a sulfated pore solution. The amount of adsorbed PCP declines because PCP competes with the 
sulfate ions. A more charged PCP will be more resistant to the competition with sulfates. By combining the rheology 
with the adsorption, we highlighted a unique relationship “log(yield stress) vs. adsorbed PCP” for a sulfated solution 
whatever the sulfate concentration [60-120mmol/L] and the ester ratio [20-38%].  However in a sulfate-free solution, 
the previous relationship was not valid and thus depends on the ester ratio. A sulfate-free solution is far away from a 
cement pore solution. The established relationships are valid for an adsorption in the slope of the isotherm. In this case, 
the relationship is slightly curved showing that the first adsorbed PCP are the most efficient to improve the fluidity 
whatever the pore solution. When the amount of adsorbed PCP is close to the saturation dosage of the surface, the 
relationship becomes more linear and is no more influenced by the pore solution. Each PCP has the same fluidizing 
efficiency when it manages to adsorb in these ionic conditions. The knowledge of the adsorption and the relationship 
obtained is a necessary step to reduce dosages and improve fluidizing efficiency. 

Originality 

The sustainable production and the emission of greenhouse gases are two problems in which the admixtures can 
provide solutions. Comb-type superplasticizers, used in this study, enhance the properties of fresh concrete such as the 
fluidity. This study was led on an inert calcite system with various amounts of sulfate to mimic the cement and its pore 
solution. Our model system leads to highlight a unique relationship between fluidity and adsorption whatever the 
sulfate concentration or grafting degree of the comb-type superplasticizer. The improvement of fluidizing efficiency of 
this kind of admixtures is directly related to understanding and improving their adsorption. 

Chief contributions 

The improvement of properties of fresh concrete is an important industrial area for chemical admixtures. The industrial 
applications require to predict the approriate amount of PCP for a specified workability. Thus it is interesting to study 
the relationship existing between the adsorption and the rheology. In this study, a inert cement-like system permited to 
highlight the unique relationship existing between yield stress and PCP adsorbed quantities with various amounts of 
sulfate and with different grafting degree. Therefore the understanding of the adsorption is a crucial point to enhance 
the efficiency of comb-type superplasticizers. For this purpose, we have demonstrated that the first PCP adsorbed are 
the more efficient to improve the fluidity whatever the PCP and the pore solution. 

Keywords: Comb-type superplasticizer, relationship fluidity/adsorption, side chains density, sulfate effect
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Influence of power ultrasound on fluidity and microstructure of cement 
suspensions 
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Abstract
Controlling workability, fluidity, setting and strength development is a main challenge in concrete production. 
Up to now dispersing admixtures (superplasticizers) are added to the concrete mix to improve the fluidity. The 
disadvantage of superplasticizer addition is the delay in hydration progress. On the application site this leads to 
a decrease in early strength development of concrete, i.e. increased formwork periods in precast concrete 
production. 
For various other technical suspensions and colloids dispersion is not only achieved by addition of dispersing 
agents but also by applying power ultrasound. Thus the present study investigates if power ultrasound may 
serve as a novel method to increase the fluidity of cement suspensions and concretes. For this reason power 
ultrasound at a frequency of 20 kHz is applied to cement suspensions at varying compositions (superplasticizer 
content, water to solid ratio) and hydration times. Fluidity of cement suspensions in dependence of power 
ultrasound application is tested by standard methods (slump, mini slump) and by viscometric measurement 
(Viskomat NT, Schleibinger, Germany). Viscometric measurements are carried out with an experimental set up 
(basket probe) that allows us to discriminate between the influence of power ultrasound on yield strength and 
viscosity. Additionally, changes in microstructure of cement suspensions are detected by high resolution 
scanning electron microscopy and air void analysis. The dispersing effect of power ultrasound is determined by 
sedimentation experiments. 
The results of the present study show that power ultrasound is an effective method to increase fluidity of cement 
suspensions. Thus a significant reduction in superplasticizer dosage is achieved if optimum sonification 
conditions are applied. The technical implementation of power ultrasound in concrete production is discussed. 

Originality 
Power ultrasound was successfully tested as a novel method to increase fluidity of cement suspensions. In 
comparison to superplasticizers addition the advantage of power ultrasound is that liquefaction is achieved 
without retardation of hydration kinetics. The present study also discusses the ideal sonification characteristics 
and the mechanism of liquefaction in cement suspensions. Various analytical methods such as viscosimetric 
testing, SEM investigations, acoustic spectroscopy are combined to gain a basic understanding on the effect of 
power ultrasound on cement suspensions.  

Chief contributions of the authors 
Preliminary results of application of power ultrasound to accelerate strength development in concrete 
production were presented at the 17th international conference on Building Materials (ibausil) in 2009 in 
Weimar in German (Rößler, C. Einfluss von Power-Ultraschall auf das Fließ- und Erstarrungsverhalten von 
Zementsuspensionen in proceedings of: 17. Internationalen Baustofftagung ibausil, Hrsg. Finger-Institut für 
Baustoffkunde, Bauhaus-Universität Weimar, S. 1 – 0259 – 1 – 0264, in German).  
Latest results on the influence of power ultrasound on cement hydration reactions, kinetics and fluidity as well 
as a critical discussion of feasibility on application will be given at the ICCC 2011.  

Key words: power ultrasound, cement paste, rheology, cement hydration 

*Corresponding author: E-mail: simone.peters@uni-weimar.de, Tel- (0049) 3643 / 584727; Fax- (0049) 3643 / 584759 
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Evolution of Electrical Resistivity of Concrete with Cement Hydration 

Lencioni J 
Instituto Tecnológico de Aeronáutica (ITA), São José dos Campos, Brasil 

Lima M1*
Instituto Tecnológico de Aeronáutica (ITA), São José dos Campos, Brasil 

Abstract
This paper presents a study about the evolution of superficial electrical resistivity of concrete since the 
confection of specimens. The purpose of this study is analyze the variation of superficial electrical resistivity 
of concrete with the cement hydration process, and try to define a period (in days) from which its variation is 
not significant. For this, 12 non-reinforced cubic specimens, with 20x20x20 cm dimensions, were made with 
only one cement type, one water-cement ratio and were exposed to laboratory environment until de-molding. 
The demolding was realized after 48 hours and the specimens were submitted to submersed cure in a water 
tank. The evolution of superficial electrical resistivity was measured in aleatory ages, usually once a week, 
until the age of 209 days. In this paper, tests results are presented and analyzed in order to propose an ideal 
age, considered to obtain trustful values to the superficial electrical resistivity of concrete. Establish this age 
makes possible to correlate, more safely, the values of superficial electrical resistivity to corrosion 
probability of concrete  reinforcement. 

ORIGINALITY: There is not in Brazil and in the world similar study to define an adequate minimum age to the 
tests of superficial electrical resistivity of concrete. Actually, Brazil has not an official standard to the tests 
of electrical resistivity made on the concrete surface. To contribute with a future elaboration of a national 
standard to these tests, the authors detected the need to quantify some parameters involved with the 
superficial electrical resistivity of concrete. Considering this, the authors defined the necessity of to establish 
an adequate minimum age to the tests. 

CHIEF CONTRIBUTIONS: The main contribution of this study is define the minimum age to perform the 
superficial electrical resistivity tests in the concrete. This is important to elaborate a Brazilian standard, at 
this moment. International tests recommendations and standards do not refer this parameter. This parameter 
permits to obtain representative data for these tests and an appropriate interpretation for the results. 

Keywords: Concrete, Superficial Electrical Resistivity, Cement Hydration 

*Corresponding author: Email magdlima@ita.br , Tel +551239476832, Fax +551239476803 
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The Use of a New Type of Evaporation Retardant Based on Silicone in Hot 
Climate Concreting. 

 
Bella Nabil * 

FIMAS Lab.: reliability of materials in the south, University of Bechar, Bechar, Algeria 
Asroun Aissa 

Department of civil engineering, University of Djilaly Liabess, Sidi Bel Abbes, Algeria 
Bella Ilham Aguida 

Department of civil engineering, University of Djilaly Liabess, Sidi Bel Abbes, Algeria 
 
 
Abstract 
Hot climate concreting require that some practices are used to reduce the undesirable effects, caused principally by 
excessive water evaporation from concrete surface, which has the  tendency to induce plastic shrinkage cracking and 
thereby reduce durability. This research highlights the effectiveness of a new cure compound (based on silicone) to 
reduce plastic shrinkage, compared with other solutions such as: cure compound (based on alcohol), ordinary curing 
compound and plastic sheet cover; the effectiveness of these procedures is studied in function of climatic conditions 
(temperature, air velocity and relative humidity). Two levels fractional factorial array experimental design was used to 
reduce the number of tests, and allows studying both the effect of different factors and interaction between factors. The 
measured parameters include: plastic shrinkage crack in 10 x 10 x 40 cm specimens, compressive and traction strength 
and rate of evaporation. A climatic chamber was used to simulate the hot climate. The results indicate that to minimize 
the plastic shrinkage the most adequate solution is the application of the plastic sheet cover followed by the use of 
curing compound based on silicone. The most effective solution to decrease the evaporation is plastic film sheet cover. 
 
Originality 
The originality of our work is that the use of an anti evaporation based on silicone ever used before. This type of anti 
evaporation has been to use only for a few years in the swimming pools, in order to minimize the evaporation. This 
work can be introducte in the topic of : Chimical admixtures, Properties of fresh and hardned concrete. 
 
Chief contributions 
This is the first introduction of a cure compound based on silicone in the concrete industry, and specialy in hot climate 
concreting, to reduce the effect of the high rate of evaporation, which increase plastic shrinkage and reduce concrete 
durability. 
 
Keywords: Evaporation retarder, hot climate concreting, evaporation, plastic shrinkage. 
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The Frost Resistance of Drainage Concrete Used as an Internal Layer of 
Concrete Pavement 

Jozef Jasiczak1

Poznan University of Technology, Institute of Structural Eng., Poznan-Poland 

Marlena Kucz 
Poznan University of Technology, Institute of Structural Eng., Poznan-Poland 

Abstract
This paper aims at presenting the results of the research of drainage concretes under cyclic load, 
undergoing freezing and thawing. The results analysis was based on compressive strength, examined after 
28 days of concrete maturing after frost-resistance tests and compressive tests under cyclic load. Such 
concretes are used in some countries (Belgium, Holland, Germany) for external road paving surfaces. The 
results are missing for Eastern European countries, where winters are colder and longer.  

ORIGINALITY: Done research shown that in the case of drainage concrete undergone cyclic aggravation 
the increase of compression strength in comparison to compression after 28 days was observed. The 
research of one-fraction drainage concrete with extensometers and comparison of these results with the 
results of typical concretes proves that the process of drainage concretes destruction proceeds in a much 
more placid way than in case of ordinary concrete. This can influence the durability and grooving resistance 
of drainage concrete road surfaces. During the cyclic tests of drainage concretes the decrease of samples 
height was observed, but its value was significantly lower than in the case of typical concretes. Obtained 
results suggest a better grooving resistance on road surfaces. Most probably the aggregate grains change 
their position due to the compression force, and therefore the sample has undergone compression, which 
caused increase in the concrete density, and, therefore, its strength increase. The exact research of the 
processes would be possible through macroscopic and microscopic tests. The good compressive strength is 
for drainage concrete with 10-20% porosity.  

CHIEF CONTRIBUTION: The literature as well as the synthesis of scientific research, together with our 
experimental research gave the base for create porous pavement roads in severe environment, especially in 
east Europe and Asia. By this time the research was conducted only for soft climate, e.g. in Spain, 
Netherlands, Belgium and Germany. This can lead to increase of interest of drainage concretes.  

Keywords: drainage concrete, freeze resistance, cyclic load  
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Reactivity characterization of Portland pozzolanic cements in order to 
explain the unsatisfactory performance of concrete - case study 

1Quarcioni VA1*, 1Aleixo DM 
1 Instituto de Pesquisas Tecnológicas do Estado de São Paulo (IPT) - Laboratório de 

Materiais de Construção Civil, São Paulo, Brazil 
2Gobbo L 

2Panalytical do Brasil. São Paulo, Brazil 
3Cincotto MA 

3Escola Politécnica da Universidade de São Paulo - Departamento de Engenharia da 
Construção Civil. São Paulo, Brasil 

Abstract 
This work presents the characterization of a group of portland pozzolanic cements produced by the same plant 
during a controlled period of time. The analyses were conducted in order to explain the compressive strength of 
these corresponding concretes which produced values lower than those expected from and stipulated by the mix 
design. From the stored samples of IPT’s Laboratory five samples were selected from the range of the concrete 
strength variation observed, 27-37MPa, and a reference with 38 MPa. First of all, analyses of the anhydrous 
cements by X-ray diffraction and thermogravimetry did not indicate any contamination by truck transportation 
or pre-hydration during the storage period. Plasma atomic emission spectrometry was used to quantify elements 
Ba, Sr, P, Mn, Ni, V, Zr and Ti. The results confirmed the origin of these cement deliveries as being from the 
same factory. Regarding the clinker phases, quantified by Rietveld X-ray analysis, the C3S content was lower 
than that taken as the reference cement. The pozzolanic fractions, obtained by selective dissolution with diluted 
hydrochloric acid, were variable among these samples. Their mineralogical compositions (identified by X-ray 
analysis) and vitreous phases (quantified by the Rietveld method) indicate the addition could have pozzolanic 
activity for the analyzed samples. As these cements presented high sulfate content, the soluble sulfates were 
quantified through the percentages of soluble alkalis (determined by flame photometry) in an effort to calculate 
(from the total sulfate by gravimetry) the effective percentage of gypsum added for setting control. The heat 
hydration curves, obtained by isothermal calorimetry, show a common chief peak occurring at around 12 hours, 
then, another, unusual one, occurring at 28 or 32 hours. To investigate this phenomenon, three cement samples 
were hydrated for 20, 22 and 72 hours and their hydrated phases identified by X-ray analysis and quantified by 
thermogravimetry. The results showed the net heterogeneity of these cements and a discussion about them was 
held in order to explain its effect on the compressive strength. The characterization results for these cements, 
obtained by using innovative techniques, could potentially serve as some motivation for cement manufacturers 
to review the common quality control practices they are currently applying. 

Originality 
A set of innovative techniques was applied to characterize the chemical and mineralogical compositions of the 
sample cements, establishing a useful methodology that permitted obtaining consistent data to determine what 
role the cement played in the unexpected performance of concretes prepared with a known mix design. This 
methodology may also be applicable as a tool to better identify possible problems in concrete manufacturing. 

Chief contributions 
This investigative approach can yield useful information to provide a more reliable basis for cement producers 
and concrete manufacturers when discussing eventual unsatisfactory performance issues. In the present study, 
the methodology allowed for the following: a) identification of the pozzolanic fraction, the sulfate content and 
the heterogeneity among diverse cement lots through quantification of the clinker phases; b) to ensure that the 
cement came from the same source, that is, the same raw materials and plant; c) to determine what effect the 
cement had on the hydration reactions and compressive properties. 

Keywords: Portland pozzolanic cement; concrete; conduction calorimetry, X ray Rietveld analysis, 
thermogravimetry.

1 Corresponding author: Email quarciva@ipt.br.  Tel +55-11-3767.4969, Fax +55-11-3767.4124. 
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1D.Stackelberg 1*, 1B.Wilge, 1S.Boiko  
1Concretec Ltd., Jerusalem, Israel 

 
2P.Martauz, 2J.Strigac  

2Považskà  cementàreň plant, Ladce, Slovakia  





Považskà cementàreň plant’s laboratory has used Concretec Ltd. Company’s technology in its second 
year to assess the quality of cement clinker. The basic of technology is the continuous measurement of the 
electrical resistivity of hardening of the standard C:Smortar during 2224 hours.   

 The proposed report sets out the fundamental principles and results of the practical use of the 
algorithm evaluation of the stability of strength characteristics of clinker. 


The implementation of the algorithm has a certain sequence of operations: 
 analysis of the kinetic curve )(τfR =  and appointment to the optimal time of determining the structural 
parameter; 
 this parameter is correlated with the properties of cement clinker. 

From April 2008 to August 2009 the laboratory staff of the plant, along with standard tests, measured 
the electrical resistivity of the standard "clinkersand" mortar. Results were tested on more than 300 batches of 
clinker. 
 

1. Company Concretec Ltd. developed and proposed to use an algorithm for reducing the coefficient of 
variation of early strength in cement clinker production process. 
2. The algorithm is based, formulated and implemented on the principle of “reference group of samples”. 
According to this principle, a sufficiently long time period, the production set, samples (party) clinker are 
characterized by minimum variation values of early 1day and 2day strength coefficients. 
3. This group of samples is considered as "reference" set, for it defines the basic statistical parameters; 
properties of all the other samples are correlated with the properties of "reference". 
4. The correlation between the values of the early strengths of clinker and the structural parameter  the values 
of resistivity, are measured at an early stage of hardening in terms of 14 to 20 hours after mixing clinker with 
water. 
5. Comparison of properties of samples of the entire array with the properties of the samples “reference group” 
allows, by measuring the electrical resistivity, at an early age (in 14  20 hours) to identify samples of clinker, 
this increases the coefficient of variation and creates the possibility of an early detection and elimination of the 
causes of destabilizing process of manufacture. 
6. This method predicts the early strength of clinker on the measurements of the electrical resistivity at an early 
age. Use this method on Považskà cementàreň plant  for predicting the strength of more than 350 parties, 
cement clinker showed good agreement with the results of standard tests for the following values coefficients of 
variation: 2.15% for 1day strength and 6.70% for 2day strength. 
 
 Clinker, strength, electrical resistivity, structure parameter. 

1* 
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Evaluation of Compressive Strength and Durability on Portland Cement 
blended with Nanosilica  

 

1Tobón JI 1* 1Restrepo OJ 
1 Grupo del Cemento y Materiales de Construcción. Universidad Nacional de Colombia – Medellín. 

 
2Borrachero MV & 2Payá J.  

2 Instituto de Ciencia y Tecnología del Hormigón (ICITECH) – Universidad Politécnica de Valencia – España 
 

 

Abstract 

 In this paper, properties as compressive strength (ASTM C 349), capillary suction (PrUNE 83.982) and sulfate 
attack resistance (ASTM C 1012) were evaluated into mortars made with Colombian Portland cement type III 
(control) and mortars partially replaced with commercial nanosilica (NS) in suspension, in percentages by 
weight of 1, 3, 5 and 10 %. The Mortars were prepared with water/binder (w/b) ratio of 0.55 and superplastizer 
addition for fluidity correction. 
 
Mortars containing since 5% NS showed an important and positive effect on the mechanical strength, capillary 
suction and sulfate attack resistance. In case of expansion due to sulfate attack, 5% NS replaced was enough for 
avoiding expansion. With replacement of 10 % NS improvements in compressive strength up to 120 % 
compared to the control sample, for one day of curing, have been obtained. After this curing time, improvement 
on mechanical strength up to 80% is maintained. In addition, the relationship between mechanical strength and 
densification of mixtures was evidenced. 
 
 
Originality 

Few researches have been published on the impact that the nanosilica has on the durability of mortars exposed 
to sulphate attack and this paper gives lights thereon. 
There is still uncertainty about the real effects of nanoparticles on cement Portland and this article provides 
clarity on this aspect. 
This work clarifies the optimum percentage of cement replacement by nanosilica. 
 

Chief contributions 

Minimum percentage of cement replacement by nanosilica which has a significant and positive effect on 
compressive strength, capillary suction and control expansion by sulphates attack on mortars was defined. 
Behavior of the gain in mechanical strength with curing time and with replacement percentage of cement by 
nanosilica was determined.  
 

Keywords: Nanoparticles, nanosilica, blended cement, physical properties of cement. 
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Preliminary rheological characterisation of cementitious systems  
by the Viskomat rotational rheometer

1Allevi S.1
1 CTG Italcementi Group, Laboratories Department, Bergamo, Italy 

1 Lezzi G.; 1Alfani R.; 2Vichot A.; 3Grizzuti N.; 
2 CTG Italcementi Group, Les Technodes, Guerville, France 

3 Dept. of Chemical Engineering, University of Naples Federico II, Naples, Italy 

Abstract 
In the ambit of the physical characterisation of cementitious materials, the rheology covers an important role. By the 
rheological approach is possible  evaluate the workability of complex systems constituted by cement, water, aggregates 
and admixtures. The workability is strictly linked to the development of the cement hydration process and to the 
different particle size distribution of the materials used. In this study a correlation between these parameters has been 
obtained optimizing a specific rheological method. Especially, the rheological parameters of cement pastes and mortars 
prepared with selected fillers (particles diameter up to 75 µm) and aggregates (particles diameter up to 4mm) different 
in terms of mineralogical composition have been determined by using the same rotational rheometer (Viskomat NT, 
Schleibinger Geräte). The adopted apparatus measures the torque (Nmm) of a paddle, with a specific geometry, dipped 
inside a rotating cup containing the sample. The rotational speed of the cup follows an imposed specific rate program 
with stationary steps. By a calibration process with standard oils, the calibration factors (K) for a square paddle, 
adopted with pastes and for an anchor paddle, adopted with mortars, have been determined. Appling the K parameters, 
the Plastic Viscosity values of the cement mixes have been calculated directly by a linear regression of the data 
obtained in terms of Torque (Nmm) vs Rate (rpm). At the same time, approximating the apparatus to a coaxial cylinder 
rheometer, the Yield Stress values have been measured. Finally the Marsh cone test on pastes and the slump test on 
mortars have been performed to complete the rheological characterisation. This experimental activity has put in 
evidence the important role covered by the cement-PCP interaction on the rheological properties of the considered 
cementitious systems.  

Originality 
This study shows that is possible characterise the rheological parameters of cement and mortars using the same 
rheological method. Thanks to this approach, the rheological characterisation of cementitious systems containing 
specific PCP superplasticizers, different in terms of chemical structure, have been studied in mixes with selected 
aggregates not only with a filler grain size distribution but also with a sand grain size distribution. By this way, 
chemical and physical aspects have been investigated at the same time. 

Chief contributions 
Starting from the experimental approach adopted in this study, the role of selected rheology modifiers can be analysed 
on cement pastes and mortars by the same method. Furthermore, considering a selected PCP admixture, the 
rheological influence of specific aggregates, with different texture, can be evaluated. From this point of view, increase 
the rheological characterisation of cementitious systems  identifying the key parameters function of the chemical and 
physical characteristics of its constituents (PCP structure, aggregate texture and shape etc.) lead to a better selection 
of the materials used in the ambit of a sustainable development.  

Keywords: Rheology, workability, cement pastes, cement mortars, characterisation
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Influence of thickening agents on the adhesive and rheological properties of 

mortars 
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Abstract 
This paper presents an experimental study of adhesive and rheological properties of cement mortars proportioned with 
various contents of organic or mineral thickeners. Starting from a reference mortar formulation, we have investigated 
the effect of varying contents of a water-soluble polymer admixture and a bentonite-clay additive. To determine the 
adhesive properties the probe tack test was used. The tack test results have been exploited to identify the adhesion 
strength, the cohesion strength and the support’ adherence force. It is found that the cohesion component monotonically 
increases with bentonite content, while it displays a minimum when varying the polymer content.  The behavior of the 
adherence force is more complex for both types of thickeners. In both cases, the evolution of the adhesive force versus 
thickener content displays optima depending upon the tack velocity. The rheological behavior of the mortars was also 
considered. By comparing the adhesive and the rheological properties, tack tests and rheological measurements 
appeared as complementary methods of characterization of mortars in the fresh state. 

Originality 
A number of studies have been devoted to the influence of thickening agents (both mineral and polymer based), on the 
rheological properties of cementitious materials. The rheological properties are generally determined under shear-flow 
conditions. Yet, mortars are often subjected to other types of flows during the placement process, including compression 
and extension (tack). The tackiness of mortars such as tile adhesives represents a crucial issue from the practical point 
of view, and this property cannot be straightforwardly related to the rheological properties as determined from shear  
experiments. In the present study we consider the possibility of using the probe tack test, which is widely used for 
polymer adhesives, in the case of mortars. This investigation can be considered as among the first studies of this kind. 

Chief contributions 
The influence of thickening agents (both mineral and polymer based) on the adhesive and rheological properties of 
mortars was studied. According to the experimental results and by comparing the two types of thickeners, it can be 
expected that water-soluble polymers and mineral additives may reveal complementary regarding the placement 
properties of mortars. The former can be used to adjust viscosity and adherence properties while the latter can be 
included to control yield stress and cohesion. 

Keywords: Adhesive properties; Rheological properties; Mortar; Thickening agent; Tack test.
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Evaluation of the Quality of Concrete at Early Age
by Ultrasonic Measurements 
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2Si-chaib MO. 
2Département Maintenance Industrielle. Université M’hamed Bougara Boumerdès. .35000. Boumerdès. Algérie. 
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Abstract

The technology of concreting and operating conditions and hardening of the concrete are the origin of disorders 
that affect the compressive strength of concrete. The mechanical properties of a concrete prepared and made in 
laboratory don't reproduce the quality of the one realised in yard. Although norms and rules of construction take 
in consideration this particularity by the affectation to the concrete strength of a security coefficient of 1.5, 
reports done after earthquake of Boumerdes 2003 and Al Hoceima 2004, revealed that the quality was far away 
from the one mentioned by laboratories. These reports become a source of divergences between enterprises of 
realization and services of construction control technique. 
The advances in non-destructive testing methods of the quality of concrete allow overcoming this problem. The 
ultrasonic characterization highlighted as a method adapted better for this kind of control. The correlation 
between the quality of concrete and measurements of longitudinal and shear wave velocities requires the 
knowledge of the influence of some parameters that enter in the formulation of concrete and hardening 
conditions. 
The present work deals with an experimental evaluation of the influence of the water evaporation of mixing on 
the variation of the longitudinal wave velocity propagating in concrete sample at early age. The obtained results 
reveal the variation of the longitudinal wave velocities according to the reduction of the water content and 
hardening of concrete. This result must be taken in analysing of a concrete quality by using ultrasonic 
measurements.  

Originality of the research  

The mechanical properties of the hardened concrete depend on its properties in a fresh state. Evolution of the 
resistance of the concrete at early age is accompanied by a loss of weight due to evaporation of water and the 
hydration of cement. These phenomena are at the origin of the hardening and the increase in the resistance of the 
concrete. This experimental study consists in finding a correlation between destructive measurements and the 
nondestructive evaluation by ultrasounds of the properties of the concrete at early age. Measurements of the 
influence of the absorption of water by the concrete hardened on the variation ultrasonic speed are presented.  

Chief contributions made by the research  

Evaluation of the mechanical properties of the concrete by velocity ultrasonic measurement in the concrete 
holding account of water evaporation and the hydration of cement in the first days. 

 1Belakrouf A. Email: abelakrouf @yahoo.fr Tel +213559649753, Fax +21324913101
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INFLUENCE OF ZINC SALTS ON PROPERTIES AND HARDENING 

OF INORGANIC BINDERS 
 

Voicu G.*, Badanoiu A., Georgescu M. 
POLITEHNICA University, Applied Chemistry and Materials Science Faculty, Science and Engineering of 

Oxide Materials and Nanomaterials Department, Bucharest, Romania 

 

Abstract 

Binding materials can be used as matrices for the immobilisation of different toxic wastes. The low permeability 

of hardened cement paste hinders the transport of water and dissolved species through the matrix. It order to 

optimize the use of cementitious matrices for solidification/stabilisation of wastes with heavy metal content, is 

important to know the influence exerted by different toxic substances on the hydration processes and main 

properties of hardened cement pastes and mortars.  

The paper brings information concerning the influence of zinc salts - nitrate and chloride, on the cement 

hydration rate, nature of reaction products, mechanical strength characteristics for different type of cement 

matrices (unitary Portland cement and Portland cement with 30% blast furnace slag). 

The influence of the zinc salts on the cement hardening processes was assessed by X ray diffraction analysis; the 

microstructure, of hardened mortars prepared with/without Zn salts, was assessed by Scanning Electron 

Microscopy (SEM), Back-scattered Electrons Microscopy (BSE) and Energy Dispersive X ray Spectrometry 

(EDX). The compressive strengths of mortar specimens were assessed after 2 up to 180 days of hardening.  

In the case of ZnCl2, a decrease of the setting time for all concentrations was observed. For the samples 

containing Zn(NO3)2 a concentration dependence of the setting times was pointed out. Thus, at small 

concentrations, the setting time increases, while a setting time decrease was noticed for higher concentrations.  

The compressive strengths in all cases decrease with addition of zinc salts. The higher the concentration is the 

significant decrease of the compressive strength was evidenced. 

BSE micrographs of the hardened mortar with Zn salts, showed the presence of Zn in formed hydrates.   

 

Originality 

 

The paper assesses the influence of anion type in the zinc salts on the cement hydration rate as well as on the 

nature of formed hydrates.  

 

Chief contribution  

The paper brings information regarding the immobilisation of Zn in different types of cementitious matrices. The 

influence of zinc salts (chloride and nitrite) on the main properties of cement pastes and mortars (consistency 

water, setting time, compressive strength), was also investigated and discussed in correlation with the kinetics of 

hydration processes and the hydrates formed. 
 

Keywords: Zn immobilisation, cementitious matrices, hardening processes, properties, micro structural 

characteristics 
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The Effects of Silica Fume and Superplasticizer on Cement Hydration  
under Low Water Cement Ratio 
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Abstract 

The  water-to-cement ratio of ultra high strength concrete is extremely low; therefore the addition of high-
range water reducing agent(suerplasticizer:SP) and silica fume(SF) is indispensable at mixing. This research 
was conducted to elucidate how a high-range water-reducing agent of plycarboxylic acid type for high strength 
and a high-range water-reducing agent of plycarboxylic acid type for ultra high strength, both different in 
molecular structure, would affect the compressive strength and hydrate of low-heat portland cement if added to 
the cement along with silica fume. The influences were discussed from the perspectives of cement hydration 
required by the Rietveld method using powder X-ray diffraction (XRD), and silicate-chain polymerization of 
hydrate calcium silicate (C-S-H) by the trimethylsilyl (TMS) derivatization method. 

When the high-range water-reducing agent of plycarboxylic acid type for ultra-high strength concrete and 
silica fume were added, compressive strength slightly decreased in the first seven days of aging but showed no 
change after 28 days of aging. 

Meanwhile, the C3S hydration rate reached 70 to 85% after 7-day aging, regardless of SP type and the 
amount of SF addition, but then became stagnant. However, SF addition increased the C2S hydration rate at the 
initial age. The SF hydration rate became 40 to 50% after 7-day aging and 60 to 70% after 91-day aging. 
However, adding more SF was found to reduce the reaction rate. Therefore, neither SP type nor molecular 
structure was found to affect C-S-H generation or silicate chain polymerization significantly.  

This study suggests that SF addition promotes C2S reaction, C-S-H generation, and silicate chain 
polymerization at the initial stage of aging.h 

 
Originality 

The effects of the interaction between silica fume and high-range water reducing agent on cement hydration in 
a low water-to-cement ratio were clarified by means of cement hydration by the XRD-Rietveld method and of 
silica fume hydration by the selective leaching method. This research is particularly unique in that the 
interactions were viewed from the perspective of silica-chain polymerization of C-S-H by the TMS derivatization 
method. 

 
Chief contributions 

The main contribution of this research is making possible by cement hydration analysis the estimation of the 
appropriate amount of silica fume and high-range water reducing agent required when determining the mix 
proportions  for ultra high strength concrete.  
 
Keywords:  Ultra high strength concrete i, Silica fume, Superplasticizer , C-S-H, XRD/ Rietveld 
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Effects Of Calcium Chloride, Aluminum Hydroxide And Aluminum Sulfate On 
Setting Time And Durability Characteristics Of Portland Cement Mortars 

 
1 Rahimi SH1* 
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Abstract 
It has long been known that curing concrete during cold weather can result in an inferior product with substandard 
properties. Curing also takes much longer, adding to job costs and extending the time before the concrete surface can 
be used. Admixtures are those ingredients in concrete other than portland cement, water, and aggregates that are 
added to the mixture immediately before or during mixing. An accelerating admixture is used to accelerate the rate of 
hydration (setting) and strength development of concrete at an early age. Calcium chloride (CaCl2) is the chemical 
most commonly used as accelerating admixture, especially for nonreinforced concrete but it results in corrosion and 
lack of concrete durability; In order to solve these problems Aluminum hydroxide (Al(OH)3)and Aluminum Sulfate 
(Al2(SO4)3) were used.  
In this study, a total of 252 specimens in which different amounts of calcium chloride, aluminum hydroxide ,and 
Aluminum Sulfate were added to cement mortar were made. The effect of calcium chloride and aluminum hydroxide 
and Aluminum Sulfate on setting time, compressive strength, hydration temperature and permeability was determined. 
The specimens were experimented on in different days from 2 to 90 in order to measure strength.  
As a conclusion Calcium chloride causes a shorter setting time and lower costs in comparison to Aluminum hydroxide 
and Aluminum Sulfate. On the contrary Aluminum hydroxide and Aluminum Sulfate have no effects on corrosion, 
reduce the weight of cement mortar, prevent alkali reactions of aggregates, and increase durability. 
 
Originality 
Pace of hydration is a key element to consider in almost every project. In many cases it is vital to increase the rate of 
hydration to achieve a surface for further developments in an earlier age as it can reduce job costs. In cold weather it is 
also important to increase the rate of hydration as it avoids freezing and the loss of quality in concrete. For this reason 
admixtures are used to improve desired qualities in concrete. Current admixtures have their own cons and pros and 
search for a new admixture that can boost good features and omit disadvantages to a great extent is necessary. This 
paper is intended to promote chemicals that can create a revolution in chemical admixtures in the field of accelerators. 
 
Chief contributions 
As a conclusion Calcium chloride causes a shorter setting time and lower costs in comparison to Aluminum hydroxide 
and Aluminum Sulfate. On the contrary Aluminum hydroxide and Aluminum Sulfate have no effects on corrosion, 
reduce the weight of cement mortar, prevent alkali reactions of aggregates, and increase durability. 
 
Keywords: cement, accelerator, Calcium Chloride, Aluminum Hydroxide, Aluminum Sulfate 
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New Concretes Incorporating Recycled Ceramic Aggregates 
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Abstract
This line of research pretends to analyze the possibility of reusing waste material coming from the 
ceramic industry in substitution of conventional aggregates when producing structural concrete, with the 
subsequent economic and environmental benefits. At a first stage the material has been crushed, sieved 
and washed in order to obtain the proper recycled aggregate (>4 mm). At a second stage, these 
aggregates have been classified according to their physical - mechanical properties, so that compliance 
with the EHE-08 could be verified. Results obtained after this process were satisfactory. All requirements 
contained in the specification were achieved. It was also observed that other properties as porosity and 
water absorption coefficient were very similar to those of standard aggregates, which represents a 
significant advantage. 
Once that the possibility of using this type of material in concrete production was verified, different 
design mixes for concrete were elaborated by substituting the conventional aggregate partially and 
progressively by recycled material (20 and then 25%). These concretes were subject to several tests 
(mechanics, pressured water penetration, microstructural and freeze-unfreeze cycle resistance). Results 
obtained in the mechanical tests (compressive and splitting tensile strength tests) are higher when using 
recycled materials. An increase in strength resistance between 5 and 25% has been observed as the 
percentage of substitution grows. 
Regarding the study of the microstructure, it has been specially focused on the analysis of the aggregate-
grout transition area. This analysis concludes that the interfacial transition zone (ITZ) recycled 
aggregate-grout is smoother and more compact than in the case of uncrushed aggregate-grout. This 
means that a better behavior of these concretes should be expected against external physical, mechanical 
and chemical aggressive agents. 
Finally, the rest of test previously mentioned followed the same trends and therefore recycled concrete 
can be considered adequate for structural usage. 

Innovations 
Reusing ceramic waste within the materials normally used in construction has been studied mainly in 
analyzing its behavior as an active addition in substitution of a percentage of cement, taking advantage of 
the puzolanic activity of these materials. 
After an exhaustive research on the state of the art on this matter, it can be concluded that few research 
has been carried out on the mechanic and durability properties of concrete incorporating recycled 
materials, as well as on the microstructure and the transition area aggregate-grout. 

Main Conclussions 
As a result of this research several positive consequences can be foreseen, as the possibility of 
incorporating waste materials into the production process of concrete and obtaining eco-efficient 
concretes that guarantee as minimum the same properties as conventional concretes. 
This recycling process has several advantages, not just from an economic point of view, but also from an 
environmental approach, as it reduces waste that would have to be disposed into tips. All this is 
consequent with the new policies on sustainable development imposed at international, EC and national 
levels.

Keywords: recycled ceramic aggregates, concrete, strength, permeability, freezing-thawing cycles, ITZ
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Insight into cementing problems related to the blowout on BP’s Macondo 
#1 well in the Gulf of Mexico 
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Germany 

 
 
Abstract
 
Deepwater well cementing is characterized by three major challenges: (a) when being pumped downhole, the 
cement slurry is exposed to an abnormal temperature profile which includes a cooling cycle to ~ 0 °C in the 
subsea riser followed by subsequent heating to ~ 150 °C once the slurry enters the rock formations below the 
seabed; (b) cementing of the top hole section where shallow water flows are common with a special foamed 
cement; and (c) cementing of deep reservoirs (up to ~ 8,000 m) exhibiting extremely high pressures (up to 
1,750 bar). The technologies currently available to successfully cement casing into those wells are described. 

Next, details on the failed cement job performed in the lowest section of the borehole of BP’s Macondo #1 well 
in the U.S. Gulf of Mexico will be presented. This failure is generally thought to present the root cause for the 
accident. Documents released by BP, Halliburton and Transocean indicate that in the cemented interval 
ranging from 17,821 to 18,360 ft (5,432 to 5,596 m), the casing was not centralized sufficiently in the borehole 
as would be best practice. A computer simulation performed by Halliburton prior to pumping cement predicted 
a severe gas flow potential under those circumstances. Because of poor displacement efficiency of the spacer as 
a result of non-centralized casing, it is assumed that pockets of synthetic oil based mud (internal olefin ester) 
were left behind the casing and contaminated the 14.17 ppg (~ 1.68 kg/L) foamed cement which collapsed by the 
defoaming effect of the oil based mud. Based upon this effect, large portions of the reservoir strata were not 
cemented, allowing oil and gas to flow at ~ 900 bar pressure into the borehole. Another factor was 
overretardation of the cement slurry which exhibited a thickening time of > 10 hours and developed no 
compressive strength even after 24 hrs. This and a premature exchange of the heavy oil-based mud (density 
~ 2.0 kg/L) against seawater (density ~ 1.02 kg/L) allowed the gas to migrate through still plastic cement and 
ascend to the surface where the blow-out preventer (B.O.P.) failed. Unfortunately, the rig crew from BP and 
Transocean ignored several clear indications of pressure build-up in the well borehole prior to the blow-out. 

To prevent such disaster in the future, it is essential to focus more on the sealing performance of cement pumped 
behind the casing. Also, cementing systems with much enhanced robustness against contaminants need to be 
developed.  
 
Originality: The principle technologies, current practices and cements as well as chemical admixtures used on 
deepwater wells will be presented. 
 
Chief contribution: First, the state of art on deepwater well cementing technology will be described. Second, 
the chain of events leading to BP’s fatal blow-out on its Mississippi Canyon block 252 Macondo #1 well is 
presented. 
 
Keywords: Deepwater well cementing, oil well cementing, foamed cement, admixture, retarder 
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A case study of Thaumasite Formation in an Austrian Tunnel 
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Abstract 

Samples were taken from zones of the shotcrete lining in a tunnel where the shotcrete had completely lost its 
strength and could easily be removed by hand. In addition, drilling cores without obvious damage at the visible surface 
(Ø 50 mm and 200 mm) were taken. Furthermore a needle-like efflorescence from the inner shotcrete lining and ground 
water samples were collected. Interstitial solutions were pressed out from the completely damaged material. In 
addition, sections of 10 mm thickness were cut off from the 200 mm core, beginning from the back of the core in order 
to investigate possible chemical and mineralogical variations.  

X-ray diffractometry (XRD) analyses indicated that thaumasite formation was the main reason for the damage 
and the needle-like efflorescence was identified as sodium sulphate (Na2SO4). Wet chemical and XRD analysis of non-
altered shotcrete showed that the natural concrete aggregates consisted mainly of calcite, dolomite and quartz. 
Regarding the drilling core discs, the total sulphate content decreased with increasing distance from the damaged zone 
from 1.9 w% SO3 (0-10 mm) to 0.6 w% SO3 (35-45 mm). Acid-soluble SiO2 was generally high throughout the outer 
sections at about 6.0 wt% (0-30 mm) but amounted “only” to 4.7wt% in the innermost section (35-45 mm zone). The 
pH-value of the pore solution increased with increasing depth from 12.8 (0-10 mm depth) to 13.2 (35-45 mm depth). 
The sulphate concentration of the pore solution was 700 mg/l in the disc closest to the thaumasite-damaged zone and 
250-300 mg/l in the other discs. Measured pH-values of the local ground water and solutions pressed out of damage 
zone material were alkalescent (~8). Interstitial solutions were mainly dominated by Na+ and SO4

2- and values of up to 
7400 and 17200 mg/l, respectively, were measured. In contrary, SO4

2- concentrations of the local ground waters were in 
the range of 450 to 550 mg/l,  and the Na+ concentrations were as low as 0.5 - 4.0 mg/l. It is believed that Na+ and 
soluble SiO2 originate from water glass, which presumably had been used as setting accelerator for the shotcrete. 
Furthermore, the extremely high SO4

2-- concentrations in the expressed solutions of up to 17000 mg/l have been caused 
by water evaporation [18].  

 
It is assumed that the presence of water glass, a very reactive silicate and/or the relatively poor quality of the shotcrete 
(from ~50 years ago) had enhanced the damage formation. As an outlook we are planning to sample another tunnel 
which passes through the same geological units, but was constructed about 20 years later.  The concrete quality is 
expected to be higher and shotcrete was applied without the addition of water glass. A comparison of the results will 
provide a better understanding of the factors influencing the speed of damage formation.  
 
Originality 
 
In this paper present new insights of specific damage features that have occurred in an Austrian tunnel due to sulphate 
attack are presented. Based on various chemical and mineralogical analyses of concrete, efflorescence on the tunnel 
walls and hydro-chemical analyses of porous and interstitial solutions and groundwater, conclusions can be drawn 
towards a better understanding of the processes and rate that lead to the destruction of concrete. More detailed aspects 
of this and further case studies concerning sulphate attack will be discussed in additional contributions presented at 
this conference [18, 19].  
 
Chief contributions 
The main contributions made by the investigation of this case study are to evaluate aspects that have hardly been 
considered to have a strong impact on thaumasite formation. We believe the usage of water-glass which was widely 
spread used as hardening accelerator for shotcrete is playing a crucial role. Furthermore elevated soluble SiO2 
contents and changeable groundwater conditions are to be taken into account. By producing profiles of the concrete 
and expressed porous solutions from altered to non altered concrete we are able to visualize the occurring chemical 
variation dependent from the distance of the main damage zone.  
 
 
Keywords:  Tunnel, shotcrete, Thaumasite, water glass, sulfate  
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Thermal Behaviour of Thaumasite 
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ABSTRACT
The present study aimed to analyze the behaviour of synthetic thaumasite between the temperatures of 25 and 
1 000ºC and determine the nature of the reactions taking place in that temperature range. 

A sample of laboratory-synthesized thaumasite was characterized by XRD. Thermal behaviour was studied using 
thermo-diffraction and DTA/TG techniques, with N2 as the carrier gas. The gases generated during thermal 
decomposition were analyzed by FTIR. 

The XRD characterization and Rietveld quantification of the crystalline phases in the sample showed that it 
contained 93.80 wt% thaumasite, 3.8 wt% calcite and 2.4 wt% weddellite. A second Rietveld quantitative phase 
analysis conducted after mixing the sample with 39.86 wt% MgO confirmed the absence of amorphous material. 
The thermo-diffraction study of the sample revealed that while thaumasite is stable at 60ºC, when kept at 100ºC 
for any length of time it decomposes nearly entirely. The weddellite peaks disappeared at 150 ºC. The calcite 
signals, in turn, which remained unaltered up to 500ºC, disappeared in the trial conducted at 700ºC, when 
crystalline anhydrite was detected. According to these findings, then, crystalline polymorphs of CaSO4, but not 
of CaCO3, form during the thermal decomposition of thaumasite. 

The DTA for the sample showed two endothermal signals, one centred at 129ºC and the other at 663ºC. An 
intense weight loss signal was observed on the TG curve between 80 and 194ºC, followed by a continuous loss of 
mass up to 500ºC and a second loss with a steeper slope at 600 to 800ºC. The FTIR spectra for the gases 
released during the DTA/TG analysis showed that initially, up to 194ºC, only water was lost. Between that 
temperature and 439ºC, only CO2 was lost, whereas from 439 to 539ºC a mix of CO2 and CO was released. 
While no loss was recorded at 550ºC, CO2 continued to be released at higher temperatures. 

Further to the quantitative analysis of the results, thaumasite lost 15 water molecules at temperatures of under 
194ºC, while its CO2 content disappeared between 200 and 550ºC. The loss of CO2 between 600 and 800ºC was 
due to the decomposition of calcite and weddellite.  

ORIGINALITY 
The FTIR analysis of the gas generated in thaumasite thermal decomposition conducted in this study provides 
for the unambiguous allocation of the DTA thermal signals appearing at different temperatures. 

CHIEF CONTRIBUTIONS 
The nature of the DTA thermal signals observed at different temperatures has been unambiguously established 
with thermo-diffraction, quantitative TG and FTIR analysis of the gases generated during the thermal 
decomposition of thaumasite. In addition to its purely scientific interest, this finding is applicable to DTA/TG 
quantitative analysis to determine the amount of thaumasite in hydrated cements. 

Keywords: thaumasite, thermal stability, DTA/TG 
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Effect of Phases and Microstructural Development on Expansion and Damage 
by Sulfate Attack 
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Abstract 
The mechanisms of sulfate attack on concrete and the effect of binder composition on the development of phases, 
microstructure and thus expansion and damage are still not well understood. Sulfate attack was investigated with 
regard to the effect of sulfate concentration, duration and temperature on the reactions between the binder matrix 
phases and the pore solution. Samples with different binder compositions were stored in sulfate solutions with different 
concentrations at different temperatures. After different periods, sample material was removed from hardened cement 
paste cylinders by turning on a lathe. The phases were analysed over the depth of the cylinders by XRD and NMR 
spectroscopy. Consequently changes in crystalline phases as well as amorphous phases like C-S-H or C-A-S-H could be 
resolved over the depth of the samples. The results of mineralogical changes in dependence of sulfate concentration, 
time and temperature are compared with changes in the expansion of parallel specimens.  
First results show that the formation of ettringite is controlled by the dissolution kinetics of poorly crystalline AFm 
phases and portlandite. In general, at higher sulfate concentrations the formation of ettringite occurred in deeper parts 
of the cylinders. Gypsum formation is controlled by pH and was limited to higher sulfate concentrations and the surface 
regions of the cylinders. The 29Si NMR results show an increase of the average chain length of the C-S-H phases with 
the degree of sulfate attack which also indicates a reduction of the Ca/Si ratio of the C-S-H phases. The expansion of 
parallel specimens correlates with the amounts of newly formed ettringite and gypsum.  

Originality 
This research focuses on the effect of changes in phases on expansion and damage during sulfate attack for different 
storage conditions. XRD is combined with NMR spectroscopy (27Al-NMR and 29Si-NMR spectroscopy) to obtain 
information about changes in crystalline phases and amorphous phases like C-S-H, the decomposition of C-S-H and the 
effect of Al incorporated in C-S-H– an important factor with regard to sulfate attack. Additionally, the storage solution 
is analyzed by ICP-OES. This new approach yields data on crystalline and amorphous phases (C-S-H) including the 
role of aluminium over depth as sulfate attack progresses. This is necessary to understand the mechanisms leading to 
expansion. 

Chief Contributions 
The results of this research present new findings concerning the main mechanisms of external sulfate attack ranging 
over field and laboratory testing conditions and their effect on expansion and damage. This should help in the 
conception of new testing methods for the resistance of concrete to external sulfate attack - at present no standard test 
for external sulfate attack exists in Europe. The combination of XRD and NMR seems to be a promising method to 
describe the main mineralogical and chemical changes during external sulfate attack on concrete. 
 
Keywords: Sulfate Attack, Durability, NMR Spectroscopy, XRD, C-S-H.   
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Abstract 
Five different Self-Compacting Concrete (SCC) compositions, composed of three different types of mineral additions 
(limestone powder, quartz powder and fly ash) and two types of cement (CEM I 52.5 R HES and CEM III/A 42.5 N LA), 
were exposed to a continuous immersion in a H2SO4-solution (pH ~ 1.7) for 26 weeks. Rate of attack was estimated by 
means of mass variation versus time. Microstructural degradation was investigated using polarizing light microscope 
and scanning electron microscope. SCC composed of CEM I and limestone powder gives better resistance to sulphuric 
acid attack compared to the traditionally vibrated concrete (TC) and SCC compositions with fly ash and quartz powder 
due to the buffering effect of calcium carbonate (CaCO3) under acidic conditions. The extent of damage is greater in 
SCC incorporating CEM I-fly ash, CEM I-quartz powder and CEM III/A-limestone powder despite the presence of 
CaCO3 in the latter. With the inward movement of the acid attack from the surface, two distinct zones are observed. The 
outmost attacked zone indicates severe erosion due to decalcification of the hydrated cement matrix under low pH and 
contains gypsum crystals formed extensively in the form of small or large inclusions. This is followed by a transition 
zone acting as the border which separates the attacked zone from the relatively sound part of the concrete. Gypsum has 
been found to be the only reaction product formed independently of the type of mineral addition, type of cement and 
water-to-cement ratio. Despite densification of the pore structure of SCC by incorporating fly ash and quartz powder to 
achieve lower permeability, low resistance to acid attack has been established. This is due to the negative consequences 
of pore densification creating less space to accommodate stresses induced by the growth of relatively large gypsum 
crystals. The fact that SCC with CEM I and limestone powder having higher porosity indicates better performance 
under sulphuric acid conditions, points to a combined role of pore structure and chemical effect of the mineral addition 
on the ultimate resistance of SCC to sulphuric acid attack. Contrary to the general statement that durability of concrete 
is improved with reduced permeability, this aspect can induce negative consequences under sulphuric acid conditions. 

Originality 
Incorporation of high contents of mineral additions in SCC reduces the porosity of concrete resulting in a refinement of 
the pore structure. Generally it can be stated that a denser pore structure reduces the permeability of concrete 
increasing its durability. Despite these positive aspects, pore structure refinement in SCC with fly ash and SCC with 
quartz powder results in low resistance to sulphuric acid attack while SCC with limestone powder with a higher 
porosity shows a better performance. Physical (pore structure of concrete) and chemical effects (chemical composition 
of mineral addition) seem to play a combined role in the ultimate behaviour of SCC under sulphuric acid conditions. 

Chief contributions 
Many scientific papers deal with durability issues of SCC induced by external sulphate attack but the essential 
knowledge on the durability of SCC to sulphuric acid attack is generally ignored and few researches are available. The 
introduction of SCC urges new questions related to the behaviour of powder-rich concrete mixtures in sulphuric acid 
environments. This paper provides results of a dedicated research on the influence of SCC compositions, being the type 
of mineral addition, type of cement and powder fraction, on the resistance of SCC to sulphuric acid attack. 
Microstructural investigations combined with mass variations, analytical methods and porosity will provide additional 
insights on the degradation of SCC under sulphuric acid environments and will contribute to a better understanding of 
the implications involved in design and construction of durable concrete structures. 

Keywords: Self-compacting concrete, sulphuric acid attack, mass variation, microstructure, gypsum
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Sulfate Attack on Portland Limestone Cements Manufactured with 
Low C3A Portland Clinker 

Irassar, EF1* 
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B7400JWI, Olavarría, Argentina 

Bonavetti VL, Trezza MA 
Facultad de Ingeniería, Universidad Nacional del Centro de la Provincia de Buenos Aires,  

B7400JWI, Olavarría, Argentina 

 
Abstract 
Environmental aspect of building materials has become a public concern for this century. Among the strategies to 
reduce the energy consumption and CO2 emission, the production of Portland limestone cement (PLC) is described as a 
fast and economical technical solution for cement industry around the world. Developed in France, PLC was adopted 
by European standard allowing up to 35% of limestone filler (LF). Today, the production of these cements is extendedly 
around the world. 
Negative impacts of incorporation of large amount of LF in cement are centered on the durability aspects, especially 
due to increase the susceptibility to sulfate attack and thaumasite formation. The conjecture is if this problem could be 
reduced using a denser mixtures (low w/cm) and a low C3A Portland clinker as code requirements proposes.  
The objective of this paper is to study the sulfate resistance of PLC containing up to 33% of LF and low C3A Portland 
clinker to determine the evolution of attack at different temperatures and the influence of LF content and w/cm on the 
sulfate performance. The experimental work was divided in two phases: the first correspond to paste specimens (w/cm 
= 0.50) exposed to sulfate (33.8 g/l SO4

2- and 4.3 g/l Mg2+) at 5 and 20 ºC for 36 months. The second one, correspond 
to mortar specimens where the w/cm was adjusted according to LF content in PLC in order to obtain the same effective 
w/c (0,50) and exposed to the same conditions during 12 months. 
After 36 months, paste prisms either with or without LF presented a large surface damage at 5 ºC, while the same 
specimens remain undamaged at 20 ºC. But, this damage is only limited to 2-3 millimeter depth. The surface damage 
increases when increase the proportion of limestone filler. According to XRD results, damage is attributed to ettringite 
formation at expanse of AFm phases, which is promoted by low temperature. At 20 ºC, Mg2+ and CO2 dissolved in 
solution form a surface protective layer of brucite-carbonate that delays sulfate attack. Deposition of carbonate is 
firstly in calcite form and later in aragonite form depending on the [[Ca2+]/[Mg2+] into the pore surface. 
For the mortar specimens, visual aspect and compressive strength show that reduction of w/cm according to the level of 
LF replacement contributes to mitigate the penetration of sulfate ions and degradation of surface. The depth of altered 
zone determined using optical microscopic techniques on thin sections is large at low temperature.  

Originality 
This paper studied systematically the sulfate performance at low and mild temperature of PLC manufactured using a 
low C3A Portland clinker, while vast literature about thaumasite formation is focused on middle or high C3A Portland 
cement clinkers. The second is related to sulfate performance measured for mortars at the same w/cm and the same 
effective w/c to prove that ingress of aggressive ions is closely related with the w/cm used and the limestone filler 
content in PLC. This approach contributes to extend the use of PLC, especially cement containing up to 20 % of LF, to 
meet the environmental goals of cement industry with the durable and technical requirements of sustainable concrete 
structures. Thaumasite formation was always the last stage of deterioration.  

Chief contributions 
This paper is the experimental validation that sulfate performance of PLC is related to LF content and C3A content in 
clinker. The increase of LF content increases the vulnerability of mortars with w/cm =0.50 and it may be corrected by a 
reduction of w/cm. Low C3A Portland clinker contributes to reduce the instable phases in sulfate solution and delay the 
cracking of paste that produces the later decalcification of CSH and thaumasite formation. After 3 years in severe 
MgSO4 environment, the damage was limited to 3 – mm depth. The best performance of PLC at mild temperature is due 
to the development of protective layer of brucite and carbonates on the surface of specimens. 

Keywords: Sulfate attack, Portland limestone cement, magnesium sulfate, durability  
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Mineral Additions for the Inhibition of Delayed Ettringite Formation in 
Concrete: The Role of Limestone Filler

1Santos Silva A.∗, 1Soares D., 1Matos L., 1Salta M., 1Gonçalves A., 1Bettencourt Ribeiro A. 
1 National Laboratory for Civil Engineering (LNEC), Materials Department, Lisbon, Portugal 

2Pavoine A., 2Divet L. 
2 Laboratoire Central des Ponts et Chaussées (LCPC), Materials Department, Paris, France 

Abstract 
One of the most popular preventive measures to minimize the occurrence of chemical expansive reactions, namely the 
internal sulphate reaction (ISR), in hardened concrete is the use of mineral additions. This pathology is due to the 
formation of expansive ettringite (delayed ettringite formation - DEF) inside the material and is very difficult to deal 
with, because presently there is no efficient method to repair concrete structures affected by DEF. Hence, there is an 
urgent need to find preventive methods that may enable the inhibition of DEF in new constructions. Nowadays, it’s 
recommended the use of mineral additions to sustain this type of degradation. Moreover, their effect depends on the 
chemical and mineralogical composition and also the cement replacement. 
The research work presented in this paper deals with the influence of limestone filler, a type I mineral addition, in the 
inhibition of DEF (Santos Silva et al., 2010a, 2010b), and is part of an extensive study to elucidate the role that the 
mineral additions have in the mechanism of inhibition of DEF in concrete. For this purpose different concrete mixes 
were produced by using the same cement type (CEM I 42.5Ra with 3.11% SO3 and 6.4% C3A) and water/cement ratio 
(0.45), incorporating different amounts of mineral additions, like fly ash, metakaolin, blast-furnace slag, silica fume 
and limestone filler. The filler influence was followed by expansion and microstructure evaluation of concrete mix at 
several ages. These studies showed an interesting behaviour of limestone filler, which motivated new concrete 
formulations with different cement types (CEM I 42.5Rb and CEM I 52.5) that differ in SO3 and C3A contents, in order 
to investigate its influence in development of DEF. This research includes also a concrete composition with a cement 
type II (CEM II A-L 42.5R). The results obtained were compared  and the conclusions were extracted.  
It was found that the concrete mixes with limestone filler showing higher expansions than the control composition. 
According to these results it seems that the limestone filler does not inhibit rather it promotes the expansion due to 
DEF. Thus, for concretes subjected to high temperatures in early ages, the limestone filler is not adequate to sustain 
DEF development rather it may even increase the expansion behaviour in concrete mixes. According toese findings, 
it was proposed that the ISR recommendations must prohibit this kind of mineral addition. 

Originality 
The degradation of concrete structures due to delayed ettringite formation (DEF) is a problem that affects nowadays 
growing number of concrete structures (mainly dams and bridges), where the concrete is subjected to high 
temperatures during its cure. When this pathology occurs, its effects are particularly dangerous because DEF is 
extremely expansive causing cracking of the concrete, thus contributing to the reduction of life-time due to early 
degradation of concrete structures and in extreme cases can lead to its demolition. This reaction is also difficult to 
detect early, requiring expensive diagnostic tools and highly specialization, and when detected in a concrete the repair 
is not guaranteed. In this context, it is urgent to find preventive methods that allow the inhibition of DEF in the new 
concrete structures. It is already known that some mineral additions could be used as partial replacement of cement in 
concrete to mitigate the effects of these reactions. However, the behaviour of each mineral addition depends on its 
mineralogical composition and cement replacement content. The present work shows that limestone filler additions do 
not mitigate the DEF as expected instead they promote the deleterious expansion due to this reaction. 

Chief contributions 
Nowadays, one of the biggest challenges is to reduce the environmental impact of Portland cement, which is the most 
consumed material manufactured in the world. Some cements, like CEM II that have already a reduction in the portland 
clinker content are normally recommended for concretes that could be subjected to internal expansive reactions. 
Besides the use of cements with less Portland clinker, the employment of mineral additions is a well known mitigation 
measure to inhibit the expansion due to internal expansive reactions in concrete. However, the chemical, mineralogical 
and replacement content of a certain type of mineral addition are important factors to take into account at this respect. 
The study presented in this paper is part of an extensive work developed in LNEC, Portugal, aiming to study expansion 
rate and microstructure of heat-cured concretes with different amounts of mineral additions, like fly ash, metakaolin, 
blast-furnace slag, silica fume and limestone filler. The results obtained show that only type II mineral additions are 
effective in DEF suppression. According to these findings the recommendations for DEF inhibition must prohibit the 
use of additions or cements with limestone filler, like CEM II A-L, in concrete. 

Keywords: ISR, DEF, limestone filler, mineral additions, microstructure
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The Effect of Mineral Admixtures on the Sulfate Resistance 
of Limestone Cement Concrete 

 

Skaropoulou A, Sotiriadis K, Kakali G, Tsivilis S 
National Technical University of Athens, School of Chemical Engineering, Athens, Greece 

 
 
Abstract 
Limestone has been widely used as filler or as main cement constituent for the last ten years, especially after the 
standardization of Portland-limestone cements (EN 197-1, 2000). However, concrete made from limestone cement may 
exhibit a lack of durability due to the formation of thaumasite. Considering the numerous technical and economical 
advantages of limestone cement, the “problem of thaumasite” is of great interest. In this work the effect of natural 
pozzolana, fly ash, ground granulated blastfurnace slag and metakaolin on the thaumasite formation in limestone 
cement concrete is examined. In addition, the effect of the type of sand (calcareous or siliceous) and the curing 
temperature is investigated. A limestone cement, containing 15% w/w limestone, was used. Concrete specimens 
(B=350kg/m3, W/B=0.5) were prepared by replacing a part of limestone cement with the above minerals. The 
specimens were immersed in a 1.8% MgSO4 solution and cured at 5oC and 25oC. The status of the samples for a storage 
period of 3 years was reported based on visual inspection, strength tests and X-Ray diffraction. The use of specific 
mineral admixtures improved the resistance of the limestone cement concrete against sulfate attack.  Fly ash, ground 
granulated blastfurnace slag and metakaolin showed the best behavior, while natural pozzolana presented only a 
limited improvement of concrete sulfate resistance. Concrete specimens incorporating calcareous sand showed better 
resistance than specimens containing siliceous sand. Finally, no damage was observed in the specimens exposed to 
sulphate solution at 25oC  indicating that conventional sulphate attack, at ambient temperature, is much slower than 
thaumasite-kind of sulphate attack, at low temperature.  
 
Originality 
In this work, the effect of mineral admixtures on durability of limestone cement concrete exposed to sulphate attack is 
investigated.  Τhe curing conditions, the type of sand used and the kind of the mineral admixture used (natural 
pozzolana, fly ash, ground granulated blastfurnace slag (ggbs), metakaolin) on the thaumasite formation in limestone 
cement concrete is examined. 

 
Chief contributions 
Limestone is widely used as filler or as main cement constituent the last ten years, especially after the standardization 
of Portland-limestone cements (EN 197-1, 2000). However, concrete made from limestone cement may exhibit a lack of 
durability due to the formation of thaumasite. Considering the numerous technical and economical advantages of 
limestone cement, the “problem of thaumasite” is of great interest. This paper contributes to a thorough knowledge 
of limestone cement concrete properties and behaviour. In addition, suggests the use of mineral 
admixtures to confront the durability problem of limestone cement concrete in sulphate environment.  
 
Keywords: Limestone cement concrete, Mineral admixtures, Sand,  Sulfate, Thaumasite  
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Physico-chemical investigation of CEM I cement paste degradation in 
carbonated water with controlled CO2 partial pressure (1.3 10-2 atm) at 50°C 
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Abstract 
In the framework of radioactive waste geological disposal, concrete structures are submitted to various combined 
chemical degradations (hydrolysis, carbonation and sulfate attacks mainly) due to the underground chemical 
conditions. Carbonation is considered to be one of the key processes and to have a major impact on the interaction 
between cementitious materials and clay materials. In the present context, this phenomenon is controlled by the CO2

partial pressure in the underground natural conditions of Callovo-Oxfordian clayey rock of Bure (France), which is 30 
times higher than the atmospheric value. The effect of temperature is also an important factor since radioactive wastes 
could induce a significant temperature increase.  
The main goal of this study is to describe the behaviour of CEM I cement paste submitted to carbonation in aqueous 
solution in equilibrium with calcite and with a pCO2 equal to 1.3 kPa (1.3 10-2 atm) at 50°C. To carry out these 
experiments, an original device was developed. It consists of a leaching reactor, in which pH and pCO2 are maintain 
constant during the experiment using a CO2 flow-meter controlled by a pH regulator. Samples of cement paste (w/c = 
0.4) are immersed for one to five months. Solution renewals ensure stable chemical composition of the aggressive 
solution.  
The mineralogical evolution was characterized mainly by XRD analysis, but also by SEM observations. Portlandite 
dissolution front informs on the degraded zone depth. The precipitation of calcite at the surface vicinity induces the 
pore clogging and the formation of a densified microstruture zone close to the surface. This microstructure is 
characterized by simultaneous coupled phenomena: decalcification (over about 1700 µm depth after 5 months), 
ettringite dissolution (over about 1000 µm depth after 5 months) and calcite precipitation (over about 200 µm depth 
after 10 months). The modelling, using a coupled reactive transport code, such as HYTEC, associated with a dedicated 
thermodynamic database, shows the limitation of thermodynamic approach. 

Originality 
The cement-based materials degradation in the context of radioactive wastes geological disposal involves several 
aspects: 

- underground chemical conditions inducing multi-ionic attack on cement-based materials. One of the major 
degradation mechanisms is considered to be carbonation coupled to hydrolysis; 

- thermal effect, due to the heat release of some wastes, leading to temperature increases up to around 50°C. 
In this context, an original device had to be designed. It allows the cement-based materials degradation in controlled 
conditions (aggressive solution composition and CO2 partial pressure). 
Carbonation of cement-based materials in saturated medium reported in literature mainly focus on cement-based 
material degradation in atmospheric partial CO2 pressure at 25°C or at higher range of temperature and pCO2 (for 
example in CO2 storage). This study implies different experimental constraints, such as fixed CO2 partial pressure 30 
times higher than the atmospheric pCO2 (to reproduce underground conditions) and 50°C temperature. 
This article details the devices developed for this study and reports several degradation experiments on CEM I cement 
pastes (degradation condition, solution analysis and solid analysis). The modelling approach is developed and 
numerical simulations are in agreement with experimental observations. 

Chief contributions 
The main contributions of the authors concern the characterization of cement-based materials durability in the context 
of low- and intermediate-level radioactive wastes disposal. Their work involves: 

- the development of experimental methods allowing chemical degradation in controlled conditions with 
different solution type: pure water, sulphate attack and multi-ionic solution; 

- the characterization of the physico-chemical evolution due to cementitious materials degradation 
(composition, mineralogy, microstructure and transport properties); 

- the degradation modelling as a mean to identify the major mechanisms involved and to predict the physico-
chemical evolution. 

Keywords: cementitious materials, chemical degradation, temperature, chemistry and transport modelling 
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A Comparative Assessment of the Effect of Cement Type on Concrete Durability
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Abstract
In the current study, the effect of different types of cements (CEM I, II, III, IV and V), classified according to the 
European Standard EN 197-1, as well as the effect of different types of Type II additives on CEM I type of cement, were 
evaluated as far as their performance in carbonation and chloride exposure is concerned, for a service life of 50 years. 
Different types of supplementary cementitious materials (SCM) and water-cement ratios were examined. The evaluation 
was made using an analytical tool for the estimation of concrete service life when designing for durability under harsh 
environments, developed based on a unique analytical approach of all the parameters identifying the aggressivity of 
those environments, and validated using experimental data. The results showed that a range of CEM II type of cements 
behaved in an extraordinary fashion compared to the control mix (CEM I, water cement ratio of 0.45). A benchmarking 
scale was created to provide a measurable value of the effectiveness of each type of cement. It was found out that 
cements incorporating artificial pozzolan (CEM II/A-Q, at 15%) produced the best performance when designing for 
chloride diffusion, based on the adequate concrete cover value to resist that kind of attack for 50 years, followed by 
cement incorporating silica fume (CEM II/A-D) and blast furnace slag (CEM II/B-S). With further incorporation of slag 
(at 43 %, CEM III category of cement), the best overall performance in chloride diffusion was achieved. A type of 
cement with low clinker content (45 %), which if adopted by the cement manufacturing companies, except of its 
outstanding performance in chloride exposure, minimizes further the manufacturing energy emissions. In Europe 
production of Portland-composite cements (CEM II) and Blast-furnace cements (CEM III) constitutes 55.5 % and 6.2 % 
of the total cement production. Bearing in mind that the cement production in several countries, as in Greece, is limited 
to a few types (CEM I, CEM II/M, CEM IV) due to a number of reasons (e.g. economical, availability of raw materials, 
energy emissions) and considering that clinker burning is the most important part of the process in terms of energy use 
and emissions to air, it is believed that the outcome of this study will provide the basis for future consideration of 
further types of cement to enter the production line, based on their behavior in chloride diffusion, as well as on their 
lower content of cement clinker (as in the case of CEM III cement). 

Originality 
The results of this study, investigating the influence of the different types of cements and supplementary cementitious 
materials (SCM) on the durability of concrete, with emphasis on the chloride diffusion, portray a comprehensive but 
also comparative assessment of the performance of each individual type of SCM and cement, as categorised according 
to EN 197-1, on concrete durability. Furthermore, it clearly identify the need for further consideration on the decision-
making process on the cement manufacturing, aiming to promote the advantages of other cement types (than the ones 
being already developed). Bearing all of the above in mind, this work is under the aims and scope of the ‘Concrete 
durability’ thematic area of the conference, in addition to under the subsection ‘Supplementary cementitious materials’ 
of the “Properties of fresh and hardened concrete” thematic area of the conference as well.  

Chief contributions 
As it was mentioned above, the results of this study portray a comprehensive but also comparative assessment of the 
performance of each individual type of SCM and cement, as categorised according to EN 197-1, on concrete durability. 
Furthermore, it clearly identifies the need for further consideration on the decision-making process on the cement 
manufacturing in several countries, aiming to promote the advantages of other cement types, than the ones being 
already developed.

Keywords: Carbonation, Chloride Exposure, Durability, Cement Type, Supplementary Cementing Materials

1 Corresponding author: Email demis@psp.org.gr Tel +302610911560, Fax +302610911570 



442 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

AREA 8 - Oral Communication 11:00-13:00 / 8 July / Session 24Paper

M-4

T-5

W-6

TH-7

F-8

172












               




              










            

               


                






   




  






















XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 443

AREA 8 - Oral CommunicationSession 24 / 8 July / 11:00-13:00                   Paper

M-4

T-5

W-6

TH-7

F-8

174

Time-Dependent Variation of Chloride Ion Diffusion Coefficients in 
Concretes with Various Phase Compositions and Pore Structures Using A 

Different Type of Cement 
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Abstract 
Concrete specimens with different phase compositions and pore structures were prepared using various 
cement-based materials and different mix proportions, and their apparent and effective diffusion coefficients Da 
and De were measured to know how they are influenced by the phase composition, pore structure and 
environmental conditions such as exposure temperature and marine tidal or splash zone environment. This 
paper verifies the applicability of analytical solutions of diffusion equations to the evaluation of Da with 
variations in surface chloride ion (Cl−) concentration depending on the immersion time. Over-time changes of 
Da and De are then discussed from the viewpoint of variations in influential factors depending on the mix 
proportions and environmental conditions. For the present study, specific focus is placed on the factors 
influencing Da including linear binding of Cl−, cement content and pore structure factors as well as tortuosity 
and constrictivity as typical pore structure parameters. 
 
Originality 
There have been many reports showing measured diffusion coefficients have a time dependency, but very few 
studies considering the mechanisms of that time dependency. The originality of this study is that the variation of 
time dependency of diffusivity due to the type of cement and environmental condition could be described by four 
parameters: the linear chloride binding capacity, unit cement content, porosity and pore structure factors. 
 
Chief contributions 
In the performance based design method, setting of a diffusion coefficient value is absolutely important for 
ensuring the durability of reinforced concrete structures. Nowadays, however, the time dependency of diffusion 
coefficient is not considered in that design method. The contribution of this work is to provide valuable 
information for the development of the intelligent performance based design method. 
 
Keywords: Apparent diffusion coefficient, effective diffusion coefficient, chloride permeability, blast furnace 
slag, fly ash, EPMA 

                                                           
* Corresponding author: Email yoshifumi_hosokawa@taiheiyo-cement.co.jp Tel +81-43-498-3909, Fax 
+81-43-498-3821 

 
 



444 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

AREA 8 - Oral Communication 11:00-13:00 / 8 July / Session 24Paper

M-4

T-5

W-6

TH-7

F-8

275

Transfer properties in cement-based porous materials: Part 2-Pore network 
model for predicting water sorption-desorption isotherms  
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1 Université de Toulouse;UPS,INSA,;LMDC(Laboratoire Matériaux et Durabilité des Constructions);135, 
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Abstract 
In the first part of this paper we showed that the healing of a crack in a cement-based material is governed by 3 
phenomena: moisture transfers, decalcification and carbonation. The modeling of the healing process has to 
consider these different phenomena and especially  pore size variations in the zone surrounding the crack, which 
are due to alteration of the cement matrix, and lead to an evolution of transfer properties. For this purpose, we 
have developed a pore network model which predicts water sorption/desorption isotherms by taking the 
hysteresis effect into account. This is very important as the hygral behavior of the material depends on its 
humidity history.    

Originality: This paper describes an original experimental plan which was carried out to quantify the evolution 
of cement paste microstructure under various chemical changes, such as decalcification and carbonation. 
Transfer properties and water retention curves were determined on altered materials in order to propose a 
model capable of predicting the hygral behavior according to the microstructure changes . 

.  
Chief contributions: The chief contribution concerns the proposed model, which links the water retention curves
(with special attention paid to the hysteresis effect) to the microstructure of the cement paste. It is based on a 
physical description of the pore size distribution and its connectivity with a small number of fitting parameters, 
making its a numerical implementation easier. 

Keywords:  Pore network, isotherms, hysteresis, model 
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Dissolution of Dolomite in Alkaline Cementitious Media 
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Abstract 
In this study we are gaining new insights into the conditions that can lead to the dissolution of dolomite in concrete. We 
investigated concrete samples from Austrian tunnels that show partially dissolved dolomite aggregates. Petrological 
analyses such as microprobe, SEM and Raman spectroscopy, hydrochemical analyses of interstitial solutions and 
ground water as well as modelling with PhreeqC-2 were carried out. In addition a series of batch experiments was set 
up. Dolomite aggregates in concrete showed incongruent dissolution and newly formed calcite (CaCO3) and brucite 
(Mg(OH)2) replacement. Phases were characterized in situ by EMPA and Raman spectroscopy. Modelling using 
PhreeqC-2 indicates a possibility for incongruent dissolution of dolomite in the alkaline range when Ca2+ is added to 
the solution. In this case dolomite starts to be getting more and more unstable versus calcite. In ground water Ca2+ can 
be highly enriched by e.g. the dissolution of calcium sulphates (gypsum and anhydrite) in the catchment areas. 
Additional Ca2+ can be gained from dissolution of portlandite (Ca(OH)2) from concrete. Furthermore high ionic 
strength is influencing the dissolution behaviour of dolomite. Extracted interstitial solutions are dominated by Na+ and 
SO4

2- and reach concentrations up to 65 g l-1 TDS. High pH values further accelerate the process of dedolomitisation as 
Mg2+ is precipitated as brucite. Analogous dedolomitisation mechanisms are evident from the experimental results, 
where fine-grained dolomite crystals are incongruently dissolved by precipitation of calcite and brucite in alkaline 
solutions within 60 - 120 days. Dolomite dissolution under alkaline conditions is a dynamic process of dissolution and 
precipitation stimulated by high Ca2+ concentration, high ionic strength, low temperature and high pH due to low Mg2+ 
concentration. 
 
Originality 
In this contribution we present new approaches to understanding complex reactions in the field of the alkali aggregate 
reactions (AAR) that lead to the deterioration of concrete. We want to highlight our research of the so called Alkali 
Carbonate Reaction (ACR). From concrete samples - initially investigated for the thaumasite form of sulphate attack 
(TSA) - it became evident that partial dissolution of dolomite aggregates occurred. Thermodynamic modelling of water-
rock-cement-aggregate-interstitial solution interactions, petrological analyses, and experimental approaches show that 
more parameters have to be considered as previously assumed. This topic is related to further studies of our group 
presented at this conference (Dietzel et al. 2011; Tritthart et al. 2011). 
 
Chief contributions 
The main contribution of our research is to demonstrate the complexity and the mechanisms responsible for the 
dedolomitisation of aggregates used in concrete. Acquiring data from affected concretes found in different 
constructions, knowledge about interacting ground water, interstitial solutions, data from experiments and 
thermodynamic modelling lead to a better understanding of AAR. 
 
Keywords: Dolomite, alkali aggregate reaction, AAR, alkali carbonate reaction, ACR, thaumasite

                                                 
1 Corresponding author: Email f.mittermayr@tugraz.at Tel +433168736878, Fax +433168736876 
 



446 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

AREA 8 - Oral Communication 11:00-13:00 / 8 July / Session 24Paper

M-4

T-5

W-6

TH-7

F-8

281

LONG-TERM INVESTIGATION OF AUTOCLAVED AERATED 
CONCRETE PRODUCED FROM FLUIDIZED FLY ASH 

1Drábik M1* 
1 Institute of Inorganic Chemistry SASci, SK-845 36 Bratislava  &  Department of Inorganic Chemistry Faculty 

of Science Comenius University, SK-842 15 Bratislava, Slovakia 
2Balkovic S 

2 Institute of Inorganic Chemistry SASci, SK-845 36 Bratislava, Slovakia 
3Peteja M 

3  PORFIX Ltd., SK-972 43 Zemianske Kostolany, Slovakia 

Abstract 
The study contributes to the knowledge of properties of autoclaved aerated concrete (AAC) formed with the 
utilization of modified raw materials - new generation of fly ash from coal power plants (fluidized fly ash). The 
fluidized fly ash is a mixture of bed and fluid fly ashes, in the ratio 2 : 1. The data of chemical and phase 
composition confirmed the high contents of CaSO4,, CaO and clay minerals (illit, diaspor). The fluidized fly ash 
was used in doses of 0 – 30 – 100 %-ages. The AAC from commercial production (with fly ash from classical 
combustion) was used for purposes of comparison. Presented will be the results of long-range experiments 
aimed at the durability of that material, the results of three years tests are discussed.  
The strength of samples decreases with the addition of fluidized fly ash, the lowest values exhibiting by samples 
with 100 %-ages of fluidized fly ash in the raw mixture. Both phase analysis and strength values show the higher 
tendency of samples with fluid fly ash towards thaumasite formation as the result of partial conversion of 
hydraulic C-S-H and tobermorite-like phases to nonbinding thaumasite. However, the expansion of test probes 
connected with the formation of thaumasite, and also gypsum and ettringite, in AAC does not exert the scope of 
deterioration seen in the concretes. The difference is due to the sufficient and accessible pore space in AAC, 
these data contribute also to the discussion of topics of thaumasite formation vs. thaumasite sulfate attack. The 
results represent a basis of the proposals of modified production of AAC.   

Originality 
The manufacture of ash-based autoclaved aerated concretes (AAC), in difference with the sand-based AAC, 
utilizes and valorises the important amounts of wastes – fly ash, with the positive environmental impact also. 
Due to the technological changes in coal power plants, the challenge of utilization of new generation of fly ash 
as the modified raw material has got topical. Presented are the results of long-range experiments aimed at the 
durability of final product. The accomplished research and its results reflect the need to optimize the addition of 
fluidized fly ash so that it will be economically and commercially acceptable and will exert minimal (if any) 
negative consequence upon the strength and the other physico-mechanical properties of AAC. The results are 
discussed also from point of view of aspects of thaumasite formation vs. thaumasite sulfate attack. 

Chief contributions 
An ecologically related change of raw mix composition and a potential of the use of a new generation of fly ash 
formed in coal power plants - fluidized fly ash, in the production of the ash-based autoclaved aerated concretes 
(AAC) has been tested. The fluidized fly ash – a mixture of bed and fluid fly ashes in the ratio 2 : 1, was used in 
doses of 0 – 30 – 100 %-ages. The results of three years tests are discussed. Both phase analysis and strength 
values show the higher tendency of samples with fluidized fly ash towards thaumasite formation as the result of 
partial conversion of hydraulic C-S-H and tobermorite-like phases to nonbinding thaumasite. However, the 
expansion connected with the formation of thaumasite, and also gypsum and ettringite, in AAC does not exert the 
scope of deterioration seen in the concretes; the difference is due to the sufficient and accessible pore space in 
AAC. The results contribute also to the proposals of modified production of AAC in the region of Slovakia, 
Czech Republic and Poland. 

Keywords:  fluidized fly ash, autoclaved aerated concrete, thaumasite  
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Organic acids’ attack on cementitious materials: aggressiveness and 
degradation mechanisms 
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Abstract: Concrete in agricultural and agro-industrial media suffers severe degradation, notably linked with 
attack by waste waters. The waste waters, such as liquid manure, silage juices, whey, molasses and distillery 
residues all contain organic acids which are responsible for an acid attack on the concrete. A broad range of 
acids is found in the effluents: acetic and other volatile fatty acids, lactic, malic, succinic, citric, tartaric 
acids,etc. These acids have very varied chemical characteristics leading to significantly different 
aggressiveness to concrete. The problem is thus complex as each acid has to be considered individually with 
regard to its properties. 
The purpose of this paper is to help assess the influence of various organic acids’ chemical and physical 
features on their aggressiveness toward cementitious materials. The investigation used 6 organic acids with 
various characteristics with regard to pKa, poly-acidity and salts’ properties: acetic, succinic, malic, tartaric, 
oxalic and citric acids. Portland cement pastes were immersed in solutions of the different acids with the same 
concentrations for 12 months. The experiment was based on the comparison of alteration kinetics, assessed by 
altered depths and mass losses, and of mineralogical and chemical alterations analyzed by XRD, EPMA and 
SEM. The comparative aggressiveness of the acids was analyzed as a function of their properties. Results how 
that the increasing order of acid aggressiveness is: oxalic, tartaric, malic, acetic, succinic and citric acid.  
Calcium oxalate forms and protects the matrix. For other acids, the aggressiveness is discussed notably with 
regard to their poly-acidity and to the salts’ physical properties. 

ORIGINALITY: The paper addresses the issue of the durability of concrete in agro-industrial environments. 
Concrete is the most widely used material for the construction of many structures in this industry. The 
development of cementitious materials that perform satisfactorily in these environments is thus of 
considerable importance. It necessitates an understanding of the mechanisms of degradation by the various 
organic acids in the effluents. This paper is a synthesis work allowing the confrontation of results obtained 
from a large experimental campaign. Moreover, to our knowledge, the attack of hardened cementitious 
materials by malic, succinic and tartaric acids has been very little investigated, if at all, in the literature up to 
now. Moreover, the paper contributes new elements regarding the alteration induced by oxalic and citric 
acids on hardened cementmatrices. 

CHIEF CONTRIBUTIONS: The paper allows the relative aggressiveness of the various organic acids to be 
assessed. It is shown that when the salt forms during the attack (case of tartaric, malic, citric and oxalic 
acids), it does not necessarily protect the matrix. A correlation is made between the salt’s physical properties 
(density and microstructure) and its deleterious/protective effect on the matrix. The very specific behaviour of 
tartaric acid, characterized by an evolution of the degradation mechanisms with time of immersion, is 
highlighted through the results. Calcium oxalate forms and acts as a sealant of the capillary porosity. 

* Corresponding author: Email-bertron@insa-toulouse.fr Tel-+(33) 5 61 55 99 31, Fax-+(33) 5 61 55 99 49 
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Abstract 
Premature deterioration of concrete made with ordinary Portland cement (OPC), caused by sulfuric acid attack in 
sewers, has recently become a serious problem, and an alternative material to OPC is needed to solve this problem. 
Calcium aluminate cement (AC) has superior sulfuric acid resistance compared with OPC. However, a problem with 
AC is reduction of strength and durability in the long term, due to conversion of the hydrated products. It has been 
reported that the conversion and reduction of strength of AC can be prevented by addition of granulated blast furnace 
slag (BFS). The main hydrate product of AC with BFS is stratlingite (2CaO•Al2O3•SiO2•8H2O, C2ASH8), which is stable 
and highly durable. By using BFS, the disadvantage of AC is resolved. The present study describes the protective 
mechanism of hardened AC with BFS toward sulfuric acid attack, compared with OPC. 
The replacement ratio of BFS to AC was 40 mass%. The water to cement ratio was 0.5. Specimens were cured in water 
at 20°C for 28 days. After curing, hardened samples were immersed in a bath of 5 mass% H2SO4 solution for 7 days. 
The mass change and the neutralized depth of H2SO4 were measured. Products of hardened cements were examined by 
XRD, FT-IR. Cross section of hardened cements were observed by SEM and EDS. 
The mass change of AC with BFS was much smaller than that of OPC. Ca(OH)2 and C-S-H are mainly produced from 
hardened OPC. After immersion, a layer of gypsum and SiO2 gel is formed by the reaction of H2SO4 and Ca(OH)2 or C-
S-H on the surface. Many cracks occur within the surface layer because very large expansion is associated with 
formation of gypsum. SiO2 gel protective layer separates from the surface due to the expansion. 
CAH10 C2ASH8 and Al(OH)3 are mainly produced by hardened AC with BFS. On immersion in 5% H2SO4 solution, a 
layer of gypsum, Al(OH)3 gel and SiO2 gel is formed by reaction of H2SO4 with these hydrated products on the surface. 
Protective layers containing SiO2 gel and Al(OH)3 gel remain on the surface because these reactions are accompanied 
by only slight expansion.  
 
Originality 
The originarity of this paper is the discussion of protective mechanism of hardened AC with BFS toward sulfuric acid 
attack. Sulfuric acid deterioration of OPC is caused by expansion when Ca(OH)2 became gypsum. The surface 
containing SiO2 gel layer is lost by failure due to expansion, and fresh surface is continually exposed. The main hydrate 
of hardened AC with BFS is C2ASH8. The fraction of volume change is 1.15 when C2ASH8 reacts with H2SO4 and 
gypsum is produced. SiO2 gel is stable in H2SO4 solution. Al(OH)3 gel neutralizes acid when the pH is lower than 4. The 
surface layer containing SiO2 gel and Al(OH)3 gel acts as a barrier to prevent penetration and attack of H2SO4 solution. 
 
Chief contributions 
This paper describes the deterioration mechanisms of hardened OPC attacked by H2SO4 and the protective mechanism 
of hardened AC with BFS. Especially, it is clear that the remained layer containing Al(OH)3 gel and SiO2 gel is 
protected layer in H2SO4 attack of hardened AC containing BFS. In addition, conversion of hydrated products is not 
occurred in AC with BFS. AC with BFS cement is very useful for the H2SO4 resistance. 
 
Keywords: Calcium Aluminate cement, Blast furnace slag, Sulfuric acid, EDS, FT-IR 
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Fresh and hardened characterization of air-entrained cement pastes 
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Abstract 
Air-entraining admixtures (AEA) are used in concrete and, especially, in mortar formulations aiming to provide 

suitable fresh properties, minimize phase segregation, increase mortar yield and freeze-thaw resistance. However, the 

products containing these additives are more sensitive to mixing process and environmental conditions, which may 

affect fresh and hardened properties in a non-predictive way. A detailed characterization of cementitious materials is 

helpful for an adequate understanding of their behavior during mixing, transport and application processes, as well as, 

their hardened properties. Several techniques like flow rheometry, isothermal calorimetry and mechanical tests can be 

used to evaluate consolidation behavior, chemical reactions kinetics and strength development, respectively. Therefore, 

the present work evaluates cement pastes prepared with different types and contents of AEA under diverse testing and 

curing temperatures. The results showed that the additives negligibly influenced the chemical reactions, which were 

affected more significantly by the temperature. Despite the curing temperature, the hardened properties of the pastes 

(mechanical strength and elastic modulus) decreased as a function of AEA content. 

 

Originality 
In spite of the air incorporation in cementitious materials to being a well-known, the subject proposal in this work is 

innovative, because it aims to correlates the physical and chemical paste properties in the fresh state with the hardened 

properties. Moreover, as the AEA renders the cementitious materials very sensitive to environmental conditions, the 

characterizations were carried out under different temperatures, since concretes and mortars are applied in different 

conditions.  

 

Chief contributions 
The utilization of rotational rheometry to determine the rheological parameters, isotermal calorimetry to quantify the 

flow heat in the cement chemical reactions and mechanical strength and dynamic modulus of elasticity to evaluate the 

hardened state are tools that makes possible the evaluation of the AEA in cementitious pastes at different temperatures.  

 
Keywords: rheology, calorimetry, cement pastes, mechanical strength and elastic modulus 
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Zeta Potential of Cementitious Materials Through  Electroosmotic and 
Electrophoretic Experiments in Decontamination: A Critical Analysis 
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1Botija S 
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Abstract
The study of the properties of the interfaces between the solid phases and the pore water solution in hardened 
cementitious matrixes is a key point to understand a large number of properties and phenomena whose explanation only 
can be found at the nano-scale. The zeta-potential is the key parameter in the establishment of the electrokinetic effects 
and it can be defined as the average potential in an imaginary surface, which is considered to lie close to the solid 
surface, and within which the fluid is stationary during an electrokinetic process.  When the solid remains stationary 
and the liquid moves in response to an applied electrical field this is called electro-osmosis, which is the case of the 
experiments using hardened cementitious materials through which the fluid moves.  When the liquid does not move 
while the particles within it do, the phenomenon that takes place is the electrophoresis. 

In the case of contaminated construction materials, the development of an electroosmotic flux, with the corresponding 
dragging due to water transport, is a crucial mechanism to succeed in the treatment of decontamination. Therefore, it is 
of great interest trying to optimize the treatment by the addition of specific electrolytes enhancing the electrokinetic 
phenomena, and therefore, the great interest of determining the zeta potential in this field.  Most of the data of zeta 
potential found in literature for construction materials are based in micro-electrophoresis measurements, which can be 
quite far of the real conditions of application of remediation treatments.  In this paper, electrophoretic and 
electroosmotic experiments, with monolithic and powdered material respectively, have been carried out for mortar 
clean and contaminated with Cs, Sr, Co, Cd, Cu and Pb.  The electrolytes tested have been distilled water, EDTA, 
oxalic acid, acetic acid and citric acid.  The zeta potential values have been determined through the two different 
techniques and the differences have been critically analyzed. 

Originality 
This work is an original contribution and no references have been encountered in literature undertaking this subject on 
experimental results comparing electroosmotic and electroforetic measurements in construction materials. 

Chief contributions 
This is an important issue as most of the zeta potential values for cementitious materials are normally determined in 
very diluted suspensions of powdered material and being aware of the differences, in order to understand the processes 
and from a practical point of view, in order to design the remediation treatmets is crucial. 

Keywords: zeta potential, mortar, electroosmosis, electrophoresis, heavy metals contamination, decontamination, 
enhancing electrolites
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Stress Corrosion Cracking of High Strength Steels. New Mechanism
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Abstract 
The stress corrosion cracking (SCC) process is at present a not fully elucidated mechanism of deterioration. It is a 
surface process that implies a corrosion and stress synergy, but the most practical consequence is that stress corrosion 
cracking can modify the mechanical characteristics of the metal causing brittle failure. 
Previously, we present some results about stress corrosion cracking, crack propagation rate or, even, crack arrest 
conditions in High Strength Steels. This kind of steels is usually used in prestressed and postensioned structures. These 
wires are of eutectoid composition and cold drawn. It is well established that failures occur when the wires are in 
contact with electrolytes of specific compositions while under stress. In the case of concrete, the electrolyte is its pore 
solution and the stress levels result from the different loads applied due to structural requirements.  
In this work we suggest some improvements of the Mechanism of SCC based in the Surface Mobility of vacancies on the 
crack surface proposed by Galvele. Improvements consist in incorporating the electrochemical corrosion as one of the 
sources for the creation of vacancies and some mechanical effects, both produce synergic effect in the crack 
propagation rate and they are important for a more comprehensive explanation of the process.   

Originality 
This works represents an improvement of Stress Corrosion Rate state of the art.  

Chief contributions 
We suggest some improvements of the Mechanism of SCC based in the Surface Mobility of vacancies on the crack 
surface proposed by Galvele. Improvements consist in incorporating the electrochemical corrosion as one of the 
sources for the creation of vacancies and some mechanical effects, both produce synergic effect in the crack 
propagation rate and they are important for a more comprehensive explanation of the process.  

Keywords: Stress Corrosion Cracking, Surface Mobility, High Strength Steel.
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SIMULATED CONCRETE PORE SOLUTION. THE EFFECT OF 
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Abstract
Steel reinforcements embedded in concrete are protected from corrosion by a thin oxide layer formed and 
maintained on their surfaces because of the highly alkaline environment of the surrounding concrete, 
with a pH usually in the range 12-13. This pH is due to the hydroxides formed in the hydration reactions 
of cement. However, passivity breakdown may occur due to the influence of various contaminants which 
can lead to severe corrosion with time. Among them, chlorides are the most common ones and localized 
corrosion appears when these ions reach the metal/concrete interface. Chloride ions are commonly found 
in construction and building materials and may originate from contamination of the water used in 
concrete production, from contaminated aggregates, or even from the external environment, as in the 
case of marine environments or de-icing salts. 
Stainless steel reinforcements appear to be one of the most reliable alternatives to guarantee the 
durability of reinforced concrete structures (RCS) in extremely aggressive environments. Austenitic 
stainless steels (SS) are alloys with high corrosion resistance and are of a great interest in technological 
applications. The stability of the surface oxide (i.e. passive film) formed on an austenitic SS depends 
mainly on the alloy composition, temperature, passivation time and working environment. However, their 
use as rebar has been limited due to the extremely high cost of SS compared to carbon steel. For this 
reason, new SSs, in which the nickel content has been lowered by replacement with other elements (nickel 
is subject to considerable price fluctuations due to stock market factors), are being evaluated as possible 
alternatives to conventional carbon steel. The aim of this study was to investigate the influence of 
chloride content in a simulated concrete pore solution on a low-nickel SS generated passive film using 
DC electrochemical methods such as cyclic anodic polarization curves. Conventional AISI 304 SS and 
carbon steel were also studied for comparative purposes. In contrast to carbon steel, DC results for the 
two SSs showed that they were not susceptible to localized corrosion by imposing anodic overpotentials. 
Additionally, it was observed that while carbon steel corrosion potential (Ecorr) tends to less noble values 
with the increase of chloride concentration, both SSs show an increase of the Ecorr with the chloride 
content in the electrolyte.  

Originality 
The use of SS as an alternative to carbon steel in RCS is one of the most reliable solutions to prevent 
corrosion in highly aggressive environments. Among the SSs used, austenitic SS appear to present the 
highest corrosion resistance. However, the extremely high cost of SS compared to carbon steel has 
limited its use so far. One of the alternatives is to evaluate new SSs with a lower content of Ni. 

Chief contributions 
In the absence of chloride ions, the three materials presented very similar values of Ecorr, around -0.3 
VSCE. For AISI 304 and low-nickel SSs, when chloride ions were present in the solution both materials 
behaved in a similar manner. Ecorr increased with the level of chlorides until reaching a steady state for 
chlorides contents higher than 1.0%. Pitting potential was not detected for any of the SSs studied. 
Electrochemical tests indicated that the low-nickel SS presents a similar behaviour to AISI 304, the most 
commonly austenitic SS used and that both are more resistant to corrosion than carbon steel. Thus, the 
main contribution of this work was to find that the new low-nickel SS studied represent a solid alternative 
to the conventional AISI 304. 

Key Words: Stainless steel; concrete; passivity; polarization curves. 
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Degradation of reinforced concretes from industrial buildings caused by
combined sulphate-phosphate attack
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Abstract
A case study presenting considerable degradation of a reinforced concrete industrial building, constructed at Porto
Marghera (Venice, North-Eastern Italy) in 1969, is here described. During the last fifty years the Porto Marghera area
suffered from severe atmospheric pollution, with relevant emissions of sulphur and nitrogen pollutants, related to the
industrial activities. Moreover, the site was affected by intense phosphate and ammonia soil pollution, related to the
production of superphosphate and ammonium phosphate bearing fertilizers in the industrial plant.
Concrete in the structure shows a remarkable lack of coherence with intense superficial exfoliation, up to several
centimetres thick. Superficial black crusts are uniformly distributed, whereas in the lower portions of the structure in
close contact with the soil the cement matrix below the cortical layer shows an anomalous yellowish colour. In these
portions the conglomerate is highly incoherent and the binder is subjected to pulverization. The reinforcement bars are
also deeply altered, showing severe oxidation and in some cases complete loss of shape.
A selection of altered concrete samples was analyzed through a profile multi-analytical approach consisting of a
combination of optical microscopy, X-ray powder diffraction, and scanning electron microscopy coupled with EDS
analysis, with the aim of characterizing the secondary phases formed and modelling the alteration processes.
Moreover, the dehydration behaviour of the secondary phases was investigated on synthesized and thermally treated
specimens through Rietveld refinement. Furthermore, sequence of reactions, environmental conditions, and stability of
secondary mineral phases were studied and modelled using PHREEQC2 software through a thermodynamic approach,
taking into account several chemical-physical variables, such as pH and chemical composition.
The results suggest severe decalcification of the cement matrix and formation of secondary sulphates and phosphates
according to a marked mineralogical and textural zoning: I) gypsum, bassanite and anhydrite in the superficial
efflorescence; II) monetite in the superficial crusts; III) gypsum-brushite solid solution and ardealite in the external
strata; IV) octacalcium phosphate and struvite in the intermediate layers; V) apatite and struvite in the inner altered
portions. The heterogeneous microstructural development of secondary phases was interpreted taking into account the
different source of sulphate and phosphate pollutants, from atmospheric aerosols and through capillarity transport
from the soil, respectively. Moreover, the permanence of apatite acidic precursors in the external strata suggests that
these portions were exposed to high acidity conditions, related to sulphuric acid formation in the pore water after
reaction with sulphur dioxide.

Originality
The originality of this contribution lies both on the unusual topic of the case study and the adopted analytical approach.
The alteration dynamics of a combined sulphate-phosphate attack, related to different environmental pollution types,
are interpreted in terms of thermodynamic and kinetic factors. A novel combined approach was adopted and the results
of profile-based microstructural, microchemical and diffractometric analyses on altered materials were integrated with
those obtained by thermodynamic modelling of the secondary phases, in order to model theoretically the alteration
dynamics.

Chief contributions
This research provides an important contribution to the study of the alteration dynamics of reinforced concrete
structures in polluted environments, demonstrating how the synergic action of multiple degrading agents can influence
the conservation state of the cementitious materials. The reactivity of hydrous cement phases in presence of pollutant
species is the main cause for the deterioration of reinforced concrete buildings in industrial areas. Understanding the
degradation dynamics driven by the combined action of multi-pollutants is necessary to map the status of existing
structures, to plan restoration, and to constrain concrete mix-design.

Keywords: Sulphate attack, Secondary phosphates, Environmental pollution, Profile analysis, Thermodynamic
modelling
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Effect of pore volume change on the transport and poro-elastic properties of a 
heat-treated mortar 
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Abstract 
This paper presents both experimental results and analysis on a (W/C)=0.5 mature mortar after heat cycling of up to 
400 degrees C (below the temperature range for portlandite decomposition). After such degradation process, mortar 
microstructure is significantly affected, with extensive dehydration of its main C-S-H gel phase. Consequences on pore 
network and solid skeleton morphology are also anticipated. Our main purpose here is to assess the relationship 
between microstructure and macroscopic properties changes after 400 degrees C maximum heat-cycling. Transport 
properties are related to material durability by using gas permeability as our main indicator. Mechanical performance 
is evaluated using several poro-elastic parameters: drained bulk modulus Kb, solid matrix bulk modulus Ks and Biot’s 
coefficient b. An original experiment is also presented, which allows to assess accessible pore volume evolution under 
hydrostatic stress cycling. 
Firstly, gas permeability and porosity are measured on intact samples, after initial drying at 60 degrees C, and on 
samples heat-cycled up to 105, 200, 300 and 400 degrees C. Gas permeability of intact material and of material heated 
up to 105 degrees C are insensitive to confining pressure variations, which supports the absence of significant micro-
cracking, microstructure and morphological changes. On the opposite, a clear increase in porosity and gas 
permeability Kgas is observed after 200, 300 and 400 degrees C heat-cycling. Kgas of mortars cycled up to 200 degrees 
C and above decreases significantly and irreversibly with increasing confinement. This is attributed to micro-cracks 
closure and/or to partial accessible pore network collapse or closure. 
Secondly, poro-elastic properties and gas permeability are measured simultaneously during confinement cycling. For 
heat-cycling temperatures above 200 degrees C, secant drained bulk modulus Kb decreases while permeability 
decreases irreversibly with increasing confinement. Previous work [XT Chen, CA Davy, F Skoczylas, JF Shao, Cem 
Concr Res (39) pp.195-205 2009] has also shown that solid matrix bulk modulus Ks and Biot’s coefficient b both 
decrease with confinement, for material heat-cycled above 200 degrees C. Such evolutions are interpreted as being due 
to micro-crack closure and/or occluded porosity increase. 
Thirdly, we validate experimentally our interpretation of poro-elastic and permeability property changes, by measuring 
the variation in connected porosity under hydrostatic loading. To this purpose, we developed an original test which 
quantifies the accessible pore volume at given hydrostatic stress, by static Argon gas injection. The creation of 
significant irreversible occluded porosity is confirmed for mortars heat-cycled above 200 degrees C. 
 
Originality 
This research is related to the following topics of the XIII ICCC conference: (1) concrete durability (gas and ion 
transport processes: permeability, diffusion and modeling); (2) properties of fresh and hardened concrete (relationship 
between microstructure and properties). The originality of our contribution lies mainly in the coupling identified 
between permeability and poro-elastic properties, in relation with microstructure changes due to heat-cycling up to 400 
degrees C. We also propose an experimental method to validate our interpretation of observed macroscopic results in 
terms of microstructure and morphology changes. 
 
Chief contributions 
Our main contributions are directly linked with the originality of our research in the context of the XIII ICCC 
conference (previous paragraph). More precisely, we identify simultaneously poro-elastic properties and gas 
permeability changes after heat-cycling up to 400 degrees C. We interpret the observed evolutions of these properties 
as being due to pore network modifications. This is validated using original, experimental arguments, which show a 
significant decrease in accessible pore volume. 
Keywords: heat-cycling, poro-elasticity, gas permeability, accessible pore volume, occluded porosity 
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What do Stable Isotopes tell us about Deterioration of Concrete? 
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Abstract 
By introducing trace elemental and isotopic signatures supplementary to the main elemental composition, mineralogy, 
and microstructure of solids new fundamental insights in individual reaction paths can be obtained.  
For instance, CO3

2- in thaumasite or calcite may be attained from CO2 absorption, dissolution of aggregates or 
infiltration of carbonate containing solutions. Results from case studies clearly indicate dissolved inorganic carbon 
(DIC) of infiltrating groundwater as carbonate source for thaumasite formation. This is based on δ13C values of DIC 
(VPDB) in local groundwater reacting with the concrete and thaumasite within the deteriorated concrete. In contrast 
calcite sinter can be referred to CO2 absorption. The sulphate source in thaumasite, ettringite, and gypsum was 
deciphered by δ34S values (VCDT). In a case study δ34S values of thaumasite and sulphate from interacting 
groundwater indicate that sulphate in thaumasite is related to infiltrating groundwater. Interstitial solutions of a 
deteriorated concrete that has suffered Thaumasite form of Sulphate Attack (TSA) were extracted by squeezing devices. 
Extracted solutions contain up to 65 g l-1 total dissolved solids (TDS). The δ2H and δ18O values (VSMOW) of the water 
display a strong enrichment of the heavy isotopes versus the local infiltrating solution. As this trend is in accordance 
with a respective enrichment of conservative (trace) elements e.g. Rb+, K+ and NO3

-, TDS can be quantitatively related 
to the isotope fractionation during evaporation of the interstitial solution. Accordingly, multiproxy approaches provide 
promising tools to reconstruct complex dissolution-precipitation behaviours for neo- and transformation of in a water-
cement-aggregate system.  
 
Originality 
The originality of our research is mostly referred to develop concrete durability by detailed knowledge on reaction 
mechanisms and paths during potential destruction of concrete. In our contribution we present new and advanced tools 
to decipher individual reaction mechanisms which cause deterioration of concrete. Highlight in this focus is the 
application of trace elements and stable isotope signatures. This includes the usage of trace elements such as Sr2+, Rb+ 
and Br-, as well as stable isotope ratios of 34S/32S, 13C/12C, 18O/16O, and 2H/H. Such kinds of proxies are widely used to 
reconstruct the environmental conditions during mineral formation in natural and applied systems, e.g. paleoclimatic 
and environmental studies by analysing marine sediments or speleothems as well as carbonate scaling. The potential of 
respective multiproxy approaches will be displayed by presenting case studies, where individual sources of components 
and related reaction mechanisms are deciphered.  This topic is related to further studies of our group presented at this 
conference (Mittermayr et al. 2011; Tritthart et al. 2011). 
 
Chief contributions 
The main contributions made by our research on the tasks above are to carry out lab and field experiments on trace 
elements and isotope distribution during mineral formation and to conduct related field studies. Results of experiments 
are used for the interpretation of the apparent conditions in the field. In our group and within international scientific 
cooperation we focus on both natural and applied systems. Main focus in applied systems is given on sulphate attack of 
cements and on secondary carbonate formation. Tasks for sulphate attack range from ettringite, thaumasite to gypsum 
formation, where both mechanisms of formation and the individual sources of components are considered. We 
successfully applied stable isotopic composition of e.g. sulphur and carbon to verify our conclusions from 
microstructural and -chemical analysis as well as from solution chemistry. Hydrogeochemical modelling with respect 
to the chemical composition of the interstitial and infiltrating solution provides necessary data on saturation degrees of 
mineral phases and exchange behaviour with atmospheric constituents, e.g. internal partial pressures of CO2. Special 
expertises exist on characterization of environmental changes during mineral formation. Accordingly, Sr2+ and Mg2+ 
signals as well as distribution of isotopes in solids are used to invoke information about the apparent precipitation 
rates and changes of environmental parameters like solution composition, pH, and temperature.  
 
Keywords: Stable isotopes, trace elements, thaumasite, origin. 
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Experimental study of the effects of high temperatures on the mechanical 
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Abstract 
An experimental approach has been used to study the effects of high temperatures on the mechanical properties of a 
cement paste. Because of the heterogeneities of this material, a thermal loading will induce stresses which can damage 
the cement paste. Classical uni-axial compressive tests have been used to show the effects of high temperatures on the 
Young modulus and on the compressive strength of a cement paste. Surprisingly, the evolution of the Young modulus is 
not monotonous. After a first damaging process, there is a hardening of the cement paste for temperatures higher than 
200°C. This result implies a competition between two phenomena: a thermal damaging and a hardening of the CSH 
hydrates. . In addition, poro-mechanical tests have allowed analyzing the possible mechanism of thermal damaging and 
to compare it with results on mortars.  

Originality 
This work matches the subject area of concrete durability of the congress, in particular the performance at high 
temperatures. It highlights the difference in the thermal damaging process between cement paste and mortars and the 
interest of a multi-scale study. 

Chief contributions 
Poro-mechanical tests enable to investigate the presence of micro-cracks by studying the influence of a confining 
pressure on the compressibility bulk modulus of a material. Moreover, the study of a pure cement paste allows having a 
multi-scale approach of the response of cement based materials to high temperatures.  

Keywords: cement, high temperatures, Young modulus, strength, poro-mechanics
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Abstract 

In recent years there has been a great effort to incorporate industrial wastes inside cement based materials because of 

the important ecological benefit. In addition to that, if the waste shows pozzolanic activity, it will improve the 

mechanical and durability properties of the construction materials, which results in economical benefit, due to the 

reduction of the quantity of clinker necessary for the production of cement. 

The Bayer process of obtaining alumina from bauxite generates huge amounts of a waste called red mud. This waste 

has been tested in several research works as a material that protects steel from corrosion. In this work the effect of red 

mud on the microstructure and the resistance to chloride ingress in cement mortars is studied as a function of the 

hardening age. 

The red mud has been added to an ordinary Portland cement (CEM I 42.5 R according to the Spanish standard) with 

two different percentages, 5 and 20% of the total binder mass. The mud was previously ground to a maximum particle 

size of 125 mm, and with more than 50 % of the mass added with maximum particle size smaller than 63 µm. 

The results were compared with a cement that contains a classical active addition (fly ash) included in a CEM II A-V 

type cement, with the same resistance class, and a degree of replacement of clinker by fly ash of 20%, and also were 

compared with the original Portland cement, used as blank. 

The microstructure was studied by mercury intrusion porosimetry and also by the non destructive technique impedance 

spectroscopy to follow the microstructural evolution of the same samples at different hardening ages. In order to study 

the possible pozzolanic activity of the mud, dehydration of portlandite has been studied using thermogravimetry. 

The chloride ingress in these materials has been studied using a forced migration technique to study the influence of the 

red mud on the migration coefficient of chloride at different ages. The method used permits the determination of the non 

steady state migration coefficient in approximately 24 hours, a period short enough to neglect possible changes in the 

microstructure. 

The results obtained demonstrate improved performance of the materials containing red mud, thus opening an efficient 

way to reuse those wastes. 

 

Originality 

The controlled grain size of the mud intended to favor the pozzolanic reaction and the high mud dosage employed are 

the two main innovative aspects of this work. The study of the evolution of the microstructure, as well as the resistance 

to chloride ingress has been made during the hardening period of the materials. The methodology employed to achieve 

this is also a novelty. 

Finally, the study of the microstructure using the impedance spectroscopy is also an originality of the work. The 

technique has been shown to be efficient to follow the pozzolanic reactions with other materials, and will also help in 

the study of the possible pozzolanic activity of the red mud. 

 

Chief contributions 
The main contribution of the work refers to the valorization of a waste that is produced in huge amounts. To this end 

some properties of cement mortars prepared with partial substitution of cement by red muds, such as the chloride 

ingress resistance, have been studied. 

The study contributes to the sustainability of the construction industry, helping also in the reduction of economic cost 

for the production of the building materials. 

The study of the evolution of the microstructure of mortars that contain this waste is also important, because the 

macroscopic properties of concretes are reflect of their microstructure. So, the knowledge generated using these new 

materials will allow to predict whether the macroscopic properties will improve or not with respect to the ordinary 

Portland cement. 

Finally, the comparison with the fly ash behavior will allow to check the possibility of incorporation of this kind of 

materials to the cement industry in a future. 

 
Keywords: red mud, microstructure, chloride ingress 
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Influence of Different CAC Reactivity on the Mechanical Performances of a
Self-Leveller: A Case History.
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Abstract
It is well known that the reactions that take place during the first minutes of the hydration process strongly influence the
performances of all cementitious based products; in particular “young” pastes during this stage are subjected to
various stresses and volume changes.
Most of the time this volume change, or shrinkage, is assumed to begin when loading or drying but, in fact, a volume
change begins immediately after the cement and water come in contact during the mixing. These very early age volume
changes are typically ignored in design of structures since their magnitude can be much less than shrinkage resulting
from drying. But even when the curing conditions are ideal, the first hours shrinkage can significantly influence to the
ultimate shrinkage and thus the cracking risk which is one of the most unwanted practical consequences.
Usually, in OPC based systems, cracks occur when water evaporates from the surface of freshly placed paste faster
than it is replaced by bleed water. Due to the restraint provided by the grout below the drying surface layer, tensile
stresses develop in the weak, stiffening plastic paste, resulting in shallow cracks of varying depth.
In CAC dominated systems, instead, a huge production of expansive ettringite and a volume increase as a consequence
are observed during setting: this phenomenon balances the shrinkage due to the water evaporation.
With these assumptions it is clear that it is extremely important to control the volume variations especially when
dealing with fast setting products, in order to provide an effective balancing of the expansion and shrinkage movements
to obtain a completely crack-free application.
It is important to notice that cracks are not the only problem induced by volumetric variations since these can also
generate huge “shear stresses” causing the detachment of the product from the substrate.
This study is focused on the comprehension of the behaviour of a self-levelling compound based on a ternary binder
system composed by a calcium aluminate cement (CAC), an ordinary Portland cement (OPC) and a source of calcium
sulphate.
In particular volumetric variations have been observed induced by the substitution of a component of the ternary
system, especially when different calcium aluminate cements are used.
Different hydration kinetics have been followed by QXRD and BET analysis.

Originality
In this study we performed a crossed correlation between the mechanical properties and the mineralogical
characteristics of different formulations based on a ternary binder system.
The hydration kinetics and the microstructural evolution of a complex formulated commercial product have been
followed using Rietveld method on powder diffraction data. Samples were properly prepared to obtain information on
the reasons of the changed reactivity that occur when different calcium aluminate cements are used.
Thanks to the experimental procedure we could follow in detail the actual behaviour of a real product, without
simplifying the formula.

Chief contributions
Aim of this study is the comprehension of the differences in reactivity of a fast setting product based on a ternary system
(self-leveller).
Linking the characteristics of the raw materials, such as the mineralogical and the chemical composition, with the
mechanical properties it is possible to better understand the hardening mechanism of the self-leveller product.
The knowledge built in this work allows to optimize the formulation in order to improve the applicative characteristics
of the product.

Keywords: Self-leveller, shrinkage, QXRD
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Abstract 
Experimental research has been performed to relate specific cement characteristics to deterioration due to sulfate and 
sea water attack after five year exposure, and to study different test method suitability for sulfate and marine resistance. 
Sulfate resistance testing have been performed on mortar specimens made with fifteen cement types of statistically 
diverse chemical composition according to European standard EN 197-1, most of them with sulfate resistant properties 
according to Spanish regulations. Chemical and mechanical characteristics were studied to determine the variation in 
properties of selected cements. SO3 content, type and amount of additions, C3A, and C4AF content were used to examine 
relationships between these characteristics and the results of sulfate resistance. Mortar specimens testing using Na2SO4 
as the aggressive medium according to ASTM 1012 (with w/c ratio adapted to prENV 196-X:1995) was performed 
using each type of cement; identical specimens were also stored in sea water, and in lime saturated water (blank 
condition), up to five year age. Additionally these cements were tested conforming ASTM 452 and Koch and Steinegger 
test. Recommended acceptance limits for sulfate resistance of cements concerning to each used test method were 
evaluated in order to explore their suitability. Relationships between cement characteristics, degradation, expansive 
products obtained by X-ray diffraction techniques and maximum expansion after applied storage treatments, were 
correlated at final age, to redefine cement characteristics for sulfate resistant and marine resistant Portland cement. 
 
Originality 
In the last century many studies had been developed with traditional Portland cements to provide meaningful 
discrimination between sulfate resistant or non-sulfate resistant cements. In this investigation fifteen real trading 
common cements (EN 197-1) have been tested. Different C3A contents, variable types and proportioning of constituents 
(limestone, pozzolanic additions, blastfurnace slag ...) with or without the same clinker type were investigated. Present 
theories about accelerated test procedures adopt that the mechanism of deterioration in the accelerated test should be 
representative of those observed in service. In this study linear expansion and external damage of mortar specimens 
with a w/c ratio of 0,5 have been tested, and both have been analysed after five years of immersion in a sulfate solution 
and also in seawater (and in lime saturated water, as a blank condition). None of the prepared mortars was blended 
with gypsum or any other non realistic condition. Additionally these european common cements were tested following 
ASTM standards (modified to EN 196-1 mortar compositions) to evaluate if ASTM specifications were applicable to 
both cement families of such different characteristics.  
 
Chief contributions 
The development of a prescriptive European Standard (EN) for sulfate resisting cements has been a difficult task due to 
differences in the types of cements that are considered sulfate resisting. Many countries have national specifications for 
sulfate resisting cements, most of them only specifying the cement chemical composition, but these regulations do not 
exactly coincide. This research provides newer information and proposes criteria taking into account the behaviour of 
common cements, useful to unify the different values established in various national european regulations, which 
probably were mainly based on traditional Portland cements. These results are in agreement with a broad spectrum of 
sulfate expansion theories and can provide a better way to specify sulfate resistant cements, establishing a relationship 
between some accelerated laboratory test and field performance after five year exposure. Durability behaviour in 
common cements conforming to EN 197-1 exposed to sulfate attack are explained, and also the correlation between 
sulfate resistance and seawater resistance has been studied.  
 
 
Keywords: sulfate attack, sea water attack, durability, expansion test 
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Abstract 
The corrosion of steel reinforcement due to carbonation of concrete presents one of the major 
deterioration mechanisms in reinforced concrete structures. Performance based concrete durability design 
requires that concrete properties pertinent to the degradation mechanism be measured and relies on 
predictive deterioration models to ascertain the concrete’s potential resistance to carbonation.A 
conceptual framework for the prediction of carbonation depth, which relies on performance based 
measurements relating to the concrete microstructure such as permeability and porosity is presented. The 
model accounts for the main mechanisms in concrete carbonation, concrete microstructure, concrete 
chemistry and exposure condition, in a modular way. The operative parameters are outlined. The 
exposure condition of the concrete structure is expressed quantitatively and incorporates the ambient 
relative humidity, ambient carbon dioxide concentration and the wetting periods. The concrete chemistry 
is calculated from the quantity of cementitious material and chemical composition of cementitious 
material, allowing the model to be applied and compared with changes in cement chemistry with time and 
by region. The microstructural representation obtained through the performance based tests can be linked 
empirically to the diffusion coefficient of the concrete.   
 
 
Originality 
Performance based tests rely on prediction models to ascertain the concrete’s potential resistance to 
deterioration. A model based on diffusion, flux and mass balance, first derived by Meyer (1967), is 
proposed as a framework for modelling the carbonation of concrete using performance based tests. The 
parameters of the model are defined. 
 
Chief contributions 
The model is adapted to link the performance based teststo the diffusion coefficient of the concrete. The 
parameters of the model are defined.  
 
Key Words 
carbonation, durability, performance based tests 
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Controlling Alkali silica reaction by understanding 

alkali immobilization in C-S-H by SCMs 
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Abstract 
Supplementary cementitious materials (SCM) are known to reduce or even stop expansion due to alkali silica reaction 
(ASR). Some studies show that the efficiency of SCM against ASR is due to the decrease of alkalinity in the cement paste 
pore solution. The C-S-H, the main cement hydrate, is able to fix alkalis, especially if it is silicon enriched. It is 
proposed that aluminium enrichment can also increase the fixation capacity of the C-S-H. This fixation capacity of C-A-
S-H was however exclusively studied on synthesized materials, which are very different from C-S-H in real pastes. In 
this work, it is shown that the incorporation of aluminium in the C-S-H, contrary to silicon, has no effect on the alkali 
fixation of the cement paste pore solution for real pastes conditions. Different blended pastes of silica fume and 
metakaolin were cast, in order to provide the same Ca/Si ratio of the C-S-H but different aluminium contents. On these 
pastes, EDS micro analysis was done in order to know the C-S-H compositions. Coupled to this, pore solution 
extraction and analysis were provided. 
 
Originality 
This work is an important step for the better understanding of the effect of SCMs on ASR. It separates the effect of 
silicon and aluminum in C-S-H on the reduction of the pore solution alkalinity in real blended pastes. More and more 
important structures such as dams suffer from ASR degradation. Non-reactive aggregates are becoming in short supply 
and there is increasing pressure to use reactive aggregates in concrete. The use of SCMs remains the best solution to 
avoid expansion. SCMs have an impact on the mechanical properties, the workability and the price of concrete. The full 
understanding of the ASR control mechanism is needed in order to optimize the mineral additions needed to control it. 
 
 
Chief contributions 
It is clearly demonstrated in this study, that aluminium in C-A-S-H products of real blended pastes don’t provide a 
consequent contribution on the alkali fixation. At a similar Ca/Si ratio, the aluminum rich pastes don’t reduce the pore 
solution alkalinity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Alkali silica reaction, supplementary cementitious materials, C-S-H, blended pastes, pore 
solution extraction 
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Abstract 
On the stage of concrete designing a relatively little attention is paid to chemical and mineralogical composition of 
aggregate. However, the mineralogical composition of aggregate can be very differentiated and simultaneously these 
minerals have relatively big dimensions in comparison with cement particles. In this contexts the ITZ in concrete is also 
very changeable. In our experiments we have shown that even the minerals present in small quantity in aggregate can 
have strong influence on concrete durability. An example is anthophyllite, which causes concrete expansion. Also albite 
can be easily transformed in C-S-H phase, which has positive influence on concrete strength and durability. Cements 
with siliceous fly ash addition has favourable  effect on ITZ structure as well as on concrete durability 
 
Originality 
The reactions of aggregate with pore solution in concrete is limited practically to reactive silica and dolomite. In our 
paper we have shown the the question is much more complicated and can embrasse many other minerals, particularly 
containing in their structure magnesium ions. Additionaly these reaction can have destructive influence on concrete, but 
simultaneously some of them can cause strengthening of ITZ thus having advantageous effect on concrete properties.  
 
Chief contributions 
The experiments presented in the paper give the examples of harmful and of advantegeous reactions of aggregate 
minerals with concrete pore solution. The example of harmful one is the reaction of anthophyllite giving the expansive 
gel of hydrated potassium silicate, which has destructive influence on concrete. The example of advantageous one is the 
reaction of albite with formation of C-S-H gel. C-S-H phase formed on the surface of aggregate grains causes the 
strong bond between cement matrix and aggregate. Simultaneously the use of fly ash Portland cement give much better 
microstructure of ITZ with higher content of C-S-H, restraining the cracks formation in this zone. 
 
Keywords: ITZ, anthophyllite, albite, C-S-H 
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A New Approach to Evaluating the Effectiveness of Pozzolanic and Blastfurnace 
Cements against Alkali-Silica Reaction in Concrete 

Costa U. 1*, Gallo A. 1, Ioni G.P. 1, Mangialardi T. 2, Migheli A. 1, Minoia A. 1, Paolini A.E. 2, Santinelli F. 1, 
Vola G. 1, Zanardi G. 1, Zenone F. 1

1 Unicemento-Association of the Italian cement producers for standardization, WG"ASR", Rome, Italy 
2 University of Rome "La Sapienza", Dept. Chemical Environment Materials Engineering, Rome, Italy

Abstract 

In this study, a new approach for the evaluation of the effectiveness of pozzolanic and blastfurnace cements against 
Alkali-Silica Reaction (ASR) in concrete is proposed. This approach is based on the concepts of the Threshold Alkali 
Level (TAL) of the aggregates and the driving force (∆ASR) for ASR development. The TAL is defined as the minimum 
concrete alkali content above which deleterious ASR expansion is developed by a specific aggregate. The ∆ASR is 
defined as the concrete alkali content exceeding TAL. Thus, it is possible to derive a performance parameter specific for 
every blended cement, represented by the tolerable driving force (∆tol), i.e., the maximum concrete alkali content 
exceeding TAL that does not produce deleterious expansion. Such an approach was validated experimentally through 
different sets of expansion tests on concrete mixes made with four Italian blended cements conforming to EN197-1 (two 
pozzolanic cements made with natural pozzolana, one pozzolanic cement with siliceous fly ash, one blastfurnace 
cement) and three Italian aggregates of different alkali reactivity (TAL). Three different concrete expansion tests were 
used: the expansion test at 38°C and 100% R.H., the accelerated expansion test at 60°C and 100% R.H., and a new 
ultra-accelerated expansion test in alkaline solutions at 150°C. The experimental results indicate that: 1) the tolerable 
driving force, ∆tol, is a suitable parameter for qualifying the efficacy of blended cements against ASR; 2) the cements 
tested in this study are very effective in counteracting deleterious ASR expansion, being all characterized by very high 
∆tol values (2.9 – 4.6 kg Na2Oeq/m

3); 3) there exists a good correspondence between the ∆tol values determined with the 
three concrete expansion tests; 4) the ultra-accelerated concrete expansion test in alkaline solutions at 150°C has 
proved to be a rapid and reliable test method for evaluating the effectiveness of blended cements against ASR.  

Originality 
The practical experience points out that it is difficult, on the basis of the results of standardized laboratory tests, to 
make a reliable prevision of the potential development of the ASR in concrete. This paper describes a new approach for 
the evaluation of the effectiveness of pozzolanic and blastfurnace cements against ASR, based on the determination of 
three original parameters: the Threshold Alkali Level (TAL) of the aggregate, the driving force (∆ASR) for the ASR 
occurrence in concrete, and the tolerable driving force (∆tol) qualifying the efficacy of the cement. In the context of the 
research, a new ultra-accelerated method on concrete has been studied and validated through a comparative 
assessment with the standardized methods. 

Chief contributions 

1) Theoretical background of the original methodology 
2) Experimental testing procedures for the determination of the parameters on which the methodology is based 
3) Validation of the methodology through testing procedures on industrial cements 
4) Definition and validation of a ultra-accelerated test method, lasting three weeks, for the assessment of the 

occurrence of ASR in concrete 

Keywords: Alkali-silica reaction, concrete expansion test, tolerable ASR driving force, blended cement qualification. 
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The Mechanisms of ASR in Concrete Exposed to Deicers and Its Preventive 

Measures by Pozzolans 
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2Torii K  
2
 College of Science & Engineering, Dep. of Environmental Design, Kanazawa University, Kanazawa, Japan 

 

 
Abstract 
In this research, in order to understand the physical and chemical deterioration processes of hardened cement paste by 

the ingress of high concentration alkaline salts, the mechanisms of ASR in concrete exposed to sodium acetate and 

sodium formate solutions were investigated in accordance to a modified ASTM C1260 test. The test results showed that 

ASR was significantly accelerated by the ingress of sodium acetate and sodium formate solutions into mortars, when the 

reactive andesite stone was used. The addition of a relatively large amount of mineral admixtures such as fly ash and 

blast furnace slag was very effective in controlling the expansion of mortar bars, because the residual quantity of 

calcium hydroxide was effectively suppressed in the process of pozzolanic reaction. 

 

Originality 
The present research was conducted through laboratory experiments. The specimens were prepared with materials 

entirely produced in Japan. The methodology applied, the results and the following analysis enabled the explanation of 

the mechanisms of this particular type of ASR in concrete.  

 

Chief contributions 
Japan is a country with a severe winter, where a significant snow fall make it inevitable the use of efficient deicers. On 

the other hand, due to the limited amount of natural resources, the use of reactive aggregates has been reported in 

many structures throughout the country. Nonetheless, the existence of a robust steel industry and numerous thermal 

power plants increase the availability of mineral admixtures such as fly ash and blast furnace slag. For the 

sustainability of existing and future structures, this study is pioneering in Japan, in the sense that explains the 

mechanisms of ASR in concrete exposed to deicers and proposes preventive measures, based on the available resources.    

 
Keywords: Alkali Silica Reaction (ASR), Deicers, ASR Mechanisms, Mineral Admixtures, Pozzolanic Reaction 
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Investigation of Alkali-Silica Reaction in Concretes with Biomass Fly Ash 
1Rajamma R.1*

1University of Aveiro, Department of Civil Engineering/CICECO, 3810-193 Aveiro, Portugal. 
Soares D.2
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Esteves T.C.3, Silva A.S.2, Labrincha J.A.3, Ferreira V.M.1,.
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Abstract
The alkali–silica reaction (ASR) in concrete occurs by reaction of certain silica phases in the aggregates with 
alkalis and hydroxide ions in the pore solution of the hydrating cement to produce a hydrous alkali-silicate gel. 
This gel can swell by incorporating large amounts of water, causing severe and irreversible expansion and 
cracking of the concrete. The level of expansion and disruption in concrete containing reactive aggregate 
depends on the alkali content of the concrete and the reactivity of the aggregate. The levels of alkali that trigger 
the expansion depend, however, on the reactivity of the aggregates. Alkalis from Portland cement (OPC) are 
one of the major sources of these ions in concrete. The use of industrial by-products such as fly ash and slag has 
been found to be an effective preventive measure against ASR in concrete. 
This article presents the performance of biomass fly ash - an industrial by-product - in the mitigation/inhibition 
of ASR in concrete. Laboratory expansion tests were conducted to evaluate the performance of biomass fly ash, 
in replacement of OPC by 20% and 30% (w/w) in the experiments (ASTM C1260/ASTM C1567). The results 
revealed that biomass fly ash has a good potential in the expansion inhibition due to ASR. 

Originality 
In recent years, pressures on global environment and energy security have led to an increasing demand on 
renewable energy sources, and diversification of Europe’s energy supply. Among these resources the biomass 
could exert an important role, since it is considered a renewable and CO2 neutral energy resource once the 
consumption rate is lower than the growth rate, and can potentially provide energy for heat, power and 
transports from the same installation. Currently, most of the biomass ash produced in industrial plants is either 
disposed of in landfill or recycled on agricultural fields or forest, and most times this goes on without any form 
of control. However, considering that the disposal cost of biomass ashes are raising, and that biomass ash 
volumes are increasing worldwide, a sustainable ash management has to be established. It is reported that the 
biomass fly ash collected as wastes from the industrial plants in Portugal can be effectively used as a cement 
substitute. The present work aims to discuss the role of biomass fly ash on the ASR mechanism in concrete. 

Chief contributions 
The biomass fly ash was collected from an industrial plant in Portugal and was sieved through 75 micron mesh 
and washed prior to the incorporation in mortars and concretes. The characterisation of the ash was done using 
different techniques such as particle size distribution, loss on ignition, TGA/DTA, XRD, XRF and pozzolanic 
activity test. The biomass fly ash is irregular in shape and fine in nature. The chemical characterisation 
revealed that the biomass fly ash is similar to a class C fly ash and contain around 25% CaO, being expected to 
react also hydraulically. 
Accelerated mortar-bar tests were conducted according ASTM C 1260/ASTM C 1567 to evaluate the behavior 
of the biomass fly ash in the ASR inhibition mechanism. These mortars were done with 20 and 30% of cement 
substitution, in weight, by fly ash. The results obtained shown a clear reduction in expansion due to ASR in the 
biomass fly ash mortars. Currently, we are doing the concrete prism expansion tests according the RILEM AAR-
3 and RILEM AAR-4 test methods to confirm the good response of biomass fly ash in mortar-bar tests. 
1

Keywords: Alkali-silica reactions; Biomass fly ash; Concretes; Industrial by-products. 

1 Corresponding author: E-mail  rejini@ua.pt, Tel +351 934118726



468 XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 

AREA 8 - Short Presentations 09:45-10:30 / 8 July Paper

M-4

T-5

W-6

TH-7

F-8

545

The Influence of Crushed Sand Particle Shape in Alkali-Aggregate Reaction 
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Abstract 

The increasing demand for fine aggregate in the civil construction industry and the depletion of natural sand, calls for 

new options of aggregate to be used in concrete and mortar. A material that has been shown as a viable alternative to 

replace partially or completely natural aggregate is the crushed sand. This material is the reject of aggregate plants, 

with a particle size less than 4.8mm. Several studies have proved its technical viability; this crushed sand has provided 

quality concrete and also an increase in compressive strength. However, the crushed sand has been used without an 

investigation of concrete durability, such as the alkali-aggregate reaction (AAR). The AAR is a chemical process in 

which some mineralogical constituents of the aggregates, in particular the silica, react with alkali hydroxides, mainly 

from the cement. This reaction generates products that are expansive in the presence of moisture, and consequently can 

cause cracks and displacements in the concrete. This study aimed to evaluate the capability of reactive aggregates from 

crushed basalt with different particle shape, and also investigate the mitigation of this reaction using cement with 

different pozzolan contents. This study was conducted using the Accelerated Mortar Bar method, using four cement 

types and five different aggregate shapes. The results showed that the basalt crushed sand have a predisposition to 

generate deleterious expansions, when associated with cement without or with low content of pozzolan. On the other 

hand, cements which contain a higher content of pozzolan, about 40%, were effective in controlling the expansion. It 

was observed that the aggregate particle shape has significant influence on expansion caused by AAR.  

 

Originality 

Despite of the large number of researches on the alkali-aggregate reaction in recent years, also in relation of the use of 

crushed sand in concrete and mortar, there were no reports of studies comparing the two issues. This study is important 

because the crushed sand has a recent use as fine aggregate and AAR usually has a slow progression. Consequently, 

the signs of a possible expansion caused by the mineralogical constituents of the crushed sand will be detected lately. 

Additionally, the crushed sand has high content of fine materials, which increases the possibility of reaction because 

it’s high specific surface area. In order to mitigate the reaction, is necessary to know the factors that influence it. In our 

work, we discovered that the particle shape of crushed sand has influence on AAR. It was observed that lamellar 

particles result in less expansion. It important to emphasize that the particle shape is dependent of the crushing 

equipment used in the grinding of rock.  

 

Chief contributions 

The results of this study will contribute to the improvement of knowledge in the field of concrete technology with the use 

of crushed sand as fine aggregate, because, clarify questions about its reactivity with cement alkalis. Also, identifies 

factors that may contribute or mitigate this reaction especially about the particle shape of aggregate and the cement 

used. Thus, the crushed sand can be better applied, resulting in quality of structures, because it can avoid the alkali-

aggregate reaction. 

 

Keywords: Basalt crushed sand, alkali-aggregate reaction (AAR). 
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Mechanisms of Degradation of Concrete by External Sulfate Ions 
under Laboratory and Field Conditions
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3Scrivener KL 
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Abstract 
The lack of field data regarding concrete durability, especially in the case of exposure to sulfate ions (“sulfate attack”) 
makes it difficult to determine adequate performance criteria and develop appropriate test methods. Additionally, the 
increased use of sustainable blends (cement with mineral additions, for example slag from the iron industry) is impeded 
by a lack of experience regarding their long-term performance. Most results for sulfate resistance are derived from 
accelerated laboratory tests where performance criteria are based only on macroscopic properties, especially 
expansion. To fill this gap and better understand the mechanisms of sulfate attack under real conditions, a parallel 
study of laboratory micro-concrete and field concrete samples under sulfate exposure was undertaken, focussing on 
microstructural changes in addition to conventional macroscopic characterisation. 
Four exposure regimes were set up in the laboratory: full immersion (ponding), pH-control, semi-immersion and 
wet/dry cycles. Pure Portland and slag blends with high level of cement substitution (70 wt.-%) were investigated. 
Under ponding conditions, the damage process takes place in three stages characterised by a first period of induction, 
followed by surface damage that finally extends to the bulk of the material. The slag blends, which did not expand in 
ponding, performed badly during wet/dry cycles. This behaviour was attributed to poor tolerance of the slag hydrates 
against drying. 
The field concretes selected for the comparison with the laboratory cases were partially buried in a sulfate-enriched 
soil in Argentina. A pure Portland and a slag blends with high level of cement substitution (80 wt.-%) were 
investigated. The submerged part of the samples was compared to the laboratory ponding exposure, while the upper 
layer of the samples subjected to weathering was compared to the laboratory wet/dry cycles exposure. The field 
observations tend to confirm the laboratory results and validate the test settings. 
It has been underlined that a direct relationship between damage (e.g.; cracking/expansion) and phase assemblage was 
not evident. However, the study highlights that sulfate combination with the hydrates of the cement (e.g.; C-S-H) and 
with those of the slag would play a role in the initiation of the expansion, which would be attributed to a swelling of the 
hydrates or to the precipitation of fine ettringite after the saturation level in sulfate of the hydrates has been reached. 

Originality 
Durability studies are an essential step to validate the use of blended cement over the long-term.  
The originality of the work compared to previous studies on sulfate resistance consists of a parallel study of field and 
laboratory concretes under sulfate exposure, evaluating the performance slag blends compared to pure Portland, while 
conducting a transversal study from the macro to the micro (damage, ion ingress, microstructure) with emphasis on 
microstructural changes. 

Chief contributions 
The analyses improved the understanding of damage mechanisms under the typical ponding exposure to sodium sulfate 
solution and isolated the influence of various exposure settings on the damage process. 

Keywords: sulfate attack, exposure conditions, concrete, laboratory test, field, phase assemblage, microstructure, XRD, 
SEM, SCM, slag
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EFFICIENCY OF SLAG IN SULPHATE RESISTANCE OF CEMENTS 

1Tsibouki Zoe1* 
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1 HERACLES General Cement Co – EKET, Athens, Greece 

Abstract 
Industrial cements as well as lab prepared cements were tested in terms of sulphate resistance according to ASTM C 
1012 Length Change of Hydraulic Cement mortars Exposed to a Sulphate Solution. Granulated Blast-Furnace Slag is 
known to offer protection against sulphate attack. The tests performed proved that this is not always the case. Clinker 
C3A and slag Al2O3 content play an important role, as these compounds react with sulphates leading to formations that 
cause swelling. The failure of some slag cements to resist in sulphates was attributed to the high Al2O3 content of the 
slag contained in them. Cements containing slag with lower Al2O3 showed a better behaviour. However, the 
combination of sulphate resisting (SR) clinker (low C3A), with high Al2O3 slag gives impressively good results. 
Satisfactory sulphate resistance was also proved by blended cements containing calcareous fly ash and pozzolana. 
Hydration products of sound and unsound mortar prisms were investigated by x-ray diffractometry and scanning 
electron microscopy. It is concluded that high slag content in cements does not guarantee their sulphate resistance. 
Slags have to be tested for their suitability prior to being used in cement production, if sulphate resistance is a 
requirement for the cement. 

Originality 
This paper is based on the results of tests and investigations made in EKET, the central laboratory of Heracles General 
Cement Company, and in the Institute of Chemical Engineering and High Temperature Chemical Processes (ICE-HT) – 
Patras, Greece, between May 2007 and November 2010. Contrary to what is widely believed, it was found that high 
slag content in the cement is not sufficient to lend sulphate resistance to it. 

Chief contributions 
Thanks to the results of tests performed, the production of poor sulphate resistance cement was avoided, and the need 
for prior checking of the slag was ascertained. 

Keywords: Sulphate resistance, blast furnace slag, kuzelite, ASTM C 1012
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Deterioration of Cement Paste Exposed to Potassium Acetate Solution 
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Abstract 
Over the past two decades there has been an increase in the use of alkali acetates and formates as anti-icing and de-
icing chemicals on airfield pavements. However, there have been a number of recent allegations concerning the 
damage caused by these compounds on concrete runways and taxiways. Results from laboratory and field studies 
clearly indicate that exposure to potassium acetate solution exacerbates damage due to alkali-silica reaction (ASR) in 
concretes containing reactive aggregates. This phenomenon can be readily explained by the increase in pH when 
potassium acetate, CH3COOK, comes into contact with calcium hydroxide. However, surface microcracking unrelated 
to ASR has also been observed in concrete pavements with non-reactive aggregate. The examination of samples taken 
from these pavements revealed an altered zone close to the surface with enhanced potassium concentrations. There was 
an absence of monosulfate and ettringite in this zone and evidence that potassium sulphate had formed. In the 
laboratory, cement paste samples have been observed to expand and deteriorate when exposed to a 50% solution of 
potassium acetate. No damage is observed at lower concentrations. The damage is increased in pastes containing fly 
ash, particularly high-calcium fly ash. Evidence is presented to show that the sulfoaluminate phases decompose to form 
arcanite (K2SO4) and a calcium aluminate phase (possibly C4AH19), and it is hypothesized that the formation of these 
phases results in expansion. In order to further investigate the role of ettringite and monosulfate, paste bars were 
produced with a rapid-hardening calcium-sulfoaluminate (CSA) cement and exposed to potassium acetate solution. 
These paste bars rapidly disintegrated and turned to mush within days. Analysis of the mushy deposit that was found in 
the bottom of the containers revealed and abundance of arcanite and calcium aluminate hydrate (C4AH19).  

Originality 
Although there are a number of reports concerning the exacerbation of alkali-silica reaction (ASR) by potassium 
acetate in concrete containing reactive aggregates, there are relatively few data indicating that potassium acetate can 
cause non-ASR distress. The paper reports findings from concrete pavement without reactive aggregate showing signs 
of microcracking and paste alteration in the near-surface zone. In the laboratory cement paste samples were found to 
expand and, in some cases, disintegrate when exposed to potassium acetate. It is believed that this paper is one of the 
first reporting alteration of the cement paste by potassium acetate. A potential mechanism is also proposed to explain 
the deterioration process.  

Chief contributions 
The paper demonstrates that potassium acetate can lead to deterioration of cement paste. It is shown that monosulfate 
and ettringite are decomposed in highly concentrated potassium acetate solution. Potassium sulfate and calcium 
aluminate hydrate are formed as a result of the decomposition of these phases.  

Keywords: potassium acetate, calcium sulfoaluminate, arcanite  
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Performance Study of Slovak Natural Zeolite - Containing Cement 
Compositions 
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Abstract 
Mechanical properties, phase composition and pore structure of concrete with 15 wt. % replacement of the 
Portland cement by natural zeolite are investigated. For comparison, concrete with the full content of the 
Portland cement is tested. Sulphate resistance of the mortars (cement to sand = 1:3 by weight, w/solids = 0.6) 
made from Portland pozzolan cement of the same composition is characterized, and compared to that of mortars 
made from Portland cement and sulphate resistant Portland cement. Effects of three curing conditions on main 
utility properties of the concrete are studied – storage at 60% R. H-air., at 80% R. H-air and in water at 20 ± 1 
oC.  The specimens were conducted to the compressive and flexural stress. The pull out test for determination of 
the bond between the concrete and reinforcing bars were performed as well. Microstructures of the concrete at 
given curing regimens are compared by XRD, TG-DTA, SEM and Hg-porosimetry. Sulphate resistance is 
studied on mortar specimens of  20  20  120 mm size  kept for 24 hours in 20°C / 100 % R.H. - wet air and 
then for 27 days in 20 ± 1 oC water. After this basic curing half of the specimens is maintained underwater for 
365 days and the second is immersed in a 5 % solution of  Na2SO4 (an average 33 800 mg SO4

2- per litre) until 
required for testing. It is found that 15 wt. % replacement of Portland cement by natural zeolite has no negative 
influence on the concrete strength and bond between the bulky concrete mass and steel bars. Zeolite-containing 
concrete is rich on gel-like hydration products and its carbonation rate is markedly reduced. The 15 wt. % 
replacement of Portland cement by natural zeolite changes the pore size distribution from larger to finer pores. 
Lower values of macro-pore portion, micropore and pore median radius, total porosity and permeability are 
found in zeolite-containing concrete relative to the control. Portland pozzolan cement with 15 wt. % of natural 
zeolite can be classified as a Portland pozzolan cement of CEM II/A-P kind according to STN EN 197-
1: 2002/A1: 2004/A3: 2007, showing the sulphate resistance similar to that of a sulphate resistant Portland 
cement. The improved sulphate resistance of Portland pozzolan cement mortars made with zeolite is caused by 
four significant factors, which are discussed in a detail.  
 
Originality 
Natural zeolite coming from Nižný Hrabovec is up to the present days not known abroad but is the largest 
economical clinoptillolite - bearing zeolite deposit in Slovakia. The estimated zeolite contents ranged between 60 
and 80 %. Basic properties of Slovak natural zeolite are similar to those of well-known Greek and Turkish 
Annual production capacity represents 200 000 tones in case of ground zeolites and 20 000 tones in case of 
granular zeolites in one shift operation. Reserves of zeolite are approximately 9 500 000 tones. The Commission 
of Natural Zeolites working at International Zeolite Association (IZA) has started publishing a Catalogue of 
Zeolite Deposits on its website. The first entry is a description of the Registered Zeolite Deposits in Slovakia 
(www.iza.org). Document related to Slovak zeolites appears on such international level for the first time.  
 
Chief contributions 
Slovak professional community started the large-scale innovation activity on preparation of the National Annex 
of European standard EN 206-1: 2002 “Concrete. Part 1: Specification, performance, production and 
conformity” at the beginning of 2008. The EN 206-1/NA: 2009 containing the National Annex (NA) already was 
accepted for use by the Slovak Office of Standards, Metrology and Testing in June 2009. Application potential of 
Portland pozzolan cements, mainly those of CEM II/A-M and CEM II/B-M according to EN 197-1: 2002 
“Cement Part 1: Composition, specifications and conformity criteria for common cement” is broadly extended. 
This paper supports next cement innovations in Slovakia.  The last progress done with the cements of CEM V (A, 
B) kinds will be reported on 1-2 slides as supplementary information to this paper.            
 
Keywords: Cement, Blend, Zeolite, Mortar, Concrete 
___________________ 
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Abstract 
In France, deep underground storage of long life radioactive wastes is planned by ANDRA within Bure argillite, a 
compacted clay rock found at 420-550m depth in the East of France. The storage structure is composed of a network of 
tunnels drilled in argillite and strengthened by a concrete and steel sheath. Due to excavation operations, macro-
cracking of the host rock occurs at the tunnel surface (in a so-called EDZ, Excavation Damaged Zone), and partial de-
saturation of argillite is also bound to occur, due to tunnel ventilation during storage, prior to tunnel closure. Although 
it is aimed at strengthening the argillite tunnel, concrete material also de-saturates partially, and it is potentially 
damaged and micro-cracked. For safety assessment, it is vital to identify to what extent damaged structural materials 
(i.e. argillite and concrete) are still able to ensure proper radionuclides retention. In this context, the present 
contribution aims at determining the advective gas transfer properties of a damaged industrial concrete in varied 
partially-saturated states. 
Firstly, we develop a methodology in order to create damage, and most probably micro-cracks, in an ANDRA industrial 
concrete, which simulate the cracks occurring in the EDZ, yet at the laboratory scale. To this purpose, several 
experimental protocols have been designed and tested. Gas permeability in the dry state is used as a damage indicator. 
Three cycles of freeze/thawing (-18°C for 24h to 100°C for 30min) generate damage only when the material is initially 
water-saturated. In such case, gas permeability values are multiplied by 10, while sample porosity is not increased 
significantly. Thermal shock using liquid nitrogen (with one cycle from room temperature, down to -196°C and then up 
to 100°C) has no significant effect on material permeability, even if it is initially water-saturated. 
Secondly, gas relative permeability is measured on concrete samples, in both intact and damaged states, at varying 
confinement, up to values close to the in situ major stress (12MPa). Two different concrete batches were compared in 
the intact state. Samples are tested after mass stabilization in hermetic chambers at different fixed relative humidity: 
RH = 100, 98, 92, 85, 75, 70, 59, 43, 11%, and also in the dry state. Suction curves, relating water saturation level Sw 
to RH, are identified for both intact and damaged samples, and for both batches in the intact state. The permeability 
variation of each material has been studied as a function of RH but also with confinement. The influence of damage on 
gas relative permeability is shown to be significant when plotted as a function of RH, so that greater gas passages exist 
at higher relative humidity for damaged materials than for intact ones. Nevertheless, gas relative permeability is 
independent of concrete damage state and of confinement, when plotted as a function of water saturation level Sw. It 
only depends on concrete batch, i.e. on its microstructure, as developed during maturation. 
 
Originality 
This research is related to the following topics of the XIII ICCC conference: (1) concrete durability; (2) properties of 
hardened concrete (relationship between microstructure and properties). 
We developed a dedicated protocol to create damage within concrete. This damaged state is assumed to generate a 
network of micro-cracks, due to its effect upon concrete permeability. Moreover, the effect of micro-cracking and 
concrete manufacture is assessed experimentally upon partially-saturated concrete properties. These are its suction 
curve (Sw,Pc) and its gas relative permeability evolution with Sw (Kgas(Sw)/Kdry), where Kdry is gas permeability in the dry 
state. 
 
Chief contributions 
Firstly, at given RH, our damage procedure is shown to have a significant effect upon concrete water saturation Sw(RH) 
and gas relative permeability Kgas(RH). Also, after damage, Kgas becomes sensitive to confining pressure Pc. Secondly, 
we identify experimentally concrete properties in the partially-saturated state. We show that there is no significant 
effect of micro-cracking and hydrostatic stress upon these properties, when they are represented as the suction curve 
(Sw,Pc) and the gas relative permeability curve (Sw,(Kgas/Kdry)). On the opposite, there is a significant effect of concrete 
manufacturing on these curves. 
 
Keywords: Micro-cracking, gas relative permeability, suction curve, partially-saturated concrete 
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Chloride threshold for starting corrosion process – relationship between 
laboratory and field experiments 
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Andrade C, Alonso M C 
Research Centre in Safety and Durability of Structures and Materials (CISDEM, UPM-CSIC), Madrid, Spain 

Abstract
Concrete reinforcement is susceptible to corrosion when chlorides from de-icing salts, seawater or marine aerosol 
penetrate into concrete and exceed a certain level of concentration at the rebar surface. This chloride threshold plays 
an important role on service life analysis of reinforced concrete structures and thus values close to field exposure 
conditions contribute to a more realistic analysis. Most of experimental work published on this topic was carried out 
under laboratory conditions and analysed several variables that influence on this critical chloride content. Studies 
based on field exposure experiments and in real structures are still scarce. Although they take a longer time than 
laboratory experiments, there is the expectancy that they can help on setting chloride thresholds closer to realistic 
conditions of concrete structures. The present work aimed to analyse results from both exposure conditions and set 
relationships between them. Reinforced concrete specimens cast with distinct cements and a large range of 
water/cement ratios were exposed in marine atmosphere zone of Northeast Brazilian coast. Electrochemical parameters 
of the rebar embedded in the specimens were monitored along about eight years until identifying reinforcement 
depassivation. After corrosion has been initiated, the concrete specimens were broken and the total chloride content at 
the rebar level was measured and assumed as the chloride threshold for starting corrosion.  In addition to this, 
laboratory tests were carried out with the same materials and under weekly wetting and drying cycles. Electrochemical 
monitoring and chloride content determinations were done in a similar way to field exposure tests. Results show that 
average total chloride threshold varies in a range between 1.8 and 2.4 (% cement mass) and between 0.8 and 1.6 (% 
cement mass) for laboratory and field exposure experiments, respectively. A good correlation could be obtained 
between both experimental conditions, which helps on transporting laboratory results to field conditions.  

Originality 
Considering that results from field experiments on chloride threshold analysis are still scarce, the incorporation of new 
results from field exposure on chloride threshold analysis can be considered an aspect of originality. Furthermore, the 
proposal of a relationship between laboratory and field experiments concerning chloride threshold measurements is 
another aspect of originality on reinforcement corrosion field.  

Chief contributions 
Although aspects like cement type and water/cement ratio have been previously analysed concerning chloride threshold 
studies, this work contributes with this analysis incorporating Brazilian cements.  Results obtained show a slight 
influence of water/cement ratio and alkaline reserve of cement matrix. 

The main contribution of this work is related to field exposure results. They show results that are significantly lower 
that those obtained from wetting and drying cycles, which can be explained by the differences on environmental 
exposure conditions and its influence on materials behaviour. On the other hand, this study also shows that it is 
possible to set a relationship between laboratory and field experiments, helping on transporting results between the 
experimental conditions adopted in this work.  

Keywords: Chloride threshold, corrosion, concrete, durability.
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Durability and poro-elastic properties of a leached oil-well cement paste under 
high temperature and confinement 
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Abstract 
Cement-based materials are commonly used by the oil and gas industry for sealing purposes at different stages of the 
well life. Matured cement grout constitutes a sheath aimed at isolating the fuel well from the surrounding geological 
formation. In practice, the cement-based grout is mixed at an ambient temperature of ca. 20°C, then injected between 
the well walls and the casing, and let to mature in situ, under temperature and pressure conditions of up to more than 
100°C and 60 MPa. After the fuel production phase, the depleted reservoir needs long-term sealing to avoid residual 
leakage, either if permanently abandoned, or when considered as an underground CO2 sequestration site. In such 
context, the original primary cementing sheath should still be able to contribute to isolating fluids within the well from 
the surrounding geological layers, although it may not have been originally designed to do so. In particular, despite the 
formation of a protective carbonation layer, on the long term, the noticeable acidification of groundwater fluid by 
dissolved CO2 is likely to induce cement degradation: this phenomenon is usually named leaching. Currently, extensive 
leakage of abandoned oil and gas wells is still reported, so that long-term well integrity and durability, and in 
particular that of its primary cementing, still requests investigation. 
The practical industrial issue here is to evaluate to what extent the mature cement grout, after extensive leaching, is 
still able to reasonably isolate gas (i.e. CO2) from the environment. In our laboratory investigations, liquid permeability 
K is considered a proper durability indicator, while drained compressibility modulus Kb is used as a mechanical 
performance indicator. Two original experimental set-ups have been used under 90°C temperature, in presence, or not, 
of a hydrostatic stress Pc representing the in situ stresses. Such loading is applied to a 90°C-cured oil-well cement 
paste. The effect of extensive leaching upon transport properties (assessed by K) and poro-elastic properties (using ev 
and drained compressibility modulus Kb) is determined. Porosity is assessed prior to loading by two different methods. 
 
Originality 
The originality of our contribution lies mainly in the experimental approach, performed at high temperature (90°C) 
superimposed to hydrostatic loading. For intact and heavily leached mature cement grout, coupled liquid permeability 
and poro-elastic properties (mainly drained bulk compressibility modulus Kb) are identified, in relation with 
hydrostatic pressure increase. 
 
Chief contributions 
Results under hydrostatic loading Pc show that degraded, leached, material has a lower liquid permeability K at 90°C 
than the intact material tested in identical conditions. On the opposite, as expected, drained compressibility modulus Kb 
is significantly lowered by leaching. Our interpretation is that hydrostatic stress Pc damages irreversibly both skeleton 
and pore network of the leached material, so that its permeability K(Pc ≠0) is consistently lower than that of the intact 
one. This interpretation is validated experimentally, through the design and use of a second original experiment, which 
allow to assess liquid permeability K without superimposed hydrostatic loading, and still under temperature (90°C), 
while avoiding fluid leakage. 
 
Keywords: Cement grout, permeability, poro-mechanics, leaching, durability 
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Use of electrical resistivity as complementary tool for controling the concrete 
production 
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Abstract
The control of the concrete production is one of the key factors for getting a robust material to guarantee a 
homogenous quality of the structure and, hence, of its reliability. The compliance of the hardened concrete with that 
established in the project, is checked, according to standard regulation, by means of the experimental determination of 
compressive strenght on two or three specimens from different batches and cured under specific climatic conditions 
during an assessed period of time. Nonetheless, the above-mentioned procedure presents as principal disadvantage the 
economic cost that implies all the process, from the acquisition of the necessary equipment, the contracting of 
specialised hand-of-work, and the treatment of the volume of debris generated by a destructive method. These aspects 
lead to the necessity of creating a complementary system of auto-control, which could being checked by greater 
frequency and greater number of samples, what could represent a closer assessment of real properties of the concrete.  
Thus, the electrical resistivity is proposed in the current work such as a tool of complementary control to the 
experimental compressive strenght assessment required by the standardization. It has been checked by statistical 
analysis more than 250 pairs of experimental data the correlation between the resistivity and the compressive strenght 
in different ages, from 1 to 91 days. Empirical equations are generated from the statistical tool of linear regression, 
taking the age of measument as input variable in addition to the electrical resistivity. It is concluded that, in addition to 
the ability of electrical resistivity to evaluate the durability of the reinforced concrete, as it has already been presented 
in several works, it is a suitable tool for the production control for its good correlation with the mechanical strenght 
over the time  and for its non-destructive character and economic low cost. 
 
Originality 
The proposal of using a non-destructive tool for controling the concrete production in regarding to the compressive 
strength, within just few minutes and under an insignificant cost of operation, is an innovative idea for providing a 
more efficient methodology. There is not found any study from literature dedicated to developing a complementary tool 
of control process  for ensuring the robstuness of material, with such characteristcs and advantage. 

Chief contributions 
The present study provides an important volumen of experimental data, more than 250 pairs of results, by what it was 
possible to prove the theoric concept of correlation between electrical resistivity and compressive strength over the 
time.  

Keywords: electrical resistivity, concrete, production control. 
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Impact of marble powder combined with limestone CEM II on concrete 
durability 
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Abstract 
The aim of this study is to examine the valorisation of mineral residues as addition in building materials with 
cementious matrix, and contributes to sustainable development. The study is based on experimental work carried out 
the Civil Engineering and Mechanical Engineering Laboratory (INSA-Rennes, France) and at the Mineral and 
Composite Materials Laboratory (University of Boumerdès, Algeria). The use of recyclable industrial waste as a partial 
replacement of Portland cement in concrete allows reduction of greenhouse gas emissions (GGE) and results in the 
manufacturing of a concrete with less environmental impact. Applying various experimental techniques, the behaviour 
of finely crushed marble powder addition with Portland cement, with limestone addition, is studied. This study 
confirmed the improvement of the physical and chemical properties of concretes with marble powder addition; this 
indicates the potential advantage of using this cementious addition. 

Originality 
Special concretes are largely modified to obtain BHP. The high compressive strength is not the only advantage of these 
materials. Indeed, their adjuvantation and their granular composition contribute to the improvement of other 
characteristics like impermeability to gases or to liquids, compactness, resistance to abrasion and shock, pumpability, 
surface high quality aesthetic . Accordingly the cross sections of structural elements were reduced (mass and 
foundations). 

In this way and to make concrete durable, cement is partially replaced with marble powder (waste of marble).  Positive 
impact on the physico-mechanical properties and durability of concrete in aggressive environments have been recorded 
with this supplementary filler  addition like commonly silica fume, slag from blast furnaces and pozzolans . 
 
Chief contributions 
The depletion of natural resources, unfair exchange and, more recently, the prospects of climate change have led to 
reflect during last thirty years to a possible modification of the logic of development. 

To this effect and to contribute to the precautionary and sustainable management in environmental protection, 
technical feasibility and economic viability, it is very important to take in account the resources, the overall effects on 
the environment and human health and economic and social effects. 

We performed the substitution of part of cement with marble powder. This will minimize the negative impact of 
greenhouse gases emitted by cement plants on the environment. In the same time and in parallel this substitution will 
yield economic benefits for the cost of cement. 

 
Keywords: HPC, marble, durability, sulfate 
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Microstructural Development in Fire Damaged Concrete - A Case Study 
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Abstract

The present paper deals with study of a damaged concrete exposed to fire. The evaluation of the concrete core 
obtained from a basement indicated loss of hardness of the concrete from 6.5 to 3.5, when measured in Mohs’ 
hardness scale. The air void distribution was found to increase by almost 20%. Micro fractures were widened 
from 35 micron to 625 microns maximum.  In fact three types of micro fractures viz. honey comb, web and 
dendritic were developed and the fractures were discontinuous in nature and propagated deep inside the 
concrete along with air voids of various shapes and sizes. The fire damaged concrete samples showed honey 
combing and web fractures joined with the air voids resulting brittleness in the concrete. The hydrated products 
of cementitious phases and siliceous aggregates have undergone enthalpy changes when subjected to high 
temperature.  

The concrete consisted of fine aggregate of river sand and two types of coarse aggregates i.e. Biotite-Granite 
and Hypersthene-Granite which were found to be partially weathered. The microstructural and compositional 
changes of feldspars constituting aggregate as observed above also indicated the exposure of concrete to 
temperature beyond 7000C. The damage resulted in micro fractures, stretching and elongation of mineral grains 
and higher percentage of strained quartz found as in petrographic investigations. The above evaluation 
indicated that the structure damaged by exposure to fire is not safe for living. 

Originality of the Research 

The typical damaged concrete exposed to fire was evaluated based on the changes in microstructure and 
mineral properties including coarse arrgregate. Effect of fire on the mortar was assessed with respect to 
different microstructural features developed, air void, capillary developments etc. Duration and time of the 
concrete exposed to fire was established.  

Chief Contributions made by the Research 

The damaged concrete sample exposed to fire indicated partial loss of properties. Extent of the cement 
hydration was found to be completed. One of the feldspar types of aggregate were partially damaged both 
morphologically and compositionally. Strained quartz with other morphometric changes were developed due to 
exposure to high temperature. Open air voids along with open capillaries were also developed considerably. 
The DTA studies on concrete sample revealed that the extent of damage of concrete at different depths and there 
is clear loss of strength in concrete. Based on evaluation it was recommended for removal of damaged concrete 
with fresh concreting. 

Key words: Concrete, biotite-granite, hypersthene-granite, air voids
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Sulfate attack: co-precipitation of rapid and slow forming ettringite.  
Consequence: Expansive Synergic Effect  
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Abstract 
Several prior papers on this subject have shown, with XRD and SEM techniques and Le Chatelier-Ansttet (L-A), 
ASTM C 452-68 and RT-ΔL tests, that almost all pozzolanic additions can bring about the rapid formation of 
ettringite, ett-rf, a process dependent upon their reactive alumina, Al2O3

r-, content, which may be vitreous or 
amorphous. It has likewise been found that the formation rate, Vf, of this ettringite from pozzolans origin is higher 
than the Vf of slower forming ettringite, ett-lf, originating from the C3A in OPC; consequently, the size of the ett-rf is, 
logically, approximately 10-fold smaller. In this context, the key questions relating to the development of the two 
types of ettringite when forming together in a common plaster-bearing solution, are:  What will the outcome of the 
expansive effects be? What type of effect will they ultimately produce? Addition? Synergism? Antagonism? or 
perhaps Inversion of final expansive action?  To reply to these questions, 20 cements –5 Portland cements and 15 
blended cements containing 20%, 30% or 40% metakaolin– were tested using the ASTM C 452-68 test and several 
direct parameters were measured, as follows: Increase in length, ΔL (%) and sulfate content in the curing water of 
the specimens, {SO4=}cw;, for ASTM C 452-68 specimens. In parallel, concrete specimens also were prepared with 
and without excess gypsum (15.05% or 45.16%), and the following parameters were measured: compressive strength 
and indirect tensile strength (“brazilian” test). 

 
The experimental results show that the joint precipitation –co-precipitation– in the same plaster-bearing solutions, of 
the ettringite from the Al2O3

r- present in pozzolans, and the ettringite from the C3A present in OPC, was always more 
synergic than additive. On the other hand, the pozzolanic activity of MK has proved to be more specific than generic 
in gypsum and water environments, prompting greater, speedier and earlier gypsum-mediated hydration of the C3A 
than of the C3S in the OPC, and as a result, a stronger or weaker ESE according to its C3A (%) content, mainly. 
Therefore, the ett-rf from the Al2O3

r- in MK is the chief direct and indirect cause of the greater or lesser ESE 
generated in conjunction with ettringite from the C3A in PC in all the ASTM C 452-68 specimens (and in concretes 
and mortars on construction sites where gypsum and water are present as well), due to its very specific pozzolanic 
activity in such gypsum media. This very specific pozzolanic behaviour makes it possible to give the title to the MK of 
pozzolan with aluminic chemical character. Finally, pursuant to the fundamentals of the ESE generated by ettringite 
from pozzolan and OPC, the ett-rf identified in this study may have had at least two origins: the Al2O3

r- in pozzolans 
and the C3A in OPC, if blended with appropriate aluminic pozzolans in chemical character –and in suitable 
quantities–, due to the very specific pozzolanic activity of their Al2O3

r-. Ett-lf, on the contrary, has had only one 
origin: C3A present in OPC.  
 
Originality 
This work allows explaining why in some occasion, sulfate attack to concrete with OPC and inadequate pozzolans 
gives rise to a rapid gypsum attack. Nonetheless, measures are given for that this deleterious effect are finally 
beneficial. The reason is that the pozzolanic addition is aluminic in chemical character, according to R. Talero, even 
though it is also siliceous and aluminous in nature, according to ASTM C 618 standard.   
 
Chief contributions 
Depending on the parameter considered and from the technological standpoint only, the consequences of Expansive 
Synergic Effect between the two types of ettringites can be esteemed to be beneficial, adverse or indifferent. But such 
judgments may not hold where two or more related parameters are considered at the same time. Thus and from the 
known and verified behavior of OPC, the performance of all these POZC with MK + 7.0%SO3, has been beneficial, 
according to the setting times and mechanicals strengths, but adverse, according to the volume stability. However, 
from the known and verified behavior of “expansive hydraulic cements” (ASTM C 845-90), the performance of many 
POZC with MK –POZC families P-1/MK, PY-4/MK and PY-6/MK– has been beneficial as well, inasmuch as their 
respective ΔL7d(%) were between 0.04% and 0.10%; the rest –POZC family P-2/MK –, can not. Addition of higher 
gypsum amounts, on the contrary, leads to an aggressive and fast gypsum attack on OPC P-1 and P-2 and their 
POZC, and on the SRPC PY-4 and PY-6 with MK as well.  Logically, the joint precipitation of ettringite from Al2O3

r- 
and C3A origins, were involved in the beneficial and adverse behaviour.  
 
1. Introduction 
Several prior papers on this subject have shown, with XRD [1-6] and SEM [2-6] techniques and Le 
Chatelier–Ansttet [1][2,3][3][8], ASTM C 452-68 [1][2][3][5-8] and RT-86:ΔL tests [1][8], that almost 
all pozzolanic additions can bring about the rapid formation of ettringite, ett-rf, a process dependent upon 
their reactive alumina, Al2O3

r-, content, which may be vitreous or amorphous, or more exactly, tetra- or 
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Abstract 
Durability of concrete in an acidic environment includes many research topics. Chemical resistance is an important 
indicator of durability of cement pastes in an acetic acid attack.  
Pozzolanic and/or filler effect may also improve considerably the chemical stability of cement matrix in an acidic 
environment by the use of supplementary cementing materials.  
This paper aims to evaluate durability parameters influencing the chemical resistance of cement pastes submitted to an 
acetic acid attack in order to determinate the most important parameter.  
This study focused on five types of cement pastes made with Ordinary Portland Cement, OPC blended with silica fume 
(SF)/low-calcium fly ash (FA)/ground granulated blast furnace slag (GBFS) and metakaolin (MK) at different 
replacement percentage, which were immersed in an acetic acid solution at a pH of 4. The degradation mechanisms 
were investigated using mass loss, altered depth measurements, x-ray diffraction and mercury porosimetry analysis. 
The results show that metakaolin and slag mixtures present the best resistance. The OPC pastes present a very severe 
alteration. Addition of silica fume or fly ash did not have any improvement. According to a high surface area of 
anhydrous particles, metakaolin and silica fume have a comparable pozzolanic reactivity. However, cement pastes 
containing metakaolin present the best chemical stability while those containing silica fume were strongly dissolved. 
Hence, pozzolanic effect does not have any importance to ameliorate the performances of cement pastes in an acetic 
acid solution. OPC particles present a lower particle size distribution than slag. Indeed, the percentage of pores whose 
diameter is less or equal to 0.1µm was 60% for OPC pastes and 50% for blended cement pastes containing 60% slag. 
Moreover, the total volume of pores was 0.23 ml/g for OPC pastes and 0.63 ml/g for blended cement pastes containing 
60% slag. After 3 months of degradation in an acid solution, the altered zone of OPC pastes were totally dissolved. The 
pore size distribution of altered zone of cement pastes containing 60% of slag has been slightly modified with a total 
cumulative volume of pore equal to 0.80 ml/g. So, filler effect has not any improvement in terms of chemical resistance. 
Therefore, both of pozzolanic or filler effects have little importance in term of the chemical stability of cementitious 
matrix subjected to acetic acid attack. However, the chemical composition of mixture is the first parameter of the 
durability of concrete submitted to an acetic acid attack. 
 
Originality 
This research is part of a Ph.D.’s thesis on durability of concrete exposed to organic acids. This study integrates the 
topic of concrete durability, especially the chemical stability of cement pastes submitted to an acetic acid attack.  
The study was carried out on cement pastes made from five binders: Ordinary Portland cement, OPC blended with 
silica fume (SF)/low-calcium fly ash (FA)/ground granulated blast furnace slag (GBFS) and metakaolin (MK) at 
various replacement levels. Hardened cement pastes were immersed for 3 months in 0.5M acetic acid solution at a pH 
of 4. Throughout the experiment, the pH was maintained by the renewal of the solution.  
After 3 months of immersion, many analyses were made in order to determine the influence of different parameters 
contributing to the chemical stability of the cement matrix immersed in an acetic acid solution. 
 
Chief contributions 
In this study, the effect of the chemical composition of different binders was studied by altered depth, x-ray diffraction 
and x-ray microanalysis measurements. Porosity is also an important factor controlling durability and strength of 
cement pastes and was measured by mercury porosimetry analysis.  
The influence of this factor to the chemical stability of cement pastes immersed in an acetic acid solution was evaluated 
by the measurement of total porosity and pore size distribution. Comparative results show that either filler or 
pozzolanic effects have a little or no influence in term of the stability of cementitious matrix exposed to acetic acid 
attack at pH 4. The chemical composition of mixtures is the first parameter of the durability against acid attack.  
 
Keywords: Acetic Acid, Cement paste, Supplementary cementing materials, Chemical resistance, Porosity 
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Study on non-steady-state chloride diffusion coefficient of  
cement-based materials 

1 Qiang Yuan  
1School of Civil Engineering and Architecture, Central South University, Hunan, China 

2 Caijun Shi *  
2 College of Civil Engineering, Hunan University, Hunan, China  

3 Dehua Deng   
 3School of Civil Engineering and Architecture, Central South University, Hunan, China 

4 Geert De Schutter 
4Magnel Laboratory for Concrete Research, Department of Structural Engineering, Technologiepark-Zwijnaarde 

904, B-9052, Ghent (Zwijnaarde), Ghent University, Belgium 

Abstract 

Chloride non-steady-state diffusion coefficient is an indicator of chloride resistance of cement-based materials 
and service life prediction of concrete structure subjected to chloride environment. Many testing methods have 
been developed to measure the chloride transport in concrete. NT Build 443 is a widely used natural diffusion 
testing method, but time consuming. Analysis of the basic theory of NT build 443 shows that free chloride profile, 
instead of total chloride profile, should be used for the curve-fitting to the Fick’s second law. Electrical field is 
often used to accelerate chloride transport in concrete. NT build 492 is one of the most used electrical 
accelerated methods. 12 concrete mixtures with different w/b ratios and different supplementary cementing 
materials were cast for study. Electrical accelerated test was carried out following NT build 492, and natural 
diffusion test was carried out following NT build 443. For diffusion specimens, free and total chloride profiles 
are determined respectively. Results show that diffusion coefficient obtained by curve-fitting of free chloride 
profile is 0.76 times as that obtained from NT build 443, and 0.61 times as that obtained from NT build 492. 
What’s more, electrical accelerated method (NT build 492) gives a wrong ranking of chloride resistance of 
concretes containing different supplementary cementing materials with w/b ratio of 0.35.  

Originality 
This paper points out that free chloride profile, instead of total chloride profile, should be used for fitting to the 
Fick’s second law, and disagreement between these two approaches is quantitatively evaluated. The relationship 
between migration coefficient obtained from electrical accelerated method (NT build 492) and diffusion 
coefficient is also established.  

Chief contributions 
(1) Diffusion coefficient obtained by curve-fitting of free chloride profile is 0.76 times as that obtained from NT 
build 443, and 0.61 times as that obtained from NT build 492; (2) Electrical accelerated method(NT build 492) 
cannot correctly rank the chloride resistance of concrete containing different supplementary cementing materials 
at low water-to-binder ratio of 0.35.      

Keywords: Chloride, Cement-based materials, Diffusion coefficient 
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Pyrrhotite Oxidation Kinetics: Host Rock Influence and the Effect of 
Aggregate Size on a Concrete Dam. 

 

1Oliveira I1* 
1 Depto. de Ingeniería de la Construcción (Universidad Politécnica de Catalunya) Barcelona, Spain 

2Chinchón-Payá S 
2 Depto. de Construcciones Arquitectónicas (Universidad de Alicante) Alicante, Spain 

1Aguado A, 2Chinchón S 
 
 
Abstract 
This paper presents an experimental study on the size effect of aggregates contaminated with pyrrhotite 
(Fe1-XS) in a concrete dam dosage, proposing a size effect law, simulating the granulometric curve of the 
aggregates used in a concrete dam, showing the decrease of the sulfate release with the increase of the 
aggregate size. The method also identifies the geochemical effect of the host rock in the sulfate (SO4

2-) 
release, and the influence of pyrrhotite on the concrete durability. 
This study is mainly directed to the characterization of sulfate release in the aggregates-cement interface 
zone (internal sulfate attack-ISA). The ISA occurs in two different steps: (i) the oxidation of the pyrrhotite 
forms altered compounds like sulfates and hydroxide (ii) the altered compounds react with the products of 
hardened cement paste to produce the ISA with the formation of secondary ettringite. The pyrrhotite 
oxidation kinetics depends on several variables such as reactive surface area of pyrrhotite, oxygen 
availability, solution pH and catalytic agents. 
Considering physical-chemical aspects and using a unique kinetic constitutive law for concrete dams 
showing expansion caused by the pyrrhotite oxidation (ISA), it is possible to predict the structural behavior 
of a concrete dam. The parameters defining the constitutive law are obtained either from experimental 
data, or from specific materials properties. 
 
Originality 
The originality of this study is based on a new approach of the pyrrhotite oxidation, quantifying the size 
effect of the aggregates used in a concrete dam dosage. Considering that the concretes used in a dam 
construction could present aggregates with a maximum diameter larger than 120 mm, which is very 
distinguished from conventional concretes, therefore the external surface area of the aggregates are 
altered, and consequently, the reactive surface area of the iron sulfide (pyrrhotite). 
The paper shows the different thermohigrometric conditions of a dam (upstream and downstream face), 
with a good correlation between the movements of a real structures and the final oxidation times. Finally 
the experiment presents the effect of the host rock in the pyrrhotite degradation, since the host rock can 
affect the system pH, changing the oxidation kinetics of the pyrrhotite.  
 
Chief Contributions 
Quantifying and predicting the concrete expansion caused by the internal sulfate attack (ISA) are the main 
contributions of this study; therefore in the diagnosis analysis of concrete dams with expansion, the 
experimental campaign can be reduced, reducing the financial costs and the research time. 
 
Keywords: pyrrhotite oxidation, internal sulfate attack, concrete dam,  
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Study of the damage evolution of the concrete under freeze-thaw cycles using 
traditional and non-traditional techniques
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Abstract 
Some experiments have been performed to investigate the cyclic freeze-thaw deterioration of concrete, using traditional 
and non-traditional techniques. Two concrete mixes, with different pore structure, were tested in order to compare the 
behavior of a freeze-thaw resistant concrete from one that is not. One of the concretes was air entrained, high content 
of cement and low w/c ratio, and the other one was a lower cement content and higher w/c ratio, without air-entraining 
agent. Concrete specimens were studied under cyclic freeze-thaw conditions according to UNE-CENT/TS 12390-9 test, 
using 3% NaCl solution as freezing medium (CDF test: Capillary Suction, De-icing agent and Freeze-thaw Test). The 
temperature and relative humidity were measured during the cycles inside the specimens using embedded sensors 
placed at different heights from the surface in contact with the de-icing agent solution. Strain gauges were used to 
measure the strain variations at the surface of the specimens. Also, measurements of ultrasonic pulse velocity through 
the concrete specimens were taken before, during, and after the freeze-thaw cycles. 
According to the CDF test, the failure of the non-air-entraining agent concrete was observed before 28 freeze-thaw 
cycles; contrariwise, the scaling of the air-entraining agent concrete was only 0.10 kg/m2 after 28 cycles, versus 3.23 
kg/m2 in the deteriorated concrete, after 28 cycles. Similar behavior was observed on the strain measurements. The 
residual strain in the deteriorated concrete after 28 cycles was 1150 m versus 65 m, in the air-entraining agent 
concrete. By means of monitoring the changes of ultrasonic pulse velocity during the freeze-thaw cycles, the 
deterioration of the tested specimens were assessed.  

Originality 
Concrete durability in climates where freezing and thawing occurs is a complex phenomenon. The deterioration of 
concrete under the action of freeze-thaw cycles is reflected in surface scaling and internal cracking. Almost all of the 
frost resistance research and test methods concentrate on the degradation of the concrete surface, but recently there 
was an increased concern about the internal damage of the material. 
In this research project, the freeze-thaw durability of concrete is evaluated by means traditional and non-traditional 
techniques. Nondestructive test (NDT) methods were adopted to monitoring the behavior of concrete specimens exposed 
to freeze-thaw cycling, according to UNE-CENT/TS 12390-9 test. 
During the freeze-thaw cycles, the variations of temperature and relative humidity inside the specimens were measured 
continuously by mean embedded sensors. Along the test, ultrasonic equipment was used to monitoring the ultrasonic 
pulse velocity to define the variations of the microstructure of the concrete due to freezing. Strain gauges were 
employed to determine the strains caused by the temperature variations in each cycle. 

Chief contributions 
This experimental research has shown outstanding results about the durability of concrete, under freezing and thawing 
cycles. Relationships of superficial deterioration and internal damage of concrete specimens were drawn by means the 
results of durability test (CDF – Scaling) and other monitored parameters like strain, ultrasonic pulse velocity, relative 
humidity and temperature. 
These results provide great reference for further research on the development of a calculation modeling of 
deterioration process in concrete structures under a freeze-thaw environment. 
The main task of this project was concerned with the use of different sensors in concrete specimens that should develop 
a monitoring system for assessed freeze-thaw damage. More accurate information about the behavior of concrete 
against physical or chemical aggressive factors or unfavorable environments, that involve its durability, is needed, to 
reduction of the inspection and maintenance costs and to improve the residual service-life prediction of the concrete 
structure. 

Keywords: Concrete, Freezing and Thawing, NDT Methods, Scaling, CDF test.

1 Corresponding author: Email hector.romero@caminos.upm.es Tel +34913366723, Fax +34913365350 



XIII ICCC INTERNATIONAL CONGRESS ON THE CHEMISTRY OF CEMENT 487

AREA 8 - PostersPaperGeneral Poster Session 2 / 15:00-16:00 / 7 July

M-4

T-5

W-6

TH-7

F-8

273

Transfer properties in cement-based porous materials: Part 1 – Evolution 
of fluid transfers in crack healing
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2Andra, Parc de la Croix Blanche,1-7Rue Jean Monnet, F92 298,Chatenay Malabry,Cedex France. 

Abstract 
The aim of the study is to characterize the healing process of cracks in cementitious materials and tests have 
been developed for this purpose. The experimental program consists of creating a crack in a concrete or cement 
paste specimen and sealing the formed crack by percolation with a fluid containing carbonates. The paper first 
focuses on the description of the experimental device developed for percolation tests.  The second part of the 
paper presents the results obtained and assesses the effects of the experimental parameters (crack width, 
hydraulic gradient and carbonate content of the percolating fluid) on the healing process. The different 
phenomena involved in the healing process  are also highlighted with a view to its further modeling.   

Originality:  
This paper describes an original experimental device allowing the healing process of a crack to be characterized 
in various experimental conditions. The experiment includes crack generation, crack width measurement, 
preparation of percolating fluid and implementation of the apparatus developed for percolation tests.  

.  
Chief contributions 
Few studies on the self healing process of cracks in cement based materials are available in the scientific 
literature. This paper aims to provide better comprehension of the crack healing induced by carbonation. 

Keywords:  Crack, healing, carbonation, percolation
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Physico-chemical Changes in Plain and Fly Ash Modified Concretes 
Exposed to Different Deicing Chemicals

1Jain J, 1Janusz A, 1Olek J* 
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2Jozwiak-Niedzwiedzka D
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Abstract 

The deicing/anti-icing chemicals are routinely used on pavement surfaces during cold weather to ensure safe 
driving conditions. Traditionally, solid rock salt (NaCl) or NaCl brines have been used for these purposes but 
their efficiency is reduced at lower temperatures. In order to provide a more reliable means of ice and snow 
control, chemicals with lower freezing points, such as CaCl2 or MgCl2 (or sometimes rock salt pretreated with 
CaCl2 or MgCl2 brines,) are increasingly being applied to the pavements. The extent and magnitude of chemical 
reactions of these “new-generation” deicers with pavement concrete is still somewhat unclear. This paper 
presents the results of investigation of the physicochemical changes in pavement concretes exposed to different 
deicers and subjected to both wetting/drying (W/D) and freezing/thawing (F/T) regimes. 
Plain concretes (PC) and concretes with 20% of mass of cement replaced by Class C fly (FA20) were exposed to 
three different types of deicing solutions (NaCl, CaCl2 and MgCl2), with total ion molality of, respectively, 10.5 
for W/D and 5.5 for F/T regimes. For comparison purposes, additional set of specimens was kept in deionized 
water (DIW) under similar exposure regimes. The companion set of control specimens was kept in saturated 
limewater at 23oC. The physical alterations taking place in the prismatic (76x76x292 mm) specimens were 
evaluated weekly by measuring changes in mass and in the relative dynamic modulus of elasticity (RDME) of 
the specimens.  After 154 W/D cycles prismatic specimens exposed to 28% CaCl2 solution exhibited 
considerable visual distress, reduction in mass, and reduction in RDME. The same deicer also caused reduction 
in mass and in RDME after only 35 F/T cycles. The performance of fly ash modified concretes was better than 
that of PC in all deicing solutions under both W/D and F/T regimes. 
To ensure a unidirectional penetration of deicers, several 76 mm diameter concrete cylinders were ponded with 
the same deicing solutions as the prismatic beams while being exposed to W/D cycles. These cylinders were 
used to prepare the SEM analysis samples.  

Originality 

The durability of PC and fly ash pavement concretes exposed to several different deicers was evaluated by 
monitoring physico-chemical changes in the specimens subjected to W/D, and F/T regimes.  The selected W/D 
regime consisted of storing specimens for 16 hrs in the liquid deicer at 4oC followed by 8 hrs of air drying at 
23oC.  In addition to being reasonably realistic with respect to the actual field exposure conditions, the adopted 
W/D regime was also designed to verify the hypothesis that regularly alternating wetting and drying cycles will 
prevent the build-up of expansive oxychloride phases which were shown (in an unrelated study involving up to 
84 days of continuous exposure at 4.4°C) to be capable of completely destroying the test specimens. 

Chief contributions 

Three different deicing solutions were used for evaluating the physico-chemical alterations in plain and fly ash 
concretes during W/D and F/T cycles. These alterations were monitored in terms of dynamic modulus of 
elasticity and mass changes in the prismatic specimens. The results collected after 154 W/D cycles indicated no 
deterioration for the specimens exposed to MgCl2 solution, contrary to the results reported in previous studies. 
The F/T test showed 10% reduction in relative dynamic modulus of elasticity (RDME) for specimens kept in 
17% CaCl2 solutions after 90 cycles while specimens kept in 15% MgCl2 showed similar reduction only after 
200 cycles . The microscopic examination was carried out to analyze the causes for this kind of behavior.   

Keywords: Deicer, Durability, Physico-chemical, Microstructure 
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Characterization cement pastes degraded in laboratory solutions and 
physiochemical parameters employed for modeling the process
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Abstract 
Previously degradation studies carried out, over a number of different mortars by the research team, have shown that 
observed degradation does not exclusively depend on the solution equilibrium pH, nor the aggressive anions relative 
solubility. In our tests no reason was found that could allow us to explain, why same solubility anions with a lower pH 
are less aggressive than others. The aim of this paper is to study cement pastes behavior in aggressive environments. As 
observed in previous research, this cement pastes behaviors are not easily explained only taking into account only 
usual parameters, pH, solubility etc. Consequently the paper is about studying if solution physicochemical 
characteristics are more important in certain environments than specific pH values. The paper tries to obtain a 
degradation model, which starting from solution physicochemical parameters allows us to interpret the different 
behaviors shown by different composition cements. To that end, the rates of degradation of the solid phases were 
computed for each considered environment. 
Three cement have been studied: CEM I 42.5R/SR, CEM II/A-V 42.5R and CEM IV/B-(P-V) 32.5 N. The pastes have 
been exposed to five environments: sodium acetate/acetic acid 0.35 M, sodium sulfate solution 0.17 M, a solution 
representing natural water, saturated calcium hydroxide solution and laboratory environment. The attack mechanism 
was meant to be unidirectional, in order to achieve so; all sides of cylinders were sealed except from the attacked 
surface. The cylinders were taking out of the exposition environments after 2, 4, 7, 14, 30, 58 and 90 days. Both 
aggressive solution variations in solid phases and in different depths have been characterized. To each age and depth 
the calcium, magnesium and iron contents have been analyzed. Hydrated phases evolution studied, using thermal 
analysis, and crystalline compound changes, using X ray diffraction have been also analyzed. Sodium sulphate and 
water solutions stabilize an outer pH near to 8 in short time, however the stability of the most pH dependent phases is 
not the same. Although having similar pH and existing the possibility of forming a plaster layer near to the calcium 
leaching surface, this stability is greater than other sulphate solutions. Stability variations of solids formed by inverse 
diffusion, determine the rate of degradation. 

Originality 
The majority of studies establish aggressive levels considering the aggressive environment pH and the relative 
solubility of calcium salts formed by anions present in the aggressive solution. This paper tries to explain the different 
found, taking as parameter physicochemical characteristics of the solution. Also, this paper intends to determine the 
relative stability of the different compounds present in hydrated cement. Moreover, it intends to determine the “double 
layer protection” formation process which was proposed, by certain studies, to take place in pH organic acid 
originated environments which in principle cannot be justified by the formed salts solubility. The aim of the paper is to 
obtain a numeric model which starting from the composition data of the used cements and the environment 
characteristics could predict the material deterioration, considering the different aggressive ion reactivity.  

Chief contributions 
As expected the Ca2+ ion was the most sensitive to the leaching effects. This phenomenon can be observed both in the 
leaching ion analysis results and in the corresponding solid phase analysis. Other ions such as magnesium and sulfate 
also present leaching profiles, however, in lower concentrations. Calcium and magnesium results indicate that during 
study time, a leaching profile is produced within both the acetic acid-acetate and sodium sulphate environments. This 
profile is present in a much higher degree in the acetic acid-acetate environment as expected, arriving to 
concentrations of 3 g/L of Ca2+ and 0.065 g/L of Mg2+ approximately. Among the studied cements, we can observe that 
the type II cement present the worst behaviour related to leaching of Ca2+ and Mg2+. This phenomenon appears to be 
clearer in the acid environment and being less evident in the sodium sulfate environment. With regard to leaching of 
Ca2+ and Mg2+, the cements CEM IV/B-(P-V) 32.5N and CEM I 42.5R/SR present similar behaviours in environments 
where leaching is observed. A slight improvement is detected in the case of the cement type 42.5R/SR referring to 
leaching Mg2+ content in relation with other cements when submerged in the most acid solution. 

Keywords: paste, microstructure, degradation, leaching, thermal analysis.
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Dissolution of portlandite 
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Abstract
Portlandite, one of the main products of cement hydration and which normally comprises about 25% of the paste, is a 
principal buffer responsible for maintaining the high pH in response to interactions between the paste and its service 
environment. The kinetics of these environmentally - conditioned reactions are often important. However the present 
approach to kinetics is handicapped by lack of fundamental data.
For example, we lack data on the kinetics of dissolution of portlandite. Portlandite is congruently soluble and its 
dissolution rate and mechanism are reported. Single crystals of portlandite have been grown and their effective surface 
area measured. Dissolution rates are reported into initially pure water as functions of calcium hydroxide 
concentration. The impacts of low concentration of other ions, e.g., chloride, on congruent dissolution kinetics are 
reported.

Originality
The complex events occurring in the course of cement hydration and service have inhibited their quantification. 
Elsewhere in this meeting Matschei and Glasser (2011) describe the between kinetics and thermodynamic equilibrium 
approaches to cement hydration: to relate engineering properties to chemistry and mineralogy, we must characterize 
the initial and final states as well as the reaction pathways. This is the province of kinetics. By making a fresh start, and 
by transferring methodologies from other disciplines, we seek to establish that (i) kinetic processes can be isolated for 
separate study and (ii) the results can be linked to equilibrium studies.

Chief contributions
Developing a quantitative foundation for the kinetics of cement hydration linked to equilibrium and, in due course, 
integrated with computer-based models.

Keywords: Portlandite, dissolution, kinetics
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Abstract 
This paper presents concrete mix design as well as the results of testing of concrete during production of 

precast foundations for wind power turbines which are to be located in the Baltic Sea. From 2002 to 2010 

approximately 120 000 m
3
 of concrete was cast to form 210 foundation blocks. Concrete production and casting 

was performed in Poland and the manufactured concrete blocks were transported to wind farms in Denmark 

and Sweden. Massive reinforced concrete blocks were designed to be laid at the sea bottom about 7.5-12.5 m 

below the water level. For concrete mix design the following exposition classes were assumed: XC4, XF4, XS3 

and XM3 according to EN 206-1. Exposure to exceptionally severe environmental conditions was assumed: 

chemical aggression and mechanical wear by seawater, freezing and thawing in saltwater. Because of the large 

size of blocks the danger of thermally induced cracking of concrete was carefully considered and computer 

simulation of stress build-up was used to select the optimal solution. Concrete mix C45/55 was designed using 

cement CEM III/A 32.5N HSR NA (containing about 60% GGBFS), silica fume, crushed aggregates up to 

32 mm and water-reducing and air-entraining additives. High durability of concrete in the aggressive 

environment was predicted on the basis of microscopic testing of cement hydration products and quantitative 

evaluation of microstructure. The challenging issue was to maintain a stable air void system in concrete during 

the whole production process: air void characteristic was regularly monitored in fresh concrete using AVA and 

in hardened concrete using computer image analysis. Heat of hydration data and monitoring of temperature 

during concrete hardening provided necessary proof of a non-cracked structure. 

 

Originality 

The originality of the presented research, in the area of “sustainable production”, is based on a very low 

clinker factor approach (about 33% of total cementitious material) as well as on the design of a strong and 

highly durable concrete using computer simulations and quantitative microstructural data to support the 

optimal selection of multiple mineral additions and chemical additives. The design approach was effectively 

applied in construction of modern “green” energy production plants. 

 

Chief contributions 

This paper focuses on determining the technical requirements for concrete foundation blocks to be used in the 

construction of wind turbines operated under very aggressive conditions in the Baltic Sea. Furthermore, it was 

shown that such requirements can be met using highly-engineered air-entrained concrete of low clinker factor, 

containing  CEM III/A 32.5N HSR NA cement and an appropriate amount of silica fume. 

 

Keyword
1
s: durability of concrete, air void system in concrete, sustainable production,heat of hydration 
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New Findings of ASR Degradation in Japan 
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Abstract 
 
In Japan, the methodology relating alkali silica reaction (ASR) based on the classic evaluation of alkali reactivity of 
aggregate such as chemical method and old mortar bar test and countermeasures such as upper limit of total alkalis 
less than 3.0 kg/m3 are still used. In order to revise the methodology, it is important to compile the examples of detailed 
analysis of deteriorated concrete structures by ASR in Japan. For this purpose, general geological characteristics of 
Japan are outlined and new examples of ASR are summarized. Then, the reasons why Japan is delayed in the renewal 
of methodology and required things to modify are discussed. 
 
In order to understand the geological situation of Japan that is basic for the understanding what kinds of reactive 
aggregates exist in Japan, general geology is outlined from a view point of ASR risk. Excepting andesite and chert 
those are well-known as reactive aggregates, some other important characters are pointed out: the effect of alternation 
by volcanic activities after Neocene to produce opal and cryptocrystalline quartz in hornfels by contact metamorphism 
and cataclasite by fault systems. 
 
Beside classical ASR by andesite, although rebar breaks by ASR expansion may be new, it is possible to point out the 
important reason for recent serious ASR, i.e. mixture of different type of aggregate. Of course this behavior is well 
known to cause the possibility of compositional pessimum effect. One case was from opaline silica vein in andesite rock 
used as a part of coarse aggregate and the other is the small amount of tuff particles in land sand. Both cases were 
resulted in serious cracks in a few years after construction even total alkali amount was less than 3.0 kg/m3. 
 
Another type of ASR damages is the cryptocrystalline quartz origin. In one concrete structure, pure limestone is used as 
coarse aggregate. However, after several tens years, concrete suffered typical map cracking in the order of millimeters 
width. This serious deterioration was caused by slow expansion of siliceous sand particles from sea sand. Similar 
damages were started to be reported in many places. 
 
Based on these understanding for relatively new examples of ASR in Japan, the reason why Japan is behind compared 
to other advanced nations in the countermeasures of ASR are discussed. Then, the required things for new 
countermeasures in Japan are proposed. 
 
Originality 
Simplified geologic characters of Japan were summarized from a view point of ASR.  Recent examples of ASR damages 
being difficult to suppress by traditional methodology were shown and the reason why this situation was took place was 
discussed. 
 
Chief contributions 
The geological characteristics of Japan from the view point of ASR is reviewed in order to summarize general 
possibility of ASR in Japan. The possibility and new examples of ASR damages in Japan are demonstrated and the 
reason of delayed situation of Japanese methodology for ASR and required actions in future are discussed. 
 
Keywords: ASR, Countermeasure, Late expansion, Pessimum effect, Geological distribution 
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Interactions between chloride ingress and carbonation in cementitious 
materials 

1Saillio M1* 
1 Paris-Est Univ.-Laboratoire Central des Ponts et Chaussées (LCPC) Paris, France 

2 Bouygues Travaux Publics, Pôle Ingéniérie et Matériaux (PIM) Magny les Hameaux, France 
2Barberon F; 1Baroghel-Bouny V 

2Gégout P; 1Platret G; 3d’Espinose de la Caillerie JB 
3Laboratoire PPMD, ESPCI, Paris, France 

Abstract 
Carbonation and chloride attacks are the major causes of reinforced concrete (RC) structure deterioration by 
initiation of steel rebar corrosion. These attacks are usually studied separately in the literature. Chloride-
induced corrosion takes place mainly in marine environment or in the case of contact with deicing salts, while 
carbonation is systematically present in all RC structures at a variable degree. Since carbonation leads to 
significant microstructure changes, the effect of chloride ingress will be different in carbonated and non-
carbonated materials. 
In this paper, combined effects of carbonation and chloride ingress on various physical or chemical properties 
of cementitious materials (OPC alone or with SCM) are studied. For example, carbonation effects have been 
investigated experimentally on the chloride binding isotherm and on apparent chloride diffusion coefficients. 
The materials were carbonated after exposure in natural environment or in accelerated conditions (1.5% CO2). 
Chloride binding isotherms were assessed by the equilibrium method after exposure to alkaline NaCl solutions. 
Apparent chloride diffusion coefficients were assessed from migration tests under an electrical field in non-
steady-state conditions. The microstructure was characterized not only by usual techniques such as XRD and 
TGA-DTA, but also by 29Si and 27Al NMR spectroscopy for a more precise understanding. 

ORIGINALITY 
Chloride migration tests have been carried out on both carbonated (natural and accelerated by 1.5% CO2) and 
non-carbonated materials in order to investigate carbonation effect on chloride ingress. Chloride binding was 
quantified both on hardened cement pastes and concretes by the equilibrium method after exposure to alkaline 
NaCl solutions. 
This study is based on pastes on which the microstructure has been characterized using 29Si and 27Al NMR 
spectroscopy or XRD. Pastes and concretes were designed with different types and amounts of mineral 
admixtures such as slag, fly ash or metakaolin. 
 
CHIEF CONTRIBUTIONS 
The results show that chloride ingress behaves dissimilarly in carbonated materials compared to non-
carbonated ones. Chloride binding in cementitious materials was quantified by the equilibrium method. This 
method differentiates the pastes or the concretes as a function of mineral admixtures, of the curing time and of 
the carbonation of the material. For example, the carbonated CEM III/A paste binds less chloride than the non-
carbonated one. 
Moreover, some differences according to the nature and the rate of mineral additions are presented. The 
microstructure characterized by XRD, TGA-DTA and NMR provides additional information on the differences of 
chloride binding between carbonated materials and non-carbonated ones. The modifications of the equilibrium 
of aluminate phases were shown on the carbonated materials by NMR. In this study, the equilibrium of CEM 
III/A, CEM III/C and CEM I 30%V changed more than the OPC ones. 
Keywords: Chloride, Carbonation, Binding, NMR, Supplementary cementing material. 
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Behaviour of Limestone Cement Concrete in Combined Chloride and Sulfate 
Environment. The Role of Mineral Admixtures 
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Abstract 
In this paper the effect of mineral admixtures on the behaviour of limestone cement concrete, stored in combined 
chloride and sulfate environment, was studied. Concrete specimens of five different compositions were prepared. The 
one of them was made from portland limestone cement (limestone content 15%) and the rest four were prepared, 
substituing a certain amount of cement with natural pozzolana (30%), fly ash (30%), blastfurnace slag (50%) or 
metakaolin (10%), respectively.  After 28 days of curing, the specimens were immersed in five solutions of various 
sulfate and chloride content and stored at 5oC. Visual assessment of the specimens, mass measurements and 
compressive strength tests took place for a period of 24 months. XRD analytical technique was used to identify 
thaumasite in the deteriorated parts of the specimens. All measurements showed that the substitution of limestone 
cement with mineral admixtures leads to a lower degree of concrete deterioration. Specimens’ disintegration was more 
severe, the higher the sulfate content of the corrosive storage solutions was. Chlorides delay the deterioration of the 
limestone cement concrete specimens, while the opposite phenomenon was observed at the specimens with the mineral 
admixtures. The limestone cement concrete with fly ash addition showed the less deterioration. On the contrary, the 
composition with natural pozzolana showed the worst behaviour among the rest compositions with mineral admixtures 
in the corrossive environments. XRD analysis showed the presence of thaumasite at the deteriorated parts of  all 
specimens. 
 
Originality 
In this work, the effect of mineral admixtures on durability of limestone cement concrete exposed to combined chloride 
(Cl-) and sulfate (SO4

2-) environment is studied. It is of great interest to know how the presence of chlorides affects the 
sulfate attack and the formation of thaumasite at low temperature. The available references focus on the interaction 
between sulfate and chloride attack of concretes with ordinary Portland cement at ambient temperatures, were 
ettringite, instead of thaumasite, is the main deterioration product.  
 
Chief contributions 
Limestone is widely used as a filler or as main constituent the last ten years, especially after the standardization of 
portland limestone cements (EN 197-1, 2000). However, concrete made from limestone cement may exhibit a lack of 
durability due to the formation of thaumasite. Considering the numerous technical and economical advantages of 
limestone cement, the ‘‘problem of thaumasite’’ is of great interest. It must also be noted that building constructions 
can be founded in areas near the sea, where groundwater, contaminated with sea water, contains significant amounts of 
chloride and sulfate ions. Thus, it is of great importance to know how the presence of chlorides affects the sulfate attack 
and the formation of thaumasite at low temperature. This paper deals with the effect of chlorides on the formation of 
thaumasite and the durability of portland limestone cement concrete. In addition, the use of mineral admixtures to 
confront the durability problem of limestone cement concrete in sulfate environment is suggested.  
 
Keywords: Limestone cement concrete, Thaumasite, Sulfate, Chloride, Mineral admixtures 
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Comparison between expansion and microstructural changes in sulfate 
resistance tests 
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Abstract
Sulfate attack remains an environmental issue for concrete structure exposed to sulfate bearing ground water. 
The interaction of cementitious materials with sulfate solutions leads to a reaction front within the porous 
material. The consequences are expansion and/or softening. Laboratory tests usually focus on expansion, while 
in the field, softening and spalling of material may be more important. The aim of the study presented here is to 
study the effects of specimen size and solution concentration during laboratory exposure. Mortar prisms were 
made from Portland Cement (PC) in different sizes with a w/c of 0.55. The original surface of mortar prisms 
was removed prior to exposure to solutions (3, 10 and 30g/L of Na2SO4) in order to accelerate the ingress of 
sulfate ions. The linear expansion was measured every 2 weeks accompanied by renewal of the solution. A 
quantitative analysis of sulfate ingress by SEM-mapping was applied to compare to the macroscopic expansion. 
The sulfate ingress depth in PC mortars is not strongly related to the size of prisms or, surprisingly, to the 
concentration of the sulfate solution. Nevertheless, the linear expansion is strongly affected by both size and 
solution concentration. The effect of slag substitution on sulfate resistance is also discussed.  

ORIGINALITY: In this work, a new approach of sulfate resistance testing is proposed on the basis of previous 
work, which used solutions close to realistic conditions. A combination of methods was applied, with the 
intention to understand the mechanism behind expansion and degradation. 

CHIEF CONTRIBUTIONS: New insight into sulfate testing is obtained, which indicates why conventional 
tests do not give a good representation of field conditions. It shows that the deterioration process of PC mortars 
under sulfate attack is strongly related to the size of prisms, as well as the concentration of sulphate solution. 
The sulfate ingress and combination to mortars are evaluated quantitatively by applying SEM-mapping 
methods. The effect of slag substitution on sulfate ingress at early age was also studied. 

Keywords: sulfate attack, SEM-mapping, ingress, mortars, slag 
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Evaluation of low-pH cement degradation in the framework of performance 
assessment of deep geological repositories for nuclear waste storage 

 

1Grandia F∗ 
1Galíndez JM 

1Arcos D 
1Molinero J 

1 Amphos 21 Consulting 
 
 
Abstract 
Backfilling of depositional tunnels in high level nuclear waste geologic repositories is expected to be complicated by 
the inflowing waters from granite rocks in two ways: (1) erosion and transport of backfill material out of the 
depositional tunnel, and (2) expansion due to swelling of clay components of the backfill, making it physically unstable. 
To keep the backfill in place, low-pH concrete plugs are included since they provide physical restraint. The stability of 
concrete plugs, however, is thought to be affected by water-concrete interaction that may lead to cement degradation 
and dissolution. Moreover, alkaline plumes derived from such degradation could jeopardize the chemical stability of 
the clay material in the backfill due to the enhanced dissolution kinetics under high-pH solutions. 
In this study, the cement durability of concrete plugs to be used in the repository is numerically evaluated by 
performing reactive transport simulations based on the geochemical degradation of the cement compounds, mainly 
calcium silicate hydrates (CSH). The implementation of degradation process into the geochemical model is not 
straightforward since CSH alteration shows a strong incongruent dissolution, leading to the release of Ca into 
porewater and to the precipitation of Si-richer CSH. To reproduce this behaviour, a solid solution approach has been 
adopted. Importantly, the numerical model takes into account the dependency of transport properties (e.g., molecular 
diffusion coefficient) with the changes in porosity due to mineral precipitation-dissolution. The selected model domain 
for the reactive transport simulations is one-dimensional and reproduces the contact between the major rock types, i.e., 
the backfill, the concrete plug, and the host granite rock. 
The results from reactive transport simulations predict that the effect of low-pH concrete alteration on the stability of 
backfill materials is low. The main process governing geochemistry in the backfill-concrete boundary is the quick loss 
of porosity due to ettringite precipitation. The very high molar volume of this mineral enhances the rate of clogging. 
The ettringite formation is mainly driven by the high sulphate concentration in the backfill porewater, which in turn is 
controlled by the equilibrium with gypsum in the backfill. The release and diffusion of calcium (from CSH replacement) 
and Al (from Al-bearing phase dissolution) from concrete causes ettringite precipitation at the concrete-backfill 
boundary. The loss of porosity dramatically reduces solute diffusion and, consequently, the backfill-concrete system 
remains almost invariably for hundreds of years. 
 
Originality 
This study provides valuable results in the prediction of durability of concrete material. The use of reactive transport 
models geochemically consistent with the experimental data is not widespread due to the difficulties in their 
implementation. The work presented here is a step forward in the use of reliable models of cement degradation, 
applicable not only in the engineering of high level nuclear waste repositories but also in a more general context of 
cement industry. 
 
Chief contributions 
In this work, the relevant contribution is found in the coupled implementation in a reactive transport model of the 
following points: (1) A solid solution approach to reproduce CSH behaviour during the interaction of concrete with 
granitic waters. This model has been tested and calibrated before its implementation into the model, (2) The treatment 
of CSH phase dissolution and precipitation in a kinetic way. This allows the formation of all stable phases, not only the 
most stable one (as it would result in a thermodynamic model), which is a more realistic approach, and (3) The link 
between changes in porosity and transport properties. 
In addition, it is worth mentioning that the physical features of the concrete considered in the model have previously 
been calculated from the original cement recipe from the manufacturer. Consequently, very important parameters such 
as the composition and porosity of the hydrated cement are not assumed or considered from other works but they are 
simulated. 
 
Keywords: low-pH cement, solid solution, reactive transport modelling, CSH, nuclear waste 
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Durability Design Using Levels of Verification. 
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Abstract 
Durability is provided in present Codes and standards by means of a prescriptive methodology which mainly limits the 
proportions of concrete mix and of the flexural crack widths. As an evolution on this present situation there are several 
proposals based in models to calculate the time taken by the chlorides and the carbonation front to reach the 
reinforcement or the use of test methods in a performance based manner. Additionally the probabilistic calculations 
have been introduced. All these proposals create certain confusion and there is the need to make them coherent. In 
present paper is described the content of an informative report being issued by the standarization committee AENOR 
CT-83/SC10 (Concrete/Durability) in which all the proposals are organized in three categories or levels (from 1 to 3) 
of verification of the durability. Category 1 is the prescriptive method already incorporated in present codes based on 
"deemed-to-satisfy" rules, category 2 is the semi-probabilistic method that can be based in performance tests or in 
model, and category 3 is full probabilistic. Although these categories are already mentioned in the new fib Model Code 
on Service Life design  they do not consider in the framework the performance testing approach and then, in present 
paper a classification including this modern trend is presented. 

Originality 
In previous publications some of the authors have developed the need to classify the different alternatives of durability 
design. Then, the idea to make a multilevel methodology is not new, but the general framework has been updated and it 
has been aligned to the format used for mechanical structural design. The methodology described in present paper, 
differs from the recently expressed in the draft of the fib Model Code on Service life design which classify the 
approaches in four levels, being one of them the “avoidance of corrosion”. 

Chief contributions 
The updating of the general framework for durability design by placing the avoidance of corrosion choice in the first 
steps of the design procedure, and not as an alternative to the other categories. Also in present paper, the performance 
or durability “indicators” are incorporated into the general design framework which is not the case of the fib Model 
Code which does not mention this modern trend. 

Keywords: durability design, verification classes, durability formats.
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Borrachero, M.V. 7 7 July 15:00 4 420
Bosmet, J. 1 4 July 15:30 J.C. 14
Botija, S. 8 8 July 13:05 A 450
Böttcher, M. 8 8 July 13:05 T.V. 455
Bouchelaghem, F. 7 7 July 15:00 4 422
Boudissa, N. 3 6 July 15:00 A 143
Bourbon, X. 8 7 July 15:00 7 487
Bourbon, X. 8 8 July 9:45 A 10:35 2 474
Bourbon, X. 8 8 July 11:00 T.V. 444
Bourbon, X. 8 8 July 11:00 A 440
Boustingorry, P. 3 6 July 17:15 A 161
Bowen, P. 6 7 July 16:15 A 342
Braeu, M. 4 5 July 16:50 J.C. 245
Brahma, A. 6 7 July 15:00 9 361
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Bravo, A. 2 4 July 17:20 T.V. 69
Bravo, A. 4 5 July 16:50 A 255
Brito, J. 2 5 July 15:00 T.V. 78
Brouwers, H.J.H. 1 4 July 10:15 A 11:10 5 34
Brouwers, H.J.H. 7 7 July 16:15 T.V. 384
Brouwers, H.J.H. 7 7 July 16:15 T.V. 386
Brown, T. 3 6 July 15:00 A 149
Brumaud, C. 7 7 July 16:15 T.V. 383
Brunnsteiner, A. 8 8 July 11:00 A 431
Brykov, A. 4 5 July 9:45 A 10:50 6 286
Buehler, M. 6 7 July 16:15 A 335
Bui, D.D. 4 5 July 9:45 A 10:50 10 287
Bullard, J.W. 1 4 July 15:30 J.C. 16
Bumrongjaroen, W. 3 6 July 15:00 A 147
Bundyra-Oracz, G. 4 5 July 15:00 A 221
Burciaga-Díaz, O. 3 6 July 17:15 A 166
Burlion, N. 8 8 July 9:45 A 10:35 1 476
Burlov, I.Y. 2 4 July 17:20 A 59
Burlov, I.Y. 3 7 July 15:00 1 198
Burlov, Y.A. 2 4 July 17:20 A 59
Bustamante, R. 7 7 July 11:45 A 12:50 5 410
Buzzi, L. 3 6 July 15:00 T.V. 152
Bytnar, M. 3 7 July 15:00 2 206

C
Author  Area Date Time Room Poster Time Screen Page
Caballero, E. 1 4 July 17:20 J.C. 19
Cabeza, M. 8 8 July 13:05 T.V. 457
Cabrera- Fuentes, A.B. 3 7 July 15:00 3 212
Caetano, L. 2 5 July 15:00 3 122
Calero Rodríguez, P. 2 7 July 15:00 3 138
Calmon, J.L. 2 5 July 15:00 6 136
Cama, J. 4 6 July 17:15 T.V. 275
Canonico, F. 2 5 July 15:00 T.V. 79
Canonico, F. 3 6 July 15:00 T.V. 153
Canonico, F. 3 6 July 15:00 T.V. 152
Canonico, F. 3 7 July 15:00 2 204
Canonico, F. 7 7 July 16:15 T.V. 381
Canut, M.M. 4 6 July 15:00 J.C. 260
Capelli, A. 1 4 July 15:30 J.C. 18
Capelli, L. 3 6 July 15:00 T.V. 153
Capelli, L. 3 7 July 15:00 2 204
Capone, C. 1 4 July 15:30 J.C. 18
Capote Abreu, J.A. 7 7 July 16:15 T.V. 388
Capra, B. 2 5 July 15:00 T.V. 77
Cara, G. 2 5 July 15:00 5 134
Caratini, G. 8 8 July 13:05 A 454
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Caratini, G. 8 8 July 13:05 T.V. 456
Carballosa de Miguel, P. 7 7 July 15:00 5 427
Carmona-Quiroga, P.M. 4 5 July 15:00 A 217
Carmona-Quiroga, P.M. 5 6 July 9:45 A 10:50 3 318
Carneiro, A. 7 7 July 16:15 J.C. 377
Carrà, S. 8 8 July 13:05 T.V. 458
Carro-López, D. 2 4 July 17:20 T.V. 75
Carvajal-Vinasco, J.F. 2 4 July 15:30 T.V. 57
Casabonne, J.M. 3 6 July 15:00 T.V. 157
Casanova, I. 4 5 July 15:00 J.C. 231
Casati, M.J. 8 7 July 15:00 7 486
Cassat, P. 2 4 July 12:15 A 13:20 7 107
Castellote, M. 2 5 July 15:00 T.V. 81
Castellote, M. 8 8 July 13:05 A 450
Castillo, R. 2 4 July 12:15 A 13:20 1 95
Castillo, R. 2 4 July 12:15 A 13:20 8 96
Castillo Lara, R. 2 5 July 15:00 2 117
Catanescu, E. 3 6 July 12:00 A 13:05 2 189
Cau-Dit-Coumes, C. 4 5 July 15:00 J.C. 229
Cau-Dit-Coumes, C. 3 6 July 12:00 A 13:05 8 193
Cau-Dit-Coumes, C. 3 6 July 15:00 T.V. 156
Cella, F. 4 5 July 16:50 A 255
Cereda, C. 7 7 July 16:15 T.V. 381
Cerro-Prada, E. 6 7 July 15:00 10 364
Cerulli, T. 4 5 July 16:50 A 253
Cerulli, T. 4 5 July 16:50 A 255
Cerulli, T. 8 8 July 13:05 T.V. 458
Chabrelie, A. 8 8 July 9:45 A 10:35 3 469
Chae, S. 4 5 July 15:00 A 223
Chaïd, R. 8 7 July 15:00 6 480
Chancey, R. 3 7 July 15:00 1 201
Chang, J. 2 4 July 17:20 T.V. 70
Chang, J. 2 5 July 15:00 4 127
Chaniotakis, E. 8 7 July 15:00 8 494
Chaouche, M. 7 7 July 15:00 4 422
Chappex, T. 8 8 July 13:05 J.C. 461
Chatterjee, A.K. 2 5 July 15:00 1 113
Chatterjee, A.K. 3 6 July 17:15 A 169
Chatterjee, V.P. 8 7 July 15:00 6 481
Chaturvedi, S.K. 1 4 July 10:15 A 11:10 2 32
Chaturvedi, S.K. 2 4 July 17:20 A 61
Chaves, M.R.M. 4 5 July 9:45 A 11:00 3 288
Chávez-García, M.L. 3 7 July 15:00 3 211
Chen, C.  4 5 July 15:00 9 308
Chen, H. 6 7 July 15:00 10 363
Chen, H.S. 6 7 July 15:00 10 366
Chen, I. 3 6 July 15:00 T.V. 154
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Chen, J.J. 5 6 July 9:45 A 10:50 10 323
Chen, W. 8 8 July 9:45 A 10:35 2 474
Chen, W. 6 7 July 9:45 A 10:40 8 356
Chen, X.T. 8 8 July 13:05 A 454
Cheng, X. 1 5 July 15:00 1 39
Cheng, X. 2 4 July 17:20 T.V. 70
Cherkaoui, K.  7 7 July 16:15 T.V. 387
Cheung, J. 4 5 July 16:50 A 249
Cheung, J. 4 6 July 17:15 T.V. 267
Chinchón, S. 8 7 July 15:00 7 485
Chinchón-Payá, S. 8 7 July 15:00 7 485
Chomat, L. 8 8 July 11:00 A 440
Chotoli, F.C. 2 5 July 16:50 J.C. 85
Chou, K.W. 4 5 July 15:00 A 223
Chou, W. 4 5 July 15:00 9 308
Chowdhury, S. 2 5 July 15:00 1 113
Christensen, P.V. 2 4 July 15:30 T.V. 51
Cienfuegos-Jovellano, A. 8 7 July 15:00 6 479
Cincotto, M.A. 2 5 July 16:50 J.C. 85
Cincotto, M.A. 4 5 July 16:50 J.C. 244
Cincotto, M.A. 7 7 July 11:45 A 12:50 8 416
Cizer, Ö. 4 5 July 16:50 A 247
Cizer, Ö. 7 7 July 11:45 A 12:50 3 409
Cizer, Ö. 8 8 July 11:00 A 436
Clastres, P. 1 4 July 10:15 A 11:10 1 30
Climent, M.A. 8 8 July 11:00 T.V. 442
Climent, M.A. 8 8 July 13:05 T.V. 457
Cockcroft, J. 2 5 July 16:50 J.C. 84
Colás, E. 2 5 July 15:00 5 134
Colàs, E. 4 5 July 15:00 9 311
Colina, A. 2 5 July 15:00 T.V. 78
Collina, A. 2 5 July 15:00 3 123
Collodetti, G. 7 7 July 16:15 T.V. 385
Corcella, C.M. 7 7 July 16:15 T.V. 381
Cordeiro, G.C. 2 4 July 17:20 A 63
Cordeiro, G.C. 4 5 July 9:45 A 11:00 3 288
Cordeiro, G.C. 2 5 July 15:00 5 133
Corona, O. 2 5 July 15:00 T.V. 78
Costa, F. 2 4 July 17:20 A 64
Costa, U. 3 6 July 12:00 A 13:05 4 191
Costa, U. 8 8 July 13:05 J.C. 463
Costoya, M. 4 5 July 9:45 A 10:50 5 280
Courtial, M.  7 7 July 16:15 T.V. 387
Crepy, L. 2 5 July 15:00 2 114
Crespo Álvarez, J. 7 7 July 16:15 T.V. 388
Criado, M. 3 6 July 17:15 J.C. 173
Criado, M. 8 8 July 13:05 A 452
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D
Author  Area Date Time Room Poster Time Screen Page
D’Andrea, R. 8 7 July 15:00 6 479
D’Andrea, R. 8 7 July 15:00 9 497
D’Espinose de Lacaillerie, J.B. 4 5 July 9:45 A 11:00 2 284
D’Espinose de la Caillerie, J.B. 8 7 July 15:00 8 493
Dähn, R. 4 5 July 9:45 A 10:50 2 281
Dal Molin, D.C. 4 5 July 16:50 J.C. 244
Dal Molin, D.C.C. 3 7 July 15:00 4 213
Dal Negro, E. 4 5 July 16:50 A 255
Dalas, F. 7 7 July 11:45 A 12:50 4 411
Dalconi, M.C. 6 7 July 16:15 A 344
Damidot, D. 1 4 July 17:20 J.C. 24
Damidot, D. 3 6 July 15:00 T.V. 156
Damidot, D. 3 7 July 15:00 1 199
Dam-Johansen, K. 2 5 July 15:00 2 118
Damtoft, J.S. 2 4 July 12:15 A 13:20 4 97
Dan, Y. 3 6 July 17:15 A 163
Dangla, P. 2 5 July 15:00 T.V. 77
Danilov, V. 4 5 July 9:45 A 10:50 6 286
Das, S.N. 2 4 July 17:20 A 61
Davy, C.A. 2 4 July 17:20 A 60
Davy, C.A. 8 8 July 9:45 A 10:35 2 474
Davy, C.A. 8 8 July 9:45 A 10:35 1 476
Davy, C.A. 8 8 July 13:05 A 454
De Andres, P.L. 6 7 July 9:45 A 10:40 4 349
De Barros, S.R. 3 7 July 15:00 2 207
De Barros, S. 3 7 July 15:00 2 208
De Belie, N. 2 4 July 17:20 A 67
De Belie, N. 4 6 July 15:00 J.C. 261
De Buysser, K. 2 4 July 17:20 A 67
De la Torre, A.G. 1 4 July 15:30 J.C. 12
De la Torre, A.G. 3 7 July 15:00 1 197
De la Torre, A.G. 8 8 July 11:00 A 433

Author  Area Date Time Room Poster Time Screen Page
Cruciani, G. 6 7 July 16:15 A 344
Cruz, J.M. 4 5 July 15:00 6 297
Cruz-Yusta, M. 2 5 July 15:00 2 115
Cruz-Yusta, M. 2 7 July 15:00 3 138
Cuberos, A.J.M. 1 4 July 15:30 J.C. 12
Cuberos, A.J.M. 3 7 July 15:00 1 197
Cuesta, A. 1 4 July 15:30 J.C. 12
Cuesta, A. 3 7 July 15:00 1 197
Cuñado, M.A. 7 8 July 11:00 J.C. 398
Cygan, G. 2 5 July 15:00 2 119
Cyr, M. 1 4 July 10:15 A 11:10 1 30
Cyr, M. 3 6 July 15:00 A 146
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De Pablo, L. 3 7 July 15:00 3 211
De Rooij, M.R. 4 6 July 17:15 T.V. 270
De Santis, M. 8 8 July 13:05 T.V. 458
De Schepper, M. 2 4 July 17:20 A 67
De Schutter, G. 4 5 July 16:50 A 247
De Schutter, G. 4 6 July 15:00 J.C. 261
De Schutter, G. 7 7 July 11:45 A 12:50 3 409
De Schutter, G. 8 7 July 15:00 6 484
De Schutter, G. 8 8 July 11:00 A 436
De Weerdt, K. 4 5 July 15:00 6 296
De Weerdt, K. 4 5 July 15:00 A 219
Deja, J. 2 4 July 12:15 A 13:30 2 102
Deja, J. 3 6 July 12:00 A 13:15 1 185
Deja, J. 3 7 July 15:00 2 206
Dellys, D. 1 4 July 17:20 J.C. 25
Demis, S. 8 8 July 11:00 T.V. 441
Demo, P. 6 7 July 15:00 9 362
Deng, D. 8 7 July 15:00 6 484
Deng, M. 4 6 July 17:15 T.V. 273
Deschner, F. 4 6 July 15:00 J.C. 257
Desmet, B. 4 5 July 16:50 A 247
Desmet, B. 7 7 July 11:45 A 12:50 3 409
Desmet, B. 8 8 July 11:00 A 436
Devès, O. 7 7 July 16:15 J.C. 372
Díaz-Flores, E. 2 7 July 15:00 3 138
Dienemann, W. 2 4 July 15:30 A 44
Dienemann, W. 4 6 July 15:00 J.C. 264
Dienemann, W. 7 7 July 16:15 T.V. 390
Dietzel, M. 8 8 July 11:00 T.V. 445
Dietzel, M. 8 8 July 13:05 T.V. 455
Dilnesa, B.Z. 4 5 July 9:45 A 10:50 2 281
Dilnesa, B.Z. 5 6 July 9:45 A 10:50 6 319
Diouri, A. 3 7 July 15:00 1 199
Dittrich, S. 4 6 July 15:00 J.C. 257
Divet, L. 8 8 July 11:00 A 438
Dlugosch, F. 3 6 July 17:15 A 170
Dolado, J.S. 4 5 July 9:45 A 10:50 8 282
Dolado, J.S. 4 5 July 15:00 9 309
Domingo, J.L. 2 4 July 12:15 A 13:30 3 109
Dong, G. 2 5 July 16:50 J.C. 88
Dong, J. 4 5 July 15:00 8 306
Dong, R. 3 6 July 17:15 A 165
Dormieux, L. 8 8 July 13:05 T.V. 456
Drabik, M. 8 8 July 11:00 T.V. 446
Draganoaia, C. 2 4 July 17:20 T.V. 72
Draganoaia, C. 2 5 July 16:50 J.C. 87
Drimalas, T. 8 8 July 9:45 A 10:45 1 472
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Droll, K.  2 5 July 15:00 T.V. 79
Drozdz, W. 2 4 July 15:30 A 49
Dubina, E. 4 5 July 16:50 A 250
Dubois, Th. 2 4 July 17:20 A 60
Duchesne, J. 8 7 July 15:00 6 483
Dugonjić-Bilić, F. 3 6 July 17:15 J.C. 176
Dunstetter, F.  7 7 July 16:15 T.V. 387
Durgun, E. 6 7 July 16:15 A 343
Duro, L. 4 5 July 15:00 9 311
Dziuk, D. 2 5 July 15:00 2 119

E
Author  Area Date Time Room Poster Time Screen Page
El Aziz, A. 4 5 July 15:00 9 310
Elakneswaran, Y. 4 5 July 15:00 J.C. 230
Elkhadiri, I. 3 6 July 17:15 A 161
Elsen, J. 2 4 July 12:15 A 13:20 9 101
Elsen, J. 7 7 July 11:45 A 12:50 3 409
Elsen, J. 8 8 July 11:00 A 436
Emmerling, F. 4 6 July 15:00 J.C. 266
Engeln, I. 2 4 July 17:20 J.C. 76
Erdenebat, T. 7 7 July 16:15 J.C. 374
Escadeillas, G. 8 8 July 11:00 T.V. 447
Escalante-García, J.I. 3 6 July 17:15 J.C. 177
Escalante-García, J.I. 3 6 July 17:15 A 166
Esteves, T.C. 8 8 July 9:45 A 10:35 8 467
Estop, E. 4 5 July 15:00 8 302
Etxeberria, M. 2 5 July 15:00 5 131
Eusebio, L. 4 5 July 16:50 A 252
Eychenne-Baron, C. 3 6 July 17:15 A 161

F
Author  Area Date Time Room Poster Time Screen Page
Fairbairn, E.M.R. 2 4 July 17:20 A 63
Fairbairn, E.M.R. 4 5 July 9:45 A 11:00 3 288
Fajardo, S. 8 8 July 13:05 A 452
Famy, C. 3 6 July 15:00 T.V. 155
Fares, G. 7 7 July 16:15 J.C. 380
Farzam, H. 1 4 July 17:20 J.C. 19
Faure, P. 4 5 July 9:45 A 11:00 1 290
Fazzan, J.V. 2 5 July 15:00 3 122
Feldman S.B. 2 5 July 15:00 6 137
Fernández, L. J. 8 8 July 9:45 A 10:35 9 471
Fernández, P. 8 8 July 9:45 A 10:35 9 471
Fernández, R. 2 4 July 12:15 A 13:20 1 95
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Fernández, R. 2 4 July 12:15 A 13:30 1 100
Fernández-Altable, V. 8 8 July 11:00 A 434
Fernández Gómez, J.A. 8 8 July 13:05 T.V. 459
Fernández-Jiménez, A. 5 6 July 9:45 A 10:50 2 317
Fernández-Jiménez, A. 3 6 July 15:00 A 143
Fernández-Jiménez, A. 3 6 July 15:00 A 142
Fernández-Jiménez, A. 3 6 July 15:00 A 144
Fernández-Jiménez, A. 3 7 July 15:00 3 212
Fernández Luco, L. 7 8 July 11:00 J.C. 395
Ferrándiz, V. 2 5 July 16:50 J.C. 86
Ferrari, L. 7 7 July 16:15 J.C. 370
Ferreira, V.M. 2 4 July 17:20 A 66
Ferreira, V.M. 8 8 July 9:45 A 10:35 8 467
Feys, D. 7 7 July 11:45 A 12:50 3 409
Feys, D. 8 8 July 11:00 A 436
Fidjestøl, P. 2 4 July 15:30 A 45
Fioriti, C.F. 2 5 July 15:00 3 121
Fita, I.C. 4 5 July 15:00 6 297
Flakus, S. 7 7 July 11:45 A 12:50 6 405
Flatt, R. 4 5 July 9:45 A 11:00 2 284
Flatt, R.J. 5 6 July 9:45 A 10:50 9 316
Flatt, R.J. 6 7 July 9:45 A 10:40 5 355
Flatt, R.J. 6 7 July 16:15 A 339
Flores, Y.C. 2 5 July 15:00 5 133
Folliard, K.J. 8 8 July 9:45 A 10:45 1 472
Fontana, P. 4 5 July 9:45 A 10:50 9 289
Fortes, G.M. 1 5 July 15:00 1 38
Frías, M. 2 4 July 12:15 A 13:30 1 100
Frías, M. 4 5 July 15:00 T.V. 225
Frías Rojas, M. 7 7 July 15:00 5 427
Friberg Andersen, M. 2 5 July 15:00 2 118
Frignani, A. 3 6 July 17:15 J.C. 173
Frizon, F. 4 5 July 15:00 J.C. 229
Fujiwara, H. 3 6 July 17:15 J.C. 172
Fullea, J. 6 7 July 9:45 A 10:40 4 349
Fullea, J. 8 8 July 13:05 A 451

G
Author  Area Date Time Room Poster Time Screen Page
Gajewski, R. C 8 7 July 15:00 8 491
Galán, I. 4 6 July 17:15 T.V. 267
Galán, I. 8 7 July 15:00 8 490
Gali, S. 4 6 July 17:15 T.V. 275
Galíndez, J.M. 8 7 July 15:00 9 496
Galmarini, S. 6 7 July 16:15 A 342
Gálvez Ruiz, J.C. 4 5 July 15:00 J.C. 233
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Gálvez, J.C. 8 7 July 15:00 7 486
Galle, C. 8 8 July 11:00 A 440
Gallo, A. 8 8 July 13:05 J.C. 463
Gallo, J.B. 1 5 July 15:00 1 38
Gallucci, E. 4 5 July 9:45 A 10:50 5 280
Gallucci, E. 4 5 July 15:00 A 218
Gallucci, E. 5 6 July 9:45 A 10:50 9 316
Gan, G.J. 3 6 July 17:15 A 165
Ganesh, R. 2 4 July 12:15 A 13:20 3 106
Ganguly, P.P. 3 6 July 17:15 A 169
Garbacik, A. 2 4 July 15:30 A 49
Garbacik, A. 1 4 July 17:20 J.C. 22
Garbev, K. 3 6 July 12:00 A 13:05 10 183
Garbev, K. 3 6 July 15:00 T.V. 158
Garbev, K. 3 6 July 15:00 T.V. 159
Garcés, P. 2 5 July 15:00 4 126
García, D. 2 5 July 15:00 5 134
García, E. 2 5 July 16:50 J.C. 86
García, R. 2 4 July 12:15 A 13:30 1 100
García, R. 4 5 July 15:00 T.V. 225
García, T.A. 3 7 July 15:00 3 211
García Calvo, J.L. 7 8 July 11:00 J.C. 395
García Calvo, J.L. 7 8 July 11:00 J.C. 398
García Díaz, I. 1 4 July 17:20 J.C. 20
Garcia-Lodeiro, I. 5 6 July 9:45 A 10:50 2 317
García Pérez, R. 2 5 July 15:00 3 120
García-Sanfélix, S. 2 5 July 15:00 3 125
García-Sanfélix, S. 2 7 July 15:00 3 138
García Soria, M.V. 2 5 July 15:00 2 116
García Soria, M.V. 2 5 July 15:00 3 120
García-Triñanes, P. 3 6 July 12:00 A 13:05 3 187
Garduño Gallo, A. 2 4 July 17:20 T.V. 74
Garrault, S. 4 5 July 15:00 A 220
Garrault, S. 4 5 July 16:50 T.V. 240
Gartner, E. 3 6 July 15:00 T.V. 157
Gasharova, B. 3 6 July 12:00 A 13:05 10 183
Gastaldi, D. 3 6 July 15:00 T.V. 153
Gastaldi, D. 3 7 July 15:00 2 204
Gastaldi, D. 7 7 July 16:15 T.V. 381
Gava, G. 8 8 July 9:45 A 10:35 10 468
Gawlicki, M. 2 5 July 15:00 3 124
Gawlicki, M. 8 7 July 15:00 8 491
Gégout, P. 8 7 July 15:00 8 493
Geiker, M.R. 4 6 July 15:00 J.C. 260

Geiker, M.R. 6 7 July 16:15 A 341

Georgescu, M. 7 7 July 15:00 5 424
Gerarduzzi, M. 2 5 July 15:00 3 123
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Gerlicher, T. 2 4 July 15:30 A 47
Germaneau, B. 2 4 July 12:15 A 13:20 7 107
Ghods, A.S. 7 7 July 15:00 5 426
Giergiczny, Z. 2 4 July 15:30 A 43
Giergiczny, Z. 2 4 July 15:30 A 49
Giergiczny, Z. 2 5 July 15:00 2 119
Gimenez, V. 7 7 July 16:15 J.C. 371
Gineys, N. 1 4 July 17:20 J.C. 24
Giraldo Tores, C. 2 5 July 15:00 4 130
Giraudeau, C. 4 5 July 9:45 A 11:00 2 284
Gitzhofer, F. 2 6 July 17:15 J.C. 91
Glasser, F.P. 5 6 July 9:45 A 11:00 2 315
Glasser, F.P. 5 6 July 9:45 A 10:50 8 326
Glasser, F.P. 8 7 July 15:00 8 490
Gleize, P.J.P. 7 7 July 16:15 T.V. 385
Glinicki, M.A. 8 7 July 15:00 8 491
Gobbo, l. 2 5 July 16:50 J.C. 85
Gobbo, L. 7 7 July 11:45 A 12:50 8 416
Gobbo, L.A. 4 5 July 16:50 J.C. 244
Göbel, M. 4 5 July 16:50 A 246
Goetz-Neunhoeffer, F. 4 5 July 15:00 8 305
Goetz-Neunhoeffer, F. 4 5 July 16:50 J.C. 245
Goetz-Neunhoeffer, F. 4 6 July 15:00 J.C. 257
Goetz-Neunhoeffer, F. 4 6 July 17:15 T.V. 269
Goisis, M. 1 4 July 15:30 J.C. 18
Goisis, M. 4 5 July 16:50 A 252
Gołaszewski, J. 2 5 July 15:00 2 119
Golchin, A. 7 7 July 15:00 5 426
Gołek, Ł. 2 4 July 12:15 A 13:30 2 102
Gołek, Ł. 3 6 July 12:00 A 13:15 1 185
Gołek, Ł. 3 7 July 15:00 2 206
Gomes, K.C. 3 7 July 15:00 2 208
Gómez Zamorano, L. 2 4 July 15:30 T.V. 56
Gómez Zamorano, L.Y. 2 4 July 15:30 A 48
Gómez Zamorano, L.Y. 3 6 July 17:15 J.C. 177
Gonçalves, A. 8 8 July 11:00 A 438
González Fonteboa, B. 2 4 July 17:20 T.V. 75
Goñi, S. 4 5 July 9:45 A 10:50 8 282
Goñi, S. 4 5 July 15:00 9 309
Gosselin, C. 2 5 July 15:00 6 137
Goto, S. 4 5 July 16:50 T.V. 237
Goto, S. 3 6 July 17:15 A 163
Govin, A. 7 7 July 16:15 J.C. 372
Grandia, F. 8 7 July 15:00 9 496
Grivé, M. 2 5 July 15:00 5 134
Grivé, M. 4 5 July 15:00 9 311
Grizzuti, N. 7 7 July 15:00 4 421
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Gronchi, P. 4 5 July 16:50 A 252
Grosseau, P. 7 7 July 16:15 J.C. 372
Grossman, J.C. 6 7 July 16:15 A 343
Grzeszczyk, S. 8 8 July 13:05 J.C. 462
Guerra Romero, M.I. 7 7 July 15:00 5 427
Guerrero, A. 4 5 July 9:45 A 10:50 8 282
Guerrero, A. 4 5 July 15:00 9 309
Guerrero Bustos, A. 4 5 July 15:00 J.C. 233
Guerrini, G.L. 3 6 July 17:15 J.C. 175
Guillon, E. 5 6 July 9:45 A 10:50 10 323
Gunay, S. 4 5 July 15:00 A 220
Guo, X. 3 7 July 15:00 3 209
Gupta, S.K. 8 7 July 15:00 6 481
Gustashaw, K. 3 7 July 15:00 1 201
Gutberlet, T. 4 5 July 16:50 T.V. 236
Gutiérrez, S. 2 4 July 17:20 T.V. 75

H
Author  Area Date Time Room Poster Time Screen Page
Ha, J. 4 5 July 15:00 A 223
Haas, J. 5 6 July 9:45 A 10:50 5 324
Habbaba, A. 7 7 July 11:45 A 12:50 2 407
Habert, G. 2 4 July 15:30 A 50
Haerzschel, R. 4 5 July 15:00 8 305
Haga, K. 4 5 July 15:00 J.C. 230
Han, S. 7 7 July 11:45 A 12:50 7 406
Hanehara, S. 2 4 July 15:30 T.V. 54
Hanehara, S. 7 8 July 11:00 J.C. 396
Hansen, M.R. 4 5 July 15:00 7 299
Hao, C.W. 4 6 July 17:15 T.V. 273
Harbec, D. 2 6 July 17:15 J.C. 91
Harsh, S. 2 4 July 15:30 A 45
Harsh, S. 2 4 July 15:30 A 46
Hartwich, P. 1 4 July 10:15 A 11:10 6 31
Hattel, J. 6 7 July 16:15 A 341
Haurie, L. 4 5 July 15:00 8 302
Hayman, S. 8 8 July 9:45 A 10:45 1 472
He, Y.J. 6 7 July 16:15 A 336
Heinz, D. 2 4 July 15:30 A 47
Heinz, D. 4 5 July 16:50 A 246
Heinz, D. 8 8 July 11:00 A 435
Heinz, H. 6 7 July 9:45 A 10:40 5 355
Heinz, H. 6 7 July 16:15 A 339
Heirman, G. 8 8 July 11:00 A 436
Heirman, G. 7 7 July 11:45 A 12:50 3 409
Herfort, D. 2 4 July 12:15 A 13:20 4 97
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Herfort, D. 2 4 July 15:30 T.V. 51
Herfort, D. 1 4 July 15:30 J.C. 13
Herfort, D. 3 6 July 15:00 A 141
Hergeth, W.D. 4 5 July 15:00 8 305
Hernández, M.S. 4 5 July 9:45 A 10:50 8 282
Hernández, M.S. 4 5 July 15:00 9 309
Hernández Olivares, F. 7 7 July 11:45 A 12:50 5 410
Hernández Serrano, J. 7 7 July 11:45 A 12:50 3 409
Herrmann, J. 7 7 July 16:15 J.C. 376
Herve, S. 7 8 July 11:00 J.C. 400
Hesse, C. 4 6 July 17:15 T.V. 269
Hilbig, H. 2 4 July 15:30 A 47
Hilbig, H. 4 5 July 16:50 T.V. 236
Hilbig, H. 8 8 July 11:00 A 435
Hirano, M. 2 4 July 17:20 T.V. 68
Hirano, M. 4 5 July 9:45 A 10:50 3 291
Hirano, M.  5 6 July 9:45 A 11:00 1 328
Hirao, H. 4 6 July 17:15 T.V. 268
Hiraoki, T. 4 5 July 16:50 T.V. 237
Hirono, S. 8 7 July 15:00 8 492
Hjuler, K. 2 5 July 15:00 2 118
Höllen, D. 8 8 July 11:00 T.V. 445
Höllen, D. 8 8 July 13:05 T.V. 455
Hooton, R.D. 4 6 July 15:00 J.C. 262
Hori, A. 3 6 July 15:00 T.V. 160
Hošková, Š. 6 7 July 15:00 9 362
Hošková, Š. 5 7 July 15:00 3 331
Hosokawa, Y. 5 6 July 9:45 A 10:50 4 327
Hosokawa, Y. 8 8 July 11:00 T.V. 443
Hotza, D. 7 7 July 16:15 T.V. 385
Howind, T. 4 5 July 9:45 A 10:50 8 282
Howind, T. 4 5 July 15:00 9 309
Hu, S. 3 6 July 15:00 A 150
Huang, H. 6 7 July 15:00 10 365
Huesca, J.A. 2 5 July 16:50 J.C. 86
Hughes, J.J. 4 5 July 15:00 9 309
Hurtado, A. 2 5 July 15:00 T.V. 78
Hüsken, G. 7 7 July 16:15 T.V. 386

I
Author  Area Date Time Room Poster Time Screen Page
Idir, R. 3 6 July 15:00 A 146
Idrissi, M. 3 7 July 15:00 1 199
Ilyas Sh., M. 7 7 July 16:15 J.C. 379
Illerup, J.B. 2 5 July 15:00 2 118
Inman, D. 2 5 July 16:50 J.C. 84
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Inokawa, H. 8 8 July 11:00 A 432
Inokuchi, K. 4 5 July 15:00 8 301
Iñiguez Sánchez, C.A. 2 4 July 15:30 A 48
Ioni, G.P. 8 8 July 13:05 J.C. 463
Irassar, E.F. 2 4 July 15:30 T.V. 52
Irassar, E.F. 8 8 July 11:00 A 437
Isaksson, R. 1 4 July 17:20 J.C. 26
Iwasa, A. 4 5 July 15:00 J.C. 230
Iwata, M. 3 6 July 17:15 J.C. 172
Iyoda, T. 4 5 July 15:00 8 301

J
Author  Area Date Time Room Poster Time Screen Page
Jain, J. 8 7 July 15:00 7 488
Jakobsen, H.J. 1 4 July 15:30 J.C. 13
Janotka, I. 8 8 July 9:45 A 10:35 4 473
Jansang, B. 6 7 July 16:15 A 337
Jansen, D. 4 5 July 15:00 8 305
Janusz, A. 8 7 July 15:00 7 488
Jasiczak, J. 7 7 July 11:45 A 12:50 9 415
Jauberthie, R. 8 7 July 15:00 6 480
Jevtic, D. 2 5 July 15:00 4 128
Ji, Q. 6 7 July 9:45 A 10:40 9 352
Jiang, H. 1 4 July 10:15 A 11:10 8 32
Johannesson, B. 5 6 July 9:45 A 10:50 4 327
Johansson, N. 1 4 July 17:20 J.C. 26
Johansson, S.E. 1 4 July 17:20 J.C. 26
John, V.M. 4 6 July 17:15 T.V. 272
Joly, N. 2 5 July 15:00 2 114
Jozwiak-Niedzwiedzka, D. 8 7 July 15:00 7 488
Juan Valdés, A. 7 7 July 15:00 5 427
Juenger, M. 3 6 July 15:00 T.V. 154
Juenger, M. 3 7 July 15:00 1 201
Juilland, P. 5 6 July 9:45 A 10:50 9 316
Justnes, H. 2 4 July 15:30 A 45
Justnes, H. 4 5 July 15:00 A 219
Justnes, H. 4 5 July 15:00 A 222
Justnes, H. 4 5 July 15:00 6 296

K
Author  Area Date Time Room Poster Time Screen Page
Kaci, A. 7 7 July 15:00 4 422
Kacimi, L. 1 4 July 10:15 A 11:10 1 30
Kagami, K. 4 5 July 16:50 T.V. 238
Kakali, G. 3 6 July 17:15 A 164
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Kakali, G. 3 7 July 15:00 1 202
Kakali, G. 3 7 July 15:00 2 205
Kakali, G. 8 8 July 11:00 A 439
Kakinuma, Y. 3 6 July 17:15 J.C. 171
Kamseu, E. 3 6 July 17:15 J.C. 178
Kandeel, A.M. 3 7 July 15:00 3 210
Karagiannis, J. 8 8 July 9:45 A 10:35 7 470
Kaufmann, J. 7 7 July 16:15 J.C. 370
Keiding, K. 2 4 July 15:30 T.V. 51
Khachani, N. 3 7 July 15:00 1 199
Khaliullin, M.I. 3 7 July 15:00 2 203
Khan, M.I. 7 7 July 16:15 J.C. 380
Khasanov, O. 4 5 July 15:00 8 304
Khater, H.M. 4 5 July 15:00 7 300
Khelidj, A. 7 7 July 16:15 T.V. 387
Khelil, N. 3 6 July 15:00 A 146
Kheribet, R. 7 7 July 16:15 J.C. 378
Kirchheim, A.P. 2 5 July 16:50 J.C. 89
Kirchheim, A.P. 4 5 July 16:50 J.C. 244
Klammer, D. 8 8 July 11:00 T.V. 445
Klammer, D. 8 8 July 11:00 A 431
Klammer, D. 8 8 July 13:05 T.V. 455
Kocaba, V. 4 6 July 15:00 J.C. 259
Köhler, S. 8 8 July 11:00 T.V. 445
Köhler, S. 8 8 July 13:05 T.V. 455
Koibuchi, K. 2 4 July 15:30 T.V. 54
Koibuchi, K. 7 8 July 11:00 J.C. 396
Koizumi, K. 4 5 July 16:50 T.V. 238
Koizumi, K. 7 7 July 15:00 5 425
Kołodziej, Ł. 2 4 July 12:15 A 13:30 2 102
Kołodziej, Ł. 3 7 July 15:00 2 206
Komljenovic, M. 3 6 July 17:15 A 168
Koski, P. 1 4 July 17:20 J.C. 26
Kotwica, L. 4 5 July 15:00 J.C. 227
Kouassi, S.S. 3 6 July 17:15 J.C. 179
Kouznetsova, T.V. 3 7 July 15:00 1 198
Kowald, T.L. 4 5 July 15:00 7 299
Kraus, M. 7 7 July 11:45 A 12:50 1 412
Krivoborodov, Y.R. 2 4 July 17:20 A 59
Krivoborodov, Y.R. 3 7 July 15:00 1 198
Križma, M. 8 8 July 9:45 A 10:35 4 473
Król, M. 2 4 July 17:20 T.V. 71
Kubsky, S. 3 6 July 15:00 A 147
Kucz, M. 7 7 July 11:45 A 12:50 9 415
Kuchya, M. 2 5 July 15:00 1 113
Kuehne, H.C. 1 4 July 10:15 A 11:10 5 34
Kuehne, H.C. 7 7 July 16:15 T.V. 384
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Kuga, R. 4 6 July 17:15 T.V. 268
Kumar, A. 4 5 July 9:45 A 10:50 1 279
Kumar, N. 2 5 July 15:00 1 113
Kumar, S. 2 4 July 12:15 A 13:30 4 104
Kumaran, G.S. 1 4 July 10:15 A 11:10 5 34
Kunther, W. 5 6 July 9:45 A 10:50 7 325
Kurdowski, W. 4 5 July 15:00 A 221
Kurdowski, W. 8 8 July 13:05 J.C. 462
Kurokawa, D. 3 6 July 17:15 J.C. 171
Kurumisawa, K. 4 5 July 15:00 J.C. 230
Kurumisawa, K. 6 7 July 16:15 A 345

L
Author  Area Date Time Room Poster Time Screen Page
La Iglesia, A. 8 8 July 13:05 A 452
Labrincha, J.A. 2 4 July 17:20 A 66
Labrincha, J.A. 8 8 July 9:45 A 10:35 8 467
Laldji, S. 2 5 July 15:00 5 132
Lampronti, G. 8 8 July 13:05 A 453
Lancellotti, I. 2 4 July 15:30 T.V. 55
Lancellotti, I. 2 5 July 16:50 J.C. 90
Lancellotti, I. 3 6 July 17:15 J.C. 178
Lange, D.A. 6 7 July 16:15 A 336
Larreur-Cayol, S. 8 8 July 11:00 T.V. 447
Łaskawiec, K. 3 6 July 12:00 A 13:05 7 186
Le Bescop, P. 3 6 July 15:00 T.V. 156
Le Bescop, P. 8 8 July 11:00 A 440
Le Saout, G. 4 5 July 16:50 T.V. 234
Le Saout, G. 5 6 July 9:45 A 10:50 6 319
Le Saout, G. 3 6 July 15:00 T.V. 155
Le Saout, G. 3 6 July 17:15 A 162
Le Saoût, G. 8 8 July 11:00 A 434
Le Troedec, M. 2 5 July 15:00 T.V. 82
Leal, A.F. 7 8 July 11:00 J.C. 401
Lehmann, C. 4 5 July 9:45 A 10:50 9 289
Leis, A. 8 8 July 11:00 T.V. 445
Leis, A. 8 8 July 13:05 T.V. 455
Lencioni, J.W. 7 7 July 11:45 A 12:50 10 413
Leonelli, C. 3 6 July 17:15 J.C. 178
Leroux, F. 4 5 July 15:00 J.C. 229
Lesage, K. 4 5 July 16:50 A 247
Lesti, M. 3 6 July 17:15 J.C. 176
Lezzi, G. 7 7 July 15:00 4 421
Li, J.X. 4 5 July 15:00 9 312
Li, X. 1 4 July 10:15 A 11:10 8 32
Li, Y. 6 7 July 9:45 A 10:40 8 356
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Liberato, C.C. 8 8 July 11:00 T.V. 449
Lima, M. 7 7 July 11:45 A 12:50 10 413
Lima, S.P.B. 4 5 July 9:45 A 11:00 3 288
Lin, W. 2 5 July 15:00 2 118
Lipus, K. 7 7 July 16:15 T.V. 391
Liu, C. 1 5 July 15:00 1 39
Liu, K.W. 4 6 July 17:15 T.V. 273
Liu, M. 1 4 July 15:30 J.C. 17
Livingston, R. 4 5 July 16:50 T.V. 242
Livingston, R. 3 6 July 15:00 A 147
Livingston, R. 4 6 July 17:15 T.V. 267
Lizarraga, S. 1 4 July 17:20 J.C. 21
Lloris Cormano, J.M. 2 7 July 15:00 3 138
Lo Presti, A. 4 5 July 16:50 A 253
Lo Presti, A. 8 8 July 13:05 T.V. 458
Łój, G. 4 5 July 16:50 T.V. 235
López, J. 7 7 July 16:15 J.C. 371
López, J.C. 8 7 July 15:00 6 479
López-Buendía, A. 2 5 July 15:00 3 125
López Sánchez, P. 8 8 July 13:05 T.V. 459
López-Tendero, M.J. 2 5 July 15:00 3 125
López-Tendero, M.J. 2 7 July 15:00 3 138
Lothenbach, B. 2 4 July 15:30 A 48
Lothenbach, B. 4 5 July 9:45 A 10:50 2 281
Lothenbach, B. 4 5 July 15:00 A 219
Lothenbach, B. 5 6 July 9:45 A 10:50 6 319
Lothenbach, B. 5 6 July 9:45 A 10:50 7 325
Lothenbach, B. 3 6 July 12:00 A 13:05 5 192
Lothenbach, B. 3 6 July 15:00 T.V. 155
Lothenbach, B. 4 6 July 15:00 J.C. 257
Lothenbach, B. 4 6 July 17:15 T.V. 275
Lothenbach, B. 3 6 July 17:15 A 162
Lourenço, R.R. 1 5 July 15:00 1 38
Lozano-Vargas, J. 2 4 July 15:30 T.V. 56
Lu, L. 3 7 July 15:00 3 209
Ludwig, H.M. 7 7 July 11:45 A 12:50 1 412
Ludwig, H.M. 7 8 July 11:00 J.C. 394
Luke, K. 4 6 July 15:00 J.C. 263
Luke, K. 4 6 July 17:15 T.V. 276
Lushnikova, A. 4 5 July 15:00 8 304
Lutskin, E. 6 7 July 15:00 9 359
Lv, Z. 6 7 July 15:00 10 363
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M
Author  Area Date Time Room Poster Time Screen Page
M’Jahad, S. 8 8 July 9:45 A 10:35 2 474
Ma, Y. 3 6 July 15:00 A 148
Macphee, D.E. 2 4 July 12:15 A 13:20 2 99
Macphee, D.E. 5 6 July 9:45 A 10:50 2 317
Magarotto, R. 4 5 July 16:50 A 248
Magarotto, R. 7 7 July 11:45 A 12:50 6 405
Magarotto, R. 7 7 July 16:15 J.C. 371
Magarotto, R. 7 7 July 16:15 J.C. 373
Magdy, A. 4 5 July 15:00 9 310
Magistri, M. 2 4 July 17:20 T.V. 69
Magistri, M. 4 5 July 16:50 A 253
Makar, J. 4 5 July 16:50 T.V. 239
Makar, J.M. 4 6 July 17:15 T.V. 276
Małolepszy, J. 4 5 July 15:00 J.C. 227
Małolepszy, J. 3 6 July 12:00 A 13:05 7 186
Maltese, C. 4 5 July 16:50 A 255
Mancino, J. 8 8 July 9:45 A 10:35 10 468
Mancio, M. 2 5 July 16:50 J.C. 89
Manganelli, G. 4 5 July 16:50 A 252
Mangialardi, T. 8 8 July 13:05 J.C. 463
Mantellato, S. 4 5 July 16:50 A 248
Manzano, H. 6 7 July 9:45 A 10:40 6 350
Manzano, H. 6 7 July 16:15 A 335
Manzano, H. 6 7 July 16:15 A 343
Manzi, S. 2 4 July 17:20 A 65
Manzoli Junior, W. 2 4 July 12:15 A 13:20 5 98
Marchi, M. 3 6 July 12:00 A 13:05 4 191
Mari, M. 2 4 July 12:15 A 13:30 3 109
Maries, A. 2 5 July 16:50 J.C. 84
Marinescu, M. 1 4 July 10:15 A 11:10 5 34
Marinho, J.H.D. 2 4 July 12:15 A 13:20 5 98
Maritan, L. 8 8 July 13:05 A 453
Marjanovic, N. 3 6 July 17:15 A 168
Mármol, I. 2 5 July 15:00 2 115
Márquez Martínez, G. 2 5 July 15:00 3 120
Marroccoli, M. 3 6 July 15:00 T.V. 151
Martauz, P. 7 7 July 15:00 4 419
Martín del Río, J.J. 2 5 July 15:00 2 116
Martín Pastor M. 4 5 July 16:50 T.V. 243
Martin, P. 2 5 July 15:00 2 114
Martínez Londoño, E. 2 4 July 12:15 A 13:20 6 105
Martínez-Ramírez, S. 4 5 July 15:00 A 217
Martínez-Ramírez, S. 4 5 July 16:50 T.V. 243
Martínez-Ramírez, S. 5 6 July 9:45 A 10:50 3 318
Martínez-Ramírez, S. 8 8 July 11:00 A 433
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Martínez-Ramírez, S. 8 8 July 9:45 A 10:35 9 471
Martirena, J.F. 2 4 July 12:15 A 13:20 8 96
Martirena, J.F. 2 4 July 12:15 A 13:20 1 95
Martirena Hernández, J.F. 2 5 July 15:00 2 117
Maruoka, M. 3 6 July 17:15 J.C. 172
Maruya, E. 7 8 July 11:00 J.C. 397
Maruyama, I. 4 6 July 17:15 T.V. 274
Masoero, E. 6 7 July 9:45 A 10:40 7 351
Masuero, A.B. 2 5 July 16:50 J.C. 89
Masuero, A.B. 3 7 July 15:00 4 213
Matos, L. 8 8 July 11:00 A 438
Matres, M.V. 8 8 July 13:05 A 452
Matschei, T. 5 6 July 9:45 A 11:00 2 315
Mavilia, L. 2 4 July 12:15 A 13:30 5 108
Mayayo, J.I. 2 7 July 15:00 3 138
Mazzoli, C. 2 5 July 15:00 3 123
Mazzoli, C. 8 8 July 13:05 A 453
Medhe, M. 2 5 July 15:00 1 113
Medina Martínez, C. 7 7 July 15:00 5 427
Mehrez, K. 3 7 July 15:00 1 199
Meier, R. 4 5 July 16:50 T.V. 241
Meira, G.R. 8 8 July 9:45 A 10:35 6 475
Melges, J.L. 2 4 July 12:15 A 13:20 5 98
Melges, J.L. 2 5 July 15:00 3 121
Melges, J.L. 2 5 July 15:00 3 122
Melghit, K. 2 4 July 12:15 A 13:20 3 106
Mellado, A. 2 5 July 15:00 4 126
Mendoza Reales, O. 2 5 July 15:00 4 130
Menéndez, E. 2 4 July 15:30 T.V. 58
Meng, B. 4 5 July 9:45 A 10:50 9 289
Meng, B. 4 6 July 15:00 J.C. 266
Meng, B. 7 7 July 16:15 T.V. 384
Menzel, K. 1 4 July 17:20 J.C. 23
Mertens, G. 2 4 July 12:15 A 13:20 9 101
Mesbah, A. 4 5 July 15:00 J.C. 229
Michaud, P. 2 5 July 15:00 T.V. 82
Migheli, A. 8 8 July 13:05 J.C. 463
Mikanovic, N. 2 5 July 15:00 5 132
Milicic, L.J. 2 5 July 15:00 4 128
Millán, J.M. 8 7 July 15:00 6 479
Minato, D. 4 5 July 16:50 T.V. 237
Minoia, A. 8 8 July 13:05 J.C. 463
Mishra, A. 2 4 July 12:15 A 13:30 4 104
Mishra, R.K. 6 7 July 9:45 A 10:40 5 355
Mishra, R.K. 6 7 July 16:15 A 339
Misumi, H. 7 8 July 11:00 J.C. 397
Mitrovic, A. 2 5 July 15:00 4 128
Mittermayr, F. 8 8 July 11:00 A 431
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Mittermayr, F. 8 8 July 11:00 T.V. 445
Mittermayr, F. 8 8 July 13:05 T.V. 455
Miyagawa, T. 8 7 July 15:00 8 492
Mo, L.W. 4 6 July 17:15 T.V. 273
Modolo, R. 2 4 July 17:20 A 66
Mokeev, M. 4 5 July 9:45 A 10:50 6 286
Molero, M. 8 7 July 15:00 7 486
Molina-Bas, O.I. 4 5 July 15:00 J.C. 233
Molina-Bas, O.I. 7 7 July 11:45 A 13:00 2 408
Molinero, J. 8 7 July 15:00 9 496
Monasterio, P. 6 7 July 9:45 A 10:40 7 351
Monteiro, P.J.M. 4 5 July 15:00 A 223
Monteiro, P.J.M. 4 5 July 16:50 J.C. 244
Monticelli, C. 3 6 July 17:15 J.C. 173
Montini, M. 1 5 July 15:00 1 38
Monzó, J. 2 5 July 15:00 4 126
Moragues Terrades, A. 4 5 July 15:00 J.C. 233
Moragues Terrades, A. 8 7 July 15:00 7 489
Moragues Terrades, A. 8 8 July 13:05 T.V. 459
Morales, J. 2 5 July 15:00 2 115
Morales, L.M. 8 8 July 9:45 A 10:35 9 471
Morales Rendón, J.G. 2 4 July 12:15 A 13:20 6 105
Morán del Pozo, J.M. 7 7 July 15:00 5 427
Moratti, F. 4 5 July 16:50 A 248
Moratti, F. 7 7 July 11:45 A 12:50 6 405
Morillo, D. 2 5 July 15:00 5 134
Morin, V. 3 6 July 15:00 T.V. 157
Morioka, M. 3 6 July 15:00 T.V. 160
Morioka, M. 8 8 July 11:00 T.V. 448
Mortazavi, S.J. 7 7 July 15:00 5 426
Möser, B. 5 6 July 9:45 A 10:50 1 320
Mosquet, M. 7 7 July 11:45 A 12:50 4 411
Motta, R.S.F. 7 7 July 16:15 T.V. 389
Moudilou, E. 2 4 July 12:15 A 13:20 7 107
Moudrakovski, I. 4 5 July 16:50 T.V. 239
Mounanga, P. 7 7 July 16:15 T.V. 387
Mouret, M. 7 7 July 16:15 J.C. 377
Mozgawa, W. 2 4 July 17:20 T.V. 71
Mróz, R. 2 5 July 15:00 3 124
Msinjili, N.S. 1 4 July 10:15 A 11:10 5 33
Mueller, U. 4 6 July 15:00 J.C. 266
Müllauer, W. 8 8 July 11:00 A 435
Müller, C.J. 3 6 July 15:00 T.V. 155
Muller, I. 3 6 July 15:00 A 147
Müller, U. 4 5 July 9:45 A 10:50 9 289
Müller, U. 8 8 July 9:45 A 10:35 3 469
Müller,T. 4 5 July 15:00 7 299
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Mullick, A.K. 2 4 July 15:30 A 45
Murakami, M. 2 4 July 17:20 T.V. 68
Murakami, M.  4 5 July 9:45 A 10:50 3 291
Myers, R.J. 3 6 July 15:00 A 145

N
Author  Area Date Time Room Poster Time Screen Page
Nadal, M. 2 4 July 12:15 A 13:30 3 109
Naito, M. 7 8 July 11:00 J.C. 398
Nanda, S. 2 4 July 17:20 A 61
Nastac, D. 2 5 July 16:50 J.C. 87
Nawa, T. 4 5 July 15:00 J.C. 230
Nawa, T. 4 5 July 16:50 T.V. 237
Nawa, T. 6 7 July 16:15 A 345
Nelcy, D.S.M. 7 7 July 16:15 T.V. 389
Nemes, N.M. 4 5 July 16:50 T.V. 242
Neubauer, J. 4 5 July 15:00 8 305
Neubauer, J. 4 5 July 16:50 J.C. 245
Neubauer, J. 4 6 July 15:00 J.C. 257
Neubauer, J. 4 6 July 17:15 T.V. 269
Neumann, D.A. 4 5 July 16:50 T.V. 242
Ng, S. 4 5 July 16:50 A 251
Nguyen, V.T. 4 5 July 9:45 A 10:50 10 287
Nguyen, V.T. 4 6 July 15:00 J.C. 256
Nguyen, V.T. 6 7 July 9:45 A 10:40 10 353
Nicoleau, L. 4 5 July 16:50 T.V. 240
Nikolic, V. 3 6 July 17:15 A 168
Nikolopoulou, E. 8 7 July 15:00 8 494
Nilsson, L.O. 5 6 July 9:45 A 10:50 4 327
Nito, N. 2 4 July 15:30 T.V. 54
Nito, N. 7 8 July 11:00 J.C. 396
Nobre, T.R.S. 3 7 July 15:00 4 213
Nocuń-Wczelik, W. 2 4 July 17:20 T.V. 71
Nocuń-Wczelik, W. 4 5 July 16:50 T.V. 235
Noirfontaine, M.N.de 7 7 July 16:15 T.V. 387
Nomura, H. 8 8 July 11:00 A 432
Nonat, A. 4 5 July 9:45 A 11:00 2 284
Nonat, A. 4 5 July 15:00 A 220
Nonat, A. 4 5 July 16:50 T.V. 240
Nonat, A. 5 6 July 9:45 A 10:50 5 324
Nonat, A. 3 6 July 12:00 A 13:05 8 193
Nonat, A. 7 7 July 11:45 A 12:50 4 411
Nóvoa, X.R. 8 8 July 13:05 T.V. 457
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Pace, M.L. 3 6 July 15:00 T.V. 151
Pace, M.L. 3 6 July 15:00 T.V. 153
Paceagiu, J. 2 4 July 17:20 T.V. 72
Paceagiu, J. 2 5 July 16:50 J.C. 87
Pádua, P.G.L. 2 4 July 17:20 A 62
Paiva, O.A. 4 5 July 9:45 A 11:00 3 288
Palacios, M. 4 5 July 9:45 A 10:50 8 282
Palacios, M. 4 5 July 15:00 9 309
Palacios, M. 3 6 July 17:15 A 161
Palacios, M. 7 7 July 16:15 T.V. 382
Palomo, A. 5 6 July 9:45 A 10:50 2 317
Palomo, A. 3 6 July 15:00 A 142
Palomo, A. 3 6 July 15:00 A 143
Palomo, A. 3 6 July 15:00 A 144
Palomo, A. 3 7 July 15:00 3 212
Palomo, J.G. 1 4 July 17:20 J.C. 20
Pan, Z. 1 4 July 10:15 A 11:10 8 31
Panagiotopoulou, C. 3 6 July 17:15 A 164
Panagiotopoulou, C. 3 7 July 15:00 1 202
Panagiotopoulou, C. 3 7 July 15:00 2 205
Pandey, S.P. 2 5 July 15:00 1 113

O
Author  Area Date Time Room Poster Time Screen Page
Ochoa Botero, J.C. 2 4 July 15:30 T.V. 57
Ohya, J. 5 6 July 9:45 A 11:00 1 328
Olek, J. 8 7 July 15:00 7 488
Olesen, J.F. 6 7 July 16:15 A 340
Oliveira, I. 8 7 July 15:00 7 485
Oliveira, J.R. 2 5 July 15:00 6 136
Ordóñez-Belloc, L.M. 2 5 July 15:00 3 125
Ordoñez-Belloc, L.M. 3 6 July 17:15 A 167
Orta Cuevas, M.M. 2 5 July 15:00 3 120
Ortega Álvarez, J.M. 8 8 July 11:00 T.V. 442
Ortega, J.M. 8 8 July 13:05 T.V. 457
Osacký, M. 8 8 July 9:45 A 10:35 4 473
Österle, W. 4 5 July 9:45 A 10:50 9 289
Østnor, T. 4 5 July 15:00 6 296
Ostrowski, M. 1 4 July 17:20 J.C. 22
Otsuka, Y. 3 6 July 17:15 A 163
Oueslati, O. 8 7 July 15:00 6 483
Oyamada, T. 2 4 July 15:30 T.V. 54
Oyamada, T. 7 8 July 11:00 J.C. 396
Oymael, S. 2 5 July 15:00 4 129
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Panne, U. 4 6 July 15:00 J.C. 266
Paolini, A.E. 8 8 July 13:05 J.C. 463
Papadakis, V.G. 8 8 July 11:00 T.V. 441
Pardo, P. 2 4 July 15:30 T.V. 51
Parisatto, M. 2 5 July 15:00 3 123
Parisatto, M. 6 7 July 16:15 A 344
Parker, S.C. 6 7 July 16:15 A 342
Pasquier, M. 1 4 July 15:30 J.C. 14
Pasturel, A. 6 7 July 16:15 A 338
Pathi, S.K. 2 5 July 15:00 2 118
Patural, L. 7 7 July 16:15 J.C. 372
Pavlou, K. 8 7 July 15:00 8 494
Pavoine, A. 8 8 July 11:00 A 438
Payá, J. 2 4 July 12:15 A 13:20 5 98
Payá, J. 2 5 July 15:00 4 126
Paya, J. 2 5 July 15:00 3 121
Payá, J. 2 5 July 15:00 3 122
Payá, J. 4 5 July 15:00 6 297
Payá, J. 7 7 July 15:00 4 420
Pelucchi, M. 3 7 July 15:00 2 204
Pellay, R. 2 5 July 15:00 3 123
Pellenq, R. 4 5 July 15:00 A 224
Pellenq, R. 6 7 July 9:45 A 10:40 7 351
Pellenq, R. 6 7 July 9:45 A 10:40 9 352
Pellenq, R. 6 7 July 9:45 A 10:40 6 350
Pellenq, R. 6 7 July 16:15 A 335
Pellenq, R.J.M. 6 7 July 16:15 A 343
Pellerej, D. 2 5 July 15:00 T.V. 79
Pellerin, B. 3 6 July 17:15 A 161
Pelletier-Chaignat, L. 3 6 July 15:00 T.V. 155
Pereiro, G. 3 6 July 12:00 A 13:05 3 187
Perera, Y. 2 5 July 15:00 T.V. 78
Pérez, G. 2 5 July 15:00 5 134
Perraki, M. 3 6 July 17:15 A 164
Perraki, T. 3 6 July 17:15 A 164
Pervushin, G. 4 5 July 15:00 8 304
Peteja, M. 8 8 July 11:00 T.V. 446
Peters, S. 7 7 July 11:45 A 12:50 1 412
Peters, S. 7 8 July 11:00 J.C. 394
Peterson, V.K. 5 6 July 9:45 A 11:00 3 321
Petit, J.Y. 2 5 July 15:00 2 114
Petrova, T. 2 5 July 15:00 5 135
Petterson, S. 7 8 July 11:00 J.C. 398
Peyratout, C. 2 5 July 15:00 T.V. 82
Phan, V.T. 7 7 July 15:00 4 422
Photiadis, G. 2 5 July 16:50 J.C. 84
Pichór, W. 2 4 July 17:20 T.V. 71
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Piechówka, M. 2 4 July 15:30 A 43
Pileggi, R.G. 4 6 July 17:15 T.V. 272
Pileggi, R.G. 8 8 July 11:00 T.V. 449
Pisch, A. 6 7 July 16:15 A 338
Pistolesi, C. 4 5 July 16:50 A 255
Plank, J. 4 5 July 16:50 A 251
Plank, J. 4 5 July 16:50 A 250
Plank, J. 3 6 July 17:15 J.C. 176
Plank, J. 7 7 July 11:45 A 12:50 2 407
Plank, J. 7 7 July 15:00 5 428
Plank, J. 7 7 July 16:15 J.C. 370
Platret, G. 8 7 July 15:00 8 493
Pochard, I. 5 6 July 9:45 A 10:50 5 324
Pochard, I. 3 6 July 12:00 A 13:05 8 193
Poinot, T. 3 6 July 15:00 A 146
Pöllmann, H. 2 5 July 15:00 T.V. 83
Pöllmann, H. 4 5 July 16:50 T.V. 241
Pöllmann, H. 3 6 July 12:00 A 13:05 9 184
Pöllmann, H. 3 7 July 15:00 1 197
Pomakushin, V. 2 5 July 15:00 T.V. 83
Ponzoni, C. 3 6 July 17:15 J.C. 178
Popoff, N.J. 4 6 July 15:00 J.C. 262
Porion, P. 7 7 July 16:15 J.C. 372
Portela-Gauthier, G. 7 7 July 11:45 A 13:00 2 408
Poulsen, P.N. 6 7 July 16:15 A 340
Poulsen, S.L. 2 4 July 12:15 A 13:20 4 97
Poupard, O. 2 5 July 15:00 T.V. 77
Pourchet, S. 7 7 July 11:45 A 12:50 4 411
Prieto, M. 8 7 July 15:00 9 497
Pritzel, C. 1 4 July 10:15 A 11:10 6 31
Pritzel, C. 4 5 July 15:00 9 307
Prokhnenko, O. 2 5 July 15:00 T.V. 83
Provis, J.L. 3 6 July 15:00 A 145
Prud’homme, E. 2 5 July 15:00 T.V. 82
Puertas, F. 1 4 July 17:20 J.C. 20
Puertas, F. 4 5 July 9:45 A 10:50 8 282
Puertas, F. 4 5 July 15:00 9 309
Puertas, F. 3 6 July 17:15 A 161
Puertas, F. 7 7 July 16:15 T.V. 382
Pytel, Z. 4 5 July 15:00 J.C. 228
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Quarcioni, V.A. 2 5 July 16:50 J.C. 85
Quarcioni, V.A. 7 7 July 11:45 A 12:50 8 416
Quennoz, A. 4 5 July 9:45 A 10:50 5 280
Quennoz, A. 4 5 July 15:00 A 218
Quercia, G. 2 5 July 15:00 T.V. 78
Quercia, G. 7 7 July 16:15 T.V. 386
Qureshi, L.A. 7 7 July 16:15 J.C. 379
Quyen, P.T. 4 6 July 15:00 J.C. 258

R
Author  Area Date Time Room Poster Time Screen Page
Rahimi, S.H. 7 7 July 15:00 5 426
Rajamma, R. 8 8 July 9:45 A 10:35 8 467
Rakhimov, R. 4 5 July 15:00 7 298
Rakhimov, R. 3 7 July 15:00 1 200
Rakhimov, R.Z. 3 7 July 15:00 2 203
Rakhimova, N. 4 5 July 15:00 7 298
Rakhimova, N. 3 7 July 15:00 1 200
Raki, L. 4 5 July 16:50 T.V. 239
Ramírez, M. 4 5 July 15:00 T.V. 225
Ramlochan, T. 4 6 July 15:00 J.C. 262
Ranaivomanana, H. 8 7 July 15:00 7 487
Ranaivomanana, H. 8 8 July 11:00 T.V. 444
Rangel, S. 7 7 July 11:45 A 12:50 5 410
Rebolledo, N. 7 8 July 11:00 J.C. 393
Recchi, P. 2 4 July 17:20 T.V. 69
Recchi, P. 4 5 July 16:50 A 253
Redhammer, G. 2 5 July 15:00 T.V. 83
Regnaud, L. 4 5 July 16:50 A 254
Regnaud, L. 7 8 July 11:00 J.C. 400
Reig, L. 2 5 July 15:00 4 126
Renaudin, G. 4 5 July 15:00 J.C. 229
Rendell, F. 8 7 July 15:00 6 480
Repette, W.L. 7 7 July 16:15 T.V. 385
Restrepo, J.C. 2 5 July 15:00 4 130
Restrepo, O.J. 7 7 July 15:00 4 420
Revuelta Crespo, D. 7 7 July 15:00 5 427
Reyes Uribe, A. 2 4 July 17:20 T.V. 74
Rheinheimer, V. 4 5 July 15:00 J.C. 231
Ricchiardi, G. 2 5 July 15:00 T.V. 79
Rickert, J. 4 5 July 15:00 J.C. 232
Rickert, J. 7 7 July 16:15 J.C. 376
Rickert, J. 7 7 July 16:15 T.V. 391
Riding, K. 4 5 July 9:45 A 10:50 7 285
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Riedl, U. 4 5 July 16:50 T.V. 241
Rinaldi, D. 7 7 July 11:45 A 12:50 4 411
Rincón, J.M. 4 5 July 9:45 A 11:00 4 292
Robles Velasco, M. 7 8 July 11:00 J.C. 395
Rodrigues, J.A. 1 5 July 15:00 1 38
Rodríguez, O. 4 5 July 15:00 T.V. 225
Rodríguez, O. 2 4 July 12:15 A 13:30 1 100
Rodríguez de Sensale, G. 2 4 July 17:20 A 64
Rogalia, D. 4 6 July 17:15 T.V. 267
Rogge, A. 1 4 July 10:15 A 11:10 5 34
Rojo, I. 4 5 July 15:00 9 311
Rolfs, C. 3 6 July 15:00 A 147
Rollová J. 5 7 July 15:00 3 331
Romagnoli, M. 3 6 July 17:15 J.C. 178
Romano, R.C.O. 8 8 July 11:00 T.V. 449
Romay, C. 2 4 July 17:20 A 64
Romera-Zarza, A.L. 6 7 July 15:00 10 364
Romero, H.L. 8 7 July 15:00 7 486
Romero, M. 8 8 July 13:05 A 452
Roncero, J. 4 5 July 16:50 A 248
Roncero, J. 7 7 July 16:15 J.C. 371
Rosic, A. 3 6 July 17:15 A 168
Rossen, J. 2 4 July 12:15 A 13:20 8 96
Rossignol, S. 2 5 July 15:00 T.V. 82
Rossignol, S. 3 6 July 17:15 J.C. 179
Rossino, C. 4 5 July 16:50 A 254
Rößler, C. 4 5 July 9:45 A 10:50 4 283
Rößler, C. 7 7 July 11:45 A 12:50 1 412
Rößler, C. 7 8 July 11:00 J.C. 394
Rousell, N. 6 7 July 16:15 A 341
Rousseau, F. 2 4 July 12:15 A 13:20 7 107
Roussel, N. 2 4 July 15:30 A 50
Roussel, N. 7 7 July 16:15 T.V. 383
Rovira, J. 2 4 July 12:15 A 13:30 3 109
Rozzoni, A. 7 7 July 16:15 J.C. 369
Rsumovic, M. 3 6 July 17:15 A 168
Rubio, F. 8 8 July 11:00 A 433
Rubio, J. 4 5 July 15:00 A 217
Ruíz-Mérida, F. 4 5 July 15:00 8 302
Ruíz-Santaquiteria, C. 3 6 July 15:00 A 144
Ruot, B. 7 7 July 16:15 J.C. 372
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Saccani, A. 2 5 July 16:50 J.C. 90
Sadangi, A. 2 5 July 15:00 1 113
Sáez del Bosque I.F. 4 5 July 16:50 T.V. 243
Safi , B. 7 7 July 16:15 J.C. 378
Sagoe–Crentsil, K. 3 6 July 15:00 A 149
Saidi, M. 7 7 July 16:15 J.C. 378
Saillo, M. 8 7 July 15:00 8 493
Saitoh, K. 3 6 July 17:15 J.C. 172
Sakai, E. 5 6 July 9:45 A 11:00 1 328
Sakai, E. 3 6 July 17:15 J.C. 171
Sakai, E. 7 8 July 11:00 J.C. 396
Sakai, E. 8 8 July 11:00 T.V. 448
Sakamoto, M. 4 5 July 15:00 8 303
Sales, F.A. 7 7 July 16:15 T.V. 389
Sales, R.B.C. 7 7 July 16:15 T.V. 389
Salta, M. 8 8 July 11:00 A 438
Salvioni, D. 4 5 July 16:50 A 255
Salvioni, D. 8 8 July 13:05 T.V. 458
Salvoldi, B.G. 8 8 July 13:05 J.C. 460
Salli Bideci, O. 2 5 July 15:00 4 129
Sallier, Y. 4 5 July 16:50 T.V. 240
Samar, M. 7 7 July 16:15 J.C. 378
Samchenko, S.V. 3 7 July 15:00 1 198
Sánchez, I. 8 8 July 11:00 T.V. 442
Sánchez, I. 8 8 July 13:05 T.V. 457
Sánchez, J. 6 7 July 9:45 A 10:40 4 349
Sánchez, J. 8 8 July 13:05 A 451
Sánchez, L. 2 5 July 15:00 2 115
Sánchez, M. 2 4 July 17:20 T.V. 75
Sánchez, M.J. 4 5 July 15:00 A 217
Sánchez de Rojas, M.I. 4 5 July 15:00 T.V. 225
Sánchez de Rojas, M.I. 7 7 July 15:00 5 427
Sánchez Espinosa, E. 8 7 July 15:00 7 489
Sango, H. 2 4 July 17:20 T.V. 68
Sango, H. 4 5 July 9:45 A 10:50 3 291
Sango, H. 5 6 July 9:45 A 11:00 1 328
Sanjaasuren, R. 7 7 July 16:15 J.C. 374
Sanjuán García, S. 2 7 July 15:00 3 138
Sanjuán, M.A. 2 4 July 15:30 T.V. 58
Santinelli, F. 8 8 July 13:05 J.C. 463
Santos Silva, A. 8 8 July 11:00 A 438
Sanz, J. 3 6 July 15:00 A 142
Sato, T. 4 5 July 15:00 J.C. 230
Satou, M. 7 7 July 15:00 5 425
Saval, J.M. 2 5 July 15:00 4 126
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Schäffel, P. 3 6 July 15:00 T.V. 152
Schankoski, R. 8 8 July 9:45 A 10:35 10 468
Scher, S. 4 6 July 17:15 T.V. 270
Schlegel, M.C. 4 6 July 15:00 J.C. 266
Schmidt, W. 1 4 July 10:15 A 11:10 5 34
Schmidt, W. 7 7 July 16:15 T.V. 384
Schmitz, M. 7 7 July 16:15 T.V. 383
Schollbach, K. 3 6 July 12:00 A 13:05 9 184
Schollbach, K. 3 7 July 15:00 1 197
Schöne, S. 2 4 July 15:30 A 44
Schorr, S. 2 5 July 15:00 T.V. 83
Schuhmacher, M. 2 4 July 12:15 A 13:30 3 109
Schulze, S. 4 5 July 15:00 J.C. 232
Schweike, U. 3 6 July 15:00 T.V. 158
Schweike, U. 3 6 July 15:00 T.V. 159
Schweitzer, J. 3 6 July 15:00 A 147
Schweitzer, J. 4 6 July 17:15 T.V. 267
Scian, A.N. 2 4 July 15:30 T.V. 52
Scrivener, K. 2 4 July 12:15 A 13:20 8 96
Scrivener, K. 2 4 July 12:15 A 13:20 1 95
Scrivener, K. 4 5 July 9:45 A 10:50 5 280
Scrivener, K. 4 5 July 9:45 A 10:50 7 285
Scrivener, K. 2 5 July 15:00 2 117
Scrivener, K. 4 5 July 15:00 A 218
Scrivener, K. 5 6 July 9:45 A 10:50 7 325
Scrivener, K. 8 8 July 11:00 A 434
Scrivener, K. 8 8 July 13:05 J.C. 461
Scrivener, K.L. 4 5 July 9:45 A 10:50 1 279
Scrivener, K.L. 2 5 July 15:00 6 137
Scrivener, K.L. 5 6 July 9:45 A 10:50 9 316
Scrivener, K.L. 5 6 July 9:45 A 10:50 6 319
Scrivener, K.L. 4 6 July 15:00 J.C. 259
Scrivener, K.L. 8 7 July 15:00 8 495
Scrivener, K.L. 8 8 July 9:45 A 10:35 3 469
Secco, M. 8 8 July 13:05 A 453
Secq, J. 8 8 July 9:45 A 10:35 1 476
Segata, M. 7 8 July 11:00 J.C. 400
Segura, I. 8 7 July 15:00 7 486
Sekihiro, M. 8 8 July 11:00 A 432
Sellier, A. 8 7 July 15:00 7 487
Sellier, A. 8 8 July 11:00 T.V. 444
Senff, L. 2 4 July 17:20 A 66
Sethi, Y.P. 1 4 July 10:15 A 11:10 2 33
Seufert, S. 4 6 July 17:15 T.V. 269
Shabiev, R. 2 5 July 15:00 5 135
Shahsavari, R. 4 5 July 15:00 A 224
Shao, J.F. 8 8 July 9:45 A 10:35 1 476
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Shao, J.F. 8 8 July 13:05 A 454
Sheikh, R. 2 5 July 16:50 J.C. 84
Shen, J. 2 5 July 15:00 T.V. 77
Shen, W. G. 3 6 July 17:15 A 165
Shen, X. 1 4 July 10:15 A 11:10 8 32
Shi, C. 8 7 July 15:00 6 484
Shi, D. 3 6 July 12:00 A 13:05 6 188
Shinkevich, E. 6 7 July 15:00 9 359
Shinkevich, E. 6 7 July 15:00 9 360
Shirakawa, Y. 4 5 July 15:00 8 303
Shui, Z. 4 5 July 15:00 8 306
Shui, Z. 6 7 July 9:45 A 10:40 8 356
Si-chaib, M.O. 7 7 July 15:00 4 423
Signes-Frehel, M.  7 7 July 16:15 T.V. 387
Silva, A.S. 8 8 July 9:45 A 10:35 8 467
Silva, D. 4 5 July 9:45 A 10:50 7 285
Silva, D.J.F. 2 5 July 15:00 3 122
Silva, E.J. 2 4 July 12:15 A 13:20 5 98
Simons, S. 2 5 July 16:50 J.C. 84
Singh, A.K. 2 4 July 12:15 A 13:30 4 104
Sinthupinyo, S. 2 4 July 12:15 A 13:20 2 99
Skaropoulou, A. 8 8 July 11:00 A 439
Skibsted, J. 2 4 July 12:15 A 13:20 4 97
Skibsted, J. 1 4 July 15:30 J.C. 13
Skibsted, J. 2 4 July 15:30 T.V. 51
Skibsted, J. 3 6 July 15:00 A 141
Skibsted, J. 6 7 July 16:15 A 337
Skoček, J. 6 7 July 16:15 A 340
Skoček, J. 6 7 July 16:15 A 341
Skoczylas, F. 2 4 July 17:20 A 60
Skoczylas, F. 8 8 July 9:45 A 10:35 2 474
Skoczylas, F. 8 8 July 9:45 A 10:35 1 476
Skoczylas, F. 8 8 July 13:05 A 454
Skoczylas, F. 8 8 July 13:05 T.V. 456
Ślosarczyk, A. 2 5 July 15:00 T.V. 80
Sluys, L.J. 6 7 July 15:00 10 366
Smirnova, O. 2 5 July 15:00 5 135
Snellings, R. 2 4 July 12:15 A 13:20 9 101
Snyder, K. 1 4 July 15:30 J.C. 16
Soares, D. 8 8 July 11:00 A 438
Soares, D. 8 8 July 9:45 A 10:35 8 467
Sobrados, I. 3 6 July 15:00 A 142
Soler, J.M. 4 6 July 17:15 T.V. 275
Soriano, L. 2 5 July 15:00 4 126
Soriano, L. 4 5 July 15:00 6 297
Soro, J. 3 6 July 17:15 J.C. 179
Sorrentino, F. 1 4 July 17:20 J.C. 24
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Sorrentino, F. 1 5 July 15:00 1 37
Sotiriadis, K. 8 7 July 15:00 8 494
Sotiriadis, K. 8 8 July 11:00 A 439
Sousa, L.C. 2 4 July 12:15 A 13:20 5 98
Souza, C.A. 2 4 July 17:20 A 62
Souza, R.B. 4 5 July 16:50 J.C. 244
Sowoidnich, T. 4 5 July 9:45 A 10:50 4 283
Sowoidnich, T. 5 6 July 9:45 A 10:50 1 320
Spangenberg, J. 6 7 July 16:15 A 341
Spiess, H.W. 4 5 July 15:00 7 299
Spillane, T. 3 6 July 15:00 A 147
St Marc, J. 8 8 July 9:45 A 10:35 1 476
Stabler, C. 4 5 July 16:50 J.C. 245
Stackelberg, D. 7 7 July 15:00 4 419
Staněk, T. 3 6 July 17:15 J.C. 174
Stanĕk, T. 1 4 July 10:15 A 11:10 4 29
Stang, H. 6 7 July 16:15 A 341
Stang, H. 6 7 July 16:15 A 340
Steenberg, M. 2 4 July 12:15 A 13:20 4 97
Stemmermann, P. 3 6 July 12:00 A 13:05 10 183
Stemmermann, P. 3 6 July 15:00 T.V. 158
Stemmermann, P. 3 6 July 15:00 T.V. 159
Stipanovic Oslakovic, I. 1 4 July 10:15 A 11:10 5 34
Stöber, S. 2 5 July 15:00 T.V. 83
Stöckigt, M. 7 8 July 11:00 J.C. 394
Strigac, J. 7 7 July 15:00 4 419
Stroeven, P. 6 7 July 15:00 10 366
Stutzman, P. 1 4 July 15:30 J.C. 16
Stutzman, P. 3 7 July 15:00 1 201
Sugano, M. 2 4 July 17:20 T.V. 68
Sugano, M. 4 5 July 9:45 A 10:50 3 291
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Abstract 

Coal consumption for power production has increased in many countries; as a result the production of ash (bottom and 

fly) has been increased. In Mexico, Comision Federal de Electricidad has three coal fired power plants, in Coahuila 

(Río Escondido and Carbon II power plants) and in Guerrero (CT Plutarco Elías Calles power plant).       

Many countries around the world use fly ash as cementitious component or mineral admixture in concrete. Most use of 

fly ash in concrete is attributed to its fineness as well as pozzolanic and sometimes self cementitious characteristics, 

depending on the type of fly ash. In Mexico very little fly ash is used (< 1%) basically for the construction industry. Fly 

ash has cementitious properties and provides better workability reducing the amount of cement and water, decreasing 

heat of hydration, and improving other characteristics. However it is not common to use in Mexico because the 

construction sites are not always close to the plants where the fly ash is available.  

Quality assurance procedures to manufacture cement or produce concrete with fly ash include quality control of it. 

Special care must be taken in selecting fly ash to ensure adequate behavior of cement and improve properties in 

concrete. Properly selected fly ash reacts with the lime to form hydrated calcium silicate the same cementing product as 

in Portland cement.  

In this paper physical and chemical characterization of fly ash produced in Mexico will be studied, including heat of 

hydration and a comparison of quality of fly ash produced in centrals to evaluate what is the best option to make 

concrete or for cement manufacture, to use as a raw material.    

 

Newness 

Fly ash has been used in several countries for construction purposes. The main uses have been in cement manufacture 

and in concrete structures. In many countries a new methodology for building gravity dams has been developed: Roller 

Compacted Concrete (RCC). The advantages for these dams are rapid construction, reduced material quantities, high 

resistance to erosion, etc. In RCC dams the use of fly ash may be beneficial because it helps to reduce the amount of 

cement, thus reducing the heat of hydration, which is an important issue of massive structures such as dams.  

Mexico has several RCC dams such as La Manzanilla, Trigomil, Corral de Palmas and Picachos, but in these projects 

no fly ash has been used. Recently new dams are being studied: Las Cruces and Arcediano, and the possibility of using 

fly ash can be evaluated.   

 

Main Contributions 

Power plants that burn coal are some of the multiple ways for producing electricity in Mexico (less than 10% of the 

power production). These power plants produce residual materials like fly ash and bottom ash which are stockpiled. 

Coal fired power plants in Mexico produce about 4.3 millions of tons of ash per year of which 80% is fly ash and the 

rest is bottom ash.  

There are plenty of good reasons to use this waste because it is a pollutant. However its use in construction reduces 

cement use, so it also reduces the need for cement production. For each ton of cement manufactured, about 6.5 million 

BTUs of energy are consumed, and about one ton of carbon dioxide is released. Replacing that ton of cement with fly 

ash would save electricity and reduce carbon dioxide emissions.  

This research will contribute to cement and construction industries in Mexico encouraging greater utilization of this 

waste to reduce costs of construction and to prevent damages to the environment.  

 

Keywords: Coal, Fly ash, Heat of Hydration, Roller Compacted Concrete  

 

 

 

 

 

 



Introduction 

In México 9 percent of the electricity generated by Comisión Federal de Electricidad (CFE) is by coal in three coal fired 

plants, Río Escondido, Carbon II and CT Plutarco Elías Calles. But in addition to electricity, these plants produce a 

material that is fast becoming a vital ingredient for improving the performance of a wide range of concrete products. 

That material is fly ash that is comprised of the non combustible mineral portion of coal consumed in a coal fueled 

power plant. 

Fly ash is produced from the burning of pulverized coal. When coal is consumed in a Power plant, generates a fine 

powder. Blown into the Power plant´s boiler, the carbon is consumed leaving lightweight particles rich in sílica, 

alumina and calcium. Fly ash particles are glassy and spherical shaped, typically finer than cement particles.  

For nearly 60 years fly ash has been successfully used as a mineral admixture in concrete and recently in Rolled 

Compacted Concrete (RCC), it can also used as a feed material for producing Portland cement and as a component of a 

portland pozzolan blended cement. There are several chemical characteristics that must be verify to determine the 

quality of fly ash, the most important are: fineness, loss on ignition and chemical content. Fly ash used in concrete must 

also have pozzolanic reactivity and must be of consistent quality. 

Warm weather concreting and the risk of thermal cracking is a problem that exists today for all concrete. Replacing 

large percentages of cement with fly ash can reduce the damaging effects of thermal cracking in concrete.  

Other uses of fly ash are for building constructional activities, for example in manufacturing of bricks and structural 

fills. 

 

  

Characteristics of fly ash 

 

1. Physical Characteristics  
 

Physical characteristics of fly ash include size, morphology, fineness and specific gravity. Fly ash particles consists of 

glass spheres, the average size of this particles is 7-12µm. Fineness that is a critical factor for the pozzolanic activity is 

determined by the percentage of the ash retained on a 45 µm sieve; ASTM C618 requires that no more than 34% of fly 

ash be retained. Size distribution can vary with coal, depending on the type of precipitator. Specific gravity is related to 

chemical composition, color and shape of the particles, because of the variation in coal and its minerals, this 

characteristic can be quite variable. Grinding fly ash may release some volatiles trapped inside the spheres, increasing 

the specific gravity. A large fraction of low-density particles makes fly ash more reactive than a higher-density particles 

having iron impurities. Pozzolanic reactivity is dependent on the amount of glass present with low specific gravity.  

 

 

2. Chemical composition 

 
Chemical constituents of fly ash are oxides. These oxides are silica (SiO2), alumina (Al2O3), calcium (CaO), iron 

(Fe2O3), magnesium (MgO), titanium (TiO2), sulfur (SO3), potassium (K2O). SiO2 and Al2O3 make up 60-70% in some 

fly ashes. Loss on ignition (wich is reported as a percent) is an indicator of unburned carbon, this dependent on the 

degree of coal pulverization, rate of combustion and the type of coal. There are four types of coal: anthracite, 

bituminous, subbituminous and lignite, each of which varies in terms of its heating value, chemical composition, ash 

content, and geological origin.  

Trace elements concentrated in the fly ash dependent on the characteristics of the coal and the combustion process, too. 

These elements are included by As, B, Be, Cd, Cu, Mo, Ni, Pb, Sb, Se, U, V, Zn, Ni, and U. Many of these have very 

low solubility in the ash matrix. 

 

 

3. Classification of fly ash for using in concrete 
 

According to ASTM C618, there are two classes of fly ash, C and F, for use as a mineral admixture in portland cement 

concrete. Calss C results from burning subbituminous coal and lignite and Class F from the burning of bituminous 

coals. The significant difference between classes C and F according to ASTM 618 is percent of SiO2 + Al2O3 + Fe2O3.  

Class F fly ash with less than 10% CaO is considered low-calcium and is not self hardening but it has pozzolanic 

properties. Class C fly ash containing more than 15% CaO is classified as high calcium fly ash, it high content of CaO 

indicates a higher degree of self hardening. Frequently class C fly ashes have very low loss of ignition (<1%).  

 

 

 

 

 

 



Coal consumed by Mexican Power plants 

 
In Mexico, CFE has three coal fired power plants, in Coahuila (Río Escondido and Carbon II power plants) and in 

Guerrero (CT Plutarco Elias Calles power plant). 

For Rio Escondido and Carbon II Power plants coal characteristics are varied, plants usually feed with coal mix 80% of 

thermal coal from Rio Escondido basin which is classified as lignite coal type, 10% of bituminous coal from Sabina 

Coahuila and 10% of high volatile bituminous coal from West Elk Mine of Denver Colorado. These Power plants 

consume about 10 million tons of coal per year.  

Plutarco Elias Calles Power plant, operates with imported coal supplied by sea due to its location. The plant mixes coals 

with different qualities, trying to optimize production costs. Coal suppliers are Australia, China, Canada, Russia, 

Colombia, United States and Venezuela, but for their characteristics and cost Australia 84.9%, China 8.2% and Canada 

4.4% are the main suppliers. Consume of coal per year is about 5.2 million tons. Table 1 shows the results of 

mineralogical analysis of coal.  

In Mexican centrals fly and bottom ash are mixed, and stored in stockpiled form. In Carbon II and Rio Escondido 

Power plants mixed fly ash is arranged in stacks of 20 m height. In Plutarco Elias Calles Power plant has two ash 

deposits with stacks up to 25 m height.  

Mexican power plants generate about 4.3 million tons of ash per year of which 80% is fly ash and the rest is bottom ash. 

In Rio Escondido power plant the fly ash is separated during the process of electricity generation, Carbon II power plant 

not has the infrastructure to separate fly ash. 

 

 

Table 1. Mineralogical analysis of coal used in Carbon II and Plutarco Elias Calles power plants according to       

ASTM D3682 

MINERALOGICAL ANALYSIS (weight %)* 

MINE SiO2 Al2O3 TiO2 Fe2O3 CaO MgO K2O Na2O Not det. 

Sabina 62.94 23.06 0.40 7.18 2.71 0.94 1.36 0.21 1.20 

Rio Escondido 66.17 22.57 0.40 4.91 1.83 0.83 1.35 0.43 1.51 

West Elk 

Mix used in P. 

Elias Calles 

57.41 

 

69.35 

24.49 

 

21.49 

0.40 

 

0.46 

9.22 

 

4.34 

3.50 

 

1.16 

1.14 

 

0.62 

1.62 

 

0.95 

0.77 

 

0.29 

1.45 

 

1.39 

*Results from 2010, by atomic absorption technique 

 

 

Mexican Fly ash quality  

 
The amount of coal combustion by product produced at each power plant varies, depending on the type of burners, 

precipitators, and the coal source. Most coal burned in Mexico are subbituminous to high volatile bituminous, so the fly 

ash normally would be class F. Table 2 presents physicochemical analysis of fly ash from Carbon II and Plutarco Elias 

Calles Power plants.  

In the case of fly ash form Plutarco Elias Calles, the analysis is from two coal source (Australia and United States), 

results shows that loss on ignition (LOI) in fly ash from USA coal  is very high (9.75%).  

Analyses of fly ash from Australian coal and Carbon II Power plant have very low %LOI which is desirable to 

counteract the alkali-silica reaction in concrete. The SO3 content is very low in all the samples, this is important because 

expansion and cracking in concrete is partly attributable to soluble sulfates and alkalis in the mineral admixture, in this 

case fly ash. The low Na2O percent present in mexican fly ash, is favorable for using with reactive aggregate to avoid 

alkali-silica reaction in concrete.  

Moisture is important feature in fly ash because wet fly ash is difficult to handle. Plutarco Elias Calles fly ash from 

Australian coal and Carbon II fly ash have low moisture, what is desirable because it causes the anhydrous constituents 

to become partly hydrated and lose their reactivity. Fly ash form USA coal exceed the ASTM specification.  

The percent retained on the 325 sieve (fineness) varies from Carbon II and Plutarco Elias Calles. The highest percent 

retained is from Carbon II Power plant. The percent retained represents the fly ash that is rejected for use in cement 

because it is considered too coarse to be reactive as a pozzolanic material. 

The pozzolanic activity of fly ash is indicates by the strength activity index. The analyses of mexican fly ash exceed the 

ASTM specification. Water requirement sets a maximum limit on the water required to obtain a standard consistency of 

portland cement-fly ash mixtures. Fly ash form Plutarco Elias Calles Power plant are under the requirement of        

ASTM C618 (105%), Carbon II fly ash exceeds the specification. 

The expansion test was developed for the evaluation of soundness of portland cements that show excessive expansion 

and cracking when MgO or free CaO is present. ASTM C618 sets a maximum limit on expansion in a test for 

soundness using a portland cement-fly ash mixture that is subjected to an autoclave. Mexican fly ash have minimum 

expansion due to low CaO content, this is an important feature of class F fly ash.      

 

 



Table 2. Typical Mexican fly ash analyses 

 

POWER PLANT ASTM C618  

Plutarco Elias Calles Carbon II 

specs. 

 

 

Coal from 

Australia 

Coal form 

USA 
Coal mix 

Class  F/C 

Chemical analyses 

Ashed oxides, %      

 SiO2 62.6 42.9 60.6  

 Al2O3 30.0 26.0 25.3  

 Fe2O3 3.6 7.5 6.1  

 Total 96.2 76.4 92.0 70/50 min. 

     

 CaO 2.3 9.9 4.8  

 SO3 0.4 0.9 0.8 5 max. 

 Moisture 0.13 4.0 0.20 3 max. 

 LOI 2.9 9.7 2.3 6 max. 

Available alkalies, %     

 Na2O 0.87 0.38 0.40 1.5 max. 

Physical Analyses     

 Fineness, 325 sieve residue 13.3 34.41 61.8 34 max. 

 Density (g/ml) 2.03 2.15 1.96  

 
Specific surface area, Blaine, 

(cm
2
/g) 

4796 4096 1890  

Strength activity index with portland 

cement 
    

 At 7 days, % of control 90.6 80.6 81.4 75 min. 

 At 28 days, % of control 94.9 83.4 85.0 75 min. 

 Water  requirement, % of 

control 
102.06 102.60 131.4 105 max. 

 Soundness, autoclave 

expansion or contraction, % 
-0.044 -0.020 -0.035 0.8 max. 

 
The hydration of cement is an exothermic reaction. Heat is generated causing the concrete temperature to rise and 

accelerating the setting time and strength gain on the concrete. Adding fly ash to concrete has many advantages because 

it reduces the exothermic temperature rise. Low-calcium fly ash (Class F) slows the rate of temperature rise more than 

high-calcium ash (class C). By replacing a portion of the cement with fly ash, the rate of hydration is retarded and the 

pozzolanic reactions are manifested late in the aging process of the concrete.  

In this stage, two series of mixture proportions with fly ash from Plutarco Elias Calles power plant and two different 

types of cement were done to determine the heat of hydration according to ASTM C186. 

Mixtures were prepared with different percentages of fly ash (0%, 5%, 10%, 60% and 66%) in substitution of cement 

and Portland Pozzolan cement type IP. Figure 1 shows the development of heat of hydration at 7 and 28 days. It is 

evident that heat of hydration decreases when cement content decreases. 

A second group of mixtures prepared with different percentages of fly ash and Portland cement type II. Unfortunately 

results were not consistent, so they are not reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Heat of hydration development of mixtures with different percentages of fly ash 

 



Use of fly ash 

 

1. Fly ash for the cement industry 

 
Cement industry is one of the major emitter of Carbon dioxide emissions through the chemical process of producing 

clinker and the demand of energy. For the manufacture of cement, CO2 is emitted from the calcination process of 

calcareous raw materials to produce calcium oxide.  An alternative to reduce CO2 emissions is the use of fly ash as an 

additive because it has many advantages, the primary being reduction of costs of fly ash disposal, costs reduction of the 

product and energy savings which contribute to reduction of CO2 emissions.  As it knows, clinker production process 

during cement manufacturing occurring in the kiln results in CO2 emissions from the calcinations of limestone to 

produce lime. Portland cement clinckers contain around 65% or more by mass of calcium as oxide, and the source of 

almost all of this calcium is calcium carbonate from natural limestones (Stefanovic,2007). 

Cement plants in many countries are seeking alternatives to their natural raw materials containing necessary 

components of the cement raw feed such as: silica, alumina and iron. In Mexico the use of fly ash in the cement 

industry is minimal, for example Holcim Apasco in Ramos Arizpe plant implemented the use of fly ash from Rio 

Escondido since April 2008, in the production of cement type III. This plant integrates about 10% of fly ash in the 

dosages of raw materials. The amount of fly ash used in a month in the manufacture of cement in this plant is equivalent 

to what is generated per day in the Rio Escondido power plant.  

The use of fly ash in Ramos Arizpe plant has provided many benefits in cement quality, for example in compressive 

strength, consistency, fineness and color of the product. It demonstrates that the quality of coal used in this power plant 

has been consistent during two years to produce fly ash suitable for cement industry. 

 

 

2. Fly Ash for concrete 

 
The small size of the fly ash particles is key to producing smooth cement paste, allowing better bonding between 

aggregate and cement and resulting in a more durable impervious concrete. The round shape of the particles increases 

concrete´s workability without adding extra water. The improvements in durability are a result of the reduction in 

calcium hydroxide, which is the most soluble of the hydration products, and for changes in the pore structure. Also, one 

indicator of the durability of concrete is the permeability; the more water that can penetrate the concrete. Fly ash 

concrete is less permeable because it reduces the amount of water needed to produce a given slump, creates more 

durable calcium silicate hydrate (CSH) as it fills capillaries and bleed water channels occupied by water-soluble lime 

(calcium hydroxide). Fly ash chemically reacts with the lime to create more CSH, the same binder produced by the 

hydration of cement and water, thereby closed off the capillaries that allow the movement of moisture through the 

concrete. The result is a less permeability concrete, so it increases the resistance to corrosion. 

The following equations illustrate the pozzolanic reaction of fly ash with lime to produce additional calcium silicate 

hydrate (C-S-H) binder: 

Cement Reaction:                                                                                                                             (1) 

Pozzolanic Reaction:                                                                                                                                (2)   

One of the primary benefits of fly ash is its reaction with available lime (CaOH) and alkali in concrete, producing 

additional cementitious compounds. The additional binder produced by the fly ash reaction with available lime allows 

fly ash concrete to continue to gain strength over time. Additionally fly ash  reacts with available alkali in the concrete 

which makes them less available to react with certain silica minerals contained in the aggregates. 

 

 

3. Fly ash for Roller Compacted Concrete Dams 
 

Roller Compacted Concrete (RCC) is a concrete that in its unhardened state, will support a roller while being 

compacted. Properties of hardened RCC are similar to those of conventionally placed concrete.  

RCC Dams have been built for about 30 years around the world. In Mexico, the construction of RCC dams started in 

80´s with La Manzanilla and Trigomil Dam. Corral de Palmas Dam (the tallest one) with 110 m height was built in 

2003. Picachos Dam is the last RCC Dam built in Mexico with 85 m height. Several new dam projects are in study by 

CFE, Las Cruces Dam with 110 m height, The Arcediano Dam with 120 m height, and the use of fly ash is being 

evaluated. 

Recently the Concrete Laboratory in CFE, studies the option for the use of fly ash from Plutarco Elias Calles power 

plant by preparing mixtures of RCC for a dam project (Garduño, 2010). Mixtures were prepared using aggregates from 

a basaltic quarry and non plastic silt bank near the site, Portland pozzolan cement type IP, and plasticing and retarding 

admixture. Mixtures were prepared with and without fly ash from Plutarco Elias Calles in order to compare properties 

and behavior of RCC. Table 3 shows the proportions of RCC mixtures. 



Table 3. Mixture proportions with and without fly ash  

RCC MIXTURES WITHOUT 

FLY ASH 

RCC MIXTURES WITH 

FLY ASH 

Mixtures, Cement (kg/m
3
)-Fly ash (kg/m

3
)-Water(%) 

70-0-36 70-138-3.6 

85-0-3.6 90-137-3-6 

100-0-3.6 110-136-3.6 

115-0-3.6 130-135-3.6 

130-0-3.6  

150-0-3.6  

170-0-3.6  

 

Results demonstrated that fly ash had good pozzolanic activity and according to the strength activity index obtained, it 

was estimated that 100 kg of fly ash represent about 50 kg of cement. 

 

 

4. Fly ash for bricks manufacturing 
 

In many countries of the world ash is widely accepted and is specified as a binder in concrete. However, the 

replacement of cement by fly ash is generally limited to 20 to 30%. The manufacture of bricks is an area where there is 

a potential for using large amounts of fly ash and bottom ash. Fly ash is used as a replacement for cement (up 60% as 

binder) and the bottom ash is used as a replacement for natural aggregate (above 50% as aggregate). These bricks are 

suitable for use in masonry like common burnt clay bricks. The fly ash bricks are comparatively lighter in weight and 

stronger than common clay brick.  

In 2001, in Mexico The Strength of Materials Laboratory of The National Polytechnic Institute evaluated the use of fly 

ash, bottom ash and mixed ash (with 75-80% of fly ash and 20-25% of bottom ash) from Carbon II power plant for 

building bricks for self housing construction (Godoy, 2001).   

Design of mortar to manufacture bricks must resist a compressive strength of 7 MPa as minimum and maximum 

absorption of  8%, according to Mexican Standards; with this information researchers proposed different mixes with 

different ash (fly ash, mixed ash, bottom ash), cement contents and accelerated curing steam. Results showed that 

mixtures with mixed ash were appropriate for housing construction. Table 4 shows the design and results of 

compressive strength of mixtures of mixed ash. 

 

Table 4. Mixture proportions with mixed ash  

MIXTURES WITH ASH 

Mixture Cement (g) Lime (g) Fine aggregates (g) Mixed Ash (g) 
Water 

(ml) 

Compressive Strength 

(MPa) 

A 200 300 --- 1375 550 8.1 

B 230 270 --- 1400 620 8.6 

C 200 350 400 900 460 9.4 

  

 

Results demonstrated that bricks made with mixed ash obtained strengths up to 8 MPa
 
and technical benefits; bricks 

made with fly ash showed lower percentage of water absorption, and bricks made with bottom ash did not show 

favorable characteristics for construction. 

Mixture B was chosen for manufacturing bricks, obtaining bricks that accomplished Mexican standards for use in 

construction of interior and exterior walls. In case of using in exterior walls, it was recommended the protection of a 

waterproof cover or sealant. 

 

 

Conclusions 
 

Using fly ash in concrete as a material raw in the cement manufacturing and other cementitious applications can 

significantly reduce the environmental impact. The type of coal burning in a coal fired power plant, particularly the 

silica, alumina and iron oxides, and the amount of calcium minerals determine the class of fly ash (C or F). In Mexico 

power plants Plutarco Elias Calles, Río Escondido and Carbon II, according to the coal source and its quality, produce 

class F (low calcium ash). Fly ash from Plutarco Elias Calles power plant form Australian coal give better physical 

characteristics like strength activity index and fineness which is desirable to obtain better properties in concrete. 

The use of fly ash as an admixture in RCC dam projects should be implemented in Mexico because it reduces the 

cement quantities required. Studies have shown that use of fly ash in RCC mixtures provided high efficiency than 

mixtures without fly ash, so it should be advised to use for ecological and technical reasons. An important parameter for 

massive structures is heat of hydration, fly ash substituted for a portion of cement can reduce the exothermic 



temperature rise. According to heat of hydration results, it is estimated that substitution of 66% of cement with fly ash 

can reduce the heat of hydration in a 10% approximately.  

Bottom ash  represents about 20 to 25% of the ash generated, it is coarse ash, so it could not be used as an admixture in 

cement because it is not reactive, but it can be used mixed with fly ash in manufacturing bricks obtaining satisfactory 

mechanical properties.  

The use of fly ash in other countries to improve many properties of concrete, in cement industry and for manufacturing 

building material should be implemented in Mexico. Cement industry needs to make minor adjustments in their 

infrastructure to include fly ash in the cement manufacturing process.  
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Abstract 
In presented paper there were introduced the results of investigations of physical and mechanical proprieties of 
Portland-composite cements CEM II / A,B-M consisting of limestone (LL) in composition from granulate blast-
furnace slag (S), silica fly ash (V) and calcium fly ash (W). There were also defined the Bingham rheological 
parameters ( the yield value τy and the plastic viscosity ηpl) of the pastes and mortar from Portland-composite 
cements. There were an assumption made that influence on the physical proprieties, mechanical as well as 
rheological cements have the composition of mineral additions as well as their quantity in composition of 
cement. 
 
Originality 
Comparatively not many researches are dedicated to the estimation of the influence of individual components on 
the creation of the proprieties of Portland-composite cement CEM II/A,B-M including several main components 
in its composition. Such statement refers mostly to the rheological tests. The knowledge of rheological properties 
of paste and/or mortar cement is important for taking shape of the proprieties of concrete mixture and proper 
selection of chemical admixtures, especially for the plasticizers and fluxing ones.  
 
Chief contributions 
The knowledge of rheological properties of paste and/or mortar cement is important to form the proprieties of 
concrete mixture and proper selection of chemical admixtures, especially for the plasticizers and fluxing ones. 
There are no researches showing the influence of an addition of calcium fly ash (W) on forming the propriety of 
Portland-composite cements including the limestone CEM II/A,B-M (W - LL) made. 
 
Keywords: rheology, paste, mortar, mineral addition
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1. Introduction 
 
Ecological and economic conditions are the motor of changes in Europe in assortment of produced 
cements. Ordinary Portland cements CEM I are more often replaced by cements with mineral additives 
CEM II ÷ CEM V that include in their composition the amount of non-clinker components [3]. 
Investigations executed by numerous teams focus on the opinion of the influence of individual cement 
components on the creation of the physical and mechanical cement proprieties and usable 
characteristic of mortars and concretes, with particularly included durability of concrete [4, 5, 7]. 
Presented paper’s research aim at the wider recognition of  Portland-composite cements CEM II/A,B-
M consisting of  limestone (LL), silica fly ash (V), granulate blast-furnace slag (S) as well as calcium 
fly ash  (W).  The range of investigations included terms of the influence of grounded limestone on the 
creation of  their physical and mechanical proprieties as well as the rheological properties of the 
Portland-composite cement CEM II/A,B-M (LL - S), CEM II/A,B-M (LL - V), CEM II/A,B-M (LL - 
W). 
 
2. Experimental 
2.1 Sample preparation 
 
In table 1 there was introduced the chemical composition applied in investigations of components of 
Portland-composite cement CEM II/A,B-M. The physical proprieties of applied components were 
placed in table 2. 
 

Table 1: Chemical composition of used materials 
Percentage by mass 

Component CEM I 
52,5R  

 

Limestone  
LL  

Granulate blast-furnace 
slag  
S 

Calcium fly 
ash 
W 

Silica fly ash  
V 

Loss of 
ignition 

3,3 39,11  0.1 2,91 1,51 

SiO2 20,1 6,26 37,86 42,94 51 

Al 2O3 4,7 2,06 7,22 17,24 28,26 

Fe2O3 2,8 1,58 1,24 4,31 6,69 

CaO 63,7 48,39 45,45 25,89 3,78 

MgO 1,3 1,58 6,25 2,04 2,72 

SO3 2,7 0,26 0,12 3,47 0,63 

Na2O 0,1 0,07 0,54 0,26 1,47 

K2O 0,8 0,29 0,55 0,13 3,16 

Cl- 0,05 0,012 0,044 0,004 0,01 
 
 
From self-characterize in table 1 and 2 there were prepared Portland-composite cements. Individual 
components were homogenized from ordinary Portland cement CEM I 52,5R in laboratory mixer. The 
composition of individual cements, in range of quantity of additions, was presented due to the talking 
over the results of investigations (ordinary Portland cement CEM I 52,5R complement to 100%). 

 
 



 
Table 2: Physical proprieties of applied materials  

Property 
CEM I 
52,5R   

Limestone  
LL 

Granulate blast-
furnace slag  

S 

Calcium fly ash 
W 

Silica fly ash  
V 

Fineness 
[cm2/g] 

4300 4000 3700 2310 2250 

Proper density 
[g/cm3] 

3,1 2,72 2,85 2,51 2,17 

 
Table 3: Physical proprieties of cements 

 
The 

quantity 
of 

additions 

 The 
density 

The specific 
surface 

The water 
demand  

Initial 
setting 
time 

Change 
of 

volume 
 

Symbol 

[%] [g/cm3] [cm2/g] [%] [min] [mm] 
CEM I 0 3,11 4540 29,4 150 1 

CEM I + 10%LL 10 3,05 4480 29,2 140 0 

CEM I + 25%LL 25 2,96 4390 29 170 1 

CEM I + 5%S + 5%LL 10 3,07 4680 29 155 0 

CEM I + 10%S + 10%LL 20 3,04 4490 29,6 185 1 

CEM I + 15%S + 15%LL 30 3,02 4450 28,8 155 0 

CEM I + 15%S 15 3,07 4500 29,4 150 1 

CEM I + 20%S 20 3,06 4640 30 155 0 

CEM I + 30%S 30 3,06 4340 29,2 165 1 

CEM I + 5%V + 5%LL 10 3,01 4540 29,6 215 1 

CEM I + 10%V + 10%LL 20 2,94 4620 27,6 185 1 

CEM I + 15%V + 15%LL 30 2,86 4490 27,8 210 1 

CEM I + 15%V 15 2,9 4320 28 190 0 

CEM I + 20%V 20 2,84 4260 27 210 1 

CEM I + 30%V 30 2,75 4200 26,6 195 1 

CEM I + 5%W + 5%LL 10 3,04 4650 29,2 160 0 

CEM I + 10%W + 10%LL 20 2,99 4670 28,4 140 0 

CEM I + 15%W + 15%LL 30 2,93 4590 29,7 135 1 

CEM I + 15%W 15 2,99 4430 29 155 1 

CEM I + 20%W 20 2,95 4530 29,6 145 0 

CEM I + 30%W 30 2,88 4320 29,7 115 1 
 
2.2 Method of investigations 
 
The water demand of cement and the setting time of cement was indicated according to the norm EN 
196-3 Metody badania cementu. Część 3: Oznaczenie czasów wiązania i stałości objętości, the 
fineness of cement was indicated according to the method of Blaine from EN 196-6 Metody badania 
cementu. Oznaczenie stopnia. The investigations of strength were realized on mortar after 2, 7 and 28 
days  according to the EN 196-1 Metody badania cementu. Część 1: Oznaczenie wytrzymałości. 
The influence of limestone on the rheological proprieties of pastes cement with different content of 
limestone was defined on basis of curves flowing. The measurements were executed on rotary 



viscometer of type RV-2 2-50 Hz about the coaxial cylinders. The cylinder S/S1 and degree of shift of 
transmission I/a  were used. The measurement of the rheological parameters of the yield value g and 
the plastic viscosity h for mortar cements was realized by usage of the viscometer the "Viscomat of 
PC” with steered speed of deformation and with measurement of moment called out the resistance of 
mixture. Steering course of investigation, registration and processing of results were led with the help 
of the programme the "Visco”. 
 
3. Results and their discussion  
3.1 Physical proprieties of cements 
 
The physical proprieties of studied Portland-composite CEM II/A,B-M from it were taken down in 
table 3. There was an observation made that the limestone as component of Portland limestone cement 
CEM II/A,B-LL and Portland-composite cement CEM II/A,B-M (S- LL) reduced the water demand of 
cement, and in case of Portland-composite cement CEM II/A,B-M (W-LL), near the highest studied 
quantities of mineral additions, the demand of water of cement did not influence on a change. In 
Portland-composite cement CEM II/A,B-M (V- LL) the addition of ground of limestone increased his 
water demand of cement. 
The influence on the physical properties of mineral additives is related to the spherical shape of fly ash 
particles and smaller surface area of mineral additives in comparison to Portland cement. These 
features affect the better and more efficient packing of particles in the cement paste. 
 
3.2 Mechanical proprieties of cements  
 
It the results of investigations of compressive cements were put was in fig.1. There was an assumption 
made that an addition of the amount of the limestone to 10% of the mass of Portland-composite 
cement does not influence on change of strength in early time significantly (2 days). In case of 
Portland fly ash cement CEM II/A,B-M (V-LL) the partial replacement the silica fly ash with 
limestone improves the early strength of mortars cement studied after outflow 2 and 7 days. Also the 
strength of norm (28 days) is similar to standard in this kind of cement. This property should be 
bounded with the improvement of grain composition in binder propriety (the changes of grain of 
limestone place oneself between grains of fly ash and Portland-clinker) [1, 2]. 
In case of remaining Portland-composite cements CEM II /A,B-LL, CEM II /A,B-M (S-LL) and CEM 
II/A,B-M (W-LL) the increase of the part of limestone above 10% significantly reduces the 
compressive strength in all deadlines of investigations (fig. 1). This tendency confirms earlier results 
presented by different researchers [6, 8]. 
 

 



 
Figure 1: Mechanical properties of cements: a) CEM II/A,B-LL and CEM II/A,B-M (S-LL); b) CEM II/A,B-M 

(V-LL) and CEM II/A,B-M (W-LL) 
 
 
3.3 The rheological properties of pastes and mortar 
 
It influence the kind of cement and its composition on the rheological propriety of pastes was 
introduced was on figures 2÷4. There was an assumption made that together with the increase of 
amount of mineral additions in composition of cement the yield value decreases (fig.2a, fig.3a, fig.4a), 
and the plastic viscosity grows up (fig.2b, fig.3b, fig.4b). Partly exchanging the limestone in 
composition of cement, the granulate blast-furnace slag (S,LL), the silica fly ash (V,LL) or the calcium 
fly ash (W,LL), makes the yield value the cement pastes, near the smallest with studied quantities of 
additions decrease. In case of pastes from 20% replacement of the granulate blast-furnace slag the 
limestone (fig.2a) or the calcium fly ash (fig.4a) there is no invite decrease of  the yield value. 
However, in case of silica fly ash (fig.3a) her decrease follows. 
For the largest quantity of addition mixed in composition of Portland-composite cement (30%) in 
studied cement pastes, the replacement of the limestone the granulate blast-furnace slag (fig.1a) or the 
fly ashes (fig.3a, fig.4a) caused the increase of the yield value, in comparison to Portland-limestone 
cement CEM II / B-LL. 
As it results from fig. 2b the replacement of the limestone with granulate blast-furnace slag does not 
influence on the plastic viscosity of cement pastes. Replacing the part of limestone with the silica fly 
ash (fig. 3b) or calcium fly ash (fig. 4b) makes the plastic viscosity grow up in comparison to cement 
pastes including with ground limestone only. 
The observed different rheological behavior of cement pastes from cement with mineral additives is 
the result of multiple overlapping factors. There should be included mainly: the size composition, the 
shape and porosity of the particles of mineral additives, the type and amount of mineral additives in 
cement, as well as the content of unburned carbon in fly ash. On rheological properties of cement 
pastes also influences the type of cement used (C3A phase content). 
 
 

 
Figure 2: The rheology of cement pastes with granulate 
blast-furnace slag and limestone: a) the yield value, b) 

the plastic viscosity 

 



 
Figure 3: The rheology of cement pastes with silica fly ash and limestone: a) the yield value, b) the plastic 

viscosity 
 

 
Figure 4: The rheology of cement pastes with calcium fly ash and limestone: a) the yield value, b) the plastic 

viscosity 
 

The results of investigations of the influence on kind and quantity of mineral additions on forming  the 
rheological properties of cement seasonings were presented on drawings 5-7. 
 

 

Figure 5: The rheology of mortar cement with granulate blast-furnace slag and limestone: a) the yield value, b) 
the plastic viscosity 

 

  

Figure 6: The rheology of mortar cement with silica fly ash and limestone: a) the yield value, b) the plastic 
viscosity 



 

   

Figure 7: The rheology of mortar cement with calcium fly ash and limestone: a) the yield value, b) the plastic 
viscosity 

 
The replacement of the part the granulate blast-furnace slag with limestone causes the decrease of the 
yield value (fig.5a) and the growth of plastic viscosity (fig.5b) the mortars in case of cement CEM 
II/A,B-M (S-LL). The enlarged quantity of limestone in cement CEM II/A,B-M (V-LL) slightly 
changes the yield value (fig.6a). In Portland-composite cements CEM II/A,B-M (W-LL) the 
replacement of the part of calcium fly ash on the limestone causes the decrease of the yield value 
(fig.7a). The plastic viscosity of the mortars cement CEM II/A,B-M (V-LL) and CEM II/A,B-M (W-
LL) is dependent on the quantity of mineral additions in composition of cement (fig.6b, fig.7b). 
The resulting volumes should be associated with rheological properties of mineral additives and their 
effects on rheological properties of cement pastes and mortars (spherical grains cut, in the fly ashes of 
a high content of glassy phase) 
 
4.  Conclusion 
 
The results of investigations show that the propriety of Portland-composite cements CEM II/A,B-M 
are determined by the quantity and kind of mineral additions. Estimating the part of ground of 
limestone in formation the propriety there was an assumption made that by adding it in the quantity of 
10% to Portland-composite cement its strength properties change in small degree. The larger amount 
of limestone in Portland-composition cement is effective in significant strength decrease, both the 
early and the norm.  
The property of rheological of Portland-composite cements CEM II/A,B-M that include the limestone 
depends on the kind of concurrent mineral addition in composition of cement. In case of most of the 
studied binders the addition of limestone causes the decrease of the yield value and the increase of the 
plastic viscosity. 
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Abstract 

Považskà cementàreň plant’s laboratory has used Concretec Ltd. Company’s technology in its second 

year to assess the quality of cement clinker. The basic of technology is the continuous measurement of the 

electrical resistivity of hardening of the standard C:S-mortar during 22-24 hours.   

 The proposed report sets out the fundamental principles and results of the practical use of the 

algorithm evaluation of the stability of strength characteristics of clinker. 

Originality 

The implementation of the algorithm has a certain sequence of operations: 

- analysis of the kinetic curve )(τfR =  and appointment to the optimal time of determining the structural 

parameter; 

- this parameter is correlated with the properties of cement clinker. 

From April 2008 to August 2009 the laboratory staff of the plant, along with standard tests, measured 

the electrical resistivity of the standard "clinker-sand" mortar. Results were tested on more than 300 batches of 

clinker. 

 

Chief contributions 

1. Company Concretec Ltd. developed and proposed to use an algorithm for reducing the coefficient of 

variation of early strength in cement clinker production process. 

2. The algorithm is based, formulated and implemented on the principle of “reference group of samples”. 

According to this principle, a sufficiently long time period, the production set, samples (party) clinker are 

characterized by minimum variation values of early 1-day and 2-day strength coefficients. 

3. This group of samples is considered as "reference" set, for it defines the basic statistical parameters; 

properties of all the other samples are correlated with the properties of "reference". 

4. The correlation between the values of the early strengths of clinker and the structural parameter - the values 

of resistivity, are measured at an early stage of hardening in terms of 14 to 20 hours after mixing clinker with 

water. 

5. Comparison of properties of samples of the entire array with the properties of the samples “reference group” 

allows, by measuring the electrical resistivity, at an early age (in 14 - 20 hours) to identify samples of clinker, 

this increases the coefficient of variation and creates the possibility of an early detection and elimination of the 

causes of destabilizing process of manufacture. 

6. This method predicts the early strength of clinker on the measurements of the electrical resistivity at an early 

age. Use this method on Považskà cementàreň plant  for predicting the strength of more than 350 parties, 

cement clinker showed good agreement with the results of standard tests for the following values coefficients of 

variation: 2.15% for 1-day strength and 6.70% for 2-day strength. 

 

Keywords: Clinker, strength, electrical resistivity, structure parameter. 

 
1* Corresponding author: E-mail davids@concretec.biz Tel. +972-8-9753031, Fax +972-

8-9753031 

 
 



 

 

 

 

 

 

Introduction 

 

Conductometric methods are effectively applied to study the hydration, settings and hardening 

processes in cement pastes, mortars, etc. [1,2 and others]. This is primarily due to the fact, that 

conductive liquid phase, structured in a hardening material - physical moisture - is always in 

thermodynamic equilibrium with the solid phase at which it is absorbed (or which it is absorbed). 

Therefore, all changes in the physical moisture properties strictly comply with the peculiarities of the 

development of hardened capillary-porous structures. 

On this basis, the company Concretec Ltd. has formulated and developed new guidelines for 

monitoring hardening and strengthening of cement-concrete compositions [3-6]. For the cement-sand 

mortars’ hardening (including clinker) we have developed an approach based on the use of "structural 

parameter" - a fixed value of electrical resistivity, which characterizes the level of the structure at an 

early stage of the hardening process. 

The purposes of this document, based on electrical resistivity’s measurements at early stage of 

standard “clinker-sand” mortar’s hardening are: 

a) To develop a clinker’s early strength estimation method (in age 1- and 2-day), 

b) To create and implement a practical algorithm that estimates the strength’s stability 

characteristics of a clinker production. 

 
Analysis of clinker’s time series strength and the selection of a “reference group” of samples 

 

Analysis of variation of the strength of clinker in the process of its production at the plant Považskà 

cementàreň in April - May 2008, executed on an array of 37 samples. In laboratory tests was 

determined by standard compressive strength at the age of 1, 2 and 28 days (Fig. 1). It is seen that 

between the curve  )()1( 1 θfS =  and )()2( 2 θfS =  there is a good correspondence, but the 

curve )()28( 3 θfS =  differs significantly from them (here θ  - the current time - the date of testing). 
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       Fig. 1. The general nature of the clinker’s strehgth       Fig. 2. The field of experimental curves of AR during 

                   fluctuations during  the test period.                                the first days of hardening cement clinker 
 

             

Measurement of AR standard "clinker-sand" mortar is carried out continuously during the first 24 

hours of hardening (Fig. 2). Represent all the experimental curves on one graph is not only impossible 



 

 

 

 

 

 

but also meaningless. Therefore, in Fig. Figure 2 shows the experimental values of the field bounded 

by the curves )()2( 1 τfStDevAverage =+  and )(2)2( τfStDevAverage =− , in the central part 

of the field is averaged over all 37 measurements of the curve )(3 τfAverage =  (here τ  - measuring 

time of AR in the process of hardening). 

Stability of strength parameters estimated by the coefficient of variation: 

- the entire array of samples – )]1([SCVAR  = 11.6, )]2([SCVAR  = 8.9, )]28([SCVAR  = 3.1; 

- samples of the “reference group” )]1([SCVAR  = 2.9, )]2([SCVAR  = 3.6, )]28([SCVAR  = 2.1. 

It is obvious, that such a periodization of the total time of production makes it possible to determine 

the "reference" period, characterized by the most efficient statistical indicators. Convergence of 

averages values of parameters to "reference" should reduce the coefficient of variation and, as a result, 

improve the stability of clinker production 

 

AR-measurements and their relationship to the early strength of cement clinker 

 

To establish correlations "Strength - Resistivity" analysis was performed of kinetic curves  )(τfR = . 

In Fig. 3 shows changes in AR of the 6 samples of clinker a "reference period" – from 12.04.08 to 

18.04.08. 

It is seen, that a stable (almost linear)  increase in the value of AR, corresponding to the initial of 

clinker’s crystallization strengthening, beginning after finishing of the setting’s process, i.e., in our 

case, 10 - 11 hours after completion of molding samples "clinker-sand" mortar. Stable increase in AR 

caused by the good agreement changes the conducting properties of the material forming its structure. 

At this stage, developed crystallization – "post-ettringite" and "post-portlandite" – the structure of 

clinker has been well-defined structural and mechanical properties (including strength), and the AR-

value is almost uniquely determined by these properties. 

Therefore, the AR-value )(τR , measured in the predetermined time, directly characterizes the level 

of development of the emerging structure, i.e. is in essence a structural parameter.  
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Fig. 3. Change of AR of "reference group" samples during the first days  

of hardening "clinker-sand" mortar. 



 

 

 

 

 

 

In Fig. 4 of 1- and 2-day strength of all samples of clinker, was produced during the test period, 

compared with the measurements of AR of the same samples at the age of 20 hours. It is seen that the 

variations of the parameter )20( hR well correspond to the variations of early strength )1(S and )2(S . 

It should be noted that the resistance measurements made at an earlier age (17 and even 14 hours) also 

give a good similarity between the curves   )()1( 1 θfS = , )()2( 2 θfS =  и )(θϕ=R . 
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Fig. 4. Changes of the values of 1- and 2-day strength and the values of AR,  

measured at the age of 20 hours. 

 

Practically appointment time τ  for the structural parameter’s )(τR  measurements was determined by 

specific conditions and requests of a particular plant.  

Comparison of the results of standard determinations of early strengths  )1(S  , )2(S  and AR-

measurements for the entire array (37 samples) showed that the "Strength - AR" approximated by 

linear equations 

                                   0537.4)20(1035.0)1( += RS                                                           (1) 

and   
                                   631.14)20(1059.0)2( += RS ,                                                         (2) 

with fairly high correlation coefficients. 

These results formed the basis for creating an algorithm for monitoring the stability of the 

technological process of cement clinker production.  

Almost, algorithm of cement clinker early strength’s prediction is implemented as follows. 

When performing the daily testing of clinker in plant laboratory, in parallel with the manufacture of 

standard samples – prisms, these same "clinker-sand" mortar fill the 2 sensors – containers [3], which 

continuously measure the AR of hardened mortar within 24 hours. 

Sensors-containers are cylinders made of an electrically neutral material. The inner diameter of the 

cylinder is 4.0 cm and its height is 5.5 cm. At the bottom of the cylinder two electrodes are located to 

measure resistivity, and a termister is located as well to measure temperature. In order to provide 

directional and stable flow of electricity through the hardening mortar, the cylinder with a vertical 

wall is divided into two equal parts. Ratio of the height of the walls to the total height of the cylinder 

is equal to 0.65 [3]. 



 

 

 

 

 

 

Special computer program, which previously introduced coefficients of the equations (1) and (2), at a 

specified time (in our case, 20 hours after the beginning of measurements) calculates and displays 

forecasted strengths )1(S  and )2(S  values. 

During 2008 - 2009 gg on cement plant Považskà cementàreň using this algorithm tested more than 

350 batches of clinker; the results are summarized in Table. 1. To save space, the Table shows the 

average dates for a 2-week testing periods. The Table shows the results of standard measurements of 

1- and 2-day strength [
STST SS )2(,)1( ] and the corresponding predicted values [

PRPR SS )2(,)1( ], 

calculated automatically from the measured value of the parameter )20( hR . 

 

Table 1 

Experimental (standard) and predict (calculated) values of cement clinker’s 

compressive strength 

 

Time period 
R(20h) 

Compressive Strength [MPa] 

1 day Difference 2 days Difference 

[om*m] S(1)ST S(1)PR [MPa] [%] S(2)ST S(2)PR [MPa] [%] 

05-17/04/08 (13 samples) 145 19.3 18.9 0.4 1.4 30.7 31.1 -0.5 -2.1 

18-30/04/08 (13 samples)  152 19.9 19.6 0.3 0.9 30.6 31.7 -1.1 -4.0 

01-11/05/08 (11 samples) 136 17.7 18.2 -0.4 -2.7 28.4 30.4 -2.1 -7.5 

02-14/06/08 (10 samples) 151 20.1 19.5 0.5 2.0 31.4 31.7 -0.2 -1.0 

16-26/06/08 (10 samples) 126 17.0 17.2 -0.3 -2.0 28.7 29.6 -0.9 -3.6 

01-16/07/08 (15 samples) 140 18.2 18.5 -0.3 -2.7 30.8 30.8 0.1 -0.5 

17-30/07/08 (14 samples) 155 19.6 19.8 -0.2 -1.7 31.2 31.9 -0.7 -2.5 

01-13/08/08 (13 samples) 129 18.3 17.5 0.7 2.7 30.1 29.9 0.3 0.5 

14-31/08/08 (14 samples) 131 18.5 17.7 0.8 3.8 30.7 30.0 0.7 2.1 

01-14/09/08 (14 samples) 139 18.4 18.4 0.0 -0.8 30.5 30.7 -0.2 -1.0 

15-30/09/08 (16 samples) 142 18.4 18.6 -0.3 -1.9 31.6 30.9 0.7 2.1 

05-16/10/08 (12 samples) 153 20.3 19.6 0.6 2.4 33.5 31.8 1.7 4.8 

17-31/10/08 (12 samples) 128 17.7 17.5 0.3 0.4 30.4 29.8 0.6 1.7 

01-14/11/08 (13 samples) 147 19.6 19.1 0.5 2.2 31.4 31.3 0.1 0.3 

15/11-05/12/08 (19samples) 132 16.6 17.8 -1.2 -8.7 29.9 30.1 -0.2 -1.0 

07-20/04/09 (10 samples) 83 13.9 13.5 0.4 1.5 26.9 26.2 0.7 1.8 

21-30/04/09 (10 samples) 80 12.6 12.9 -0.3 -2.6 25.2 25.7 -0.5 -2.3 

01-18/05/09 (12 samples) 100 15.3 15.0 0.4 2.0 28.3 27.6 0.7 2.4 

19-30/05/09 (12 samples) 117 15.9 16.4 -0.6 -4.1 29.1 28.9 0.2 0.2 

01-11/06/09 (11 samples) 102 14.6 15.2 -0.6 -4.4 28.1 27.8 0.3 0.9 

01-15/07/09 (15 samples) 120 16.1 16.8 -0.7 -4.3 28.5 29.2 -0.7 -2.9 

16-31/07/09 (15 samples) 111 15.8 16.0 -0.2 -2.0 28.2 28.4 -0.3 -1.4 

01-24/08/09 (18 samples) 114 15.9 16.2 -0.3 -2.9 28.9 28.6 0.3 0.7 

01-17/09/09 (12 samples) 116 16.2 16.3 -0.1 -1.9 29.0 28.8 0.3 0.4 

18-30/09/09 (12 samples) 111 15.7 15.9 -0.2 -2.5 28.5 28.4 0.1 -0.1 

01-15/10/09 (13 samples) 105 15.2 15.4 -0.2 -2.3 28.1 28.0 0.1 0.0 

16-30/10/09 (13 samples) 111 15.6 15.9 -0.3 -2.7 28.5 28.4 0.1 0.0 

Average [MPa]*
)
 124.0 17.4 17.5   29.9 29.8   

Standard Deviation [MPa] 21.2 2.62 2.05   2.63 1.86   

Variation Coefficient [%] 17.1 15.01 11.73   8.82 6.23   

 
*)

 The basic statistical parameters are defined for the entire array - 354 samples of clinker. 

 

 



 

 

 

 

 

 

Such a significant variation of the structural parameters (from 80 to 153 ohm*m) is clearly linked to 

the corresponding fluctuations at the clinker’s properties (primarily chemical and mineralogical 

composition). However, it is evident that the fluctuation values )20( hR  do not affect the accuracy 

degree of the strength’s prediction
PRPR SS )2(,)1( . 

Graphical generalization of results a standard determination and prediction of 1- and 2-day strength of 

clinker (see Table 1) is shown in Fig. 5. The graph shows that the variation of predicted values of 

strength
PRS )1(  , 

PRS )2( , clearly correspond to variations of standard values 
STS )1( , 

STS )2( . 
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Fig. 5. Standard and predicted values of 1- and 2-day strength of cement clinker. 

 
This result suggests that the results of the early strength prediction not only accurate enough in 

magnitude, but they are almost uniquely determine the variation strength of clinker due to fluctuations 

of different technological parameters. 

Thus, the monitoring results of early hardening of cement clinker, obtained using an algorithm 

developed by Concretec Ltd., reflect the real state of the production process, and "risk"  of the 

practical use of prediction results is almost minimal. 

 

Conclusions 

 

1. Company Concretec Ltd. has developed an algorithm for monitoring of cement clinker’s 

strengthenig in its production process. The algorithm is based on the formulated and implemented 

principle of "reference groups” of samples. According to this principle, in general, sufficiently 

prolonged production time esteblish period, in which samples (batches) of clinker characterized by 

minimal values of the coefficients of variation of early 1 - and 2-day strength. 

2. Established a good correspondence between the variation of AR-value (structural parameter) of 

cement clinker and the behaviour of the formation of its 1 - and 2-day strength. 

3. Comparison of the properties of clinker tested party with the properties of samples of the "reference 

group" allows the results of measurements of electrical resistivity, at an early age (in 14 - 20 hours) to 

assess (predict) the strength properties of the material. This creates the possibility of prompt detection 

and elimination of causes of destabilizing the manufacturing process .. 



 

 

 

 

 

 

4. At the cement plant Považskà cementàreň using this algorithm successfully tested more than 350 

batches of cement clinker production. 

5. Statistical processing of test data for the entire array   (354 samples)  also showed that the accuracy 

of prediction of early strength of cement clinker on the results of AR-measurement corresponds to the 

accuracy of the strength’s determination by the standard destructive methods. 

6. The early strengthening of cement clinker monitoring results, obtained using an algorithm 

developed by Concretec Ltd., uniquely determine the variation strength of clinker, i.e. they reflect the 

real state of the process. Therefore, the "risk" the practical use of prediction results is minimal 
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Abstract 
The hydration characteristics, microstructure and strength development in ternary cement compositions of ordinary 
Portland cement, silica fume and pulverized fuel ashes obtained from coal-fired thermal power stations in India 
have been investigated as a part of comprehensive bilateral project between Norwegian and Indian partners on 
development of ‘Environmental friendly strategy for waste management in India utilizing cement and concrete 
production technology’ (BILAT- INDIA).  
The performance of both fly and bottom ashes was investigated in terms of physical properties, hydration 
characteristics by isothermal calorimetry  and microstructure development by SEM with WDX  for the following 
compositions; 

I. Cement + fly ash, replacement level up to 65%, with or without 5 and 10 % silica fume, 
II. Cement + bottom ash, replacement level up to 20 %, with or without 5 and 10 % silica fume, 

Suitable plasticizers (modified lignin based) were added in appropriate dosages for equal flow. Curing was 
performed at both 20, 27 and 38°C to cover temperature ranges relevant for India .The pozzolanic reaction of 
bottom ash were examined and compared to fly ash mixes, and the variation ascribed to differences in morphology 
and size of particles, as well as chemical characteristics.  
Typical hydration products from the pozzolanic reaction of the ashes with CH were found to be within the categories 
of calcium silicate hydrate gel, and crystals of calcium aluminate hydrates. Addition of silica fume in ternary blends 
resulted in synergic effects with respect to strength and densification of aggregate-matrix transition zones. 
 
Originality 
Coal combustion residues from electricity generation constitute major environmental problem in India. Fly ash, the 
fine particles collected from hoppers of electro-static precipitators (ESP) has been widely investigated, while bottom 
ash collected from the bottom of boilers has not received much attention. The hydration products from the 
pozzolanic reaction of both fly ash and bottom ash are identified and compared. The synergic effect of silica fume in 
ternary blends in terms of early strength is documented. 
 
Chief contributions 
Possibilities of use of fly ash beyond 35 percent presently permitted in India, and on use of bottom ash which is 
presently not permitted as pozzolanic addition in cement and concrete, are examined. Based on the results, 
recommendations are made on use of bottom ash up to 20 percent as pozzolanic addition in cement and concrete. 
 
Keywords: Bottom ash, Fly ash, Pozzolanic reactions, Ternary blends. 
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1. INTRODUCTION  
 
As a part of on-going collaborative investigation by SINTEF, Norway and NCBM, India, on use of 
industrial waste materials in cement and concrete (Engelsen et al, 2009), results on tests on binary and 
ternary combinations of cement, fly ash or bottom ash, along with silica fume are reported. Use of fly ash, 
the fine particles collected in hoppers of ESP in coal-fired thermal power stations, in cement and concrete 
is well documented and up to 35 percent is permitted in India. Larger dosages, up to 65 percent were 
investigated. Bottom ash, the coarser fractions collected at the bottom of the boilers, is not permitted at 
present. 
 
2. MATERIALS CHARACTERISTICS 
 
Chemical characteristics of cement, fly ash and bottom ash (both obtained from the same power station) 
and silica fume are given in Table 1. The bottom ash, as collected, was in moist condition (moisture 41.2 
%) and dried before analysis. The soluble (reactive) silica in fly ash was 30.5 %, and 14.8 % in bottom 
ash, indicating higher glass content in the former. The main phases present in fly ash and bottom ash were 
α-Quartz, Mullite, Hematite, etc. 
 

Table 1: Chemical Analyses of Materials 
  

Material LOI CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O Cl 
OPC 2.67 61.99 21.66 5.47 3.62 1.19 2.30 0.23 0.27 0.05 
Fly Ash 0.68 1.75 59.99 29.56 4.32 0.26 0.17 0.09 0.60 0.003 
Bottom Ash 1.06 1.46 61.27 24.85 8.12 0.38 0.12 0.11 0.53 0.027 
Silica Fume - - 90.21 - - - - - - - 

 
Sieve analyses of fly ash and bottom ash are in Table 2. Bottom ash as received was coarser, with 85% > 
90µ sieve size, and 60% between 125µ to 710 µ. It was ground to sieve analysis comparable to the fly ash 
prior to use.  Blaine’s value of Ordinary Portland cement (OPC) was 321 m2/kg.  
 

Table 2: Sieve Analysis of cement, fly ash and bottom ash 
 

Sieve Size Sieve Fraction (%) 
OPC Fly Ash Bottom Ash (after grinding) 

+212 µ 0.00 0.1 0.00 
-212 µ / +125 µ 0.20 1.0 0.00 
-125 µ / +90 µ 0.50 1.7 0.00 
-90 µ / +45 µ 9.8 6.0 7.93 
-45 µ  89.5 91.2 92.07 

 
3. RESULTS AND DISCUSSION FROM MATERIALS TESTING 
 
3.1 Pozzolanic Properties 
 
Pozzolanic properties of ashes were tested by (1) Lime reactivity test, as per Indian standard IS: 1727, (2) 
Cement replacement test; 20 percent cement was replaced by ash. Mortar strength as proportion of pure 
cement mortar tested at 27OC as per IS 1727, and (3) CH consumption by ash. Samples containing 20 g 
ash and 10 g CH were dispersed in 20 g alkaline water, with KOH/NaOH = 2, and  pH = 13.2, to simulate 
pore water The reaction was stopped by crushing and dispersion in excess ethanol after 5 weeks. Residual 



CH content was determined by DTA/TG and compared to same sample stopped just after mixing in the 
same manner. The procedure is explained by De Weerdt and Justnes (2008).  The results of the 
pozzolanicity tests are presented in Table 3. Bottom ash exhibited pozzolanic properties to a lesser extent 
than fly ash samples. An increase in curing temperature resulted in faster pozzolanic reaction. 
 

Table 3: Results of Tests for Pozzolanic Properties 
 

Test Fly ash Bottom ash 
Lime Reactivity, MPa 7.07 6.58 

Cement Replacement, 28 days compressive strength, % 92.61  69.40  
Ash CH consumption, 5 weeks, 20OC, % 24.0 11.5 
Ash CH consumption, 5 weeks, 38OC % 59.3 49.6 

 
3.2 Strength of mortars with ash replacing cement 
 
Compressive strength and flexural strength, up to 28 days, were determined on 40x40x160 mm prisms in 
accordance with EN 196-1. Composition was 1:3 binders: standard sand. The binders were cement, with 
or without fly ash or bottom ash, along with silica fume. The water/binder ratio (w/b) was maintained at 
0.50. Lignosulphonate based plasticizer was used in an effort to maintain equal flow at equal w/b.  
 
Indian fly ashes having irregular surface characteristics and greater fineness require more plasticiser 
(Mullick, 2008). The plasticiser dosage increased with increased incorporation of pozzolanic 
replacements of cement, and also for silica fume. Since lignosulphonate at high dosages also affect early 
strength due to retardation of cement hydration, a comparison of mortars with only cement and different 
lignosulphonate dosages was compared in Table 4 in an effort to sort out the effect of the plasticizer 
versus the effect of ash.  The results indicated that increased dose of plasticiser had no significant effect 
on 28 days strength, but there was a significant reduction of 1 day strength by the highest dosage. The 
lignosulphonate did not increase the air entrainment, since there was no trend in decreased mass of 
samples with increased plasticiser dose. 
 

Table 4: Flow and strength for cement mortars with different dosage of plasticiser at 20°C 
 

Plasticiser (%) 0.0 0.045 0.09 0.20 
Flow (mm) 151 181 191 215 

1 day strength 
Compressive (MPa) 

Flexural (MPa) 
Prism mass (g) 

 
11.5 
2.3 

582.8 

 
10.4 
2.5 
580 

 
9.1 
2.2 

583.2 

 
7.2 
1.7 

584.6 
2 day strength 

Compressive (MPa) 
Flexural (MPa) 
Prism mass (g) 

 
24.2 
4.7 

582.5 

 
21.4 
4.7 
581 

 
21.4 
4.5 

583.4 

 
20.6 
4.4 

586.4 
28 days strength 

Compressive (MPa) 
Flexural (MPa) 
Prism mass (g) 

 
58.0 
7.4 

586.0 

 
54.8 
7.5 
581 

 
55.0 
6.9 

585.9 

 
54.9 
7.2 

586.9 
 
 
Strength of mortar samples with different binder combinations cured at 20°C are given in Table 5.  
 



Table 5: Flow and strength for mortars with silica fume, fly ash and bottom ash at 20°C 
 

Cement (%) 95 90 65 60 55 35 30 80 75 70 
Silica fume (%) 5 10 0 5 10 0 5 0 5 10 

Fly ash (%) 0 0 35 35 35 65 65 0 0 0 
Bottom ash (%) 0 0 0 0 0 0 0 20 20 20 
Plasticiser (%) 0.062 0.098 0.222 0.284 0.196 0.222 0.222 0.338 0.133 0.169 

Flow (mm) 179 171 143 161 215 108 121 158 155 151 
1 day strength,  

Compressive (MPa) 
Flexural (MPa) 
Prism mass (g) 

 
10.0 
2.6 
575 

 
10.4 
2.7 
572 

 
2.5 
0.6 
562 

 
1.6 
0.5 
563 

 
3.4 
1.1 
555 

 
0 
0 

528 

 
0 
0 

537 

 
0.8 
0.2 
572 

 
6.2 
1.8 
575 

 
6.2 
1.7 
571 

28 days strength 
Compressive (MPa) 

Flexural (MPa) 
Prism mass (g) 

 
57.6 
7.1 
577 

 
62.0 
7.7 
571 

 
29.0 
5.2 
559 

 
37.5 
6.2 
561 

 
40.2 
6.9 
552 

 
10.1 
2.3 
521 

 
14.3 
3.3 
531 

 
41.1 
5.7 
571 

 
48.4 
6.9 
575 

 
50.8 
7.4 
571 

 
To conserve space, results of tests at 27°C (as per Indian standard) and 38°C are not reported here, but 
discussed in relation to the overall trend. Results (e.g. as found in Table 5) indicated that; 

• Strength at earlier ages (1 or 2 days) decreased, as fly ash up to 65 percent was used in 
replacement of cement. In case of 20OC, no measurable strength was achieved at 1 day for 65 % 
fly ash, even with 5% silica fume, probably due to the high lignosulphonate dosage relative to 
cement mass (0.63-0.74%) leading to excessive retardation of cement setting. At 38 OC, 1day 
strength of the order of 5.2 to 5.7 MPa was measured. 1-day strength with 20 percent bottom ash 
was better than in case of fly ash, due to less plasticizer dosage relative to cement (0.42%) in spite 
of larger binder dosage (0.338%).  

• Incorporation of silica fume at 5 or 10 percent enhanced 28 days strength in case of 35 percent fly 
ash and significantly in case of 20 percent bottom ash. Similar was the enhancement in flexural 
strength, which is due to strengthening of aggregate –matrix interfacial zone (Mullick, 2006). 

• Loss of strength due to ash additions was offset to a large extent with rise in temperature and as 
the age of test increased. 

• Addition of 20 percent bottom ash gave equal or greater 28 days compressive and flexural 
strength than 35 percent fly ash. 

• Silica fume decreased significantly the need of plasticizer to maintain flow for ground bottom 
ash, but not for the fly ash, and hence the 1 day strength increased. 

  
3.3 Heat of Hydration in Cement Pastes 
 
Isothermal calorimetry of cement pastes (water/binder ratio = 0.5) was carried out at 20 OC in a TAM AIR 
instrument. Binder system included OPC, OPC + 35 % fly ash or OPC + 20 % bottom ash, all with or 
without 5 % silica fume. Rate of heat evolution and cumulative heat evolution for the ternary blend OPC 
+ 20 % bottom ash + 5 % silica fume are shown in Figure 1 for the first 48 h. Results for fly ash blends 
were comparable. The microstructure of the same pastes cured at 20 and 38°C were investigated by SEM. 
 
Considerable heat evolution during the initial 48 hours indicates the synergistic effect of silica fume in 
promoting hydration and pozzolanic reaction in the ternary blend with bottom ash. These data, along with 
early strength (Table 5), show that ternary blends with cement replaced by up to 20 percent bottom ash 
and with 5 to 10 percent silica fume comprise efficient binder system for use in concrete. Chemical 



synergy in ternary blends based on cement, fly ash and limestone has been reported by De Weerdt and 
Justnes (2008, 2009). 

 
 
Figure 1: Rate of heat evolution (left) and cumulative heat evolution (right) per kg cement for different cementitious 
pastes (legends Cem = 100% OPC, Cem/5SF = 95% OPC + 5%SF, Cem/20BA = 80% OPC + 20% bottom ash,and 

Cem/5SF/20BA = 75% OPC + 5% SF + 20% bottom ash). 
 
3.4 SEM Studies of pastes where cement is replaced by 35% fly ash and 20% bottom ash 
 
SEM studies were carried out on hardened pastes from the same mixes as used for isothermal calorimetry 
in section 3.3. Figures 2 and 3 below show the backscattered electron images (BEIs) of paste where 35% 
fly ash and 20 % bottom ash is replacing cement, respectively, when cured at 20 OC.  
 

 
Figure 2: Cement  with 35% fly ash, 20 OC                 Figure 3: Cement with 20% bottom ash, 20 OC 
 

* 
* 



Figure 2 shows 2000x back scattered electron image (BEI) of crystals grown in a void of a fly ash particle 
in the paste. Wavelength dispersive analysis of X-rays (WDX), analysis point marked by *, revealed the 
following composition in atom%; 13.7 Ca, 9.7 Al, 1.2 Fe, 0.4 S and 1.2 Si (the rest being O and H). This 
gives an atomic ratio Ca/Al = 1.41, being close to the compound C3AH6 having Ca/Al = 1.5. 
Figure 3 shows 1500x BEI of crystals (grey elongated in the center) as pozzolanic product from bottom 
ash. WDX gives in atom% 16.5 Ca, 10.5 Al, 0.4 Fe, 0.5 S, 0.6 Si (rest being O and H), analysis point 
marked by *, which gives Ca/Al = 1.57 being close to pure C3AH6 with Ca/Al = 1.5. 
 
Pastes were also analyzed after curing at 38 OC. Higher temperature indicated the presence of more CSH  
embedding the calcium aluminate hydrates. Typical BEIs are shown in Figure 4 for paste with fly ash and 
Figure 5 for bottom ash, respectively. Figure 4 (x2000 BEI) shows crystals (marked *) probably being 
C3AH6 as a reaction product of the pozzolanic reaction of bottom ash since WDX analysis gave in atom% 
17.2 Ca, 11.3 Al and 0.8 S resulting in Ca/Al = 1.52.. 3000x BEI of paste with 20% BA cured at 38°C (in 
Figure 5) shows small CAH crystals (marked *) embedded in more amorphous CSH gel. 
 
 

       
 
Figure 4: Cement with 35% fly ash 38 OC                          Figure 5: Cement with 20% bottom ash, 38 OC 
 
4. CONCLUSIONS 
 

1. Sample of bottom ash exhibited required pozzolanic properties. Up to 20 percent replacement 
of cement with bottom ash, along with 10 percent silica fume can be used in concrete.  

2. Tropical conditions as in India ensure development of early strength with use of bottom ash 
and requirement of plasticisers did not increase in combination with silica fume. 

3. Present investigation did not make a case for increasing proportion of fly ash to 65 percent, 
essentially from the consideration of early age strength due to retardation by high amounts of 
lignosulphonate relative to cement. Data on 40 and 50 percent replacement are awaited. 
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Abstract 
Commercially available pozzolans made with calcined clays are considered to improve concrete properties, above all 
durability; however, their use is limited by the high cost of these materials, whose traditional production in rotary kilns 
involves a large amount of energy. Further, the deposits of clay rich in kaolinite are unevenly distributed, thus 
enhancing transport in the cost scheme. This paper presents an investigation of a low-grade clay with kaolin content 
under 40% originating from Cuba. The material occurs as a regular soil, which for the activation is subjected to 
sedimenting. The sedimented material is heated at 600, 800 and 900 oC and the pozzolanic activity of the resulting 
material is assessed. Thermal treatment of the clay induced a reduction of specific surface, associated with the 
mineralogical transformations that take place in the material. The clay calcined at 800 oC shows the best performance, 
either in consumption of calcium hydroxide or in mechanical strength. The material treated at 900 oC shows a 
marginal pozzolanic activity in its original state, but mechanical activation through grinding brings about a significant 
improvement in reactivity. The materials studied show a reactivity similar to commercial products like metakaolin. The 
use of low-grade clays for the production of metakaolin-line pozzolans could provide developing countries access to 
these kinds of materials.  
 
Originality 
The paper deals with thermal treatment of low grade clays to become pozzolanic materials. These materials are 
normally disregarded when highly reactive pozzolans like metakaolin are considered for production.  The use of low 
grade clays contributes to produce reactive pozzolans that are more affordable for the economies of developing 
countries. Conclusive evidence has been produced about the influence of temperature on the degree of activation of the 
clay, and further, the possibility of activating calcined clays fired above the optimal calcining windows through 
grinding. 
 
Chief contributions 
The optimal firing window was determined for a low grade clay with kaolinite content under 40%. The changes during 
calcination, above all the drop in specific surface and thus reactivity, were assessed aided by sophisticated tools like 
TG, XRD and SEM. The role of mechanical activation for low-reactive pozzolans through grinding proved successful in 
terms of increasing the pozzolanic reactivity of the material. 
 
Keywords: calcined clays, pozzolans, pozzolanic activity 
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Introduction 
 
The use of Supplementary Cementitious Materials (SCMs) has become a common practice for most 
cement producers around the world. The main sources of SCMs are wastes from industrial processes, 
among others, pulverized fly ash (PFA), silica fume (SF), Granulated Blast Furnace Slag (GBFS), and 
calcined clays. The increased demand on these products and their limited availability has reflected in 
significant increases in their price, which elevates with the growth in demand, often not matched by 
availability.[SCRIVENER, 2008] 
 
This has a direct impact on cement producers in developing countries, where these SCMs are largely 
not available, and thus have to be sourced from industrialized countries at swelling prices. There are 
other types of SCMs potentially available in developing countries, such as the wastes of agro-
industrial processes like rice and sugar cane production, whose reactivity has been proven elsewhere 
[CORDEIRO et al, 2009, DEEPA et al, 2008], but their practical use in industrial cement production is 
limited for economic reasons, basically the high costs associated with transportation and processing. 
Natural pozzolans like volcanic ashes or zeolitic tuff are also good candidates for SCMs in developing 
countries [UZAL et al, 2010], but their scattered availability limits its use in massive cement 
production, basically because of transport cost. 
 
Calcined clays, however, become a better choice for both industrialized and developing countries. 
Clays are evenly distributed throughout the earth, thus it can be considered a local material almost 
everywhere. The clay deposits, though not-renewable, can be exploited within certain limits without 
inflicting a severe damage to the environment, and their availability exceeds that of any of the other 
SCMs known by far. Metakaolin (MK), that is, the activation of the mineral kaolinite at temperatures 
between 600-700 oC, is the main commercial application for calcined clays [SABIR et al, 2001]. MK, 
however, is still a very expensive material, because its production is energy intensive and demands 
clay with a high degree of purity. 
 
This paper presents the results of a 3 year project to assess the reactivity of MK-like materials made 
with low grade clays originated from Cuba. The original idea is to use a clay that contains several 
minerals, among them kaolinite, and find the optimal parameters for its activation. 
 
Materials 
A clayey soil from the deposit known as “La Moza”, in Manicaragua, central Cuba, was used as 
source of clay for the experimental program. The soil was treated with a deflocculating agent and 
subjected to a process of sedimentation to remove coarse particles. Table 1 shows the chemical 
composition of both the clayey soil and the sedimented material. Fig. 1 shows the main X Ray peaks 
of both. Sedimentation enriches the clay minerals, thus increasing the opportunity of becoming a more 
reactive material after thermal treatment. The main phases identified are montmorillonite 
[Al2(Si4O10)(OH)2·n(H2O)], illite [(Si8-xAlx)(Al,Mg,Fe)4º20(OH)4·Kx] and kaolinite [Al2(Si2O5)(OH)4]. 
 
A Portland cement CEM I 42.5 Nomo 3 (CP-N3) made in Switzerland was used. For comparison of 
the pozzolanic effect an inert quartz filler and a reference MK were used. 
  
Table 1 Chemical composition of the clayey soil and the sedimented material 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O MnO Na2O Otros PPI Total 
Original 

soil 57.74 18.71 7.07 1.85 1.80 0.02 0.65 0.12 2.68 0.76 8.57 99.97 

Clay 
fraction 43.89 24.73 11.13 1.38 2.63 0.08 1.10 0.14 1.99 3.11 9.81 

99.99 
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Fig. 1: XRD of the Cuban clay a) as sampled, b) sedimented, c) sedimented and sieved (under 2 µm) 

 
Experimental procedure 
The sedimented soil was calcined at three different temperatures: 600, 800 and 900 oC. The material 
was heated in a laboratory furnace for three time intervals: 30, 60 and 90 min. Further testing proved 
that no significant difference were found in the materials calcined at different times, thus the values 
for the clay calcined at 60 min were taken as representative. 
 
The following experimental program was accomplished: 
 

• Measurement of specific surface of the resulting material fired at different temperatures, to 
assess the morphology changes that take place under the calcinations. 

• Measurement of CH consumption in a system Portland cement (70%)/pozzolan (30%) –
normalized to the amount of cement- as a means to assess the degree of reaction of the 
pozzolan. 

• Assessment of mechanical strength in mortar 4x4x16 cm prisms made with a binder 
proportion of Portland cement (70%)/pozzolan (30%) 

 
Discussion of results 
Specific surface 
Fig. 2 present the comparison between the specific surface and grain size distribution of the materials 
calcined at different temperatures. The slight increase of specific surface between 500-600 oC is 
associated with dehydroxilation of kaolinite. Above 600 oC the specific surface decreases mainly 
because of packing of the crystalline structures and agglomeration of the clay grains as seen in Fig. 3. 
Between  800-825 oC a sudden drop of specific surface takes place, most likely caused by sintering 
taking place, or by the complete destruction of the montmorillonite present in the soil. Fig. 3 shows 
some signs of melting of the material treated at 900 oC. 
 
Pozzolanic activity 
The consumption of Calcium Hydroxide (CH) was measured aided by thermal analysis and XRD. 
Pastes with water to binder ratio 0.4 were cast and cured at 30 oC in sealed containers to avoid 
carbonation. The tests were performed at 3, 7, 28, and 90 days. Fig. 4 presents the main results. At 



early ages (3, 7 days) the pastes made with clay calcined at 600, 800 oC showed a higher CH 
consumption, however, at 28 days all pastes show the same consumption. The pastes made with clay 
calcined at 600, 800 oC continue to consume further CH until 90 days, while the paste made with clay 
calcined at 900 oC did not consume more CH, thus indicating little progress in the pozzolanic reaction.  
 

0

5

10

15

20

25

30

35

40

45

0

5

10

15

20

25

30

0 100 200 300 400 500 600 700 800 900 1000

B
ET
 (

m
2

/g
)

D
iá

m
e

tr
o
 (

µ
m

)

Temperatura (°C)

0.05 0.5 5 50 500
Diámetro (µm)

25°C

500°C

600°C

700°C

800°C

850°C

900°C

925°C

1000°C

 
Fig. 2: (left) specific surface vs. calcining temperature; (right) LPA grain size distribution of the 

materials calcined at different temperatures 
 

 
Fig. 3: SEM pictures of the calcined material: a) non-calcined, b) 600 oC, c) 800 oC, d) 900 oC 

 
Mechanical properties 
The mechanical properties were tested in standardized mortar cast in 4x4x16 cm prisms, made with a 
proportion (70%) Nomo cement/(30%) pozzolan, and standard sand. The mortars were prepared 
according to the Swiss Norm SIA 215.001, similar to the EN 196_1, and cured at 30 oC. Control series 
were cast using MK and a quartz filler. The prisms were tested for compressive strength at 3, 7, 28 and 
90 days. 
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Fig. 4: (left) CH consumption in pastes made with 70% cement and 30% pozzolan (wt.), cured at 30 
oC (right): degree of hydration of the pastes measured aided with image analysis on SEM polished 
sections 
 
The best results at early age are obtained in the mortars made with Nomo cement and MK as SCM. At 
7 days the mortars made with clays calcined at 600 and 800 oC increase their compressive strength, 
but still under cement and MK. The mortar made with the clay calcined at 900 oC shows little signs of 
reactivity. After 28 days, the mortar made with clay calcined at 800 oC surpasses the other materials, 
including the references MK and cement, thus indicating a higher reactivity. 

 
Fig. 5: (left) Compressive strength of mortars made with the calcined clays (right) degree of hydration 
of the mortars measured aided with image analysis on SEM polished sections. 
 
Activation through grinding 
All tests performed in the three series made with clay calcined at different temperatures show that 
above 800 oC the reactivity of the pozzolan decreases in a significant manner, probably induced by the 
reduction of the specific surface caused by the coarsening of the material during calcination at 
temperature close to 900 C. Pozzolan can be activated through grinding [SHI et al, 2001], basically 
because the specific surface is increased and thus the capacity of the material to react.  



 
Fig. 6 presents a comparison of the grain size distribution of the original –untreated- clay, the material 
fired at 900 oC subjected to coarsening, and the same material ground for 120 min in a ball mill. 
Through grinding the material becomes much finer, especially the grains whose size is greater than 5 
µm. The ground material T-120 was used to cast pastes and mortars using the same procedure 
described above. The pastes were tested for CH consumption, while the mortars were tested for 
mechanical strength. 
 
Fig. 7 presents the results of CH consumption in cement-pozzolan systems made with clay calcined at 
900 oC ground and non-ground. Even at early ages there is a significant difference in CH consumption 
between the ground and non-ground material, thus indicating that a mechanical activation has taken 
place. The non-sedimented soil calcined at 900 oC shows a lower CH consumption after grinding, thus 
indicating that sedimenting increases the potential for pozzolanic reaction of the material.  
 
Fig. 8 presents the results of compressive strength in mortars, where the compressive strength of the 
series made with cement-ground clay calcined at 900 oC exceeds that of the series made with non-
ground material, even at 7 days. Further, the material continues to gain strength until 60 days, thus 
indicating that the pozzolanic reaction is still taking place. 
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Fig. 6: Grain size distribution of the materials ground (T-120) and not ground (AS-900), and the 
original, untreated material (ref) 
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Fig. 7: CH consumption in pastes made with clay calcined at 900 oC ground and non-ground 
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Fig 8: Compressive strength of mortars made with calcined at 900 oC ground and non-ground 
 
Conclusions 
A material with pozzolanic activity similar to commercial MKs can be produced when the low grade 
clay studied in this paper, with kaolinite content under 40%, is treated thermally. For better 
performance the material should be sedimented, in order to enrich the clay minerals. The optimal 
activation window for this material appears to be between 600-800 oC. At temperatures close to 900 
oC a drastic drop in specific surface takes place, which reflects in a decrease of pozzolanic activity, 
measured through CH consumption and mechanical strength. If the material treated at 900 oC is 
further ground, a recovery of the pozzolanic activity is observed, basically as an increase of CH 
consumption and mechanical strength, thus indicating that a mechanical activation has taken place. 
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Abstract 

In this paper, a structural cement model is proposed, based upon the theory of granular lattices and the 

deterministic theory of the stress transmission in discontinuous media. For a non flocculated structure, four 

textural coefficients are defined to take into account the non spherical shape of grains, the size distribution, 

the kind of arrangement, and the diffuse adsorbed layer of water, responsible of the paste plasticity. A 

primitive space lattice is used to define de basic granular element, for which solid and total volumes are 

easily calculated to obtain the pore content of the packing as a function of the textural coefficients and of the 

structural angle of the lattice. As a first trial, theoretical relationships are compared to the experimental 

minimum and maximum porosities of aggregates and clinker, showing a good correlation. Associated with 

the structure of the packing, the stress transmission through the grains may be solved by assuming the 

Trollope´s principle of the centroidal reactions, by which the contact force network coincides with the grains 

lines of contact, and whose orientation depends upon the kind of strain of the unit cell. Accordingly, for an 

elongation strain cell, an internal transversal tensile stress appears, so failure of a specimen submitted to an 

unconfined compressive load occurs because of the development of cracks oriented parallel to the direction 

of loading. Moreover, elimination of the structural parameter from both such theories allows the uniaxial 

tensile or compressive strength to be expressed as a function of the pore content or the water-cement ratio, 

in similar fashion to the Abrams´ rule. In this frame of reference, experimental extreme porosities of the 

clinker powder not only define the coefficients of grain shape and uniformity, but also its inherent kind of 

packing. The coefficient of plasticization is established by knowing that a hydrated cement grain is two times 

bigger than the anhydrous one. Now, the cement paste structure is defined by the fresh mixture subjugated to 

the demand of the grains bounds and the offer of water, part of which forms the adsorbed layer. During the 

setting period, this water goes into solution and also percolates and diffuses into the grain to form the 

adsorbed layer of the tiny particles that compound it, regarding the fractal principles. Chemical reactions 

between these substances define the hardening period, but the strength is governed by the hydrated clinker 

grains because their bounds are weaker than those of the gel particles. By proceeding in this way, the 

Powers-Brunauer cement model turns to be quantitative because it is furnished with a granular structure, 

and Garbocsi model becomes simple and deterministic. Moreover, as a matter of simple algebraic volume 

operations, the entrapped air content in normal concrete and the absorbed water in lightweight concrete are 

taken into account in equations of the concrete tensile or compressive strength. Finally, all formulae derived 

from the theory have been compared with the overwhelming experimental data reported by worldwide 

authors, showing a high degree of correlation. 

   
  
Originality 

The theory of granular packings as well as the theory of stress transmission in discontinuous media, in the 

present approach, has been developed by the author since 1978, to explain the special behavior of granular 

matter and their static response to external loads, under several boundary conditions. Advances and results 

have been published in theses and proceedings of several domestic and international conferences. 
 

 

Chief  contributions 

The major contributions are: a) the development of a comprehensive, deterministic and simple model for 

granular matter; b) the application of this model to study the structure and microstructure of portland 

cement and concrete, at different stages; c) the demonstration of its power of prediction and flexibility to 

allow new parameters be included; and d) the derivation of a rational relation between the concrete strength 

and the pore content or the water-cement ratio. 
 

Keywords: Packings, plasticity,  granular mechanics, cement model, concrete strength 
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Introduction 
 

All substances in nature consist of grains and pores, arranged in an ordered structure, such as crystals, 

or in a random structure, such as soils. In general, grains are solid bodies of any geometrical shape, but 

spherical grains are considered to be perfect; so that, Wadell defined two coefficients to measure their 

sphericity and roundness. Likewise, the sizes of the grains that compound a particular substance are 

usually different, and a size distribution curve is necessitated to describe them. To asses the densest 

state of the granular matter, some authors have gotten to assemble analytically spheres of different size 

to describe some particular structures, by using, for instance, the Apollonian packing or the Dodds 

network (e.g. Aste, 1996).  But, by doing in this way, the description of the packing is very difficult 

and laborious, and does not take in consideration the grain shape and the substance compactness. The 

theory of granular packings overcomes these shortcomings by distinguishing between the actual 

disordered substance and the space lattice model, which is made of uniform sized grains, 

corresponding to the mean granular fraction, (Fig. 1.a). In this path, cement and concrete are the best 

suited materials for application and validation of this theory, because of the vast number and kinds of 

experimental data coined during several years.  

 

 

Theory of granular packings 

 

Simple granular packings. The lack of sphericity in the grain is described by the coefficient of shape, 

χa , which is defined as the relationship between the volume of the sphere of contact and the absolute 

volume of the grain: χa=Vc/Vs . Thus, the diameter of contact is obtained from the equation: 

Dc=[(6/π)χaVs)]
1/3, and is interpreted as the measure of the centroidal separation of two neighbouring 

grains in contact. This new definition involves three features: the indirect measurement of the grain 

sphericity and roundness, the compatibility between grains in contact, and the transformation of a 

grain of arbitrary shape into a sphere. The primitive space lattice of the model is defined as the 

parallelepiped whose vertices are the centres of eight spheres of contact and whose edges are not 

necessarily diameters of contact. In this unit cell, the volume of the solid phase is equal to the volume 

of a grain, Vs , due to a geometrical property of the parallelepipeds; and the total volume is: 

Vu=Dc
3f(α)f(θ), where f stands for a trigonometric function, α, for the angle formed by the edges of the 

base and θ, for the angle between the vertical line and the inclined edge, not coplanar with the base. 

Regarding their kinematical significance, α generally remains constant and θ takes two different 

meanings depending on the kind of deformation imposed to the granular element, that is, distortion or 

compression. Because of that, α becomes a textural characteristic and θ arises as the fundamental 

structural parameter. For a unit cell in compression, functions of these features may be written in the 

following fashion: χα=(6/π)f(α)=(12/π)sinα(1+cosα) , and f(θ)=sin2θcosθ.  

 

Once the granular lattice is defined, the grain size distribution of the actual substance may be included 

into the former by defining the coefficient of uniformity, χu , as the ratio χu=V/Vu , where V is the total 

volume of the actual sample and Vu, the total volume of the model, both for the same weight. This is 

equivalent to the ratio χu=γu/γ , where γu and γ are the corresponding unit weights. However, for the 

sake of simplicity, it is more practical to use a single grain texture coefficient: χg=χuχa, as long as the 

texture coefficients χu and χa cause the same effect on the sample: the pore content increases with the 

angularity and uniformity and decreases with the roundness and gradation of grains. Finally, the phase 

volumes of all granular substances may be related one to each other in several ways. If pores are to be 

considered, the phase relationships are connected by the identities: e=n/(1+n)=Gw/s, where e=Vv/Vs is 

the void ratio, n=Vv/V, the porosity, w/s=Ww/Ws , the water-solid ratio, Vv=V-Vs, the volume of pores, 

w, the weight of the water filling the pores, and s, the weight of the grains. Regarding all this 

considerations, the porosity of the substance is finally written as n=1-1/(χgχαsen2θcosθ). Furthermore, 

due to the discrete nature of packings, the values of α and θ are bounded: α between angles 60º and 

90º, which correspond to tetrahedral and octahedral granular packings, and θ between the angles 



θm=arccsec(2cos(α/2)) and θM=arcsec√3, appertaining to the minimum and maximum porosity, nm and 

nM, respectively, and showing a linear relationship when the grain texture coefficient, χg , is eliminated 

(table 1). Since these two porosities can be determined experimentally by simple routine tests, the 

equation of the porosity for granular packings may be proved now. Indeed, all experimental values for 

soils and aggregates reported by several authors are located within the physically possible domain 

bounded by the straight lines pertaining to the tetrahedral and octahedral granular packings (Fig. 1.b). 

Reciprocally, the extreme porosities of an actual granular substance are the indirect measure of the 

lack of sphericity of grains as well as of their uniformity. To the same conclusion arrived Talbot and 

Richart as early as 1923, based on numerous tests to obtain the densest state of coarse aggregates. 

  
Table 1: Extreme textural and structural features of granular packings. 
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Plastic granular packings. There is ample evidence that water is strongly attracted to the fine particles. 

The electromolecular charge of their surface and the bipolar nature of water molecules are responsible 

for the formation of an envelope, called adsorbed layer, for which several mechanisms of molecular 

interaction have been proposed (Mitchell, 1992). However, when considering only the ultimate effect 

of these forces, the model is simplified considerably, because it becomes a purely geometric problem, 

in which particles are bigger and in contact through the adsorbed layer. Since solid particles are no 

longer in direct contact, and the adsorbed water layer is in coagulated state, the new structure so 

formed is characterized by acquiring the property of plasticity, which allows the workability of the 

material. Defining the volumetric textural coefficient of plasticity, χp , as: χp=(1+2ap/Dc)
3, being ap the 

thickness of the adsorbed layer, the new contact diameter of the grain, Dcp, is written as Dcp=χp
1/3Dc , 

and the total volume of the unit cell is Vu=Dcp
3f(α)f(θ). Thus, the pore content of a non flocculated 

plasticized substance, which includes the volumes of free and adsorbed water, assumes the general 

form, as a function of the texture coefficients and the structural parameter θ: 

 

e=n/(1+n)=Gw/s=χpχgχαsin
2
θcosθ-1                                                                                                       (1) 

 

Mechanics of granular media. All components of the stress tensor in any space lattice submitted to 

any boundary condition may be achieved by means of the principle of the mean value (Yanqui, 1995). 

Particularly, for a specimen, these components are the same than those derived by Trollope (1956) 

under the principle of the centroidal reactions, by which the contact force network coincides with the 

grains lines of contact; so, multiple mechanisms of stress transmission may have a granular packing. 

For instance, in the uniaxial tensile test, the basic element is oriented so that the stress is transmitted 

following one diameter of contact. If the stress of molecular attraction along the contact diameter is σo, 

the tensile strength of the specimen, σt , is obtained from the expression σt=σo/(1+e). In the uniaxial 

compression test, the three diameters of contact are axisymmetric and inclined with respect to the axial 

load, in sharp contrast to the continuum approach, which predicts that the axial loads are transmitted as 

parallel and independent threads, according to the principle of Cauchy. Due to the inclination of the 

contact forces, it appears an internal tensile stress of magnitude σ3i = (σ1/2)tan
2
θ, perpendicular to the 

axial compressive stress σ1. This implies that the fracture of a specimen, by uniaxial compression, 

σ1=f´c , occurs through cracking oriented parallel to the direction of loading, when the transverse 

tensile stress σ3i equals the stress of molecular attraction, σo , according to the relation: f´c=2σocot
2
θ. 

This mechanism of failure, which shows up naturally in granular mechanics, has been widely observed 

and tested in elasto-brittle materials such as concrete by several authors using different sophisticated 



methods (Popovics, 1998). Moreover, removing the angle θ from this expression and equation (1), and 

defining the global textural factor of the substance as χ=χpχgχα , the pore content may be written in 

terms of the tensile strength or the compressive strength as follows: 

 

e=σo/σt – 1             ;           e=2χ(f´c/σo)
1/2

/(2+ f´c/σo )
3/2

-1                                                                       (2) 
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Figure 1. a) Two-dimensional granular model of the hydrated cement paste: the major spheres represent the 

hydrated clinker grains; the minor spheres, the gel particles; and the white spaces, the capillary pores. b) 

Maximum porosity versus minimum porosity. The experimental data were reported by several authors, (Selig 

and Ladd, 1972). The lower straight line stands for the tetrahedral granular packing, and the higher, for the 

octahedral one. The red square point stands for the cement clinker. 

 

Structure of Portland cement 

 

Now, these results are used to complete the Powers-Brunauer structural model, including the features 

of the anhydrous Portland cement and relating the stages of hydration to an increasingly deeper 

diffusion process, ruled by the principles of scale and self-similarity of fractals. Accordingly, after 

being promoted the mechanical dispersion of the clinker grains in the water, they are surrounded by 

the adsorbed layer and assembled regarding the demand of the weak bonds and the offer of water, 

staying the cement paste in a plastic state for a very short period of time, and passing after that to the 

process of stiffening when water from the adsorbed layer diffuses from the periphery toward the grain 

interior to become, in turn, the adsorbed water layer of the tiny mineral particles that constitute the 

clinker grain. During this zero stage, so calling by Popovics (1998), water in both adsorbed layers 

becomes increasingly an alkaline liquid and dissolution prevails. The hardening of the paste is 

associated with the formation of the calcium silicate hydrated gel as the product of progressive 

chemical reaction between the mineral particles and the aqueous solution of their own adsorbed layers, 

resulting in a structure maintained by strong bonds. As a result of this transformation, the solid volume 

of each grain of clinker increases to reach the plasticized grain diameter, leading to the structure that 

governs the mechanical behavior of hydrated cement paste, because grain bonds are less strong than 

mineral particle bonds and the water that remains free in the pores formed by hydrated grains becomes 

the evaporable capillary water. This process is a simple and deterministic version of the model offered 

by Garboczi (1993). 

 

In the anhydrous state, the average extreme volumetric weights of the Portland cement powder are 

11.3 kN/m3 and 16.2 kN/m3. So that, for a specific gravity of Gc = 3.15, the maximum and minimum 

porosities are: nM = 63.49% and nm = 47.62%, which, according to figure 1, fit well with the 

tetrahedral packing line of extreme porosities. Equations of the first row of Table 1, give the packing 

coefficient χα=9√3/π≈5.0 and the grain texture coefficient χg=1.434, for the loosest state, and χg=1.414, 

for the densest state, which, except for two hundredths, are the same and correspond to a simple 



packing of angular grains. This conclusion agrees with the photomicrographs obtained by means of the 

reflected light microscope (Mehta and Monteiro, 1993). In the fresh state, mixing cement with water 

creates a paste of plastic structure. In normal pastes, the experimental maximum water-cement ratio is 

w/c=0.90, and the theoretical maximum water-cement ratio for the non-plastic state, w/c=0.548, 

corresponding to the maximum porosity of the clinker. Consequently, the plasticity volumetric ratio of 

the fresh cement paste is χp=1.40. In the hardened state, the specific weight of the hydrated cement 

paste is lower than that of the anhydrous Portland cement. It is estimated that 1 cm3 of cement requires 

2 cm3 of space to accommodate the products of hydration (Powers, 1968, Mehta and Monteiro, 1993, 

Popovics, 1998). This means that χgχp = 2.0 and, therefore, if the coefficient of plasticity is χp=1.40, 

the grain texture coefficient becomes χg =1,423, which equals the average of the values previously 

found under different considerations, verifying the validity of the granular model. The textural features 

of the new grains may be found directly or through the equation of the compressive strength (2), 

whose best fitting to the experimental data reported by Powers (1958) for three mortars (Fig. 2.a), 

gives the molecular attraction stress, σo, to be 21.8 MPa and the grain texture coefficient, χg=1.048, 

which corresponds to an hydrated grain of almost spherical shape and almost uniform size (Fig.1.a). 
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 Figure 2.- a) Relationship between porosity and compressive strength, for χg=1.048, and o = 21,8 MPa. The experimental 

data were reported by Powers (1958), for three hardened mortars of Portland cement. b) Relationship between the water-

cement ratio, by mass, and the compressive strength of concrete. The upper line stands for air content of a=0% and 

the lower line, for a=3,0%. The experimental data were published by the ACI and the USBR (Mehta and Monteiro, 1993) and 

have been standardized for i=7,5 MPa and i=7,0 MPa, respectively. 

 

 

Structure of concrete 

 

From a macroscopic point of view, concrete may be considered to be a two-phase material, consisting 

of aggregate grains dispersed in a matrix of the cement paste, and comprising also the fresh and the 

hardened states. The main property of the fresh mix is the plasticity, which can be measured by the 

slump test in the Abrams cone. When the cone is slowly lifted, the coarse aggregate moves down, as 

required by its own weight and following the principles of plastic flow, until direct contact with the 

coarse aggregate of the inferior layer is attained, stopping the movement. The geometric details of the 

phenomenon lead to the fresh concrete plasticity coefficient: χp=ρ
3/2/(sin2θm+ρ3cos2θm)3/2, where 

ρ=H/Ho is the slump ratio, H, the height of the settled mass, and Ho the height of the cone. This 

coefficient is the basis of the proportioning of concrete mixtures. 
 

The fundamental characteristic of hardened concrete is the compressive strength, fc'. Their 

determination from granular mechanics requires solving the problem of transmission of contact forces 

in a two-phase substance. As a first approximation, it can be assumed that, excluding the contact 

surface, each phase responds according to its internal structure, molecular nature and distribution 

continuity. Accordingly, concrete may be considered as a series arrangement of aggregate and paste, 

which fails by tensile stress in the weaker phase: the hydrated cement paste, in normal concrete, or the 



aggregate in lightweight aggregate concrete. In the first case, the air content of the concrete mixture is 

to be considered. When the fresh cement paste includes air, the pore volume is equal to the sum of the 

volume of water and air volume: Vv=Vw+Va. By dividing both sides of this equation by the absolute 

volume of cement, Vs , the following structural equation is obtained: e=Gcw/c+a1, where a1 is the 

relationship between the volume of air and the volume of the cement grain. But the air content, a, is 

defined as the ratio between the volume of air and the total volume of the concrete. Because of that, 

Popovics (1998) has suggested an approach based on the known fact that the volume of cement is 

about one-tenth of the volume of the compacted concrete so the above equation can be written as 

w/c=e/Gc-0.03a. In the second case, the total volume of water involved in the mixture equals the sum 

of structural water volume of cement paste and the volume of water associated with the lightweight 

aggregate. The water-cement ratio can be written as: w/c=e/Gc+wa/c. In both cases, the void ratio, e, is 

the structural variable and is given by equation (2), which should be interpreted as the quantitative 

expression of the Powers praise, that is, σo represents the genetic factor, defined by the cement 

chemical composition, water quality and aggregates features, and χ, the concrete growing index, 

namely: χ ≈ 7, χ ≈ 10, χ ≈ 5 for the anhydrous, plastic and hydrated phases, respectively. The good 

correlation between this equation and the standard experimental results are shown in figures 2.b, 3, 4. 
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Figure 3.- Relationship between the water-cement ratio, by mass, and the compressive strength of concrete. a) Normal 

concrete. Up to down, lines stand for air content: a=0, a=2,0, a=4,0, a=6,0, and a=8,0%, as compared to the experimental 

data reported by the RMCA (Mehta and Monteiro, 1993) and standardized for o =6,7 MPa. b) Lightweight concrete. The 

upper line stands for wa/c=0,49 and o=2,3 MPa, and the lower line, for wa/c=0,60 and o=2,3 MPa. The experimental data 

were reported by Kaplan (1960) and Ujhelyi (1980), respectively.  
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Figure 4.- a) Relationship between the water-cement ratio, by mass, and the strength of lightweight concretes. a) 

Compressive strength: the line stands for we=0,38 and i=1,90 MPa., for a concrete made with an aggregate of keramsite 

(Gorchakov, 1984). b) Up to down, compressive strength, flexural and indirect tensile strength: lines stands for  we=0,20 and 

o=5,28 MPa. The experimental data were reported by Popovics (1969). 

 

The other important characteristic of concrete is the simple tensile strength. Although each of them has 

its own variations, traditionally, direct, Brazilian and flexural methods are used to determine 



experimentally the tensile strength of concrete. Comparison of these three methods may be afforded 

by using the experimental data reported by Popovics (1969), because the tension and compression 

tests were performed using the same concrete, made of lightweight aggregate. The pore ratio, as a 

function of the tensile and compressive strength, as well as of the molecular attraction stress, is given 

by equations (2) and should be replaced in the equation of the water-cement ratio for the lightweight 

aggregate concrete. Further analysis leads to the following values: σo=5.28 MPa, and wa/c=0.20, both 

deduced from the uniaxial compression tests. These features determine the simple tensile strength of 

concrete, under the assumption that this kind of test is ideal. As long as the boundary conditions of the 

direct tensile test are not perfect, the theoretical strength obtained should be affected by a factor of 

0.85 to be compared with experimental results. The diagonal tensile strength in the Brazilian test is 

found by multiplying the direct tensile strength by a factor of 1.0, and flexural tensile strength by a 

factor of 2.0, as suggested by the tests reported by several authors (Popovics, 1998), (Fig. 4.b). 

 

 

Conclusions 

 

Proper definition of the coefficients of grain shape, size distribution, and plasticity, contributes to the 

simplification and practicability of grains packings.  For instance, the proposed shape coefficient 

defines at once three characteristics of the grain: sphericity and roundness, compatibility of contact 

between grains, and the grain to sphere transformation. The roll of the water adsorbed layer in the 

cement microstructure is very important, because it involves not only physical but also chemical 

features. Transmission of stresses in a discontinuous medium is different from the Cauchy´s proposal, 

generating internal stresses that explain better the failure mechanics of brittle materials, as concrete. 

Granular packings allow the concrete hydration process to be explained as a fractal process of 

percolation and diffusion. The present granular mechanics explains rationally the Abrams rule and 

conjecture. The model is supported by the numerous test results reported by several authors around the 

world. 
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Abstract 
The cement industry is regarded to be responsible for 6-7% of all the greenhouse gases emitted world-wide (0.85-1 ton 
of CO2 per ton of cement). Thus the construction sector is very interested in the development of new cement binder 
materials as an alternative to ordinary Portland cement (OPC). In this respect the most promising emerging approach 
is based on raw materials suitable for alkaline activation, essentially alkali-activated fly ash (AAFA), which originate 
new binding materials known generically as alkaline cements. Carbon steel reinforcements are compatible with AAFA 
mortars, where they show corrosion rates even lower than those recorded in sound OPC mortars.  
As in OPC-based, in fly ash-based structures, chloride pollution and carbon dioxide penetration may induce severe 
corrosion problems. The concomitant presence of both chlorides and carbonation produces an extremely severe 
environment, the effect of which has not yet been widely studied, particularly in fly ash systems. Under this condition, 
corrosion inhibition may help to withstand this problem in an easy-handling and cost-effective way. Therefore, the 
inhibiting behaviour of some organic compounds against steel corrosion was evaluated in a synthetic solution and 
preliminary results achieved in OPC and AAFA mortars are described.  
The polarization curves recorded over 3 days immersion tests show that in synthetic solution, the mixtures 0.05M 
sodium glycerophosphate (GPH) + 0.05M sodium 3-aminobenzoate (3AMB) and, particularly, 0.05M GPH + saturated 
sodium N-phenyl anthranilate (PhAMB) exhibit good inhibitive effects towards the rebar corrosion. 
The polarization resistance values collected during 150 days of partial immersion in chloride-polluted tap water of 
carbonated OPC mortars show Rp values of about 2-3 × 104 Ω cm2, indicating active corrosion on the reinforcements. 
AAFA mortars where the fly ash has been activated by either a sodium hydroxide solution (FAA mortar) or a sodium 
hydroxide + sodium silicate solution (FAB mortar) exhibit Rp values around 1-2 × 105 Ω cm2. In the presence of 
inhibitors at the following concentration ratios: [GPH] : [3AMB] : [Cl−] = 1 : 1 : 4, and [GPH] : [PhAMB] : [Cl−] = 1 
: saturated : 4, high inhibiting efficiencies are obtained after 20 days of exposure (OPC : 50-70%; and AAFA: 98-
100%), while at the end of the test (150 days) these efficiencies decrease (OPC: 30-60%; and AAFA: 50-70%).  
 
Originality 
The high environmental impact of the construction industry is largely due to the energy-intensive process of ordinary 
Portland cement (OPC) production and to maintenance and repairs of concrete structures, carried out to prevent early 
structural failures. So great attention is addressed to development of more eco-friendly cements based on alkali-
activated fly ash (AAFA) and to the study of cost-effective easy-handling methods to increase the service life of 
structures.  
In the presence of chloride pollution and concrete carbonation, corrosion affects steel rebar both in OPC and in AAFA 
mortars. In the literature, very few information is given concerning efficient inhibitors capable to reduce rebar 
corrosion in the concomitant presence of both chlorides and carbonation in OPC concrete. To the author knowledge, 
no research has yet been dedicated to develop inhibitors for AAFA concrete. This paper describes the results 
concerning new inhibitors for application in carbonated chloride-polluted mortars. Tests were carried out particularly 
in a synthetic solution. Preliminary results in conventional OPC and fly ash-based mortars are also given. 
 
Chief contributions 
A rapid screening test based on polarization curves recording, after 3 days immersion in a synthetic solution 
(simulating the electrolyte composition in a carbonated chloride-polluted OPC mortar) shows that the mixtures 0.05M 
sodium glycerophosphate (GPH) + 0.05M sodium 3-aminobenzoate (3AMB) and 0.05M GPH + saturated sodium N-
phenyl anthranilate (PhAMB) are able to keep the inhibition action throughout the exposure period. 
Tests carried out in carbonated chloride-polluted mortars after 20 days of exposure show high inhibition efficiency (IE) 
in the presence of both mixtures in AAFA mortars (about 99%), while the IE in OPC mortars are lower (about 60%). 
Subsequent results obtained after 150 days of exposure show a further decrease of the IE in OPC mortars (about 56% 
with GPH + 3AMB, and 32% with GPH + PhAMB). On the contrary, in FAA mortar the mixture GPH + 3AMB 
maintains its high inhibiting action, while in the case of GPH + PhAMB the efficiency decreases down to 58%. Also in 
FAB mortar the IE decreases (about 50% and 70%, with the two inhibiting mixtures, respectively). 
 
Keywords: Fly ash, Corrosion Inhibitors, Carbonation, Chloride, Eletrochemical properties 
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Introduction 
 
The use of corrosion inhibitors seems to offer a simple and cost effective prevention technique against 
carbonation- and chloride ion-induced corrosion in concrete structures. Both conditions tend to destroy 
the protective passive layer on steel in sound concrete, so leading to high corrosion rates.  
Corrosion inhibitors can increase either the initiation period (increasing the chloride threshold value or 
reducing chloride penetration) or propagation period, reducing corrosion rate [Bolzoni, 2005]. 
Inhibitors can be divided in two groups: products added to the fresh concrete for new structures, and 
migrating inhibitors which can penetrate the hardened concrete and are proposed in rehabilitation 
method. The early studies were focused in the use of corrosion inhibitors as additives for the concrete 
mix. The most effective one was the calcium nitrite [Elsener, 2001], having oxidant characteristics and 
capable to heal defects on the passive layer of steel, if it was admixed to concrete at a proper 
concentration. However, nitrites are supposed to be toxic substances. In the last years there is an 
increasing interest on developing environment friendly substances able to act as corrosion inhibitors. 
Among them, blends based on organic compounds are found, which are supposed to be able to 
penetrate through the concrete cover and reach the reinforcement. Thus, they could be applied as a 
curative method in structures in service [Jamil, 2005].  
The authors conducted studies to evaluate the inhibitive action of some organic compounds towards 
the corrosion of a carbon steel, both in a synthetic solution simulating the pore chemistry of 
carbonated concrete and in carbonated concrete [Trabanelli, 2002; Trabanelli, 2005]. In synthetic 
solution, benzoate, its amino-derivates and dicarboxylates were able to form a long-lasting protective 
layer on the steel surface. However, in carbonated concrete, only two compounds (the sodium salts of 
benzoic acid and, particularly, 2-amino benzoic acid) exhibited some inhibitive effect towards the 
rebar corrosion. Finally, in alkaline synthetic solutions containing chlorides, β-glycerol phosphate 
disodium salt was found to form an impervious surface film on steel, which hindered the onset of a 
localized corrosion attack [Monticelli, 2000]. 
Therefore, in the present research the inhibiting behaviour of some organic compounds against steel 
corrosion is evaluated in synthetic solutions, constituted by a carbonated and filtered calcium 
hydroxide (Ca(OH)2) solution, containing 0.1M sodium chloride (NaCl), at pH 7. Preliminary results 
achieved with these substances in carbonated chloride-polluted OPC and AAFA mortars are also 
described. The compounds used as corrosion inhibitors are sodium salts of β-glycerol phosphate 
(GPH), 3-aminobenzoate (3AMB), and N-phenyl anthranilate (PhAMB).  
 
Experimental 
 
1. Materials 
 
Electrodes for electrochemical tests were cut from carbon steel bars (chemical composition: 0.45% C, 
0.22% Si, 0.72% Mn, <0.010% P, 0.022% S, 0.13% Cr, 0.13% Ni, 0.18% Cu, balance Fe), used as 
concrete reinforcements.  
The cementitious materials used were a Type I commercial OPC (52.5 N/SR) and fly ash (Class F) 
from a steam power plant at Aboño in Asturias, Spain. The chemical compositions of these materials 
are shown in Table 1. 

 
Table 1. Ordinary Portland cement (OPC) and fly ash chemical compositions (% in mass). 

Material L.o.Ia IRb SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O MnO TiO2

OPC 3.42 1.23 20.33 3.40 4.68 57.84 1.51 7.26 0.72 0.51 0.10 0.09 
Fly ash 3.59 2.23 51.78 27.80 6.18 4.59 1.52 0.71 2.51 0.59 0.06 1.35 

a = Loss on Ignition, b = Insoluble Residue  
 
The fly ash (FA) was activated with two different highly alkaline solutions with roughly the same 
sodium oxide (Na2O) content (∼20%), but varying proportions of soluble SiO2. The products used to 
prepare the solutions were laboratory grade reagents: NaOH pellets and waterglass containing 27% 



SiO2, 8.2% NaOH, and 64.8% H2O. In one case 8M NaOH (FAA mortar) and in the other 85% 10M 
NaOH + 15% waterglass (FAB mortar) were used as activating solutions for the fly ash.  
The substances used as corrosion inhibitors were: β-glycerol phosphate disodium salt (GPH), 98% 
pure Fluka product (CH2OH-CHOH-CH2O-PO3Na2·5H2O); 3-aminobenzoic acid (3AMB), 98% pure 
Aldrich product (NH2-C6H4-COOH); and N-phenylanthranilic acid (PhAMB), 99% pure Fluka product 
(C6H5-NH2-C6H4-COOH). All the acid compounds were neutralized by equivalent amounts of sodium 
hydroxide in order to produce the corresponding salts.  

 
2. Test in synthetic solution and mortars 
 
Preliminary tests were carried out in a synthetic solution, a saturated calcium hydroxide (Ca(OH2)) 
solution, containing a sodium chloride (NaCl) concentration of 0.1M, carbonated by carbon dioxide 
bubbling, to reach a pH value of 7 and finally filtered to remove the precipitated calcium carbonate. 
This synthetic solution had a negligible calcium ion concentration, due to the low solubility of calcium 
carbonate and even if it aimed specifically to simulate the composition of the electrolyte in a 
carbonated chloride-polluted OPC mortar, it was also reputed suitable to foresee the inhibiting 
efficiency of the studied substances in carbonated chloride-containing FA mortars.  
The inhibiting mixtures tested in the synthetic solution were 0.05M GPH + 0.05M 3AMB (Mix A) and 
0.05M GPH + saturated PhAMB (Mix B). When necessary, after the additive dissolution, the pH was 
readjusted to 7.0 by CO2 bubbling.  
Polarization curves were recorded on steel reinforcement after 3 days of immersion, always starting 
from the corrosion potential (Ecorr), with a potential scan rate of 1 mV/s. 
The moulds containing the fresh AAFA mortars were cured in an oven at 85 ºC in a water-vapour 
saturated atmosphere for 20 h. Also OPC mortars, prepared as reference material, were cured under 
conditions of 100% relative humidity (RH) for 20 h, but in this case at room temperature. The sand/fly 
ash and sand/cement ratios used in the mortars were 2 and 3, respectively, and the liquid/binder ratio 
employed for both materials was 0.6. Experiments were performed on small prismatic specimens, 
dimension 8×5.5×2 cm, similar to those used in a previous work [Criado, 2010]. These slab specimens 
were carbonated during two months exposition to a carbonation chamber with 65% RH, pCO2 ≈ 1atm, 
at room temperature.  
At the end of the carbonation period, the mortar slabs were partially immersed into tap water 
containing sodium chloride, either in the absence or presence of the inhibiting mixtures. In all cases, 
the chloride/binder ratio was 0.01 and for the mixtures the following ratios were ensured [GPH] : 
[3AMB] : [Cl−] = 1 : 1 : 4, and [GPH] : [PhAMB] : [Cl−] = 1 : saturated : 4. 
Carbon steel corrosion for slabs over time was monitored using two techniques: (i) Ecorr measurements, 
and (ii) electrochemical impedance spectroscopy (EIS).  
EIS diagrams were collected at the Ecorr by imposing a 10 mV amplitude excitation voltage, in the 
frequency range 106 - 10−4 Hz and by collecting five measurements per decade. The apparatus used for 
these tests was a FRA 1260-EI 1287 Solartron-Schlumberger. Before EIS spectra recording, the Ecorr 
values were measured with respect to a saturated calomel electrode (SCE). EIS and Ecorr measurements 
were performed at 20, 70 and 150 days. 
 
Results and Discussion 
 
1. Synthetic solution 
 
Fig. 1 shows the polarization curves for carbon steel obtained in carbonated chloride-containing 
synthetic solution (blank solution) after immersion of 3 days. In this solution, steel showed an active 
behavior (Ecorr: −0.715 V vs. SCE, icorr was 1.4 × 10−5 A cm−2). Fig. 1 also shows a comparison of the 
corrosion behavior of carbon steel in the presence of 0.05M GPH + 0.05M 3AMB mixture (Mix A) 
and 0.05M GPH + saturated PhAMB mixture (Mix B), after 3 days of immersion.  



The addition of 0.05M GPH + 0.05M 3AMB mixture to the blank solution afforded a slight effect on 
the corrosion process after 3 days of immersion: Ecorr was closed to that achieved in the blank solution 
(−0.706 V vs. SCE), but icorr decreased to 4 × 10−6 A cm−2 and an active/passive transition occurred in 
the anodic branch, with passive potentials in the range from −0.44 V vs. SCE to −0.05 V vs. SCE, 
which indicated the formation of a slightly protective surface layer on the metal surface. 
The influence of Mix B consisted in an Ecorr ennoblement up to −0.646 V vs. SCE, owing to the 
formation of a protective passive film which induced an increase in the slope of the anodic 
polarization curve (210 mV for Mix B and 90 mV for blank) and a passive behavior up to −0.145 V 
vs. SCE. In the presence of Mix B also the cathodic process was significantly hindered.  
 

 
Figure 1. Polarization curves recorded on steel in carbonated solution in the presence of 0.1M NaCl, in the 

absence and presence of inhibitor mixtures. 
 
2. Mortars  
 
In Fig. 2 the Nyquist plots recorded after 20 and 150 days immersion in the uninhibited (blank 
solution) and Mix B inhibited OPC and FAA mortars are shown. Nyquist plots of FAB mortars were 
similar to FAA mortars, and for this reason are not included. In general, a capacitive behavior was 
obtained, characterized by a capacitive arc at high frequency (usually at 106 - 102 Hz), likely 
connected to the dielectric properties of the mortar (and possibly to the characteristics of an inorganic 
lime-rich or corrosion product film, adherent to the reinforcing bars), and one or two capacitive arcs at 
frequencies lower than 102 Hz, associated with the steel corrosion process.  
From the Nyquist plots, the polarization resistance (Rp) values were estimated by subtracting the 
contribution of the mortar pore solution and, wherever present, of the inorganic film from the low 
frequency intercept of the arc collected in the lowest frequency. These values, evaluated in both 
uninhibited and inhibited mortars during 150 days of partial immersion in tap water containing 1% 
chlorides (vs. binder), are reported in Fig. 3.  
During the first 20 days of partial immersion in chloride-polluted tap water of carbonated OPC 
mortars, the Rp values were about 2-3 × 104 Ω cm2 and these values were maintained during the whole 
exposure period. Only one time constant characterized the low frequency portion (102 Hz to 10−4 Hz) 
of the Nyquist plots (see Fig. 2), suggesting the presence of active corrosion conditions on the 
reinforcements. Uninhibited carbonated chloride-polluted FA mortars, where the fly ash has been 
activated by either a sodium hydroxide solution (FAA mortar) or a sodium hydroxide + sodium 
silicate solution (FAB mortar), again exhibited only one time constant at low frequencies connected to 
the corrosion process, but higher Rp values were estimated (about 1-3 × 105 Ω cm2) with respect to 
those obtained in OPC mortars, indicating the presence of lower corrosion rates.  
The penetration of the inhibitor mixtures in the OPC mortars only slightly reduced the reinforcement 
corrosion rates. In fact, the Rp values obtained by impedance fitting were 4-9 × 104 Ω cm2 and the 
Nyquist plots exhibited two time constants at frequencies lower than 102 Hz, suggesting the onset of a 
localized corrosion attack (see Fig. 2).  
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Figure 2. Nyquist plots recorded in the uninhibited (blank solution) carbonated chloride-polluted OPC and FAA 
mortars and in the presence of the 0.05M GPH + saturated PhAMB mixture (Mix B) at 20 and 50 days 
immersion time. 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Time dependence of Rp, recorded in the uninhibited (blank solution) carbonated chloride-polluted OPC 
and FA mortars, in the presence and absence of additives. 

 
Table 2 collects the inhibition efficiency (IE) of the mixtures in OPC, calculated using the formula: 
IE(%)=[(Rpinh − Rpblank)/Rpinh]×100, where Rpinh and Rpblank are the polarization resistance values 
estimated from the Nyquist plots in the presence and absence of the inhibitors. It can be noticed that, 
with Mix A and Mix B, the IE are of 70% and 50%, respectively, after 20 days of exposure, but these 
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values decreased to about 60%, with the 0.05M GPH + 0.05M 3AMB mixture, and 30%, with the 
0.05M GPH + saturated PhAMB mixture, at the end of the exposure period, 150 days. 
On the basis of the results obtained in the synthetic solution (Fig. 1), these findings are more or less 
those expected in the case of Mix A, while they are poorer in the case of Mix B. With the latter 
mixture, this difference may be connected to a too limited amount of inhibitors available at the steel 
surface in the mortar. In particular, it is possible that the inhibiting substances in the mixture (likely 
PhAMB) have a small diffusion coefficient into the OPC mortars, so causing a low and 
inhomogeneous concentration of the substances close to the steel surface. Proper tests are planned to 
elucidate this hypothesis.  
 
Table 2. Inhibition efficiency (IE) values in the carbonated chloride-polluted OPC and FA mortars. Experiments 

were performed in duplicate: OPC1 and OPC2; FAA1 and FAA2; FAB1 and FAB2. 
Time 
days 

IE(%) 
OPC1 OPC2 FAA1 FAA2 FAB1 FAB2 

20 69 51 99 98 100 99 
70 63 81 98 49 65 97 
150 56 33 98 60 51 69 

 
EIS data recorded in carbonated chloride-polluted FA mortars containing the inhibitor mixtures 
showed only one capacitive time constant at frequencies lower than 102 Hz (in the 102-10−4 Hz range) 
connected to the corrosion process, suggesting the absence of a localized corrosion attack (Fig. 2). The 
initial Rp values were around 2.5 × 107 Ω cm2, that is about two orders of magnitude higher than those 
obtained in the corresponding blank mortars. The corresponding IE of the mixtures was close to 99%. 
After about 150 days in FAA mortar, the 0.05M GPH + 0.05M 3AMB mixture still showed very high 
Rp values of about 6.0 × 106 Ω cm2, with IE of again 99%. Even in FAA mortar, with Mix B, and in 
FAB mortar, with both mixes, the inhibiting effects are maintained during long exposure periods, but 
decreasing Rp values are measured (see Fig. 3). The corresponding IE values always remain higher or 
equal to 50%, throughout the exposure period (see Table 2). 
In all blank mortar types, under conditions of partial immersion, the Ecorr values of the steel 
reinforcements were between −0.5 and −0.7 V vs. SCE (see Fig. 4), so confirming the active corrosion 
condition of the steel electrodes, according to the Pourbaix diagram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Corrosion potential (Ecorr) versus time for steel rebars embedded in carbonated chloride-polluted OPC 

and FA mortars. 
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In mortar specimens exposed to the inhibited solutions, the Ecorr values measured on the steel rebar did 
not give any indication of the inhibiting effect of the mixture. In fact, during the initial 70 days of 
exposure in the inhibited OPC mortars, the IE were higher than 50%, but the Ecorr values were 
coincident with those obtained in the blank specimens. Moreover, after 150 days of exposure the Ecorr 
values were more active than those obtained in the blank OPC mortar, particularly in the case of Mix 
A which afforded IE of 56%. At last, in FAA and FAB mortars exposed to inhibited chloride-polluted 
tap water quite different Ecorr values were measured, ranging from nobler to more active values with 
respect to those obtained in the corresponding blank mortars, independently of the steel corrosion rate.  
 
The experimental tests showed that the studied inhibitors afforded an inhibiting effect on corrosion 
process in all tested cementitious systems but, in general, the inhibiting efficiencies in the FA systems 
appeared higher than those in the OPC system. This may be connected to higher diffusion coefficients 
of the inhibiting substances in the FA than in the OPC mortars. On the other hand, in all mortar 
systems the inhibiting action decreased with time, independently of the inhibitor type. Then, the 
substances were able to delay, but not prevent, the corrosion process. In FA mortars the inhibiting 
mixtures may avoid localized corrosion. 
 
Conclusions 
 
The results achieved in synthetic solution suggest that the mixtures 0.05M sodium glycerophosphate 
(GPH) + 0.05M sodium 3-aminobenzoate (3AMB) and, particularly, 0.05M GPH + saturated sodium 
N-phenyl anthranilate (PhAMB) exhibit good inhibitive effects towards the rebar corrosion. 
The substances tested as inhibitors are efficient against rebar corrosion in both FA and OPC 
cementitious systems. Their efficiencies are higher in the former than in the latter mortar type. At the 
end of the test period (150 days) the inhibiting efficiencies were 30-60% for OPC mortars and 50-70% 
for FA mortars. 
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Abstract 

Studies on cement retardation in the temperature range of 70 – 120°C using conventional well cementing techniques 

indicate discontinuities with respect to thickening time. In the temperature range of 70-100°C unexpectedly long 

thickening times can occur that are not linear but exponential in relation to retarder concentration. At 100-120°C 

thickening times become shorter again with some retarders showing a notable threshold concentration above which 

there is minimal increase in thickening time. These discontinuity effects have serious implications in formulating 

slurries for use in this temperature range.  

Conduction calorimetry was used to determine the effects of various retarders on a thermally stable Class G system 

(Class G cement with 40% silica flour) at a water to cement ratio of 0.4 over the temperature range 70 - 120°C.  

Retarders included sucrose, dextrose, trehalose, lignosulphonate and glucoheptonate and were chosen for their 

different retardation effects on cement. Studies were performed in a Setaram C80 conduction calorimeter with a high 

pressure gas controller. This system allowed the temperature to be ramped from ambient to the test temperature under 

pressure and more closely simulates well conditions.  

At 70 - 90°C conduction calorimetry shows heat of hydration curves similar to that obtained at ambient temperatures, 

though in this case the initial heat flow peak was not determined as cement and water could not be mixed in-situ. The 

shape of the second peak varies considerably depending on the retarder used and in some cases has a notable shoulder 

on the decline. The shoulder under certain test conditions can appear as a third peak. It is considered that this peak 

relates to reaction of the ferrite phase which is around 15-18% in the Class G cement. At 100 – 120°C differences 

between retarders are even greater. Moderate retarders give three distinct peaks where the second peak is considered 

to relate to reaction of the ferrite phase forming hydrogarnet whereas the third peak is attributed to the silicate 

hydration. Increasing retarder concentration does not significantly affect the time at which the second peak is observed 

but does show a linear increase in retardation of the third peak. Powerful retarders show only two peaks with 

retardation of the second peak directly related to retarder concentration. X-ray diffraction was performed on samples 

removed from the calorimeter at selected times in an attempt to identify phase changes associated with the observed 

heat flow peaks.  

 

Originality 

Limited publications exists on the use of conduction calorimetry to study the effect of retarders under hydrothermal 

conditions as it pertains to well cementing. The ability to ramp the temperature from ambient to the test temperature 

and perform the test under applied pressure to simulate downhole conditions, factors that are known to influence the 

hydration behaviour of retarded cements, as far as the author is aware, have not been investigated before.  

Although the discontinuities in thickening time between 70-120°C are well known from conventional API consistency 

measurements there has been only limited studies done to explain the underlying chemistry. This work used both 

conduction calorimetry to identify the heats of hydration and XRD to identify phase changes that occur over this 

temperature range as a means to understand the fundamental reasons for these discontinuities. As work in this area 

was limited retarders that had shown different responses in calorimetric studies at ambient temperature were 

investigated along with retarders used in well cementing in order not only to explain the discontinuities but also to gain 

more insight into retarder cement mechanisms under hydrothermal conditions. 

 

Chief contributions 

The primary object of the research was to attempt to understand the fundamental chemistry of retarded cement slurries 

that cause discontinuities in retarder response in the temperature range between 70 and 120°C. The contributions 

gained from this research are considered to be two-fold. The first from a research perspective is in understanding more 

the fundamentals of retarders on cement chemistry at 70-120°C for which there is little published on at the current 

time. The second is that the information learnt can be directed towards developing a better retarder system for use in 

the 70-120°C temperature range that give improved retardation response. In addition the research shows conduction 

calorimetry as a useful tool for studying cement at elevated temperature in conjunction with other standard techniques. 
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Introduction 

 

Cement retarders are an integral part of a cement slurry design when used in wells where bottomhole 

temperatures are typically above 40°C. To accommodate the different temperatures encountered 

downhole a number of retarder types and combinations are used (Nelson et al., 2006). Reported 

studies on retarder effects are generally given in terms of their thickening time profile as determined 

on a pressurized consistometer under conditions that represent the temperature and pressure to which 

the cement slurry will be exposed during the pumping operation in the field (API/ISO 10426—2-2003, 

2005). Anomalous behaviour in thickening times has often been noted in the temperature range from 

70-120°C.  At 70 to 90 °C thickening times are not linearly but exponentially dependent upon retarder 

concentration and can result in unexpectedly long thickening times (Bensted, 1991) while in the 100 – 

120°C range thickening time effects are variable dependent on the type of retarder used.  

Isothermal conduction calorimetry although used extensively to the study hydration and the effects of 

retarders in cement and concrete (Bentz, 1996; Peschard et al, 2004) has had limited application for 

oilwell cements (Aukett and Bensted 1992; Santos and Campos 1992; Bensted et al. 1995). This has 

been due predominantly to temperature limitations that did not allow the study of hydrothermal 

cementing reactions above 95°C and under pressure. In this paper isothermal calorimetry was used at 

simulated downhole temperature using realistic ramp times and at constant pressure of 7.5MPa to 

determine the effect of different types of retarder, notably sucrose, dextrose, trehalose, 

lignosulphonate and glucoheptonate, on Class G cement stabilized with silica flour at 70-120°C. An 

attempt to define differences observed in a number of the heat flow curves, and the early age 

hydrothermal chemistry was also made using X-ray diffraction (XRD) analysis performed on samples 

obtained at specific points on selected heat flow curves. 
 

Experimental 
 

Class G oilwell cement supplied by Lehigh Inland, Calgary, AB, Canada, conforming to API/ISO 

10246-1-2001 (API/ISO 10246-1-2001, 2002) and having C3S – 54.1 wt %, C2S – 24.0 wt%, C4AF – 

13.9 wt %, C3A - 3.2 wt% as defined by Rietveld analysis. Silica flour was obtained from Sil 

Industrial Minerals Inc., Calgary AB, Canada and was dry blended with the cement at a 60:40 ratio of 

cement:silica flour. Additional details of the cement and silica flour are presented elsewhere (Makar 

and Luke, 2010). Retarders with the exception of the lignosulphonate which was a proprietary product 

supplied by LignoTech USA, were Analar grade laboratory reagents and were added to the dry blend 

of cement and silica flour as a percentage by weight of the blend (bwob).   

The dry blend was mixed with water at water/ (cement + silica flour) ratio 0.4 in a Waring blender 

according to API/ISO standards (API/ISO 10426-2-2003, 2005). Approximately 2.5 mL of the 600 

mL slurry was syringed into a pyrex flat bottomed tube (6 mm diameter x 5 cm), and placed into a 

high pressure stainless steel Setaram C80 calorimeter cell supplied by Setaram Instrumentation, 

France. The cell was sealed and placed into the calorimeter simultaneously with the reference cell. A 

60:40 ratio of cement:silica flour sample set at 120°C was used as a reference sample on the 

assumption that the thermal capacity matched, as closely as possible, the actual experiments (Aukett 

and Bensted, 1992). Nitrogen was applied to each cell at a pressure of 7.5 MPa using a high pressure 

gas control panel. Heat was applied according to API/ISO schedules (API/ISO 10426-2-2003, 2005) 

for appropriate temperature and then maintained at temperature for 48 hours. Temperature gradients 

from 27°C to 70°C, 27°C to 90°C and 27°C to 120°C were 45, 52 and 60 min respectively. The 

benefit of using a ramp simulating downhole conditions versus isothermal conditions has been 

discussed (Aukett and Bensted 1992). In the cases where samples were to be analysed by XRD, 

samples were prepared as above but removed from the calorimeter at the selected times based on both 

the original and actual flow chart, extracted from the pyrex tube, washed in isopropyl alcohol, filtered 

and dried overnight in an oven at 66°C to prevent additional hydration. Mineralogy of the dried 

samples was determined using a Rigaku DMAXB X-ray diffractometer with CuKα radiation.  

 



Results and Discussion 

 

The results of the calorimeter tests are summarised in Tables 1-3. A time lapse of about 10 minutes 

occurred between initial mixing in the blender to the first calorimeter reading and as such it was not 

possible to obtain the first exothermic heat peak associated with wetting and the early stage reactions. 

The main peak in the tables refers to what is conventionally considered as the second hydration peak 

associated with the middle-stage reaction and formation of C-S-H and CH. As indicated in previous 

studies this main peak may contain a shoulder or more definite peak during the deceleratory period, 

the presence of which is indicated by the superscript S or D respectively. These have been attributed to 

renewed formation of ettringite, conversion of AFm to AFt and hydration of the ferrite phase. In some 

cases this shoulder or peak was observed to occur on the incline prior to the peak maxima. More 

significant, however, was the presence of smaller peaks, listed as minor peaks in Tables 1-3, typically 

observed before the so called second hydration peak in the region considered as the induction or 

 
Table 1: Calorimetric data for retarded cements at 70°C 

 

Retarder 
Concentration 

(% bwob) 

Heat Peak, -ΔH 

(J/g) 

Peak Height 

(mW/g) 

Peak Maximum 

(Hr:min) 

Peak Peak Peak 

Minor  Main Minor Main Minor Main 

 

Sucrose 

0.02 
 

 93.4
D
   11.6   4:36 

0.05   97.9   12.8   8:30 

0.10 
 

 96.9
S 

  9.8   41:24 

 

Dextrose 

0.02   72.0   4.6   5:00 

0.05   99.0   11.2   5:18 

0.10 2.5  100.9 0.8  10.1 1:24  9:30 

0.20 8.5 4.5
D 

97.5 1.46 0.3 4.9
 

1:06 15:06 30:12 

 

Trehalose 

0.01 
 

 63.0
D 

  9.8   2:36 

0.50 
 

 70.4
S 

  10.7   3:36 

1.00 
 

 81.6
 

  10.6   4:06 

 

Lignosulphonate 

0.20   94.0   10.7   5:30 

0.50 
 

 93.3
S 

  9.8   10:18 

0.60 
 

 90.3
S 

  7.6   16:36 

 

Glucoheptonate 

0.03   80.7
S 

  10.8   3:48 

0.05   95.6
S 

  11.6   5:12 

0.075   103.7   8.6   15:24 

0.10   95.5   20.6   45:12 
S – shoulder: D – doublet.  

 

dormant period. These peaks were particularly evident at 90 and 120°C and were in some cases 

complex consisting of two or three maxima or a series of shoulders and will be discussed in more 

detail subsequently. Significant changes occurring in the chemistry for retarded cement systems going 

from 93-121°C has also been observed using in-situ X-ray diffraction (Jupe et al. 2005).  

 

Sucrose 

Heat of hydration curves at 70°C, as depicted in Fig.1a, are similar to those reported for cement at 

25°C. The notable decrease of the exothermic peak from wetting and initial hydration extending into 

the negative values relates to the non-equilibrium within the calorimeter during heat up - a correction 

blank was not applied for this in the present experimental set-up. The non-linear increase in the 

induction period with incremental increase in retarder concentration is notable and is consistent with 

data obtained at 25°C (Ramachandran and Lowery, 1992). It is considered that this phenomena is due 

to the preferential absorption of sucrose by the hydrated aluminate phases, in particular ettringite 

(Luke and Luke, 2000), and that the silicate phases will only be efficiently retarded once a particular 

threshold is exceeded. XRD of samples recovered prior to and after the main hydration peak relating 



to pre- and post-set, for example at 3 and 15 hours for the 0.02% bwob sucrose, points 1 and 2 

respectively in Fig.1a, showed phases indicative of unreacted and reacted cement, Fig.1b. The sample 

taken at point 1 showed C3S( alite), C2S (belite), ferrite phase, gypsum and MgO (periclase) as well as 

a peak at 28.037° 2   which may be attributed to Margarite-2M1. C3A was not detected. Silica flour 

(quartz) was the predominant phase in the XRD patterns indicating that this phase still relatively inert 

at these temperatures. On the other hand the sample taken from point 2 showed hydration products 

CH, possibly ettringite, a broad hump in the background at 28 – 34° 2  indicative of C-S-H along with 

some un-reacted C3S and ferrite phase. The peak at 28.037° 2   was also more notable. 
 

Table 2: Calorimetric data for retarded cements at 90°C 

 

Retarder 

Conc. 

% 

 bwob 

Heat Peak, -ΔH 

(J/g) 

Peak Height 

(mW/g) 

Peak Maximum 

(Hr:min) 

Peak Peak Peak 

Minor Main Minor Main Minor Main 

 

Sucrose 

0.05    90.4
S
    17.1    8:54 

0.10 3.1
 

  84.9
S
 1.5   10.7 2:12   17:36 

0.20 2.9 3.1  65.2 0.8 1.7  9.2 5:48 8:00  16:15 

 

 

Dextrose 

0.20 0.9 12.3 
 

79.6
S 

1.0 3.8  10.2 0:54 2:24  6:48 

0.50 2.1 12.6
T 

 80.5 1.9 2.7  8.6 0:42 3:18  7:12 

1.00 4.0
 

4.7 18.3 75.0 2.8 1.6 4.2 6.8 0:48 1:18 4:24 10:18 

 

Ligno-

sulphonate 

0.40 0.6   122.4
S
 0.2   13.4 3:12   10:36 

0.60 1.2   92.9
D
 0.5   8.4 2:48   14:06 

0.80 2.2   91.2
S
 1.9   17.7 3:42   21:00 

 

Gluco- 

heptonate 

0.05    104.3
S 

   13.7    6:06 

0.06    97.3
S 

   15.4    10:30 

0.08    89.0    12.4    20:48 
S – shoulder: D – doublet: T- triplet 

 
Table 3: Calorimetric data for retarded cements at 120°C 

                                                                                                                              

Retarder 

Conc.  

%  

bwob 

Heat Peak, -ΔH 

(J/g) 

Peak Height 

(mW/g) 

Peak Maximum 

(Hr:min) 

Peak Peak Peak 

Minor Main Minor Main Minor Main 

 

Sucrose 

0.5 3.8 9.0
S 

 86.5 6.9 3.5  6.6 2:00 2:30  6:36 

1.0 5.7   79.4 2.3   11.5 2:36   16:24 

2.0 12.9 1.2 
 

73.9
S 

4.9 0.3  7.6 1:54 3:54  39:18 

Dextrose 1.0 5..0   124.5
T 

3.8   21.5 0:42   3:18 

3.0 5.4 13.5
D 

3.0 69.0 2.2 2.4 0.7 6.1 1:24 3:36 7:12 14:42 

 

Ligno-

sulphonate 

0.8    107.9    22.2    3:24 

1.2    103.8    23.0    4:00 

2.0 3.6   123.0
S 

2.8   18.1 5:18   7:06 

 

Gluco- 

heptonate 

0.2    122.1
D
    24.6    7:54 

0.3    112.0
D
    22.7    12:18 

0.4            >45 
S – Shoulder: D – doublet: T- triplet 

 

Trends at 90 and 120°C were similar to those at 70°C although some minor peaks were observed as 

illustrated in Fig.2a for the 0.2% bwob sucrose retarded sample at 90°C.  XRD of the labeled points 1-

4 are presented in Fig. 2b. 

XRD analysis indicated that the first minor peak was related to changes in the region from 27 to 29°2  

with the disappearance of the unidentified peaks at 27.1 and 28.4°2  and an increase in the peak at 



28.0°2  associated with Magarite-2M1. The absence of gypsum was notable particularly as there was 

no indication of reaction of ferrite phase. The second minor peak was associated with the appearance 

of a peak at 29.9°2  which at present has still to be identified. As expected the XRD of the sample at 

point 4 taken after the main hydration peak was CH, a broad hump in the background at 25-35°2    
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Figure 1: a) Heat flow of sucrose retarded cement at 70°C with b) corresponding XRD for points 1-2.  

 
Figure 2: a) Heat flow of sucrose retarded cement at 90°C with b) corresponding XRD for points 1-4. 

 

due to amorphous C-S-H gel and some unhydrated C2S. MgO from the original cement was also 

observed. It is also noteworthy that at 120°C the concentration of sucrose required is 10 to 20 times 

greater than that at 70 or 90°C and that the time to peak maximum is more or less linear with 

concentration. 

 

Dextrose 

Peak maximum data show a minimum threshold below which dextrose has minimal effect on 

induction period. At 70°C increase in concentration above this threshold is non-linear whereas at 90 

and 120°C the effect linear. However of more significance are the number of minor peaks observed 

and the complexity of these peaks where some contain double or triple peaks and/or shoulders. Fig. 3 

illustrates a typical example. XRD analysis of samples taken from selected zones between peaks was 

used in an attempt to explain some of the changes occurring in the chemistry as a result of the  

dextrose retardation.  Fig.4 a and b shows XRD of samples selected from points 1-6 as indicated in Fig 

3. Changes occurring around 27 to 29° 2  though unidentified were considered to be associated with 

the initial two minor peaks. More significant, however, were the absence of ferrite and gypsum peaks 

and the presence of katoite in sample from point 3, clearly indicating that the second minor peak 

resulted from an acceleration of the ferrite phase reaction. Absence of sulphate containing phase(s) has 

yet to be explained. No evident differences were detected in the XRD of samples from point 3 and 4 to 

account for the shoulder on the second minor peak. Initial formation of CH as observed in the sample 

from point 5 suggests that the third minor peak was due to a partial hydration of the silicate phases.  

Why this was followed by a further induction period is not clear. The phases observed after the main 

hydration peaks were similar to those observed in the sucrose sample although in this case katoite was 

still present. Further studies are being undertaken in an attempt to better clarify the reaction processes. 
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Figure 3: Heat flow of 3.0% bwob dextrose retarded cement at 120°C 

 
Figure 4: XRD diffraction of samples from points a) 1-3 and b) 4-6 of Figure 3. 

 

Trehalose 

Some degree of retardation was observed at 70°C with peak maxima of 2:36 to 4:06 Hr:min by 

significantly increasing concentration from 0.01 to 1.0 % bwob. This is somewhat consistent with the 

fact that trehalose at 25°C is reported to be non-retarding (Ramachandran and Lowery, 1992). As a 

result of this, additional tests at higher temperatures were not performed. 

 

Lignosulphonate 

Lignosulphonate retarders show linear increase in the induction period with incremental concentration 

increases at all temperatures and again a significantly higher concentration of retarder was required at 

120°C compared to 90°C.  A minor peak occurring well before the main hydration peak was also 

noted at the higher temperatures. This peak was typically small having a - H between 0.6 and 2.2 J/g 

at 90°C and 3.6 J/g at 120°C. Chemical changes associated with this hydration peak were not detected 

by XRD.  In-situ XRD studies (Jupe et al.) showed significant differences to occur in the chemistry 

between 93 and 121°C, related to conversion of ettringite to monosulphate was observed as well as 

conversion of gypsum to anhydrite. However there was nothing definitive in the studies by Jupe et al. 

that would account for the minor peak in the present study. In terms of reactivity lignosulphonate at 

70°C is less effective than sucrose or dextrose in that 5 to 10 times the concentration is required to 

give an equivalent time to peak maximum of the main hydration peak and is consistent with that 

observed at 25°C (Ramachandran and Lowery, 1992). However, at 90 and 120°C the lignosulphonate 

retarder appears more effective than dextrose probably due to the complex nature of the latter.  

 

Glucoheptonate 

The most effective of all the retarders investigated in this study is the glucoheptonate requiring only 

small concentrations for example, 0.05 % bwob at 70 and 90°C to give reasonable retardation times of 

around 5 hours and 0.3% bwob giving approximately 12 hours at 120°C. Retardation is non-linear and 

only small changes in concentration at all temperatures is associated with exponential change in the 

induction period and time to reach the peak maximum of the main hydration peak. At 70 and 90°C and 



lower concentrations a shoulder was observed on the incline of the main hydration peak while at 

120°C the shoulder was a notable exothermic peak. XRD indicated this was due to a number of phase 

transitions that included the reaction of gypsum and a proportion of the ferrite phase with formation of 

anhydrite, calcium aluminium hydroxide and aluminium hydroxide along with an increase in 

formation of Margarite-2M1, disappearance of a peak at 25.6° 2θ and appearance of a peak at 28.8 ° 

2θ. No individual minor exothermic peaks, however, occurred with this retarder. 

 

Conclusions 
 

Conduction calorimetry coupled with XRD has proven to be a useful method to follow the retardation 

of thermal cements at elevated temperature and pressure. The shape of the second principal peak of 

hydration varies considerably depending on the retarder used and with a shoulder present on the 

incline or decline that in some cases can appear as a definite peak. At 70°C hydration characteristics 

are more consistent with that observed at 25°C though the time to maximum of the second hydration 

peak in most cases lengthens exponentially with incremental increase in retarder concentration. 

Results are similar at 90°C though for a number of the retarders some minor peaks occurring before 

the second principal peak are observed. This becomes more significant at 120°C. XRD shows that 

these peaks relate a number of phase changes which include hydration of the ferrite phase, potential 

formation of Margarite-2M1 and in formation and reaction of unidentified phases with peaks 

predominantly in the 27 to 29° 2θ range. Typically hydration of the ferrite phase appeared to occur 

prior to the silicate phases though with dextrose it was noted that some silicate reactions also occurred 

prior to the main reaction. At 90 and 120°C the time to maximum in the second principal peak was 

both linear and exponential dependent on retarder used. Approximately 5 to 10 times the amount of 

retarder was required at 120°C to give retardation times comparable to lower temperatures. It was 

apparent that the hydration of the ferrite phase and the stability of its hydration products had a notable 

impact on the hydration profile though with the moderate retarders such as sucrose and dextrose other 

more complex reactions involving the silicate phases are also involved.    
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FORMATION OF AN INTERMEDIATE PHASE AND INFLUENCE OF 
CRYSTALLOGRAPHIC DEFECTS ON DISSOLUTION OF C3S 
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Bauhaus University Weimar, Weimar, Germany 
 
 
Abstract  
Tricalcium silicate (Ca3SiO5, C3S) is used as a reference material to study the hydration of Portland cement. 
Thermodynamic calculations have suggested that there is a high change in Gibbs free energy during reaction of 
C3S with water. Experimental investigations show that this property of tricalcium silicate is complemented by a 
high dissolution rate suggesting a very fast reaction of C3S with water. Contrary to these considerations, a true 
induction period is observed lasting between 1 and 5 hours when C3S is mixed with water.  
Simulation calculations are used to show that a restriction of the dissolution by the presence of inhibiting ions in 
the solution is not able to induce an induction period. These computations indicate that tricalcium silicate 
should react completely within a few hours in the absence of an additional retarding effect. The presence of an 
intermediate phase containing hydrated, uncondensed silicon tetrahedra may result in a protective layer around 
anhydrous grains of C3S. Despite such a phase has been detected by 29Si NMR, its protective properties could 
not be demonstrated experimentally.  
The influence of crystallographic defect site density on hydration of C3S is studied. Restriction of dissolution by 
a low amount of imperfections was found to be unable to induce an induction period. 
 
Originality 
The nature of the basic reactions of tricalcium silicate with water has been studied for more than 100 years. 
Despite much progress in recent years, there is still a debate related to the origin of the induction period. 
Experimental techniques are used in this study to measure the dissolution rate of C3S samples with different 
crystallographic defect site density. The use of these data and results from isothermal heat conduction 
calorimetry reveal further evidence that an intermediate phase with protecting properties forms during the first 
seconds of C3S hydration.  
 
Chief contributions  
The results of this study allow a differentiation between the impacts of different factors on the induction period. 
It is shown that dissolution of the anhydrous particles is not the limiting factor in the kinetics of C3S hydration. 
Apparently, this process depends critically on nucleation and growth of hydrate phases. 
 
Key words: C3S, hydration, thermodynamic calculation, induction 
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Introduction 
Research into the reaction of water with C3S as a reference material for Portland cement clinker has a 
long tradition going back to investigations of Le Chatelier [1]. The present state of the art has been 
summarized by Taylor [2]. Following his conclusions, there is a very rapid reaction of C3S in the first 
minutes after wetting leading to an exothermic signal reported by isothermal heat conduction 
calorimetry. It has been estimated that approximately 1-2% of C3S are dissolved and an intermediate 
phase termed “product B” [2,3] is formed around the anhydrous particles. It is assumed that 
precipitation of the intermediate phase leads to the formation of a protective shell that slows down any 
further reaction for a few hours. The chemical reaction starts up again after 2-6 hours when the main 
hydration period begins. The time lag retarding the main hydration period has been designated 
dormant or induction period. A number of hypotheses have been presented in order to explain the 
rather complicated kinetics of C3S hydration. This research has been stimulated by the fact that the 
reaction of C3S or Portland cement clinker with water is highly important to the construction industry.  
Taylor’s model for the hydration of C3S [2] keeps attracting attention and a number of studies have 
derived new experimental details. Two new theories have been put forward, both challenging Taylor’s 
model. Garrault and Nonat [4,5] have used data obtained in diluted suspensions to explain the 
hydration of C3S by a dissolution-precipitation process without the formation of an intermediate phase 
that constitutes a protecting shell around undissolved particles. Computer simulation and AFM 
micrographs have confirmed their view that a very slow dissolution of C3S combined with the 
formation of C-S-H seeds can account for the presence of an induction period. More recently, Juilland 
et al. [6] have calculated the dissolution behavior of C3S crystals. These computations have suggested 
that this process is governed by etch pit formation and step retreat. Despite the results rely on a 
mechanism much different from that used by Garrault and Nonat, both theories can explain the 
hydration of C3S without the need to invoke an intermediate phase. On the other hand, Taylor’s theory 
of an intermediate phase shell formation has been supported by experimental observations. A phase 
containing isolated silicon tetrahedra close to hydrogen has been detected during the hydration of C3S 
in studies using 1H-29Si CP MAS NMR [7-9]. It is different to C-S-H, the stable product of the 
reaction which contains silicon tetrahedra that are connected to more or less long chains. It has been 
suggested that the phase containing hydrated silicon monomers might be consistent with the protecting 
shell (product B) discussed by Taylor [2].       
The impact of crystallographic defect site density on the dissolution rate of C3S has been investigated 
in the present study. Four samples of this material with different thermal history have been prepared 
and tested with respect to reactivity and dissolution rate.  
Dissolution rates of C3S have been reported by Nicoleau [10] for undersaturated suspensions and by 
Damidot et al. [11] for conditions referring to those of hydration in a paste. A decelerating effect of 
calcium has been reported in both studies but the actual dissolution rates show significant differences 
(water: 3658 µmol/(min⋅m²) in [10] and 655 µmol/(min⋅m²) in [11], saturated calcium hydroxide 
solution: 12-15 µmol/(min⋅m²) in [10] and 0.3-0.9 µmol/(min⋅m²) in [11]).  
 
Experimental program 
Tricalcium silicate has been produced by high temperature solid state reaction at 1600°C (0.2 % free 
lime). The material was ground in a rotating disk mill at 700 rpm for 3 min in order to pass a sieve 
having a mesh width of 32 µm. 50 g batches of this material underwent a thermal treatment that 
included heating to a temperature of 1500°C followed by quenching in liquid nitrogen or slow cooling 
(Table 2). A fourth sample has been produced by annealing at 650°C for 6 hours and slow cooling to 
room temperature. Differences in cooling velocity are expected to induce much different amounts of 
dislocations and other crystal defects resulting in different grain sizes and micro-strains of the 
materials. All four samples were characterized by quantitative XRD, heat conduction calorimetry, 
dissolution rate, and specific surface area. 
QXRD has been performed in a Siemens D 5000 with cooper anode material operating at 40 kV and 
40 mA. The goniometer used a step size of 0.03° 2θ and a counting time of 5 seconds. The raw data 
has been analyzed using the Autoquan 2.7.0.0 graphical user interface for a BGMN Rietveld kernel.  



Dissolution of C3S was measured using a method slightly modified from reference [10]. A small 
amount of C3S was stirred rigorously in a calcium hydroxide solution and the ionic concentrations in 
the solutions were analyzed after discrete time steps. The following procedure was used. Twice de-
ionized water was purged with nitrogen overnight and transferred into a glove box with nitrogen 
atmosphere. 200 g of the calcium hydroxide solution (Ca=21.4±0.5 mmol/l, pH=12.55±0.02) were 
stirred at room temperature by a magnetic device and 0.20 g of C3S were added. 8 samples of about 5 
ml of solution and undissolved C3S were removed after every 15 sec for analysis. A syringe with filter 
head was used for sampling ensuring an immediate separation of C3S from the solution.  
Isothermal heat conduction calorimetry was carried out in a ToniCal Trio system at 20°C after careful 
calibration and analysis of the zero effect.  
X-ray diffraction and calorimetry experiments were run in duplicate. The dissolution rates reported 
below are the mean values of four analyses. The surface of the anhydrous materials was measured by 
nitrogen adsorption (BET, micromeritics ASAP 2000) and air penetration (Blaine method). 
 
Results 
The hydration of C3S has been a subject of scientific research for more than one century but there is 
currently no agreement on the reason for the induction period. It has been suggested recently that the 
formation of etch pits and crystallographic defects plays a major role in the dissolution process of this 
mineral and is responsible for the sluggish kinetics in the first hours of hydration [6]. This conclusion 
is to some extend based on experimental studies in the 1970ies by Fierens and Verhaegen [12,13]. 
However, the hydration has been monitored by heat conduction calorimetry in these studies, which 
gives important information of the kinetics of the whole process of hydration whereas it remains 
difficult to estimate the dissolution rate by this experimental approach. In order to derive the missing 
data, C3S-batches with highly different cooling rates has been produced in this study ranging from 
approximately 5 K/min to approximately 5000 K/min and dissolution rates and other properties of 
these materials have been analysed.  
It can be expected from the studies of Fierens and Verhaegen [12-14] that the thermal treatment has a 
significant impact on defect site density, crystallite size, and microstrain of the material. Crystallite 
size and microstrain have been measured in the present study by X-ray diffraction using the Rietveld 
method. All four samples showed very small microstrains (<0.1%) and fairly large crystallite sizes 
(200-800 nm). Details are provided in Table 2. It can be concluded from this data that there is only 
very limited line broadening in the X-ray diffraction experiments accounting also for the large scatter 
in the data. Differences between the samples are mostly within the uncertainty of the obtained values 
and it can be concluded that the high variation in cooling rate was unable to induce major differences 
with respect to crystallographic defects recordable by X-ray diffraction with the current instrumental 
set-up. However, there is a trend that microstrain is reduced by slow cooling (0.01-0.03% in slowly 
cooled samples, 0.05-0.07% after strong grinding or quenching). Annealing at 1500°C resulted in an 
increase of crystallite size due to crystal growth. The coherent scattering volume of parallelepipeds in 
the triclinic system has been estimated from crystallite size date in Table 2. It is computed to 0.01 µm³ 
for the reference sample and after heating to 650°C, whereas higher but somehow scattering values are 
obtained after thermal treatment at 1500°C (0.11 µm³ in the quenched sample, 0.19 µm³ in the slowly 
cooled sample). The conclusion that crystal growth takes place at 1500°C is supported by analysis of 
the specific surface area. According to BET data in Table 2, both samples treated at high temperature 
after grinding (1500°C) showed a reduced specific surface (5000-6000 cm²/g) with respect to the 
untreated sample (approx. 10 500 cm²/g). The temperature of 650°C was found unable to induce the 
same effect. There was a minor increase in specific area measured for this sample (approx. 11 000 
cm²/g) with respect to the reference material.  
The dissolution rate in saturated calcium hydroxide solution has been measured for all samples using a 
method similar to that used by Nicoleau [10]. From the results reported in Table 2, it can be inferred 
that the dissolution rate for all four samples with different thermal history is in the range between 0.3 
and 0.8 µmol/(s⋅m²) ensuring a very fast dissolution. There are only minor differences in dissolution 
rate that are often lower than the standard deviation of the analytic results. However, the fastest rates  



Table 2: Results of experimental investigations with estimated errors, double entries denote results from repeat 
determination (LOD-Limit of detection in QXRD: 0.5% for CaO, 5% for β-C2S) 

Sample “reference” “1500°-quenched” “1500°-slowly” “650°-slowly” 
preparation grinding process, 

but no additional 
thermal treatment 

6 hours at 1500°C, 
quenched in liquid 
nitrogen 

6 hours at 1500°C, 
slowly cooled  

6 hours at 650°C, 
slowly cooled 

QXRD triclinic C3S, 
eventually traces of 
β-C2S and CaO 
(below LOD)  

triclinic C3S, 
eventually traces of 
β-C2S and CaO 
(below LOD)  

triclinic C3S, 
eventually traces of 
β-C2S and CaO 
(below LOD)  

triclinic C3S, 
eventually traces of 
β-C2S and CaO 
(below LOD) 

Microstrain  
in C3S [%] 

0.052±0.029 
0.065±0.030 

0.067±0.025 
0.068±0.025 

0.032±0.027 
0.025±0.033 

0.026±0.036  
0.014±0.051 

Crystallite size [nm] a=361±231 
b=208±66 
c=277±145 
a=234±87 
b=158±39 
c=245±120 

a=583±366 
b=583±366 
c=583±366 
a=277±105 
b=208±60 
c=410±309 

a=707±444 
b=707±444 
c=707±444 
a=793±1296 
b=203±57 
c=235±72 

a=314±165 
b=226±75 
c=270±135 
a=232±84 
b=178±45 
c=262±135 

BET surface [cm²/g] 10575 5897 5464 11207 
Blaine surface 
[cm²/g] 

4245 2820 2740 4405 

Induction time 
[h:min] 

1:40±1:00 
2:00±1:00 

3:00±1:00 
3:00±1:00 

3:30±1:00 
3:30±1:00 

4:00±1:00 
4:00±1:00 

Cumulative heat 
after 48 h [J/g] 

270±10 
282±10 

228±10 
234±10 

207±10 
208±10 

294±10 
287±10 

Maximum 
 [h:min] 

11:10 
11:50 

12:00 
12:00 

12:00 
12:00 

15:30 
14:50 

Dissolution rate 
[µmol/(s⋅m²)] 

0.73±0.25 0.55±0.03 0.75±0.18 0.34±0.12 

 
between 0.7 and 0.8 µmol/(s⋅m²) are obtained for the reference sample and the one, that has been 
slowly cooled from 1500°C to room temperature. The sample quenched in liquid nitrogen showed a 
lower dissolution rate of approximately 0.6 µmol/(s⋅m²). In agreement with a theory of Juilland et al. 
[6], the lowest dissolution rate of 0.3 µmol/(s⋅m²) was measured for the sample treated at 650°C. 
The heat release during hydration has been monitored by isothermal heat conduction calorimetry and 
the results are displayed in Figure 1. The length of the induction period, the amount of heat liberated in 
48 hours and the time to reach the maximum heat release rate are included in Table 2. The reference 
sample shows a behaviour that is typical for C3S with the minor difference that a small peak is visible  
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Figure 1: Results from heat conduction calorimetry of 4 samples of C3S measured in duplicate 



after approximately 3 hours that can be attributed to the strong grinding process. It is not present in the 
other samples due to annealing at high temperature. Both samples that underwent a thermal treatment 
at 1500°C exhibit a reduced maximum heat release intensity that can be attributed to the reduction in 
specific surface area associated with crystal growth at high temperature. The sample treated at 650°C 
shows the longest induction period with a constant heat release rate of 0.04 J/(g⋅h) for sample 1 and 
0.13 J/(g⋅h) for sample 2. These rates are within the accuracy of the calorimeter. 
 
Discussion 
Dissolution rates of different batches of C3S have been measured in a saturated calcium hydroxide 
solution containing traces of silicon (1-10 µmol/l). It has been discussed [6] that parameters such as 
reactive surface (A), ionic concentrations (aH+, ai), degree of undersaturation with respect to the 
anhydrous solid (ΔGr), ionic strength (IS) and temperature (T) seriously affect the dissolution rate 
(equation 1). An extrapolation of dissolution rates measured in calcium hydroxide solution to the pore 
solutions present in a hydrating C3S paste is complicated due to the lack of exact data for solution 
composition, exponents n, and functions g and f. However, some of these data can be estimated in 
order to test if the dissolution is seriously affected by rather small differences in solution composition 
(Table 3). It is assumed that the hydration of C3S containing traces of CaO proceeds under paste 
condition at ambient temperature. The ionic concentrations will thus adjust to the invariant point 
Ca(OH)2, C-S-H, aqueous phase. The concentration at these triple points has been extrapolated by 
Jennings [3] from a careful literature analysis for two types of calcium silicate hydrate denoted A and 
B. These concentrations and the data for the solution used for measuring the dissolution rate are 
provided in Table 3. The hydroxide concentration has been calculated from the pH using appropriate 
activity coefficients or computed from electroneutrality where pH was not available. The free energy 
difference between solution and dissolving solid (ΔGr) is computed using equations 2-4 in combina-
tion with a solubility product of KSP=3.93⋅10-7 calculated from [15]. Functions g and f had to be 
omitted to due a lack of exact data. The following values are assumed for exponents n: n(H+)=0.465, 
n(Ca2+)=-0.33, n(H3SiO4

-)=0. Surface A and temperature T are constant and can be ignored when 
calculating the relative change in dissolution rate introduced by a variation in ionic concentrations. 

∏⋅⋅Δ⋅⋅⋅⋅= +

+

−

i

n
iSr

n

H

/RTE iHa a)g(IGfaeAkRate )(0        (1) 

C3S + 4 H2O  3 Ca2+ + H3SiO4
- + 5 OH-        (2) 

IAP(C3S)= {Ca2+}3 ⋅ {H3SiO4
-} ⋅ {OH-}5        (3) 

ΔGr= R ⋅ T ⋅ ln 10 ⋅ log(IAP/KSP)         (4) 
 
It is obtained by calculation that the relative change of the dissolution rate induced by a variation of 
solution composition is less than 10% (Table 3) if the aforementioned assumptions are made. Thus, 
the deviation due to a change in ionic concentrations under these conditions is expected to be smaller 
than the standard deviation in dissolution rate data (up to 35%).  
The experimental results in this study tend to confirm the assumption that the thermal history of a C3S 
sample has a significant impact on its defect site density which determines its dissolution rate and 
subsequently the length of the induction period during hydration [6]. This hypothesis is tested by 
numerical calculation. In order to perform such computations it was assumed that C3S posses a 
spherical shape and a uniform particle size with a sphere diameter of 3.5 µm. The specific surface area 
 
Table 3: Concentrations, ionic strength, free energy difference between C3S and solution, estimated relative 
dissolution rate for the solution employed in this study and two invariant points reported in [3] 

 Ca2+ 
[mmol/l] 

H3SiO4
- 

[µmol/l] 
pH OH- 

[mmol/l] 
IS ΔGr 

[kJ/mol] 
Relative 
dissolution 
rate [%] 

Solution used in this study 21.4 10 12.55 44.3 0.065 -69.1 100 
Ca(OH)2, C-S-H (A) 22.5 2 - 45.0 0.068 -72.7 107 
Ca(OH)2, C-S-H (B) 24.5 20 - 49.0 0.074 -65.6 99 



of such a material would be 5500 cm²/g. The dissolution was calculated stepwise for all four samples 
in discrete time intervals considering that dissolution leads to a reduction of particle size and specific 
surface over time. It was assumed that there is no precipitation of C-S-H on the surface and the 
dissolution is not blocked by the direct formation of hydrates on the surface. Since the ionic 
concentrations in the solution during hydration are close to the invariant point Ca(OH)2, C-S-H (B), 
aqueous phase, the dissolution rate is constant over time. The resulting dissolution behaviour indicated 
by calculation is presented in Figure 2. It is evident that a high amount of material is dissolved within 
a relatively short time. In the reference sample, a degree of reaction of approximately 53% after 2 
hours is calculated. Approximately 28% of the sample annealed at 650°C is calculated to have reacted 
within the same time reflecting the lower dissolution rate.  
For better visualisation of the results, a heat conduction calorimetry curve of the slowest sample 
(annealed at 650°C) is shown in Figure 3. The degree of hydration has been calculated from the 
calorimetry data using a value of 544 J/g for the complete reaction of C3S. At the end of the induction 
period, the degree of hydration is less than 1% because the amount of released heat is less than 2 J/g 
within the first 4 hours. Subsequently, the experimental data indicates a very low degree of reaction at 
the end of the induction period. In contrast to this observation, a very high degree of reaction is 
calculated if it is assumed that the dissolution of C3S is not prevented by the formation of a hydrate 
layer around C3S. A free, unconstrained dissolution followed by the precipitation of C-S-H and 
portlandite in the solution or on foreign surfaces would result in a degree of hydration of 
approximately 50% at the end of the induction period (Figure 3).  
The highest dissolution rate calculated from the calorimetry curve amounts to 0.05 µmol/(s⋅m²) for the 
650°C sample after approximately 15 hours, which is significantly less than observed for the value 
measured for unconstrained dissolution (0.34 µmol/(s⋅m²)). 
The data reported in Figure 3 indicates that the dissolution of C3S under paste conditions is much less 
than in diluted solutions where precipitation of hydrate phases is not expected. It is unlikely that the 
absence of crystallographic defects or a change in solution composition can slow down the dissolution 
to a rate of 0.0003 µmol/(s⋅m²) during the induction period which is a reduction by a factor of 1000 
compared to the free dissolution rate of 0.34 µmol/(s⋅m²). An additional mechanism is likely to be at 
play preventing the dissolution of C3S at rates measured in unconstrained conditions. It has been 
discussed for decades that such a mechanism might be a metastable layer of hydrated phases around 
C3S particles [2]. The length of the induction period has been calculated recently for the nucleation of 
C-S-H under such condition [9].  
 
Conclusions 
The impact of crystallographic defects on dissolution rate and length of the induction period during 
hydration of C3S has been investigated in this study. A wide range of preparation conditions has been 
 

0

10

20

30

40

50

0 1 2 3 4 5

time [h]

di
ss

ol
ve

d 
fr

ac
tio

n 
[%

]

1500°C, slow-
ly cooled

reference

650°C, slowly 
cooled

quenched 
in N2

 
0

10

20

30

40

50

0 5 10 15 20 25

time [h]

di
ss

ol
ve

d 
fr

ac
tio

n 
[%

]

0

10

20

30

40

50

he
at

 e
vo

lu
tio

n 
ra

te
 [J

/(g
*h

)]

free, unconstrained 
dissolution 
(rate=0.34 µmol/(m²*s))

dissolved fraction 
calculated from 
calorimetry

heat evolution 
rate

Figure 2: Evolution of degree of hydration over time 
of 4 C3S-samples assuming unconstrained dissolution 
without formation of hydrated phases on the surface 
that prevent dissolution (dissolution rates from Table 
1, uniform particle size of 3.5 µm before hydration) 

Figure 3: Degrees of hydration for free dissolution 
(Figure 2) and from calorimetry data for the sample 
annealed at 650°C 
 



adopted (ground/annealed, slowly cooled/quenched, treated at high/low temperature) broader than can 
be expected for production of technical production of alite. The following conclusions can be drawn: 
⋅ There was a high number of defects in the reference sample introduced by grinding as revealed by 

high microstrain and small crystallite sizes. Annealing at 650°C resulted in a significant reduction 
of defect site density. Increased crystallite sizes and decreased specific surface area after thermal 
treatment at 1500°C were attributed to crystal growth at this temperature. Variation in cooling rate 
from 5 to 5000 K/min led to higher microstrain and lower crystallite sizes in the quenched sample. 
Additional mechanical treatment of annealed samples by grinding has been avoided.  

⋅ The thermal and mechanical treatment led to different dissolution rates ranging from 0.3 to 0.8 
µmol/(s⋅m²) in saturated calcium hydroxide solution.  

⋅ Numeric simulation of C3S-dissolution during the first hours of hydration reveals that very high 
degrees of reaction should be observed (28 to 54% after 2 hours depending on the defect site 
density) if it is assumed that the formation of hydrates does not prevent a free, unconstrained 
dissolution. The free dissolution rate of uncovered C3S rate is much higher than the dissolution 
rate observed by heat conduction calorimetry (0.003 to 0.08 µmol/(s⋅m²)). 

⋅ The conflict between the free dissolution rate measured for uncovered C3S in this study and the 
much lower dissolution rates observed during the induction and main hydration period can be 
explained by the formation of a hydrate layer directly on the surface of the dissolving particles. 

⋅ Despite the defect site density plays an important role for the length of the induction period, it 
cannot account for its presence. The reduction in reactivity during the first hours of hydration 
cannot be attributed to a low dissolution rate because C3S dissolves much faster than many other 
minerals.  

 
 
1. H. Le Châtelier, Recherches expérimentales sur la constitution des mortiers hydrauliques, Dunod, Paris, 

1904. 
2. H.F.W. Taylor, Cement chemistry, Thomas-Telford, London, 1997. 
3. H.M. Jennings, Aqueous solubility relationships for two types of calcium silicate hydrate, J Am Ceram Soc 

69 (8) (1986) 614-618. 
4. S. Garrault-Gauffinet, A. Nonat, Experimental investigation of calcium silicate hydrate (C-S-H) nucleation, 

Journal of crystal growth 200 (3-4) (1999) 565-574. 
5. S. Garrault, A. Nonat, Hydrated layer formation on tricalcium and dicalcium silicate surfaces: experimental 

study and numerical simulation, Langmuir 17 (26) (2001) 8131-8138. 
6. P. Juilland, E. Gallucci, R. Flatt, K. Scrivener, Dissolution theory applied to the induction period in alite 

hydration, Cem Concr Res 40 (6) (2010) 831-844. 
7. S.A. Rodger, G.W. Groves, N.J. Clayden, C.M. Dobson, Hydration of tricalcium silicate followed by 29Si 

NMR with cross-polarization, J Am Ceram Soc 71 (2) (1988) 91-96. 
8. D. Damidot, A. Nonat, P. Barret, D. Bertrandie, H. Zanni, R. Rassem, C3S hydration in diluted and stirred 

suspensions: (III) NMR study of C-S-H precipitated during the two kinetic Steps, Adv Cem Res 7 (1) (1995) 
1-8. 

9. F. Bellmann, D. Damidot, B. Möser, J. Skibsted, Improved evidence for the existence of an intermediate 
phase during hydration of tricalcium silicate, Cem Concr Res 40 (6) (2010) 875-884. 

10. L. Nicoleau, Interactions physico-chimiques entre latex et les phases minérales constituant le ciment au 
cours de l'hydratation, Université de Bourgogne, Ph. D. Thesis (2004). 

11. D. Damidot, F. Bellmann, B. Möser, T. Sowoidnich, Modelling the effect of electrolytes on the rate of early 
hydration of tricalcium silicate, in 1st International Conference on microstructure related durability of 
cementitious composites, Nanjiing (China), 2008, 1075-1081. 

12. P. Fierens, J. Tirlocq, J.P. Verhaegen, Luminescence et hydratation du silicate tricalcique, Cem Concr Res 3 
(3) (1973) 549–560. 

13. P. Fierens, J.P. Verhaegen, Induction period of hydration of tricalcium silicate, Cem Concr Res 6 (2) (1976) 
287-292 

14. P. Fierens, Y. Kabuema, J. Tirlocq, Influence de la temperature de recuit sur la cinetique de l’ hydratation du 
silicate tricalcique, Cem Concr Res 12 (4) (1982) 455–462 

15. V.I Babuskin, G.M. Matveev, O.P. Mcedlov-Petrosjan, Termodinamika silikatov, Strojizdat, Moscow, 1986 



Synthesis of high reactive belite cement at low temperature 
by using sulphate fly ash waste 

 
1Kacimi L*  

(1) Laboratoire de Génie des Procédés, Département de Chimie, USTO-Oran -Algeria 
2CYR M  

(2) Laboratoire Matériaux et Durabilité des Constructions (LMDC)- INSA, Toulouse, France 
2CLASTRES P 

(2) Laboratoire Matériaux et Durabilité des Constructions (LMDC)- INSA, Toulouse, France 
 

Abstract 
The objective of this study was the synthesis of α'L-C2S belite cement, starting from fly-ash of system CaO-SiO2-Al2O3-
SO3, and using the hydrothermal method in alkaline solution. The lime deficit in these ashes was compensated by the 
addition of slaked lime from lime bagging workshops. The hydrothermal treatment of the mixture was carried out in 
demineralised water, NaOH or KOH solution, continually stirred at a temperature below 100ºC and atmospheric 
pressure. The dehydration and calcination of the mixtures at temperatures between 800 and 1100°C allowed α'L-C2S-
rich cement to be obtained. The optimization of the synthesis parameters (temperature and time of stirring, pH of 
solution, temperature and duration of mixture burning) was also studied. The phase formation during various synthesis 
stages was studied by X-ray diffraction (XRD) and the differential scanning calorimetry (DSC). Other techniques, such 
as SEM, EDX and BET, were used to characterize the cement minerals. The results obtained showed that these ashes 
could form belite cement composed of only one dicalcium silicate phase (α'L-C2S) and characterized by high hydraulic 
reactivity. This cement obtained at very low temperature (800°C) contains, in addition to α'L-C2S, others phases such as 
K2SO4, known to be a setting accelerator. The synthesized ά-C2S-rich cement is characterized by a round morphology of 
belite crystals with a reduced size and a high specific area. In addition to Ca and Si, this belite phase contains other 
elements, such as Al, Fe, Mg, K, Na, which probably increase the disorder of its structure. Mechanical and physical 
tests carried out on mortars and pastes of this α'L-C2S cement, show that this product is characterized by high hydraulic 
reactivity similar to that of CEM II 42.5 cement. This is owing to its mineralogical composition containing high amount 
of ά-C2S and K2SO4, in addition to its reduce crystal size and its great specific area. 
 
Originality 
In recent years, researchers have begun to study the use of industrial wastes and by-products as secondary raw 
materials in the synthesis of reactive belite cement at low burning temperature. Some researchers have studied the 
synthesis of reactive belite by a hydrothermal calcination method under high pressure and temperature (200°C, 1.24 
MPa), using coal combustion fly-ash of low or high lime content and fly-ash from municipal solid waste incineration. 
After dehydration of the precursors at 1000°C, a mixture of β-C2S, α'L-C2S, mayenite and calcite is formed. Our present 
work concerns the production of reactive belite cement, at very low temperature (800°C), containing only α'L-C2S as 
the highly reactive belite phase, starting from a fluidized bed sulphate fly-ash of system CaO-SiO2-Al2O3-SO3, by using 
the hydrothermal method in an alkaline solution at low temperature (100ºC) and under atmospheric pressure, unlike 
other studies found in the literature, for which the temperature and pressures were higher. The synthesis parameters 
were also optimized, namely: temperature and time of stirring, nature of liquid solution and its concentration, and 
temperature of mixture burning. It should be noted that this fly-ash were never valorized because of its high sulphate 
amount. 
 
Chief contributions 
This study contributes to obtain high reactive belite cement at very low temperature. The production of this clinker 
leads to a decrease in the burning temperature by about 650°C, with increasing the production efficiency and 
decreasing the fuel consumption. This reactive belite clinker is obtained by substitution of limestone by fly-ash 
containing lime and silica. This substitution allows preserving the limestone field, particularly in countries poor on this 
material and reducing the energy consumption and the CO2 emissions. 
This work contributes also to valorize a polished fly ash rich in sulfate which is not valorized until present by using a 
new technique (hydrothermal) in the synthesis of cement. The substitution of alite clinker by reactive belite clinker leads 
to the improvement of the long-term strength, by decreasing Ca(OH)2 amount formed during the cement hydration, and 
consequently increases the concrete durability.  
 
Keywords: Clinker, Belite, Hydraulic reactivity, Fly-ashes, Hydrothermal technique.    
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1. Introduction 
 
One approach for reducing energy consumption and CO2 emissions in cement manufacture is to 
produce belite cement by decreasing the lime saturation factor (LSF) of the raw mixture. To produce 
low energy cement with adequate strength development, belite must be either activated or synthesized 
in a more highly reactive form (Lawrence, 1998), (Sharp et al., 1999). Dicalcium silicate (C2S) exists 
in several polymorphic forms (α, α', β, γ), that are stable in different temperature ranges. The γ form 
is considered as inert and has poor hydraulic properties. α'L-C2S is assumed to be more reactive than 
β-C2S. The reactive forms of dicalcium silicate (α'L and β-C2S) in the belite clinker can be stabilized 
by quick cooling, or by inclusion of an appropriate mineralizer. Foreign oxides, such as MgO, K2O, 
BaO and SO3, improve the formation of α'L-C2S and increase its hydraulic properties (Popescu et al., 
2003), (Odler, 2004). 
In recent years, researchers have begun to study the use of industrial wastes and by-products as 
secondary raw materials in the synthesis of reactive belite cement at low burning temperature. They 
have used the hydrothermal treatment as a synthesis method, since silica has a high solubility under 
these conditions (Rodrigues et Monteiro, 1999), (Ishida et al., 1992), (Jiang et Roy, 1992), (Iler, 
1979), (Eitel, 1964). Some researchers have studied the synthesis of reactive belite by a hydrothermal 
calcination method using coal combustion fly-ash of low lime content and fly-ash from municipal 
solid waste incineration (Arjunan et al., 1999), (Goñi et al., 1998), (Guerrero et al., 2000). Other 
researchers have used the same method but with coal fly-ash of high lime content and under high 
pressure (200°C, 1.24 MPa) (Guerrero et al., 1999), (Goni et al., 2000), (Guerrero et al., 2001). After 
dehydration of the precursors at 1000°C, a mixture of β-C2S, α'L-C2S is formed.  
The contribution of the present work concerns the production of reactive belite cement containing 
only α'L-C2S as the highly reactive belite phase, starting from a fluidized bed sulphate fly-ash of 
system CaO-SiO2-Al2O3-SO3, by using the hydrothermal method in an alkaline solution at low 
temperature (100ºC) and under atmospheric pressure, unlike other studies found in the literature, for 
which the temperature and pressures were higher. The synthesis parameters were also optimized. It 
should be noted that this fly-ash were never valorized because of its high sulphate amount. 
This work was realized in collaboration with the Laboratory “Matériaux et Durabilité des 
Constructions (LMDC)”, INSA-UPS-Toulouse-France, within the framework of the agreement 
programs CMEP-Tassili N° 09 MDU 773. 
 
2. Experimentation 
 
2.1 Material used and synthesis procedure 
 
The raw materials used to prepare the mixtures were industrial wastes: fluidized bed fly-ash and 
slaked lime dust recovered from lime bagging workshops. The chemical compositions of these 
materials were determined by X-ray fluorescence (Table 1).  
The hydrothermal method was used to produce α'L-C2S-rich cement. The synthesis process was 
divided into two stages: the first stage was the hydrothermal treatment in demineralised water or in a 
solution containing NaOH or KOH, with a liquid to solid ratio of 5. The liquid mixture was stirred for 
a fixed time between 0 and 24 hours under atmospheric pressure and activated at 3 different 
temperatures (20, 50, 100°C). The second stage of the synthesis process was the burning of the dry 
sample in a muffle furnace at temperature between 600 and 1100°C, followed by fast air cooling. 
 

Table 1: Chemical compositions of the raw materials used for the synthesis of belite cement 
Material SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 P2O5 LOI CaOf 
Fly-ash 23.9 11.1 5.6 29.5 1.1 14.7 1.4 0.1 0.4 0.4 9.6 9.2 
Lime dust  1.8 0.2 0.4 73.4 0.9 - 0.02 0.03 - - 23.0 - 



2.2 Sample testing  
 
The chemical compositions of the raw materials were determined by X-ray fluorescence. A scanning 
electron microscope and EDX analysis were used to study the belite phase. The crystallized phases 
were identified by X-ray diffraction. The presence of άL-C2S, instead of άH-C2S and β-C2S, is 
confirmed according to XRD carts (ICDD n° 36-0642 for άL and 33-0303 for άH). The differential 
scanning calorimetry (DSC) is used to study the mineralogical transformations of the mixtures 
between 25 and 1000°C. The specific area of synthesized cements is determined by BET-method. The 
"glycerin-alcohol" method was performed to determine the free lime content. Mechanical and 
physical tests on the studied cement and three control cements (CEM I 52.5 N, 52.5 R, 32.5 R) of the 
Marters factory (France) were carried out on no-standardized test specimens. 
 
3. Results and Discussion 
 
3.1 Type of chemical activation 
 
In our study, chemical and hydrothermal processes were combined to improve the chemical reactivity 
of the fly-ash. The conditions of hydrothermal treatment were fixed at a maximum temperature of 
100°C and atmospheric pressure, in contrast to other studies found in the literature, for which the 
temperature and pressures were higher. The minerals found in the mixtures, after hydrothermal 
treatment in H2O, NaOH (1M) and KOH (1M) but before calcination, are given on Figure 1-a. This 
figure also presents the mixture of fly ash and lime homogenized in water at 20°C for 1h (taken as the 
reference here). 
Compared to the reference mixture (20°C-1h), the hydrothermal treatment of 5h in 100°C H2O led to 
a partial dissolution of anhydrite. The hydrothermal treatments in a basic environment (100°C-5h) 
induced other significant modifications in the mineralogy of the mixtures, such as the complete 
dissolution of anhydrite and the partial consumption of quartz. The treatment in 1M NaOH led to total 
disappearance of portlandite and a significant increase in the amount of calcite. The 1M KOH 
treatment produced small amounts of kuzelite, katoite and arcanite (K2SO4), and probably also C-S-H.  
The compounds obtained after burning of the reference and hydrothermal mixtures at 1100°C were 
identified by their XRD patterns (Figure 1-b). C2S was present in all four cements, but the 
polymorphic forms differed depending on the treatment used. As shown in this figure, only 
hydrothermal treatments in NaOH and KOH led to the formation of α'L-C2S. HT-NaOH gave both 
forms of C2S, while α'L seemed to be the exclusive form in HT-KOH mixture. For this reason, KOH 
was selected as the most appropriate solvent for the hydrothermal synthesis of belite cement in the 
rest of the study. The comparison of belite cements using KOH solutions at 0.6 M and 1 M showed 
that liquid solution of 0.6 M KOH was sufficient to obtain cement containing α'L-C2S without β-C2S.  
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Figure 1: XRD patterns of hydrothermal mixtures below and after burning at 1100°C 



3.2 Temperature and time of activation 
 
In order to optimize the synthesis parameters and make the belite cement manufacture more 
economical, the effect of temperature and stirring time on the formation of belite cement minerals, in 
particular α'L-C2S belite phase, were studied. The hydrothermal treatments were carried out in a 0.6 M 
KOH solution at heating temperatures of 20, 50 and 100°C for stirring times of 1, 2, 5, 12 and 24 
hours. The burning temperature after hydrothermal treatments was set to 1100°C (Figure 2). It can be 
seen that hydrothermal treatment at 20°C only led to β-C2S. The α'L form was obtained for 
hydrothermal treatments at 50 and 100°C. However, short stirring times did not allow the formation 
of α'L-C2S phase alone, even at a hydrothermal heating temperature of 100°C. For 2 hours of stirring, 
β-C2S belite phase was present with α'L-C2S. 
In mixtures stirred for 12h at 50°C and 5h at 100°C, the β-C2S phase was completely transformed into 
α'L-C2S with a strong increase in the peak intensities. To improve the formation of α'L-C2S in the 
mixtures at low hydrothermal heating temperatures, an extension of the stirring time is needed.  
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Figure 2: XRD patterns showing the types of C2S 

obtained after the two stages of synthesis 
Figure 3: DSC diagrams of mixtures after the first 

stage of synthesis 
 
 
Thermal analysis (Figure 3) shows that with the increase of the mixing temperature, the disappearance 
of the exothermic peak of lime carbonation is observed. DSC diagram of the heated mixtures at 50 
and 100°C presents a low decarbonation near 800°C shifted towards low temperatures, which is 
probably due to a decrease in the lime calcination.  
 
3.3 Reduction of burning temperature of hydrothermal mixtures 
 
To decrease the temperature of cement synthesis, a mixture which gave satisfactory results in the 
formation of α'L-C2S belite phase was chosen in order to study the effect of burning temperatures, 
from 600 to 1100°C. The selected mixture was that coming from hydrothermal treatment with KOH 
(0.6 M) heated at 100°C for 5 hours of stirring. The results are illustrated by their XRD patterns in 
Figure 4.  
At 600°C, very few reactions occurred and most of the compounds in the mixture had been present in 
the initial materials. Only a small amount of gehlenite was detected as a new-formed product. The 
burned mixture contained significant quantities of quartz and calcite (Figure 4), and no trace of free 
lime (Table 2). This temperature was too low to initiate the decarbonation process. Neither α'L nor β-
C2S seemed to be formed at this temperature. 
At 700°C, the presence of C2S was detectable, but mainly in the β-form. α'L was probably also formed 
(Figure 4). Calcite disappeared totally and quartz was significantly consumed. High free lime content 
was found in this mixture due to the decomposition of calcite (Table 2).  

    Ta=20°C, ta=5h       Ta=50°C, ta=5h      Ta=100°C, ta=5h 



At 800 and 900°C, α'L-C2S seemed to be the main and unique belite phase of which a complete 
disappearance of β-C2S is noticed (Figure 4). A large decrease in the amount of quartz and free lime 
(Table 2) was noted for these mixtures, which explains the combination between lime and silica in the 
mixture. K2SO4, known to be a setting accelerator of cement, is also formed at this temperature.  
At 1000 and 1100°C, it can be assumed that there was no β phase left, since peaks of α'L-C2S were 
predominant. A significant increase of the amount of gehlenite, characterized by very low hydraulic 
reactivity, was observed. At these temperatures, quartz was no longer available and the free lime 
content reached values under 1% (Table 2). 
To summarize, it seems that the α'L-form of belite can be synthesized and stabilized, as unique phase 
of C2S, at a temperature of around 800°C, without any formation of gehlenite. 
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Figure 4: XRD patterns of mixtures burned at different temperatures (600-1100°C).  

 
Table 2: Free lime contents in burned mixtures at various temperatures (600-1100°C) 

Burning temperature (°C)  600 700 800 900 1000 1100 
% Free lime not detected 5.6 1.4 1.2 0.8 0.3 

 
3.4 Characterization of synthesized cement 
 
The complete formation of ά-C2S as single phase of bicalcium silicates in this cement was carried out 
at 800°C, without any presence of gehlenite. An estimated mineral composition by Rietveld method 
on DRX showed the presence of 82.4% of άL-C2S, 4.7% of C12A7, 4.2% of K2SO4, 2.7% of C4A3S* 
and 2.2% of free CaO. With the increase of burning temperature, gehlenite crystallizes better which 
increases its structural stability and decreases consequently the hydraulic reactivity of cement. This 
belite cement rich in α'L-C2S, obtained at low burning temperature (800°C), was selected to determine 
its morphological, chemical and physical properties. 
The cement morphology, determined by scanning electron microscopy, shows that this cement is 
characterized by round belite crystals of reduced size (smaller than 10 μm) (Figure 5). The specific 
area of this cement determined by BET method confirms this small size of belite phase which is equal 
to 11.3 m2/g. The high specific area of this cement and reduced size of the α'L-C2S belite phase should 
improve its hydraulic reactivity (Kacimi et al., 2006), (Stanek et Sulovsky, 2002).  
EDX analysis of this cement showed an elementary composition containing Ca and Si with a 
CaO/SiO2 molar ratio equal to 1.86, and insertion of the elements S, Al, Fe, Mg, K, Na and P (Figure 
5). The large amounts of Al and S were due to the chemical composition of the ash, rich in sulphate 
and alumina. The presence of these elements in α'L-C2S crystalline structure could create disorders in 
the crystal lattice, thus leading to an improvement in the hydraulic reactivity (Odler et Zhang, 1996), 
(Quillin, 2001), (Baoyuan et Jungan, 1984), (Ichikawa et Kanaya, 1997), (Raina, 1998). 
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3.5 Hydraulic properties of synthesized cement 
 
To evaluate the hydraulic reactivity of this belite cement, tests of setting time on pastes and 
compressive strength on mortars were carried out with water/cement ratio of 0.5 and 
aggregate/cement ratio of 3, by using no-standardized test specimens. For the setting time test, a 
truncated mould with diameter 30 mm and height 15 mm was used. The dimensions of the 
compressive strength mould are (25 mm x 25 mm x 25 mm). Cements of type CEMI 52.5N, 52.5R 
and 32.5R, of the Marters factory (France), were taken as control cements in this study.  
The setting time results are given in Figure 6. This figure illustrates the variation of the non-
penetration height (H) of the Vicat needle with the hydration time. It is clear that the hydration rate of 
the synthesized belite cement is very fast by comparison with both control cements (52,5 N and 52,5 
R). Initial and final setting times of this cement are estimated to (60 min, 120 min), however for the 
control cements are respectively (180 min, 250 min) and (190 min, 240 min).   
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Figure 6: Variation of no-penetration height (H)  
of Vicat needle with the hydration time of cement 
 
The results of compressive strength of the studied belite cement and control cements (52.5 N, 32.5 R 
and β-C2S cement) are given in Table 3. The compressive strength of the synthesized άL-C2S cement 
is lower than that of 52.5 N but larger than that of 32.5 R. This result shows a considerable reactivity 
of this cement, which is due on the one hand to its mineralogical composition rich in άL-C2S very 
reactive, and on the other hand to its great specific area. The presence of K2SO4, C12A7 and C4A3S* in 
this cement (Figure 4) allows decreasing the setting time. 
 
4. Conclusion 
 
This paper has focused on the synthesis of α'L-C2S-rich cement starting from fly-ash of system CaO-
SiO2-Al2O3-SO3, with added slaked lime dust. This synthesis was possible by using the hydrothermal 
method in alkaline solvents at low temperature and under atmospheric pressure, contrary to other 
studies found in the literature, for which the temperature and pressures were higher. The KOH or 
NaOH liquid solutions both allowed α'L-C2S-rich cement to be obtained but the formation of this 

Table 3: Compressive strength of άL-C2S cement 
comparatively to both controls cements (52.5 N, 32.5 R) 

Compressive strength (MPa) Cement  

2 days 7 days 28 days 

άL-C2S cement 24 32 44 

52.5 N 28 42 56 

32.5 R 18 26 38 

β-C2S cement 1.4 4 16 



phase was facilitated with KOH solution. Obtaining cement with α'L-C2S is possible if the precursors 
are prepared in KOH liquid solution (0.6 M) after continuous stirring for 5 hours at 100°C, followed 
by burning at a temperature of 800°C and air-cooling. The synthesized ά-C2S-rich cement is 
characterized by a round morphology of belite crystals with a reduced size and a high specific area. In 
addition to Ca and Si, this belite phase contains other elements, which probably increase the disorder 
of its structure. Mechanical and physical tests carried out on mortars and pastes of this α'L-C2S 
cement, show that this product is characterized by high hydraulic reactivity. This is owing to its 
mineralogical composition (high amount of ά-C2S), in addition to its reduce crystal size and its great 
specific area. 
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Abstract 
The aim of this study is to examine the valorisation of mineral residues as addition in building materials with 
cementious matrix, and contributes to sustainable development. The study is based on experimental work carried out 
the Civil Engineering and Mechanical Engineering Laboratory (INSA-Rennes, France) and at the Mineral and 
Composite Materials Laboratory (University of Boumerdès, Algeria). The use of recyclable industrial waste as a partial 
replacement of Portland cement in concrete allows reduction of greenhouse gas emissions (GGE) and results in the 
manufacturing of a concrete with less environmental impact. Applying various experimental techniques, the behaviour 
of finely crushed marble powder addition with Portland cement, with limestone addition, is studied. This study 
confirmed the improvement of the physical and chemical properties of concretes with marble powder addition; this 
indicates the potential advantage of using this cementious addition. 
 
Originality 
Special concretes are largely modified to obtain BHP. The high compressive strength is not the only advantage of these 
materials. Indeed, their adjuvantation and their granular composition contribute to the improvement of other 
characteristics like impermeability to gases or to liquids, compactness, resistance to abrasion and shock, pumpability, 
surface high quality aesthetic . Accordingly the cross sections of structural elements were reduced (mass and 
foundations). 
 
In this way and to make concrete durable, cement is partially replaced with marble powder (waste of marble).  Positive 
impact on the physico-mechanical properties and durability of concrete in aggressive environments have been recorded 
with this supplementary filler  addition like commonly silica fume, slag from blast furnaces and pozzolans . 
 
Chief contributions 
The depletion of natural resources, unfair exchange and, more recently, the prospects of climate change have led to 
reflect during last thirty years to a possible modification of the logic of development. 
 
To this effect and to contribute to the precautionary and sustainable management in environmental protection, 
technical feasibility and economic viability, it is very important to take in account the resources, the overall effects on 
the environment and human health and economic and social effects. 
 
We performed the substitution of part of cement with marble powder. This will minimize the negative impact of 
greenhouse gases emitted by cement plants on the environment. In the same time and in parallel this substitution will 
yield economic benefits for the cost of cement. 
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Introduction 
 
The management of waste and industrial by-products is crucial for the technical, economic and environmental benefit of 
society as a whole and business in particular. These factors should include, for example, an analysis of the life cycle of 
products or services, thus integrating into these processes the management of residues and by products.  Engineering 
and environmental studies can facilitate this management, particularly in civil engineering (Cyr et al., 2005).  
 
The use of industrial waste and reducing the demand for natural resources (such as limestone and iron ore) are 
beneficial.  It is also important to note that the concrete with cementations admixtures generally have a lifespan longer 
than the concrete "traditional" (Bellaloui1 et al., 2002). 
 
The most aggressive environments for concrete are saline and sulfate environments, these represent a major hazard by 
virtue of chemical attack on the concrete. A survey by the OECD (Organization for Economic Cooperation and 
Development) conducted in 1989 indicates that the sulfate attack is the second leading global cause of damage; this type 
of attack being detected on 800 000 structures. 
 
Given the denser structure of high-performance concretes (HPC), these materials exhibit a better behaviour towards 
aggression mechanisms. Most degradation processes are caused by the penetration of aggressive substances, such as 
chlorides, carbon dioxide, acids and sulfates. If this penetration is impeded, as in the case of HPC, the degradation 
processes will not manifest itself until much later in the service life. 
 
By using various experimental techniques, special attention is given to the behaviour of the finely ground marble 
powder together with Portland cement containing limestone addition. Depending on the nature of SCMs considered, 
their different behaviour may influence the design of the concrete mixes with an impact on their durability. This study 
confirmed the improvement of physico-chemical properties of concrete with marble powder, which presents a strong 
argument for its use as a concrete addition. 
 
 
Materials Used 
 
1. Cement 
 
The Portland cement has a Blaine Specific Surface (BSS) of 3830 cm2 / g.  It is a CEM II / A 42.5 clinker with addition 
of 10% limestone. The cement is marketed by Egyptian Orascom Group (Algerian Cement Company). 
 
The X Ray diffractogramme (Fig. 1) of the anhydrous cement shows the presence of different crystalline phases: the 
four essential minerals (C3S, βC2S, C3A and C4AF) which are responsible for setting and hardening; gypsum, 
(CaSO4.2H2O) regulate the set; and limestone filler addition. 
 

 
 
 
 
 
 
 
 

 

Figure 1: X Ray diffractogramme for CEM II / A 42,5 (λkα Cu) 

 
2. Marble powder (PM) 
 
The marble power used is a waste product from marble masonry.  The micro analysis performed over a wide range of 
points shows identical chemical compositions (Figure 2). 
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Figure 2:  Micro analyse EDS of the marble powder. 

Granulometric analysis was carried out using laser CILAS 1180; the results are shown in Figure 3. The marble powder 
has a Blaine specific surface 12 000 cm2 / g. The key point that emerges from the results, summarized by granulometric 
finesse, the powder is well graded, 50% finer than 4 microns and 77% finer than 10 microns. Approximately 95% of 
particles are finer 20 microns. Based on the coefficient of uniformity (Cu), the powdered marble has a tight distribution. 
 

 
 
 

 
 
 

 
Figure 3:  Granulometric curve for marble powder. 

    
3. Aggregates 
 
To obtaining the required concrete necessarily involves the determination of optimum compositions of various 
aggregates.  The coarse aggregate are crushed gravel from the Jaubert quarry (Algeria), and is mainly limestone. 
In this study, after preliminary tests on both the rheology of concrete mixtures and the hardened material, the granular 
class 3/8 and 8/15 was chosen. 
 
The sand used is composed of 76% Akbou Sand and 24% Boussaâda Sand (Algeria), the fineness modulus final after 
homogenization is 2.60. 
 
4. Admixtures 
 
To prevent the formation of flocs after the addition of crushed marble powder, the incorporation of a water-reducing 
superplasticizer is necessary. The molecules of superplasticizer bind by adsorption on the interface between the grain 
and the cement mix water. Once adsorbed, the superplasticizers form a negative charge around each grain of cement; in 
doing so the grains repel each other. The resulting dispersion reduces the viscosity of the cement paste and increases 
workability; the molecular structure of superplasticizer - in the form of long chains - also reinforces this effect. 
 
The admixture used is Viscocrete 3045, a unchlorinated water reducer plasticizer, based on modified polycarboxylates, 
it provides a good workability for up to 1h 30. 
 
In the fluid concrete Viscocrete 3045 improves stability, reduces the risk of segregation and makes the mix less 
sensitive to changes in water and constituents. 
 
 
Experimental Programme 
 

Element %Mass %Atomic 
C K 17.44 27.42 
O K 47.20 55.73 
Mg K 0.31 0.24 
Al K 0.16 0.11 
Si K 0.26 0.18 
Ca K 34.64 16.32 
Totals  100.00  
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The compositions of concretes with and without powdered marble are used in the experimental program as reported in 
Table 1. It should be noted that the levels of marble powder addition (MP) and superplasticizer, after optimization, are 
respectively 10% and 2% of the mass of cement.  For reported tests the following legend is adopted. 
 
Types of concrete 

- CC: Concrete Control 
- CMP: Concrete with Marble Powder 

 
Table 1: Composition of the concretes studied 

 
 
 
 
 
 
 
 
 
 
 

 
 
The physical, mechanical and microstructure of concrete with and without addition of marble powder are compared.  In 
addition, mineralogical characterization techniques have been carried out which include X-ray diffraction (XRD), 
differential thermal analysis and gravimetric analysis (DTA-TGA) and scanning electron microscopy (SEM) combined 
with a micro analysis (EDS). 
 
 
Results and Analysis 
 
The aim of this study is to examine the durability of concrete exposed to sulfates; the resistance of concrete to sulfate 
attack being an important factor for durability. 
 
The origin of sulfate contamination of concrete is diverse; internal sources namely the material itself (aggregates 
containing gypsum or sulphides; gypsum cement used as a retarder ...); external sources of sulfates from exposure the 
ambient environment (sewage, industrial pollution, groundwater and marine ...).  In these cases the sulfates migrated 
into the cement matrix by diffusion thus attacking the integrity of the concrete. The sulfate can alter the concrete in two 
physico-chemical ways, expansion and / or loss of binding properties of the CSH. 
 
 
1. Strength 
 
It is noted that the compressive strength of concrete with marble powder addition, with a very tight particle size 
distribution (Fig. 4) as used in this study, has a strength superior to the control for all stages of maturity. It is concluded 
that these are high-performance concretes; this quality is not affected by the surrounding environment (Figure 5). 
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Figure 4: Evolution of compressive strength with relation to age 

Composition 
Constituents 

CC CMP 

Cement kg/m3 400 360 

Sand kg/m3 612 612 

Aggregate (3/8) kg/m3 108 108 

Aggregate (8/15) kg/m3  1064    1064 

Water  l/m3 136 136 

Admixture l/m3       7.2         7.2 

Marble (MP) kg/m3 - 40 
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2. Capillary absorption  
 
Capillary absorption of the samples is determined; the results obtained confirm the low capacity of water absorption for 
concrete with marble powder addition compared to the control concrete; this is an indication of an increased 
compactness of the concrete. In addition to their high strength the samples have improved durability. The marble 
powder addition will retard the penetration of aggressive agents, including the sulfate ions within the concrete matrix. 
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Figure 5: Evolution of capillary absorption coefficient 

 
3. Measurement of oxygen permeability 
 
This method is applicable to moulded samples and cores that are within the dimensional tolerance limits imposed by the 
apparatus.  The technique can measure permeability between 10-15 and 10-20 m2 (Concrete Society, 1987). 
 
The test consists of submitting a cylindrical sample to a constant pressure gradient of oxygen. The permeability thus is 
determined from the measurement the oxygen flux at a steady flow. This test is performed on five specimens at three 
pressures (2, 4 and 6 bar absolute).  An average permeability value is calculated. The three samples, from the group of 
five, that have permeabilities closest to the average are selected. They are considered most representative of the material 
(AFPC 9797). 
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Figure 6: Oxygen permeability of the concretes. 

 
Regardless of pressure, the addition of finely crushed marble powder led to a significant decrease in the coefficient of 
permeability to oxygen. For example, at a pressure of 6 bar, Ka is 2.3 10-16 m2 for concrete control, and 1.3 10-17 m2 for 
concrete with marble powder addition. 
 
 
4. Internal Microstructure  
 
The physico-chemical analysis, by XRD shows that the hydration reactions corresponding to different cement paste 
phases show a more or less well crystallized structure. The components identified after three months conservation in 
calcium sulfate solution are shown in Figures 7 and 8. 
 
For all compositions studied hydration leads to the formation of portlandite CH, calcite CC and a silica-hydrate CSH 
gel. The three major diffraction peaks of CSH are not clearly identified, reflecting its low degree of crystallization. 
XRD analysis indicates that ettringite C3A.3CaSO4.31H2O is present in the hardened paste after a period of three 
months.  
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Figure 7: X ray Diffractogramme of the hardened CEM II 42.5 cement past. 

 
The results indicate that the sulfate attack, initiated by gypsum, result in a weak precipitation of ettringite; the most 
stable environment for this compound being a pH greater than 10.5. In the sample without marble addition, it appears 
that the sulfate attack is more pronounced. This reaction occurs in an environment where ettringite is more stable. 

 
 

 

 

 

 

 

 

 

 

 

Figure 8: Diffractogramme of hardened CEM II 42.5 cement paste with marble addition. 

 
Finally, one can note the significant and growing presence of calcite resulting from the carbonation of hydrated phases, 
mainly portlandite, in the samples; also from mineral limestone and marble powder. The differential thermal analysis is 
used to verify the XRD observations. 
 
 
5.  Thermal Analysis 
 
The thermogrammes (Figures 9a and 9b) show essentially three mass losses which respectively characterize the loss of 
water molecules of CxSyAtHz and C6AS3H32 without differentiating the portlandite dehydration and the de-carbonation 
of CaCO3 (initial and newly formed CaCO3). However, this method does not detect the presence monocarboaluminate 
C4ACH11 or hydrated alumina. 
 
The endothermic effect at temperature of 450-550 °C, expresses the presence of remaining free hydrated lime crystals, 
(Abadlia et al., 1999) and (AFGC, 2002). 
 
The thermogramme shows the initial loss of free water; for the CEM II paste at a higher temperature (146 ° C) than 
from that CEM II with marble powder addition (127 °C). Conversely, the amount of water released is somewhat higher 
(24.23%) as opposed to 19.10% for the CEMII plus marble addition; this is a consequence of the fineness of the marble 
powder, whose demand for water is higher and in parallel evaporation temperature is lower. 
 
The formation of portlandite in the cement paste with marble addition is lower, due to the partial replacement of cement 
with marble powder. Dehydration for the former being 4.28% compared with 3.28% for latter. 
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Figure 9: Thermogramme of CEM II 42.5 

Finally, in the temperature range 740-840 °C progressive de-carbonation of carbonates occurs. In this case, the 
endothermic peak for the cement paste with addition is more pronounced; marble powder addition causes a mass loss of 
5.03% as opposed to 2.32% for cement paste without addition. 
 
These results confirm the beneficial effect of finely crushed powder marble filler. The properties of concrete and 
cement pastes, in terms of compressive strength, capillary absorption and gas permeability are improved. The impact of 
marble powder on microstructures, in terms of densification of matrix and modification of porosity is very pronounced. 

 

Conclusions  
 
The partial replacement of cement with marble powder does not contribute to the formation of a significant volume of 
hydrated products capable of reducing porosity, however the compressive strength may be improved to a greater or 
lesser extent. 
 
The marble powder has the role of contributing a mechanical linking structure within the cement matrix; this structural 
contribution manifests itself by the reduction of porosity and consequently a greater resistance to chemical attack. 
 
The concrete with the addition of marble powder with a specific surface of 12,000 cm2 / g offers interesting advantages 
over the conventional control concrete: higher strength, improved durability against physico-chemical absorption; the 
absorption of capillary water is reduced as is the permeability. This should lead to improved to freeze thaw resistance, 
although this remains to be verified. 
 
In addition to its obvious ecological impact, reuse of waste marble dust and its integration in concrete has great 
advantages in terms of long-term maintenance resulting from the improved durability of structures. 
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Abstract 
This paper reports the first leaching experiments performed on calcium sulfoaluminate (CSA) cement-based materials 
according to a standard test developed to understand and model the degradation processes of cement pastes.  
Two pastes (w/c = 0.55) were prepared with a ye’elimite-rich binder (68.5% in the clinker, against 15.9% C2S) 
containing 0% (CE0t) or 20% gypsum (CE2t). They were submitted to a brief thermal cycle at early age, as may occur 
in a massive structure, and subsequently cured for three months (20°C, 95% R.H). Some cylinders were then leached in 
deionised, decarbonated and thermo-regulated (20 ± 1°C) water under nitrogen atmosphere. The composition of the 
leaching solution remained constant during the tests, with a pH maintained at 7.0 by adding nitric acid in the reactor. 
The leaching solution was renewed when the volume of added nitric acid reached 1% of the solution volume. After each 
renewal, the solution was analysed by ionic chromatography and OES-ICP. At the end of the experiment, the 
mineralogy of the leached zone was assessed by scraping progressively the samples from the external surface to the 
sound core using a micromilling machine. With a combination of XRD, TGA, and SEM/EDS analyses, it was possible to 
determine the phases within slices of approximately 100 µm thick, parallel to the leached surface.  
The cumulative quantities of Ca2+, OH- and SO4

2- ions in the leachates increased linearly versus the square root of time, 
showing that leaching was controlled by diffusion. The gypsum-free material exhibited the highest decalcification rate. 
Examination of the solid samples after three months revealed three zones:  

- the surface layer, highly porous and composed of aluminium hydroxide, perovskite and C-(A)-S-H (thickness: 
200 (CE0t) to 400 µm (CE2t)), 

- an intermediate zone, less porous, in which several precipitation and dissolution fronts occurred (thickness: 
1300 (CE2t) to 2200 µm (CE0t)), 

- the sound core.  
The hydrated phase evolution along depth was accurately determined and was qualitatively reproduced with a model 
coupling transport by diffusion and chemical reactions. 
 
Originality 
Calcium sulfoaluminate cements (CSA) are regarded as a possible low-CO2 alternative to Ordinary Portland cements 
(OPC). However, the hydration reactions and equilibria in CSA cements are complicated and not as well defined as for 
OPC. Moreover, information on the degradation mechanisms of CSA cement pastes under leaching conditions is very 
limited and either focussed on the leached solid or on the leachates. Besides, no attempt has been made to model the 
leaching of these materials due to their very different mineralogy as compared to OPC pastes. 
This article reports some leaching experiments, obtained by a robust methodology previously developed on OPC 
pastes, on two CSA cement pastes under controlled conditions (pH, temperature, chemistry of the aggressive solution), 
in which both the solids and the solutions were carefully analysed. Based on these results, a first modelling approach is 
proposed, aiming at predicting the extent of degradation of a CSA cement paste by the action of pure water and the 
mineralogical evolutions involved. 
 
Chief contributions 
This paper provides results for a better understanding of the durability of CSA cement-based materials under leaching 
conditions. It also shows the feasibility to model the degradation of these materials using a reactive transport model, 
using an approach similar to that previously developed for Portland cement. 

 
Keywords: calcium sulfoaluminate cement, leaching, reactive transport, modelling 
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1. Introduction 
 
By increasing the gypsum content of CSA cements, a series of materials, ranging from rapid-
hardening to shrinkage compensating can be designed (Glasser et al., 2001), with applications for 
urgent repair, construction by cold weather, precasting, self-levelling topping mortars and screeds with 
limited curling (Georgin et al., 2008), glass-fibber reinforced cement composites (Pera et al., 
2004)…Besides, CSA cements, which yield hydrates with a flexible structure or a high sorption 
capacity, are also of interest to stabilize hazardous wastes (Albino et al., 1996; Peysson et al., 2005; 
Luz et al., 2006; Zhou et al., 2006; Berger et al., 2009). However, data on the durability of CSA-
cement based materials under leaching conditions is very scarce in the literature and either focussed on 
the leached solids or on the leachates:  

- some concretes were characterized after long-term service and exposition to sea water or 
rain (Glasser et al., 2001; Zhang et al., 2005), 

- some samples were also examined after a short external attack by a sulfate or chloride 
solution (Malami et al., 1996; Zivica et al., 1999), 

- the confining properties of CSA cement waste forms were assessed by measuring the 
leached fraction of heavy metals in batch experiments (Peysson et al., 2005). 

This paper reports the first leaching experiments performed on CSA cement pastes according to a 
standard test developed by the CEA (Adenot et al., 1992) in order to understand and model the 
degradation processes of the cement hydrates. 
 
2. Experimental 
 
2.1 Materials 
CSA cements were prepared by mixing a ground industrial CSA clinker (composition in table 1; d10 = 
2.67 µm, d50 = 17.6 µm, d90 = 50.8 µm, BET specific surface area = 1.3 m2/g) with the appropriate 
amount of analytical grade gypsum (0 or 20% by weight of cement; d10 = 5.4 µm, d50 = 19.6 µm, d90 = 
50.3 µm, BET specific surface area = 0.4 m2/g) for 15 min. In the clinker, ye’elimite predominated 
over belite and mayenite. The other minor constituents, mainly phases containing titanium and iron, 
could be regarded as hydraulically inactive. 

Table 1. Mineralogical composition of the investigated CSA clinker (Belitex KTS 100). 

Minerals C4A3S C2S C12A7 CT Periclase CS Quartz Others* 

Wt% 68.5 15.9 9.5 2.9 1.5 0.5 0.5 2.4 

* include 1.2% of iron oxide. Cement notations: C = CaO, A = Al2O3, S = SiO2, S = SO3, T = TiO2, H = H2O. 

Cement pastes (water to cement ratio of 0.55) were prepared with a standard laboratory mixer (European 
standard EN 196-1) by mixing cement and demineralised water at low speed for 3 min, and at high speed 
for 2 min. Then, they were cast into airtight polypropylene boxes, submitted to a brief thermal excursion 
at early age, as may occur in a massive structure, and subsequently cured for three months (20°C and 
95% RH). The thermal cycles applied to the samples were previously described (Berger et al, 2010). 
They were justified by the fact that the physico-chemical evolution of CSA cement-based materials can 
be highly dependent on their thermal history at early age, especially at low gypsum content. 
 
2.2 Leaching test 
Some cylinders (5 cm in diameter, 3 cm high, protected against lateral degradation by a polymer 
coating) of paste specimens prepared with a binder containing 0% (sample CE0t) or 20% (sample 
CE2t) gypsum were leached in deionized water thermo-regulated at 20 ± 1°C, and kept under N2 
atmosphere to avoid carbonation. The ratio between the sample surface area and the solution volume 
was fixed at 0.23 dm2/L. The composition of the leaching solution remained constant during the tests, 
with a pH maintained at 7.0 by addition of nitric acid (0.25 mol/L). The leaching solution was renewed 
when the volume of added nitric acid reached 1% of the solution volume. After each renewal, the 



solution was analyzed by ion chromatography and OES-ICP. The mineralogy of the leached zone was 
assessed by progressively scraping the samples from the external surface to the sound core using a 
micromilling machine. With the help of XRD, TGA, and SEM/EDS, it was possible by this way to 
determine the phases within slices approximately 100 µm thick, parallel to the leached surface. 
 
2.3 Characterization methods 
Crystallized phases were identified by XRD (Panalytical X'Pert Pro – Cu anode λKα1 = 1.54056 Å; 
40 mA and 40 kV). The acquisition range was from 5° to 60° 2θ in 0.02° 2θ steps with integration at 
the rate of 50 s per step. The evolution of the amounts of phases over time was qualitatively assessed 
from XRD patterns by measuring the areas of corresponding reflections using EVA analysis software 
(© 2005 Bruker AXS). Thermogravimetric analyses were carried out under N2 atmosphere on 50 ± 2 mg 
of sample using a TGA/DSC Netzsch STA 409 PC instrument at 10°C/min up to 1000°C. The 
microstructure and chemical composition of the cement pastes were investigated using SEM (JEOL 
JSM-5910 LV, tungsten filament, or ESEM XL30-FEI, thermal field emission gun). X-ray 
microanalyses were performed using an energy dispersive X-ray system (EDX EDAX type). Total 
water porosity φw of the samples before leaching was estimated by measuring the total water amount 
removed from water-saturated paste samples after drying at 60°C (to limit ettringite degradation) until 
stable mass loss (Eq. 1). 

 (%) 100
a d

w

a w

m m

m m

−φ = ×
−

 (1) 

where: ma and mw are the water-saturated sample mass values measured in air and under water, 
respectively, and md the mass of the dried sample measured in air. 
 
2.4 Model features and thermodynamic data 
The reactive transport code HYTEC (Van der Lee et al., 2003) was used to simulate the leaching tests, 
taking into account diffusive transport of solutes and chemical reactions. Transport and chemistry 
were coupled through a sequential iterative algorithm. Moreover, the effective diffusion coefficient 
changed when mineral precipitation or dissolution modified the local porosity. A modified version of 
the Archie’s law, implemented in HYTEC, was used in a first attempt to model the retroactive effect 
of chemistry on mass transport:  
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where: ω = porosity; De = effective diffusion coefficient; ωc = critical porosity threshold under which 
diffusion stops; α = empirical Archie coefficient; ωc and α were fixed to 0.005 and 2 respectively. 

1D grid was used with a 100 µm mesh large. Zero-flux boundary conditions were defined. The cement 
paste area had a section of 0.393 dm2. The leachant chemistry corresponded to a pure water solution at 
pH 7 and 20°C, in agreement with the experimental conditions. The leachant concentrations were 
maintained at zero. The degradation was modeled over 90 days. Table 2 provides details on reactions 
and equilibrium constants of the minerals used for modeling. 

Table 2. Thermodynamic data (T = 25°C, 1 bar) of the cement phases considered for modeling. 

Minerals Formation reaction Log K 

Amorphous AH3 2AlO2
- + 2H+ + 2H2O → Amorphous AH3 14.62 

C3AH6 3 Ca2+ + 2 AlO2
- + 8 H2O → C3AH6 + 4 H+ -33.389 

Ettringite 6 Ca2+ + 2 AlO2
- + 3 SO4

2- + 34 H2O → Ettringite + 4 H+ -10.052 

C2ASH8 2 Ca2+ + 2 AlO2
- + SiO2(aq) + 9 H2O → C2ASH8 + 2 H+ -3.9 

Calcium monosulfoaluminate hydrate* 4 Ca2+ + 2 AlO2
- + SO4

2- + 14 H2O → Monosulfo + 4 H+ -25.55 

*log K was increased from -26.15 to -25.55 so get a small stability domain at 25°C. 



3. Results and discussion 
 
3.1 Characterization of the cement pastes before leaching 
90 d-old pastes CE0t and CE2t exhibited different mineralogies (figure 1). As expected, ettringite 
predominated over calcium monosulfoaluminate hydrate in sample CE2t prepared with the gypsum-
containing binder, while calcium monosulfoaluminate hydrate was the only sulfate-bearing phase in 
gypsum-free sample CE0t. Both materials also contained poorly crystallized aluminum hydroxide. 
Paste CE0t had the highest hydration degree: its residual ye’elimite content was less than 1%, versus 
7% for paste CE2t. Hydration of belite had also begun, leading to strätlingite and siliceous 
hydrogarnet. According thermodynamics (Berger et al., 2010), siliceous hydrogarnet can only form 
after total depletion of AH3. These two phases were however simultaneously observed in paste CE0t, 
indicating some heterogeneities in the material, with local equilibria. In paste CE2t, no silicate hydrate 
could be detected after 3 months, and some traces of gypsum were still noticeable.  
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Figure 1: Mineralogy of 90 d – old cement pastes CE0t and CE2t investigated by (a) X-ray diffraction, and (b) 

thermogravimetry (E: ettringite, S: strätlingite, M: calcium monosulfoaluminate hydrate, G: gypsum, Hg: 
siliceous hydrogarnet, A: aluminium hydroxide, Y: ye’elimite, P: perovskite) 

The total water porosities of pastes CE0t and CE2t were assessed to be respectively 30 and 33 %.  
 
3.2 Durability under leaching by pure water 
 
3.2.1 Characterization of the leachates 
The cumulative quantities of added HNO3 and Ca2+ and SO4

2- released in the leaching solution 
increased linearly as a function of the square root of time (figure 2).  
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Figure 2: Cumulated amounts of Ca2+, SO4

2- ions released and added HNO3 during the leaching of pastes CE0t 
(a) and CE2t (b) by pure water (pH 7, 20°C). Fluxes (slopes of the linear curves) are given in mmol/(dm2.d0.5). 

Leaching was thus controlled by diffusion, as for a Portland cement paste. Paste CE0t exhibited higher 
decalcification rate than paste CE2t. Silicates and aluminates were not detected in the solution. 
However, an amorphous white compound, identified as aluminium hydroxide by EDX microanalysis, 
precipitated in the leachates. 



3.2.2 Characterization of the leached solids 
For common Portland cement-based materials, portlandite is usually a good indicator for the location 
of the degradation front. However, the tracer for the degradation of CSA-based materials was 
unknown. Different techniques were thus combined: SEM observations and X-ray microanalysis, as 
well as X-ray diffraction. 
The first approach was to use chemical contrast from SEM/BSE images, the density of the degraded 
zone being lower than that of the sound core due to decalcification. A sharp transition was effectively 
observed between a bright zone (sound core) and a dark one (degraded material), at a depth of 600 µm 
for paste CE2t, and 1000 µm for paste CE0t (figure 3). Ca-mapping clearly showed the decalcification 
from the cement pastes near the surface exposed to leaching, in a zone with a thickness in good 
agreement with the estimation derived from the BSE image. In sample CE0t, local precipitation of 
calcium and sulfate-rich minerals was noticed for depths between 700 µm and 1000 µm. The alumina 
and silica contents appeared to remain relatively constant whatever the depth. 

 
Figure 3: SEM characterization of polished fractions of samples CE0t and CE2t after 3 months of leaching. 

In a second approach, XRD analyses were carried out on the samples surface which was scraped off step by 
step to obtain XRD profiles (figure 4).  
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Figure 4: (a) XRD pattern of the degraded zone of paste CE0t from the surface (bottom) to the sound core (top) 

after 3 months of leaching (pure water, pH 7, 20°C), and (b) mineralogical evolutions inferred form XRD 
profiles of pastes CE2t and CE0t (E: ettringite, S: strätlingite, M: calcium monosulfoaluminate hydrate, Hg: 

siliceous hydrogarnet, A: aluminium hydroxide, Y: ye’elimite, P: perovskite). 

The first signs of alteration of paste CE0t were noticed from a depth of 2400 µm. Several processes 
were observed: (i) dissolution of calcium monosulfoaluminate hydrate and precipitation of ettringite 
from 2400 to 1100 µm, (ii)  dissolution of siliceous hydrogarnet from 1600 µm to 1100 µm, (iii)  
dissolution of ettringite (from 1100 to 800 µm) after depletion of monosulfoaluminate and dissolution 
of residual ye’elimite, and (iv) dissolution of strätlingite from 400 to 200 µm. The strätlingite signal 
increased noticeably from 1400 µm to 400 µm, which could result from the porosity increase in the 
degraded layer (the volume probed by the X-ray beam thus increased), but also from the continuation 
of belite hydration into strätlingite. Despite the dissolution of siliceous hydrogarnet and strätlingite 
near the surface, silicate anions were not detected in the leachates. Precipitation of C-A-S-H could 



thus be postulated in the surface layer. Solid particles from this zone exhibited by TGA a weight loss 
at 98°C, in agreement with this assumption. The surface layer also comprised aluminum hydroxide 
and perovskite. It was highly porous and friable. 
The mineralogy of paste CE2t was affected by leaching from a depth of 1700 µm only. The intensity 
of the main peaks of ettringite decreased slightly within a 600 µm-thick zone. However, this variation 
was perhaps not significant since it was not confirmed by elemental mapping and disagreed with 
solubility data showing that monosulfoaluminate should dissolve prior to ettringite. Then, from 1100 
to 900 µm, the amount of ettringite increased (which was not due to a porosity variation since the 
amount of non reactive perovskite remained constant), while ye’elimite, gypsum and calcium 
monosulfoaluminate dissolved. Once these phases were fully depleted, ettringite dissolved, and, from 
400 µm to the surface, the phase assemblage comprised aluminum hydroxide, perovskite and probably 
C-A-S-H.  
 
3.2 Modeling: samples composition and results 
The composition of the 90 d-old hydrated cement pastes before leaching was simplified for modeling 
(Table 3). The residual anhydrous phases were considered as inert during leaching (e.g. C2S, 
ye’elimite and gypsum for sample CE2t). The porosities of the samples corresponded to their 
experimental values. The effective diffusion coefficients were adjusted to reproduce the deepest 
degradation front, corresponding to full consumption of calcium monosulfoaluminate hydrate (CE0t: 
1200 µm, CE2t: 1000 µm). The main objective of modeling was to predict the mineralogical 
evolutions during leaching. Results are given in Figure 5. 

Table 3. Mineralogical composition used for modeling. 

Minerals Amorphous AH3 C3AH 6 C2ASH8 Ettringite  Calcium monosulfoaluminate hydrate Inert  

CE0t (Wt %) 16.2 7.0 26.2 / 47.6 3.0 

CE2t (Wt %) 18.9 / / 41.6 23.2 16.3 
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Figure 5: Modeling results of the leaching of two 90 days-old cement pastes (pH 7, 20°C), (a) CE0t, (b) CE2t. 

For paste CE0t, the degradation front was simultaneously determined by the total depletion of calcium 
monosulfoaluminate hydrate (at 1150 ± 50 µm) and hydrogarnet (at 1250 ± 50 µm), in good 
agreement with experiment (measured depth of 1200 µm). Similarly, the degradation front of ettringite 
was predicted to occur at 950 ± 50 µm, and was experimentally observed at 800 µm. However, 
strätlingite was modelled to be depleted at 700 µm, against 200 µm only for the experiment. This 
deficiency of the model could result from its simplified initial phase assemblage: C2S was considered 
as fully hydrated in strätlingite, and the likely precipitation of C-(A)-S-H was omitted.  
For paste CE2t, transient precipitation of ettringite and AH3 were fairly well reproduced by the model, 
as well as the degradation fronts of monosulfoaluminate (1000 ± 50 µm, versus 1100 µm 
experimentally) and ettringite (600 ± 50 µm versus 400 µm). 



However, for both pastes, the fluxes values were largely underestimated, which could result from two 
factors: (i) dissolution of the residual anhydrous phases was not taken into account by the model, and 
(ii)  precipitation of AH3 in the leaching solution was not reproduced. 
Finally, in agreement with experiment, the calculated diffusion coefficient values showed that paste 
CE2t (3.5E-11 m2/s) was more resistant to leaching than paste CE0t (8.0E-11 m2/s), despite its higher 
initial porosity. 
 
4. Conclusion 

To summarize, the degradation depth of leached CSA cement pastes was much more difficult to 
determine than for Portland cement pastes. The most accurate method was to record successive XRD 
patterns from the leached surface to the sound core. The degraded materials exhibited two zones: (i) 
the surface layer, highly porous, with low mechanical strength, which did no longer contain ettringite, 
and (ii)  a transition zone much less porous and fragile, in which several dissolution and precipitation 
fronts occurred. Addition of gypsum to the CSA clinker was beneficial since it promoted the 
precipitation of ettringite which was less soluble than monosulfoaluminate.  

The first modelling approach presented in this paper gave promising results: the sequences of phase 
dissolution and precipitation fitted with experiment, as well as the extent of degradation. Nevertheless, 
the model still needs to be improved. Residual anhydrous phases should be taken into account, with 
appropriate dissolution rates, as well as the variation of concentrations in the solution near the liquid-
solid interface. 2D-geometry modelling could be more appropriate to reproduce the accumulation of 
ions in the leaching solution between two renewals, and the resulting precipitation of AH3. Finally, 
effective diffusion coefficients of CSA-cement based materials should be measured, and used as input 
data in the model. 
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Effect of size fraction and glass structure of siliceous fly ashes on fly ash cement 
hydration 
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Abstract 
 
Paper presents effect of size fraction and glass structure of siliceous fly ashes on cement hydration. Two fly ash 
fractions, below 16µm and 16÷32µm, from the 1st and the 3rd section of electro-filter were analysed. Cement hydration 
was investigated by determination of hydration heat, Ca(OH)2 content and unreacted C3S content as well as by 
estimation of cement compressive strength and cement microstructure. Research results indicate that finer fly ash 
fraction reveals higher depoliymerization degree of SiO4 units in glass and in consequence accelerates cement 
hydration degree. Incorporation of fly ashes below 16µm from the 3rd section of electro-filter can obtain cement of high 
strength class of 52.5N. At 180 day, this cement reveals Ca(OH)2 content drop of 67% and C3S hydration degree is 
higher by 49% in comparison to control sample. 
 
ORIGINALITY: Literature data show that pozzolanic properties of fly ashes are connected with their fineness as well 
as chemical and mineralogical composition. There are not many works analysing effect of glass structure on fly ash 
hydration. Role of siliceous fly ashes in cement hydration has been investigated for many years. These investigations 
concerned cement containing fly ashes below 45µm. Fly ash fraction 30µm, especially below 16µm, have not been 
analysed from point of view of cement hydration. Results proved that the same fly ash fraction reveals different alkalies 
content, whereas the content of other components is comparable. The proportion between crystalline and amorphous 
SiO2 is also changed. The fly ashes below 16µm from the 3rd section of  electro-filter show the highest depolymerization 
degree of SiO4 units in glass and consequently the highest pozzolanic activity. The same fly ash fraction gives different 
Ca(OH)2 content  in cement paste and different C3S hydration degree. The lowest unreacted C3S content is found for 
cement containing fly ashes below 16µm from the 3rd section of  electro-filter. 
 
CHIEF CONTRIBUTIONS : The aim of paper is analysing dependence between size fraction of fly ashes as well as 
glass structure  of them and cement hydration. The strength of fly ash cement is connected with fineness of cement. The 
higher fineness the higher strength class cement can be obtained. However, production of high quality cement required 
greater amount of energy for milling of cement. The production of Portland cement is very energy-consuming. The 
incorporation of fly ashes into cement is connected with decrease in amount of Portland cement clinker and 
consequently lower CO2 emission from the clinkering process. The incorporation of high pozzolanic activity fly ashes 
into cement modify its microstructure by decreasing its porosity. The consequence of that is possibilty of production of 
high class fly ash cement, containing fly ashes in replacement range in up to 40%. Necessary condition is suitable size 
distribution of fly ashes and their high pozzolanic activity.  
 
Keywords: cement hydration, class F fly ashes, size fraction, glass structure 
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1. INTRODUCTION 
 
The fly ash is a waste in coal-burning power plant, using as an additive for ordinary Portland cement 
(OPC) and concrete. The fly ash is a pozzolan and containing active components that react with 
Ca(OH)2 to produce calcium silicate hydrates (so-called C-S-H) and calcium aluminate and calcium 
aluminosilicate hydrates (Massazza, 1998). Its pozzolanic activity depends on its fineness, chemical 
and phase composition (Hubbard et al, 1985; Małolepszy and Tkaczewska, 2005; Massazza, 1998; 
Tkaczewska 2007; Tkaczewska and Małolepszy, 2009), changing with type of coal, burning 
temperature, construction of boiler furnace and section of electro-filter (Lee et al, 1999; Tkaczewska, 
2007). The finer ashes are rich in Al2O3, Fe2O3 and alkalies, but show low SiO2 content. The increase 
in fineness indicates higher glass content (Małolepszy and Tkaczewska, 2005, 2007a). 
The fly ash glass network consists of [SiO4]

4- tetrahedra joined at the corners by bridging oxygen 
bonds. The replacement of [SiO4]

4- with [AlO4]
5- causes formation of bond Al-O-Al and requires 

compensation for excess negative charge by cations (Na and K). It results in creating non-bridging 
oxygen and increasing of [SiO4]

4- depolymerization degree (Mills, 1993). In fly ashes, the Al ions 
play role of glass forming ions (tetrahedral coordination) or glass network modifiers (octahedral 
coordination), depending on the Al/(Na+K+2Ca) ratio (Bumrongjaroen, 2007). The depolymerization 
degree of [SiO4]

4- in glass changes with fly ash fineness (Tkaczewska and Małolepszy, 2010). 
The presence of fly ashes modifies process of cement hydration. The induction period can be 
lengthened or remain unchanged and main peak intensity are increased or decreased (Małolepszy and 
Tkaczewska, 2007b; Nocuń-Wczelik, 2001; Ogawa et al, 1980; Takemoto and Uchikawa, 1980; 
Tkaczewska, 2007, 2008; Tkaczewska and Małolepszy, 2009). The incorporating of fly ash in cement 
causes an increase in C3S hydration degree and decrease in CaO/SiO2 molar ratio of C-S-H around 
C3S. The Ca(OH)2 content decreases in spite of progress of cement hydration (Sakai et al, 2005). 
 
 
2. MATERIALS AND TESTING PROCEDURES 
 
2.1. CHARACTERIZATION OF RAW MATERIALS 
 
The siliceous fly ashes – denoted as F1 and F3 – came from 1st and 3rd section of electro-filter. In this 
work the fractions of 0÷16µm (fraction A) and 16-32µm (fraction B) were separated. These fly ash 
sample are not typically used in cement production. The properties of ashes are shown in Table 1. 
 

Table 1: Chemical analysis of fly ashes 
Sample LO1 SiO2 Al2O3 Fe2O3 CaO MgO Na2O + K2O SO3 Blaine surface, m2/kg 

F1A 0.9 51.6 29.0 6.7 4.2 2.1 4.7 0.8 570 
F1B 0.4 53.8 28.3 6.5 4.5 2.5 3.3 0.7 270 
F3A 1.6 48.8 29.8 7.1 3.7 1.8 6.0 1.2 750 
F3B 1.0 51.2 29.3 6.8 3.9 2.1 4.7 1.0 360 
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Figure 1: X-ray diffraction patterns of fly ashes: Q – quartz β, M - mullit 

 
The same fraction of ashes, but from the 3rd section, has higher Blaine surface. The Blaine surface of 
F3A is 32% higher than of F1A, which results from higher content of the grain size fraction lower 
than 10µm. The same fraction, but precipitated in different section shows changeable content of 



alkalis and comparable quantity of remaining main components. In the F1A and F3A the difference in 
alkalis content is 30%, in F1B and F3B – as high as 41%. In the phase composition of ashes, apart of 
glass, two crystalline components are present: quartz β and mullite (Fig.1). The same ash fraction 
from the 3rd section gives lower diffraction peak of quartz on the X-ray pattern, which confirms its 
lower content. Simultaneously with decrease of quartz peak intensity the board diffraction effect in 
the range 18-28°2θ is increasing. The increase of broad diffraction effect area is the highest for F3A 
and its area is twofold greater than for F1A. It means the highest glass content in F3A. 
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Figure 2: IR spectra of fly ashes 

On the IR spectra of ashes the same group of absorption bands are appearing (Fig.2). In comparison 
with of siliceous glass the change of bands location is caused by the presence of Al ions. The main 
band (1050-1070 cm-1) is linked with asymmetrical stretching vibrations of bonds Si-O-Si in glass. 
For ashes, however, this band is located at lower waves number and confirms the further 
polymerization of [SiO4]

4- and the presence of bonds Si-O-Al in glass. The doublet of bands at 780-
800 cm-1, caused by symmetrical stretching vibrations of bond Si-O-Si, indicates presence of quartz β 
in ashes. However, the maximum located at 730 cm-1 is linked with bond Si-O-Al. The band at 555 
cm-1 comes from rings of silica-aluminium tetrahedra and the band at 465 cm-1 from bending 
vibrations of bridge Si-O-Si. 
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Figure 3: 27Al MAS-NMR spectra of fly ashes 
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Figure 4: 29Si MAS-NMR spectra of fly ashes 

 
In the spectra 27Al MAS-NMR of ashes the main band at 60 ppm (Fig.3) is linked with the presence of 
aluminium ions in tetrahedral coordination which play a role of glass forming ions. For the same ash 
fraction from the 3rd section intensity of the band at 60 ppm is increased. The highest content of 
[AlO 4]

5- tetrahedra replacing [SiO4]
4- tetrahedra has F3A. The lowest share of [AlO4]

5- is found in 
F1B. The increase in tetrahedra [AlO4]

5- content in glass network causes the increase of 



depolymerization degree of anions [SiO4]
4-, which is confirmed by analysis of 29Si MAS-NMR 

spectrum (Fig.45). In all 29Si spectra of ashes the high intensity band in region -108 to -103 ppm 
indicates presence of the elements of three-dimensional network of glass (Q4 structure) and bridging 
tetrahedra in the silicate ribbon (Q3 structure). For the same ash fraction from the 3rd section, this band 
is shifted to the higher value of ppm, which confirms the small content of remaining silicate three-
dimensional network. 
The examination of pozzolanic properties of ashes, according to ASTM C379-65T, shows that the 
same ash fraction, but from the 3rd section, has higher content of active components (Table 2). The 
pozzolanic activity of F3A is 40% higher than of F1A. The coarse grain ash fraction is less active. 
 

Table 2: Pozzolanic activity of fly ashes as measured by ASTM C379-65T (wt%) 
 F1A F1B F3A F3B 

SiO2akt 13.1 5.7 18.9 8.3 
Al 2O3akt 9.5 4.2 13.6 6.1 

SiO2akt+ Al2O3akt 22.6 9.9 32.5 14.4 
 
In work, the ordinary Portland cement (OPC) was obtained by intergrinding cement clinker with 
5wt% of natural gypsum (SO3 of 41.7wt%) to Blaine surface of 350 m2/kg. The fly ash cements was 
obtained by mixing Portland cement with ashes in amount of 20wt% of cement. The used 
water/cement ratio in the mixtures was 0.5. For ashes from the 1st section of electro-filter, mixtures 
are marked as M20F1A and M20F3A, for the ones from the 3rd section – as M20F1B and M20F3B.  
 
2.2. TECHNIQUES 

 
Cement hydration was investigated by examination of hydration heat (calorimetric measurements), 
Ca(OH)2 content (DTA/TG analysis), C3S hydration degree (XRD analysis) and by estimation of 
microstructure (SEM-EDS, MIP). The calorimetric measurements were made using a differential 
microcalorimeter (hydration temperature of 25°C). For DTA/TG analysis, OD 102 thermoanalyser 
was used (temperature up to 1000°C, heating rate of 10°C/min). The XRD analysis was carried using 
diffractometer equipped with diffracted monochromator CuKα (5÷70°2θ, counter shift 2°/min). The 
microstructure was observed by FEI’s Nova200 Nano Scanning Electron Microscopy (SEM) with 
energy dispersive spectrometer (EDS). The pore size distribution of cement was evaluated by mercury 
intrusion porosimetry (MIP). The compressive strength test of cement was also carried out according 
to procedure described in the Polish Standard PN-EN 196-1:2006. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1. STUDIES OF CEMENT HYDRATION 
 
The microcalorimetric curves are shown in Fig.5. The total heat evolved values are given in Table 4. 
The cement paste containing the same amount of ash fraction, but from the 3rd section, gives shorter 
induction period. The induction period of M20F3A is to 3h shorter than of OPC (Fig.5). With the 
increase of coarse grain fraction the induction period is elongated. For M20F1B the induction period 
is longer by 2h in comparison to OPC. The M20F3A begins its acceleration period at 3.5h and ends at 
8h. Hydration of M20F1B is accelerated at 9.5h and ends at 14.0h. At 24 hours, the total heat 
hydration of M20F3A is 26% lower than of OPC and in the case of M20F3B the difference is almost 
35%. At 72 hours, the drop of heat evolved of M20F3A reaches about 1.3%, whereas for M20F1B 
remains the same. The shortening of induction period and increase in heat hydration of cement pastes 
containing the same amount of ash fraction, but from the 3rd section, is connected with higher 
pozzolanic activity of ash. 
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Figure 5: Calorimetric curves of cement paste 

 
Table 4: Heat evolved during hydration (kJ/kg) 

 OPC M20F1A M20F1B M20F3A M20F3B 
At 24h 167 140 110 160 129 
At 72h 215 181 141 212 170 

 
The amount of Ca(OH)2 in hardened pastes was determined by means of DTA/TG. The results are 
shown in Table 5. The fractions of ashes from the 3rd section show the best Ca(OH)2 consumption 
(Table 5). The amount of Ca(OH)2 in M20F3A paste exhibits 46 and 53% decrease, respectively at 2 
and 28 day. The M20F1B shows less drop of Ca(OH)2 content, that is 21 and 37%, respectively at 2 
and 28 day. The initial increase of Ca(OH)2 content is a result of pozzolanic reaction delaying. The 
Ca(OH)2 content in M20F1A and M20F3A starts to decrease at 28 day, in M20F1B – at 90 day. After 
180 days the Ca(OH)2 content in M20F3A is 67% lower than in OPC, whereas for M20F1B the 
differences is 33%. 
 

Table 5: Ca(OH)2 content during hydration (wt%) 
 OPC M20F1A M20F1B M20F3A M20F3B 

At 2 day 14.6 9.8 11.5 7.8 10.5 
At 28 day 22.6 14.1 17.7 10.5 14.2 
At 90 day 23.6 13.3 18.1 8.9 10.9 
At 180 day 24.7 11.5 16.5 8.2 9.5 

 
The C3S hydration degree was evaluated on the basic of intensity of C3S line at 34.4°2θ in XRD 
pattern (Table 6). The results show that the cement containing ash fraction from the 3rd section gives 
lower intensity of C3S peak, which confirms the higher C3S hydration degree (Table 6). The highest 
C3S hydration degree is observed for M20F3A, for which the drop of intensity of C3S line is 44 and 
49% lower than that of OPC, respectively after 28 and 180 days. The M20F1B shows lower drop in 
intensity of C3S peak, that is 12% at 28 day and 26% at 180 day. 
 

Table 6: X-ray diffraction intensity of C3S during hydration (%) 
 OPC M20F1A M20F1B M20F3A M20F3B 

At 28 day 100.0 79.8 88.2 55.7 67.0 
At 180 day 100.0 66.7 74.0 50.7 61.3 

 
3.4. STUDIES OF MICROSTRUCTURE 

 
The observations of the microstructure of CSH and pore structure in the hardened cement matrix are 
illustrated in Figs.6-8. In the paper, only the SEM-EDS observations of M20F3A are presented. It can 
be seen that the tightness of cement matrix is improved in the presence of F3A. The drop of pores in 
CSH is probably attributed with the separation of cement particles by small micrograins of F3A. The 
M20F3A reveals the most reacted ash grains and the largest amount of CSH gel with low C/S molar 
ratio (Fig.6). The EDS analysis confirms presence of the hydrogarnets rich in SiO2 in M20F3A 
(Fig.7). At 180 day the type IV CSH according to Diamond is found in this mortar (Fig.8).  
 



     
Figure 6: SEM, C-S-H gel (points 1,2) and reacted fly ashes in hardened M20F3A mortar at 28 day 

 

     
Figure 7: SEM, C-S-H gel and hydrogarnets (points 1,2) in hardened M20F3A mortar at 28 day 

 

 
Figure 8: SEM, Diamond Type IV C-S-H in hardened M20F3A mortar at 180 days 

 
The MIP analysis of cement microporosity are depicted in Table 7. The results shown that the highest 
volume of micropores (d < 10 nm) is found in hardened M20F3A paste. The volume of gel pores in 
M20F3A is 69% higher than in OPC and the difference in the average pore diameter is almost 67%. 
The highest volume of macropores (d > 100 nm) and the lowest of mezopores (d < 20 nm) is found 
for cement M20F1B. The volume micropores in this cement is only 15% higher than in OPC. 
 

Table 7: Total porosity, average pore diameter and pore size distribution in hardened mortars 
Pore size distribution at 180 day (vol%) 

Sample 
Total porosity 

(mm3/g) 
Average pore 
diameter (nm) below 10 nm 10-100 nm 100-1000 nm above 1000 nm 

OPC 811.1 27.4 53.1 40.7 5.0 1.2 
M20F1A 637.8 20.5 70.0 27.6 1.9 0.5 
M20F1B 750.4 25.3 61.6 34.9 2.7 0.8 
M20F3A 458.4 9.0 89.8 9.9 0.2 0.1 
M20F3B 539.4 10.8 76.8 21.7 1.2 0.3 

 
3.6. TESTING OF COMPRESSIVE STRENGTH 
 
The results concerning the compressive strength of cement mortars are presented in Table 8. As 
higher the fineness and pozzolanic activity as better strength development. At 2 day the compressive 
strength of M20F3A is comparable to that of OPC, while the compressive strength of other mortars is 
significantly lower. At 2 day the compressive strength of M20F1B is up to 41% lower than of OPC. 
After 28 days the M20F3A reaches the compressive strength of 52.6 MPa, what means that 
incorporating of F3A in cement can obtain fly ash cement (CEM II/A-V) of strength class 52.5N 
according to PN-EN 197-1:2002. The M20F1B gives fly ash cement of strength class 32.5R. At 180 
days the compressive strength of M20F3A is by 32% higher than that of OPC, whereas for the 
M20F1B the compressive strength is still low and the difference is almost 16%. 
 



Table 8: Compressive strength of mixtures (MPa) 
 OPC M20F1A M20F1B M20F3A M20F3B 

At 2 day 24.6 17.2 14.5 24.4 18.9 
At 28 day 44.7 36.8 32.5 52.6 37.8 
At 90 day 54.4 51.3 41.4 68.0 49.9 
At 180 day 60.2 60.5 50.7 74.3 56.7 

 
 
4. CONCLUSIONS 
 
1. The fly ashes exhibit different pozzolanic activity depending on the electro-filter section in which 

they are collected. 
2. As coarse fly ash grains as lower the pozzolanic properties. 
3. The glass structure of the fly ashes  is another factor affecting the pozzolanic activity independently 

of grain size. 
4. The hydration degree of fly ash cements changes with the fly ash grain size fraction and fly ash 

glass structure. 
5. The fly ash fine fraction from the 3rd section of electro-filter added to cement results in the 2-day 

early compressive strength close to the value for Portland cement CEM I 41,5R. 
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Modification of Lime Saturation Factor in presence of minor elements  
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Abstract 
       Lime saturation factor (LSF) associated with the silica ratio (SR= SiO2/( Fe2O3+ Al2O3) and alumina 
modulus (AM= Al2O3/ Fe2O3) is an efficient tool in the design of the raw meal of Portland cement clinker. 
The use of alternative fuels and by-products as raw material has led to an increase in the minor elements of 
the clinker. The presence of the minor elements modifies the mineralogical composition of the clinker. 
       In this work, the lime saturation factor was modified, taking into account the minor elements present in 
Portland cement clinker. 
      First of all, the maximum quantity of minor elements dissolved as a solid solution in the clinker (Na, K, 
Mg, Mn Ti, P, S, Zn, Zr, Sn, Pb, Bi, V, Cr, Cu, and Ni) was measured, and in a second step, a method was 
described to calculate the quantity of lime required to saturate the acidic oxides of the raw material and to 
optimise the alite content 
 
 
Originality 
Many papers have dealt with the minor elements that are independently present in cement clinker. The 
individual effects on these elements on clinker formation and cement properties have been broadly 
discussed, but we did not find any records on the evaluation of the simultaneous impact of minor elements 
present in the clinker on the design of the mix proportioning of the raw meal.  
This simultaneous presence of these elements, due to environmental constraints, modifies their saturation 
contents in the main phases of the clinker and impacts their proportion. The originality of this work stems 
from the global approach of the crystal chemistry of the clinker phases and the analysis of the 
consequences on raw mix proportioning. 
 
Chief contributions 
The reported work is a part of a general study concerning the influence of minor elements on the 
mineralogical composition of Portland cement clinker. The first part has been previously published in the 
following papers  
     Upscaling the synthesis of tricalcium silicate and alite (Cement Wapno Beton 2008, vol  XIII/LXXV  N°4  
pp177- 183   ) 
      Manufacture of tricalcium silicate (C3S) and alite by a modified  Pechini process (Cemento  Hormigon,  
August  2008, N° 917)  
       Lime saturation factor: new insight (Cement Wapno Beton 2008 vol XIII/LXXV N°2 pp 82-83)) 
The present paper proposes a correlation between the mineralogical composition and the minor elements 
content and a method  to integer this correlation  in the raw mix design by means of LSF..   
 
Keywords : minor elements, lime saturation factor  
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Introduction: 
The main goals of a cement producer are to obtain a high quality product (mechanical 
performance, durability, etc) with a high manufacturing performance (burning, grinding). 
The most useful parameters adjusted to obtain those goals have been the following: 
   a) the lime saturation factor to control the ratioC3S /C2S. (Duda 1977, Pucar 1953, Moore 
1982 )  
   b) the silica ratio, SR = SiO2/(Al 2O3+ Fe2O3) to control the burnability (Chatterjee 1982) 
   c) the alumina modulus, AM= Al2O3/ Fe2O3 to fix the ratio C3A/C4AF and to impact on the 
burnability and the durability of the final cement. 
The lime saturation factor (LSF) represents the lime required to saturate the main oxides (SiO2, 
Al 2O3, Fe2O3) present in the raw material. The following formula gives the relationship 
between LSF and the chemical composition of the clinker.  
LSF = 100x(%CaO) / [(2.8x (%SiO2) + 1.65x(% Al2O3)+ 0.35x(%Fe2O3)]  
if Al 2O3/ Fe2O3 >0.65 and 
LSF = 100x(%CaO) / [( 2.8x (%SiO2) + 1.18x(%Al2O3)+ 0.65x(%Fe2O3)]  
if Al 2O3/ Fe2O3 <0.65   
Unfortunately, LSF has given little information on the quality of the clinker (percent of C3S or 
alite). In a previous paper (Sorrentino 2003), the following formula, giving LSF versus C3S, 
was established  
LSF =   100 x [ (A +  B x C3S ) / ( D+F x C3S)] 
With  
A= 7.602x SRx(AM+1)+ 6.7187xAM +1.4297 
B= (AM+1)(SR+1)x0.01 
D= [2.8x (AM+1)x SR+1.65xAM+0.35]x4.071  
F =  [2.8x (AM+1)*SR+1.65xAM+0.35]x0,01  
 
   A demonstration of this formula is given in the addendum 
 
It was demonstrated that LSF was not a linear function of the percentage of C3S, and the 
scattering of the relationship of LSF versus the percent of C3S was not due to a lack of accuracy 
in the measurement of C3S but could be explained by a variation of the silica ratio and alumina 
modulus. 
     With this formula, it was possible to account for the influence of the minor elements on the 
LSF, provided the influence of these elements on C3S (or alite) was measured. 
 
 
Experimental 
    The cement matrix was calculated in order to obtain 65% C3S, 17% C2S, 9% C3A and 9% 
C4AF  (according to the Bogue calculation 68.7% CaO, 23.1 % SiO2, 5.3% Al2O3, and 2,9% 
Fe2O3). LSF, AM and SR were respectively 92.6%, 1.8 and 2.79. 
 
    The following minor elements were added: K2O, Na2O, MgO, Mn2O3, TiO2, P2O5, SO3, ZnO, 
ZrO2, SnO, BiO, V2O3, Cr2O3, CuO, and NiO . The chemical composition of the target is shown 
in Table 1, column 7. 
      The product was mixed, pelletised and fired in a covered Platinum vessel at 1450°C. 
Free lime, controlled by chemistry, was found to be less than 0,2%. Bulk analysis was carried 
out by XRF and ICP for the traces elements. 
The samples were vacuum impregnated with low viscosity epoxy resin and polished with 6, 3, 
1, 0.25 µm diamond paste 
 



. The samples were coated with a layer of carbon and analysed by SEM. The microscope was 
operated at an acceleration voltage of 15 kV. The EDS was calibrated with oxide standards, and 
matrix corrections were applied using the ZAF method. 
 
Results 
Table 1 shows the results of the chemical analysis of the clinker phases and the bulk 
analysis. The data are consistent with previously published results (Bhatty 1995,Boikova 
1980, Harrison et al 1985,Hornain 1992,Uchikawa et al 1997). 

 
Table 1 Chemical analysis of the phases and the bulk of the clinker. 

Bold characters stand for Matrix M (4 columns/20 lines) 
 

Elements as 
oxides 

Alite Belite Calcium 
aluminate 

Calcium 
ferrite 

Bulk 
analysis 

Target 

CaO 69.33 61.84 57.90 43.64 63.61 61.51 
SiO2 23.58 28.60 2.85 3.73 21.30 20.60 
Al 2O3 1.11 1.94 32.49 18.76 4.90 4.74 
Fe2O3 0.36 0.55 1.73 17.99 2.73 2.63 
K2O 0.11 0.41 0.53 0.10 0.18 0.5 
Na2O 0.26 0.48 0.28 0.12 0.23 0.5 
MgO 0.83 0.48 0.50 1.80 0.87 1 

Mn2O3 0.34 0.20 0.01 3.85 0.75 1 
TiO2 0.35 0.76 0 3.15 0.79 1 
P2O5 0.36 0.26 0.24 0.31 0.33 0.5 
SO3 0.11 0.49 0.21 0.19 0.20 1 
ZnO 1.16 0.10 0.21 1.15 0.90 1 
ZrO2 0.21 0.51 0 1.72 0.46 0.5 
SnO 0.04 0.32 0 0 0.09 0.5 
PbO 0.35 1.0 0.44 0.03 0.45 0.5 
BiO 0.42 0.51 0 0.26 0.41 0.5 
V2O3 0.32 1.12 0 0.10 0.45 0.5 
Cr2O3 0.43 0.51 0.43 0.35 0.44 0.5 
CuO 0.43 0.46 0.69 0.56 0.46 0.5 
NiO 0.15 0.22 0.53 1.74 0.38 0.5 

  
The relationship between alite, belite, calcium aluminate, and calcium alumino-ferrite versus 
the chemical composition were calculated according to the following procedure: 
a) Transposition of the matrix M (bold characters in Table 1 ), denoted  TM  
b) Multiplication of the matrices M and TM, MxTM = MTM 
c) Inversion of the matrix product MTM, denoted  IMTM  
d) Multiplication of IMTM and TM 
The following relationships were obtained: 
 

%Alite= 4.96(%CaO)–9.99(%SiO2)-7.86(%Al2O3)-1.67(%Fe2O3)-0.69(%K2O)+0.12(%Na2O) 
+0.54(%MgO)+0.07(%Mn2O3)-0.97(%TiO2)+0.15(%P2O5)-0.81(%SO3)+2.02(%ZnO)-  
0.69(%ZrO2)-0.55(%SnO)-1.35(%PbO)-0.18(%BiO)-1.60(%V2O3)-0.24(%Cr2O3)-0.19(%CuO) -
0.31(% NiO) 

 
 
 



%Belite=-4.05(%CaO)+11.65(%SiO2)+6.12(%Al2O3)+0.98(%Fe2O3)-0.69(%K2O)- 
0.12(%Na2O) -0.58(%MgO)-0.20(%Mn2O3)+0.90(%TiO2)- 0.15(%P2O5) + 0.82(%SO3) -
2.03(%ZnO)+0.65(%ZrO2)+0.57(%SnO)+1.38(%PbO)+0.21(%BiO)+1.65(%V2O3)+ 
0.24 (%Cr2O3)+0.18( %CuO)+0.24(% NiO) 

 
%Calcium aluminate=0.10(%CaO)-0.34(%SiO2)+3.10(%Al2O3)-3.04(%Fe2O3)+ 0.12(%K2O) 
+0.01(%Na2O)-0.31(%MgO)-0.76(%Mn2O3)-0.56(%TiO2) -0.04(%P2O5)+ 0.05(%SO3) -
0.35(%ZnO)-0.30(%ZrO2)+0.03(%SnO)+0.15(%PbO)-0.05(%BiO)+ 0.07(%V2O3)+ 
0.01 ( % Cr2O3)+0.02( %CuO)-0.22(% NiO) 
 
%Calcium alumino ferrite =-0.15(%SiO2)-0.29(%Al2O3)+5.30(%Fe2O3)-0.07(K2O)-
0.03(%Na2O)+0.43(%MgO)+1.19(%Mn2O3)+0.98(%TiO2)+0.04(%P2O5)+0.02(%SO3)+ 
0.26(%ZnO)+0.54(%ZrO2)-0.07(%PbO)+0.07(%BiO)+0.03(%V2O3)+0.02 (%Cr2O3)+  
0.03( %CuO)+0.44(% NiO) 
 
    The amount of alite, belite, tricalcium aluminate, and calcium alumino ferrite were 59%, 24%, 
4%, and 13%, respectively. 
     The LSF can be calculated from the formula LSF=100 x [ (A + B x alite )/( D+F x alite)];  
the percent of alite and the coefficients A, B, D, and F were, respectively, 72.91, 0.1061,102.56, 
and -0.2519. Its value (90.26% was different from the value obtained with the standard  formula 
(92,6%) 
   The first effect of the addition of minor elements to the cement matrix was a dilution and did 
not change AM, SR, or LSF that was calculated from the chemical percentage of the main 
elements (C, S, A, and F). As opposite, the percent of alite decreased in proportion to the 
quantity of minor elements; the minor elements, which entered the main phases of the clinker as 
a solid solution, modified the percentage of the main phases and the LSF calculated from the 
mineralogy, while the LSF calculated from the chemistry did not change. 
 
   It was also possible to generalise the calculation to other oxides: BaO, ZrO, Sb2O3, 
As2O3,BeO, CdO, HgO, SeO2, Ag2O,Tl2O3, and CoO. 
   The present calculation concerned the percentage of the main phases of the clinker and the 
alite but did not give any information on the influence of minor elements on the hydraulic 
reactivity of these phases 
 
Conclusions 
The simultaneous presence of minor elements, due to environmental constraints, modified the 
saturation contents in the main phases of the clinker and impacted their proportion. . 
Lime Saturation Factor formula versus mineralogy (alite) instead of chemistry appeared more 
efficient in accounting for the presence of minor element. 
The design strategy allowed for the possibility of extrapolation to a more complex solid solution.  
Nevertheless, the raw mix proportioning did not give any information on the influence of the 
minor elements on the hydraulic activity.  
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Addendum :calculation of LSF versus % C3S (AM >0,65) 
Starting formula : Alumina modulus  AM=A/F                                                                                   (1) 
                              Silica ratio SR= S/(A+F)                                                                                        (2) 
                               LSF= 100xC  /(2.8xS+1.65xA+0.35xF                                                                 (3) 
                               Mass balance  C+S+A+F=100                                                                               (4) 
                               Bogue calculation  C3S= 4.071x C-7.602xS-6.7187xA-1.4297xF                        (5)  
 
A and S,  from (1, 2) were replaced in (4) to obtain C versus F 
C=100- SRxFx(AM+1)- FxAM- F = 100- Fx (AM+1)(SR+1)                                                            (6) 
 
A, S, and C were replaced from 1,2 ,4 and  6  in 5 
 C3S=4.071x [100-Fx (AM+1)(SR+1)]-7.602x SRxFx(AM+1)- 6.7187x FxAM -1.4297xF 
It was possible to calculate F versus C3S 
C3S-4.071x 100 =- 4.071x Fx (AM+1)(SR+1)]-7.602x SRxFx(AM+1)-6.7187x FxAM -1.4297xF 
 
C3S-4,071 x 100 =- Fx [4.071x(AM+1)(SR+1)-7.602x SRx(AM+1)- 6.7187xAM -1.4297 ] 
To simplify, 
X= [4.071x(AM+1)(SR+1)+7.602x SRx(AM+1)+ 6.7187xAM +1.4297 ] 
 
Consequently , F, A, S, C could be written versus  C3S 
F= (4.071 x 100- C3S)/X      
A= (4.071 x 100- C3S)xAM/ X 

S= (4.071 x 100- C3S)xSRx(AM+1) /X  
and   C= [100 - (4,071 x 100- C3S)x(AM+1)(SR+1)]/X 
 
F, A, S, and  C were replaced in the formula of LSF (3) 

LSF= 100x[ 100xX - (4.071 x 100- C3S)x(AM+1)(SR+1)]/ 
   [2.8x(4,071 x 100- C3S)xSRx(AM+1)+1.65x(4,071 x 100- C3S)xAM  
+0.35x(4.071x100- C3S)] 
 
Finally  
LSF =   100 x [ (A +  B x C3S ) / ( D+  F x C3S)] 
With  
A=7.602x SRx(AM+1)+ 6.7187xAM +1.4297 
B=(AM+1)(SR+1)x0.01 
D=[2.8x (AM+1)x SR+1.65xAM+0.35]x4.071  
F =- [2.8x (AM+1)xSR+1.65xAM+0.35]x0.01  
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Abstract 
The “acceleration by retardation” concept is to make an admixture composition that will accelerate the setting 
of Portland cement by retarding two other processes; dissolution of gypsum and retardation of C3A hydration by 
another admixture than gypsum. 
Small dosages of pyrocatechol (0.02-0.03% of cement mass) leads to flash set of cement, most likely by 
inhibiting dissolution of calcium sulphate and thereby rapid hydration of C3A. These small dosages of 
pyrocatechol seem not to affect C3S hydration. 
It has been indicated by isothermal calorimetry and physically observed on excess paste that the “flash set” 
induced by pyrocatechol can be counteracted by other retarders in smaller dosages than gypsum (e.g. sodium 
gluconate), leading to a faster setting (i.e. set acceleration) than the reference. However, these retarders delays 
onset of C3S hydration as well and may therefore also delay early strength evolution. 
If the assumed mechanism of pyrocatechol is correct, the inhibited gypsum may react on a later stage and lead 
to a kind of delayed Ettringite formation that could generate expansion and cracking. This possibility was 
checked out by casting concrete with and without similar admixture blends, and monitoring their linear and 
volumetric expansions. However, no abnormal expansion has been observed until present (≈1½ years). 
The long term strength (measured until 180 days) was improved by the admixture combination. 
 
Originality 
The combination of two retarders to create acceleration of cement. 
 
Chief contributions 
Improvements on the understanding of cement setting and how different admixtures are affecting it. The findings 
may inspire others to search for an alternative to sodium gluconate that will only retard C3A and not C3S. 
 
Keywords: Acceleration; expansion; flash set; gypsum; isothermal calorimetry; retardation. 
 
 
 
Introduction 
 
The objective of this study was to make an admixture composition that will accelerate the setting of 
Portland cement by retarding two other processes. In order to grasp the concept, one can in short say 
that the setting of Portland cement is regulated with gypsum that form a complex with the rapid 
hydrating mineral tricalcium aluminate (C3A in short hand notation) and block it for further reaction 
for some time. One component of the admixture blend (pyrocatechol, or simply catechol, with formula 
C6H4(OH)2) blocks the gypsum for reacting/dissolving, while the other makes a weaker complex with 
tricalcium aluminate than gypsum, so the net result is acceleration of setting in spite of being a 
“double retardation”.  
It may be more correct to say that pyrocatechol is a “presumed gypsum retarder” as it leads to a “flash 
set” as if gypsum was not added to the clinker upon grinding. So gypsum retardation is more a 
hypothesis than a documented mechanism. 
This “flash set” by pyrocatechol was first observed by Myrvold et al. (2003) when they tested the 
influence of a number of organic compounds resembling functional groups in lignosulphonate on the 
setting time of cement at a dosage of 0.2% of cement mass.  
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Among those compounds tested by Myrvold et al. (2003), all compounds with a catechol group 
induced a very fast setting, and fastest of all was pyrocatechol. They also tested interaction of the 
various compounds with chlorides of Al, Ca, Fe (III) and Fe (II) in solution and found by colour 
change and UV spectrometry that pyrocatechol had a strong interaction with all cations, accept for 
aluminium. The interaction with calcium gave a bluish-violet solution. They also performed 
adsorption studies using MgO as a cement model and found that all compounds with catechol groups 
adsorbed strongly on the surface. 
Myrvold et al. (2003) were puzzled by the fact that something that adsorbed strongly could accelerate 
cement, and found no answer. This, together with the fact that pyrocatechol interacts with calcium 
according to their findings, lead to the current hypothesis by the author of this paper that it is blocking 
dissolution of gypsum and thereby the formation of Ettringite retarding further C3A hydration. 
Note that an alternative mechanism to flash set could be dissolution of iron from the C4AF phase of 
the cement as pyrocatechol is the conjugate acid of a chelating agent used widely in coordination 
chemistry. Basic solutions of catechol react with iron (III) to give the red complex [Fe(C6H4O2)3]3-. 
The studied alternative retarders to gypsum (second component) were all well known compounds like 
sodium gluconate, sodium carbonate, citric acid etc. 
Note that if the hypothesis of delayed gypsum reactivity is correct, there may be a possibility of 
delayed ettringite formation leading to expansion and subsequent cracking. Thus, concrete with and 
without similar admixture blends were made and their linear and volumetric expansions monitored. 
 
Experimental 
 
Cement paste 
A paste volume of 200 ml was prepared for each rheological measurement. The water-to-cement mass 
ratio (w/c) was 0.50 for all mixes. The blending was performed with a high shear mixer (Braun 
MR5550CA). The dry material (e.g. clinker) was added to the water containing plasticizer. The paste 
was mixed for ½ minute, rested for 5 minutes and blended again for 1 minute. The mixing speed was 
about 800 rpm. 
An eight-channel TAM Air Isothermal Calorimeter from Thermometric AB, Sweden was used for the 
heat of hydration measurements. The calorimeter was calibrated at 20°C. The hydration heat was 
measured by accurately weighing 6 to 7 grams of cement paste into a glass ampoule after which the 
ampoule was sealed and loaded into the calorimeter. 
All chemicals used were of laboratory grade: PCC = Pyrocatechol, NaG = sodium gluconate, CiAc = 
citric acid and Na2CO3 = sodium carbonate. The water was distilled prior to use and all chemicals 
were added to cement dissolved in water. 
The admixture blends were tested in two cements from the Norwegian cement manufacturer Norcem; 
CEM I 42,5 RR (code IN6) and CEM I 52,5 N-LA (code AN13) according to NS-EN 197-1 with 
national addendum and NS 3086. Their finenesses according to Blaine were 546 and 375 m2/kg, 
respectively, and their loss on ignitions (LOIs) 2.41 and 2.53%, respectively. The oxide compositions 
of the cements are given in Table 1. 
 

Table 1: Oxide composition (%) of cements 
 

Oxide CEM I 42,5 RR CEM I 52,5 N-LA 
CaO 
SiO2 
Al2O3 
Fe2O3 
SO3 
MgO 
Na2O 
K2O 
CO2 

61.04 
19.74 

5.04 
3.64 
3.72 
2.65 
0.35 
1.03 
1.67 

63.61 
20.66 

4.22 
3.50 
2.85 
1.63 
0.26 
0.48 
1.89 



The 4 calorimeter series on pastes of the two cements are given in Tables 2 and 3. Blends where 
cement is added water and admixtures in the calorimeter and mixed with a specially designed device 
for the TAM Air calorimeter are marked with * in Tables 2 and 3.  
 
Concrete 
Two concrete mixes were made, one called “Reference” being a plain concrete and the other called 
“Admixture” being set controlled by the admixture combination given by the recipes in Table 4. The 
two retarders (PCC and NaG/Na2CO3) were delivered as two separate solutions that were mixed 
together and added to the extra water to make correct w/c (0.55) before it was added to the dry 
components (aggregates and cement). The same total amount of water without admixtures was used to 
make the reference. 
 

Table 2: Composition of mixes with CEM I 42,5 RR. Admixtures in % of cement mass. 
 

Series 1 Series 3 
PCC NaG PCC NaG Na2CO3 

0.027* -* 0.020 0.24 0.12 
- - 0.020 0.20 0.80 

0.027* 0.30* 0.020 0.10 0.26 
0.040 0.20 0.028 0.10 0.20 

-* -* 0.028 0.06 0.24 
0.027 0.30 0.028 0.14 0.16 
0.020 0.35 0.020 0.14 0.22 
0.015 0.38 0.020 0.20 0.16 

 
 

Table 3: Composition of mixes with CEM I 52,5 N-LA. Admixtures in % of cement mass. 
 

Series 2 Series 4 
PCC NaG  CiAc PCC NaG Na2CO3 

0.027* -* -* 0.020 0.24 0.12 
- - - 0.020 0.20 0.80 

0.027* 0.30* -* 0.020 0.10 0.26 
0.027 0.30 - 0.028 0.10 0.20 

-* -* -* 0.028 0.06 0.24 
0.027 - 0.20 0.028 0.14 0.16 
0.027 - 0.30 0.020 0.14 0.22 
0.013 - 0.40 0.020 0.20 0.16 

 
 

Table 4: Concrete composition (g) 
 

Concrete name Reference Admixture 
CEM I 42,5 RR (IN7) 8,600.0 8,600.0 
0-8 mm Årdal sand 
(3% moisture) 

25,600.0 25,600.0 

8-16 mm Årdal gravel 18,500.0 18,500.0 
Total water 4,750.0 4,750.0 
Pyrocatechol (PCC) 0.0 1.7 
Sodium gluconate (NaG) 0.0 15.0 
Sodium carbonate (Na2CO3) 0.0 13.8 
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For both concretes, three 10·10·500 mm prisms with embedded studs were cast for length 
measurements in addition  to nine 100 mm cubes for compressive strength measurements on 3 
parallels after 1 day, 28 days and 6 months (180 days). All concrete were stored under water prior to 
testing. The prisms for length measurements were also weighed above and below water to follow the 
volume change versus time according to the principle of Archimedes. 

 
 
Results and discussion 
 
Cement paste 
The effect of 0.027% pyrocatechol (PCC) and a combination of 0.027% PCC and 0.30% sodium 
gluconate (PCC/NaG) on the rate of heat evolution for hydrating CEM I 42,5 RR and CEM I 52,5 N-
LA paste (w/c = 0.50) as compared to a reference paste without admixtures are shown in Figs. 1 and 2, 
respectively. The first, short term peaks (1 h) are plotted in the left graphs, while the right graphs show 
the second, longer term peak for the same mixtures. Note that water with admixtures was added in the 
calorimeter during stirring. 
The calorimeter curves in Figs. 1 and 2 can be interpreted in accordance with the hypothesis of 
pyrocatechol inhibiting dissolution of gypsum as follows: 
The first peak of the reference paste and the paste with pyrocatechol (PCC) in the upper graph both 
starts immediately with water addition and the peak for the PCC mix is higher and wider than for the 
reference mix. Tamping the excess mix in the beaker with a spatula showed that the reference paste is 
fluid for a couple of hours while the PCC paste sets within minutes (i.e. “flash set”).  
The first rate of heat peak for the reference is due to dissolution of salts, hydration of anhydrite or 
hemi-hydrate to gypsum and the formation of Ettringite on the surface of C3A. From Hewlett (1998) 
one can find that the enthalpy of hydrating C3A with gypsum to Ettringite is 452 kJ/mol (or 1.670 
kJ/kg), whilst the hydration of C3A without gypsum to the end product C3AH6 is 245 kJ/mol (or 910 
kJ/kg). So if PCC inhibits dissolution of gypsum and hydration of C3A without gypsum is less 
energetic than C3A with gypsum, a lot more C3A must have reacted in the paste with PCC relative to 
the reference since the peak is more intense and wider (i.e. larger integral; 31 vs. 21 kJ/kg CEM I 42,5 
RR in Fig. 1 containing about 7% C3A and 19.68 vs. 9.66 kJ/kg for the CEM I 52,5 N-LA in Fig. 2 
containing about 5% C3A). This would then explain the “flash set” since this corresponds to that 49% 
vs. 18% of available C3A has reacted for CEM I 42,5 RR and 43% vs. 12% of available C3A has 
reacted for the CEM I 52,5 N-LA (assuming all energy coming from C3A hydration). Subtracting the 
“constant” energy contribution from other reactions before the estimate would make the difference 
even bigger. 
 

 
 

Fig. 1: Rate of heat evolution for CEM I 42,5 RR paste with and without (Ref.) admixtures the first hour (left 
graph) and the first day (right graph). 

Ref → 
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Fig. 2: Rate of heat evolution for CEM I 52,5 N-LA paste with and without (Ref.) admixtures the first hour (left 
graph) and the first 22 hours (right graph). PCC denotes 0.027% pyrocatechol of cement mass, while PCC/NaG 

denotes 0.027% pyrocatechol together with 0.3% sodium gluconate of cement mass. 
 
 
If one study the second heat peaks in Figs. 1 and 2 (left graphs), one can see that the reference exhibits 
a “double peak”, while the paste with PCC does not. This “double peak” corresponds to the conversion 
of Ettringite to calcium monosulphoaluminate hydrate (often referred to as simply “monosulphate”) 
when sufficient C3A has hydrated to render Ettringite unstable. The peak of monosulphate formation 
can occur before or after the main peak caused by C3S hydration depending on the balance between 
SO3 and C3A in the cement in question. The absence of this “double peak” in the PCC paste supports 
that theory of inhibited gypsum solubility and that Ettringite never was formed in the first place in this 
paste. 
It may also be noted from the right part of Figs. 1 and 2, that although PCC accelerates the setting (as 
verified physically by poking the paste surface with a spatula) and hydration of C3A, it does not affect 
the second heat peak generated by hydration of C3S much at low dosages (tested ≤ 0.05%) , but does 
certainly not accelerate it. Increasing the PCC dosage to ≥ 0.25% retarded also the C3S hydration to 
beyond 20 h. Dosages between 0.05 and 0.25 was not tested. Another problem is that the alternative 
retarder to gypsum for C3A (sodium gluconate in Figs. 1 and 2) also retard C3S, and it seems difficult 
to find a good C3A retarder that does not simultaneously retard C3S. 
Citric acid in dosages of 0.2-0.3% of cement mass together with 0.027 % PCC is able to regulate the 
setting, but the on-set of C3S hydration is postponed to more than 24 h (not shown here) and is thus 
not of practical interest. 
A number of combinations of pyrocatechol “gypsum inhibitor” was tested with different combinations 
of the C3A retarders sodium gluconate and sodium carbonate on CEM I 42,5 RR and CEM II 52,5 N-
LA (see Tables 2 and 3). The isothermal short and long term rate of heat evolution curves are not 
shown in this paper. If one acknowledges that the first peak is associated with renewed C3A hydration 
and thereby setting (should be verified with Vicat needle experiments), it is from these observations 
possible to regulate the setting of CEM I 42,5 RR within the range from 5 to 70 minutes with these 
admixture combinations and with the main hydration peak starting from 4 - 12 h. Even though the 
main hydration peak may be retarded compared to reference starting at about 2 h (both setting and 
hardening), it may still be within an acceptable range. Similarly, CEM I 52,5 N-LA setting may be 
regulated from 5 minutes to 3 hours, and with the main hydration peak starting from 4 to 33 hours. So 
in some cases it is actually retarded more than the reference with setting and hardening starting at 
about 2 h. For instance would a mixture of 0.028% pyrocatechol, 0.10% sodium gluconate and 0.20% 
sodium carbonate lead to a setting time of about 30 min and an on-set of hardening of about 7 hours 
according to the rate of heat evolution curves. 
Based on above observations, the compressive strength of a concrete with pyrocatechol admixture is 
not expected to achieve much higher early strength, only accelerated setting. In this way it resembles 

Ref → 

Ref → 

←PCC 

←PCC ←PCC/NaG 

←PCC/NaG 



many of the current Shotcrete accelerators, albeit the use of PCC may be limited to dry shotcreting, 
and not wet, since Ettringite then already would have been formed on the surface of cement grains. 
This observation may of course limit its practical application.  
 
Concrete 
The fresh concrete properties are listed in Table 5, while the compressive strength data are given in 
Table 6. Volume and length changes are plotted as a function of time in Figs. 3 and 4, respectively. 
Note that the “Admixture” concrete deliberately was over-retarded with the second retarder so it 
should be more convenient (no stress or rush) to fill the necessary moulds without any premature 
setting. The consequence of this is of course lower 1 day strength than what otherwise could be 
expected. 

Table 5 Fresh concrete properties 
 

Concrete name Reference Admixture 
Slump (mm) 95 165 

Air content (vol%) 2.8 2.6 
Fresh density (kg/m3) 2370 2370 

 
Table 6 Masses (g) and compressive strength, σc (MPa), of concrete 10 mm cubes as a function of age 

 
Concrete name Reference Admixture 

Mass σc Mass σc 
1 day 2378±3 29.7±0.2 2382±7 12.6±0.3 

28 days 2401±11 52.1±0.2 2411±10 55.6±1.3 
180 days 2400±9 66.0±0.4 2418±1 70.1±0.6 

 
The results in Table 5 show that the admixtures used gives a plasticizing effect (slump increased from 
95 to 165 mm) while maintaining air content and fresh density. This is probably mainly due to the 
sodium gluconate that has a documented plasticizing effect, but reduced Ettringite formation on 
surface of cement grains (including less water binding) may also contribute. 
The early strength is reduced as expected from the slight over-retardation to secure convenient casting 
as seen from Table 6, but the 28 and 180 days strengths are somewhat higher, maybe due to better 
packing of cement grains due to absence of acicular Ettringite needles. Note that there is a tendency to 
slightly heavier cubes for the concrete with admixture, albeit not significant considering the standard 
deviation. 
 

 
 

Fig. 3: Volume change as a function of time for concrete without (Reference) and with admixture (Admixture). 



 
 

Fig. 4: Length change as a function of time for concrete without (Reference) and with admixture (Admixture). 
 

From Fig. 3 it can be seen that the volume change is the same for both concrete without and with 
admixtures. There is an abrupt change from 1 day to 7 days, which may be associated with the suction 
of water after demolding (1 day) and subsequent storage under water to 7 days. This “apparent” early 
volume change seems not to be reflected in the length change in Fig. 4, where the concrete without 
admixture exhibits a slight expansion, while the concrete with admixture shows a slight shrinkage the 
first 28 days turning into expansion the next 28 days, but smaller than the reference. The total 
expansion after 524 days is less for the concrete with admixture (0.0057%) than for the concrete 
without (0.0073%), but in both cases small numbers are compared (standard deviation 0.0006% in 
both cases). The most important observation is that up to 524 days water storage there is no sign of 
abnormal expansion of the concrete with admixture, and hence no delayed Ettringite formation. 
 
Conclusions 
 
The objective to make an admixture composition that will accelerate the setting of Portland cement by 
retarding two other processes has been achieved in terms of renewed C3A hydration and presumably 
setting (should be verified with Vicat needle tests), but apparently not hardening (i.e. C3S hydration). 
Thus, the “acceleration by retardation” concept may have limited practical interest. 
A hypothesis has been put forward that small dosages of pyrocatechol (0.020-0.03% of cement mass) 
inhibit dissolution of calcium sulphate and thereby gives a “flash set” of the cement due to increased 
hydration of C3A. These small dosages of pyrocatechol do not seem to affect the hydration of C3S. 
It has been indicated by isothermal calorimetry and physically observed on excess paste (i.e. poking 
with a spatula) that the “flash set” induced by pyrocatechol can be counteracted by other retarders in 
smaller dosages than gypsum, leading to a faster setting than the reference, albeit the hardening 
reaction mainly due to C3S hydration may be delayed. 
If the assumed mechanism of pyrocatechol is correct, the inhibited gypsum may react on a later stage 
when the cementitious binder has hardened and is less porous and lead to a kind of delayed Ettringite 
formation that could generate expansion and cracking. However, this possibility has been checked out 
by casting concrete, and no abnormal expansion has been noted until present (≈1½ year). 
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Abstract 
In this research, in order to understand the physical and chemical deterioration processes of hardened cement paste by 

the ingress of high concentration alkaline salts, the mechanisms of ASR in concrete exposed to sodium acetate and 

sodium formate solutions were investigated in accordance to a modified ASTM C1260 test. The test results showed that 

ASR was significantly accelerated by the ingress of sodium acetate and sodium formate solutions into mortars, when the 

reactive andesite stone was used. The addition of a relatively large amount of mineral admixtures such as fly ash and 

blast furnace slag was very effective in controlling the expansion of mortar bars, because the residual quantity of 

calcium hydroxide was effectively suppressed in the process of pozzolanic reaction. 

 

Originality 
The present research was conducted through laboratory experiments. The specimens were prepared with materials 

entirely produced in Japan. The methodology applied, the results and the following analysis enabled the explanation of 

the mechanisms of this particular type of ASR in concrete.  

 

Chief contributions 
Japan is a country with a severe winter, where a significant snow fall make it inevitable the use of efficient deicers. On 

the other hand, due to the limited amount of natural resources, the use of reactive aggregates has been reported in 

many structures throughout the country. Nonetheless, the existence of a robust steel industry and numerous thermal 

power plants increase the availability of mineral admixtures such as fly ash and blast furnace slag. For the 

sustainability of existing and future structures, this study is pioneering in Japan, in the sense that explains the 

mechanisms of ASR in concrete exposed to deicers and proposes preventive measures, based on the available resources.    
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1. Introduction 
 

This research has focused on the physical and chemical deterioration phenomena in concrete structures 

exposed to a high concentration alkali salt environment. Accordingly, the deicers composed by alkali 
salts such as sodium acetate and sodium formate, which are very effective in lowering the ice melting 

temperature, are being currently used in airport fields in the cold areas of Canada, USA and so on. In 

this regard, the exceptional nature of alkali silica reaction (ASR) occurring due to the use of these 
deicers has been pointed out by Rangrarju (2005). Diamond et al. (2006) referred that the occurrence 

of ASR was associated with the rise of pH in the pore solution of hardened cement paste due to the 

interaction between alkali salts and calcium hydroxide in concrete, but its mechanism was still unclear 
(Yamato et al., 2009).  

So far, the concept of ASR is defined as “the process in which reactive silica or glassy phase in the 

aggregate, which interacts with high pH pore solution of 13.0 to 13.5, revolves and forms ASR gel 

around and/or inside the aggregate, thereby, causing the occurrence of large expansion of concrete”. 
Concerning ASR caused by sodium acetate and sodium formate salts, Diamond et al. (2006) pointed 

out that, not only “the pH Jumping Effect”, but also the possibility of a new hydration product 

prompting the occurrence of ASR. For this reason, whether or not, there is similarity or the 
mechanisms of ASR can be explained based on the former concept becomes unclear (Stark et al. 2008, 

Olek et al. 2008). On other hand, the effects of sodium acetate and sodium formate alkali salts on 

volcanic rocks, such as andesite, which are the typical reactive aggregate in Japan, and the influence 

they exert on ASR, are still unknown (Yamato et al., 2009).  
In this research, in order to investigate the physical and chemical deterioration processes of hardened 

cement paste due to the ingress of high concentration alkaline salts, the occurrence and mechanisms of 

ASR in concrete immersed in sodium acetate and sodium formate solutions were examined according 
to a modified ASTM C1260 test. In addition, based on the theory of “the pH Jumping Effect”, as 

referred by Diamond et al (2006), the occurrence of ASR can be effectively controlled, by suppressing 

the quantity of calcium hydroxide in mortar. In this regard, the effect of fly ash and blast furnace slag 
on the decreasing in quantity of calcium hydroxide and its relationship to the expansion ratio of 

mortars has been experimentally investigated.  
 

 

2. Experiments 

 

2.1. Materials 
 

Ordinary Portland cement (OPC) from T Corporation, Ltd (density: 3.16 g/cm
3
 and Blaine specific 

surface area: 3300 cm
2
/g) was used. As for the reactive aggregate, crushed andesite stone produced in 

Noto Peninsula in Japan, was considered. The alkali-silica reactivity of this andesite stone was 

assessed as “deleterious” according to JIS A1145, Sc:170 mmol/l, Rc:135 mmol/l, Sc/Rc=1.3. The main 

reactive mineral components in andesite are volcanic glass and cristobalite. This type of andesite stone 
contains large amounts of volcanic glass, which is altered to a lesser degree. The chemical reagents of 

sodium acetate and sodium formate were used so as to prepare the alkaline solutions. Taking into 

consideration the actual working conditions for deicers on airfields or roads, the solution concentration 
was set at 1N and 5N. In addition, two types of mineral admixtures were used as replacement of 

cement: one, fly ash (FA, Nanao coal thermal power plant product, II-type fly ash classified by JIS 

A1201, density: 2.31g/cm
3
, Blaine specific surface area: 4380 cm

2
/g) and the other, blast furnace slag 

(BB, Sinnihon-seitetsu Corporation product, density: 3.04g/cm
3
, Blaine specific surface area: 4090 

cm
2
/g). The chemical compositions of OPC, FA and BB used in this research are shown in Table 1. 

Table 1: Chemical compositions of OPC, FA and BB used in this study（%） 

 Ig. loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Total 

OPC 0.10 21.22 4.93 3.35 66.44 1.29 1.91 0.34 0.47 99.95 

FA 3.40 67.18 21.27 7.43 2.53 0.79 0.07 0.30 0.23 99.80 

BB 0.10 33.07 14.87 0.28 43.05 5.57 1.98 0.26 0.29 99.37 

 



2.2. Test methods 

 

2.2.1. Mortar bar test 
 

The modified mortar bar test was carried out in accordance with ASTM C1620 for the assessment of 

alkali-silica reactivity of aggregates. In this test, the assessment criteria states that, for mortar bars 

immersed in 1N NaOH solution, at 80ºC temperature, for 14 days, the expansion ratio under 0.1% 
indicates “innocuous”, between 0.1% and 0.2% “both innocuous and deleterious coexist”, and over 

0.2% is “deleterious”. The size of mortar bar was 25mm×25mm×285mm. After casting in water at 

80ºC for 1 day, the specimens were immersed in 1N or 5N sodium acetate and sodium formate 
solutions at 80ºC. The expansion ratio of mortar bar was measured at prescribed time for 28 days. On 

the other hand, in the series where mineral admixtures such as fly ash and blast furnace slag were 

added, the replacement ratio for fly ash was set at 20% and 30% by weight (FA20 and FA30), and 

those by blast furnace slag were set at 50% and 70% by weight (BB50 and BB70). After casting, the 
specimens were pre-cured in water at 20ºC for 28 days. This procedure was adopted to accelerate the 

pozzolanic reaction of fly ash and blast furnace slag, in order to reduce the quantity of calcium 

hydroxide in mortar. Although this variation, the test procedures almost conformed with ASTM 
C1260, after the 28 days of pre-curing was completed. In addition, when the expansion ratio was 

considered “over scaled”, the measurements of mortar bar were performed with a slide caliper. 

 

 

2.2.2. Observation of micro cracks and ASR gel in mortar 

 

The occurrence of ASR gel and micro cracks around and/or inside aggregates in the mortar is essential 
to evaluate the degree of ASR caused by alkaline salts. For this purpose, after the mortar bar test for 

28 days, a thin section slide was made from each specimen, followed by observations by means of 

polarizing microscope and SEM-EDS. Also, the ASR gel in fractured surface was observed by uranyl 
acetate fluorescence method. In addition, the residual quantity of calcium hydroxide in the mortar was 

analyzed qualitatively with X-ray diffraction analysis (XRD) and differential scanning calorimetry 

(DSC). 

 

 

3. Results of modified ASTM C1260 mortar bar test 

 

3.1. Influence of type and concentration of alkali salt solutions in OPC mortars 
 

The expansion ratio of OPC mortar bars immersed in sodium acetate and sodium formate solutions is 

shown in Figure 1. It is assumed that the occurrence of ASR caused by sodium acetate and sodium 
formate solutions is mainly due to the ion exchange reaction between Na

+
 or K

+
 in alkali salts and Ca

2+
 

in calcium hydroxide in the mortar, leading to the formation of a high pH alkali hydroxide solution of 

NaOH or KOH in the pore solution in concrete (Yamato et al., 2009). When immersed in 1N sodium 

acetate and sodium formate solutions, their expansion ratios were smaller than those immersed in 1N 
NaOH solution. However, in the case of 5N sodium acetate and sodium formate solutions, ASR 

occurred very rapidly from the early stages, followed by a large expansion to the extent of 

measurement with the comparator becoming impossible. This was evident especially in the case of 5N 
sodium formate solution, where the expansion ratio at 28 days reached 4.9%, the maximum value in 

the overall experiments. On the other hand, the maximum expansion ratio of specimens immersed in 

5N sodium acetate solution was 3.0%. In addition, all mortar bars immersed in 5N alkali salt solutions 
had a large number of severe cracks of approximately 1 mm width on the whole surface and a big sled 

was also observed. This evidence supported the fact that an excessive expansion occurred in the 

mortar bars due to ASR. 

 



 
 

3.2. Influence of initial curing time in OPC mortars 
 

The expansion ratio of OPC mortar bars, with and without initial 28 days curing time in water, 

immersed in sodium acetate and sodium formate solutions is shown in Figure 2. The influence of 

initial curing in OPC mortar bars varied, depending on the concentration of the alkaline salt solution. 
In the case of 1N concentration condition, the mortar bars without pre-curing revealed a slightly 

higher expansion ratio than those with pre-curing. One explanation for this can be the fact that, due to 

the dense internal structure of mortar bars developed during pre-curing, the salt solutions difficultly 

penetrate into the specimens. On the other hand, for specimens immersed in 5N solutions, a relatively 
large expansion occurred in the early stages, regardless of pre-curing conditions. Then, after the 

immersion time of 14 days, the pre-cured mortar bars revealed a larger expansion than those without 

pre-curing. In this case, although the internal structure becomes denser during pre-curing, the ability of 
a 5N solution to penetrate into the specimens is not affected. Possibly, a high amount of calcium 

hydroxide formed with pre-curing, enables an alkaline atmosphere of a higher pH than those without 

pre-curing. Therefore, ASR is promoted in OPC mortars with 28 days pre-curing in water. 

 

 

3.3. Effects of mineral admixtures in controlling ASR expansion 
 

The expansion ratio of mortar bars with mineral admixtures immersed in 5N sodium acetate and 

sodium formate solutions is shown in Figures 3 and 4. As for OPC specimens, a large expansion was 

also observed at early immersion time up to 7 days. However, at the same period, in FA20 and BB50 
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Figure 4: Expansion ratio of OPC, FA and BB 

mortar bars immersed in 5N sodium formate 

solution 
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Figure 3: Expansion ratio of OPC, FA and BB 

mortar bars immersed in 5N sodium acetate and 

sodium formate solutions 
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Figure 2: Expansion ratio of OPC mortar bars with 

and without pre-curing, immersed in 1N and 5N 

sodium acetate and sodium formate solutions 

0 7 14 21 28

0

1

2

3

4

5

6
 

Time (Days)

E
x
p

a
n
s
io

n
 R

a
ti
o

 (
%

)
 1N CH

3
COONa

 1N HCOONa

 5N CH
3
COONa

 5N HCOONa

 1N NaOH

 
Figure 1: Expansion ratio of OPC mortar bars 

immersed in 1N and 5N sodium acetate and sodium 

formate solutions 



specimens, their expansion was negligible. On the other hand, after 14 days, when sodium acetate and 

sodium formate solutions already penetrated the specimens, a steady expansion started. This fact 

suggested that ASR was not being completely controlled in these specimens. Actually, an interesting 
test result was obtained for BB50 specimens, where the expansion ratio at 28 days curing time was 

almost the same order as OPC specimens, revealing that even 50% replacement by blast furnace slag 

could not prevent the expansion due to ASR. Therefore, for FA and BB specimens immersed in 
sodium formate solution, the replacement ratio by these mineral admixtures was increased to 30% and 

70%, for FA and BB specimens, respectively. As a result, the expansion ratio of FA30 and BB70 

mortar bars significantly decreased, compared with FA20 and BB50, as shown in Figure 4. Especially 

for BB70 specimens, expansion didn’t occur at all, for the entire immersion time.  
 

 

4. Observation of ASR gel formation by uranyl acetate fluorescence method 
 

The image of cross section of mortar bars observed by uranyl acetate fluorescence method is shown in 

Figure 5. In addition, the relationship between the expansion ratio and the percentage of fluorescent 

green colored area (%) in the cross-section of these mortar bars is shown in Figure 6. For OPC mortar 
bars immersed in 5N sodium formate solution, where the largest expansion ratio was observed, the 

whole cross-section was colored in green and ASR gel formed abundantly around the aggregate 

particles. However, in BB70 mortar bars, where expansion did not occur, the coloration in the cross-

section was not observed at all, which confirms that ASR gel was not formed. Although some 
variations exist, there is a correlation characteristic between the expansion ratio and the percentage of 

colored area in mortar bars. The cause of variation in the measurement can be related to the small 

sized 25mm×25mm samples observed by uranyl acetate fluorescence method, which make it difficult 
to properly assess the quantity of aggregate contained in the thin cross-sections. 
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Figure 6: Relationship between expansion ratio of mortar bars and percentage of green area in the cross-section 
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Figure 5: ASR gel in mortar bars immersed in 5N sodium formate and sodium acetate solutions by uranyl acetate 

fluorescence method (immersion time: 28days; cross-section: 25mmx25mm; fluorescent green colored area: ASR gel) 



5. Observation of thin sections by polarizing microscope 

 

The images of thin section of mortar bars immersed in sodium formate solution observed by polarizing 
microscope are shown in Figure 7. In OPC mortar bars immersed in 1N sodium formate solution, ASR 

related micro-cracking occurred inside and/or around aggregates. On the other hand, in OPC mortar 

bars in 5N sodium formate solution, large amounts of ASR gel were produced in the whole specimens, 
and continuous cracking which penetrated the aggregate and the surrounding cement paste was 

observed. In addition, the observed cracks were all filled up with ASR gel. The ASR degree in mortar 

bars is summarized in Table 2. Through the observation by means of polarizing microscope, the 

deterioration of internal microstructure caused by ASR was classified from level 1 up to level 4, 
according to the occurrence of both, cracking and quantity of ASR gel. The result is shown in Table 3. 

For OPC mortar bars immersed in 1N sodium formate solution, the cracking was limited to inside the 

aggregate, and, because it did not develop into the cement paste phase, deterioration level 2 was 
considered. On the other hand, for OPC mortar bars in 5N sodium formate solution, as mentioned 

above, cracking developed from inside the aggregate to the cement paste phase and a continuous map 

cracking occurred due to abundant ASR gel formed around aggregates, which fit deterioration level 4 

conditions. In addition, FA20 and BB50 mortar bars revealed a similar continuous map cracking of 
those OPC specimens immersed in 5N sodium formate solution. Especially in BB50 mortar, a large 

cracking width and abundant ASR gel formed, caused an extreme ASR deterioration occurrence. For 

this reason, the degradation level for FA20 and BB50 mortars was also considered 4. OPC, FA20 and 
BB50 specimens showed large expansion ratios when immersed in sodium formate solution, which 

confirms a clear relationship between the nature of cracking and the expansion ratio of mortar bars. 

 
 

6. Residual quantity of calcium hydroxide (CH) in mortar bars 

 
The residual quantity of calcium hydroxide (CH) in mortar bars obtained from DSC curves by mass 

ratio (%) is shown in Figure 8. When sodium acetate and sodium formate solutions penetrate the 

mortar bars, CH dissolves and its consumption is supportive of ASR occurrence. In addition, the use 
of fly ash and blast furnace slag mineral admixtures not only decreases the quantity of cement, but 

also contributes to the early consumption of CH released from the hydration process, by the 

pozzolanic reaction during the pre-curing of mortar bars. When comparing the CH quantity in 

specimens immersed in 5N sodium formate solution, OPC mortar bar revealed the highest and the 
decreasing order was FA20, FA30, BB50 and BB70. Judging from the relationship between the 

quantity of CH and the expansion ratio of mortar bars, the decreasing in quantity of CH in the mortar 

bars becomes a key factor in controlling the occurrence of ASR caused by alkali salt solutions. 
Therefore, it can be concluded that, as ASR preventive measures in airport concrete pavements, where 

deicers are applied, the use of large amounts of mineral admixtures such as fly ash and blast furnace 

slag in combination with precast concrete components with autoclave curing is highly effective.   
 

 

Table 3: Result of ASR degree of deterioration 

obtained from thin section samples 
Specimen Level 

1N Sodium Formate  

OPC（Pre-cured）mortar 
2 

5N Sodium Formate  

OPC（Pre-cured）mortar 
4 

5N Sodium Formate FA20 mortar 4 

5N Sodium FormateFA30 mortar 3 

5N Sodium Formate BB50 mortar 4 

5N Sodium Formate BB70 mortar 1 

1N Sodium Hydroxide OPC mortar 2 

Table 2: Grading standard of ASR deterioration in thin 

section samples 
Level Cracking and state of ASR gel formation 

in thin sections 

1 There is no ASR reaction 

2 Occurrence of minor cracks around the 

aggregate and formation of ASR gel 

3 Development of cracks from the aggregate to the 

cement paste phase and formation of ASR gel 

4 Occurrence of large cracks and continual 

formation of a wide crack net, formation of ASR 

gel and invasion of ASR gel into the air voids 
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Figure 8: Quantity of calcium hydroxide in mortar bars obtained from DSC curves 

 

7. Conclusions 

 
The main concluding remarks drawn from the present research are summarized below:  

-  A very severe ASR actually occurred in mortar bars with crushed andesite stone, which is the typical 

reactivity aggregate in Japan, when they were subjected to alkali salt solutions.  

-  In the case of OPC mortar bars, the specimens immersed in sodium formate showed large expansion 
than those in sodium acetate solution. Also, their expansion was higher in 5N than in 1N solution. 

-  For OPC mortar bars, when the pre-curing period in water was prolonged, the expansion increased, 

due to the fact that the quantity of CH in the mortar increased significantly in the hydration process.  
-  The occurrence of ASR by alkali salt solutions was effectively controlled by adding high amounts of 

mineral admixtures, such as fly ash and blast furnace slag, which satisfactorily decreased the 

quantity of calcium hydroxide. 
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Figure 7: Images by polarizing microscope of thin section of mortar bars immersed in 1N and 5N sodium formate 
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Determination of Slag Content in Blended Cement  
by XRD/Rietveld Method without Adding Internal Standard 
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Abstract 
Blast-furnace slag content in blended cement is a significant parameter affecting both cement properties and 
concrete performance and durability. The XRD/Rietveld method has been applied for rapid quantifying slag 
content in blended cement and is expected to be applicable to in-plant processing and quality control. In many 
cases, however, the amount of amorphous phase is determined indirectly by adding known quantities of alumina 
(Al2O3) to the cement sample as an internal standard. In this case, a considerable discrepancy exists between 
measured and actual values because of different grain size distributions or X-ray absorption of cement minerals 
and the internal standard. Even if the internal standard used is constant, slight differences in fineness or mineral 
composition of base cements (clinker) due to the variations of production conditions and production date create 
unacceptable levels of these discrepancies. However, the recently developed Rietveld software enables 
quantifying the phase with no known crystal structure or amorphous phase in the calculation. We experimentally 
verified the accuracy and applicability of this technique for quantifying the slag contained in cement. In the 
experiment, we used many base cements that had different fineness and chemical and mineral compositions. We 
then used slags from different production areas to make blended cement in a laboratory. The slag diffraction 
pattern is modeled by measuring one pure slag sample and some fixed parameters by Pawley refinement. The 
results demonstrate that slag content and cement mineral content can be measured simultaneously with high 
accuracy, independently of differences in base cement properties and admixed slag brand. The accuracy of this 
method is comparable to that of the conventional selective dissolution method. This technique is also more 
reasonable and applicable in an automated plant process because there is no need for calibration or adding a 
standard, and thus contributes to quality improvement in the blended cement manufacturing process. 
 
Originality 
We demonstrated that slag content in blended cement can be accurately determined using the newly developed 
XRD/Rietveld method without any internal standard, regardless of differences in base cement properties and 
admixing slag brand. Traditionally, quantitative determination of the amorphous phase of such slag in blended 
cement using the XRD/Rietveld method has adopted an indirect method of adding a known quantity of an 
internal standard to the sample. Evaluation results obtained by this indirect method are particularly influenced 
by the properties of the base cement, and there were often large discrepancies from actual values. We have now 
clarified that amount of slag can be directly quantified by the XRD/Rietveld method after removing an important 
potential source of error, thus significantly increasing its applicability to quality and process control.  
 
Chief contributions 
We determined that the XRD/Rietveld method could be applied to determine slag content without adding an 
internal standard. It is particularly worthwhile for quality and process control in a blended cement 
manufacturing plant to clarify measured slag content without detrimental influences of differences in the base 
cement used. Process and quality control at a plant have always required rapid determination of slag content in 
blended cement by the XRD/Rietveld method. However, the conventional XRD/Rietveld method requires adding 
an internal standard and often produces incorrect values; therefore, its reliability has been low. We have now 
confirmed that this newly developed method is more reasonable and applicable, and thus contributes to quality 
improvement in the blended cement manufacturing process. 
 
Keywords: slag content, XRD/Rietveld method, without internal standard, online measurement  
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1. Introduction 
 
Ground granulated blast furnace slag (slag) has been used for many years as a supplementary 
cementitious material in Portland cement concrete, either as a mineral admixture or as a component of 
blended cement. The use of slag as a partial Portland cement replacement results in natural resource 
savings, the effective use of byproducts, and greenhouse gas reduction. In Japan, the Law on 
Promoting Green Purchasing in 2001 designated Portland blast-furnace slag cement (slag cement) as a 
green procurement product. Concrete using slag cement performs better than concrete using ordinary 
Portland cement in terms of durability in sea water, sulfate resistance, strength development for a 
longer time, and resistance to alkali-silica reaction (ASR). These characteristics depend on the amount 
of slag in the cement. Therefore, controlling slag content in cement is crucial in the manufacturing 
process and quality control of cement products at cement production sites.  
Conventional methods of measuring slag content in cement (e.g., selective solution, optical 
microscopy, and thermal analysis) have many restrictions for application to automatic and rapid 
analysis. Although the accuracy of these techniques is acceptable, they require a fair amount of 
operation time and skilled performance. However, the XRD/Rietveld method has been applied to 
quantify slag content in cement rapidly, and is expected to be applicable to in-plant processing and 
quality control. In many cases, the amount of amorphous phase in cement is determined indirectly by 
adding known quantities of an internal standard such as alumina (Al2O3) to the cement sample. 
However, in an automated process this method can hardly be realized. Furthermore, a considerable 
discrepancy often exists between measured and actual values because of probable different grain size 
distributions or X-ray absorption of cement minerals and the internal standard. Even if the fineness of 
the internal standard is constant, slight differences in fineness or mineral composition of base cements 
(clinker) due to the variations of production conditions or production date create unacceptable levels 
of these discrepancies. However, the recently developed Rietveld software enables quantifying the 
phase with no known crystal structure or amorphous phase in the calculation. 
Figure 1 illustrates the automated slag content measurement system by the XRD/Rietveld method 
with and without an internal standard. In this report, we propose a new method for measuring slag 
content in cement by the XRD/Rietveld method without an internal standard. The proposed method 
can selectively identify the broad halo of slag and the background profile. We experimentally verified 
the accuracy and applicability of this technique for quantifying the slag contained in cement. In the 
experiment, we used many base cements and slags that had different fineness and chemical and 
mineral compositions. We then used slags from different producers and with different basicity and 
fineness to make slag cement in a laboratory. We also examined the influence of the fineness and 
chemical composition of base cement on measurement accuracy. 

 
2. Influences of Sample fineness for Quantitative X-ray Diffraction of clinker and cement 
 
The particle size of the cement and clinker sample is more important for quantitative X-ray diffraction 
(XRD) than for other analytical methods, such as XRF (Ender, 2005). We previously studied the 
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Figure 1: Automated slag content measuring system 



influence of the particle size of clinker on the measured value using the XRD/Rietveld method 
(Mitchell et al., 2007; Yamashita et al., 2008). Figure 2 plots the relationship between the Blaine 
value of the sample and the mineral composition determined by the Rietveld method. As the Blaine 
value of the sample increases, the calculated amount of alite decreases and the amount of belite 
increases. This result suggests that the preferred orientation of alite and the loss of the crystalline 
nature of alite varies with the Blaine value. The appropriate Blaine value was determined to minimize 
the difference between the content measured by the Rietveld method and the certified value of the 
NIST sample. The total difference between the content of each mineral and the certified value was 
assumed to be minimized by making the Blaine value fall within the range of 3000 to 4500cm2/g (Fig. 
2(c)). 
It may be easy to infer that the fineness of the internal standard significantly influences the measured 
slag content determined by the XRD/Rietveld method. Figure 3 plots the effect of the Blaine value of 
alumina as an internal standard on the calculated slag content in Portland blast-furnace slag cement 
(slag content was adjusted 40%). The calculated slag content increases when the Blaine value of the 
alumina increases. When the Blaine value of the alumina increases more than 5000cm2/g, the 
calculated slag content is stably constant but higher than the actual value (Fig. 4(a)). When Blaine 
value of the alumina is low, the slag content in different base cements has unacceptable variation (Fig. 
4(b)). To know the actual value of slag content with higher precision calculated value using high 
Blaine value of alumina should be corrected by linear regression. However, since the correction is 
large, errors may also be large. A rapid and simple measurement is thus not expected to be affected by 
the properties of the base cement and slag. 
 
3. Experimental 
3.1 Sample Preparation  
Commercially available ordinary Portland cements, prepared according to Japanese Industrial 
Standard (JIS) R 5210:2009 “Portland Cement,” from different plants were used. Portland cement 
used in this study does not include slag as an admixture. Slag with different product locations, 
fineness, and chemical composition was used, in accordance with JIS A 6206:1997 “Ground 
granulated blast-furnace slag for concrete.” Portland blast furnace slag cement (slag cement) was 
prepared from a mixture of Portland cement and slag with different slag content of 20 to 60% in the 
laboratory. Commercial slag cements, in accordance with JIS R 5211:2009 “Portland blast-furnace 
slag cement,” manufactured in different plants were used in order to verify the method of this study 
with the selective solution method. Table 1 indicates the range of chemical composition of these 
materials. No slag cement was ground before measurement. The sample was pressed in a steel ring 
before XRD measurement. 
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Figure 2: Effect of the Blaine value of clinker on the calculated content of clinker minerals (NIST SRM-2688)



3.2 Powdery XRD 
XRD data were collected using a Bruker-AXS D8 
Advance employing CuKα radiation (λ = 
0.154nm). Only ten minutes was required to obtain 
accurate XRD data. Table 2 lists the XRD 
measurement conditions. 
 
3.3 Rietveld calculation method  
Rietveld calculation of mineral composition was 
performed using TOPAS version 3 from Bruker-
AXS. The crystal structure models were assumed 
to be basically similar to those in the reference 
literature (Stutzman and Leight, 2002). The 
March-Dollase function was used for alite and gypsum to correct for the preferred orientation. We 
ignored the glass phase in clinker because glass has never been identified in normal Portland cement 
(Compbell, 1999). For all samples measured in this study, the goodness-of-fit indicator S (= 
Rwp/Rexp) ranged from 1.5 to 1.7; these values were evaluated as excellent. Direct determination of 
the amorphous phase in the mixture without using an internal standard (PONKCS) was introduced by 
Scarlett and Madson (2006). In general, the calculated intensities in a diffraction pattern are created 
by several factors (eq. 1). The Rietveld method is performed by minimizing the sum of the squared 
differences between observed and calculated intensities in the powder diffraction pattern (eq. 2). The 
weight fraction is defined by eq. 3. Since the space group and the structural factor of the amorphous 
phase of such a slag are not known, peak intensities cannot be calculated. In this case, the empirical 
structure factor can be derived by the measured peak intensities from a diffraction pattern of the pure 
slag sample. For this case, unit cell volume (V) and mass (MZ) are also not known; they must be 
derived by preparing a mixture of the phase of interest because of the lack of structural information. 
Modeling of the amorphous diffraction data is accomplished by measurement of the pure slag. Whole 
powder pattern decomposition of the amorphous intensities by Pawley fitting was performed using 
examples from the akermanite crystal model. 
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Figure 3: Effect of the Blaine value 
of alumina on the calculated slag 
content in blended cement. 

Figure 4: Slag content calculated indirectly from the Rietveld method.  
(a): using alumina with a low Blaine-value and applying no correction 
(b): using alumina with a high Blaine-value and applying correction 

Table2 Measurement conditions of XRD 

Appratus Bruker-AXS 
D8 Advance 

Target Cu 
Voltage 40 kV 
Current 40 mA 

Divergence slit 1.0mm (0.5deg.) 
Scattering Slit 8mm 

Soller slit 4.0deg. 
β-filter Ni 

Measurement range 10 - 65deg. 
Step size(⊿2θ) 0.019deg. 
Time per step 0.2s/deg. 

Sample rotation 30rpm 
 

Table1 Properties of used slag, base cement and commercial slag cement (unit:%) 
Materials SiO2 Al2O3 Fe2O3 CaO Other (-) 

Blast furnace Slag 32 - 36 13 - 15 0.2 - 0.6 40 - 44 Basicity:1.7 - 2.0 
Base cement 20 - 22 4.5 - 5.6 2.3 - 2.9 64 - 66 HM:2.14 - 2.32 

Commercial slag cement 25 - 26 8 - 10 1.6 - 2.2 54 - 56 - 



3.4 Selective solution 
We implemented our proposed method for commercial slag cement and compared it with the selective 
solution method for slag content. Slag content in some slag cement has been measured using the 
selective solution by EDTA extraction (Levelt et al., 1982). 
 
4. Result and discussion 
 
(1) Linearity and Repeatability  
Figure 5 shows relationship between the actual slag content and calculated value directly by Rietveld 
method. As well as most measurement methods, in the case of using same slag and same base cement, 
good precision could be achieved. A 95% confidence interval for the calculated slag content was 
±1.8% (Slag content: 40%) that was slightly higher quality than the one by indirectly conventional 
Rietveld method (±2.3%). Increase of precision might be due to unnecessary of the addition and 
mixing with the internal standard and not diluted by the one. The repeatability of measurement was 
investigated by analyzing one of the commercial slag cement eight times. For each run, the sample 
was remixed manually. The standard deviation of the measured value (slag content: 40%) was 0.6%, 
and the area was 1.7% 
(2) Influences of slag properties 
 Figure 6 plots the relationship between the fineness of slag and the calculated value. Here, the base 
cement usage was the same and was constant. The calculated value seems to be insensitive to the 
fineness of slag. Figure 7 depicts the relationships among basicity, production facility, and calculated 
value. The calculated value of slag content was viewed as the same as the actual value within the 
range of the allowable measurement error, regardless of chemical composition, even for those 
manufactured at different facilities or on different production days. This was thought to occur because 
the halo profile and relative intensity due to particle size and chemical composition of slag did not 
significantly change. Figure 7 depicts the collected XRD profiles of the slag manufactured at various 
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Figure 5: Comparison between the actual weight and 
Rietveld analyzed amount of slag  

Figure 6: Relationship between the Blaine value of 
slag and calculated slag content by Rietveld method 
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Where Ic ：calculated profile 
 Io ：measured profile 
 S ：scale factor 
 p ：multiplicity factor 
 P ：preferred orientation coefficient 
 F ：structure factor 
 L ：Lorentz polarization factor 
 Φ ：profile function 
 W ：mass fraction of m phase 
 Z ：the number of molecules in the unit cell 
 M ：chemical formula weight 
 V ：unit cell volume  



facilities. The results clarify that little difference was 
observed between halo peak position and profile 
intensities, as far as we investigated. However, if the 
used slag contains some crystal phase such as melilite, 
systematic error may be observed. Quality controls in 
a cement plant avoid such errors, as confirmed by the 
XRD profile of single slag. 
(3) Influences of base cement 
Figure 9 illustrates the relationship between the 
fineness of base cement and the calculated slag 
content value. Here, mixed slag was the same and was 
constant, and the content was constantly adjusted to 
40%. The calculated value seems to be insensitive to 
the fineness of base cement and other cement 
properties (e.g., manufacturing plant, mineral 
composition, and chemical composition). Also, the 
obtained value corresponded with the actual content 
within the range of the allowable measurement error. 
As the above experiment result indicates, there may 
be no need for concern about the influence of 
properties, the manufacturing place of the slag, or the 
base cement in the slag cement when using the 
Rietveld method to measure slag content without an 
internal standard.  
Previous study to measure slag in cement without an 
internal standard proposed using background in the 
XRD, since the amorphous content increases with an 
increase in background (Strung and Paul, 2007). 
However, the value calculated by this method was 
influenced by the variation of background caused by 
base cement. For example the amount of Fe2O3 in 
base cement increases the background in XRD, since 
the mass absorption coefficient for iron is significant 
to the Cu-Kα spectra. Furthermore, calibration should 
be performed regularly, as measurement conditions (e.g., beam intensity) may change. Thus, this 
method using background was not applicable to in-plant processing and quality control. Our proposed 
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Figure 8: XRD patterns of the different slags observed and 
calculated 
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Figure 10: Relationship between the slag 
content measured by the Rietveld method and  
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method estimates slag content and background selectively and does not affect the base cement 
component. The amount of Fe2O3 in slag may elevate the background generally but not change the 
halo peak shape unless the content is extremely high. 
(4) Comparison with the selective solution method 
We ran tests to compare the slag content measured by the proposed Rietveld method and that 
measured by the conventional selective solution method, using commercial slag cement (Fig. 10). The 
solubility of the base cement and the insolubility of slag in the solution varied according to properties 
of the base cement and the slag. Some differences in the results arose, particularly with unknown 
samples. The slag content of commercial slag cement calculated by the proposal Rietveld method was 
consistent within the acceptable error range. 
 
5. Summary 
 
We examined the rapid and accurate measurement of blast furnace slag content in slag cement 
intended for in-plant process control. Slag content was measured rapidly with better precision by the 
recently developed Rietveld method without an internal standard as typified by alumina (Al2O3). To 
verify the accuracy and applicability of this method, we experimentally investigated the influence of 
the properties of base cement and slag on the calculated value. The present study confirms that the 
influence of the properties of slag on the calculation was insignificant, since the halo peak profile of 
slag was only slightly affected by its fineness, basicity, and production facility. Even when the 
fineness, mineral composition, and manufacturing plant of base cement differed, the discrepancies 
among the calculated values were small and were at an acceptable level. Table 3 shows the method 
for quantitative analysis of slag content in cement. This study clarifies the advantage of the proposed 
method in terms of speed, accuracy, and simplicity. 
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Table 3: Method for quantitative analysis of slag content in cement 

Method Simplicity 
Rapidity 

Accuracy 
Precision 

Applicable for 
Automation 

Selective solution × ○ × 
XRD/Rietveld Traditional: Using standard △ △ △ 
 Proposal: Direct measurement ○ ○ ○ 
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Abstract 

The performance of shrinkage-compensating concrete, in terms of reducing the risk of cracking, mainly depends on 

correct synchronisation between two different processes inside the concrete: the evolution of its early age mechanical 

strength which is controlled by cement hydration, and the expansion rate which is controlled by expansive agent 

hydration. Recently the use of shrinkage reducing admixtures (SRA) has been recommended in shrinkage-

compensating concrete due to the improvement in its performance in the absence of prolonged wet curing, thanks to 

the synergy achieved by combining SRA and CaO or MgO-based expansive agents. Some studies state that this 

positive combination is due to retardation in the hydration rate of the expansive agent which is able to induce a more 

efficient reinforcement tension (compressive stress in the concrete) due to improved steel-concrete bonding. In this 

paper, the influence of the type of  superplasticizer and temperature on the hydration processes of the cement and the 

expansive agent (CaO) have been analysed. In order to evaluate the CaO hydration, several expansive cement paste 

samples with different polyacrylated ester-based superplasticizers, with and without SRA, were prepared at different 

temperatures and analysed using TG (thermogravimetry). Compressive strength, workability loss, setting time and 

restrained expansion tests were also carried out on concrete. The results indicate that the type of superplasticizer used 

and/or the temperature have different effects on the rate of cement hydration and on the calcium oxide, especially 

during the first 24 hours of hydration. Some indications of the correct way to design a shrinkage-compensating 

concrete in different situations are presented. 

 

Originality 

Several papers have been written about the contribution of shrinkage reducing admixtures, expanding agents and high 

water reducing admixtures (HWRA) on the performance of shrinkage-compensating concrete. But most of these have 

analysed data coming from simplified systems (mortar, paste) produced  in standard conditions (Temp. = 20°C) In 

this work the behaviour of admixtures in concrete was analysed.  In particular the concrete tests were carried out at 

different temperatures, by using different types of superplasticizers: superplasticizers for normal ready-mix concrete, 

and superplasticizers for prolonged slump-life ready-mix concrete (commonly used in summer conditions). The 

effectiveness of the expansive process was determined on samples prepared 1 hour  after the initial preparation of the 

concrete in order to simulate what is commonly happening  in the field. Finally the data obtained on concretes  were 

correlated with the data coming from the TG analysis of the cement pastes. 

 

Chief contributions 

The results of this research will be very useful for technicians in designing shrinkage-compensating concrete  in 

different environmental conditions and/or when prolonged slump-life concrete is requested. In the paper are reported 

data showing the magnitude of the influence of temperature and the type of superplasticizer on the hydration 

processes of the cement and CaO-based expansive agent with and without the SRA.  The data obtained from the 

concrete tests can be used practically in order to produce   a shrinkage-compensating concrete successfully in 

everyday conditions. In fact, great care must be taken to avoid that any expansive action occurs too early when the 

concrete is in a deformable plastic state. In the latter case any advantage of compressive stress in the hardened 

concrete and tensile stress in the steel reinforcement is lost due to the weak bond between the steel reinforcement and 

the concrete. 
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Introduction 

Shrinkage-compensating concrete was created as a solution to eliminate/restrain cracking phenomena 

induced by medium to long term restrained drying shrinkage. Cracking is one of the main problems which 

threatens reinforced concrete structures as it not only influences the aesthetic value, but can also cause 

premature deterioration and impair its performance. The main aim of shrinkage-compensating concrete [1], 

is to balance delayed tensile stress produced by restrained drying shrinkage. This is obtained by chemically 

pre-compressing the concrete using a powder expansive agent. If this component is introduced in 

adequately reinforced concrete, it is able to produce an initial expansion in the hardened concrete which 

generates a tensile stress in the steel reinforcement and a compressive stress in the concrete. The expansive 

agents most commonly used for this type of concrete are calcium oxide CaO or alternatively a mixture of 

calcium and magnesium oxides (Ca, Mg)O. It is very important to point out that the extent of initial 

expansion and therefore the efficiency of shrinkage compensation, closely depends on the correct synergy 

between two different processes which occur inside the concrete [4]: (a) the bond between the cement paste 

and the steel reinforcement (resulting from the initial cement hydration); (b) the rate of concrete expansion 

(controlled by the degree of hydration of the expansive agent). When the hydration rate of the expansive 

agent is too fast compared to that of the cement, the tensile stress in the steel reinforcement  is reduced  

because a large part of the increase in volume of the concrete occurs when the system is still in the plastic 

state. A possible solution consists in the combined use of a (Ca, Mg) based expansive agent and a suitable 

shrinkage reducer admixtures (SRA) which creates a positive synergy ascribable, according to some authors 

[2], to a delay in the expansive agent hydration. Therefore this effect should occur within a system which 

has developed a higher concrete – reinforcement bond. The aim of this paper is to verify this hypothesis and 

clarify the part which other parameters play, for example temperature and the type of superplasticizer . 

 

Experiment 
 

Material 
CEM I 42.5 R Portland cement was used. The natural aggregate is made up of one fine sand and two gravel, 

distributed according to a Bolomey reference curve. The expansive agent used (Espanse C22), is sintered 

calcium oxide characterized by an average diameter of 10 microns. To make up for the lack of fines in the 

sand and to compensate for the presence of fines introduced as expansive agents, a limestone was used. The 

SRA (SR1) is a liquid admixture made up of synthetic glycols which reduces the surface tension of any 

water which is present in the capillary pores of cement systems, increasing their stability. Two 

superplasticizer admixtures were used, both polycarboxylic, but with different behaviour in terms of the 

concrete workability retention: 

• Ctc 39/T75R: high performance superplasticizer admixture (HWRA), very long term workability. 

• Ctc 39/T100i: high performance superplasticizer admixture (HWRA), long term workability. 

 

Concrete composition 
Recipes for the concrete used are shown in tables 1 and 2. The expansive dosage was fixed at 30  kg/m

3
, the 

dosage of SRA (SR1) at 5.5 kg/m
3 
. 

 
Table 1 – Concrete  mixtures with Ctc 39/T75R (kg/m

3
) 

 

Components A.1 A.2 A.3 

Cem I 42,5 R 310 310 310 

Filler CaCO3 155 125 125 

Espanse C22 - 30 30 

SR1 - - 5.5 

Ctc 39/T75R 3.0 3.0 3.0 

a/c 0.51 0.51 0.51 

Aggregate 1815 1815 1815 

Table 2 – Concrete mixtures with Ctc 39/T100i (kg/m
3
) 

 

Components B.1 B.2 B.3 

Cem I 42,5 R 310 310 310 

Filler CaCO3 155 125 125 

Espanse C22 - 30 30 

SR1 - - 5.5 

Ctc 39/T100i 2.0 2.0 2.0 

a/c 0.51 0.51 0.51 

Aggregate 1815 1815 1815 

 

The dosage of HWRA was fixed at 2 kg/m
3
 for concrete with Ctc 39/T100i and 3 kg/m

3
 for concrete with Ctc 

39/T75R,  so that roughly the same initial consistency was obtained with the same w/c ratio. 



Methods and procedures 

In order to evaluate the influence of temperature on the characteristics of these types of concrete, all of the 

mixtures reported in the above tables were produced at  20°C and 30°C. A normal 30 litre free fall concrete 

mixer was used.  For systems A.3 and B.3, extra tests were carried out where the expansive agent was added 

after 60’at the end of the of the workability retention test. The consistency measured by the flow table test (UNI 

EN 12350-5) was recorded at 0’, 30’, 45’ and 60’, in order to determine the workability retention, then the 

following steps were carried out:  

• Measurement of the bulk density and air content according to UNI EN 12350-6 and UNI EN 12350-7; 

• Preparation of 80x80x240 mm samples, for measuring the restrained expansion for up to 60 days, in 

accordance with UNI 8148 method B.  

• Setting times determined according to the UNI 7123. 

• Temperature of concrete, contained in a 15x15x15 cm PVC mould, measured using a PT 100 

thermocoupler equipped with a datalogger; 

• Preparation of 10x10x10 cm samples used to determine the compressive strength at 1, 2, 7 and 28 days, 

using metal moulds. The samples were casted and cured according to the UNI EN 12390-3. The concrete 

samples prepared at 30°C were cured at 30°C after removal from the mould. 

The hydration kinetics of the expansive agent was determined using thermogravimetry analysis (TG) with a 

TGA/DSC 1/1600 Mettler Toledo. The percentage of calcium hydroxide content was determined after 6 and 24 

hours using aluminium oxide crucibles in an air flow (80 ml/min).  

The estimated content of Ca(OH)2 in the sample was worked out by evaluating the loss percentage of weight 

after total calcium hydroxide dehydration, which takes place between 400 and 450°C. 

The tests were carried out on cement paste mixtures composed by 90% cement and 10% CaO. For each of the 2 

admixtures were carried out tests at 20°C and 30°C with and without SRA. 

In the case of Ctc 39 T100i at 20°C were carried out  two extra  tests using limestone filler instead of cement, 

with and without SRA 
 

Results and analysis 
 

Workability 
In figures  1 and 2, the workability retention for all mixtures at 20° C and at 30°C are shown. 

 
 

Figure 1 – Workability retention at  20°C evaluated by 

flow table test 
 

 
 

Figure 2 – Workability retention at 30°C evaluated by  

flow table test 

As can be seen from the graphs above, both HWRAs show excellent workability retention at 20°C. In the 

30°C tests, the Ctc 39/T75R admixture allows more initial fluidity and better workability retention. The 

addition of the expansive agent negatively influences both the initial fluidity and the workability retention 

at all temperature, in particular when the superplasticizer admixture Ctc 39/T100i was used. On the other 

hand, the addition of the SRA shows no significant influence on the rheology of the concrete. 

 

Setting times 
The setting times shown in table 3 highlight how the use of an admixture whose purpose is to prolong the 

workability maintenance of concrete (Ctc 39/T75R), also increases setting times at all temperatures. The 
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use of the expansive agent notably accelerates concrete setting times both at 20°C and at 30°C. On the 

contrary,  SRA induces a general slowing down of hydration kinetics which causes a longer setting time, 

especially in the presence of Ctc 39/T75R.  
 

Table 3 – Setting times for concrete containing the superplasticizer at 20°C and 30°C. 
 

Time (h) 20°C 30°C Time (h) 20°C 30°C 

T100i+EC22 6 4 T75R+EC22 9 5,25 

T100i+EC22+SR1 6,4 4,83 T75R+EC22+SR1 9,75 7,75 

T100i 7,25 5,73 T75R 12,25 10,5 
 

Thermometry 
An example of the thermometry of one of the systems analysed is shown in figure 4. From this type of 

graph and for any system, it was possible to extract the initial temperature of the concrete Ti, the maximum 

thermal peak, Tmax and the moment in which this occurred, tp. 
 

Figure 4 – Example of thermometry: superplasticizer + 

expansive agent, environment temperature = 20°C 
 

Observing the data shown in tables 3, 6 and 7, it is 

possible to note the good correlation between the 

times tp, the setting times and the opposite of the 

peak maximum temperatures Tmax. The addition of 

calcium oxide produces a general rise in 

temperature of about 2°C, both initial and peak. 

Both  Tmax and tp trends confirm the substantial 

slowing effect on hydration kinetics induced by the 

SRA. This effect is amplified if the Ctc 39/T75R 

admixture is used. It is interesting to observe that 

the values of the peak temperature Tmax, are lower for systems with SRA (tables 6 and 7), while the values 

of the initial concrete temperature Ti are more or less the same, with or without SRA. So it can be assumed 

that the slowing down of the kinetics caused by SRA does not occur during the initial hydration of the 

system, but at a later age.  
 

Table 6 – Variation of values of Tmax and tp,  at 20°C 
 

  tp (hours) Tmax (°C) Ti (°C) 

T 100i+EC22 9,2 27,4 22,3 

T 100i+EC22+SR1 10,6 26 21,9 

T 100i 11,8 25,9 20,8 

T 75R+EC22 13,5 25,1 22,3 

T 75R+EC22+SR1 14,4 24,5 22 

T 75R 16,6 24,9 20,4 

Table 7 – Variation of values of Tmax and tp  at 30°C 
 

  tp (hours) Tmax (°C) Ti (°C) 

T 100i+EC22 5,3 38 32,1 

T 100i+EC22+SR1 6 37 32,8 

T 100i 6,1 36,7 30,2 

T 75R+EC22 8,3 37,6 31,3 

T 75R+EC22+SR1 9,3 36,4 31,7 

T 75R 9,8 35,5 30 

 

 

Compressive strength 
The compressive strength results for all the analysed systems are shown in table 8 and 9.   

 

Table 8 - Compressive strength evolution at 20° (N/mm
2
) 

 

T=20°C Cs1 Cs2 Cs7 Cs28  T=20°C Cs1 Cs2 Cs7 Cs28 

T100i+EC22 30 40 48 55  T75R+EC22 29 40 53 55 

T100i+EC22+SR1 22 35 44 49  T75R+EC22+SR1 18 33 48 51 

Retarding effect  SR1 -26% -13% -11% -11%  Retarding effect  SR1 -38% -17% -9% -8% 

T100i 26 38 50 53  T75R 22 38 51 56 
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Table 9 - Compressive strength evolution at 30°C (N/mm
2
) 

 

T=30°C Cs1 Cs2 Cs7 Cs28  T=30°C Cs1 Cs2 Cs7 Cs28 

T100i+EC22 36 43 52 52  T75R+EC22 36 42 57 58 

T100i+EC22+SR1 32 38 46 52  T75R+EC22+SR1 31 42 50 57 

Retarding effect  SR1 -12% -11% -12% 0%  Retarding effect  SR1 -14% -12% -12% -3% 

T100i 34 41 49 55  T75R 35 44 55 62 

 

From this data, the following considerations can be made: 

a)  the increase of the compressive strength induced by the higher environmental temperature is particularly 

appreciable in the case of the Ctc 39/T75R admixture. 

b)  the addition of the expansive agent at 20°C notably increases the compressive strength after 1 day, 

annulling any differences caused by the type of superplasticizer admixture. 

c) the addition of the expansive agent at 30°C produces a slight increase in the strength of all systems 

containing admixtures up to 7 days, and a decrease of about 5-6%  at 28 days.  

d) the introduction of the SRA, as reported by other authors [5], produces a drop in the compressive 

strength, mainly at early  ages and in systems which are essentially more delayed (T=20°C + admixture 

39/T75R). This drop becomes unimportant at 30°C. 

 

Restrained expansion 
The following figures show restrained expansion curves in accordance with method B of the standard UNI 

8148 at 20°C and 30°C. As indicated by this standard, the samples are no longer cured in water once they have 

been removed from the mould. Instead they are packaged inside a cellophane sheet for two days and afterwards  

cured in a controlled humidity environment.  

 
  
Figure 5 – Values restrained expansion at 20°C  
 

 
 
Figure 6 - Values restrained expansion at 30°C  

From the analysis of the results shown in the previous figures, the following important observations can be 

made: 

a) shrinkage evolution in the absence of the expansive agent and SRA is just about independent from the 

type of superplasticizer admixture used;  

b) the initial expansion caused by the introduction of the Espanse C22 agent is greater when the Ctc 

39/T100i admixture is used; 

c) there is a synergy between the expansive agent and the SRA which, as well as reducing medium to long 

term drying shrinkage, maximizes the initial expansion. This synergy is higher for admixtures without a 

delaying effect like Ctc 39/T100i and it is reduced when the temperature increases; 

d) there is an interaction between the SRA, the retarding effect of the superplasticizer admixtures and the 

temperature. The effectiveness of the SRA in reducing the shrinkage is higher with the Ctc 39/T75R 

admixture irrespective of temperature, while it is lower with Ctc 39/T100i at high temperatures. From these 

results it is more difficult to predict values of restrained initial and final expansion at 30°C and therefore 

more difficult to design the concrete.  In order to define the reasons for such behaviour, some of the tests at 

30°C were repeated, adding the expansive agent after 60 minutes, at the end of the workability retention 

test. The results can be seen in the following graphs:  
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Figure 7 - Values of restrained expansion at 30°C, Ctc 

39/T100i, delayed introduction of the expansive agent.   
 

 
Figure 8 - Values of restrained expansion at 30°C, Ctc 

39/T75R, delayed introduction of the expansive agent.   

These tests show that delayed introduction of the Espanse C22 expansive agent notably increases the initial 

expansion regardless of the type of superplasticizer used. The expansion of the system of Ctc 39/T75R 

admixture at 30°C with delayed addition of CaO is almost the same to the expansion of Ctc 39/T100i 

admixture where the expansive agent is introduce at the beginning of the mixing procedure.  
 

Thermogravimetry 
Table 10 shows the most important data obtained from thermogravimetric quantitive analysis. 
 

Table 10 – Thermogravimetric analysis results at different temperature 

 

T= 20°C %Ca(OH)2 T= 20°C %Ca(OH)2 T=30°C %Ca(OH)2 T=30°C %Ca(OH)2 

T100i 16,8 T75R 17,1 T100i 18,9 T75R 18,1 

T100i+SR1 15,0 T75R+SR1 14,1 T100i+SR1 16,8 T75R+SRA 15,8 

variation% -10,4 variation% -17,6 variation% -11,0 variation% -12,7 

 

The data for determining the Ca(OH)2 content developed during hydration confirms that there is a delayed 

effect caused by the presence of SRA, as reported in literature [5]. The increase in temperature reduces the 

differences in performance of the two superplasticizers, as it was observed in the physical mechanical tests. 

It is understood that the most important factors which control for the development of Ca(OH)2 at 24hrs are: 

the temperature (positive contribution) and the presence of SRA (negative contribution). 

The HWRA used in this work has no significant effects. The linear model obtained from the data, follows 

this equation:    %Ca(OH)2[24h] = 16,58+1,71 * T-2,29 * SRA 

The tests carried out using limestone filler instead of cement allowed the origin of the Ca(OH)2 to be 

quantitatively differentiated (from cement hydration or the expansive agent). Contributions towards the 

formation of Ca(OH)2 are reported in table 10, for systems with Ctc 39/T100i and SRA.  
 

Table 11 – Analysis of cement and expansive agent contribution to the total content of Ca(OH)2 at 20°C. 
 

system % Ca(OH)2 at 6h  at24h system % Ca(OH)2 at 6h  at24h 

T100i 
from Cem. 2,3 9,4 

T100i+SR1 
from Cem. 1,9 9,5 

from CaO 6,5 7,4 from CaO 5,2 5,6 
 

Six hours after initial mixing, the predominant contribution to Ca(OH)2 formation is provided by hydration 

of the expansive agent, whereas the two contributions are quantitatively similar after 24 hours.  

Addition of the SRA reduces the expansive agent hydration after both 6 hours and 24 hours, while the effect 

on the development of the Ca(OH)2 originating from the cement is significantly lower. 
 

Analysis  
It can be confirmed that the extent of the initial expansive process is maximised when the reactions of the 

cement hydration are kinetically favoured compared to the expansive agent hydration. In the competition 

-65

365 

68

650

360 

-200

-100

0

100

200

300

400

500

600

700

800

0 7 14 21 28 35 42 49 56 63 70 77 84 91

micron/metr o

Time (days)

T 100i+EC 22 T 100i+EC22+SR1 (at the beginning) T 100i+EC 22 +SR1 (at the end) 

-166 

240 

14

410 

182 

-200 

-100 

0

100 

200 

300 

400 

500 

0 7 14 21 28 35 42 49 56 63 70 77 84

Time (days)

T 75 R+EC 22 T 75 R+EC22 +SR1 (at the beginning) T 75 R+EC22 +SR1 (at the end) 

S
h

ri
n

k
a

g
e

/E
x
p

a
n

s
io

n
 m

ic
ro

n
/m

 

S
h

ri
n

k
a

g
e

/E
x
p

a
n

s
io

n
 m

ic
ro

n
/m

 



between hydration processes, temperature and type of admixture used have a key role. The system which 

showed the maximum expansion value was the concrete prepared and cured at 20°C, formulated with the 

less retarding superplasticizer in the presence of SRA. On the contrary, the system which showed the lowest 

restrained expansion was the concrete prepared and cured at T=30°C with the longer workability retention 

admixture (Ctc 39/T75R) and without SRA. This data suggests that among the variables analysed, 

temperature and SRA admixture have the greatest influence on the kinetics of calcium oxide hydration, 

while the type of superplasticizer admixture used predominantly influences cement hydration. This is 

confirmed by concrete setting time values which can be used as indicators of the hardening process 

resulting from hydration of the cement components. Moreover it is possible to note that the variation in 

setting times is more sensitive toward the HWRA type respect to the temperature or respect to the presence 

of the SRA. The data summarised in figures 5 and 6 emphasizes that the reduction of the initial expansion is 

due to 2 factors: 

1.  - The high temperature, which accelerates more the calcium oxide hydration reaction (already very 

rapid) than the cement hydration; 

2.  - The use of HWRA characterized by early delaying action, which has an effect mainly on the cement 

hydration. In this case a large part of the expansive action occurs in plastic concrete, so that the bond 

between the cement past and the steel reinforcement in the hardened concrete is reduced. 

The test results confirm that the main effect of SRA is the delaying of the calcium oxide hydration, (table 

11) in accordance with other authors [2]. The experimental data highlights another interesting aspect: the 

reduction of long-term shrinkage (caused by SRA) is influenced by the type of HWRA. In figures 5 and 6 it 

can be noted that while the shrinkage reduction in systems containing the admixture Ctc 39/T75R is 44% 

and 46% respectively at 20°C and 30°C, in systems containing the admixture Ctc 39/T100i, the shrinkage 

reduction is 41% at 20°C and 27% at 30°C.  

It is of great importance to observe that the shrinkage at T = 30°C is lower in the presence of a very long-

term workability retention admixture (Ctc 39/T75R). This effect at least in part compensates for the lower 

initial expansion which characterizes this system. Anyway at 30°C, the delaying action of SRA on the CaO 

is insufficient to overcome the accelerating effect caused by the temperature, at least at the analysed dosage. 

Introducing the expansive agent late on is much more efficient in these circumstances (T=30°C), as 

concrete performance is optimised in terms of initial expansion, workability maintenance and development 

of initial resistance. 

 

Conclusions 
The performance of calcium oxide-based shrinkage compensating concrete is mainly influenced by 

temperature and by the type of superplasticizer admixture used. When concrete is produced at an 

environmental temperature of approximately 20°C, the combined use of expansive agent and SRA allows 

the initial expansion and the consequent medium and long term drying shrinkage values to be maximised, 

even when transport times are longer. In the presence of a temperature of approximately 30°C, obtaining 

similar levels of performance depends on the transport times required. In actual fact, the use of a very long 

workability retention admixture can lead to a reduction in the initial concrete expansion, which is only 

partially compensated by the drying shrinkage reduction caused by the SRA. In this case, it may be 

necessary to delay the introduction of expansive agent in order to lower the amount which is hydrated 

during transport without any positive contribution to the expansive process at the hardened state. 
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In-Situ Clinkering Study of Belite Sulfoaluminate Clinkers by Synchrotron X-Ray 
Powder Diffraction 
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Departamento de Química Inorgánica, Cristalografía y Mineralogía, University of Malaga, Spain 

 
ABSTRACT. 
Belite sulfoaluminate (BSA) cements have been proposed as environmentally friendly building materials, as their 
production may release up to 35% less CO2 into the atmosphere when compared to ordinary Portland cements. Klein salt, 
or C4A3S, is one of the main phases of BSA clinkers as its hydrating behaviour is responsible of some of their special 
features, for instance rapid hardening. 
 
In this work, we will report several high-resolution high-temperature, up to 1400ºC, synchrotron X-ray powder diffraction 
studies. Firstly, we have studied in-situ the mechanism of formation and stability of pure Klein salt. Secondly, the clinkering 
process to produce BSA clinkers has also been studied. Two types of BSA clinkers were characterized, both containing 50-
60 wt% of C2S and 20-30 wt% of C4A3S, as main phases. However, aluminium-rich BSA clinkers contain C12A7 and CA, as 
additional phases; meanwhile, iron-rich BSA clinkers contain C4AF. 
Furthermore, C2S phase reacts slowly with water, thus, activation of this compound is desirable, in order to enhance 
mechanical strength development. To do so, iron-rich BSA clinkers have been doped with minor elements (B and Na) to 
promote stabilization of α-forms of C2S, which are more reactive with water. 
 
The decarbonated raw materials (for pure Klein salt, clinkers and activated clinkers) were loaded in Pt tubes (40 μm of 
wall and 0.6 mm of diameter) and heated between 1000 ºC and 1400 ºC. A very short synchrotron X-ray wavelength 
(λ=0.30 Å) was used to penetrate the Pt capillaries and to get the patterns for the samples at the desired temperatures with 
good statistics. 
 
The mechanism of formation of pure Klein salt and BSA clinkers has been determined. The high-temperature phases have 
been established and furthermore, Rietveld quantitative phase analyses at high temperature have been performed. The role 
of minor elements will be discussed as there are some changes in the clinkering temperatures and phase assemblages. 
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1. Introduction. 
 
In the last years, Belite SulfoAluminate (BSA) cement research has increased notably (Gartner, 2004) as a 
consequence of some intrinsic advantages such as, reduced energy consumption during manufacturing (Quillin, 
2001) (lower clinkering temperatures and easier to be ground) and low carbon dioxide emissions during 
manufacturing. Taking into account these facts, CO2 emissions may be depleted up to 35%, when compared to 
ordinary Portland cement (OPC) production. BSA cements also contribute to reduce the use of natural resources 
because a variety of industrial waste materials may be used [Adolfsson et al., 2007; Selcuk et al., 2010). 
Furthermore, it also allows depleting NOx emissions during manufacturing (Quillin, 2001).  
The most common formulation of BSA cements is C2S, C4A3S and C4AF (Glasser and Zhang, 2001). These are 
iron-rich BSA cements produced at ~1250ºC and they are characterized by rapid hardening, high resistance to 
sulphate attack, self-stressing and volume stability, depending on the amount of gypsum added (Pera and 
Ambroise, 2004). BSA cements can be classified as belite-rich materials, when containing more than 50 wt% of 
C2S, while OPC are alite-rich cements with more than 60 wt% of C3S (Taylor, 1997). However, the massive 
application of these materials requires overcoming at least one main drawback: the low hydration rate of the 
belite phase, which leads to develop low strengths at early hydration ages (Popescu et al., 2003). To overcome 
this technological problem the stabilization of high temperature belite polymorphs (α-forms) is considered one 
suitable alternative, as they react with water at a higher pace than the β-form [(Li and Gartner, 2006; Morsli et 
al., 2007a,b; Cuberos et al., 2010). Whatever the formulation proposed, some questions about the clinker 
formation process remain open, for instance, the avoidance of the formation of some non-hydraulic phases, such 
as C2AS or C5S2S (Li et al., 2001) at the expense of C4A3S. 
Although, BSA clinkers have been known for several years, the clinkering mechanism is far from well-
established. The main objective of this work is to detail the mechanisms of clinkering of BSA raw materials with 
different mineralogical compositions. The merit of this approach will be to combine high-temperature 
synchrotron X-ray powder diffraction data and the Rietveld method to yield accurate phase analyses with 
temperature. This methodology allows to know the stable phases (and polymorphs) at the studied temperatures 
and also to quantitatively determine the mineralogical compositions. 
 
 
2. Experimental section. 
 
2.1. Samples preparation.  
Raw materials used to prepared samples were calcite (99% Aldrich), γ-Al2O3 (99.997% AlfaAesar), pure 
gypsum, Kaolin (Aldrich) and iron oxide (99.95% AlfaAesar). Appropriated amounts of each raw material were 
mixed in order to obtain i) pure C4A3S, ii) Fe-rich BSA clinkers and iii) Al-rich BSA clinker. Table 1 gives the 
nominal dosages, expressed as oxide for every sample. Fe-rich BSA clinkers have the following theoretical 
mineralogical composition: 50 wt% C2S, 30 wt% of C4A3S and 20 wt% of C4AF. In order to promote 
stabilization of α-forms of C2S 1.0 wt% and 2.0 wt% of B2O3 were added to raw materials, as Na2B4O7·10H2O. 
Hereafter, these clinkers are labelled as Fe_BSA_Bx, where x stands for the amount of B2O3 added. Al-rich 
clinker, Al_BSA, has the following theoretical mineralogical composition: 50 wt% C2S, 30 wt% of C4A3

H

S, 10 
wt% of CA and 10 wt% of C12A7  
 
2.2. Sample preparation for X-ray powder diffraction data acquisition. 
All raw mixtures were preheated at 950ºC for 1 hour in open Pt crucibles, in order to achieve decarbonation. 
These preheated (decarbonated) mixtures were introduced, in house, into Pt (99.95%) capillaries from 
Goodfellow with a diameter of 0.6 mm of diameter and a wall width of 40 μm. 
 
2.3. High temperature synchrotron X-ray powder diffraction data acquisition and analysis. 
Synchrotron X-ray powder diffraction (SXRPD) patterns have been collected on ID31 diffractometer in Debye-
Scherrer (transmission) configuration of ESRF, European Synchrotron Radiation Facility, (Grenoble, France) 
using a wavelength λ=0.29980(3) Å (41.34 keV) with the experimental set up described in De la Torre et al., 
2007. 
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Table 1. Dosages used to obtain pure calcium sulfoaluminate and BSA clinkers, expressed as oxide in weigh 
percent, excluding CO2 and H2O.  

 CaO SiO2 Al2O3 Fe2O3 SO3 Na2O B2O3 
Pure-C4A3S 36.8 - 50.1 - 13.1 - - 
Fe_BSA_B0 52.7 17.5 19.2 6.6 4.0 0.0 0.0 
Fe_BSA_B1 52.0 17.2 18.9 6.5 3.9 0.5 1.0 
Fe_BSA_B2 51.3 17.0 18.6 6.4 3.8 0.9 2.0 

Al_BSA 52.0 17.4 26.6 - 3.9   
 
 
3. Results and discussion. 
 
3.1. In-situ C4A3S formation. 
Stoichiometric raw materials, to yield pure C4A3S, were loaded within a Pt capillary and heated. The 
corresponding powder patterns, at selected temperatures, were collected and analysed. Figure 1 shows a selected 
range of the raw data at all temperatures. Rietveld quantitative phase analyses were carried out for all the 
patterns. Table 2 gives Rietveld quantitative phase analysis results. 
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Figure 1. 3D-view of a selected range of the SXRPD raw patterns for pure-C4A3S collected on heating from 920ºC to 

1445ºC, with main peaks due to a given phase labelled. 
 
Elemental compositions at each temperature, expressed as oxides, have been derived from data given in Table 2, 
and represented in Figure 2. It has to be borne in mind that Rietveld methodology quantifies the crystalline 
phases. Point x (red) in Figure 2 stands for the initial nominal composition (Table 1). At the first measured 
temperature, i.e. 920ºC, a large amount of phases coming from the decomposition of the raw materials, such as 
free lime (red star, in Figure 1) and anhydrite (light pink rhombus, in Figure 1), coexists with minor amounts of 
CA and C4A3S. Elemental composition derived from this data is represented as point 1 in Figure 2. Therefore, it 
has to be inferred that, at this temperature, a bad-crystallized or amorphous phase enriched in Al2O3 coexists 
with crystalline phases. At 1060ºC, free lime is decreasing due to its reaction with Al2O3-rich amorphous phase 
to form the transitional phases, CA (green up-triangle, in Figure 1) and C12A7 (pink square, in Figure 1), path 
from point 1 to point 2, Figure 2. Solid state formation of C4A3S is not easy due to the decomposition of CS at 
high temperature (Song and Young, 2002). From 1140ºC (point 3) up to 1365ºC (point 4), the amount of C4A3S 
is increasing (see Figure 1) and still coexists with small amounts of CA, C3A (black down-triangle, in Figure 1) 
and C12A7. These are transitory phases and they react with sulphate-bearing phases to form C4A3S. According to 
Song and Young (2002) calcium sulfoaluminate may be formed at 1300ºC. 

  



As the Pt capillary if fully bathed by the X-ray beam, the absolute (integrated) intensities give useful 
information. So, the maximum amount of C4A3S is observed at 1365ºC (point 3 in Figure 2, corresponding to the 
powder pattern given in Figure 1). Above 1365ºC, Figure 1 clearly shows that the absolute intensities of C4A3S 
diffraction peaks decrease. Thus, the overall amount of crystalline C4A3S decreases at 1400ºC and it is strongly 
reduced at 1445ºC. However, a diffraction experiment can not distinguish between decomposition and melting of 
a given phase. This observation is in agreement with a report by Puertas et al. (1995) that stated that C4A3S 
decomposes to yield C12A7 and SO3 above approximately 1300ºC after several hours of thermal treatment. 
 
Table 2. Rietveld quantitative phase analysis results, in wt%, for a raw material mixture prepared to yield stoichiometric 
C4A3S, from 920ºC to 1445ºC on heating. Agreement factors are also given. 

T/ºC C CS CA C3A C12A7 C4A3S RWP /% 
920 35.3(2) 40.3(3) 19.0(8) - - 5.4(4) 4.2 

1060 22.5(2) 24.5(4) 20.9(7) - 12.2(4) 20.0(4) 4.5 
1140 12.8(2) 1.7(4) 18.7(7) - 9.2(5) 57.7(3) 4.7 
1210 10.3(2) - 12.4(7) - 2.4(3) 75.0(1) 4.7 
1275 9.6(2) - 9.2(5) - 3.2(3) 78.0(3) 4.4 
1365 6.4(2) - - 6.5(2) 3.6(3) 83.6(2) 4.4 
1400 - - - 6.2(4) 4.2(5) 89.7(2) 4.2 
1445 - - - - - 100(-) 3.7 
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Figure 2. Schematic path of formation of pure-C4A3S (point x), where points stand for elemental composition derived from 

Rietveld results at (1) 920ºC, (2) 1060ºC, (3) 1140ºC, (4) 1275ºC and (5) 1400ºC. 
 
3.2. In-situ Fe-rich BSA clinker formation. 
 
BSA clinker formation for four different raw mixtures (Table 1) has been studied. RQPA has been performed for 
all compositions and selected temperatures. As representative examples, Figure 3 shows Rietveld plots for 
selected temperatures of Fe_BSA_Bx serie, including direct RQPA. The study on heating for iron-rich BSA 
clinkers will be discussed in detail. 
Figure 3a shows a Rietveld plot for Fe_BSA_B0 composition at 1070ºC as an example of phase assemblage at 
low temperature. Some phases directly arising from decomposition of the raw materials still remain at these 
temperatures, i.e. free lime (red star), anhydrite (light pink rhombus) and β-SiO2 (turquoise triangle). At this 
temperature α'H-C2S (yellow arrow) and C4A3S (blue circle) are appearing. As temperature increases free lime, 
anhydrite and β-SiO2 contents are decreasing due to their reactions to form C2S and C4A3S. It is noticeable that 
in these experimental conditions the undesirable C2AS or C5S2S phases have not been detected at any 
temperature, as it must be highlighted that these phases are non-hydraulic. This behaviour is common to the four 
compositions at low temperatures. Figure 3b shows Rietveld plots for Fe_BSA_B1 at 1215ºC, as an example of 
temperature where phase assemblage determined by Rietveld method is in good agreement with the expected 
theoretical compositions. For Fe_BSA_B0, this temperature is 1270 ºC, for Fe_BSA_B2 is 1160ºC and for Al-
BSA is 1265ºC. So, clinkering temperatures have been determined and it is proved that the addition of boron and 
sodium to raw materials decreases the maximum temperature needed to obtain the expected phase assemblage. 
Above these temperatures some phases start to melt, i.e. all aluminium rich phases, so the amount of these 
phases present at these temperatures are the maximum value of expected liquid phase. 

  



Phase wt% 

C 19.9(2) 
b-S 24.0(5) 
CS 3.1(3) 

α´H-C2S 40.2(6) 
C4A3S 12.8(3) 

 

Phase wt% 

α-C2S 13.9(6) 
α´H-C2S 35.1(9) 
C4A3S 28.0(5) 
C4AF 22.8(8) 

 

Scaling: 5.6º (x2.0)

Phase wt% 

α-C2S 59.5(9) 

C4A3S 40.5(5) 
 

(a)

(b)

(c)

Figure 3. SXRPD Rietveld plots for (a) Fe_BSA_B0 at 1070 
ºC, (b) Fe_BSA_B1 at 1215 ºC and (c) Fe_BSA_B2 at 1295 
ºC, with main peaks due a given phase labelled. 
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Figure 4. Phase evolution with temperature 
for (a) Fe_BSA_B0, (b) Fe_BSA_B1, (c) 
Fe_BSA_B2 and (d) Al_BSA. 

 
Another relevant result is that the melting temperature of aluminium-rich phases also decreases as the amount of 
borax increases. Quantitative phase analysis results obtained from Rietveld analysis of patterns at higher 
temperatures have to be renormalized, as there is a liquid phase (melting) appearing. Figure 3c shows 
Fe_BSA_B2 at 1295ºC where C4AF is fully melted. The amount of liquid phase (melting) was indirectly inferred 
from the maximum values for crystalline C4A3S and C4AF obtained on heating. Consequently, for Fe_BSA_B2 
at 1295ºC, the normalized analysis was 47.6 wt% of α-C2S, 32.4 wt% of C4A3S and 20.0 wt% of melting. 

  



Figures 4 show normalized Rietveld results including derived liquid phase for Fe_BSA_Bx and Al-BSA 
clinkers. It has to be highlighted that the appearance of liquid phase, i.e. melting of C4AF or C12A7 promotes the 
diminution of the amount of crystalline C4A3S, likely due to its dissolution in the melting, but it may be also due 
to its partial decomposition. However, crystalline phases as a result of decomposition were not detected at that 
temperature, mainly due to its melting. 
The most outstanding result included in Figure 4 is the diminution of α'H-C2S → α-C2S polymorphic 
transformation temperature. α-C2S appears above 1360ºC for Fe_BSA_B0, while 9.4(7) wt% of this phase is 
quantified at 1070ºC for Fe_BSA_B1 and 6.8(6) wt% at 980ºC in Fe_BSA_B2, and in both it is coexisting with 
α'H-C2S. On the other hand, it has to be also highlighted that in Al-rich composition, α'H-C2S → α-C2S 
polymorphic does not occurred in the temperature range studied, i.e. it will take place above 1370ºC, similar to 
that of Fe_BSA_B0. 
 
3.3. Fe-rich BSA clinker obtained in-situ. 
For all the iron-rich compositions a final pattern at room temperature was collected. The Pt capillaries with 
clinker inside were quenched from high temperature to room temperature by turning off the halogen lamps. 
Powder patterns have a large noise/signal ratio, consequently RQPA were not performed. However, some 
interesting results can be drawn from the inspection of the patterns. Figure 5 show a selected range of the room 
temperature powder patterns. Fe_BSA_B0 was quenched from 1425ºC and Fe_BSA_B2 from 1390ºC, and both 
materials at those temperatures presented α-C2S as a single well-crystallized phase, i.e. C4A3S and C4AF were 
melted. On the other hand, Fe_BSA_B1 was quenched from 1375ºC, where only C4AF was completely melted.  
So, it can be concluded that C4A3S does not re-crystallize from the melting as it is only present in Fe_BSA_B1, 
Figure 5, at least in the studied experimental conditions. With these and previous results, it can be concluded that 
C4A3S dissolves in melting phase and decomposes at high temperature. However, we have not observed 
crystalline decomposition products, such as CA or CS (crosses in Figure 5), mainly due to the quenching, as they 
may be present very small particle size and/or as amorphous phases. 
At 1310ºC, C12A7/CA ratio is 3, corresponding to an eutectic point in the binary system at approximately 1390ºC 
(Chatterjee and Zhmoidin, 1972). In our quaternary system, the melted phase appears at a lower temperature, as 
expected. At 1350ºC, C3A, CA and C12A7 are completely melted. It is noticeable that C4A3S, in this composition, 
is dissolved at a lower pace than in Fe-rich compositions.  
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Figure 5. Room temperature SXRPD patterns for iron-rich BSA clinkers after quenching 

  



  

3. Conclusions. 
The high temperature formation mechanism of stoichiometric C4A3S has been determined in situ by ultra-high 
resolution synchrotron powder diffraction. It have been probed that CA, C12A7 and C3A are transitory phases in 
our experimental conditions. Furthermore, it has been firmly established that C4A3S starts to melt/decompose in 
the temperature range 1365-1400 ºC. 
On the other hand, clinkering reactions of belite sulfoaluminate clinkers have been also studied in situ. Several 
reactions have been followed including α'H-C2S → α-C2S polymorphic transformation and melting of the 
aluminate phases. Both temperatures decrease as the amount of B2O3 and Na2O increases. The temperature of 
melting/decomposition of C4A3S is also affected by the amount of minor elements and by the 
elemental/mineralogical composition of the clinkers. Thus, in Al-rich clinker the decomposition of this phase 
takes place at a lower rate than in Fe-rich clinkers. C4A3S decomposition is promoted by the apparition of liquid 
phase.  
The use of common raw materials to produce these type of clinkers is a step forward. It is being performed 
nowadays and it will be published elsewhere. 
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Abstract 
The period from the mixing of concrete constituents to 24h later is a crucial step for the future performance of 
the concrete, which justifies its detailed study from different perspectives. One present trend is based in the use 
of non destructive techniques, as the ultrasonic pulses, either as the impulse-echo method or the flight time of 
sound wave, from cement mixing with water. Regarding resistivity, it has been used some decades ago for the 
identification of the setting time and the conductivity has been used for the study of the pore solution chemistry. 
In this study is presented the joint analysis of both ND techniques applied to an ordinary Portland cement. In the 
case of the sonic pulse, the technique of velocity or flight time has been used. The results show the suitability of 
the sonic flight time to monitor the dynamic modulus of the material and through the resistivity, the formation of 
the pore network and in consequence of the mechanical strength. Then both techniques jointly analyzed are 
promising for the prediction to longer terms of the strength, porosity and likely of other hydration events.   
 
Originality 
The simultaneous use of resistivity and ultrasonic pulses. There are very few data. It is original their comparison 
to the advance of hydration and not only to the setting. 
 
Chief contributions 
The possibility to predict long term strength and durability from very early NDT results. 
 
 
Keywords: electrical resistivity, ultrasonic waves, setting time and hydration 
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1. Introduction 
 
Concrete setting time is a crucial parameter in the construction process and for concrete quality 
control. When the setting time is known, the times of mixing, transporting, casting and finishing can 
be regulated and the effectiveness of set-controlling admixtures can be decided [1]. They are several 
methods to estimate these properties: determination of initial and final setting of cement paste by 
Vicat-needle test (UNE-EN 196-3), consistence measurements by slump test (UNE-EN 12350-5), 
compaction test (UNE-EN 12350-4) or workability. However, all of these methods are of destructive 
character and they do not serve for monitoring of the setting and hardening process.  Thus, Pessiki and 
Carino [2] used the impact-echo method to compare the measured wave velocity with the measured 
penetration resistance of Vicat needle. This method, however, may not be practical for fresh concrete 
because in this state it is in a viscous suspension and thus, may be inadequate to impact on it. An 
alternative method for determining the setting behaviour of concrete is the use of ultrasonic waves. 
Keating et al. [3-4] observed that the velocity of longitudinal ultrasonic wave in cement slurries 
exhibited three regimens as time elapses after mixing: a constant regime, a rapidly increasing regime 
and a much slowly increasing. Similar patterns of evolution of longitudinal ultrasonic wave pulse 
velocity in mortar and concrete have observed by many other researchers [5-8]. 
 
On other hand, setting has been monitored by means of the electrical resistivity changes and by the 
determination of the dielectric constant [9-11]. This measurement was based on the assumption that in 
a system undergoing an increase in solid phases, the resistivity will increase and the dielectric constant 
will reflect the progressive disappearance of evaporable water [12]. Moreover, they can be operated in 
situ. 
 
In this paper, resistivity and ultrasonic wave velocity measurements were done during setting and 
hardening of fresh mortars with different water/cement (w/c) ratios in order to identify the sensitivity 
of the techniques to the variation in w/c ratio. Several periods can be identified after cement mixing 
with water. Mechanical strength and mercury intrusion porosimetry tests were also performed, in order 
to study their some correlation to the NDT applied.  
 

2. Experimental 
 

2.1. Specimen’s description 
 
Mortars were prepared according to the European standard (EN-UNE 196-1) with an ordinary 
Portland cement, siliceous sand and demineralised water. The water to cement ratio (w/c) were 0.45, 
0.5 and 0.65 and the same sand/cement ratio of 3 (see Table 1) was used. The specimens were cured in 
a chamber with RH>95% and 20ºC±2cduring all the testing time. Specimens of 8x8x25 cm in size 
were fabricated for resistivity and ultrasonic tests, and standard specimens of 4x4x16 cm were also 
prepared to perform mercury intrusion porosimetry, MIP and compressive strength.  
 

Table 1. Mix Proportions 
Mix name Cement Type Water/cement ratio Sand/cement ratio 
M_0.45 

CEM I/42.5R 
0.45 

3 M_0.5 0.5 
M_0.65 0.65 

 
2.2. Test methods 

 
2.2.1. Mercury intrusion porosimetry (MIP) 

 
Porosity and pore size distribution were measured by mercury intrusion porosimetry carried out with a 
Micromeritics Poresizer 9310. The specimens were removed from the curing chamber at 1, 3, 7 and 28 



 3

days and their hydration was arrested by introducing them in acetone. The samples of approximately 
1x1x1 cm3 were immersed in acetone for 7 days, and then placed in a vacuum desiccator held at a 
vacuum of 1x10-2 mBar for 3 days to remove the acetone [13]. 

 
2.2.2. Electrical resistivity method 

 
The electrical resistivity was measurement using the four-electrode method [14] by means of a 
commercially available resistivity meter, CNS FARNELL (Figure 1a). During testing, alternating 
electrical current passes between the two outer electrodes while the voltage drop between the two 
inner electrodes is measured. The apparent electrical resistivity determined by the equipment is 
obtained from equation 1. 
 

· · ·                     [1] 
 
where ρap is the electrical resistivity (Ω.m), a the electrode spacing (m), V the voltage drop (V) and I 
the current (A).  To calculate the absolute electrical resistivity (ρ) it is necessary to know a cell 
constant correlation,χ that can be defined such that (Eq. 2), 
 

                                                    [2] 
 
χ is a function of four electrode distance, a and the geometry of the concrete body tested.  
 

 
a. b. 

Figure 1. a) Electrical resistivity measurements; b) ultrasonic wave velocity measurements 
 

2.2.3. Flexural and compressive mechanical strength 
 
To evaluate hardening properties of the mortars, flexural and compressive mechanical strength tests 
were conducted according UNE-EN 196-1. 
 

2.2.4. Ultrasonic Test 
 

Through transmission ultrasonic pulse velocities were measured by a commercially available pulse 
meter with associated transducer pairs. The frequency of the pulse was determined by the selection of 
the transducers. Two pairs of transducers were used with the nominal frequency of 500 and 50 kHz 
respectively. The pulse meter PUNDIT PLUS measures the time for a pulse to traverse a specimen in 
known length. It initiates an internal clock when the sending transducer is shocked; this is disabled 
when the first disturbance is felt by the receiving transducer. The time in microseconds is displayed on 
a digital read-out and the pulse velocity can then be calculated with equation 3. 
 

                                                                          [3] 
where L is the length of the straight wave path though the specimen and tp is the travel time of the 
ultrasonic pulse through L. 
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3. Results 
 

3.1. Mechanical properties 
 

The changes with hydration time of flexural and compressive mechanical strength of mortars are 
shown in Figure 2. Each value represents the average of three measurements. After the flexural 
strength of specimens was determined, the compressive strength measurement was carried out on the 
two halves of each specimen according to the standard UNE EN 196-1. As seen in Figure 2, the main 
differences among the three mortars occurred from 10 to 28 first days, where the strength values for 
the mortar M_0.45 and M_0.5 are 2 MPa more those of the M_0.65. As it was expected, the strength 
values decrease with increasing the w/c ratio.  
 

Figure 2. Flexural and compressive strength evolution as a function of the hydration time 
 

3.2. Porosity and pore size distribution analysis 
 
The pore size distribution curves of mortar specimens with w/c ratios of 0.5 and 0.65 at 1, 3, 7 and 28 
days are presented in Figure 3a. The specimen having 0.4 w/c ratio was damaged during MIP testing 
and therefore its data cannot be given. As shown by the MIP figures, the majority of pores had a 
diameter between 3 and 0.1μm for all mortars at 1 and 3 days. In addition, the total porosity for both 
specimens was around 44% for the first day and around 42 and 36% for M-0.65 and M-0.5, 
respectively, for the third day. The main change after 24h as a result of hydration was noticed in 
threshold pore which evolved from values of diameter > 1μm, to values between 1-0.1μm. The pore 
size distribution for both specimens at 28 days was very similar but not the total porosity, whose 
values increase with increasing the w/c ratio (Figure 3b).  
 

 

a. b. 
Figure 3. MIP results at 1, 3, 7 and 28 days. a) Evolution with hydration time of pore size distribution curves; 

 b) Total porosity development wit time for mortar samples  
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3.3. Electrical resistivity 
 
The cell constant correlation value was determined experimentally only for M_0.5 mortar. For this 
case, direct method was performed using electrodes in the two parallel faces following (UNE 83988-1) 
and the four electrode method. The results show that cell constant χ is 2.8 (for specimens of 8x8x25 
and electrode spacing of 5 cm) and is independent of the specimen age. The electrical resistivity 
curves with time from just after mixing are depicted by Figure 4. The three curves have similar trends, 
exhibiting a sharp increase that starts at around 10 hours for the lower w/c ratio specimen and at 24 
hours in the specimen with highest w/c ratio. During all the testing time until the final values, the 
resistivity is higher as the w/c ratio is smaller, making very clear the differences in the water content.   
 

3.4. Ultrasonic waves 
 
The results are also plotted in Figure 4. In the period of the first 2 hours, relatively low values of the 
UPV were found for all the specimens. These values were smaller than the velocity of the sound in 
water (1430 m/s). Similar results were found by [6, 15] for concrete and mortar with similar w/c ratios. 
From 2-10 to 30 hours, a rapid increase of UPV was registered which also clearly differentiates the 
three w/w ratios. After this time, the UPV values almost stabilize with clear differences between the 
three specimens which show slower values of the UPV for the higher w/c ratio. 
 

4. Discussions 
 

4.1. Analysis of evolution of UPV and electrical resistivity 
 

In figure 4 is also shown by the vertical discontinuous lines the three periods identified in the 
evolution with time of UPV and electrical resistivity. A first period (Period I) can be considered from 
the start of mixing until 4-6 hours in which the initial setting by Vicat needle would have been started. 
That means that, although the solid hydrated phases can have been started to be formed, their 
percolation degree seems to be still no significant and the percolation of the liquid phase very 
dominant. This is noticed by the electrical resistivity being very low due to the releasing of ions (Ca+2, 
SO4

=, OH-, Na+ and K+) from the dissolution of anhydrous cement phases. The progressive increase in 
concentration of the ions induces high pH values and then, of high conductivity of the suspension. 
With respect to the Ultrasonic waves in this first period, they propagate through the viscous 
suspension like in water and then also the velocity detected is relatively low. The period can be said to 
finish when both parameters evidence a significant increase.  
 
In the period II, called setting period [16-18], the water-saturated porous solid structure becomes to be 
more and more connected, as newly formed hydration products nucleates and the pore space is 
progressively reduced. These events are noticed by the ultrasonic waves by a dramatic slowering of 
their velocity and the starting of an increase in the resistivity value.  The period has been considered to 
last until the increase of UPV slower down to reach stable values. However, the resistivity increase is 
only starting indicating that most of the pores are still percolated. 
 
The third period is the hardening in which the hydration progresses by depercolating the pore network 
indicated, by that the resistivity increases dramatically. In this period  UPV is almost constant [19] and 
the resistivity after the sharp increase, slows down to show lower rate of increase but continuing the 
progression beyond the final testing time of 1000 hours. 
 
The different time at which the increase in values is noticed indicates that the percolation of the solid 
phases, detected by the UPV, is produced at a different time than the depercolation of the pore 
network (detected by the increase in resistivity). Also it can be deduced from the slowdown of the 
increases that both processes do not progress in the same manner as the UPV almost reaches a 
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constant value indicating that the modulus of elasticity (and then likely of the density is stabilizing) 
while the pore network continues its loosing of connection after the 1000 hours of testing. This last 
deduction agrees with the results of the evolution of permeability [19-20] that also decreases 
significantly with hydration time.  

 
Figure 4. Comparison of ultrasonic velocity and electrical resistivity to identified the different  

Periods in the hydration cement process. 
 

4.2. The relationship of UPV and electrical resistivity to the compressive strength  
 
The relation of compressive strength and the electrical resistivity is plotted in Figure 5a where it is 
possible to identify a linear trend between both and is independent of the time. For the three mortars, 
the slope is the same but the y-intercept decrease with increasing the w/c ratio. The relation to the 
UPV is shown in Figure 5b. 

 
a. b.  

Figure 5. The relationship of a) the electrical resistivity and compressive strength b) Ultrasonic velocity and 
compressive strength for mortar samples 
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5. Conclusions  
 
From the results obtained it can be drawn up the following: 
 

• The NDT used were able to clearly distinguish by comparison the different w/c used in the 
mortars. 

• Three periods in the setting and hardening can be identified from their evolution: initiation, 
setting and hardening.  

• They behave different in these periods as it seems that the UPV is more sensitive to the 
formation and percolation of solid phases while the resistivity seems to notice the formation of 
pore network and its progressive depercolation. 

• The correlation of the electrical resistivity to the compressive strength exhibits a linear trend 
while that of the UPV no relationship is found.  
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ABSTRACT. 
Belite calcium sulfoaluminate (BCSA) cements are an alternative to deplete up to 35% CO2 emissions, comparing to 
the Ordinary Portland Cements (OPCs) production process. However, hydration reactivity of belite phase is slow 
which leads to low mechanical strengths at medium ages. 
In this work, we will present some details about the hydrating behaviour of BCSA cements. We have prepared BCSA 
clinkers with nominal mineralogical composition of C2S (50 wt%), C4A3S (30 wt%) and C4AF (20 wt%). In order to 
enhance their hydraulic reactivity, these clinkers have been doped with borax (0.0, 1.0 and 2.0 wt% expressed as 
B2O3) to promote stabilization of -forms of C2S which were expected to be more reactive. The Rietveld quantitative 
phase analyses indicate that BCSA clinker without borax has all belite as -polymorph; the clinker with 1 wt% 
borax has 47% as  and 53% as , and finally, the clinker with 2 wt% borax has all belite as -polymorph. These 
clinkers have been mixed with gypsum to prepare cement pastes for the hydration study. 
We report calorimetric data for all the cements with a w/c ratio of 0.5 and up to 6 days. The total heat evolved 
during early age hydration is useful information to have insights about the performances of the cements and to 
decide the optimum amount of gypsum to be added. These data are supported by an optical and environmental 
scanning electron microscopy (OM and E-SEM) study. We will correlate the morphology and amount of hydrated 
phases with specific signals in the calorimetric curves. 
Moreover, we will present Rietveld quantitative phase analyses of pastes hydrated during 1, 3 and 6 months to 
better characterize the hydraulic behaviour of these cements at later ages. 
 
Originality 
The hydrating behaviour of laboratory activated belite calcium sulfoaluminate cements is studied in detail, 
combining calorimetric studies, optical and environmental scanning electron microscopy. The later age hydration is 
followed by X-ray powder diffraction. So far, BCSA cements have been studied but the merit of this approach is to 
differentiate the hydrating behaviour between different degrees of activation with state-of-the-art analytical tools. 
 
Chief contributions 
We will correlate heat evolved during hydration of BCSA cements with morphology and amount of hydrated phases. 
The main goal of this study will be the demonstration of -forms of C2S being more reactive than -C2S by Rietveld 
quantitative phase analysis of the cement pastes. This behaviour has been previously proposed but not directly 
demonstrated. 
 
Keywords: Sulfobelite cements, -C2S, hydration, Rietveld quantitative phase analysis. 
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1. Introduction 
 
The key component of common concrete is ordinary Portland cement (OPC). However, for one ton of 
OPC produced ~0.97 tons of CO2 are released into atmosphere: 0.54 tons of CO2 from decomposition of 
calcite in the kilns, and on average, 0.34 and 0.09 tons of CO2 from the burning of the fuel and electricity 
for the milling, respectively. OPC production accounts for 6% of anthropogenic CO2 emissions (Damtoft, 
2008, Gartner, 2004). Belite calcium sulfoaluminate (BCSA) cements are considered as environmentally 
friendly cementitious materials due to the depletion of CO2 emissions on their manufacture production, 
i.e. part of the calcium carbonate is replaced by calcium sulfate in order to obtain Klein’s compound or 
ye’elimite, achieving a reduction of ~0.19 tons of CO2 per ton of BCSA produced. In addition, these 
materials require lower operating temperature of the kilns, ~1250ºC and they are easily ground due to 
their higher porosity (Quillin, 2001). These two facts may cause a reduction of 0.04 and 0.02 tons of CO2 
per ton of BCSA produced, respectively. Therefore, up to 35% CO2 emission reduction (depending on the 
composition) can be attained when comparing BCSA to OPC cement production. BCSA cements have 
been already developed in China containing ye’elimite (C4A3S), belite (C2S) and ferrite (C4AF) (Glasser 
and Zhang, 2001; Adolfsson et al., 2007). Hereafter, cement nomenclature will be used: C=CaO, S=SiO2, 
A=Al2O3, F=Fe2O3, S=SO3 and H=H2O. Cements made from BCSA clinkers generally give high 
mechanical strengths at early ages (one or two days after hydration) due to the high reactivity of C4A3S, 
which shortens the dormant period (Winnefeld & Barlag, 2009). However, C2S hydration is slow and this 
is the main phase. 
 
On the other hand, it has been shown that certain minor elements enhance C2S reactivity by stabilizing 
high temperature -forms of belite at room temperature (Morsli et al., 2007a,b; Cuberos et al., 2010). 
Recently, active BCSA cements have been patented by Lafarge (Li and Gartner, 2006) with ~30 wt% of 
Klein’s compound which developed mechanical strengths comparable to those of OPC, likely due to the 
-forms stabilization by the addition of minor elements, f.i. boron. Furthermore, these iron-rich BCSA 
cements have some other properties such as rapid hardening, good durability, self-stressing and volume 
stability, depending on the amount of gypsum added (Pera, 2004). 
The main aim of this study is to quantitatively demonstrate that -forms of C2S hydrate much faster than 
the -C2S polymorph. The hydration processes of BCSA cements, mixed with ZnO as standard, have 
been studied by Laboratory X-Ray Powder Diffraction [LXRPD], Rietveld methodology and chemical 
constraints. Calorimetric and electron microscopic studies will be also reported and discussed.  
 
2. Experimental section 
 
2.1. Clinkering 
Three clinkers were prepared by mixing appropriated amounts of Kaolin (Aldrich), -Al2O3 (99.997% 
AlfaAesar), calcium carbonate (99.95-100.05% AlfaAesar), Fe2O3 (99.945% AlfaAesar), pure gypsum 
and Na2B4O7·10H2O (Aldrich). Table 1 shows elemental composition of the raw mixtures, excluding CO2 
and water, it also includes the clinker nomenclature used in this work. The three clinkers have the 
following theoretical phase content: 50 wt% of C2S, 30 wt% of C4A3S and 20 wt% of C4AF. The 
clinkering procedure was carried out as reported by Cuberos et al. (2010). 

Table 1: Nominal elemental composition of raw mixtures (expressed as oxides in wt%) of BCSA 
clinkers, excluding H2O and CO2. 

 CaO SiO2 Al2O3 Fe2O3 SO3 B2O3 Na2O 
Fe_BCSA_B0 52.7 17.5 19.2 6.6 4.0 0.0 0.0 
Fe_BCSA_B1 52.0 17.2 18.9 6.5 3.9 1.0 0.5 
Fe_BCSA_B2 51.3 17.0 18.6 6.4 3.8 2.0 0.9 



2.2. Cement preparation and hydration 
Cements were prepared by mixing the laboratory prepared clinkers with 10 wt% of pure gypsum. All the 
cements were milled to Blaine fineness between 400 and 550 m2/kg. The three cements were mixed with 
25.0 wt% of ZnO (Panreac 99.95-100.05%) which was used as an internal standard for the powder 
diffraction study. These mixtures, cement and standard, were hydrated with water in w/c ratio of 0.5, 
placed over a plastic sample holder cover with kapton foils and stored during one/three/six month(s) 
within a climate chamber under 100% of humidity. After the given time, LXRPD of the ground hydrated 
pastes were collected, without stopping the hydrating reactions. 
 
2.3. X-Ray Powder diffraction data collection and analysis 
LXRPD data were recorded on an X'Pert MPD PRO diffractometer (PANalytical) using strictly 
monochromatic CuKα1 radiation (λ=1.54059Å) [Ge (111) primary monochromator] and and X'Celerator 
detector. Data for each sample, which contained the internal standard, were collected from 10º to 70° (2θ) 
during 2 hours. The samples were rotated during data collection at 16 rpm in order to enhance particle 
statistics. All the patterns of anhydrous clinkers were analysed by the Rietveld method by using X’Pert 
Highscore Plus software from PANalytical B.V., version 2.2d and hydrated mixtures of cements were 
analyzed as implemented in the GSAS software package (Larson and Von Dreele, 1994). 
 
2.4. Isothermal calorimetric study 
The isothermal calorimetric study was performed in an eight channel home-made instrument (Halle 
University) using glass ampoules. Pastes were prepared with w/c ratio of 0.5, and the heat flow was 
collected up to 144 h at 20ºC. The studied pastes for the calorimetric study did not contain ZnO. 
 
2.5. Cryo Scanning Electron Microcopy (cryo-SEM) 
Pieces of cement pastes were measured using a LEO 1530 VP Gemini microscope coupled with an energy 
dispersive X-ray (EDX) analyzer. Pastes are cryogenized by liquid nitrogen (-190ºC) and kept at that 
temperature during imaging. 
 
3. Results and discussion 
 
3.1. Laboratory Clinkers 
Table 2 shows Rietveld quantitative phase analysis (RQPA) for the three clinkers, including derived 
amorphous (non-diffracting) contents calculated by adding ZnO as an internal standard (De la Torre et al., 
2001). Free lime was not observed revealing that the clinkering process is finished at 1300ºC, which is 
150ºC lower than that used for fabrication of ordinary Portland clinkers. The percentages of main phases 
(C2S and C4A3S) are quite close to the targeted values, 50 and 30 wt%, respectively. Furthermore, the 
activation has been achieved by adding B and Na, as different amounts of ´H-C2S have been stabilized in 
Fe_BCSA_B1 and Fe_BCSA_B2. 
 
Two mechanisms are known for the chemical activation of low-reacting phase(s): firstly, the stabilization 
at room temperature of high temperature polymorph(s). This is proved by the data reported in Table 2. 
Secondly, chemical doping within a given phase, leading to larger unit cell volumes, may also increase 
the reactivity for a given polymorph. This has been studied, and proved to take place, in the borax 
activation of belite sulfoaluminate clinkers. The refined unit cell value of ´H-C2S in Fe_BCSA_B2 was 
354.7 Å3 which is much bigger than the reported value for the stoichiometric phase, 347.5 Å3. However, 
the unit cell volume of ´H-C2S in Fe_BCSA_B1, 346.7 Å3, is very similar to that previously given. 
On the other hand, increasing amounts of activators (B and Na) have promoted the formation of 
amorphous/non-diffracting phases, as expected, see Table 2, due to their influence on melting 



temperatures and viscosity of melted phase(s). Moreover, the percentage of crystalline C4AF decreases as 
the amount of activators increases. Thus, it can be speculated that these amorphous phases are Al-Fe rich. 
In addition to that, the possible incorporation of the activators within this phase may be indirectly 
estimated from the evolution of the unit cell volumes of this phase for the three compositions. The 
measured unit cell volumes are 429.3(1), 433.2(1) and 434.0(1) Å3 for Fe_BCSA_B0, Fe_BCSA_B1 and 
Fe_BCSA_B2, respectively. The small, but measurable, unit cell volume increase indicates doping of the 
activators. However, a detailed study is needed to establish the effect of B and Na in the crystal structure 
of C4AF within this type of clinkers. 

Table 2: Quantitative phase analysis results (wt%) for the clinkers obtained at 1300ºC for 15 min 
determined by Rietveld methodology, including amorphous/non-diffracting contents.  

Phases Fe_BCSA_B0 Fe_BCSA_B1 Fe_BCSA_B2 
´H-C2S - 26.6(4) 46.9(4) 
-C2S 52.5(3) 22.9(4) - 
C4A3S 28.0(2) 29.6(2) 29.2(2) 
C4AF 17.8(2) 14.3(2) 11.1(2) 
C3A 1.6(1) - - 

Amorphous ~0.0 ~6.7 ~12.8 
 
3.2. Cement pastes 
Quantitative phase analysis of the cement pastes evolution makes sense only if the water contents are 
appropriated. This initial check is necessary as the ratio surface/volume of the pastes for powder 
diffraction experiment is high and it may lead to a drying effect which it would slow down/stop the 
hydration reactions (in this particular experimental setting). Therefore, the water contents after each 
hydration time were checked before collecting the powder diffraction data. In order to do so, a portion of 
every cement paste was heated up to 800ºC in a furnace, and the weight loss measured. Table 3 reports 
water losses after one, three and six months of hydration. Obtained values approximately match the 
amount of water initially added, 33.3 wt%, this number does not take into account the ZnO addition. 
Thus, ‘drying effect’ can be ruled out in the experimental conditions described in the previous section.  

Table 3: Total water loss (wt% up to 800ºC) after each time of hydration. Free water content (wt%) calculated using 
Rietveld data and stoichiometric reactions. Degree of reaction, , for overall belite phases (see text).  

 Total water loss (wt%) Free water (wt%) Degree of reaction, , of 
overall belite phases (%) 

 B0 B1 B2 B0 B1 B2 B0 B1 B2 
t0 - - - 34.3 34.7 34.7    

t1month 38.6 39.2 39.2 10.2 9.5 6.0 21.7 36.9 49.1 
t3months 34.4 35.4 36.5 6.5 7.2 5.0 48.1 52.3 61.9 
t6months 36.0 37.4 39.1 6.0 6.6 4.1 55.3 55.4 70.1 

 
Once water content was confirmed to be acceptably constant, cement powder patterns were analyzed. As 
a first step, phase identification was performed, concluding that C4A3S and C4AF have disappeared after 
one month of hydration in all the cements. On the other hand, all powder patterns present C6AS3H32 
[ettringite or AFt phase], C3ASH4 [katoite] and C2ASH8 [straetlingite]. After phase identification, RQPA 
were performed as indicated in the experimental section. Figure 1 shows, as an example, the fits obtained 
for the three cement pastes after six months of hydration. Three main points characterize the hydration 
processes: i) disappearance of crystalline anhydrous phases; ii) appearance of both crystalline, i.e. AFt, 
and amorphous phases such as calcium silicate (C-S-H) and aluminate (C-A-H) hydrate gels; and iii) 
diminution of free water. Since RQPA results are normalized to 100 wt% of crystalline phases, the 
percentage of the non-reactive phases such as ZnO is not constant due to the apparition of amorphous 



phases. Hence, in order to fully extract all the information about the hydration of cement pastes, direct 
RQPA results need to be normalized to include the amorphous phases and free water (Martín-Sedeño et 
al., 2010). The methodology is based on the assumption that one crystalline phase remains unreacted from 
one powder pattern to the next. ZnO is an inert standard and is used to infer the amounts of other phases 
that are reacting. Using this methodology, direct Rietveld results were normalized in order to include free 
water, which is also included in Table 3, and amorphous contents, such as C-S-H and C-A-H gels. Figure 
2 shows normalized quantitative phase analysis for each cement paste. 
The sequence of reactions during hydration for this type of cements is explained in detail next. Firstly, it 
must be noted that modelling the hydration of this type of cement is easier than that of aluminium-rich 
belite sulfoaluminate cements as only three phases are present in the clinkers. Furthermore, the hydration 
reactions for OPC are also more complex as at least four crystalline phases are present in the clinkers. 
Secondly, the most reactive phase, ye’elimite, combines with gypsum and water to form ettringite, AFt, 
see reaction [1]. The amount of ye’elimite in these cements is larger than the corresponding amount of 
gypsum added, taken into account the molar ratio given in equation 1. Therefore, the slight excess of 
ye’elimite reacts with water to give AFm, non-crystalline phase, see equation 2. 
 

C4A3S + 2 CSH2 + 34 H → C6AS3H32 + 2 AH3 (1) 
C4A3S + (16+x) H → C4ASH(10+x) + 2 AH3   (0 x 4) (2) 

 
Thirdly, it was observed that not only C4A3S but also C4AF have disappeared after one month of 
hydration. This second phase may also react with gypsum and water to form ettringite. However, with the 
added amount of gypsum, there is not available free gypsum. Therefore, the hydration of C4AF also yields 
AFm amorphous-type phase(s) according to equation 3. Fourthly, - and -C2S polymorphs may react 
with water in three different ways, see reactions 4-6. Crystalline C2ASH8 and C3ASH4 have been 
quantified in this study. C1.7SH4 is an amorphous gel with the average composition taken from Scrivener 
et al., (2004), which has been used to derive the amorphous C-S-H gel that is appearing. 
 

C4AF + 16H → 2C2(A0.5F0.5)H8 (3) 
C2S + AH3 + 5H→ C2ASH8 (4) 
5C2S + AH3 + 17.2H→ C3ASH4 + C1.7SH4 + 0.2CH (5) 
C2S + 4.3H → C1.7SH4 + 0.3CH (6) 

 
Finally, the degree of reaction, , of C2S phases has been calculated using normalized data shown in 
Figure 2, according to the following expression [7]. Overall belite reactivities are also given in Table 3. 
These data quantitatively confirm the higher rate of hydration of 'H-C2S, and it can be graphically 
observed in Figure 2. It can be inferred from these data that cements with 'H-C2S will develop higher 
mechanical strengths from one month of hydration. A study aimed to produce larger amounts of clinkers 
to study both hydration reactions and strength developments is in progress. 

to
nphase

t
nphase

to
nphase

w

ww



 


 (7) 

On the other hand, Figure 3 (left) shows heat flow for C10_Fe_BCSA_Bx cement pastes. The first broad 
signal is associated with ettringite and aluminous/iron ill crystallized (C-A-H gel) phase formation. Table 
4 shows total heat evolved (J/g) at selected times. Non-active cement (C10_Fe_BCSA_B0) released much 
more heat at 3 hours. This heat is related to AFt formation, mainly, by reaction [1] which is retarded in 
someway by the activators (Li et al., 2007). After one day of hydration, heat evolved by doped BCSA 
cement pastes increase at a higher pace than undoped ones, which proves the activation of the cements. 
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Figure 1: Selected range of LXRPD Rietveld plots for the 
three pastes mixed with ZnO after six months of hydration. 
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Figure 2: Normalized RQPA: (bottom) C10_BCSA_B0, 
(middle) C10_BCSA_B1, (top) C10_BCSA_B2. 

Table 4: Total heat evolved (J/g) at selected hydration times. 

 3 h 10 h 20 h 60 h 100 h 144 h 
C10_Fe_BCSA_B0 109.2 258.5 298.9 312.8 312.8 311.5 
C10_Fe_BCSA_B1 47.5 181.1 224.9 272.0 279.6 288.3 
C10_Fe_BCSA_B2 7.4 78.2 166.1 254.3 262.1 269.3 

It has to be borne in mind that some phases predicted by chemical reactions, such as AH3 or CH, were not 
detected as crystalline phases. AH3 reacts with belite to give some crystalline phases discussed above. In 
any case, the remaining AH3 and a very small amount of CH were considered as ill-crystallized phases 
and included as C-A-H or C-S-H amorphous gels, respectively. These amorphous gels have been detected 
by cryo-SEM, arrow in Figure 3-right. 
 
3. Conclusions 
The main goal of this contribution is that it has been quantitatively demonstrated that 'H-C2S belite 
polymorph can be stabilized by borax in belite sulfoaluminate clinkers and that this polymorph hydrates 
much faster than -C2S polymorph. 
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Figure 3: (Left) Selected heat flow curves for C10_Fe_BCSA_Bx. (Right) Cryo-SEM photograph of a paste after 40 
minutes of hydration including EDX microanalysis of the region shown to highlight the amorphous aluminate gel. 
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Abstract 

Bases of manufacture of silicate materials of non-autoclave hardening are developed. The opportunity of 

realization of a complex of technological regimes on use of reserves of a structure of mineral substances in 

manufacture of silicate materials of non-autoclave hardening and wall's articles on their basis is theoretically 

proved and practically confirmed. With use of elements of experimentally-statistical modelling the analysis of 

influence of contents and hardening conditions on characteristics of structure, microstructure and property of 

silicate materials of non-autoclave hardening has been executed. The analysis of interrelation properties with 

structure’s parameter, content and technological regimes is necessary for regulation quality of the received 

composite material. Carrying out of the given researches with application of experimentally-statistical models is 

proved. The algorithm and strategy of the analysis of results of experiments is stated. 

The tactical line of structures optimization and technological regimes on experimentally-statistical models is 

effectively defined. Experimentally-statistical models allow to consider simultaneously significant number of 

factors in conditions of concrete manufacture. These models allow to spend the deep analysis of a concrete 

situation and to consider features of gears of hydration and structurization. 

The analysis algorithm of process of structurization at various stages of technology with use of experimentally-

statistical modelling and methods of computer material science has been offered. It is algorithm allows: 

-quantitatively to describe parameters of structure at each stage of technology and to estimate opportunities of 

their regulation; to analyze change of interrelations between properties and characteristics of structure under 

influence of content and technological regimes; to lead search of optimum structures and technological regimes 

within the limits of the accepted approach. 

 

Originality 

Method of production, optimum contents and hardening conditions of silicate building composites, which 

provide decrease in power consumption of manufacture as a result of transition from autoclave processing of 

products to thermo-moisture, are developed. Analysis of interactions between the parameters of the structure 

and properties was carried. The analysis of influence of structure characteristics on properties during 

structurization has allowed to describe a number of the phenomena. Optimum contents and hardening 

condition, which provide reception of silicate composites of various purpose with a demanded level of 

properties on a complex of criteria of quality, are developed. 

 

Chief contributions 

The optimization of the composition and the of hardening regimes in the conditions of thermo-moisture 

treatment on the basis of experimentally-statistical modeling ensured the receipt of materials with the required 

properties. The analysis influence "mixture–technology–structure–properties" has been fulfilled on 

experimental-statistic models. The changing of properties of silicate materials under the influence of specific 

surface of mineral additive, of hardening conditions and content of gypsum addition have been estimated. 

Correlation analysis allows to receive new information about the influence of the factors of structure and the 

technology on a degree of correlation the between structure and the properties of building materials. Optimal 

compositions and the hardening conditions are recommended for the receipt of articles of a different functional 

purpose. 

 

Keywords: silicate composites of non-autoclave hardening, activated lime-silica binder, experimentally-

statistical modelling, correlation analysis 

                                           
*
 Corresponding author: Email lutskin@ukr.net Tel +380679239182, Fax +380487236904  

mailto:lutskin@ukr.net


1. Introduction 

 

Traditionally, the thermal activation of components of silicate concrete mixture is carried out in an 

autoclave, where under conditions of high temperature and pressure, the hydrothermal synthesis of 

calcium hydrosilicates is happen – patent #14195 05.10.1880 (Michaelis, 1911). In present research it 

is  used the results of scientific foundations of obtaining of silicate-activated composites of non-

autoclave curing (Shinkevich, 2008). With the help of experimental and theoretical researches taking 

into account the thermodynamics of lime and silica (Babushkin at al., 1986, Shtark at al., 2004) it is  

proved the feasibility of casting technology of silicate composites, of non-autoclave curing on the 

basis of activated lime-silica binder. The transition from the hydrothermal synthesis of calcium 

hydrosilicate in autoclave into synthesis at heat and humidity  is carried out during processing  by a 

complex activation of  silicate concrete mixture (Shinkevich at al., 2008). Complex activation is 

realized during the manufacture of products from high-mobility, and the molten mixture. Injection 

molding technology is one of the most effective energy saving technologies. 

For the development of non-autoclave manufacturing technology of silicate composites on the basis of 

activated lime-silica binder, are carried out the experimental and theoretical researches. As a result of 

experimental and theoretical researches the analyze of the regularity of relations between properties 

with the parameters of the structure, composition and modes of hardening was held and the 

possibilities to regulate the quality of the received material were determined. 

 

 

2. The possibility of experimental-statistical modeling using the methods of computer material 

 

Optimization of formulations and modes of obtaining building composites is carried out on 

experimental and statistical models most effectively (Voznesenskiy at al., 1998). Experimental and 

statistical models allow to consider simultaneously a large number of factors in a given production 

until binding to the careers of raw materials. Experimental and statistical models allow to held a deep 

analysis of a specific situation, taking into account features of the mechanisms of hydration and 

structure formation. 

Analysis of the structure formation and properties by using experimental and statistical modeling and 

computational experiments based on these models makes possible to describe quantitatively the 

structure parameters at each stage of technology and to assess their possible regulation by factors of 

composition and curing; to analyze the change in the relations between the properties and 

characteristics of the structure under the influence of these factors in the transition from one 

technological operation to another, to formulate conditions for the formation of an optimum for the 

specific properties of the structure taking into account the type of products, to search for the optimum 

compositions and curing. 

With the use of the methods of computer materials developed by the information-analytical units of 

experimental-statistical models is held the analysis of the significance of the effects of interactions 

between the parameters of the structure and properties. Such a technique allowed in the computational 

experiments to conduct systematic analysis of the transformation of these relationships and to identify 

the most sensitive to management factors for materials’ producing with desired properties. Using 

computational experiments allows us to compare results within the experiment and  facilitates to the  

technological interpretation of problems which are solved with the use of correlation analysis.  

For a comparative assessment of influence of the composition and technology factors on the 

properties and characteristics of the structure it is developed information-analytical block diagram of 

an experimental structure of statistical models on the blocks. Structuring an experimental statistical 

model are used for quantive  relative assessment of influence of all factors and their various 

combinations on  the material properties and its characteristics of the structure. 

 

 



3. Development of information-analytical scheme of connection analysis of composition, 

structure and properties 

 

Usually, the structuring of the models of the form "composition-technology-property" is held by two 

categories: by the physical nature and by the form of the factor space. In this research it is developed 

an division of experimental-statistical models for information-analytical blocks A, B, C, D (Fig. 1). As 

a result, it is possible to estimate the relative influence of different groups of factors on the properties, 

as well as an opportunity to explore connections between the properties and characteristics of the 

structure. 

 
 

Figure 1: Information-analytical block diagram analysis of the structure and properties 

 

In research using experimental and statistical modeling it is studied below factors and their influence 

on the structure and properties: specific surface area of tripoli as a component of binder S1, S2, S3 (υ1, 

υ2, υ3), duration of a preliminary ageing in standard conditions τp.a. (х4), the duration of a thermo-

moisture treatment τТMT when T = 85°C (х5) and content of gypsum supplements Cg (х6). In research it 

is  calculated two comparable complex of sixfactors experimental-statistical models describing the 

dependency of the "structure - technology - properties" what allowed to study the dependency 

"characteristics of the structure - property". 

Analyzed the influence of composition and conditions of curing more than ten properties, including 

compressive strength (Rb), tensile bending (Rbtb), frost- (F), water- (kr), crack-resistant (kIc), 

microhardness (H), heat conductivity (λ), modulus of elasticity (E) and more than ten characteristics 

of the structure, including the relative average size of capillary pores (dk), total porosity (P), the ratio 

of open to the general (ksat), and content in the composites of mineral and phase compositions. 

 

 

4. Analysis of the factors of composition and curing on the structure and properties 

 

In the result of analyze of sixfactors’ experimental statistical models that describe the change structure 

feature and properties under the influence of these mixed and prescription-technological factors, and it 

was found that the values of the factors that ensure maximum strength do not coincide with the values 

of these same factors, that provides the minimum heat or maximum  frost and other properties. 



Thus, under the influence of all six factors the increase in strength, calculated from the full model, is 

6.4 times. In this case, the combined effect on the strength of the three groups of factors: the specific 

surface area of tripoli, modes of hardening and add of gypsum additives, in quantitative terms is 

interchangeably. Each group of factors can provide gains strength more than doubled. For other 

properties and characteristics of the structure influence of factors and their separate groups of factors 

(blocks A, B, C, D) else (Shinkevich et al., 2006). This structural-analytical scheme has allowed at  

first to compare quantitative influence of factors of  the composition and conditions of curing on the 

properties and characteristics of the structure (Table 1). Analysis of the results (Table 1) allows to 

rank of the factors of composition and technology on the level of their influence on the structure and 

properties of materials and to consider their significance in the optimization of the composite 

(Shinkevich et al., 2007). 
 

Table 1: Quantitative assessment of influence of the composition factors  and conditions of curing on the 

properties and characteristics of the structure under information-analytical blocks  

of experimental-statistical models 

 

Groups of factors 

(Blocks of experimental and 

statistical models) 

properties structure 

Rb λ F kr kIc H Rbtb E dk ksat 

1. 
Specific surface area of mineral 

supplements Si (block D) 
2.1 1.6 2.5 1.1 1.6 2.6 1.3 1.2 1.9 1.3 

2. 
Curing conditions 

τp.a., τTMT (block В) 
2.1 1.5 1.0 1.2 1.5 2.2 1.1 1.1 3.5 1.3 

3. Gypsum additives Сg 2.2 1.0 2.0 1.3 1.0 1.4 1.2 1.0 1.6 1.1 

4. 
All factors Si, τp.a., τTMT, Сg  

(full model) 
6.4 3.0 4.8 1.5 3.8 6.5 2.2 1.2 3.9 1.6 

 

 

The growth of strength is accompanied by an increase in content in the solid phase of mineral foshagit 

and an optimal ratio of gillebrandit B and C (Shinkevich at al., 2008). It is the optimal ratio between 

crystalline and partially crystallized components of the solid phase provides the necessary parameters 

of the material, since it provides high volume concentration of the surface bonds. Coefficient of heat 

conductivity λ can vary in three times, depending on the specific surface area of tripoli and hardening 

conditions: from 0.43 to 1.3 Wt/m·K (Fig. 2).Thus, under the influence of the specific surface 

additives of tripoli the relative change in heat conductivity is 1.6, under the influence of curing 

regimes - 2.0, which is associated with a change in the relative average size of capillary pores dk in  6 

times. 

Great significance for the coefficient of heat conductivity and compressive strength is the ratio 

between the amorphous and crystalline phases in cementing agent, which varies by more than an 

order of magnitude. Coefficient of heat conductivity of amorphous silica is more than two times lower 

than the coefficient of heat conductivity of crystalline quartz. Lowering the density by 20-25% as a 

result of increasing the proportion of closed porosity of tripoli also causes the decrease in heat 

conductivity. 

Division of experimental and statistical models for information-analytical blocks allows you to 

"stratify" the information contained in them and to analyze the change of structure and properties 

under the influence of different combinations of factors and technology. Analysis of the effect of 

different combinations of factors of composition and technology is conducted at the experimental-

statistical model that describes the influence of six researched factors on the heat conductivity λ. 

In block A it is analyzed the dependence of the "coefficient of heat conductivity - the content of 

additives gypsum - curing regimes” for fixed values of the specific surface additives of tripoli =350, 

S2=425, S3=500m
2
/kg. In these circumstances, under the influence of gypsum additive content and 

curing regimes, the coefficient of heat conductivity varies by 2.9 times for S1= 350 and by 1.9 times - 

for S3 = 500m
2
/kg.  



Block B describes the dependency of "the coefficient of heat conductivity - curing regimes" for fixed 

values of the specific surface additives of tripoli S1, S2, S3, for a fixed content of gypsum 

additions. Thus, under the influence of modes of technology the heat conductivity coefficient varies in 

2 times as in the compositions without the gypsum and so in the compositions, which contain 5% 

admixture of gypsum.  

Figure 2: The changing of maximum and minimum values of coefficient of heat conductivity under influence: 

the of hardening conditions and the content of gypsum addition for optimal (λ
max

 and λ
min

 accordingly) specific 

surface of mineral addition (isosurfaces are inside the cube); the of hardening conditions for fixed content of 

gypsum addition (isolines on the squared diagrams); specific surface of mineral addition for fixed of hardening 

conditions and the content of gypsum addition; (isolines on the three-cornered diagrams). 

 

Block C describes the changes of coefficient of heat conductivity for the compositions without 

gypsum and gypsum content of 5% under the influence of the specific surface additives of tripoli and 

hardening regimes. Based on analysis of the block C found that for compositions without gypsum 

optimal is specific surface additives of tripoli S1=350m
2
/kg and with gypsum - S3=500m

2
/kg. Through 

the introduction of additives of gypsum in an amount of 5% coefficient of heat conductivity increases 

on the value of specific surface additives  of tripoli S1 from 0.43 to 0.63 Wt/m·K, and on S3 decreases 

from 0.61 to 0.52 Wt/m·K.  

In block D are analyzed the dependence of  "the heat conductivity coefficient - specific surface area of 

tripoli" for fixed at different levels of values and modes of hardening of gypsum additive content. It is 

established that due to changes in the specific surface additives of tripoli the change of coefficient of 

the heat conductivity is in 1.6 times. 

 

 

 

λ=   0.48ν1ν2 +0.59ν1 +0.13ν1x4 +0.08ν1x5 +0.11x4
2 +0.08x4x5   -0.16ν1x6 

±0 +0.62ν2 ±0 ±0 +0.11x5
2   +0.08x4x6 ±0 

±0 +0.59ν3 ±0 +0.04ν3х5   ±0 +0.05x5x6 -0.06ν3x6 

 

block A 

block B 

block C 

block D 



5. Analysis of the correlation between the properties and characteristics of the structure 

 

The study of dependency of  "characteristics of the structure - property" was carried out using 

correlation analysis based on two comparable systems  of sixfactors’ experimental-statistical models 

of "structure" and "properties". 

Correlation analysis is based on computing experiments (Lutskin, 2006). Computational experiment is 

in reproduction of a set of parameters of structure and properties by generating of random points in 

factor space. This allows you to find the necessary number of values which give a stable and reliable 

assessment of the correlation connection value. Using correlation analysis  it is traced the change of 

the degree of communication of structure characteristics  with properties. 

The proposed methodological procedure "reproduction of a set of values" allowed us to estimate the 

degree of correlation as a characteristic of the hereditary influence of parameters of spatio-temporal 

structures of disperse systems of various qualitative and quantitative composition on the properties of 

silicate composites which are at various stages of structure formation. Depending on the initial 

components, in particular, the specific surface of mineral additives, preparation conditions and 

regimes of hardening in the process of structure it is changed the morphology, degree of hydration, 

the qualitative and quantitative composition of the tumors, which correspondingly changes the degree 

of correlation. 

Analysis of correlation connections with the characteristics of the structure, held between the two sets 

of experimental and statistical models showed that the degree of correlation between structure and 

physical and mechanical properties vary in space and time and depends on the presence or absence of 

additives plaster on the values of specific surface additives of Tripoli and from regimes of 

hardening. Thus, the correlation connection of  coefficient of heat conductivity with the content of 

gillebrandit С2SH(B) varies in the range of r{λ;С2SH(B)}=-0.4 ÷ -0.99; in particular for compositions 

without gypsum r{λ;С2SH(B)}=-0.4 for formulations that contain 5% of gypsum                  

r{λ;С2SH(B)}=-0.78, under the influence of the specific surface additives of tripoli, gypsum content 

of the additive and curing regimes r{λ;С2SH(B)}=-0.51, and in the zone of low heat conductivity 

r{λ;С2SH(B)}=-0.99 (Fig. 3). 

 
Figure 3: Analysis of the transformation of a correlation connection of coefficient of heat conductivity λ 

with mineral C2SH(B) under the information-analytical blocks of experimental-statistical models 



Thus, depending on the quality of the original mixture and hardening conditions, there are differences 

in the degree of correlation properties with the characteristics of the structure. 

 

 

6. Conclusion 

 

Thus it was proved the ability to control the processes of formation of structure and properties of 

silicate composites based on activated lime-silica binder by regulating the processes of structure 

formation in space and time due to changes in the composition of binder and silicate concrete mixture 

and hardening regimes. 

Using experimental and statistical modeling the optimization of the structure and properties of 

silicate-activated composites of non-autoclave curing was held: 

The developed structural-analytical scheme has allowed at first to compare the quantitative influence 

of factors of the composition and curing on the properties and characteristics of the structure. Analysis 

of the results allows to rank  the factors of composition and technology under their influence on the 

structure and properties of materials and to consider their significance in the optimization of 

composites;  

Analysis of the statistical changes of connection of properties with the characteristics of structures 

based on the correlation analysis at successive transition from one technological operation to another 

allows you to rank the factors of each stage in terms of their relevance and to identify the determining 

factors for each individual stage of the technology optimization of composition and technology of 

building composites receiving as well. 
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Abstract 

The kinetic-mathematical model of hydration which comprehensively describes the change in time and the space 

of elementary processes of hydration of lime-silica binder, activated together with a fine-grained filler was 

developed. In a kinetic-mathematical model multiphasic process of hydration was presented by consecutive 

transition of elementary stages. Elementary stages of dissolution, crystallization, adsorption and kinetics of 

chemical reactions was described with application of fundamental laws (Nernst’s, Fick’s, Arrhenius, 

Freundlich’s and Eyring’s laws). 

The first stage of hydration process was accompanied by the change of the water-maintenance of a mixture as a 

consequence of wetting, adsorption and linkage of a moisture as a result of chemical reactions that was 

described in work with the corresponding equations. The differential equations of the second order describe the 

speed of the change of calcium hydroxide and silicic acid concentration. These equations also describe calcium 

hydrosilicates formation taking into account the elementary stages. 

Two additional models which describe the gear of crystallization of calcium hydrosilicates in grain amorphous 

silex (tripoli) and on the activated surface of crystal quartz grain were developed. These additional models 

allow to calculate the time of full calcium hydrosilicates crystallization on the amorphized of quartz surface 

during activation and the time of full tripoli’ grains recrystallization too. 

 

Originality 

The kinetic-mathematical model contains of seven equations which consider the set of chemical and physical 

processes. The differential equations of the second order entering into a model, describe speed of the change of 

calcium hydroxide and silicic acid concentration and of calcium hydrosilicates formation taking into account 

the elementary stages. Basic parameters of hydration processes which define the transition from one stage to 

another were selected and proved. The equations of the specific surface change also enter into a model during 

hydration of each composite binder components. There were constructed auxiliary models which are additional 

elements of the generalized model and consider features of hydration and crystallization on the grains of silica. 

These model contain components with amorphous and crystal structure of binder. 

The time of full calcium hydrosilicates crystallization on the amorphized of quartz surface during activation and 

the time of full tripoli’ grains recrystallization which is proportional to a foursquare of its radius is calculated 

with the help of two models. The kinetic model of processes of hydration is developed for the analysis of change 

of a crystal phase in time at a stage of operation. It was developed the kinetic model of hydration processes at a 

stage of operation for the analysis of crystal phase change in time. 

 

Chief contributions 

Partial decisions of the crystallization processes of separate elements were received: the quartz activated grains 

and tripoli. Their qualitative conformity to experimental data was marked. The kinetic-mathematical model can 

be used for the development of the methodology of experimental researches. 

The kinetic-mathematical model of hydration process has the certain advantages before similar which were 

developed for the description of hydration processes of binder. They are due to it’s universality and absence of 

some restrictions. In this model elementary stages of hydration process were grouped by special image and 

described by the fundamental equations. The physical sense of value entering into the equations including 

constants was proved. Kinetic-mathematical models allow to reasonably choose of necessary factors for the 

description of the phenomena and hydration processes mechanism. 

 

Keywords: kinetic-mathematical model, hydration, lime-silica binder, silicate composites of non-autoclave 

hardening, activation 
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1. Introduction 

 

Currently, there are many different kinds of models that describe the hydration process of binder. To 

describe the kinetics of hydration (Erofeev, 1946, Kolmogorov, 1937) and crystallization processes 

(Volmer, 1938) private individual dependencies exist. In the practice of building materials are also 

used computer simulation models that reflect some aspects of hydration of cementitious binders 

(Komohov at al., 2006). In the current continuum model of Navi (Navi at al., 1996) it is described the 

change of capillary pore space during hydration. Decrease in the thickness of the water shell, as 

processes of hydration is analyzed in a model of Jennings (Jennings at al., 1986). Principles for 

constructing models of hydration of cement binders with a description of the continuous structure of 

materials was formulated  by Bruegel (van Breugel, 1991), and the main provisions of the discrete 

numerical model for the structure of composite materials was formulated by Stroyev (Stroyev, 1999). 

Spatial computer simulation of hydration, simulated  dissolution and diffusion during the interaction 

of minerals of cement with water was held by Bentz (Bentz, 1997). In order to better reproduce the 

conditions in real cements, Garrault and Nonat developed a numerical model to simulate the growth 

of C-S-H nuclei on the surface of C3S particles (Nonat at al., 1997, Garrault at al., 2001). This model 

provides important information about cement hydration as the parameters obtained from this model 

are able to predict reaction rates in systems. However, to date, the general theory of hydration of 

binders is absent. 

In recent years, in various areas of research for the analysis of kinetic processes and the dynamics of 

systems behavior in time it is used so-called physical and mathematical models. For describing the 

basic processes in these models it is used the fundamental laws (Gusev at al., 2006). In these models, 

process parameters are grouped in a special way in their respective formulas, and the physical sense of 

the values they contain, including constants are justified. 

In the present research first developed kinetic-mathematical model of the hydration of activated 

binders, in particular lime-silica binder, activated in conjunction with fine-grained aggregate. Kinetic 

and mathematical models are variations of indicated physical and mathematical models and are based 

on fundamental laws. On them can be defined strategic line of optimization of technological processes 

and  justified the choices of the main parameters that define the transition from an elementary stage in 

the process of hydration to another. Kinetic and mathematical models can reasonably describe the 

mechanism of the phenomena. 

 

 

2. Problem statement 

 

In developing the kinetic-mathematical model of hydration of the composite lime-silica binder that is 

activated together with fine-grained filler in the research it is used complex activation of mixture 

(Shinkevich, 2008). One type of activation is a mechano-chemical activation in fluid. The whole 

research process is decomposed into elementary processes. It is presented as their consistent transition 

from one to another. These processes are described, as far as possible, using the fundamental laws: the 

solute in the solid phase, crystallization from supersaturated solutions (Nernst’s law), the diffusive 

mass transfer (Fick’s law), the diffusion coefficient dependence on temperature (Eyring’s law), the 

equation of adsorption (Freundlich’s law) and the kinetics of chemical reactions. 

In constructing of these models it s accounted for two positions: first – an informed choice of the 

structural element in the space of which the process is ongoing, and secondly, the selection of 

elementary processes, limiting the overall process. 

As a structural element was adopted elementary volume in which the hydration process proceeds as a 

average over the entire volume (Fig. 1). The temperature within a structural element made of the 

same, but is a function of time. Mass transfer and kinetic coefficients take values that depend on 

temperature. In constructing the model takes into account primarily the processes which limit the 

hydration process as a whole. In this case, the defining are heterogeneous diffusion processes. The 



model also includes the dependencies that define the transition from one stage to another while 

reaching the certain parameters of the process. 

Investigations of hydration of different types of minerals by methods based on the provisions of 

thermodynamics, have shown that the transition from one type of chemical reactions to others, in 

particular, from heterogeneous to homogeneous, defined by the value pH. Based on the analysis of 

this information about the processes of hydration as a parameter it is adopted pH indicator. Also, 

please note that the thickness of the film free water δ(t) with increasing degree of hydration decreases. 

Figure 1: The structural element of fine-grained silicate concrete: a)- the block diagram, b)- an electronic 

microphoto: 1 – quartz not ground sand, 2, 3 – particles of a ground lime, ground sand and tripoli, 4 – water; 5 – 

border of a structural element; 6 – a silicate cementing sheaf 
 

This leads to the crystallization of calcium hydro with a smaller number of water molecules. The film 

thickness δ(t) in the process of hydration, taking into account the total  specific surface of composite 

particles lime-silica binder (lime, tripoli, and sand): 
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Change the water content Vw(t) in a mixture due to the adsorption of moisture, wetting the surface of 

the particles and bind as a result of chemical reactions (homogeneous and heterogeneous) is: 
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Q1(t), Q2(t),1, 2 – the quantity and density of hydrosilicates in the solid phase with different water 

content; 1, 2 – stoichiometric coefficients; ads – adsorption coefficient. 

 

 

3. Description of the kinetics of hydration on the stage of active structuring 

 

Changes in the concentration of calcium hydroxide during hydration due to dissolution, 

crystallization, mass transfer, adsorption, kinetics of homogeneous (Le Chatelier) and heterogeneous 

(Michaelis) chemical reactions taking into account the conditions of material balance is written as: 
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The speed of the crystallization process q: 
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Symbols: 

С1, С2, С3 – concentration of calcium hydroxide, silicic acid and calcium hydrosilicate (HSC) 

respectively; С3∞ – supersaturation concentration of calcium hydrosilicate; С10 – the concentration of 

dissolved calcium hydroxide; D1 – diffusion coefficient of calcium hydroxide; р1 – mass transfer 

coefficient of the speed of dissolution of calcium hydroxide; βкр – mass transfer coefficient of the 

crystallization speed, K1, K2 – speed constants of homogeneous and heterogeneous chemical reactions; 
0

lS , 
0

trS , 
0

quS  – respectively, the specific surface of particles of lime, tripoli, and activated quartz 

sand; Sl, Str, Squ – the same in the hydration process. 
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The total quantity of hydrosilicates in the crystallization phase Q: 
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Initial conditions: 

t = 0;        С1 = 0;      С2 = 0;          С3 = 0;         q = 0 
0
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Boundary conditions: 
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Similar two differential equations of second order describes the speed of change in the concentration 

of silicic acid and the formation of calcium hydrosilicate under the influence Sl, Str, Squ. The speed of 

change in the concentration of silicic acid under the influence Str confirmed by the change of pH in a 

dispersed system in time (fig. 2), which is consistent with the developed equations. 
 

 
 

Figure 2: Changing the pH of the dispersed system in time under the influence of specific surface of tripoli Str. 

 

The model also includes speed equations of the crystallization process (4) and the total quantity of 

HSCs in the crystallization phase (5). These equations allow you to adjust the necessary duration of 

storage in normal conditions and time of the beginning of termo-moisture treatment in the event of 

changes in the qualitative composition of lime, which determines the pH of the environment. 

It is advisable when the pH
max

 to increase the temperature, as the further dissolution of calcium oxide 

in these conditions does not occur. 

Further refinement of the model due to the changing of content of free water and its effect on the 

concentration of dissolved substances. 

Continuity condition of the liquid phase: 

t

W
C

t

C
W

t

WС
i

ii













 )(
                                                    (9) 

iC  – concentration of any of the components, i=1, 2, 3, W – moisture content of the silicate concrete 

mixture. 

Equation (9) describes the variation of moisture content in the silicate concrete mixture  during 

hydration. From equation (9) follows that by changing the moisture content, you can regulate the 

process of hydration. Increasing the water content decreases the concentration of calcium hydroxide 

and pH of environment changes. 

 

 

4. Additional models of hydration on grains of binder of different nature 

 

We also considered two additional models on the grains of binder of different nature: the porous 

amorphous-crystalline silica of natural origin and crystalline quartz. Two additional structural 

elements are represented as spheres, which are surrounded by a solution of calcium hydroxide (Fig. 3, 

4). Crystallization of hydration products takes place in two different schemes, depending on the type 

of reaction: homogeneous or heterogeneous. 



Structural support elements are used to describe the effects of chemical and physical interaction 

between the liquid and solid phases. The presence in binder of tripoli particles effect on the kinetics 

and the speed of hydration reaction. In contact with water the grain of tripoli almost instantly absorb it 

by capillary action. 

As a result, the reaction of dissolution and hydration take place on a highly developed surface under 

conditions of high concentrations of SiО2
4+ 

ions inside the particles of tripoli. They serve as a source 

of nutrients for the crystallization of HSCs growing in the direction from the surface to the center of 

the particle. 

On the grain surface of tripoli as a result of the dissolution it is formed a monomolecular layer of 

silicic acid. In the process of hydration on the grain boundary of tripoli is a heterogeneous 

topochemical reactions with HSC forming. In tripoli particles that are in a liquid environment, can 

diffuse the water molecules through the formed on the surface of HSCs and cause the formation of 

hydrate beneath the previously layer. Crystallization of HSC at the border of the growing layer occurs 

when the saturation concentration in a solution of calcium hydroxide. Then it is formed the next layer. 

 
 

Figure 3: A skeleton diagram of processes of crystallization in grain of tripoli: R1 – radius of grain; (t) – 

thickness of crystallization layer;  - thickness of solution envelopments, η – distance from the center of grain of 

tripoli up to border of crystallization. 

 

Receipt of a solution of calcium hydroxide occurs by diffusion between the single crystals under the 

planes of cleavage. Process takes place continuously 

The time of full recrystallization of grain of tripoli is: 

)(6 1

2

1

krc

kr
CCD

R
t







,                                                         (10) 

where  – porosity (permeability) of crystalline layer;  – density of the crystalline layer; Сс, Сkr – 

solution concentration of calcium hydroxide on the outer boundary and on the border of the growing 

layer. 

 
 

Figure 4: The scheme of crystallization of hydrosilicates of calcium on the activated surface of grain of quartz: 

1, 2 – grains of quartz; 3 – borders of influence; 4 – the activated side; 5 – a layer of crystals; (t) – current 

value of thickness of a layer of crystals of hydrosilicates of calcium. 
 

Full-time of recrystallization tripoli’s grain is proportionally to R1
2. For the heterogeneous grain 

composition is possible that the fine grains of tripoli fully recrystallized, and large will be presented in 

the form of relics. The time of crystallization of calcium hydrosilicate decreases with increasing of 

concentration of a solution of calcium hydroxide and the temperature. 
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The crystallization process of HSC on the grains of quartz takes place on another scheme: first, on the 

surface the epitaxial monomolecular layer of calcium hydroxide crystallizes, forming a substrate on 

which HSC layer crystallizes in the homogeneous reaction. Layer of hydrosilicates grows outside of 

the surface. Kinetic-mathematical model of hydration of lime-silica binder designed taking into 

account of activation of binder together with fine-grained quartz filler. Crystallization time of HSC on 

the surface of activated quartz is: 
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In equation (11) included an empirical coefficient ψ, which takes into account the ratio of the 

activated surface of the grain to the total. Equation of changes  of the specific surfaces of lime Sl, 

tripoli Str and quartz Squ during hydration are also included in the kinetic-mathematical model and 

describes the relevant equations (12), (13) and (14). 

Change of specific surface of lime Sl during hydration:  

 tSS ll  exp0 ,                                                            (12) 

where ω – is constant of the process. 

The values Str and Squ can be computed in light of the decisions of crystallization processes in the 

grains of tripoli and on the quartz grains. 
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From equations (12), (13) and (14), it follows that by changing the surface specific area of 

components it is changed the concentration of calcium hydroxide and the pH of the environment. 

 

 

5. The description of the kinetics of hydration on the stage of passive structuring 

 

To analyze the changes of crystalline phase in time it is developed a kinetic model of the processes of 

hydration during the operation. In the operation conditions  the process of diffusion is limited. There 

is a complete analogy with the processes of corrosion of the 2-nd form around the capillary or pore 

(Gusev at al., 2006). For the analyze it is allocated the structural element with cylindrical form with 

impenetrable walls at the border and with the through  capillary in the center. Around this center  a 

cylindrical front of displacement of solution of calcium hydroxide is formed (Fig. 5). 

Figure 5: The block diagram of processes of the secondary hydration: R0, r0 – radius of a structural element and a 

through capillary; (t) – radius of mobile front of hydration in time. 
 

The full-time of long-term hydration is:                       
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where 
0

1C  – concentration of calcium hydroxide; εн – porosity before the start of hydration in time 

(during operation); m0 – concentration of potentially chemically reactive relict of grains of tripoli; μ0 – 

stoichiometric coefficient, which establishes the relationship between calcium hydroxide and tripoli. 

The quantity of generated HSCs in the crystalline phase per unit area in cross-section of the sample S 

and length l: 
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From the equation (15) it is follows that in generalized form the logarithmic dependence persists to 

increase of the volume of crystalline phase in the process of hydration in the time, therefore, there is 

preserved and the logarithmic increase of strength in the time at relatively small intervals of time 

(several years). 

 

 

6. Conclusion 

 

Designed dependence are the grounds for the regulation of the kinetics of hydration and structure 

formation in activated lime-silica systems. From the kinetic-mathematical model follows that the 

speed of formation of calcium hydrosilicates depends on the concentration of calcium hydroxide, the 

particle size of tripoli, and on the degree of activation of quartz grains. Required to obtain the 

qualitative structure and properties of high-level properties of correspondence between the speed of 

hydration, the speed of increase (during of a preliminary ageing) and decrease (stage of a thermo-

moisture treatment) of the volume in the active period of structure should be set taking into account 

the joint activation of binder and fine-grained filler. 
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ABSTRACT 
The present study aimed to analyze the behaviour of synthetic thaumasite between the temperatures of 25 and 
1 000ºC and determine the nature of the reactions taking place in that temperature range. 
 
A sample of laboratory-synthesized thaumasite was characterized by XRD. Thermal behaviour was studied using 
thermo-diffraction and DTA/TG techniques, with N2 as the carrier gas. The gases generated during thermal 
decomposition were analyzed by FTIR. 
 
The XRD characterization and Rietveld quantification of the crystalline phases in the sample showed that it 
contained 93.80 wt% thaumasite, 3.8 wt% calcite and 2.4 wt% weddellite. A second Rietveld quantitative phase 
analysis conducted after mixing the sample with 39.86 wt% MgO confirmed the absence of amorphous material. 
The thermo-diffraction study of the sample revealed that while thaumasite is stable at 60ºC, when kept at 100ºC 
for any length of time it decomposes nearly entirely. The weddellite peaks disappeared at 150 ºC. The calcite 
signals, in turn, which remained unaltered up to 500ºC, disappeared in the trial conducted at 700ºC, when 
crystalline anhydrite was detected. According to these findings, then, crystalline polymorphs of CaSO4, but not 
of CaCO3, form during the thermal decomposition of thaumasite. 
 
The DTA for the sample showed two endothermal signals, one centred at 129ºC and the other at 663ºC. An 
intense weight loss signal was observed on the TG curve between 80 and 194ºC, followed by a continuous loss of 
mass up to 500ºC and a second loss with a steeper slope at 600 to 800ºC. The FTIR spectra for the gases 
released during the DTA/TG analysis showed that initially, up to 194ºC, only water was lost. Between that 
temperature and 439ºC, only CO2 was lost, whereas from 439 to 539ºC a mix of CO2 and CO was released. 
While no loss was recorded at 550ºC, CO2 continued to be released at higher temperatures. 
 
Further to the quantitative analysis of the results, thaumasite lost 15 water molecules at temperatures of under 
194ºC, while its CO2 content disappeared between 200 and 550ºC. The loss of CO2 between 600 and 800ºC was 
due to the decomposition of calcite and weddellite.  
 
ORIGINALITY 
The FTIR analysis of the gas generated in thaumasite thermal decomposition conducted in this study provides 
for the unambiguous allocation of the DTA thermal signals appearing at different temperatures. 
 
CHIEF CONTRIBUTIONS 
The nature of the DTA thermal signals observed at different temperatures has been unambiguously established 
with thermo-diffraction, quantitative TG and FTIR analysis of the gases generated during the thermal 
decomposition of thaumasite. In addition to its purely scientific interest, this finding is applicable to DTA/TG 
quantitative analysis to determine the amount of thaumasite in hydrated cements. 
 
Keywords: thaumasite, thermal stability, DTA/TG 
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INTRODUCTION 
 
Thaumasite is a complex calcium salt whose empirical formula is CaO·SiO2·CaSO4·CaCO3·15H2O 
(Edge 1971). It crystallizes in the hexagonal system and is generally needle-shaped. Its structure 
consists of [Ca3Si(OH)6·12H2O]4+ columns parallel to the "c" axis, among which CO3

2- and SO4
2- 

groups are embedded (Edge 1971 and Barnett 1999). The silicon lies at the centre of a partially 
distorted octahedron [Si(OH)6] whose OH groups are asymmetrically distributed (Laffaille 1970).  
 
A number of authors (Bensted 1974, Lukas 1975, Yayakhontova 1985, Ryabov 1973, Drabik 2003, 
Grubessi 1986, Martucci 2006) have used DTA/TG/DTG to study the thermal behaviour of natural 
and synthetic thaumasite. Most have reported the presence of an endothermal peak at different 
temperastures between 100 and 200ºC due to the loss of H2O and/or CO2. They have also attributed an 
exothermal peak at 710ºC and a second endothermal signal at around 800ºC to the salt, the result, 
respectively, of the recrystallization of dehydrated products and the CO2 released by the CaCO3 in 
thaumasite. Part of the discrepancies found in the literature can be justified by the variations in 
experimental conditions used to conduct DTA, essentially as regards heating rate, which would 
position the thermal signals at different temperatures. Discrepancies in the nature of the gas lost at 
each signal are rather more difficult to justify, however. 

 
The present study aimed to determine the thermal behaviour of a synthetic thaumasite and the nature 
of the reactions taking place at each thermal signal observed on the differential thermal 
analysis/thermogravimetric (DTA/TG) curves. 
 
EXPERIMENTAL 
 
Thaumasite was synthesized as described by Aguilera (2001). The synthesized material was 
characterized by XRD and DTA/TG and the gases released in the thermo-scale were studied with 
FTIR.  
 
The LXRPD data for the thaumasite sample were collected with an X'Pert MPD PRO diffractometer 
(PANalytical) equipped with a Ge(111) primary monochromator, using CuKα1 radiation (λ=1.5406 
Å). The optical set-up included a fixed divergence slit (1/2°), a fixed incident anti-scatter slit (1°), a 
fixed diffracted anti-scatter slit (1/2°) and an X'Celerator RTMS (Real Time Multiple Strip) detector, 
working in scanning mode at the maximum active length. The data were collected from 5 to 70° (2θ) 
for 2 h, rotating the samples at 15 rpm during data collection to enhance particle statistics. The X-ray 
tube operated at 45 kV and 35 mA.  
 
The thaumasite sample was mixed with 39.86 wt% of MgO (99.95% ABCR), hereafter denominated 
Thau-MgO, for the thermodiffractometric study. LXRPD patterns were recorded at different 
temperatures on the diffractometer described above using an Anton Paar HTK1200N camera under 
static air. Data were collected at a series of temperature intervals ranging from 30 to 700ºC with a 10-
minute intermediate pause to ensure thermal stabilization. The data acquisition range was 5-60º (2θ), 
the step size 0.017º and the duration at each temperature 65 minutes. All (room and high temperature) 
powder patterns were analyzed by the Rietveld method using GSAS software [Larson 1994]. Peak 
shapes were fitted with the pseudo-Voigt function [Thompson 1987], corrected for axial divergence 
[Finger 1994]. 
 
Differential thermal and thermo-gravimetric analyses (DTA/TG) were conducted on a TA Instruments 
SATQ600 thermal analyzer, heating specimens at 5 ºC/min to a maximum temperature of 1000ºC in 
an N2 atmosphere (100 ml/min). The gases generated during thermal decomposition were analyzed 
with FTIR, for which a TGA-IR interface was deployed. 
 



RESULTS AND DISCUSSION 
 
To analyze the LXRPD pattern for the thaumasite sample with the Rietveld method, the crystalline 
phases in the sample had first to be identified. The three detected were: thaumasite 
[Ca3Si(OH)6(CO3)(SO4)·12(H2O)], calcite [CaCO3] and weddellite [CaC2O4·2(H2O)]. The structural 
descriptions of these crystals, taken from the inorganic crystal structure database (ICSD) and used to 
perform the Rietveld quantitative phase analysis, were ICSD-98394 for thaumasite [Jacobsen 2003], 
ICSD-80869 for calcite [Maslen 1995] and ICSD-30783 for weddellite [Tazzoli 1980]. This analysis 
showed that thaumasite accounted for 93.8(1) wt%, calcite for 3.8(1) wt% and weddellite for 2.4(1) 
wt% of the sample. The Rietveld plots for the thaumasite sample are reproduced in Figure 1, where the 
main peaks of the minor phases are labelled. 
 
The thaumasite sample was mixed with MgO as a crystalline standard (Thau-MgO) to perform the 
thermodiffractometric study. The LXRPD patterns for Thau-MgO at the temperatures measured are 
shown in Figure 2, where the non-thaumasite peaks are labelled. The results of the Rietveld analysis of 
all the patterns are given in Table 1. 
 
Table 1. Rietveld quantitative findings, in wt%, for Thau-MgO, heated from 30 to 700ºC and cooled to 

a final room-temperature of 30ºC 
Phase 30ºC 60ºC 100ºC 150ºC 300ºC 500ºC 700ºC 30ºC_F 

Thaumasite 56.2(1) 55.9(1) 1.4(1) - - - - - 
CaCO3 2.4(1) 2.4(1) 6.0(1) 5.6(1) 4.8(1) 6.6(1) - 1.5(1) 

Weddellite 1.6(1) 1.9(1) 3.3(1) - - - - - 
MgO 39.8(1) 39.8(1) 89.3(1) 94.4(1) 95.2(1) 93.0(1) 84.2(1) 81.8(1) 

CaSO4 - - - - - 0.4(1) 13.9(2) 16.7(2) 
CaO - - - - - - 1.8(1) - 

 

C

C=calcite
W=weddellite

W
W

 
Figure 1. Rietveld plot for the thaumasite sample. Inset: 28.5º to 33.2º (2Θ), the 
angular range where the main calcite and weddellite peaks are positioned. The 
remaining peaks are attributed to thaumasite. 

 
Based on the 30ºC data in Table 1 and the expression given by De la Torre [2001], the amount of 
amorphous/non-diffracting phases in the thaumasite sample was found to be 0.0 wt%. This study 
proved thaumasite to be thermally unstable, for this phase decomposed almost completely after fairly 
long treatment at 100ºC (Figure 2 and Table 1). Weddellite decomposed entirely at temperatures of 
over 100ºC. Calcite remained unaltered up to 700ºC, at which temperature it decomposed completely, 



releasing CO2. Under these experimental conditions, thaumasite decomposition yielded crystalline 
anhydrite (CaSO4) but not crystalline calcite. The Rietveld QPA pattern collected at room temperature 
after thermal treatment (30ºC in Table 1) revealed the presence of a small amount of crystalline 
calcite, which may have been due to the total carbonation of the free lime, as the 
thermodiffractometric study was conducted under static open air. 
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Figure 2. LXRPD patterns for the thaumasite+MgO mixture versus temperature. Inset: 
angular range 28.5º to 33.2º (2Θ). The peaks associated with specific phases are labelled. 
All unlabelled peaks are attributed to thaumasite. 
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Figure 3. DTA/TG for synthesized thaumasite 

 
The DTA for the sample (Figure 3) had two endothermal signals, one at around 129ºC and the other 
with a peak at around 663ºC. A signal denoting intense weight loss was observed on the TG curve 
between 69 and 194 C, followed by a continuous loss of mass up to 500ºC and a further loss with a 
steeper slope at 600 to 800ºC.  
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Figure 4 A). Rate of mass loss in thaumasite. B), C) and D). FTIR spectra for the gases released at 
different temperatures by the synthesized material. 
 
The DTG for the sample is plotted against time in the graph in Figure 4A, which contains a signal 
denoting intense loss of mass between 10 and 35 minutes, when the temperature ranged from 69 to 
194ºC. The rate of mass loss declined thereafter, then flattened, rose, dropped again after 104 minutes 
(538ºC) and finally rose once more.  
 
The FTIR spectrum for the gases flowing through the kiln prior to heating (Figure 4B, 40ºC) exhibited 
two negative absorptions, at 2 365 and 2 330 cm-1, in the symmetrical stretching vibration area of the 



CO2 molecule. A narrow (likewise negative) band at 670 cm-1 also appeared in the bending vibration 
area in the O-C-O bond in the same molecule. This revealed that unlike the gas treated in the kiln, the 
gas flowing through the FTIR chamber, despite the purge, contained some CO2. 
 
When the temperature was raised to 141ºC (Figure 4B), two groups of wide bands appeared on the gas 
spectrum in the intervals 4 000-3 400 and 2 000-1200 cm-1. The former group was attributed to the 
symmetrical and asymmetrical stretching vibrations in the OH in water molecules and the second to 
the bending vibrations in the H-O-H bond in the water released from the sample. The negative bands 
attributed to symmetrical stretching in the CO2 molecule remained visible. 
 
When the temperature was raised to nearly 200ºC, the vibration bands associated with water molecules 
disappeared, marking the end of water loss in the sample. By contrast, the negative bands associated 
with symmetrical stretching in the CO2 molecules in the FTIR chamber persisted at that temperature. 
 
CO2 loss appeared between 200 and 539ºC. By way of example, at 365ºC (Figure 4C) the bands 
attributed to the gas had turned positive, indicating the release of CO2 by the sample. No signal was 
detected in the area associated with water molecule vibrations at this temperature. Raising the 
temperature by 100ºC (to 462ºC) induced no change in the CO2 band, although two small signals were 
observed at 2 172 and 2 105 cm-1, due to the stretching vibrations in the CO molecule released in the 
thermal decomposition of weddellite (CaC2O4·H2O) (Frost 2003). When the sample was heated 
further, to 550ºC (Figure 4D), none of the bands observed on the spectrum could be attributed to 
released gas, but when the temperature was raised to 687ºC (Figure 4D), more CO2 was released, as 
evinced by the bands associated with that molecule clearly visible on the spectrum. 

 
Table 2 lists the temperature intervals and mass loss assigned to each, calculated taking the 
considerations listed below into account. 
 
a) The sample consisted primarily of thaumasite with minor amounts of weddellite and calcite. 
b) According to the FTIR findings for the gases, the sole gas (water) lost up to a temperature of 194ºC 
had to be released by thaumasite and weddellite, the only phases containing chemically combined 
water. CO2 was lost between 200 and 539ºC, while from 439 to 539ºC the presence of CO began to 
appear on the FTIR spectrum for the gases. 
c) Weddellite dehydrated at around 114ºC; the dehydrated mineral lost one CO molecule at around 
422ºC and a CO2 molecule at around 650ºC.  
d) Calcite decomposed thermally at around 700-800ºC, although depending on the surrounding acid 
oxides, decomposition may have begun at somewhat lower temperatures, but never under 550ºC.  
e) Consequently, the CO2 observed by FTIR between 200 and 539ºC could only be attributed to 
thaumasite, which lost its crystalline structure after dehydration. Pursuant to the experimental results, 
the amorphous material ensuing was less thermally stable than any of the CaCO3 polymorphs 
undergoing decomposition and losing CO2 at temperatures lower than 550ºC. 
f) The CO released between 439 and 539ºC was attributed to weddellite decomposition. 
f) At temperatures of over 550ºC, CO2 was only observed in the FTIR spectra for the gases released in 
the thermal decomposition of calcite and to the remaining CO2 molecule in weddellite. 

 
Table 2. Percentage and source of mass loss and compound involved in four temperature ranges during 

TG trials 
 %mass Compound Source 

25-194ºC 38.3±0.4 H2O Thaumasite and hydration water in weddellite 
200-440ºC 5.3±0.5 CO2 Thaumasite 
440-539ºC 1.11±0.05 CO2+CO Thaumasite (CO2) + weddellite (CO) 
550-900ºC 6±1 CO2 Calcite and weddellite 



The TG findings showed less water and more CO2+CO in the mineral composition of the synthesized 
sample than the stoichiometric amounts calculated from the quantitative XRD analysis, although the 
total loss concurred fairly well (Table 3). 
 
Based on mass balance and attributing the TG-calculated water loss up to 194ºC (38.33) and the CO2 + 
CO loss up to 539ºC (6.45%) to the decomposition of thaumasite and weddellite, the sample 
composition would be: thaumasite (87.54 %), weddellite (1.53 %) and calcite (10.93%). This 
composition differed somewhat from the LXRPD findings, which showed higher thaumasite and 
lower calcite concentrations, but concurred fairly closely with the TG findings. 
 

Table 3. Experimental (TG) and stoichiometric (TG and LXRPD) loss of mass 
%mass (FTIR gas) 

Experimental (TG) Quantitative LXRPD Quantitative TG 
H2O 38.33 41.33 38.33 

CO2+CO 12.58 9.29 11.67 
Total 50.91 50.61 50.0 

 
CONCLUSIONS 
 
The temperature that renders thaumasite unstable depends on the experimental procedure used and 
whether a static or dynamic approach is adopted. The present findings led to the conclusions set out 
below. 
1. Thaumasite DTA (under the experimental conditions described) exhibits an endothermal signal 
ranging from 69 to 194ºC and peaking at 129ºC, in which interval the salt loses all its chemically 
combined water. Thaumasite also releases all its CO2 between 200 and 550ºC.  
2. The crystalline structure of thaumasite collapses with dehydration. Subsequent thermal treatment 
induces anhydrite recrystallization, but no similar effect is observed in any of the CaCO3 polymorphs. 
3. Pursuant to the experimental findings, the amorphous material ensuing from thaumasite de-
crystallization is less thermally stable than any of the CaCO3 polymorphs undergoing decomposition 
and losing CO2 at temperatures lower than 550ºC. 
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Abstract 
Sustainability requirements increasingly impose the use of Supplementary Cementitious Materials (SCMs) to 
partly substitute Portland Cement (PC) in concrete formulations. For an optimised use, a better understanding 
of the mechanisms contributing to concrete performance is necessary, especially in terms of durability. Blast 
furnace slags constitute one of the most important and efficient types of SCMs but are particularly rich in Al2O3 
and its role in sulphate attack processes deserves special attention. In this work, slag was blended with PC at 
levels of replacement of 40% and 70%. 3-month hydrated mixes were characterised by Quantitative X-ray 
Diffraction (QXRD) and Backscattered Electron Image Analyses (BSE-IA) to obtain their phase assemblages. 
The sulphate resistance of their corresponding mortars was tested for up to 24 months following two different 
modes of operation: without renewing the sulphate solution (static mode), and by frequently renewing it (semi-
dynamic mode). The concentration of all sulphate solutions was fixed at 3.0 g L-1 of Na2SO4 with the aim of 
being close to realistic field conditions. To accelerate the penetration of sulphates into the microstructure, the 
surfaces of the prisms were cut off prior to sulphate exposure. A major difference between the modes of testing 
was the pH to which samples were subject, which appeared to have an important influence on their behaviour. 
In the static mode, where pH was kept steady above 11.5 for most of the time, the tests were significantly 
shortened with respect to those conducted in semi-dynamic mode, where pH periodically ranged between 8.0 
and 9.5. A fundamental finding in both modes and for both levels of replacement was the detection of secondary 
monosulphoaluminate forming from reaction of the slag with external sulphate. The identification of this 
intermediate hydrate contributes to understanding the global mechanism of sulphate attack in slag blended 
cements and, particularly, can justify the correlation between the availability of Al2O3 after curing and the final 
sulphate resistance. The anhydrous slag at the time of beginning the test plays an important role in the long-
term behaviour in sulphate solutions. 
 
Originality 
This work is part of one of the most comprehensive programmes on sulphate attack of blended cements. It 
proposes a new approach of conducting sulphate resistance (SR) tests based on applying close to realistic 
sulphate concentrations: 3.0 g L-1 Na2SO4, i.e. an order of magnitude lower than the majority of accelerated 
tests proposed in standards. An additional step forward is the attempt of correlating the SR of samples 
incorporating different proportions of slag with their initial distribution of Al2O3. All in all, it makes this 
investigation a unique and valuable source of data that intends to establish guidance for SR testing. 
 
Chief contributions 
Beyond the methodology proposed, a new mechanism of sulphate attack has been elucidated in slag blends 
mortars. This is based on the detection of secondary monosulphoaluminate resulting from the reaction of 
external sulphate ions with the aluminate from anhydrous slag grains. This is a key finding that contributes to 
better understanding the correlation between the initial availability of Al2O3 and SR, particularly concerning 
high levels of replacement. It becomes manifest that this is a general mechanism co-existing with the most 
common one, i.e. transformation of initial monosulphoaluminate into secondary ettringite. It is valid for 
different proportions of slag, as well as for different modes of SR testing, particularly with regard to pH range. 
 
Keywords: sulphate attack, monosulphoaluminate, ettringite, supplementary cementitious materials, slag 
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1. INTRODUCTION 
 
The use of SCMs is a key strategy towards the accomplishment of sustainability requirements of 
cement and concrete industry. Different types of commercial cements incorporate high levels of fly 
ash or blast furnace slag, which motivates the study of the performance of these kinds of blends in 
different scenarios. Given the much higher content of Al2O3 in SCMs than in PC, one of the most 
relevant situations is that of sulphate exposure. Despite the high overall Al2O3 content of some of 
these blended cements, their sulphate resistance (SR) may be comparable to that of Sulphate 
Resistance Portland Cements and are actually commercially supplied as such. External sulphate attack 
processes may involve different chemical reactions between incoming SO4

2- ions and sources of 
aluminate-bearing phases in the hydrated cement matrix. The most damaging of these, typically 
leading to cracking, is the formation of secondary ettringite (E, Ca6Al2(SO4)3(OH)12•26H2O) from 
calcium monosulphoaluminate (Ms, Ca4Al2(SO4)(OH)12•6H2O) according to Equation 1: 
 

Ca4Al2(SO4)(OH)12•6H2O + 2SO4
2- + 2Ca2+ + 20H2O à Ca6Al2(SO4)3(OH)12•26H2O  (1) 

While an immediate explanation for enhanced SR performance in blends is the dilution of tricalcium 
aluminate from clinker, and portlandite (CH, Ca(OH)2) and Ms from its hydration (Hooton and 
Emery, 1990; Gollop and Taylor, 1996), the role of reacted and anhydrous slag has remained 
overlooked. Overall, it is necessary to have information on the abundance and location of Al2O3 in 
different phases to have an estimation of its availability for sulphate attack processes. With this aim, 
this work initially focused on the characterisation of slag blends to better relate their SR performance 
with their mineralogical composition. Likewise, another major objective was to design a procedure for 
testing SR that attempted to be as realistic as possible, and yet, still be accelerated. This was based on 
a low concentration of SO4

2- ions in the solution, large volumes of solutions, and surfaces of mortar 
bars freshly cut prior to exposure to study the influence of proportion of slag on SR. In addition, the 
impact of frequently renewing the sulphate solution (semi-dynamic mode) was assessed in comparison 
to not renewing for long period of time (static mode), since this had been little reported (Ferraris et 
al., 1997). 
 
 
2. METHODOLOGY 
 
To study the phase composition, paste mixes containing either 40% or 70% slag by weight of cement 
were prepared at nominal water-to-binder ratio (w/b) of 0.40. In all cases, the weight w/b was adjusted 
both in paste and in mortar mixes to obtain the same volume of solids as in plain PC mixes. The paste 
mixes were cured for 91 days, and characterised as described elsewhere (Fernàndez-Altable et al., 
2009). Briefly, this combined QXRD to quantify both the detected crystalline phases and the total 
amorphous content (Scrivener et al., 2004) with BSE-IA to determine the degree of hydration of slag 
(Kocaba et al., 2008). By assuming that only anhydrous slag and C-S-H contributed to the total 
amorphous, the amount of C-S-H was estimated by difference. Tables 1 & 2 present the compositions 
of the ground granulated blast furnace slag (S) and that of PC.  
 
All mortar mixes were prepared by adapting the EN-196 standard to a nominal w/b = 0.6 in order to 
obtain higher porosity and promote faster penetration of SO4

2- ions. In addition to the 2 blends 
studied, plain PC mortars were also prepared as a reference for the sulphate exposure tests. 
  
After 91 days of curing immersed in tap water at 20 ºC, 1 cm of the outer layer of the surface was cut 
off from each lateral face of the 4x4x16 cm3 mortar bars. The resulting 2x2x16 cm3 prisms were 
immediately placed in 10-L containers full of solution of 3.0 g L-1 Na2SO4 (20.1 mM) that were 
airtight, sealed, and store at 20 °C. This concentration is about 10 times less than in most commonly 
used accelerated tests. In the static mode, the resulting volume ratio between solution and mortar bars 



was 51, whereas in the semi-dynamic mode was 23. During the first 10-11 weeks of test under semi-
dynamic conditions, the sulphate solution was replaced every week, and every other week thereafter. 
In contrast, the solution was only renewed once after 182 days in the static mode. For each 
formulation, the expansion of 3 bars was measured weekly using a Digico 10 (Tesa Technology) 
extensometer with a precision of 0.001 mm. The pH of the test solutions was also measured weekly 
with a Cyberscan PCD 6500 (Eutech Instruments) pH-meter. Every 6 months of exposure, the XRD 
patterns of the ground cores and of 2-mm thick covers were recorded in the range of diffraction angles 
of 2θ = 7.5° – 20.5° with an X’Pert Philips diffractometer at λ = 1.54 Å (CuKα). A FEI Quanta 200 
scanning electron microscope was used at 15 kV to examine microstructural features of mortar cross 
sections and to analyse their chemical composition by Energy Dispersive X-ray Spectroscopy (EDX). 
 
 

Table 1. Composition (wt. %) of Portland cement and slags obtained from XRF 
 

 
Table 2. Phase composition of anhydrous PC (wt. %) obtained from QXRD 

 

alite belite ferrite aluminate hemihydrate anhydrate calcite dolomite arcanite aphtithalite syngenite 

62.6 16.7 7.1 7.4 1.7 1.0 0.6 0.3 0.7 0.7 1.2 

 
 
 
 
3. RESULTS 
 
3.1. CHARACTERISATION OF PASTE MIXES 
 
The phase assemblages of blended pastes along with the total Al2O3 in the anhydrous blend and the 
estimated Al2O3 remaining in anhydrous slag are presented in Table 3. Higher degrees of hydration of 
slag were obtained at proportions of 40% than at 70%: 75% versus 52%. The presence of slag 
diminished the hydration of belite, confirming previous results (Kocaba, 2009). Importantly, more 
overall Al2O3 in the blend did not lead to more Ms. Unlike Ms, hydrotalcite-like phases (Ht, 
MgxAly(OH)12+z(CO3)2-z•nH2O) and C-S-H contain Al2O3 that, in principle, is considered unavailable 
for sulphate attack. Instead, Al2O3 may be potentially available from the anhydrous slag. Note that 
70S contained a large reservoir of this Al2O3. 
 
 

Table 3. Phase assemblages of slag blends (wt. %) and Al2O3 contents after 91 days of hydration 
 

 Anhydrous Hydrates Al2O3 

belite slag C-S-H CH Ht Ms anhydrous 
blend 

in anhydrous slag 
of hydrated mix 

40S 9.5 10.0 56.3   9.6 6.1 8.5   9.0 1.5 

70S 6.9 33.6 46.8   3.2 6.4 3.0 12.3 5.1 

 
 
 

 CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 Na2O K2O Mn2O3 P2O5 sum L.O.I 

PC 64.18 21.01 4.63 1.82 2.78 2.60 0.14 0.20 0.94 0.03 0.40  98.73 1.26 

Slag 38.75 32.59 15.30 9.54 0.64 0.33 1.33 0.40 0.51 0.31 < 0.1  99.70 1.35 



3.2. SULPHATE ATTACK TESTS 

Expansion of mortar bars 
 
Figure 1 shows the expansion curves of the samples in different testing conditions. All the curves 
exhibited periods of slow expansion followed by a change in slope that was more or less sudden 
depending on testing conditions and even on formulation. This transition has been shown to 
correspond to the onset of cracking throughout the specimens (Chabrelie, 2010). The transition 
between the two expansion regimes was much sharper in the static than in the semi-dynamic mode 
and more for slag blends than for plain PC mortars. The rapid expansion regime with a higher slope, 
eventually leading to failure, started much earlier in the static than in the semi-dynamic mode. The 
estimated take-off times in each testing mode were the following: 84 days versus 266 for 40S, 203 
versus 266 for 70S, and 126 versus 238 for PC. It seems these differences must be attributable to the 
differences in pH of the two conditions: steady values above 11.5 in static mode, compared to values 
periodically cycling between 8.0 and 9.5 in semi-dynamic mode.  
 
In both testing regimes, the 40% slag blends showed more rapid expansion than the 70% ones; this 
corresponded to their relative amounts of Ms at the beginning of the exposure (see Table 3). It is 
interesting to note that the behaviour before the take-off point gives virtually no indication of 
subsequent behaviour. In fact, the values of expansion were slightly higher in the 70% slag blends 
than in the 40% ones throughout this first regime, possibly due to their higher porosity. Importantly, 
the testing mode also affected the general ranking of SR, as PC showed the lowest expansion under 
semi-dynamic conditions but was intermediate between the two blends under static ones.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Average relative change length of different formulations as a function of time under static (a) and under 
semi-dynamic (b) exposure to 3.0 g L-1 Na2SO4 solution. Arrows indicate expansion up to failure. 
 
 
XRD patterns and microscopic features 
 

Figure 2 shows the comparison between the XRD patterns (in the range 8° – 17°, 2θ) of the cores and 
surface regions of the specimens with different levels of slag and for the two testing regimes after 182 
days. In all cases, the intensities of the peaks of ettringite in the surface regions correlated with the 
levels of expansion: higher in 40S blends and higher in the static mode. However, particularly in the 
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semi-dynamic mode, the intensity of monosulphoaluminate in the near surface region was similar or 
even higher than that in the cores despite the formation of secondary ettringite (see also Fig. 3). This 
confirmed previous results obtained only in static mode (Fernàndez-Altable et al., 2009). At later ages 
of semi-dynamic exposure shown in Figure 3, the surface regions of 40S showed further growth of 
secondary ettringite through monosulphoaluminate and CH consumption. Instead, 70S presented 
roughly the same ettringite peaks, while a slight net increase of Ms with respect to the cores. 
 
Although the presence of secondary ettringite indicates consumption of Ms and CH, net generation of 
monosulphoaluminate must take place during sulphate attack. This must be a product that results from 
the reaction of external SO4

2- ions with the Al2O3 in anhydrous slag. This is supported by the fact that 
the presence of secondary monosulphoaluminate was more evident in blends containing higher 
amounts of slag. This is consistent with previously reported enhanced reactivity of slag in mixes that 
incorporated gypsum or other sulphate sources (Wu et al., 1990, Singh and Garg, 2002, Melo Neto et 
al., 2010). Under conditions of prolonged exposure and/or high pH this intermediate Ms eventually 
turned into secondary ettringite. Figure 4 shows direct evidence of secondary monosulphoaluminate 
inside relics of fully reacted slag grains found in the surface region of the specimens with slag. 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Partial XRD patterns of cores (thin lines) and surface regions (thick lines) of mortars blended with 40% 
(a) and 70% (b) slag in static mode and with 40% (c) and 70% (d) in semi-dynamic mode after 182 days of test. 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Full XRD patterns of cores (thin lines) and surface regions (thick lines) of mortars blended with slag at 
40% (a) and at 70% (b) after 364 days of test in semi-dynamic mode. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. BSE image of a fully reacted slag grain (enclosed by dashed line) close to the surface of a blended mortar 
exposed to 3.0 g L-1 Na2SO4 solution. Ht and C-S-H at the boundaries, Ms crystals (arrows) in the inner part. 
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4. DISCUSSION 
 
The intention of these laboratory tests was to work at moderate sulphate concentrations closer to those 
found in the field. Nevertheless, from a mechanical point of view the test conditions are still very far 
from a field situation: the samples were not confined and could expand relatively freely. Furthermore, 
removal of the surface directly exposed the bulk microstructure to the solutions. All this may explain 
that results in this investigation were not always in accordance with common experience that slag 
blends generally show good resistance to sulphate solutions. The interesting findings in this work are 
the strong effect of the solution pH and the formation of monosulphoaluminate from anhydrous slag 
during exposure to sulphate solutions.  
 
The effect of pH may be related to the crystallisation pressure (σc) of the secondary ettringite (Flatt 
and Scherer, 2008). As shown in Equations 2 & 3, this is highly dependent on the ionic activity of 
OH-. σc would be higher in the static mode as the activity of OH- ions was permanently several orders 
of magnitude higher than in the semi-dynamic one. As a consequence, higher pH not only made 
specimens expand earlier and more rapidly, but also made the transition between the involved 
expansion regimes sharper. 

σc = (R·T / vcrys.) · ln (IAP / Ksp)    (2) 

where R is the gas constant, T is the absolute temperature, vcrys. is the molar volume of the crystal, IAP 
is the ion activity product, and Ksp is the solubility product constant. In the case of ettringite crystals, 

IAP = (Ca2+)6 · (Al(OH)4
-)2 · (SO4

2-)3 · (OH-)4    (3) 

Regardless of the exposure regime, the formation of monosulphoaluminate from the reaction of 
incoming SO4

2- ions and slag could explain the delayed expansion of the 70% slag blends (higher SR) 
with respect to that in 40% ones. Initially the 40% blends have more monosulphoaluminate which can 
form ettringite, but the reservoir of anhydrous slag in the 70% blends then produces 
monosulphoaluminate which can later form ettringite and provoke expansion. The evolution of the 
volume of the main phases involved in sulphate attack is illustrated schematically in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Schematic volume change of phases in the surface regions of slag blends subject to sulphate exposure. 
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5. CONCLUSIONS 
 

The hydration of mature blends containing 40% slag yielded more initial monosulphoaluminate than 
70% ones despite lower overall Al2O3 content. This correlated with an earlier expansion in sulphate 
solutions due to formation of ettringite with incoming sulphate ions. However, secondary 
monosulphoaluminate was also formed during the tests in outer layers of mortars as a result of the 
reaction of external SO4

2- ions mainly with anhydrous slag. Since the latter was more abundant in 
70% slag blends, more secondary monosulphoaluminate (instead of ettringite) could be detected at 
intermediate stages of the sulphate attack process in this type of blends. This monosulphoaluminate 
subsequently formed ettringite, which may be linked with a delayed degradation. This hydrate was 
detected in blends with different proportions of slag and under different conditions of pH. Thus, its 
formation appears as a general phenomenon of slag blends exposed to incoming sulphate ions.  

For all formulations studied, frequent renewal of the sulphate solution increased enormously the time 
to rapid expansion associated with cracking. This seems to be related to the effect of pH on the 
crystallisation pressure of ettringite. These studies underline the role of the mechanical effects in tests 
for sulphate resistance where small bars are placed in sulphate solutions. Further research is needed to 
clarify the relation of such behaviour to field performance. 
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Abstract 

The basic hydration properties of ground-granulated blast-furnace slag (BFS) were discussed using high-sulfated slag 

cement (HSC) system. In this study, the rate of heat liberation by hydration, the rate of the reaction of gypsum, that of 

ettringite formation, and the development of strength, etc., were measured using a system of 90 pieces of slag with 

different levels of fineness, along with 10 pieces of gypsum and 0.125–2 parts of Ca(OH)2. The strength development 

and heat liberation of HSC paste or mortar were affected by the fineness of the slag and the amount of CH addition. It 

was also found that there are some critical amounts regarding the addition of CH. When the added amount of CH is less 

than that critical value, strength develops well and heat liberation is also high, and it seems to be good material for low-

heat cement. When it is higher than the critical value, heat liberation is relatively high but strength develops low. How 

the gypsum reaction contributes to the development of strength is also affected by the amount of CH addition. A higher 

amount of CH addition hinders the development of strength. Further, the reaction of gypsum to produce AFt in the early 

stage may contribute little to the development of strength, but after that period, C-S-H production and the filling of the 

pore space may substantially contribute well to the development of strength. Slag can react gradually until the thickness 

of the reaction layer reaches about 0.3 to 0.5 µm. After that, the reaction rate may be hindered by the texture of the 

products.  

 

Originality 

Many investigations, where sulfated slag cement is added with a small amount of Ca(OH)2 instead of clinker, have been 

studied. However, there are a few studies from the point of view of the stoichiometry of the hydration. Therefore, just 

what hydrates will be produced in a low-Ca(OH)2 system is discussed in this study. In this case, many properties of the 

hydration process were measured using BFS with different levels of fineness, from 2000 to 6000 cm
2
/g. As a result, low 

Ca(OH)2 addition and a low specific surface area of BFS lead to a decrease in the initial rate of heat liberation, but its 

hydration progressed continuously for the long term. Moreover, the most effective content of Ca(OH)2 for the 

development of strength was 0.125 mass%, and there was no difference in strength development between the 4000 and 

6000 cm
2
/g of BFS. The application to mass concrete is expected because the heat of the hydration decreased when the 

fineness of the BFS controlled was less than 4000 cm
2
/g. 

 

Chief contributions 

In the cement industry, the development of cement with low CO2 emissions is becoming more and more necessary. For 

this purpose, it is necessary to make clear the hydration process of slag, and it is found that heat liberation and the 

development of strength can be controlled by changing the fineness of the slag and the amount of Ca(OH)2 addition. 

Blast furnace slag cement and sulfated slag cement can be expected for more wide applications, not only as cement for 

mass concrete, but also as high-strength concrete or that of regular strength. 

 

Keywords: Ground-granulated blast furnace slag (GGBFS), sulfated blast furnace slag cement, Blaine’s surface area, 

hydration 
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1. Introduction 
 

Blast furnace slag cement with more than 80 mass% of granulated blast furnace slag, 8–14% of 

gypsum, and a few percent of cement clinker or slaked lime is well known as High-sulfated Slag 

Cement (HSC)[1] These materials have many merits, such as low heat of hydration and high resistance 

to sulfate attack; meanwhile, they also have some demerits, such as: low surface hardness and a long 

setting time. Efforts to improve these defects have been made by many researchers. For example, 

Massida[2] had reported that a specimen formed with 100–200 MPa and cured by autoclaving allows 

us to obtain a densified specimen, and also reported that cement clinker is most suitable as an alkali-

activating agent. Bijen[3] had also tried to improve compressive strength by grinding slag finer in the 

case of slag of 80–83 mass%, cement clinker of 2–5 mass%, and gypsum in a 15 mass% system. 

Recently, there are many reports regarding the improvement of HSC, regarding the use of 

hemihydrate[4] to shorten setting time. There are also other case studies using steelmaking slag[5] as 

an alkali activator, along with combined use of sodium silicate, AE agents, and a shrinkage-reducing 

agent for the improvement of workability and for the drying shrinkage of concrete[6]. 
 

On the other hand, Daimon[7] had reported on the properties of the hydration of HSC from the 

measurement of a calorimeter, where hydration mostly proceeds upon the addition of 0.2–0.5 mass% 

of CH in the system and of the constant addition of gypsum at 10 mass%. The range of optimal 

addition of CH is very narrow. Tango[8]
 
had also pointed out that the addition of excessive amounts of 

CH decrease clearly the compressive strength. Moreover, according to the results of NMR 

measurements on 
29
Si and 

27
Al in various slag alkali cement, Schneider[9] had reported that the C-S-H 

in HSC hydrates is highly polymerized, and Al is also recognized to be incorporated into the C-S-H. 
 

As described above, for HSC, various improvements and characterizations are in progress geared 

toward its implementation, however, research on blast furnace slag with different levels of fineness 

has not been examined enough despite already being commercialized in recent years according to a 

variety of uses. 
 

Therefore, the present study discusses the rates of the reaction of gypsum and blast furnace slag, which 

were examined using blast furnace slag with various levels of fineness, in addition to how these rates 

affect strength. 
 

2. Experiments 
 

2.1 Materials and testing 

The chemical composition of the blast furnace slag (BFS) used is shown in Table 1. Ground-

granulated blast furnace slag (GGBFS) was adjusted to have a Blaine’s surface area between 2000–

6000 cm
2
/g using a ball mill. The CaSO4・2H2O (Gypsum) and Ca(OH)2 (CH) used were reagents of 

analytical grade, and the CH was substituted for slag with a ratio of 0.125, 0.75, and 2.0 mass%. The 

gypsum was added in a constant amount of 10 mass%. The compositions of the mixes are shown in 

Table 2. They were subjected to sealed curing at a temperature of 20°C after being mixed under the 

ratio of w/c=0.5. Samples for analysis had stopped hydration with excess amounts of acetone at a 

scheduled curing time. The XRD and analysis of hydration reaction rates of slag were then performed. 

 
 

Chemical Composition (%) 

SiO2 Al2O3 CaO MgO TiO2 

33.90 14.65 42.58 5.59 0.55 

MnO S Na2O K2O P2O5 

0.14 0.70 0.32 0.31 0.01 

 

BFS Fineness 

(cm
2
/g) 

Mix Ratio (%) 

2000 4000 6000 BFS Gypsum CH 

89.875 10 0.125 

89.25 10 0.75 GS20 GS40 GS60 

88 10 2 

Table 1: Chemical composition of BFS 

 
Table 2: Sample mix ratios 



Fig. 1: Effects of the fineness of 

slag on the compressive strength 

of the mortar with CH0.125% 

 

2.2 Compressive strength test 

Compressive strength was measured in accordance with JIS R5201 using mortar of s/c=3.0 and 

w/c=0.5 that was then cured in water at a temperature of 20°C. Thus, this method is also based on ISO 

standards. 
 

2.3 Measurement of the heat of hydration 

Samples were mixed for five minutes just after water pouring. Then, the heat of hydration was 

measured using a conduction calorimeter for 120 hours. This measurement was conducted under a 

condition of w/c = 0.5 at a temperature of 20 °C. 
 

2.4 XRD 

XRD was performed under a condition of 50 kv and 150 mA, a scanning speed of 1 degree/min, and a 

scanning range of 2θ range at 5–65 degrees. Reaction rates of gypsum were measured using XRD with 

the addition of MgO at 10 mass% as an internal standard, while also using a calibration curve.   
 

2.5 Hydration reaction ratio of BFS 

The hydration of samples was stopped using acetone and by being pulverized by a vibration mill. Slag 

reaction ratios were obtained from the measurement of un-reacted slag using the selective dissolution 

method with a solution of salicylic acid-acetone-methanol. 
 

3. Results and discussions 
 

3.1 Effects of slag fineness and the amount of CH added on the compressive strength 

The effects of the fineness of the slag on the compressive strength of HSC mortar are presented in 

figures 1–3. Fig. 1, Fig. 2, and Fig. 3 show the results of the case of CH0.125% addition, 0.75% 

addition, and 2.0% addition, respectively. It can be seen that the compressive strength had a tendency 

to rise with the increase in the fineness of slag, while the strength decreased with the increase of CH 

addition. In the case of the 0.125% addition, although the strength of 2000 cm
2
/g was low for seven 

days, the strength of all the levels of fineness was almost the same at about 50 MPa at 28 or 56 days.  

In the case of 2.0% addition, the strength of all the levels of fineness was the same, but lower at 10 or 

15 MPa, even after 56 days of curing. In the case of the 0.75% addition, the strength for fineness at 

2000 cm
2
/g and 3000 cm

2
/g was similar to that of the 2.0% addition, while that for the fineness of 

more than 4000 cm
2
/g was similar to that of the 0.125% addition.  

These results should indicate that there is indeed a critical amount of CH addition. When the amount 

of addition of CH is more than this critical amount, the hydration of slag is strongly retarded (group I). 

However, when the addition is less than this critical amount, the reaction is accelerated (group II). The 

critical amount of CH addition for the acceleration of the hydration of HSC varies with the surface 

area of the slag, but it seems to be constant for an amount of CH per unit surface area of the slag, 

which was calculated as the mass of CH added was divided by the specific surface area of slag. The 

Fig. 2: Effects of the fineness of 

slag on the compressive strength 

of the mortar with CH0.75% 

 

Fig. 3: Effects of the fineness of 

slag on the compressive strength 

of the mortar with CH2.0% 
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Fig. 4: Relationship between the amount of CH 

addition and the cumulative heat of hydration 

(GS40) 

Fig. 5: Relationship between the amount of CH 

addition and the cumulative heat of hydration 

(GS20, GS60) 
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amount of addition per unit surface area for group I was more than 2×10
-6
 g/cm

2
 and that for group II 

was less than 2×10
-6
 g/cm

2
. So the critical amount of CH addition should be 2×10

-6
 g/cm

2
. Thus, for 

example, that for slag with 4000 cm
2
/g is a 0.8 mass% of CH. 

 

3.2 Heat of hydration 

Figures 4 and 5 show the relation between the amount of CH addition and the cumulative heat of 

hydration for GS40 and GS20/GS60, respectively. For that only slightly aged, some amounts of CH 

addition (ca. 0.75 %) accelerate hydration severely, but for a long-time cure, smaller amounts of CH 

addition promote hydration further. In the case of GS40 (Fig. 4), small amounts of CH addition 

(0.125%) promoted a low heat level of hydration at the initial stage, but showed the most heat at 

nearly 180 J/g after 120 hours. In the case of GS40, the amount of 0.75% addition promoted a high 

heat of hydration even after 24 hours. In the case of GS20, the amount of CH addition at 2.0% retarded 

the hydration, while that of 0.75% did the same. The effect of the amount of CH addition for GS60 

was almost the same in the range of 0.125–2.0%, while cumulative heat was at about 190 J/g after 120 

hours. 

 

3.3 Relationship between strength and heat of hydration 

 

The relationship between strength and heat of hydration is shown in Fig. 6 (a) and (b). Fig 6 (a) shows 

the relation for group I, in which the amount of CH addition was more than
 
2×10

-6
 g/cm

2
 in surface 

area. Fig. 6 (b) shows the relation for group II, in which the amount of CH addition was less than
 

2×10
-6
 g/cm

2
 in surface area. Group I has a linear relationship between strength and heat of hydration, 

but the strength is low—up to less than 15 MPa. In contrary, group II has a diffused and non-linear 
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Fig. 6 (b): Relationship between strength and 

cumulative heat of hydration for Group II 

Fig. 6 (a): Relationship between strength and 

cumulative heat of hydration for Group I 
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relation between strength and heat of hydration, with an increase in strength in stride with the curing 

time. 

The hydration properties of HSC are affected by the fineness of the slag even when the amount of CH 

addition is same. As such, there will be many cases. Some systems liberate a large amount of heat but 

do not develop so much strength; however, other systems show a good development of strength with 

heat liberation. Thus, the system for group II is suitable for low-heat cement. The system for group I 

has a very stable relationship between strength and the heat of liberation. 
 

3.4 Relationship between compressive strength and the gypsum reaction ratio 

As reported by many researchers, slag hydrates with 

gypsum and lime to produce C-S-H and AFt. In this 

study, AFt and non-hydrated gypsum were recognized 

as crystal phases in the hydrates and AFm or C-A-H 

phases were not determined by XRD. However, the 

reaction ratios of gypsum in HSC hydration with 

different levels of slag fineness were determined by 

XRD. The results are shown in Fig. 7. In this study, 

the mixing ratio of slag and gypsum was 90:10 by 

mass, and the rates of reaction for the gypsum seemed 

to increase with the surface area of the slag. In the 

system for GS60, more than 90% of the gypsum was 

consumed after three days of curing, but in the system 

for GS20, gypsum slowly reacted to 80% until after 

14 days. These rates were affected by the amount of 

CH addition. Increase the amount, and increase the 

rate. In the system for GS40, the gypsum had reacted 

to nearly 90% after seven days of curing. 

The relationship between the reaction ratio of gypsum 

and compressive strength from one day to seven days 

is shown in Fig. 8. Compressive strength tends to 

increase with an increase in the rate of the reaction of 

gypsum; however, strength varies depending on the 

amount of CH addition. In the case of CH2.0% 

addition, strength was remarkably low, even after the 

gypsum reacted at around 90%. This suggests that, 

when the amount of CH addition is a large as 2.0%, 

the reaction rates of gypsum are also large; however, 

the strength does not develop substantially. On the 

other hand, in any case regarding CH0.125% and 

CH0.75%, compressive strength increases with the reaction ratio of the gypsum. This relationship 

seems to also be classified into the two group of group I and group II.  
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Fig. 7: Effects of variation in the slag fineness 

on reaction ratio of gypsum 

 

Fig. 8: Relationship between the reaction ratio 

of gypsum and compressive strength 
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3.5 Reactionary properties of HSC 

 In Figure 9, changes in the reaction ratio of paste slag cured at 20℃ with the curing times shown, and 
in which the compositions were listed in Table 1. It was found that, in all cases of GS20 to GS60, the 

reaction ratio of slag with CH2.0% was high at one day; however, after three days, that for 0.125% 

was higher than that of 2.0%. Thus, the reactionary ratios of slag in HSC paste with a CH addition of 

2.0% were higher than those of lower additions of CH at an early stage. However, at a later stage, the 

reaction ratios of slag in the paste with 2.0% addition did not progress substantially. Those with 

CH2.0% for GS20, GS40, and GS60 were 18%, 25%, and about 30%, respectively. As shown in Fig. 7, 

the reaction ratio of gypsum with CH2.0% was the highest at one day, and when the CH added amount 

is as high as 2.0%, slag reaction was promoted at an early stage, but not at the later stage. 

Consequently, it is supposed that AFt and C-S-H phases form on the slag particle surface and hinder 

the hydration reaction further. 
 

 In the addition of CH0.125%, the amount of the reaction of the slag for GS20 proceeded gradually 

over three to 14 days and reached about 25%. Then, it 

stayed almost constant. Meanwhile, that for GS40 

proceeded over one to seven days and reached about 35%, 

then it stayed constant. Then, for GS60, the reaction ratio 

proceeded to 35% until three days. From this data and the 

mean particle radius which was calculated from specific 

surface area of the slag, the reaction thickness could be 

calculated, as slag reaction can proceed to about 0.3 to 

0.5 µm in thickness.  
 

The relationship between the reaction ratio of slag and 

the compressive strength of mortar or the reaction ratio of 

gypsum are shown in Fig. 10. This data was somewhat 

diffused, but the development of strength was low during 

when the reaction ratio was less than 15%. After that, the 

strength increased with the increase of the reaction ratio 

of the slag. Strength was more than 50 MPa when the 

reaction ratio of the slag was at about 40%. On the other 

hand, the reaction ratio of the gypsum had increased with 

that of the slag until the ratio of the slag was at about 

15%. Then, after the reaction ratio of the gypsum stayed 

almost constant at 90%, the reaction of the slag 

proceeded. When we assume that the amount of 10% 

gypsum had completely reacted to produce AFt and that 

the necessary amount of CaO and Al2O3 are supplied 

from the slag, the reaction ratio of the slag will be 

Fig. 9: Hydration ratio of BFS (GS20, 40, 60) 
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calculated as 15%. 

During when the reaction of the gypsum proceeded up to the 80–90% range, the strength developed to 

some degree, but only after the reaction ratio of the gypsum reached over 90%. Further, the reaction of 

the gypsum progressed minutely, but slag hydration proceeded and strength developed well. From 

these facts, the reaction of the gypsum to produce AFt in the early stage may contribute little to the 

development of strength; but after that period, C-S-H production and the filling of the pore space may 

substantially contribute to the development of strength. 
 

4. Conclusions 

As a result of the study on the effects of: slag fineness, the amount of CH addition on strength 

development, and the rate of reaction of the slag and gypsum in HSC, the following conclusions were 

obtained: 
 

1) The strength development and heat liberation of HSC paste or mortar were affected by the fineness 

level of the slag and by the amount of CH addition. It was found that there is a critical amount 

regarding the addition of CH. When the added amount of CH is less than that critical value, strength 

develops well and heat liberation is also high; and it seems to be a good material for low-heat cement. 

When it is higher than the critical value, heat liberation is relatively high but strength develops low. 
 

2) How the gypsum reaction contributes to the development of strength is also affected by the amount 

of CH addition. Higher amounts of CH addition hinder the development of strength. The reaction of 

gypsum to produce AFt in the early stage may contribute little to the development of strength, but after 

that period, C-S-H production and the filling of the pore space may substantially contribute to the 

development of strength. 
 

3) Slag can react gradually until the thickness of the reaction layer reaches about 0.3 to 0.5 µm. After 

that, the reaction rate may be hindered by the texture of the products.  
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Abstract 
The utilization of blended cement for construction is becoming a key technology for the realization of sustainable 
development. Determination of blending components in blended cement is essential for the appropriate material design 
of blended cement.  There are several determination methods of blast-furnace slag in blast-furnace slag blended cement 
using optical microscopy, the XRD/ Rietveld method and the selective resolving method using citric acid, acetone and 
methanol. Each one of these methods involves problems and is not entirely satisfactory.  In this study, the combination 
of two selective resolving methods, one that uses citric acid and methanol to solve calcium silicates such as C3S and 
C2S, and another one that uses KOH-sucrose to solve the interstitial phase and calcium sulfate gypsum, are applied for 
determination of slag or fly ash in blast-furnace slag blended cement or fly ash blended cement.  Using the proposed 
combined method, the blending component content was successfully determined directly from the residue without 
compensating calculation. 
  
 
Originality 
In this study, the combination of two selective resolving methods, one that uses citric acid and methanol to solve 
calcium silicates such as C3S and C2S, and another one that uses KOH-sucrose to solve the interstitial phase and 
calcium sulfate gypsum, are applied for determination of slag or fly ash in blast-furnace slag blended cement or fly ash 
blended cement.   
 
Chief contributions 
The proposed combined method was continuously applied to the determination of the unreacted slag content in 
hardened blast-furnace slag blending cement. The unreacted slag content in BSC can be compensated by the value 
determined using ordinary Portland cement paste prepared under the same conditions (hydration age, curing condition, 
water cement ratio).  Consolidating these methods, the reaction degree of slag in BSC can be determined. 
 
Keywords: Blast-furnace slag cement, Blast-furnace slag, Selective resolving methods, Determination of the unreacted 
slag content, Reaction degree of slag 
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Introduction 
The use of blended cement as a way to effectively utilize blending components such as slag and fly 
ash not only increases the durability of concrete, but also plays an important role in reducing 
environmental loads related to CO2 emissions. Blended cement accounts for more than 50% of 
common cement, particularly in Europe. The blending components vary by country and by region, 
depending on emissions and cement characteristics. In Japan too, since the oil shock, blast-furnace 
slag blended cement has been gradually replacing Portland cement from the standpoint of green 
procurement. It accounts now for over 20% of total cement use, and use of blended cement is expected 
to further increase as a percentage of total cement use.  
Through adequate control of the hydration of ground granulated blast-furnace slag, material design of 
blast-furnace slag boasting higher performance than conventional blast-furnace slag is possible 
Miyazawa2005, Ohtomo 2003, Nito2006, Miyazawa2004. The determination of the reaction degree of 
blast-furnace slag requires a method to determine the unhydrated ground granulated blast-furnace slag 
content of cement and hardened cement pastes. A method to determine the ground granulated blast-
furnace slag content in blast-furnace slag is also technology that is required from the viewpoint of 
standards and specifications.  
 
Method to Quantitatively Determine Slag (Blending Component) in Blended Cement  
Slag Determination Method  
Taking into consideration the method to determine slag and fly ash as blending components, current 
slag determination methods are listed in Table 1. These methods include the X-ray diffraction method、
selective resolving method, and optical microscopy method. Since slag is in the glass phase, it cannot 
be determined by the X-ray diffraction method. Therefore, the devitrification method, which heats the 
slag in the range of 600℃ to 900℃ in an electric arc furnace to crystallize (devitrify) the glass phase 
(slag) in order to determine the crystallized melilite content, is used. However, this method has its 
demerits, namely the difficulty of determining crystals other than melilite and the necessity of setting 
devitrification conditions. The XRD/Rietveld method, which has come into use in recent years, 
determines content by obtaining the constituent minerals by using all the peaks of the diffraction 
profile and subtracting them from 100%. As the apparatus is not a general-purpose one, it is not 
suitable for measurement work at general laboratories. Also, as the X-ray diffraction method measures 
slag content indirectly instead of directly, it is prone to errors.  
 

Table 1 Current slag determination methods 
 
Method of quantitative 
analysis 

 Problem point Precision 

X-ray diffraction methods
（indirectly method） 
・Devitrification method 
・XRD/Rietveld method 

 
 
-Condition of devitrification 
- Necessary of identical slag 

 
△ 
○-△ 

Selective resolving methods
（directly method）Takashima 
・ Salicylic acid- acetone- 
methanol method Kondo 
・Triethanolamine method 

 
 
- Revision of residues 
 
-Dissolution of slag 

 
○-△ 
○-△ 

Microscope methods
（directly method） 

Influence of sift flour and 
particle distribution 

○-△ 

Precision △：10-5％、○：5％ under  
 
 
Selective resolving methods are direct methods that determine slag content from residue by dissolving 
constituents other than blending components. Currently proposed blast-furnace slag determination 
methods include the salicylic acid-acetone-methanol method Kondo 1969 and the EDTA 
triethanolamine method Numata 1995. Currently, these two measurement methods are employed as 



part of the Japan Society of Civil Engineers standard "Ground Granulated Blast-furnace Slag Mix Rate 
and Replacement Rate Test Methods" JSCE 1996. In the case of the salicylic acid-acetone-methanol 
method, substances such as interstitial phases (C3A,C4AF) and gypsum remain, which requires 
compensating calculation from separately obtained cement are required. On the other hand, in the case 
of the EDTA triethanolamine method, some of the blast-furnace slag is dissolved, necessitating the 
setting of conditions and/or compensation.  
The optical microscopy method measures the total amount of slag particles from blended cement 
passed through a sieve of 20 µm or more, and subtracts this amount from the total of all the particles, 
but the fact that this method is labor-intensive and the influence of the particle size distribution are 
some of its issues posed by this method. Thus, an adequate method for the quantitative determination 
of slag in blended cement remains to be proposed.  
Various selective resolving methods exist. The salicylic acid-methanol method, which dissolves 
calcium silicate, leaving interstitial phases and gypsum (including alkali sulfates), is recognized as a 
method that offers high reproducibility and high accuracy Takashima1968. The KOH-sucrose 
(sucrose) method Gutteridge 1979 consists in processing cement in a KOH-sucrose solution that has 
been boiled, dissolving the interstitial materials and gypsum, leaving the calcium silicate phases (C3S, 
C2S), and is thus the inverse of the salicylic acid-methanol method.  
As shown in Table 2, by combining these two resolving methods, it may be possible to leave as 
residue only the blending component. An effective combination of these two methods would allow 
direct quantitative determination of the blending component in blended cement.  
 

Table 2 Selective resolving method  (○：Dissolved、▲：Not dissolved) 
 

 Salicylic acid - methanol Tak as him a KOH- sucrose Gu tter idge   

C3S ○ ▲ 

C2S ○ ▲ 

C3A ▲ ○ 

C4AF ▲ ○ 

Gypsum ▲ ○ 

Slag ▲ ▲ 

  
 
Samples and Experimental Method 
The selective resolving methods listed in Table 3 were applied, using fly ash, slag (Blaine specific 
surface area of 3800 cm2/g), and ordinary Portland cement for research purposes, and preparing 
blended cement with 25% fly ash and 25% slag content. The details of the selective resolving methods 
are listed in Table 4. With regard to dissolution test levels, tests were carried out three times per 
experiment, and the average value of these three tests was used.  
 

Table 3  Chemical composition of cement and blast-furnace slag 
 Fineness 

(cm2/g) 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

Cement 3240 21.00 5.28 3.14 63.75 1.92 2.15 0.36 0.40
Slag 4300 34.17 14.31 0.39 42.87 5.83 0.20 0.34

  
 
 
 
 
 
 



Table 4 Details of selective resolving methods 
 

 Salicylic acid - methanol Takashima KOH- sucrose Gutteridge  

Amount of sample 0.5ｇ 0.5ｇ 

Solution Salicylic acid 8ｇ 
Methanol 40ml 

KOH 1ｇ 
Sucrose 3ｇ 
Water 30ml 

Stirring time and 
temperature 

Room temperature 1 hour 90℃ 2 minute 

Method of 
separation 

Absorption filtration
Filter paper ５B 

Absorption filtration 

Temperature of 
loss on ignition 

950℃ 950℃  

  
 
Investigation of Quantitative Determination Method 
The steps of the experiment are listed in Table 5. First, the levels applying the salicylic acid-acetone-
methanol method and the KOH-sucrose method, respectively, to slag and fly ash only are designated 
as Step A and Step B. Their results are listed in Table 6. It was found that the slag and fly ash were 
only minimally solved with the salicylic acid-acetone-methanol method and the KOH-sucrose method. 
Step C and Step D respectively carry out opposite sequences. In order to leave only the blending 
components as residue, in the KOH-sucrose method, a smaller amount of KOH than that cited in the 
literature was used for the sample:KOH ratio. 
 
                Table 5   The steps of selective resolving methods 

 Salicylic acid -
methanol 

KOH- sucrose

Step A ①  
Step B  ① 
Step C ① ② 
Step D ②  ①

① ② is order of selective resolving methods  
 

Table 6  Residues by selective resolving methods 
 Blast-furnace slag Fly ash
Step A 99.3％ 98.5%
Step B 97.9％ 95.7%

  
Next, the dissolution residue was measured using blended cements respectively containing 25% 
ground granulated slag and 25% fly ash (by mass ratio) (25% blast-furnace slag blended cement, 25% 
fly ash cement). The results are listed in Table 7. In Step A, the residue consisted of insterstitial phases 
and the blending components, and in Step B, it consisted of calcium silicate phases and the blending 
components. In Step C, where the salicylic acid-methanol method was followed by the KOH-sucrose 
method, the amount of residue exceeded only slightly the 25% of blending component content, but 
microscope inspection of the residue (Figure 1 and 2) showed that almost all the residue consisted of 
blending components. Reversely, in Step D, where the KOH-sucrose method was followed by the 
salicylic acid-methanol method, high values of 5% to 8% were obtained compared to Step C, and the 
respective constituents were found to be undissolved. This is thought to be due to filtration, uneven 
agitation, and other factors, and will require future study. It was found that determination of the 
blended quantity of slag and fly ash in blended cement is possible by combining the salicylic acid-
methanol method and the KOH-sucrose method, in this order, according to Step C Nito2.  



 

   
 

Figure 1  Blast-furnace slag             Figure 2  25% blended slag cement after  
step C Selective resolving method 

 
 

Table 7 Residues of blended cement by selective resolving methods 
 
 25％ Slag cement 25％ Fly ash cement 

Step A 37.5% 38.0%
Step B 84.2% 82.9%
Step C 25.3% 25.5%
Step D 30.9% 33.4%

  
 
 
Conclusions 
This study examined the method of quantitative determination of blending components from the 
residue left after dissolution of the Portland cement components only using a combination of selective 
resolution methods used until now individually. Further, expansion of this approach to the quantitative 
determination of ground granulated blast-furnace slag in cement paste was attempted.  The two-step 
selective resolving method consisting of the salicylic acid-methanol method followed by the KOH-
sucrose method excels at quantitatively determining ground granulated blast-furnace slag in blast-
furnace slag blended cement.   
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Abstract 
Supplementary cementitious materials (SCM) are known to reduce or even stop expansion due to alkali silica reaction 
(ASR). Some studies show that the efficiency of SCM against ASR is due to the decrease of alkalinity in the cement paste 
pore solution. The C-S-H, the main cement hydrate, is able to fix alkalis, especially if it is silicon enriched. It is 
proposed that aluminium enrichment can also increase the fixation capacity of the C-S-H. This fixation capacity of C-A-
S-H was however exclusively studied on synthesized materials, which are very different from C-S-H in real pastes. In 
this work, it is shown that the incorporation of aluminium in the C-S-H, contrary to silicon, has no effect on the alkali 
fixation of the cement paste pore solution for real pastes conditions. Different blended pastes of silica fume and 
metakaolin were cast, in order to provide the same Ca/Si ratio of the C-S-H but different aluminium contents. On these 
pastes, EDS micro analysis was done in order to know the C-S-H compositions. Coupled to this, pore solution 
extraction and analysis were provided. 
 
Originality 
This work is an important step for the better understanding of the effect of SCMs on ASR. It separates the effect of 
silicon and aluminum in C-S-H on the reduction of the pore solution alkalinity in real blended pastes. More and more 
important structures such as dams suffer from ASR degradation. Non-reactive aggregates are becoming in short supply 
and there is increasing pressure to use reactive aggregates in concrete. The use of SCMs remains the best solution to 
avoid expansion. SCMs have an impact on the mechanical properties, the workability and the price of concrete. The full 
understanding of the ASR control mechanism is needed in order to optimize the mineral additions needed to control it. 
 
 
Chief contributions 
It is clearly demonstrated in this study, that aluminium in C-A-S-H products of real blended pastes don’t provide a 
consequent contribution on the alkali fixation. At a similar Ca/Si ratio, the aluminum rich pastes don’t reduce the pore 
solution alkalinity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Alkali silica reaction, supplementary cementitious materials, C-S-H, blended pastes, pore 
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1. Introduction 
 
Large concrete structures like dams are often subjected to degradation due to alkali silica reaction (ASR). 
ASR appears due to the reaction between amorphous silica from certain aggregates and the alkalis from the 
cement paste pore solution. This involves the macroscopic expansion of concrete. The deleterious effects of 
ASR in new structures can be avoided by using supplementary cementitious materials (SCMs). However, the 
exact mechanism by which this is brought about is unclear. A better understanding of the role of SCMs 
would be a very useful step forward to the prediction of the precise amount of substitution for a given type of 
reactive aggregate to avoid or significantly reduce ASR expansion. It was already showed (Canham, Page et 
al. 1987; Kawamura and Takemoto 1988; Thomas, Shehata et al. 1999; Gruber, Ramlochan et al. 2001) that 
SCM substitution decreases the pH of the cement paste pore solution over and above that expected by simple 
dilution. Studies (Hong and Glasser 1999; Hong and Glasser 2002), on synthetic cement phases, indicate that 
a decrease of the Ca/Si ratio increases the immobilization of sodium and potassium ions in the C-S-H. This 
lowers the pore solution alkalinity and its capacity to dissolve silica in the aggregates. 
 
There are several indications that show that aluminum rich SCMs, such as fly ash, slag or metakaolin are 
more efficient against ASR than pure silica additions such as silica fume, which may only have a temporary 
effect (Aquino, Lange et al. 2001; Duchesne and Bérubé 2001; Ramlochan, Thomas et al. 2004). In the study 
of Hong and Glasser (Hong and Glasser 2002), the replacement of silanol sites by aluminum in synthesized 
C-S-H, indicated a role of the aluminum on alkali fixation. However, synthesized C-S-H do not have the 
same compositions as found in real pastes. The Ca/Si ratios of real blended pastes are, as shown here, much 
higher than the phases synthesized by Hong and Glasser. This difference in composition could potentially 
change the alkali fixing behavior between synthesized C-S-H and that in real blended pastes. Boddy (Boddy, 
Hooton et al. 2000; Boddy, Hooton et al. 2003) studied the effect of Si addition on alkali fixation in real 
pastes. She analyzed the concentration of ions of the pore solutions of different blended pastes containing 
variable amounts of silica fume. The effect of silica fume addition on the decrease in pore solution alkalinity, 
showed the same tendency as Hong & Glasser’s work. In contrast, the contribution of aluminum on alkali 
fixation in real pastes was never confirmed. 
 
2. Experimental program 

The aim of the experimental study was to make blended pastes containing comparable C-S-H phases. Pastes 
with three substitution levels of 5, 10 and 15% of metakaolin were cast with a water to binder ratio of 0.5. To 
obtain pastes with the same Ca/Si ratio of C-S-H but no aluminum, the same substitution levels were cast 
with silica fume and inert quartz filler, following the Figure 1. The aim is to provide the same amount of 
added silica, but in one case an additional amount of aluminum.  The composition of the materials used is 
presented in Table 1. 

 
Table	  1	  Raw	  materials	  characterization	  

 
 

 
 

 
Figure 1. Composition of blended systems 

 



	  

The C-S-H compositions in the blended pastes were studied by EDS micro analysis (Bruker AXS XFlash 
Detector 4030 133eV) in the scanning electron microscope (FEI Quanta 200). The paste samples were cut at 
different ages dried with isopropanol to stop hydration and impregnated with an epoxy resin. The samples 
were mechanically polished down to 1 micron with diamond pastes. Around 100 measurement points were 
made for the inner and for the outer C-S-H product (Scrivener 1984) (Figure 2).  
 
A batch of pastes was pressed in an adapted device in order to extract the pore solution at the ages of 28, 90 
and 300 days. The solutions were analyzed by inductive coupled plasma (ICP) to know the amount of alkalis 
present in the pore solutions. 
 
 

 
Figure 2. Example of C-S-H microanalysis 

 
 
3. Results and discussion 
 
Figure 3 shows the distribution of Ca/Si values and the average Al/Si for the outer C-S-H points at 28 days. 
It appears that the metakaolin blended pastes, corresponding to the aluminum rich systems, have the same 
distribution of Ca/Si ratios as the silica fume / quartz systems. As expected, the higher the substitution level, 
the lower is the Ca/Si ratio.  The Al/Si ratio of the metakaolin blended pastes increases with the substitutions 
level, whereas the silica fume – quartz systems have a constant Al/Si ratio of approximately 0.15, 
independent of the substitutions level. The same tendencies were observed at 90 and 300 days and for the 
inner product. 
 
The concentration of alkalis in the pore solutions is shown in figure 4. They show that the presence of Al in 
the C-S-H does not increase the alkali fixation.  In fact the alkali concentrations for the metakaolin blends 
tends to be higher than the silica fume blends.  From these results, it seems that with aluminum containing 
SCMs, such as metakaolin or fly ash, there must be another mechanism in addition to alkali fixation on  
C-S-H which makes them more efficient against ASR for a similar substitutions level (Aquino, Lange et al. 
2001; Duchesne and Bérubé 2001; Ramlochan, Thomas et al. 2004). 
 
In fact, these results are consistent with the results on synthetic C-S-H, reported by Hong & Glasser (Hong 
and Glasser 1999; Hong and Glasser 2002). The C-S-H of such a 15% metakaolin paste at 28 days has a 
Ca/Si ratio of 1.7. This is similar to the synthesized C-S-H with a Ca/Si ratio of 1.5 of Hong and Glasser.  
The alkali fixation of this C-S-H is shown in Figure 5. The alkalinity of a typical PC paste at 28 days is 
around 110 mM of sodium and 400 mM potassium. Figure 5 shows that the effect of the aluminum in C-S-H 
on alkali fixation at such concentrations is almost inexistent. This is despite the fact that the synthesized C-S-
H have an Al/Si ratio of approximately 13 to 16 which is 5 to 6 times the amount found in real pastes (for 
example the 15% metakaolin blend, had an Al/Si = 2.8). 
 



	  

	  	   	    
 

 

	  
 

Figure 4. Pore solution alkali analysis of the different blended pastes 
 
 

Figure	  3.	  Evolution	  of	  Ca/Si	  and	  Al/Si	  ratio	  distribution	  in	  function	  of	  substitution	  type	  and	  amount	  at	  28	  days	  



	  

	  

 
Figure 5 Comparison of alkali binding between C-S-H and C-A-S-H gels. Solid lines and dashed lines indicate C-S-H 
and C-A-S-H gel, respectively. (Hong and Glasser 2002) 
 
 
4. Conclusion 
 
This study gives new insight into the mechanisms behind the control of ASR by SCMs. SCMs lower the 
Ca/Si ratio of C-S-H so that it fixes a high amount of alkalis and the pH of the pore solution is reduced.  
However, incorporation of aluminium into C-S-H, seems to have little impact on alkali fixation and solution 
pH.  This suggests that the high efficiency of aluminium containing SCMs in controlling ASR must be due to 
some other mechanism.   
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Abstract 
In recent years, an increase of trace elements content has been observed in Portland cement. Primary raw 
materials (limestone and clay) represent the main input pathways for trace elements into Portland cement, but 
the contribution from secondary raw materials (sediments, sludges) and fuels (waste oils, tires…) are more and 
more substantial since waste valorisation is a common practice in cement industry. Despite the extensive 
literature on this subject, available data are incomplete. This paper aims at defining precisely for a standard 
clinker, the maximum amount of Cu, Ni, Sn or Zn that could be incorporated while preserving the stability of its 
four major phases (C3S, C2S, C3A and C4AF). The threshold limits were investigated through laboratory 
synthesised clinkers that were mainly studied by XRD and SEM-EDS. The clinkers were prepared by mixing 
pure compounds (CaCO3, SiO2, Al2O3 and Fe2O3) and Cu, Ni, Sn or Zn oxides that were burnt at 1450 °C in 
closed crucibles. The reference clinker corresponded to a typical Portland clinker (65 % C3S, 18 % C2S, 8 % 
C3A and 8 % C4AF). It appeared that beyond the threshold limit, trace element did not have the same behaviour. 
Two trends were observed. Ni and Sn had no significant effect on stability of the clinker phases and were mainly 
concentrated in interstitial phase as new compounds. Ni was associated with Mg as MgNiO2 and Sn formed 
CaO-SnO2 (2:1) with CaO. In contrast, Cu and Zn modified the stability of clinker phases. Cu changed the 
crystallization process and affected therefore the formation of calcium silicates particularly that of C3S. Indeed 
a high content of Cu in clinker led to the decomposition of C3S and consequently the presence of a greater 
amount of C2S and of free lime. Zn, in turn, affected the formation of C3A. Ca6Zn3Al4O15 was formed while a 
tremendous reduction of C3A was identified. The threshold limits for the studied trace elements are quite high 
except for Cu that affected C3S stability even for smaller amounts in clinker. This result is important given the 
steady increase of the content of Cu in industrial cement. The tests of reactivity conducted by calorimetry 
measurements at the threshold limits revealed that the doped cements are at least reactive as the reference at 
early ages.  
 
Originality 
Clinkering is one of the main topics of ICCC and the effect of trace elements is more and more studied. Trace 
elements in cement have been already studied by the past. Three main axes have been largely investigated: 1) 
immobilisation of wastes containing trace elements in cementitious materials,2) effect of trace element on the 
pure clinker phases properties (phase stability and reactivity during hydration), 3) effect of trace element on 
clinker (incorporation rate in clinker, effect on burnability and sintering process, effect on the mineralogical 
phases). However, nobody has currently determined precisely for a given clinker, the threshold limits in trace 
element that could be incorporated into the clinker without significantly modifying its main phases. The 
originality of this study relies on this point and considers four important trace elements (Cu, Ni, Sn and Zn) 
incorporated at different levels in the same reference clinker. The reported threshold limits could be used by the 
cement industry in order to avoid production problems knowing that the effect of the incorporated trace 
elements on hydration and also on the environmental issues have not been considered in this first approach.  
 
Chief contributions 
The reported work corresponds to the results of the first part of Nathalie Gineys PhD’s thesis devoted to the 
effect of trace elements on clinker mineralogy and then on Portland cement hydration and the environmental 
impact of the corresponding cement paste. This first part corresponds to the synthesis and the characterisation 
of clinkers incorporating some trace elements. Her supervisors, Prof. Denis Damidot and Dr. Georges Aouad 
have been carried out some researches on cement for years mainly on hydration and durability issues that 
correspond to the second part of the thesis whereas Dr. François Sorrentino is an expert on high temperature 
thermodynamics and clinker. 
Keywords: Threshold limit, Trace elements, Portland cement   

                                                 
1* Corresponding author: Email nathalie.gineys@mines-douai.fr  Tel 03 27 71 24 14, Fax 03 27 71 29 16 
 



Introduction 
In recent years, sustainable development and natural resources preservation have become global issues. Cement 
industry has integrated these issues to its development policy by promoting industrial wastes as raw materials 
and fuels in replacement for traditional materials used during the manufacturing process. The sources of 
alternative raw material are varied and provided the necessary ingredients for raw mix (Ca, Si, Al and Fe). Blast 
furnace slag, sediment, fly ash, water treatment sludge, for example, can be used as alternative raw materials. 
Concerning alternative fuels, many plants used scrap tires, plastics, waste oils in substitution to coal and 
petroleum coke [Schreiber et al., 2007]. However these wastes contain trace elements that could be incorporated 
into cement phases during the clinkering process and could affect the technical and environmental properties of 
cement. Currently, the content of trace elements in Ordinary Portland Cement (OPC) is quite low (table 1). 
Consequently, no effect on technical and environmental cement properties was observed. 
 

 
Trace 

Element 

 
Average Concentration in 

OPC , wt% 
 

As 0.0008 
Cr 0.0068 
Cu 0.0038 
Ni 0.0045 
Pb 0.0027 
Sn 0.0003 
V 0.0074 
Zn 0.0164 

Table 1: Average content in trace element in current Portland Cement. [Achternbosch et al., 2005] 

 
Although, the reuse of materials in the Cement manufacturing is currently considered like beneficial, cautions 
must be taken. Indeed, during the last decade, wastes valorisation has become a common practice in cement 
industry. In consequence, the trace elements content in cement has increased. Although many studies have been 
conducted on the effect of trace elements in cement, the available data are still incomplete. Indeed a review 
literature indicates that three main research axes were investigated: 1) the immobilization of trace elements in 
cementitious materials, [Arliguie et al., 1985; Glasser, 1997; Tashiro et al., 1997], 2) the effect on the stability 
and the reactivity of pure clinker phases, [Stephan et al., 1999a, 1999b; Chen et al., 2009], 3) the effect on 
clinker particularly on the incorporation rate, the burnability and the sintering process and the mineralogy of the 
clinker phases [Hornain, 1971; Stephan et al., 1999c; Kolovos et al., 2005a; Bhatty, 2006] . However, nobody 
has determined, for a specific Portland Cement, the maximum content in trace elements that could be 
incorporated without modifying the stability and the reactivity of the four major clinker phases (C3S, C2S, C3A 
and C4AF). Consequently, this study proposes to investigate the threshold limit for 4 trace elements (Cu, Ni, Sn 
and Zn) incorporated at different levels in the same specific clinker of a Portland Cement. These trace elements 
were chosen by virtue of their frequent presence in raw materials and fuels. Indeed, iron industry wastes, iron 
ore and fly ash have an important content in Cu and Ni. Tyres, rubber and metallurgical slags contain a large 
part of Zn. [Achternbosch et al., 2005]. Finally, Sn is mainly present in the paintings, as a substitute to lead and 
cadmium, in plastics, and in pesticides [Bekaert, 2004]. 
In the first part, the effects of the selected trace elements on a laboratory-made clinker and their threshold limit 
into clinker were investigated by XRD and by SEM-EDS. Then the reactivity of the doped cement paste 
particularly the kinetic of hydration was studied by isothermal calorimetry.  
 
Experimental 
1. Material 
Clinkers were prepared by mixing analytical grade reagents of CaCO3, SiO2, Al2O3, Fe2O3, MgO and K2O. First, 
a reference clinker with a composition close to that of an average Ordinary Portland Cement (OPC) clinker was 
synthesised in laboratory. Table 2 shows the chemical and the mineralogical composition (according to Bogue 
formula) of the reference clinker after sintering. To prepare the doped clinkers, trace elements were introduced 
into the raw meal in the form of oxide. The raw mixes were homogenised and pressed at 5 kN into pellets 
(height = 23 mm, diameter = 40 mm) to obtain a more regular clinkering process. Pellets were placed in alumina 



 

crucible and fired up to 1450 °C a rate of 10 °C/min. After 45 minutes of burning to the clinkering temperature, 
the clinker was slowly cooled in the furnace to obtain larger calcium aluminates crystals, which will be more 
easily analysed with Scanning Electron Microscope (SEM) equipped with an energy dispersive X-ray 
spectrometer (EDS). The free lime content of the reference clinker was determined according to the standard 
ethylene glycol method [Norme PT 207, 1970] and was equal to 0.35 %. The raw mix and burning conditions 
were unchanged for the reference and the doped clinkers. Cement was produced by mixing pure gypsum to 
clinkers previously ground (< 40 µm) in order to reach 3.3 % SO3.  
 

 CaO SiO2 Al 2O3 Fe2O3 
Chemical composition 64.22 21.68 4.46 2.57 
 C3S C2S C3A C4AF 
Mineral composition 
(according to Bogue formula) 65 18 8 8 

Table 2: Chemical and mineral composition (%w/w) of the reference cement. 

 
2. Methods 
The chemical composition of clinker was checked by X-ray fluorescence. The mineralogy of the clinkers was 
studied by the means of X-ray diffraction (XRD). A Bruker D8 with Co Kα radiation (1.78 Ǻ) was used. The X-
ray patterns were acquired in the 2θ (5-100°) with a step of 0.019 and 3 seconds per step.  
The chemical composition of the clinker phases was investigated on polished sections with a Hitachi S-
4300SE/N SEM operating in backscattered electron mode (20 KeV) and equipped with EDS. To make the 
polished section, a piece of clinker was vacuum impregnated in epoxy resin and then polished with ethanol to 
avoid reaction with water. Finally the samples were carbon coated before observation. 
The reactivity of the cements was determined through isothermal calorimetry measurements performed at 20 °C. 
Five grams of cement and 2.5 grams of water previously stored at 20 °C were mixed manually for few seconds 
directly outside the calorimeter in cells that were then placed inside the calorimeter. The calorimeter used was a 
home-made calorimeter using fluxmeters that allowed the calorimeter to equilibrate in less than two minutes 
after the cells being placed in it. Thus, it was possible to record the heat flux released till the hydration 
beginning even if the mixing of the cement paste was carried outside the calorimeter.  
 
Results  
1. Threshold limit values 
In order to determine the threshold limits, different concentrations of the selected trace elements were 
incorporated in the raw-mix. The resulting clinkers were analysed by XRD.  
The XRD patterns (figures 1A, 2A, 3A, 4A) revealed that the addition of trace elements in clinker led to 
different effects on clinker phases. Indeed two different behaviours were observed. Ni and Sn seemed to have no 
effect on the stability of the clinker phases whereas Cu and Zn seemed to induce some mineralogical 
modifications. Given this result, it appears that it is not possible to define in the same way the concept of 
threshold limit for each trace element. In consequence, we propose to establish a specific definition of the 
threshold limit for each trace element taking into account their effect on the clinker phases. The threshold limit 
will correspond to the maximum amount of trace element that could be incorporated into clinker without 
modifying the stability of the clinker phases and/ or inducing the formation of new compounds. 
 

A. Trace elements with no effect on the stability of the clinker phases 
The XRD patterns of clinkers doped respectively with Ni and Sn (figures 1A and 2A) revealed that the 
incorporation of high contents in these two trace elements led to the formation of MgNiO2 and Ca2SnO4. In 
order to validate these results, a clinker doped with a high Ni content (3.6 wt.%) and Sn (4.8 wt.%) was analysed 
by the means of SEM-EDS. Figures 1B and 2B showed that Ni and Sn were primarily concentrated in the 
interstitial phase as MgNiO2 and Ca2SnO4. 
In consequence, the threshold limits for Ni and Sn will be respectively reached when MgNiO2 and Ca2SnO4 
appeared in clinker. The observations of XRD patterns (figures 1A and 2A) indicated that the formation of 
MgNiO2 appeared when 0.5 wt.% Ni was incorporated into the raw materials of the clinker. On the other hand, 
the formation of Ca2SnO4 was observed when the Sn content exceeds 1 wt.%.  
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Figure 1: A) XRD patterns of clinkers doped with different Ni concentrations; B) SEM Micrograph (left) and 

elemental X-Ray images (right) of clinkers doped with 3.6 wt.% Ni. 
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Figure 2: A) XRD patterns of clinkers doped with different Sn concentrations; B) SEM Micrograph (left) and 

elemental X-Ray images (right) of clinkers doped with 4.8 wt.% Sn. 

 
B. Trace elements with effect on the stability of the clinker phases 
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The XRD patterns of clinkers doped respectively with Cu and Zn (figures 3A and 4A) revealed that the 
incorporation of high contents in these two trace elements led to a modification on the stability of clinkers 
phases.  However, these trace elements did not affect the same phases of clinker. 
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Figure 3: A) XRD patterns of clinkers doped with different Cu concentrations; B) SEM Micrograph (left) and 

elemental X-Ray images (right) of clinkers doped with 2.5 wt.% Cu. 
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Figure 4: A) XRD patterns of clinkers doped with different Zn concentrations; B) SEM Micrograph (left) and 

elemental X-Ray images (right) of clinkers doped with 3.5 wt.% Zn. 
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Indeed Cu seemed to change the crystallization process and affect the formation of calcium silicates and 
particularly that of C3S. The decomposition of C3S to C2S and free lime were observed in the presence of high 
contents of Cu in clinker (figure 3A). In contrast, Zn seemed to modify the stability of the interstitial phase and 
particularly that of calcium aluminates (C3A). A high content of Zn incorporated in clinker led to a decrease in 
C3A content. Moreover, a new compound was observed and was identified as Ca6Zn3Al 4O15 (figure 4A). The 
SEM analyses (figures 3B and 4B) conducted on clinkers doped with high content in Cu (2.5 wt.%) and Zn (3.5 
wt.%) validated the XRD results. 
 
In consequence, the threshold limit for Cu will be associated to a decrease in C3S content and/or an increase of 
C2S and free lime. In the case of Zn, the threshold limit value will be reached when a decrease in C3A content 
and/or the formation of Ca6Zn3Al 4O15 was observed. The observations of XRD patterns indicated that a decrease 
in C3S and/or an increase in C2S and free lime content appeared when the Cu content incorporated into clinker 
was greater than 0.35 wt.% by weight. In addition, C2S γ (identified as B*) was detected when Cu concentration 
exceeds this threshold limit. For Zn, a decrease in C3A content and/or the formation of Ca6Zn3Al 4O15 was 
observed when the Zn content was higher than 0.7 wt.%. Moreover, for clinkers doped with more that 2 wt.% 
Zn, C3A had totally disappeared. 
 
2. Reactivity of doped cements  
For each threshold limit determined previously in sections 1A and 1B, the kinetic of hydration was studied and 
compared to the reference cement. Given that cement hydration is an exothermic process, the observation of 
heat released can be correlated with the kinetic of hydration of each cement (figure 5).  
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Figure 5: Heat hydration versus time of cement pastes doped with Cu (0.35 wt.%), Ni (0.5 wt.%), Zn (0.7 wt.%) 
and Sn (1 wt.%). 

Heat flow curve obtained for the reference indicated that the beginning of the major hydration step occurred 
after 4 hours and was characterised by a main exothermic peak due to the formation of hydrates (C-S-H and 
Portlandite). Then, a second peak on the descending branch of the main peak was observed at about 10 hours. It 
corresponded to the hydration of the calcium aluminates. The analyses at the threshold limits revealed that the 
presence of Cu, Ni, Zn and Sn had no effect on cement hydration. Indeed, the major peak of cement hydration 
appeared at the same time as the reference cement. In addition, the integration of the heat flow curves informed 
about the heat of hydration. For cements doped with trace elements, the amount of heat of hydration seemed to 
be close to the reference. Consequently, the doped cements seemed to be at least reactive as the reference at 
early ages.  
 
Discussion and conclusions 
The purpose of this work was to define for a standard clinker the maximum of trace element (Cu, Ni, Sn and Zn) 
that could be incorporated while preserving the stability of the clinker phases referred here as threshold limit. 
First, the effects of the selected trace elements on clinker phases were determined. Two trends were observed. 
Ni and Sn did not affect the stability of the four clinker phases and their threshold limit was associated to the 
formation of new compounds respectively identified as MgNiO2 and Ca2SnO4. These results are in accordance 
with Stephan et al., 1999c and Kolovos et al., 2005b. In contrast, Cu and Zn modified the clinker phases 



 

stability but not in the same way. Indeed, Cu affected the C3S formation while Zn affected C3A. Their threshold 
limits were respectively associated to a decrease of C3S and C3A contents. The effect of Zn on clinker phases 
was previously described by Bolio-Arcéo et al., 1998, 2000. Although, the effect of trace elements was 
previously investigated, no one has precisely determined their threshold limit which was the aim of this study. 
The threshold limits are significantly higher than the concentrations currently presents in OPC and are 
respectively 50 times higher for Zn, 100 times for Cu and Ni and 600 times for Sn. Consequently, these 
threshold limits are not yet reached. However, this study highlighted that small amounts of Cu in clinker 
affected the C3S stability. This result is important given the steady increase of the Cu content in industrial 
cement. In addition, these threshold limits should be less important, if several trace elements are incorporated in 
simultaneous into clinker due to their competitive effects. 
Finally, the reactivity of doped cements at the threshold limit was studied through calorimetry measurements. 
No effect on cement hydration was observed. The doped cements seemed to be at least reactive as the reference 
at early ages. This result is particularly interesting because trace elements, like Zn and Cu, induced a delay on 
cement hydration when they are added during mixing [Gineys et al., 2010]. Consequently, the incorporation of 
trace elements into clinkers could be a good alternative to the solidification/stabilisation process that is usually 
used to valorise wastes with a high content in Zn and Cu. 
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Effects of Alkali Metal Hydroxides on the Efficacy of Alkali-Free Accelerators
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Abstract
Alkali-free accelerators are relatively new admixtures which allow to project concrete on the rock wall during tunnel
excavation. This sprayed concrete layer acts as a consolidating shield avoiding the convergence (the tendency of the
section to squeeze) or dangerous structural collapses. Their efficiency could be related to: cement class and its
chemical composition; environmental conditions (humidity; temperature); concrete mix design. A loss of accelerator
efficiency is extremely dangerous for workers safety as sudden collapses of the sprayed material can occur. Only few
studies are published on the effects of these factors on the accelerating properties of alkali-free accelerators. In this
paper, the influence of an alkali metal (sodium) was studied on cement pastes added with different alkali-free
accelerators. It was discovered that the higher the alkali content the lower the accelerator performances. In order to
elucidate this phenomenon, an analytical work was carried out including morphological (Environmental Scanning
Electron Microscopy – Field Emission Gun - ESEM-FEG), chemical (Induced Coupled Plasma – Atomic Emission
Spectroscopy - ICP-AES), crystal-chemical (X Ray Powder Diffraction - XRD), physical-chemical (hydration
temperature profile; Thermo Gravimetry / Differential Scanning Calorimetry - TG/DSC) evaluations. The results
revealed significant morphological and crystal chemical differences among the investigated samples.

Originality
Several parameters could affect the reactivity of alkali-free accelerators such as, for example: accelerator solid
content, class and chemical composition of cement, setting regulator, environmental conditions and concrete
composition. Only few papers on the subject were published during the last years. Alkali metal ions, for example,
being present in significant quantity in cement or aggregate, could heavily contaminate concrete thus affecting
accelerator performance. The interaction between alkali metal ions and alkali-free accelerators is unknown. In this
research the effect of sodium hydroxide on the efficacy of several alkali-free accelerators was studied.

Chief contributions
This study points out that sodium hydroxide lower alkali-free accelerator efficacy. This phenomenon could depend on
the formation of U phase, which replaces ettringite usually formed in a ordinary cementitious system admixed with an
alkali-free accelerator. Therefore during the excavation work, cement and aggregates with low alkali concentration
should be preferred in order to improve the safety of tunnelling work.

Keywords: Alkali-free Accelerators, Setting Time, Sodium Hydroxide
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1. INTRODUCTION

Over the last decade, tunnelling activities in Europe have significantly increased mainly due to the
implementation of the Trans-European transport network. In this context, the demand for new and
better performing materials and technologies is increasing constantly (Dal Negro et al., 2003).
Accelerators play a key role for underground constructions as they allow a fast stiffening rate of
sprayed concrete which can act as a consolidating shield avoiding tunnel convergence (Maltese et al.,
2007a). During the last 10 years, a new class of accelerators has been introduced on the market. They
are defined alkali-free due to a very low alkali metal content (expressed as % by mass of Na2O that
should be lower than 1). Alkali-free accelerators are aluminium sulphate water solutions or slurries
which can be stabilized either by inorganic (Sommer et al., 2002) or organic acids (Lunkenheimer et
al., 1999). The efficacy of these admixtures can be evaluated with common laboratory equipments
through setting time determinations of cement paste or mortar samples admixed with the accelerator
(Cerulli et al., 2002): the shorter the final setting the more efficient the accelerator. Several parameters
could affect the reactivity of these accelerators. Only few papers on this subject were published during
the last years. Alkali metal ions, for example, being present in cement or aggregate, could heavily
contaminate concrete thus affecting accelerator performance. In this research their effects on the
efficacy of several alkali-free accelerators were studied. Setting time measurements were carried out
on cement pastes added with sodium hydroxide (sodium) and three different alkali-free accelerators
(inorganic acid based, organic acid based and without stabilizer). The samples were also analysed by
thermo-chemical hydration profile, TG/DSC (ThermoGravimetry / Differential Scanning
Calorimetry), ESEM-FEG (Environmental Scanning Electron Microscopy – Field Emission Gun),
ICP-AES (Induced Coupled Plasma – Atomic Emission Spectroscopy) and XRD (X Ray Powder
Diffraction).

2. EXPERIMENTAL

Cement pastes were prepared according to the following procedure:
100 g of cement (CEM I 52.5 R according to EN 197/1) were placed in a 200 ml plastic container;
Increasing quantities of sodium hydroxide (0, 0.025, 0.075 and 0.125 mol each 100 g of cement or 0,
1, 3 and 5% by cement mass – Carlo Erba reagents) were dissolved in water (water / cement ratio:
0.4); The alkaline water solution was added to cement and stirred by a mechanical stirrer for 15
seconds in order to obtain a homogenous slurry; The mixing procedure was stopped for 1 minute; 10 g
of the alkali-free accelerator was added and mixed for 10 seconds. The resulting samples were cured at
20°C and 50% R.H.
The accelerator performance was evaluated by measuring initial and final setting time of the samples
indicated in Table 1 (EN 196/3).
In order to clarify the influence of sodium hydroxide on the accelerator reactivity, these analyses were
limited on the samples with the highest difference in terms of final setting time (Ref, RefNa, Acc and
AccNa - Tab. 2). The following investigations were performed: hydration temperature profile; X-ray
diffraction; ThermoGravimetry / Differential Scanning Calorimetry; Induced Coupled Plasma –
Atomic Emission Spectroscopy; Environmental Scanning Electron Microscopy.

3. RESULTS

The results summarized in Table 1 point out that, as expected, alkali metal hydroxides accelerate the
setting of cement paste. Surprisingly, the opposite behavior was observed when sodium hydroxide was
added to cement pastes together with alkali-free accelerators: in this case, at increasing alkali metal
hydroxide concentration, a gradual retardation of cement setting was observed. The hydration
temperature profile (Fig. 1) shows two main peaks. The exothermic peak observed during the first
hour of curing is due to early cement hydration and hydrated sulphoaluminates formation. The second



peak (between 2 and 12 hours) is associated to C3S hydration, which produces C-S-H and portlandite.
Commonly, during this stage, also known as acceleratory period, the final setting time of ordinary
cementitious systems occurs. The addition of the alkali metal hydroxide to the reference causes only a
slight increase of the first peak height. The addition of alkali-free accelerator causes a strong increase
of the first peak intensity arising from the formation of hydrated calcium sulphoaluminates formation
(Bravo et al., 2003).

Table 1: Setting time of cement pastes with and without sodium hydroxide (standard deviation is indicated
between brackets)

Sodium hydroxide
content (% by mass)

Initial setting time (sec) Final setting time (sec)

No accelerator

0 9600 (±1800 sec) 13500 sec (±1800 sec)
1 8100 (±1800 sec) 12000 (±1800 sec)
3 1800 (±600 sec) 5820 (±600 sec)
5 720 (±120 sec) 1440 (±300 sec)

Inorganic acid based
alkali-free accelerator

0 48 (±10 sec) 125 (±20 sec)
1 42 (±10 sec) 90 (±10 sec)
3 50 (±10 sec) 280 (±30 sec)
5 185 (±20 sec) 1880 (±600 sec)

Organic acid based
alkali-free accelerator

0 180 (±20 sec) 550 (±120 sec)
1 175 (±20 sec) 525 (±120 sec)
3 120 (±20 sec) 645 (±120 sec)
5 1040 (±300 sec) 5820 (±600 sec)

Alkali-free
accelerator without

stabilizers

0 80 (± 10 sec) 120 (±30 sec)
1 50 (±10 sec) 145 (±20 sec)
3 170 (±20 sec) 585 (±120 sec)
5 480 (±120 sec) 2145 (±600 sec)

Fig. 1: Hydration temperature profile
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sulphate content in RefNa compared to Ref). At early cement hydration, also ettringite is formed
according to reaction (4) (∆fG°= -255 kJ/mol; Amathieu et al., 2001). This reaction is strongly
exothermic and displaced on the right. Furthermore it is dependent on the concentration of calcium
and hydroxyl ions in solution (their activity is respectively to the power six and four), and to a lesser
extent to alumina and sulphate concentrations (Amathieu et al., 2001). Ettringite decrease could be
related to the possible reduction of calcium ions concentration (Tab. 3) which is the most important
element for ettringite formation. The literature does not clarify the reason for which alkali metal
hydroxide accelerates cement setting. Jawed and Skalny (1978) reported that alkali carbonates or
hydroxides, lowering Ca2+ concentration in the liquid phase, prevented the ettringite formation and
therefore the gypsum effect in controlling the C3A hydration thus causing a premature stiffening (due
to massive formation of AFm phase throughout the paste (Tang and Gartner, 1988)). Paglia and
Wombacher (2001) studying the effect on setting of alkaline accelerators (based on a concentrated
alkali hydroxide solution) connected cement setting with a fast precipitation of calcium hydroxide
crystals. The results of this paper support the last hypothesis also if the former is not excluded. The
main effects of alkali-free accelerators on cement hydration can be summarized as follows: strongly
exothermic reaction (hydration temperature profile); Ca2+ reduction in the pore solution (Tab. 3);
extensive ettringite formation (XRD; ESEM/FEG); portlandite is not present (XRD; TG/DSC); fast
dissolution of gypsum (XRD); significant decrease of C3A and C3S signals after 30 minutes of
hydration. Many of the above mentioned findings can be explained considering that alkali free
accelerators supply a considerable amount of aluminium sulphate that reacting with calcium ions in
the pore solution forms ettringite (Maltese et al., 2007b) according to reaction (4) (Amathieu et al.,
2001). Being calcium cations directly involved in this reaction, their concentration in the pore solution
is significantly lowered thus explaining fast C3S hydrolysis and CaSO4 dissolution. Calcium hydroxide
could not be formed as calcium ions are mainly involved in reaction (4) that is characterised by a
Gibbs free energy (-255 kJ/mol) much lower than the value calculated for portlandite formation (-28.5
kJ/mol). C3A reacting with the alkali-free accelerator could also contribute to ettringite formation thus
explaining its content reduction compared to the reference. Cement setting arise from a massive
formation of needle like crystals of ettringite. The combination of two accelerators (sodium hydroxide
and alkali-free accelerator) should favour a very fast final setting. Nevertheless, this paper surprising
shows that cement pastes containing both alkali-free accelerator and the highest concentration of
sodium hydroxide are characterised by final setting values retarded compared to the sample containing
only one of the two accelerators (Tab. 1). The main results in terms of cement hydration on the sample
containing both accelerators (AccNa) can be summarized as follows: ettringite is not present (XRD;
ESEM/FEG); formation of U-phase (XRD in Fig. 2); calcium ions concentration decrease compared to
Acc and RefNa (Tab. 3); lower amount of portlandite compared to RefNa (TG/DSC). U-phase
formation occurs according to reaction (5) (Li et al., 1996). In the literature, reaction thermochemistry
data are not available. Nevertheless, Clark (2000) demonstrated that in a system composed of
tricalcium aluminate, gypsum and sodium hydroxide, U-phase is favoured respect to ettringite in
increasingly alkaline solution. This phase has never been observed in traditional cement paste because
of its particular formation conditions, but occurred in cemented low level wastes containing high
amounts of sodium sulphate (10-15% by cement mass; Li et al., 1996). Massive precipitation of this
sodium substituted AFm phase could explain the reduction of calcium ions content and the
suppression of portlandite formation. According to Li et al. (1997), U phase occurs in hexagonal
plates isomorphous of calcium monosulfoaluminate, difficult to distinguish from monosulfoaluminate
or portlandite on SEM. Likely, the different setting behaviour of Acc (fast setting; ettringite forming
system) and AccNa (slow setting; U phase forming system) could be related to the different
morphology of U phase crystals (hexagonal plates) compared to ettringite ones (needle like).
Nevertheless, a more detailed study will be necessary on a cementitious system containing both
sodium hydroxide and alkali-free accelerator, in order to clarify the relationship between U phase
formation and cement setting retardation.



5. CONCLUSIONS
This study points out that sodium hydroxide, in particular at high concentration, lower alkali-free
accelerator efficacy. This phenomenon could depend on the formation of U phase which replaces
ettringite usually formed in a ordinary cementitious system admixed with an alkali-free accelerator.
How this phase could affect cement setting should be investigated in a dedicated paper. Nevertheless,
to avoid this suppressive action of alkalis on the alkali free accelerator performances, and to improve
the safety of tunnelling operations, cement and aggregates with low alkali content should be preferred.

6. REFERENCES

- Amathieu L., Bier T.A., Scrivener K.L., Mechanisms of set acceleration of Portland cement. Proceedings of
Calcium Aluminate Cements in Mangabhai R.J. and Glasser F.P.Editors, 2001, IOM Communications, London,
pp. 303-317.
- Boes C.F., Mesmer R.E., The hydrolysis of cations, Wiley Editor, 1976.
- Bravo A., Cerulli T., Maltese C., Pistolesi C., Salvioni D., Effects of increasing dosages of an alkali-free
accelerator on the physical chemical properties of a hydrating cement paste. Proceedings of 7th CANMET/ACI,
V.M. Malhotra Editor, Berlin, Germany, 2003, pp. 211-225.
- Cerulli T., Dal Negro E., Hansen R., Maltese C., Pistolesi C., Wilberg J., Physical mechanical analysis of
concrete sprayed with two different alkali free accelerators: morphological and chemical implications.
Proceedings of 4th Symposium on Sprayed Concrete, N. Barton et al. Editors, Davos, Switzerland, 2002, pp. 58-
63.
- Clark B.A., Brown P.W., The formation of calcium sulfoaluminate hydrate compounds Part II, Cem. Con. Res.
(30) 2000 pp. 233-240.
- Dal Negro E., Maltese C., Pistolesi C., Use of advanced alkali-free accelerators for high performance concrete,
Gallerie e Grandi Opere Sotteranee, 70 (2003) pp. 51-58 (available from www.patroneditore.com).
- Dosch W., Zur Strassen H., Ein alkalihaltiges calciumaluminatsulfathydrat, Zement-Kalk-Gips (20) N.9 1967
p. 392.
- Garci Juenger M.C., Jennings H.M., Effects of high alkalinity on cement pastes, ACI Materials Journal, 98-
M28 2001 pp. 251-255.
- Gartner E.M., Jennings H.M., Thermodynamics of calcium silicate hydrates and their solutions, J. Am. Ceram.
Soc. (10) 70 1987 pp. 743-749.
- Glasser F.P., Kindness A., Stronach S.A., Stability and solubility relationships in AFm phases. Part I.
Chlorides, sulphate and hydroxide, Cem. Con. Res. (29) 1999, pp. 861-866.
- Hopkins H.P., Wulff C.A., The solution chemistry of polyvalent electrolytes. I Calcium Hydroxide, J. Phys.
Chem. (1) 69 1965 pp. 6-8.
- Jawed I., Skalny J., Alkalis in cement: a review, Cem. Con. Res. 8 (1) (1978) pp.37-51.
- Jawed I., Skalny J., Young J.F., Hydration of Portland cement, Chapter 6 Structure and performance of
cements. Applied Science Publisher, London, 1983.
- Li G., Le Bescop P., Moranville M., The U phase formation in cement-based systems containing high amounts
of Na2SO4, Cem. Con. Res. (26) 1996 pp. 27-33.
- Li G., Le Bescop P., Moranville-Regourd M., Synthesis of the U phase, Cem. Con. Res. (27) 1997 pp. 7-13.
- Lunkenheimer R., Breker J., Potencsik I., Altman H., Sedelies R., Solidifying and hardening accelerators for
hydraulic binders, EP 946451 B1, 1999.
- Maltese C., Pistolesi C., Bravo A., Cerulli T., Salvioni D., Effects of Setting Regulators on the Efficiency of
Alkali-Free Accelerators. Cem. Con. Res. 37 (4) (2007a) pp.528-536.
- Maltese C., Pistolesi C., Bravo A., Cella F., Cerulli T., Salvioni D., A case history: effect of moisture on the
setting behaviour of a Portland cement reacting with an alkali-free accelerator, Cem. Con. Res., 37 (6) (2007b)
pp. 856-865.
- Odler I., Dorr H., Early hydration of tricalcium silicate, Cem. Con. Res. 9 (3) (1979) pp.277-283.
- Paglia C., Wombacher F., The influence of alkali-free and alkaline shotcrete accelerators within cement
systems. I Characterization of the setting behaviour, Cem. Con. Res. (31) 2001 pp. 913-918.
- Ramachandran V.S., Differential thermal method of estimating calcium hydroxide in calcium silicate and
cement pastes. Cem. Con. Res. 9 (6) (1979) pp. 677-684.
- Sommer M., Wombacher F., Burge T.A., Alkali-free setting and hardening accelerator, EP 1167317 B1, 2002.
- Tang F.J., Gartner E.M., Influence of sulphate source on Portland cement hydration, Adv. Cem. Res. (1) 1988
pp. 67-74.



 1

ALKALINE ACTIVATION OF METAKAOLIN-SLAG-CLINKER BLENDS 
 

1F. Zibouche* 2A. Fernández- Jimenénez1, 1N. Boudissa, 1M.T Abadlia, 2A.Palomo 

 

1Laboratoire Matériaux Minéraux et Composites, Université de Boumerdès. Algeria 
2Instituto Ciencias de la Construcción Eduardo Torroja (IETcc del CSIC), Madrid, Spain 

 
Abstract 
 
This paper reports on a study of the use of solid alkaline activators (Na2CO3 and K2CO3) to obtain hybrid binders from 
a blend of 20 % clinker + 40 % blast furnace slag + 40 % metakaolin. The effect of activator dosage (5 or 8 wt%) and 
type of carbonate (Na or K) on 2- and 28-day pastes was determined. The reaction products were characterised with 
XRD, FTIR and SEM/EDX. The findings showed that the highest mechanical strength was obtained with 5 % Na2CO3.. 
The main reaction product formed was an (N,C)-A-S-H gel with CaO/SiO2 and SiO2/Al2O3 ratios very close to the ratios 
for the starting blend, an indication that nearly all its constituents had reacted. The secondary reaction products 
detected included metastable carboaluminates (3CaO.Al2O3.CaCO3.11H2O) that evolved toward the calcite or vaterite 
forms of calcium carbonate. The use of K2CO3 instead of Na2CO3 also led to the formation of a hydroxycarboaluminate 
(3CaO.Al2O3.0.5Ca(OH)2.0.5CACO3. 11H2O). 
 
 
Originality 

This study showed that blends containing a small proportion of clinker and high proportions of other types of materials 
(defined in the CaO-SiO2-Al2O3 system) such as blast furnace slag and metakaolin, can be activated with alkaline solids 
such as carbonates (Na2CO3 or K2CO3) to obtain cements.  
 

Chief contributions 

This study showed that the presence of solid activators (Na2CO3 and K2CO3) significantly accelerates the hydration 
reactions of binders with very low (20 %) clinker contents. Five per cent doses of Na2CO3 sufficed to obtain good 
mechanical performance. Higher percentages led to supersaturation and higher costs. Despite the higher pH in K2CO3, 
the best results were obtained with Na2CO3..  
 
Keywords: hybrid binders, sodium carbonate, potassium carbonate, clinker, slag, metakaolin   
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1. Introduction 

Portland cement-based concrete is today’s construction material par excellence. It owes this pre-eminence to 
its mechanical strength, high value for money and generally good performance. Nonetheless, Portland 
cement manufacture raises issues around energy consumption (temperatures of up to 1400-1500 ºC) and 
environmental impact (extraction of raw materials with the concomitant destruction of natural quarries and 
emission of GHGs such as CO2 and NOx) (E. Gartner 2001). 

One of the more innovative solutions to these problems, which also leads to a better environmental balance 
(with the re-use of industrial by-products or waste whose stockpiling is costly and induces pollution), 
consists of developing alternative binders, if possible more respectful of the environment (lower CO2 
emissions, re-use of industrial by-products), less expensive and with similar or even better performance than 
ordinary Portland cement. One such option is to be found in a series of materials with cementitious 
properties that are generically known as “alkaline cements” (Palomo et al. 1999, Shi, et al. 2006, Provis and 
Deventer 2009).  
Alkaline cements are a type of binders formed as the result of the dissolution of natural or industrial waste 
materials (with amorphous or vitreous structures) in an alkaline medium. When mixed with alkaline activators 
these materials set and harden, yielding a material with good binding properties.   

Alkaline cements are characterised by: i) low clinker contents (from 0 to 30 %); and ii) the use of solid or 
liquid alkaline activators.  

Essentially, two major alkali activation models can be distinguished in the CaO-SiO2-Al2O3 system, based on 
the differences in their starting conditions:  

-1st model: activation of materials particularly rich in calcium and silicon (Me2O-MeO-Al2O3-SiO2-H2O 
system). An example of the first model is the activation of blast furnace slag (SiO2+CaO> 70 %) under 
relatively moderate alkaline conditions. In this case the main reaction product is a C-S-H (calcium-silicate 
hydrate) gel, similar to the gel obtained during Portland cement hydration, which takes up a small percentage 
of Al in its structure (C-(A)-S-H gel) (Fernández-Jiménez et al 2003, Andersen et al 2003).   

-2nd model: activation of materials comprising primarily aluminium and silicon (Me2O-Al2O3-SiO2-H2O 
system). This second major alkali activation model involves materials with low CaO contents such as 
metakaolin or type F fly ash (from coal-fired steam power plants). In this case more severe conditions (high 
alkalinity and curing temperatures of 60 to 200 ºC) are required. The main reaction product formed in this 
case is a three-dimensional alkaline inorganic polymer, a N-A-S-H or alkaline silicoaluminate hydrate gel 
that may be regarded to be a zeolite precursor (Palomo et al. 2004, Fernández-Jiménez et al. 2006a, Duxon 
et al. 2007).  
A third model has recently appeared, however, which is the result of combining the above two. Blended or 
hybrid cements or binders are obtained from the alkaline activation of materials with CaO, SiO2 and Al2O3 
contents of over 20 % (Yip et al 2005, Palomo et al 2007. Garcia-Lodeiro et al 2001), and may be divided 
into two groups. In Group 1, materials having low Portland cement clinker and a high proportion (over 
70 %) of mineral additions are activated with alkaline compounds. Examples are to be found in cement+slag, 
cement+fly ash, cement+slag+fly ash, or cement+slag+metakaolin blends. Group 2 comprises blends 
containing no Portland cement: blast furnace slag + fly ash, phosphorous slag + blast furnace slag + fly ash 
and similar.  

This study focused on one of the possible Group 1 binders, specifically 20/40/40 clinker+slag+metakaolin 
blends, activated with solid alkaline compounds. The effect of both activator concentration (5 and 8 %) and the 
type of cation (Na or K, in the form of Na2CO3 and K2CO3) was also studied. 
 
 
 
2. Experimental 
 

The materials used in the present research were a clinker, a granulated blast furnace slag and a metakaolin. 
The (Algerian) metakaolin was obtained by burning the raw material at 750 ºC for 2 hours. The chemical 
composition of the materials was determined by XRF on a PHILIPS PW-1004 spectrometer (Table 1). These 
materials were used to prepare a binder with 1/5 clinker + 2/5 slag and 2/5 metakaolin. The chemical 
composition of the binder resulting from this blend is also given in Table 1.  
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Table 1. Chemical composition (wt %)  

 SiO2 Al2O3 CaO Fe2O3 MgO MnO Na2O SO3 K2O TiO2 P2O5 LoI 
Clinker 22.40 7.56 60.07 3.92 3.26 0.03 0.89 1.42 1.18 0.19 0.24 0.84 
Slag 36.63 7.25 38.09 0.46 8.51 0.60 0.53 2.13 0.62 0.27 0.06 4.88 
Metakaolin  55.03 37.69 0.04 2.89 0.44 0.02 0.02 0.02 3.20 0.26 0.24 - 
BINDER 41.41 19.48 27.30 2.12 4.23 0.25 0.40 1.15 1.76 1.16 0.17 2.12 
 
As specified in Table 2, 5 or 8 % of an alkaline carbonate activator (98 % pure reagent grade Na2CO3 or 
K2CO3, Panreac) was added to enhance the reactivity of the material. The pastes obtained by hydrating the 
binder with water were moulded into 1x1x6-cm prismatic specimens and cured for 24 hours in a curing 
chamber (22 ºC and 99 % relative humidity). The specimens were subsequently removed from the moulds 
and stored in the chamber until they reached the test age (2 or 28 days). 
 
The specimens were tested to failure on an Ibertest (Autotest –200/10-SW) test frame. After these tests, part 
of the material was ground (to < 45 μm) and subsequently frozen with an acetone/ethanol mix to detain 
hydration. This material was characterised by XRD, FTIR and SEM. The BRUKER D8 Advance 
diffractometer used for the XRD analyses had a 4-kW generator and a Cu anode X-ray tube. Its normal 
operating conditions were 40 kV and 50 mA and it was fitted with an automatic divergence slit, a graphite 
monochromator and an automatic sample changer. FTIR was conducted on a Thermo Scientific NicoletTM 
6700 FT-IR spectrometer. The solid samples were prepared using the pressed KBr pellet method. Each pellet 
contained approximately 1.0 mg of sample and 300 mg of KBr. Finally, a JEOL 5400 electron microscope, 
fitted with an OXFORD ISIS system energy-dispersive X ray spectrometer, was used for the SEM/EDX 
studies. The working distance was 20 mm and the working voltage 20 kV.  
 
3. Results and discussion 
 
The bending and compressive strength values for the specimens are also given in Table 2. As a rule, higher 
strength was found when Na2CO3 than when K2CO3 was used as the activator. Higher activator concentration, 
in turn, had a beneficial effect in the case of K2CO3 and an adverse effect when Na2CO3 was used. 
 
Table 2. Mechanical strength (MPa)  

Mechanical strength (MPa) 
Flexural Compressive 

Name Binder Activator Water/binder ratio

2 days 28 days 2 days 28 days 
F5NC 95 % 5 % Na2CO3 0.5 1.8849 3.31 14.5300 23.17     

F8NC 92 % 8 % Na2CO3 0.57 2.9022 3.59 12.4375 20.96     

F5KC 95 % 5 % K2CO3 0.6 1.0532 1.65 7.3675 9.74 

F8KC 92 % 8 % K2CO3 0.53 1.5989 2.99 10.2508 16.08 

 
According to the opinion most widely extended in the scientific community, higher activator concentrations 
should lead to higher mechanical strength. This is not always the case, however, and while it depends in part on 
the type of activator used, certain threshold values also appear to come into play, above which strength not only 
fails to rise significantly, but may even decline. Moreover, high alkali dosages may be detrimental to other 
material properties, such as the appearance of efflorescence (due to carbonation of the excess alkali) and greater 
material brittleness. Economic factors should also be borne in mind, for the higher the dosage, the higher the cost. 
In this study specifically, a further consideration was the difference in the solubility of the carbonates used 
(for Na2CO3, 21.6 g per 100 g of water and for K2CO3 156 g per 100 g de water, both at 20 ºC). Given the 
low liquid/solid ratios applied, this could explain that saturation was reached at 8 % in Na2CO3 but not in 
K2CO3. 
 
Figure 1 shows the XRD patterns for the starting binder and the 2- and 28-day hydrated pastes. The starting 
binder had a halo associated with the vitreous component of the slag and the amorphous phase of the 
metakaolin. The crystalline phases detected included illite and quartz, both present in metakaolin. The (alite, 
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belite) clinker crystalline phases, C3A and C4AF, were scantly identifiable due to the overlap in the 
diffraction lines and the dilution effect attributable to the blend. 
 
When carbonates were added and the blend was hydrated with water, the primary reaction product was an X-
ray amorphous gel detected as a halo at 2Ө values ranging from 25º to 35º. The virtually inert crystalline 
phases in metakaolin (illite and quartz) remained unaltered. The clinker phases, by contrast, tended to 
disappear, an indication of reactivity. The new crystalline phases detected included carboaluminates and 
calcium carbonate in the form of calcite or vaterite. Portlandite was not detected in any of the pastes. 
Calcium hydroxide is unlikely to co-exist for any length of time with C-S-H or C-(A)-S-H gels having a C/S 
ratio less than or equal to 1, for under those conditions it would continue to react, raising the C/S ratio in the 
gel or the precipitation of C4AH13 type phases. In the present study the gels formed had C/S ratios on the 
order of 0.56±0.1, as discussed below. If portlandite formed at all in this system, it would have been unstable 
and quickly carbonated (carbonates or calcium carboaluminates were detected with XRD) or transformed 
into more C-S-H gel via reaction with slag and metakaolin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. XRD patterns of the materials activated with (a) Na2CO3 and (b) K2CO3.  Legend: Q=quartz (79-
1910); I=illite (02-0056); a=C3S (42-0551); b=C2S (33-0302); C=calcite (72-1214); V=vaterite (24-0030); 
#=3CaO·Al2O3·CaCO3·11H2O (41-0219); &=3CaO·Al2O·0.5Ca(OH)2·0.5CaCO3·11H2O (41-0221). 
 
The main difference observed by XRD in the pastes activated with sodium or potassium carbonate was in the 
type of 2-day carboaluminate formed. With Na2CO3, 3CaO·Al2O3·CaCO3·11H2O was formed, while with 
K2CO3 the result was a mix of that carbonate and a hydroxycarboaluminate, 
3CaO·Al2O3·0.5Ca(OH)2·0.5CaCO3·11H2O. These carboaluminates were metastable, however, for they were 
detected in the 2-day samples but not in the 28-day specimens, which exhibited larger amounts of carbonates. 
The cation played a dual role in these systems, initially as a catalyst favouring slag and metakaolin 
dissolution and at later stages in the reaction as a structural component, offsetting the charge imbalance 
created when an aluminium replaces a silicon in the structure of the precipitate. Given that the first stage of 
the reaction is controlled by the effectiveness of the alkaline compound in dissolving the solid network of 
aluminosilicates to form small, reactive aluminate and silicate species, potassium salts might reasonably be 
thought to induce a greater degree of dissolution, in light of their higher alkalinity than sodium salts. That 
would explain the formation of the hydroxycarboaluminate when K2CO3 was used as the activator.  
 
The findings showed, however, that higher mechanical strength was obtained with sodium. That may be 
because sodium is able to release more silicate and aluminate monomers and that the difference in ion size 
(ion radius for Na+ = 102 pm; for K+=138 pm) is a determinant in reaction kinetics, due to the tendency of 
the K+ to form large silicate oligomers. In addition, being smaller than the K+, the  Na+ would migrate 
through the gel more readily, an effect that may also be due to its higher charge density (Fernández-Jiménez 
et al. 2006b). This is consistent with the greater tendency of Na+ than other alkaline cations such as K+ to 
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form zeolites in hydrothermal synthesis (Breck 1984). Finally, no material differences were observed in the 
concentration (5 or 8 %) of the carbonates used as activators, mineralogically speaking: the carbonate 
content rose only slightly in the 8 % pastes.  
 
The materials were also studied with FTIR (see Figure 2). The IR spectrum for the binder exhibited a very 
wide band centred at 1039 cm-1, associated with the asymmetric stretching vibration band generated by the 
T-O bonds (T=Al, Si). This signal constitutes the envelope for the three bands associated with the 
constituents: metakaolin 1045 cm-1, slag 976 cm-1 and clinker 927 cm-1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. FTIR spectra for the materials activated with (a) Na2CO3 and (b) K2CO3 

 
When the material was hydrated in the presence of 
carbonates, a slight shift toward lower frequencies 
was observed in the 2-day specimens. Due to the 
width of this band, conclusions on what occurred 
during hydration are difficult to draw. As Figure 3 
shows, however, the 2-day band shifted in all cases 
toward lower frequencies and subsequently to slightly 
higher frequencies after 28 days. This type of shift, 
which has been observed by other authors in alkali-
activated fly ash and metakaolin systems (Fernández-
Jiménez et al, 2005) as well as in C-S-H gels (Yu et al, 
1999) is associated with variations in the composition 
of the cementitious gel. The shift toward lower 
frequencies may be due to higher proportions of Al or 
Ca in the gel and would revert with rising silica 
content. 

 
The FTIR spectra also exhibited signals typical of carbonates, namely, a wide band at 1450-1420 cm-1 and a 
narrower band at 874-875 cm-1. These signals were associated with the presence of a mix of carboaluminates 
and calcite and vaterite carbonates, which would partly explain why the band at 1450-1420 was wider than 
the peak observed in the presence of calcite only. 
 
By way of example of the microstructure of these pastes, Figure 4 shows a series of SEM micrographs of the 
2-day F5NC material, along with microanalyses of the composition of the gel formed. In general its compact 
appearance made it difficult to differentiate between anhydrous particles and the primary reaction product, 
the precipitating gel. Thanks to the presence of Na in the EDX analysis, however, the reaction products could 
be differentiated from the anhydrous particles. On the whole, the samples exhibited a high degree of reaction.  
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Figure 4. SEM micrograph and EDX analysis of 2-day F5NC material 
 
The gel consisted primarily of silica and calcium, although it also contained a certain amount of aluminium, 
sodium and even magnesium. While the constituent elements were the same throughout the gel, slight 
compositional variations were observed between one point and another, very likely due to the proximity of a 
clinker, slag or metakaolin particle. The CaO-SiO2-Al2O3 ternary diagram in Figure 5 depicts the chemical 
composition of the gel (except Na2O), the binder and the anhydrous materials used to make the binder. The 
figure clearly shows the similarity in the chemical composition between the gel formed and the binder. The 
implication is that the three constituent materials reacted practically entirely to yield the gel responsible for 
the mechanical properties of this cement.  
 
 

This gel had a CaO/SiO2 ratio of 
approximately 0.56±0.1, which is lower 
than in a typical Portland cement C-S-H gel 
(values > 1), but very high for a N-A-S-H 
gel. The SiO2/Al2O3 ratio, however, at 
around 2.12  0.2, was very similar to the 
values observed by other authors for N-A-
S-H gels. This leads to the assumption that 
the gel precipitating was actually an (N,C)-
A-S-H type gel that might have a two-
dimensional structure with possible 
occasional 3-D bonds favoured by the high 
aluminium content. NMR studies of these 
materials would be required in future 
research to ratify that hypothesis, however. 
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Conclusions 
 
The results of this study show that materials with a low clinker content (20 %) mixed with solid alkaline 
activators yield viable hybrid binders. Activation with alkaline solids enhances the handling and workability 
of this type of blends, which can be mixed with water like ordinary cement. Moreover, these cements exhibit 
good mechanical strength when allowed to set and harden at ambient temperature.  
 
Both alkaline activators used in this study (Na2CO3 and K2CO4) generated the chemical reactions needed to 
increase the alkalinity of the medium and yield an (N,C)-A-S-H gel, as well as carbonates and metastable 
carboaluminates as secondary reaction products.  
 
The type of cation present in the activator, Na+ or K+, affected both the nature of the secondary reaction 
products and paste mechanical development.  
 
Acknowledgments 
 
This research was partially funded by the Spanish Ministry of Foreign Affairs under project C/031567/10, 
granted through the Spanish International Cooperation Agency’s aid programme, “Spain and the 
Mediterranean (Algeria)”.   
 
References  
 
-Andersen M.D. Jakobsen H.J. and Skibsted J. 2003. Incorporation of aluminum in the calcium silicate  hydrate (C-S-H) 
of hydrated Portland cements: a high-field 27Al and 29Si MAS NMR study. Inorganic Chemistry 42,2280-2287. 
-Breck D.W. 1984, , Zeolite Moleular Sieves”, Ed. Malabar (Florida), Robert E. Krieger Publishing Company, ISBN 0-
89874-648-5 
-Duxon P, Fernández-Jiménez A, Provis J.L, Lukey G.C, Palomo A., van Deventer J.S.J. 2007. Geopolymer technology 
The current state of the art. Journal Material Science 42, 2917-2933 
-Fernández-Jiménez A., Puertas F., Sanz J.and Sobrados I., 2003. Structure of calcium silicate hydrated formed in alkali-
activated slag pastes. Influence of the type of alkaline-activator, J. Am. Ceramic Soc. 86, [8], 1389-1394. 
-Fernández-Jiménez A., Palomo A., 2005 Mid-infrared spectroscopic studies of alkali-activated fly ash structure, 
Microporous and Mesoporous Materials, 86, 207-214. 
-Fernández-Jiménez A., Palomo A., Sobrados I., and Sanz J., 2006a. The role played by the reactive alumina content in 
the alkaline activation of fly ashes,  Microporous and Mesoporous Materials,  91, 111-119.  
-Fernández-Jiménez A., Palomo A., Criado M., 2006b, Alkali activated fly ash binders. A. comparative study between 
sodium and potassium activators Mater. Construcc.  56, [281], 51-65 
-Garcia - Lodeiro I., Palomo A Fernández-Jiménez., and. Macphee D.E, 2001. Compatibility studies between N-A-S-H 
and C-A-S-H Gels. Study in the ternary diagram Na2O-CaO-Al2O3-SiO2-H2O, Cem. Concr. Res. (in press). 
-Gartner E., Industrially interesting approaches to “low-CO2” cements, Cem. Concr. Res. 34 (9) (2004) 1489–1498. 
-Palomo A.,.Grutzeck M.W and Blanco M.T., 1999, Alkali-activated fly ashes. A cement for the future, Cem. Concr. 
Res., 29, 1323-1329.  
-Palomo A., Alonso S., Fernández-Jiménez A., Sobrados I., Sanz J. 2004. Alkali activated of fly ashes. A NMR study of 
the reaction products, J. Am. Ceramic. Soc.,  87, 1141-1145. 
-Palomo A.,  Fernández-Jiménez A,  Kovalchuk G, Ordoñez L.M, Naranjo M.C. 2007. Opc-fly ash cementitious 
systems: study of gel binders produced during alkaline hydration. Journal Material Science 42, 2958–2966. 
-Provis J. L. and Deventer J.S.J., 2009. Geololymers, Structure, processing, properties and industrial applications, 
Woodhead Publishing Limited,  ISBN 978-1-84569-449-4.  
-Shi C,. Roy D.M, and Krivenko P.V., 2006. Alkali-activated Cements and Concretes, Ed. Taylor & Francis, London, 
U.K.  
- Yip C.K., Lukey G.C., van Deventer J.S.J.2005. The coexistence of geopolymeric gel and calcium silicate hydrate at 
the early stage of alkaline activation, Cement Concrete Research 35, 1683-1697. 
-Yu P., Kirkpatrick, Poe B, McMillan P.F., and Cong X. 1999, Structure of Calcium Silicate Hydrate (C-S-H): Near-, 
Mid-, and Far-Infrared Spectrosopy, J. Am. Ceram. Soc. 82 [3] 742-748. 



COMPATIBILITY STUDIES BETWEEN N-A-S-H AND C-A-S-H GELS.  
STUDY IN THE TERNARY DIAGRAM Na2O-CaO-Al2O3-SiO2-H2O. 

 
 

1García-Lodeiro I1* 
1 Eduardo Torroja Institute (CSIC), Madrid, Spain 

2Macphee DE 
2 University of Aberdeen, Department of Chemistry, Aberdeen, UK 

1Fernández-Jiménez A, 1Palomo A 
3 Eduardo Torroja Institute (CSIC), Madrid, Spain 

 
 
 
Abstract 
 
 Alkali-activated aluminosilicate systems are differentiated from Portland cement (PC) hydrated systems by their 
initially high alkalinity (at least a 10-fold increase in hydroxide concentration) and the absence of lime. Also, the main 
reaction product is a three-dimensional structured sodium aluminosilicate hydrate gel designated N-A-S-H instead of 
the one-dimensional calcium silicate hydrate (C-S-H) gel of PC pastes. In the search for environmental solutions to 
address CO2 emissions from PC production, dilution of the cement component by alkali-activated aluminosilicates 
begins to look a like viable option and consequently, a mixture of aluminate-substituted C-S-H gels (C-A-S-H) and N-A-
S-H gels may be expected. In the present study, the compatibility between both C-S-H and N-A-S-H gels of various 
compositions has been investigated. Compositional diagrams are provided as a guide to phase composition and the 
phase assemblages obtained under equilibrium conditions are identified. In calcium-rich formulations (Ca/Si =1.1-1.5), 
C-A-S-H and C2ASH8, together with monocarboaluminates are stables phases regardless of the Na2O content. 
However, in the lime poor part of the diagram (Ca/Si=0.35, Si/Al=1.5) an amorphous gel (N,C)-A-S-H precipitates. 
These observations are supported by direct compatibility tests on pre-formed C-A-S-H and N-A-S-H gels. In these 
cases, experimental evidence confirms that three-dimensionally structured (N,C)-A-S-H gels can be de-stabilised by Ca 
to give 2D (C,N)-A-S-H gels in suitable systems. Kinetic factors in real cements may delay this process; the co-
existence of the different gel types has already been observed in real cements. Both gels are associated with 
microstructure and strength development however, so a mixture of gel types need not be a disadvantage. 
 
Originality 
 
Phase relations in the Na2O-CaO-Al2O3-SiO2-H2O system pertaining to hybrid OPC-alkali activated aluminosilicate 
blends have not previously been studied systematically. This paper offers new insights into the relative stabilities of N-
A-S-H and C-A-S-H gel types. 
 
Chief contributions 
 
The main contribution of this paper is the thermodynamic date reflecting stability of gels arising in hybrid OPC-AAA 
systems. These provide a basis for thermodynamic modelling of such systems and a predictive capability not currently 
available. 
 
Keywords: C-S-H gel, N-A-S-H gel, compatibility,TEM-EDX, compositional diagrams 
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Introduction 
 
In recognition of the adverse environmental impacts of Portland cement manufacture, increasing 
research effort is being directed towards alternative binder systems, including those with reduced 
Portland cement content. Increasing the proportion of supplementary cementitious materials (SCMs) 
such as fly ash is limited by the ability of the diluted Portland cement fraction to ‘activate’ the SCM. 
However, one promising direction is to consider the use of additional alkali to activate the higher fly 
ash content.  
 
The study of alkali activation of aluminosilicates is a relatively new field when compared with 
traditional Portland cement-containing systems (Duxon et al., 2007). These systems are characterised 
by their higher initial alkalinity and the absence of lime. Whereas the main binding phase of 
hydrated Portland cement is an aluminate-substituted calcium silicate hydrate (C-(A)-S-H) gel, the 
main product in alkali activated systems is sodium aluminosilicate hydrate gel designated N-A-S-H.  
 
The compatibility of the two cementitious gels (C-S-H and N-A-S-H) is an avenue currently being 
explored (Yip et al., 2005, Palomo et a.l, 2007, Garcia-Lodeiro et al., 2010a, Garcia-Lodeiro et al, 
2010b). The effect of the constituents of each gel on the other, i.e., the effect of the alkalis and 
aluminium on C-S-H gels and the effect of calcium on N-A-S-H gels may provide evidence of how the 
two will behave when in contact in alkaline media. In this regard, prior studies using synthetic gels 
have highlighted the considerable effect of alkalis on the nanostructure of C-S-H gels and also the 
significant role played by aluminium, in driving polymerisation via AlO4

4- tetrahedra. Other studies 
(Garcia-Lodeiro et. al., 2010) have reported a change of composition when calcium is added to 
synthetic N-A-S-H gels resulting in the partial replacement of sodium with calcium to form (N,C)-A-
S-H, but the nature of the equilibria between these and C-A-S-H is still unclear. This paper seeks to 
establish the equilibrium relationships between the two gel types and therefore to investigate the 
relative stability of the N-A-S-H gel in the presence of Ca. 
 
 
Experimental  
 
To establish the compatibility between C-A-S-H and N-A-S-H gels, two different approaches have 
been used; i) precipitation of gels from solution ii) direct mixing of pre-formed gels 
 
i) Precipitation/solubility approach 
Solids for characterisation have been precipitated from solutions of soluble salts. For this a series of 6 
mixtures of aqueous solutions were prepared, comprising sodium aluminate (prepared using NaOH 
and Al(OH)3), sodium silicate (prepared using Aerosil SiO2  and NaOH), and a Ca(OH)2 slurry, in 
proportions appropriate to strategic positions within the Na2O-CaO-Al2O3-SiO2-H2O system (see 
Table 1). Synthesis and solubility experiments were performed under a N2 atmosphere to minimise the 
influence of atmospheric CO2. Experiments were conducted from both supersaturation and 
undersaturation approaches as previously reported by Matschei (Matschei T. 2007). As we have 
similar results only the undersaturation results will be reported and discussed.  

Aqueous composition data were obtained by AAS (Na+, Ca2+, Al3+) and a spectrophotometric method 
(Si4+). Systems were considered to be at equilibrium when aqueous ion concentrations became 
constant with time. At this stage, solids were collected by filtration, dried carefully and then 
characterized by different techniques, XRD, FTIR and TEM/EDX.  
 
ii) Direct mixing of gels 
A 50/50 wt% mixture of dried pre-formed C-A-S-H and N-A-S-H gels (prepared using a previously 
reported precipitation procedure (Garcia-Lodeiro et. al, 2010a, Garcia-Lodeiro et al., 2010b) were re-
dispersed in ultra pure degassed water with continuous stirring. Solid samples were taken at different 



ages and analysed by FTIR and TEM/EDX. The CaO/SiO2  and SiO2/Al2O3  ratios to prepare C-A-S-H 
were 1.2  and 2.25 respectively. In N-A-S-H gel the SiO2/Al2O3 ratio was 2. 
 

Table 1: % Composition range of points chosen in the ternary diagram the Na2O-CaO-Al2O 
Labels:  C/S: CaO/SiO2; -%: Na2O content in % mol 

 

% : are expressed in mol % 
 
Results and Discussion  
 
i) Precipitation/solubility approach 
 
Fig. 1(a) shows XRD patterns from samples C/S 3.2, 1.1 and C/S 0.24 mol %. The XRD diffraction 
pattern for samples C/S 3.2 and 1.1 show some crystalline peaks assigned to strätlingite and  calcium 
monocarboaluminates and hemicarboaluminates as well as some broad peaks associated with the 
precipitation of C-S-H gel. The results for precipitates from low calcium environments are quite 
different; in this case only an amorphous halo located between 20-35 2θ is observed. . Despite careful 
avoidance strategies, including working under a N2 atmosphere, some peaks were observed which are 
assigned to calcite but a DTA/TG analyse of the samples showed  no significant loss associated to 
carbonates suggesting that the carbonation takes place during the XRD analyse. 
 
Fig. 1(b) shows the FTIR spectra for high, medium and low calcium environments. Typical spectra for 
C-A-S-H and N-A-S-H gels are also included. The high calcium environment provides practically the 
same vibrations than are observed for a C-A-S-H gel (Ping Yu et al., 1999); the main band located 
around 960 cm-1 is associated with νas Si-O in a C-A-S-H gel. In contrast, the low calcium 
environment gels show quite different results; the vibrations band are broader and asymmetrical and 
the main band (νas T-O: where T is Si or Al (Fernández-Jiménez et al., 2005) appears shifted towards 
higher wavenumbers. The position of this band is more typical of the main band in N-A-S-H gels. 

 
 
 

 
 

NaOH mmol 

(% Na2O) 

Ca(OH)2 mmol 

(% CaO) 

Al(OH)3 mmol 

(% Al2O3) 

SiO2 mmol (aerosil)

(% SiO2) 

C/S 3.2-15% 8.00 (15 %) 16.00 (59.95 %) 3.34 (6.26 %) 5.01 (18.79 %) High Ca 

environment C/S 3.2-30% 19.44 (30 %) 16.00 (49.36 %) 3.34 (5.16 %) 5.01 (15.48 %) 

C/S 1.1-15% 12.26 (15 %) 16.00 (39.15 %) 4.68 (11.46 %) 14.05 (34.39 %) Medium Ca 

environment C/S 1.1-30% 29.76 (30 %) 16.00 (32.25 %) 4.68 (9.43 %) 14.05 (28.32 %) 

C/S 0.24-15% 37.15 (15%) 16.00 (12.92 %) 44.63 (18.02 %) 66.94 (54.06 %) Low Ca 

environment C/S 0.24-30% 90.22 (30%) 16.00 (10.64 %) 44.63 (14.84 %) 66.94 (44.52 %) 



 
Fig. 1 (a) XRD (b) FTIR for samples prepared with high, medium and low Ca environments 

 
Fig. 2(a) shows the results of TEM/EDX analyses (only EDX compositions are shown). It is to be 
noted that Na2O and H2O are also components of the relevant system; all phases are assumed to be 
water saturated.   
 
 

 
 
Fig. 2(a)Compositions (EDX analyses) of precipitates obtained from bulk aqueous mixtures with CaO/SiO2 
ratios of 3.2, 1.2 and 0.24 projected onto the CaO-Al2O3-SiO2 plane of a Na2O-CaO-Al2O3-SiO2 diagram (all 
phases are assumed to be saturated with respect to water)(b) CaO-Al2O3-SiO2-H2O projection diagram showing 
the tentative phase field boundaries proposed. 
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High and medium calcium environments show two distinct clusters; the first group appeared to be 
single phase and are grouped within the highlighted region. The more lime-rich cluster is associated 
with a mixture of crystalline and amorphous phases.  
 
A tentative phase diagram is shown in Fig. 2(b) which takes account of these observations and of the 
important recent  study of Pardal et al., 2009; this study reports on the compositional range of C-A-S-
H gel in the low lime region of the diagram. Constructing a C-A-S-H phase field from these data 
shows that virtually all of the compositions observed in the present study lie outside of the C-A-S-H 
field. Nevertheless, the construction of phase field boundaries enables several phase assemblages to be 
identified as follows: i) Ca(OH)2 + C-A-S-H (C1.94SHx-C1.94A0.06SHx); ii) Ca(OH)2 +AFm 
(monocarboaluminate+hemicarboaluminate) + C1.94A0.06SHx; iii) AFm + C-A-S-H (C0.95A0.06SHx-
C1.94A0.06SHx); iv) C0.95A0.06SHx + AFm + C2ASH8; v) C0.72A0.1SHx -C0.95A0.06SHx + C2ASH8. This 
theme is development in a recent publication (Garcia-Lodeiro et al., 2010c). 
 
The compositional clusters observed are consistent with the phase assemblages identified in the 
construction and indicate that despite the appearance of ‘single phase’, the C-A-S-H compositions 
anticipated by EDX analysis are in fact intimate mixtures of C-A-S-H and either gehlenite hydrate or 
AFm phases. 
 
Gels derived from a low calcium environment show a separate cluster of compositions projected onto 
the CaO-Al2O3-SiO2 plane (0<CaO/SiO2<0.3 and 0.08<Al2O3/SiO2<0.5).  This cluster is identified as 
calcium substituted N-A-S-H gels ((N,C)-A-S-H).  Unlike the higher calcium-bearing gels which had 
negligible Na2O content and lie virtually on the CaO-Al2O3-SiO2  plane, these compositions are 
elevated above the plane of the diagram and are correspondingly associated with a certain Na2O 
content. The Na2O content cannot be reliably determined by EDX but approximate compositions can 
be defined using the lever rule. Using the Al2O3:SiO2 ratios at the N-A-S-H compositional limits, the 
theoretical Na2O content of a N-A-S-H gel can be determined (Na+ is required to balance framework 
charge). By intercepting the tie lines between the theoretical N-A-S-H composition and CaO and the 
tie line between Na2O and the position projected on the CaO-Al2O3-SiO2 plane arising from EDX 
analysis, the precise composition of the calcium modified N-A-S-H ((N,C)-A-S-H) can be defined.  
Correspondingly, compositional limits for the low lime compositions are 0<Na2O/Al2O3<1.85, 
0<CaO/SiO2<0.3. A further and perhaps more relevant expression of (N,C)-A-S-H composition may 
be to recognise the ion exchange properties of the framework N-A-S-H gel. As Ca2+ is known to 
displace Na+ in ion exchanging substrates, e.g. clay minerals, zeolites, it is relevant to consider that the 
precipitated N-A-S-H, if stable, may support ion exchange. Based on the approach taken to fix (N,C)-
A-S-H compositions above, the Ca loading can be expressed as a percentage of the ion exchange 
potential, using this approach Ca occupied between 67 and 100% of the available sites (depending on 
the Al/Si ratio)  suggesting that, under the conditions of the study, the N-A-S-H was stable and 
behaved as an ion exchanger.  
 
Reference to Table 2 shows that the pH and equilibrated solution composition are significant in 
defining the relative stabilities of N-A-S-H and C-A-S-H systems. In fact, pH measurements reveal 
that for all high and medium calcium preparations, pH was in excess of 12.0. The corresponding data 
for precipitated N-A-S-H gels shows pHs under 12.0. N-A-S-H gels are synthesised and are stable at 
pHs well in excess of 13. However, the presence of Ca in high pH conditions has an important impact 
on the N-A-S-H structure. 
 
It is well known that zeolites are synthesised under high pH conditions (just as initiation of 
geopolymerisation requires high pH) and they are stable to high pH in certain conditions. However, it 
is also known that zeolites behave pozzolanically in cement systems, degrading to produce essentially 
C-A-S-H. It is therefore proposed that the stability of N-A-S-H can be represented in a pseudo phase 
diagram (See Fig. 3) which shows that at cement relevant pHs and in the presence of Ca, N-A-S-H 



degrades to C-A-S-H. Initially, C-A-S-H of minimum Ca content would be precipitated but as Ca 
concentration increases and N-A-S-H is exhausted; the CaO/SiO2 would increase as the composition 
moves through the C-A-S-H-containing phase fields towards CaO. If the pH is low enough (<12), N-
A-S-H persists, even in the presence of Ca, accepting Ca by an ion exchange mechanism to give 
(N,C)-A-S-H until all Na has been replaced by Ca (if sufficient Ca is available). Note that at low pH, a 
fully Ca-exchanged ‘N’-A-S-H may appear to have a C-A-S-H composition, but in this case, it retains 
its 3D aluminosilicate framework structure and is easily distinguishable from a C-A-S-H gel. This is 
an important indicator of the incompatibility or reactivity between these two gels. 
 

 
 
2) Direct mixing of gels 
 
Fig. 4(a) shows the FTIR spectra of C-A-S-H + N-A-S-H mixtures. The broader peak corresponding to 
N-A-S-H gels (around 1060 cm-1) gradually diminishes with time leaving peaks predominantly of C-
A-S-H character (Ping Yu et al., 1999). This is an important indicator of the incompatibility of 
reactivity between these two gels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 (a) FTIR spectra (b) EDX for C-A-S-H + N-A-S-H mixtures 
 
Fig. 4(b) shows compositions which appear to indicate a degree of reactivity between the starting 
materials, based on the FTIR (Fig. 4(a)) and EDX data. Compositions for starting gels and for the 

Table 2. pH and solution compositions for high 
and low Ca environments  

 C/S 3.2 
15% 

C/S 1.1 
15% 

C/S 0.24 
15% 

Ca2+ (mmol) 9.3 0.93 0.53 
Al3+(mmol) 0.26 0.31 4.44 
Si4+(mmol) 0.04 0.089 0.95 
Na+(mmol) 0.88 9.37 11.85 

pH 12.20 12.06 11.22 
 

Fig. 3 Model proposed for stability of N-A-S-H 
gel at high pH and in presence of Ca. 

[Ca]

pHpH∼12

C-A-S-H 
(2D)

(N,C)-A-S-H 
(3D)[Ca]

pHpH∼12

C-A-S-H 
(2D)

(N,C)-A-S-H 
(3D)

2000 1500 1000 500

959

28d

 

95910d

 

959
7d

9591067
3d

2d

959
1059

 

9591059

C
-A

-S
-H

 +
 N

-A
-S

-H

Wavenumber (cm-1)

1059
C-A-S-H

FTIR
C-A-S-H + N-A-S-H

N-A-S-H

952

1d

0 10 20 30 40 50 60 70 80 90 100

0
10

20
30

40
50

60
70

80
90

100 0

10
20

30
40

50
60

70
80

90
100

C-A-S-H

% CaO % Al2O3

 C-A-S-H
 N-A-S-H
 C-A-S-H + N-A-S-H (1, 2 , 3, 7 and 10 d)
 C-A-S-H + N-A-S-H 28 d

% SiO2C-A-S-H + N-A-S-H

C2ASH8C2ASH8

N-A-S-H

(a) (b) 



mixtures after 28 days are indicated. No intermediate phases are anticipated between C-A-S-H  and N-
A-S-H gels so, based on the proposed phase equilibria (See fig. 3) it is suggested that the observed 
compositions represent intimate mixtures of N-A-S-H, C-A-S-H of minimum Ca/Si and possibly 
gehlenite hydrate. However, it is likely that these data do not yet represent an equilibrium system and 
that phase compositions are still evolving.  
 
Anyway, the direct mixing of pre-synthesised C-A-S-H gels (with Ca/Si > Ca/Simin) with N-A-S-H 
leads to the gradual degradation of N-A-S-H to C-A-S-H as anticipated from the results of the 
precipitation/solubility studies. This slower approach to equilibrium is also observed in practical 
cementing applications. 

Conclusions 

Based on a series of solution/precipitation studies, a tentative phase diagram has been proposed for the 
Na2O-CaO-Al2O3-SiO2-H2O system at 25ºC. At cement relevant pH, the dominating phase is a solid 
solution designated C-A-S-H having the compositional range 0.72<CaO/SiO2< 1.94 and 0<Al2O3/SiO2 
<0.1; there is negligible Na2O content in this and in related CaO-rich phases. 
 
A three-dimensionally structured gel designated N-A-S-H is also observed in this system but in the 
presence of Ca, it is only stable at low pH (<12). at high pH (>12), The presence of Ca will degrade N-
A-S-H in favor of C-A-S-H formation. When stable at low pH, it behaves as a zeolite, and exhibits ion 
exchange; Ca displaces Na until available Ca is exhausted. The compositional range for Ca-modified 
(ion exchanged) (C,N)-A-S-H gels is 0<Na2O/Al2O3<1.85, 0<CaO/SiO2<0.3, 2<SiO2/Al2O3<12.5. 
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Abstract 
Protective treatments modify the surface energy of construction materials: water repellents obstruct the absorption of 
water molecules and anti-graffiti coatings prevent paint from adhering to the substrate. The present study aimed to 
determine the surface energy of (CEM I 42.5 N) cement paste before and after coating with different concentrations of a 
commercial fluorinated anti-graffiti product and an organically modified silicate (ormosil) (re-diluted in their 
respective solvents to concentrations of 5 and 75 %). 
The dispersive and acid-base-specific components responsible for hydrated cement paste surface energy were 
determined by quantifying their interactions with n-alkane, acid, amphoteric and basic probe molecules. When applied 
at low concentrations (5 %), neither protector modified the dispersive component of cement paste surface energy, which 
at 40 ºC came to 52.9 mJ/m2 (44 mJ/m2 at 60 ºC). This is an indication that they failed to suitably cover particle 
surfaces, and indeed, higher concentrations (75 %) of both were needed to reduce the dispersive component and 
provide adequate anti-graffiti protection. Under the latter conditions dispersive energy was observed to decline to 42 
mJ/m2 at 40 ºC. An analysis of the values of the acid-base interaction constants in uncoated and coated cement paste 
showed that the commercial product essentially lowered the number of acid centres on the surface (Kb/Ka= 1.61), while 
the ormosil eliminated basic sites (Kb/Ka= 0.18). 
Resumen 
La aplicación de tratamientos protectores en materiales de construcción modifica su energía superficial impidiendo la 
absorción de moléculas de agua, en el caso de los tratamientos hidrofugantes, o evitando la adherencia de las pintadas, 
cuando se trata de antigraffiti. El objetivo del trabajo fue determinar las energías superficiales de una pasta de 
cemento (CEM I 42.5 N) antes y después de ser impregnada con diferentes concentraciones de un antigraffiti fluorado 
comercial y otro sintético tipo Ormosil (rediluidos en sus respectivos disolventes al 5 y 75%). 
La determinación de las componentes dispersivas y específicas (ácido-base) de la energía superficial de la pasta de 
cemento hidratada se realizó a través de la cuantificación de las interacciones que se establecen con distintos tipos de 
moléculas sonda (n-alcanos, ácidas, anfóteras y básicas). La aplicación de ambos protectores en bajas concentraciones 
(5%) no modifica la componente dispersiva de la energía superficial de la pasta de cemento, que alcanza a 40ºC un 
valor de 52.9 mJ/m2 (44 mJ/m2 a los 60ºC). Esto indica que no recubren la superficie de las partículas adecuadamente, 
y que es necesario concentraciones más elevadas de ambos productos (75%) para reducir dicha componente y que, por 
lo tanto, el antigraffiti la proteja adecuadamente. De esta forma se han determinado energías dispersivas en torno a los 
42 mJ/m2 a 40ºC. Analizando los valores de las constantes de interacción ácida y básica de la pasta de cemento sin 
impregnar e impregnada se puede concluir que el producto comercial disminuye fundamentalmente los centros ácidos 
de las superficies (Kb/Ka= 1.61) a diferencia del Ormosil que se dirige a los centros básicos (Kb/Ka= 0.06). 
 
Originality 
There are not studies about the surface energies of cement paste when treated with anti-graffiti coatings and thus, it is 
difficult to evaluate the adhesion substrate-treatments. 
This study analyze for the first time the dispersive component of the surface energy and the acid and base constants of 
cement paste treated with anti-graffiti coatings  by means of inverse gas chromatography at infinite dilution (IGC-ID). 
The results show that both treatments protect in a suitable way (by lowering the dispersive component of the surface 
energy) when they are applied in the right amount. 
 
Chief contributions 
Both anti-graffiti treatments induce a similar decline in the surface energy of cement paste. CF3 (Protectosil) terminals 
are not more effective than CH3 (ormosil) terminals in lowering the dispersive component of cement paste surface 
energy. Through the determination of acid and base constants, it was concluded that ormosil was drawn essentially to 
the basic centres in cement paste and Protectosil eliminated the acid ones.  
 
Keywords: Inverse gas chromatography (IGC), Surface energy, Acid-base, Cement paste, Anti-graffiti coatings 
 

                                                 
* Corresponding author: Email paulacq@ietcc.csic.es Tel +(34)913020440, Fax +(34)913026047 
 



1. Introduction 
 
Concrete is particularly susceptible to graffiti “attacks” in today’s towns and cities. The adoption of 
preventive measures by applying a new type of protective treatments, known as anti-graffiti coatings, 
may provide a solution to the problem. These products constitute a protective barrier against graffiti 
by generating low energy surfaces that make the substrate water- and oil-repellent, facilitating graffiti 
removal.  
The effectiveness of this type of protective treatments is defined in terms of the degree to which the 
paint is eliminated from the protected surface after a number of painting-cleaning episodes (in the case 
of so-called permanent anti-graffiti coatings). It also depends, however, on the cleaning product and 
application method used, the type of paint involved (colour intensity and solvent and type of resin in 
its composition), and the nature of the substrate and its texture (the smoother the surface the easier it is 
to clean) and composition (Segalini et al.,  2000; Carmona-Quiroga et al., 2010a). 
The protective capacity of an anti-graffiti coating can be evaluated by determining its effect on 
substrate surface energy. By quantifying the interactions between apolar, amphoteric and basic probe 
molecules and the surface of a solid, inverse gas chromatography (IGC) characterises the dispersive 
and specific components of the surface energy of that solid (γs = γsd+γssp; γs= surface energy; γsd= 
dispersive (non-specific or London force) component; γssp= specific component (Lewis acid-base)) 
(Bogillo et al., 1998). Since at infinite dilution (ID) the adsorbed molecules do not interact among 
themselves, any interaction detected must take place between these molecules and the surface of the 
solid. 
The objective sought in the present study was to characterise, for the first time, the surface energy of a 
cement paste coated with different concentrations of two anti-graffiti products, a fluorinated 
commercial compound and a Zr ormosil. The multi-scale porous structure and a complex acid-base 
behaviour (Oliva et al., 2002) of the cement paste used may have affected its interaction with the two 
anti-graffiti coatings. 
 
2. Experimental 
 
Cement paste specimens measuring 7×6×1 cm were prepared with CEM I 42.5 N cement and a 
water/cement ratio of 1/2. After curing for 28 days at 21 °C and 95 % relative humidity as specified in 
Spanish and European standard UNE-EN 196-1 (2005), the material was ground to a particle size of 
250 to 425 µm. That fraction was coated with two anti-graffiti treatments, a water-base 
fluoroalkylsiloxane (“Protectosil Antigraffiti” marketed by Degussa) and an organically modified 
silicate (ormosil) synthesized from a polymer chain (polydimethyl siloxane, PDMS) and two network-
forming alkoxides (zirconium propoxide and methyl triethoxy silane, MTES) dissolved in n-propanol 
(Oteo et al., 1999). One gram of hydrated cement paste was diluted in 25 cm3 of Protectosil re-
dissolved in water (5 and 75 % (vol.)) and ormosil re-dissolved in n-propanol, likewise to 5 and 75 % 
(vol.) and stirred for 6 hours. The samples were subsequently filtered (using 20 to 25-μm pore filter 
paper) and dried in a kiln for 16 hours at 40 ºC. The coatings had to be re-diluted to ensure longer gas 
circulation times in the chromatographic columns. 
The surface energy (London constant) and acid and base constants were determined for the powdery 
substrates before and after immersion in the two concentrations of the anti-graffiti treatments using 
inverse gas chromatography at infinite dilution (IGC-ID) on a Perkin-Elmer Sigma 2 gas 
chromatograph fitted with a flame ionization detector. The particles were injected in 3-mm diameter 
Teflon chromatographic columns and degassed for 18 hours at 60 ºC. Dispersive energy was 
quantified by injecting n-alkanes (from n-pentane to n-dodecane) with a 0.1-µl Hamilton syringe at a 
rate of 20 ml/min at 40, 50 and 60 ºC, while specific energy was found with the same procedure but 
using acid, amphoteric and basic organic vapours instead of the alkanes. At least five samples were 
injected per probe molecule. The characteristics of all the molecules used are given in Rubio et al. 
(2006).  



The surface area and pore size distribution of the paste before and after immersion were found on a 
Micromeritics ASAP 2010 analyser, using the BET method and N2-77K gas. The samples were 
conditioned at 25 ºC for 24 hours and degassed for 4 hours.  
 
3. Results 
 
3.1. Determination of dispersive energy 
 
The dispersive component values of the surface free energy (γs

d) for coated and uncoated cement paste 
at 40, 50 and 60 ºC were determined from the slopes of the apolar molecule (n-alkanes, γs

sp = 0) 
retention volume graphs (1), which represent the adsorption free energy of a methylene (2) (Figures 1 
-left and 2). 
 

ΔG = -R·T·ln(VN)           (1) 
ΔGCH2/(NA·aCH2) = 2(γCH2·γs

d)1/2        (2) 
 
where ΔGCH2, the slope of the line (Figure 1-left), is the increment in adsorption free energy per CH2 
group in the n-alkane; NA is Avogrado's number; aCH2 is the area of each CH2 group; and γCH2 is the 
surface tension of a molecule with infinite CH2 groups (polyethylene for instance). 
The dispersive energy values found for the cement paste, which declined with rising temperature 
(physical interaction, adsorption), were within the range reported in the literature (Figure 2). The 60 ºC 
value was lower than determined by Oliva et al. (2002), 43.96 mJ/m2 compared to 81.8 mJ/m2 (with 
slight differences in the experimental conditions: flow rate of 25 ml/min and column conditioned for 
15 hours), but higher than calculated by Baeta Neves et al. (2004) at 35 ºC (42.2 mJ/m2) in pastes 
likewise prepared with a w/c ratio of 0.5 (52.87 mJ/m2 at 40 ºC). These differences in the γs

d values are 
related to the differences in water content in the samples. Since the presence of water minimises 
interactions, an increase in temperature would induce surface desorption and a concomitant rise in 
paste dispersive energy in the material until the hydrated structure of the paste begins to degenerate, 
with a concomitant decline in energy levels (Perruchot et al., 2006). 
The application of the most dilute form of the two anti-graffiti coatings failed to reduce cement paste 
dispersive energy, despite the substantial decline in the BET-N2 specific surface values (Figure 2 and 
Table 1). The initial value, 46.8 m2/g dropped to similar levels, 26.68 and 25.47 m2/g, when coated with 
the 5 % concentrations of Protectosil and ormosil, respectively (Table 1).  By contrast, the bimodal 
pore size distribution characteristic of the material, with a first family of 1- to 10-nm diameter pores 
associated with C-S-H gel and a second family of capillary pores ranging from 10 to 100 nm in 
diameter, was differentially impacted depending on the coating. After applying Protectosil, the 
distribution remained unvaried although total porosity declined, while the ormosil filled a higher 
proportion of the smaller diameter pores.  
The values found for the dispersive component of the surface energy in the uncoated paste and the 
paste with 5 % Protectosil were practically identical (Figure 2). This is an indication that the product 
failed to cover the material particles (the most active surface centres prevail in gas probe retention 
times (Sun and Berg, 2003)) or that it did so unevenly (despite the steep decline in the BET area of the 
paste, the value found for the coated material remained high (Table 1)).  
 
Table 1: BET specific surface (m2/g) of uncoated cement paste and paste coated with different concentrations of 

two anti-graffiti compounds 
 

Cement paste untreated +5 % 
Protectosil 

+75 % 
Protectosil 

+5 % 
Ormosil 

+75 % 
Ormosil 

specific surface (m2/g) 46.8 26.68 2.36 25.47 1.73 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: - Left: volume of n-alkanes retained at 40, 50 and 60 ºC and – right:  volumes of apolar, acid, basic and 

amphoteric probe molecules retained at 50 ºC, on the surfaces of the following cement paste particles: a) 
uncoated; b) coated with 5 % Protectosil; c) coated with 75 % Protectosil; d) coated with 5 % ormosil; and e) 

coated with 75 % ormosil 
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In the paste coated with dilute ormosil, the dispersive energy values were even higher than for the 
uncoated material (Figure 2), although the rise in temperature induced the surface deactivation 
normally expected. In other words, the coating failed to effectively cover the substrate (the decline in 
specific surface was insufficient to modify the value of the dispersive component (Table 1)), which 
had a lower water content (and consequently a more highly activated surface). This may have been the 
result of the replacement of water with the coating in the 1- to 10-nm diameter pores (Figure 3). 
The decline in the percentage of C-S-H gel pores (1-10 nm) induced by the anti-graffiti products may 
be due to the uptake of anti-graffiti molecules in the gel structure. A prior study in which these same 
samples (Carmona-Quiroga et al., 2010b) were analysed with 29Si MAS NMR techniques showed that 
both anti-graffiti products reacted with C–S–H gel, raising the relative proportion of Si in Q2 positions 
at the expense of the Q1 end-of-chain positions, leading to a longer mean chain length. 
Only the more concentrated (75 %) solution of the two coatings yielded desirable results, occupying 
the active sites on the surface of the cement paste (Figure 2). Nonetheless, these results were less 
satisfactory than obtained for other types of construction materials (limestone and granite) coated with 
the same products (Carmona-Quiroga et al., 2010c). Ormosil induced a slightly greater decline in 
surface energy induced than Protectosil, according to the analyses conducted at 50 and 60 ºC (Figure 
2) and the BET specific surface values for the coated samples (Figure 3). 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

3.2. Determination of specific energy 
 
The acid-base properties of the cement paste were determined, likewise before and after treatment, on 
the same chromatographic columns as used for the dispersive interactions but injecting acid (benzene, 
chloroform), amphoteric (ethyl acetate, acetone) and basic organic vapours (diethyl ether, 
tetrahydrofurane) instead of the alkanes.  
The increment in adsorption free energy, ΔG, is plotted versus molar deformation polarisation for the 
probe molecules at 50 ºC in Figure 1-right. (Retention volume was chosen for these graphs because it 
does not depend on temperature.) The deviation with respect to the straight line for the n-alkanes, 
ΔGA, was found for each specific vapour at each temperature. Since these values are temperature-
dependent, they contain the respective entropic component. Specific enthalpy was therefore used to 
eliminate that component in accordance with the following expression: ΔGA = ΔHA-TΔSA. The ΔHA 
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values were calculated from the y-intercept to determine the acid and base constants for the surfaces 
from the following equation (3): 

 
ΔHA = Ka·DN+ Kb·AN         (3) 
 

where Ka and Kb represent the capacity of the solid surface to act as an acid or a base, respectively. 
DN, the electron donor number, represents the molar enthalpy of the reaction of the molecule with a 
reference acid, antimony pentachloride, in a 10-3-M solution of dichlorethane. AN, in turn, is the 
acceptor number, equivalent to the chemical shift in the 31P magnetic resonance signal for (C2H5)3PO, 
in the solvent of the respective molecule (the higher the donor number, the more basic is the solution 
and the higher the AN value, the more acid). DN and AN are constant for each molecule. 
The greater proximity (weak interaction) of the acid probe molecules (benzene and chloroform) to the 
reference line in all cases (Figure 1- right) was an indication that the surfaces analysed were acidic or, 
equivalently, that the acid-base bond between the vapours and the samples was weak. 
These results for untreated cement paste contrasted with the findings reported by Baeta Neves et al. 
(2004), in which the acid molecules were positioned much farther from the n-alkane line (specific 
interaction energy) than the basic molecules, in keeping with the basic pH of the aqueous suspension 
of this material. They concurred, however, with the Oliva et al. (2002) observations (the interaction 
distances were smaller for benzene and chloroform than for the basic vapours, tetrahydorfurane and 
diethyl ether). The specific adsorption free energy component found for ettringite and C-S-H gel by 
Perruchot et al. (2006) also showed that they were predominantly acidic.  
Specific interaction strengths for different molecules (distance from the n-alkane line) are not strictly 
comparable, however, because they fail to take account of the relative strengths of the acid and base 
vapours. The acid, Ka, and base, Kb, constants had therefore to be calculated (Fagelman and Guthrie, 
2005). Although some authors find the comparison of these constants to be inappropriate (Sun and 
Berg, 2003) because they are determined on different scales, DN and AN, respectively, this approach 
is widely used to determine the acid-base nature of surfaces (Rubio et al., 2006; Won and Siffert, 
1998; Fekete et al., 2004). 
An analysis of the variation in each cement paste constant after coating (Table 2) revealed that 
Protectosil essentially reduced the acid sites on the surface (when applied in a more concentrated 
form), while ormosil affected a higher proportion of basic sites.  

 
Table 2: Acid and base constants for uncoated cement paste and paste coated with different 

concentrations of two anti-graffiti compounds 
 

 Ka Kb Kb/Ka 
untreated 1.53 1.83 1.20 

5% PA 1.46 1.58 1.08 
75% PA 1.01 1.63 1.61 
5% OR 1.79 1.26 0.70 

75% OR 1.64* 0.30* 0.18 
 

 

 
4. Conclusions 
 
The two treatments exhibited practically the same behaviour in terms of n-alkane adsorption on the 
cement paste particles. The CF3 terminals in Protectosil were not observed to reduce the dispersive 

* values obtained with 3 of the 6 probe molecules (with the 
6 probe molecules Ka value not  representative) 



component of the surface energy in the material more effectively than the CH3 terminals in ormosil. 
The diluted solutions failed to cover the active centres on the surface. Only the more concentrated (75 
%) product reduced the dispersive interactions that may arise with any type of paint (graffiti) or other 
adsorbed compound. 
The two compounds were observed to behave differently, however, when analysed for acid-base 
interactions, which entail less energy than dispersive interactions. Ormosil interacted essentially with 
the basic sites on the cement paste, which are slightly more numerous than the acid centres, whereas 
Protectosil (75 %) primarily eliminated the latter.  
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Abstract 

 

 Addition of nanosilica to cement is reported to improve the strength of cement mortar and concrete. The 

present paper highlights the investigations on physical properties of blends of cement and  nanosilica. The average 

particle size of nanosilica was 15 nanometer. The blending operation was carried out in a laboratory ball mill with 

enough balls to cause blending but no grinding. Ordinary Portland cement - nanosilica blends were prepared replacing 

cement with 3 and 5 percent nanosilica. Portland pozzolana cement – nanosilica blends were prepared in a similar 

manner, using OPC, 25 percent flyash and 0, 3 and 5 percent nanosilica. For comparison purpose blends of OPC and 

PPC with 3 and 5 percent microsilica were also prepared and evaluated along with nanosilica-blends and the control 

OPC and PPC samples. The physical testing of cement blends was carried out as per the procedures specified in        

IS: 4031 – 1988 (Indian Standard : Methods of Physical Tests for Hydraulic Cement).  

 

Nanosilica addition resulted in large increase in Blaine’s surface area of cement. The water requirement of these 

blends, for normal consistency (NC), was also higher. For the blends containing 3-5  percent nanosilica, the increase in 

water requirement for normal consistency  was 23-49 percent of the water requirement for the control OPC/ PPC. 

Superplasticizer dose of 0.45-0.70 percent by mass of cement was required for maintaining normal consistency of 

nanosilica cement blends same as the normal consistency of OPC. There was no significant increase in the water 

requirement of blends containing microsilica. Samples containing nano/ microsilica exhibited shorter setting times also 

and the initial setting times were reduced to 16-63 percent of the initial setting times of control OPC/ PPC samples.  

The shortening of setting times could be an indication of acceleration of the cement hydration reactions at the very 

early ages.  

 

The compressive strengths were determined for 1:3 cement-sand mortars using 70.6 mm cubes. Water/ binder ratio of 

0.40 was used in preparation of all the mortars. Superplasticizer dose of 0.45-0.70 percent by mass of binder was used 

only in the mortars prepared from cement blends containing nanosilica. Use of 3-5 percent nanosilica in OPC and PPC 

blends resulted in increase of 10-49 percent and 5-24 percent, respectively, in compressive strength at ages of 1-28 

days. The strength increase obtained with microsilica was always lower than the increase obtained with nanosilica. The 

relative increase in the compressive strengths was highest at the age of 3 days. Further, the relative strength gain in 

PPC-nanosilica blends was lower as compared to strength gains indicated for OPC-nanosilica blends. 

 
Originality 

The paper makes an original contribution towards exploring and understanding the impact of nanosized 

particles of pozzolanic materials, viz. nanosilica, on the physical properties of cementitious binders. The investigations 

are original as they report the impact of nanosilica, dry-blended with cement, on the physical properties of ordinary 

Portland cement and Portland-flyash cement tested as per procedures specified in relevant Indian Standards.  

 
Chief contributions 

The results reported in the paper indicate possibility of achieving significant improvement in the strength 

characteristics of cementitious binders through blending with nanosized particles of pozzolanic materials. Such 

improvements in cement strength through use of nanosilica could result in lower clinker content in concrete without any 

lowering of strength. This in turn could be expected to lead to greater sustainability and conservation of resources. 

 
Keywords: Nanosilica, microsilica, OPC, Flyash, compressive strength 
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1.     INTRODUCTION 
 

Investigations on the effects of different types of nano-particles on the properties and performance of 

cement mortar and concrete have been reported in recent scientific literature. The performance of 

cementitious materials is governed by , inter alia, the properties of the hydrated cement phases which 

in turn are affected by their micro and nano-scale structure. Presence of defects such as pores and 

other irregularities in the microstructure is known to result in lowering of the strength of cementitious 

materials. Improvements in the performance of cementitious materials  have been reported, adopting  

various approaches to modify microstructure, over the last few decades. Macro-defect-free cements 

made use of w/c ratios as low as 0.1-0.12 along with use of water soluble polymers and high shear 
mixing for removal of relatively larger pores/ defects and thus achieve significant improvement in 

strength, especially flexural strength (Birchal et al, 1981; Birchal, 1983) . DSP (densified system of 

particles) cement mortar & concrete made use of microsilica and superplasticizer along with low w/c 
ratios for achieving densification of microstructure and improvement of strength (Bache, 1981; Hjorth, 

1983). Nanosilica, which is significantly finer than microsilica, can also provide densification of 

microstructure of cementitious materials by filling up of the voids present there in. Incorporation of 

nano-sized particles of silica in cementitious matrix is expected to improve the packing density of 

cement mortar and concrete as well as accelerate early hydration rate (Schmidt et al, 2007a, 2007b). 

Nanosilica  is a pozzolanic material and reacts with Ca(OH)2 resulting in formation of extra C-S-H 

through pozzolanic reaction (Sobolev, 2006).  

 

Use of nanosized pozzolanic materials in cementitious formulations has been reported to result in not 

only higher early strength but also considerably higher final strength (Korpa and Trettin, 2007). The 
compressive strength of cement mortars with nano-SiO2 and microsilica at various water/ cementitious 

material ratios have been reported (Jo et al, 2007). The compressive strengths of mortars with nano-

SiO2 particles were found to be higher than those of mortars containing silica fume at 7 and 28 days. 

The compressive and flexural strengths at 28 days, of the cement mortars containing nano-particles of 

SiO2 or Fe2O3, have been reported to be higher compared to those of a plain cement mortar with the 

same water–binder ratio (Li, H. et al, 2004a). The SEM study of the microstructures of the cement 

mortar mixed with the nano-particles and the plain cement mortar showed that the nano-Fe2O3 and 

nano-SiO2 filled up the pores and reduced Ca(OH)2 (Li, H.et al, 2004b). Evaluation of the properties 

of high-volume fly ash high-strength concrete incorporating nano-SiO2 has been reported (Li, G., 
2004). In presence of nano-SiO2, significant increase in strength was observed at ages of 3 days & 

above and improvements in the pore size distribution were also observed. In most of the above 

mentioned investigations, nanosilica was added along with other ingredients to the mortar/ concrete 
mixer. In the present investigation nanosilica was blended with cement with an objective to improve 

the performance of the cement. The cement-nanosilica blends were investigated for their physical 

properties such as specific gravity, Blaine’s fineness, water requirement for normal consistency and 
setting time. The cement nanosilica blends were also investigated for their compressive strengths. For 

comparative evaluation, cement-microsilica blends were also prepared and evaluated along with 

cement-nanosilica blends. In addition to these two component blends involving ordinary Portland 

cement and nano/ micro silica, three component blends were also prepared and evaluated. The third 

component in these blends was flyash. 

 
2.     EXPERIMENTAL 

 

2.1   Materials 

43 Grade ordinary Portland cement (OPC), meeting the requirements of IS 8112:1989 (Indian 

Standard: Specification for 43 Grade Ordinary Portland cement) was procured from local market. 
Nanosilica, having average particle size of 15 nm, was procured from M/s. MKnano (Division of M K 

Impex), Canada. The sample of microsilica was obtained from M/s. Elkem India (Pvt.) Ltd. The 

average particle size of microsilica was 295 nm. The flyash used in these investigations was obtained 



from an Indian thermal power station and met the requirements of IS 3812 (Part 1): 2003 (Indian 

Standard: Pulverized Fuel Ash - Specification, Part 1 For use as pozzolana in cement, cement mortar 
and concrete). A commercially available polycarboxylate ether based superplasticizer was used in 

mortars prepared from cement blends containing nanosilica. 

 

 

2.2   Preparation of Blends of Nano/ Microsilica with ordinary Portland cement and Flyash 

 

Blends of OPC with 3 and 5 percent nano- and  microsilica, with or without flyash,  were prepared by 

replacing equal mass of OPC with the blending components. The cement blends containing flyash will 

be called PPC blends where as cement blends with no flyash will be referred to as OPC blends. 

Control OPC and PPC refer to OPC and PPC samples without any nano or micro silica. The 
proportions of constituents in various cement blends are given in Table 2. The blending operation was 

carried out in a batch type laboratory ball mill using 15-20 balls of 25-30 mm diameter and running 

the mill for a period of 30 minutes. Prior to feeding to ball mill, the nano/ microsilica was added to 0.5 

kg of cement in an inflated polythene bag and shaken vigorously for 10 minutes. This mixture along 

with the balance OPC (and flyash in flyash containing blends) was blended in the ball mill. The size of 

each batch for ball mill blending was 6 kg. The homogeneity of cement blends containing nano/ 

microsilica was checked by drawing 3 random samples of 5-10 g each from the ‘6 kg blended batch’ 

and analyzing the SiO2 content of the drawn samples. The results indicated similar SiO2 content in the 

three samples which also matched with the computed SiO2 content of the blend. On the basis of the 
silica content of the samples the blends were concluded to be largely homogeneous. 
 

 

2.3   Evaluation of Cement Blends (OPC & PPC) containing  Nano/ Microsilica 

 

The control OPC & PPC and the blended cement samples were evaluated for their specific gravity, 

Blaine’s fineness, water requirement for normal consistency, setting time, and compressive strength as 

per the procedures specified in IS: 4031  - 1988 (Indian Standard: Methods of physical tests for 

hydraulic cement). The normal consistency was determined using a Vicat apparatus where the needle 

had been replaced with a plunger. Replacement of OPC with 25 percent flyash and/ or 3-5 percent 

microsilica did not result in any significant changes in the normal consistency of these binders 
compared to the normal consistency of OPC. However cement blends containing 3-5 percent 

nanosilica showed a steep rise in normal consistency and required use of 0.45-0.70 percent of 

superplasticizer, by mass of binder, for preparing paste of normal consistency with same quantity of 
water as used for OPC. The compressive strengths were determined for 1:3 cement-sand mortars using 

70.6 mm cubes. The mortars were prepared manually using trowels. Same water/ binder ratio was used 

in preparation of all the mortars. Superplasticizer dose of 0.45-0.70 percent by mass of binder was 
used only in the mortars prepared from cement blends containing nanosilica to get similar workability 

as that of mortars prepared from control cement samples. 
 

 

3.     RESULTS AND DISCUSSION 

 

3.1   Materials 

 
The chemical analyses of OPC, flyash, microsilica and nanosilica samples are given in Table 1.  The 

composition of flyash indicated that it was a siliceous flyash containing 59.99 percent SiO2 and 29.56 

percent Al2O3 The silica content of microsilica and nanosilica samples was 90.21 and 98.57 percent, 
respectively. 

 



Table 1   Chemical composition of  OPC, nanosilica and microsilica samples 

Sl. 

No. 

Material Code 

No. 

LOI  CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O 

1 OPC  OPC 2.67 62.28 20.76 4.96 4.63 1.19 2.13 0.18 0.41 

2 Flyash FA 0.68 1.75 59.99 29.56 4.32 0.26 0.17 0.09 0.60 

3 Microsilica MS 1.94 - 90.21 - - - - 0.80 1.65 

4 Nanosilica NS - - 98.57 - - - - - - 

 

Table 2  Composition and physical properties of  control OPC/ PPC and  their blends with nano/ microsilica  

 

Composition Physical Properties Code No. 

OPC FA MS NS 
Specific 

Gravity 

Fineness 

m
2
/kg 

NC 

% 

IST 

(Mts.) 

FST 

(Mts.) 

OPC 100 0 0 0 3.15 281.2 27.6 120 180 

OPCNS3 97 0 0 3 3.07 567.6 36.2 60 168 

OPCNS5 95 0 0 5 3.01 719.2 41.2 20 100 

OPCMS3 97 0 3 0 3.13 371.7 28.2 55 168 

OPCMS5 95 0 5 0 3.12 459.3 29.0 22 150 

PPC 75 25 0 0 2.95 332.1 27.8 110 190 

PPCNS3 72 25 0 3 2.88 598.1 34.3 70 170 

PPCNS5 70 25 0 5 2.83 793.3 40.5 20 90 

PPCMS3 72 25 3 0 2.92 423.0 28.0 50 130 

PPCMS5 70 25 5 0 2.91  487.5 28.4 37 120 

 
Table 3  Compressive strengths of 1:3 cement-sand mortars prepared with control OPC/ PPC and  their blends 

with nano/ microsilica 

 

Compressive strength of Mortar, MPa Cement 

Blend  

w/b ratio 

 

SP Dose, (%) 

1 D 3 D 7 D 28 D 

OPC 0.4 0.0 20.29 34.31 48.66 61.25 

OPCNS3 0.4 0.45 24.92 42.69 53.69 72.84 

OPCNS5 0.4 0.70 22.83 51.15 65.44 72.68 

OPCMS3 0.4 0.0 22.21 37.46 49.89 63.86 

OPCMS5 0.4 0.0 20.59 38.89 53.09 66.15 

PPC 0.4 0.0 13.38 27.60 42.28 56.50 

PPCNS3 0.4 0.50 15.51 33.39 44.65 61.56 

PPCNS5 0.4 0.70 14.80 34.26 50.04 62.35 

PPCMS3 0.4 0.0 14.70 28.45 42.70 58.53 

PPCMS5 0.4 0.0 13.55 28.70 46.52 59.50 

 

 

3.2   Composition, fineness, specific gravity, normal consistency and setting time of cement blends 

 

The composition, specific gravity, fineness, normal consistency and setting time of control OPC/ PPC 

and their blends with nano/ microsilica are given in Table 2. Replacement of OPC with nanosilica / 



microsilica resulted in lowering of specific gravity and higher values of Blaine’s fineness for the 

resultant blends. For the blends OPCNS3 and OPCNS5, having 3 and 5 percent nanosilica replacing 
cement,  the Blaine’s fineness increased from 281.2 to 567.6 m2/kg and 719.2 m2/Kg, respectively. 

Similarly the blends PPCNS3 and PPCNS5 had fineness of 598.1 and 793.3 m2/kg compared to 

fineness of 332.1 m
2
/kg for PPC. The increase in Blaine’s fineness with 3-5 percent nanosilica is 

considered to be quite large. The increase in fineness affected by microsilica was lower than those 

obtained with nanosilica.  

The normal consistency (NC) of control OPC/ PPC and their blends with microsilica was in the range 

of 27.6-29.0 percent indicating no significant effect of 25 percent flyash or 3-5 percent microsilica on 

the normal consistency of cement blends. However, the blends containing 3-5 percent nanosilica 

showed an increase of 23-49 percent over the normal consistency of control OPC/ PPC sample. A 

polycarboxylate ether based superplasticizer was found useful  for controlling the normal consistency 
of cement blends containing nano silica. OPCNS3 and PPCNS3 required  0.45 and 0.50 percent 

superplasticizer, respectively, whereas superplasticizer dose of 0.7 percent was required for the blends 

OPCNS5 and PPCNS5, by mass of the cement blend, for achieving same normal consistency as that of 

OPC. Samples containing nanosilica as well as microsilica exhibited significantly shorter initial setting 

times. With nano and microsilica addition, the initial setting times were reduced to 16-63 percent of 

the control OPC/ PPC samples.  

 

3.3   Compressive strength of cement blends  

 

The compressive strengths of 1:3 cement-sand mortars for the control OPC/ PPC and different cement 

blends are given in Table 3. Same w/b ratio of 0.4 was used for all the cement blends. OPC as well as 

PPC blends containing nanosilica showed higher compressive strengths compared to not only control 
samples but also the blends containing microsilica. The relative compressive strengths of the control 

samples and different cement blends are plotted in Figures 1-4. Use of 3-5 percent nanosilica in the 

OPC and PPC blends resulted in increase of 10-49 percent and 5-24 percent, respectively, in 

compressive strength at ages of 1-28 days. The strength increase obtained with microsilica was always 

lower than the increase obtained with nanosilica.  
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Fig 1:  Relative compressive strength of OPC 

blends prepared with 3 % nano and microsilica  
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Fig 2:  Relative compressive strength of OPC 

blends prepared with 5 % nano and microsilica  
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Fig 3:  Relative compressive strength of PPC 

blends prepared with 3 % nano and microsilica  
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Fig 4:  Relative compressive strength of PPC 

blends prepared with 5 % nano and microsilica  

 
 

3.4   Discussion 

 

The blending of nanosilica to OPC/ PPC resulted in 1.80 – 2.55 times increase in the surface area of 

blends. This increase in surface area and the general agglomerating tendency of nanosilica on account 

of its very fine particle size are considered the factors responsible for the 1.23 – 1.49 times increase in 

the normal consistency of OPC/ PPC blends containing nanosilica. The blends containing nano and 
microsilica showed significantly shorter setting times, especially initial setting times. Shortening of 

setting times could be an indication of the acceleration of cement hydration reactions at the very early 

ages.  

 

The compressive strength results showed that nanosilica was more efficient in causing strength 

enhancement compared to microsilica. This was in agreement with the results reported by Jo et al    
(Jo et al, 2007). In the present investigation it was observed that the relative increase in the 

compressive strengths was highest at the age of 3 days. Factors related to binder composition that 

could be affecting the ultimate strength and rate of strength gain are the clinker content and the content 

of nano/ microsilica in the blends. The increase in the content of nanosilica from 3 to 5 percent causes 

a lowering of clinker content by 2 percent and lower clinker content, per se, would normally result in 

lower strengths. However an acceleration of cement hydration reaction caused by nano/ microsilica 
and the additional hydration products formed by the pozzolanic reaction may overcome the effect of 

lower clinker content resulting in higher rate of strength development. Maximum relative gain in 

strength at the age of 3 days could be arising from the interplay of the effect of lower clinker content 
and acceleratory/ pozzolanic influence of nanosilica. The higher compressive strengths achieved with 

nanosilica are indicated to taper off with increasing age, especially in case of PPC blends. The relative 

strength gain in PPC-nanosilica blends was lower as compared to strength gains indicated for OPC-
nanosilica blends. 

 

It may be noted here that in the present investigation the blending of nanosilica and cement was 

carried out in a batch type laboratory ball mill entailing additional energy input. In a cement plant the 

blending of nanosilica may be carried out simultaneously with the grinding of cement in the cement 

mill and may not involve any significant additional energy inputs compared to manufacture of normal 

blended cements. However, handling of Nanoparticles and checking any associated health hazards 

may pose some challenge. 

 

 



4.     CONCLUSIONS 

 
i. Replacement of 3-5 percent OPC with nanosilica resulted in substantial increase in the 

Blaine’s fineness and normal consistency of cement blends. 

ii. Nanosilica caused shortening of setting times of cement blends that could be an indication of 

the acceleratory effect of nanosilica on early cement hydration. 

iii. 3-5 percent nanosilica caused increase of 10-49 percent and 5-24 percent, respectively, in the 

compressive strengths of OPC and PPC blends. Further, the relative increase in the 

compressive strengths were generally highest at the age of 3 days. 

iv. Nanosilica was more efficient in causing strength enhancement compared to microsilica. 

v. The relative strength gain in PPC-nanosilica blends was lower as compared to strength gains 

indicated for OPC-nanosilica blends. 
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Abstract 
This paper focuses on the application of limestone filler, feldspar filler, amfibolite filler and concrete filler in alkali 
activated materials. Up to 33 or 50% of ground granulated blast furnace slag was replaced by these fillers. The 
workability of alkali activated mortars with an increasing amount of fillers was measured. Limestone enhances 
workability, other fillers enhance workability up to 20% replacement of slag. Only amfibolite filler and some concrete 
filler deteriorate workability.  Fillers also affect the strengths of alkali activated mortars. Apart from concrete fillers, 
the other fillers lower early strengths. Both studied concrete fillers enhance it. The effect of fillers on 28-days strengths 
varies – feldspar filler enhances it. 
 
 
Originality 
The utilisation of industrial waste and/or secondary materials is very convenient. Fly ashes are often one of the used 
admixtures. But also a wide variety of other powder materials could be used. One of them is, for example, concrete 
powder which can arise during recycling of concrete or powder from quarries.  
 
 
Chief contributions 
Alkali-activated concrete with a replacement of slag by cheaper fillers (particularly concrete filler)are more convenient 
for practical application, due to lower costs and higher early strengths.  
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1. INTRODUCTION 
 
Alkali Activated Materials (AAM) are intensively studied by many investigators and they are 
beginning to be used in practice. However, one of the main obstacles for their wide use is the cost of 
materials. Not only is the alkali activator (water glass and hydroxide) itself expensive, but also the 
ground granulated blast furnace slag (GBFS) is getting more and more expensive. In the Czech 
Republic its cost has recently nearly reached that of portland cement. For this reason, some 
replacement of GBFS with a convenient and widely used mineral admixtures is being searched for. 
The target is to find admixtures which don´t show a negative effect on workability while enhancing 
early strengths at the same time. 
Limestone filler is often used in the production of conventional concrete, especially Self-Compacting 
Concrete (SSC). Some authors – for example Carrasco et al. (2003) or Kadri et al. (2010) – 
investigate a positive influence of limestone filler on the increase of early strengths of conventional 
concrete. They present two reasons for explaining this. The first is the effect of limestone on 
hydration C3A and C3S and the second reason is the fact that small limestone particles constitute 
nucleation sites of hydration products. This second reason can also act in AAM. 
The possibility of the use of different fillers in geopolymer production was discussed, for example, by 
Xu and van Deventer (2000). They reported that some fillers could be used for succesful geopolymer 
production. Similar fillers – feldspar filler and amfibolite filler – are investigated also in this work. 
Concrete filler is a new material. It it a product of concrete recycling. Concrete filler can arise as a 
result of crushing and sorting of old concrete - similarly to the origin of various fillers during crushing 
and sorting of stones in quarries. The second possibility is grinding of old concrete. This material was 
tested, for example, by Corinaldesci et al. (2002) as filler for SSC. The role of the filler in AAM can 
be similar to that of a limestone filler (a lot of old concrete is carbonated) and also, some utilisation of 
unhydrated cement (C2S, C4AF) accelerated by alkali activation is supposed.  
 
 
2. MATERIALS 
 
As usual, GBFS used was produced in blast furnaces in the Czech Republic and it is ground in Kotouc 
Sramberk company. For the chemical composition of GBFS see Table 1.  
Four kinds of fillers were used for the purposes of this work- see Table 1: 
Limestone filler is ground by Carmeuse company for various specific surfaces. The results for the 
specific surface of 360 m2/kg are presented in this paper.   
Feldspar filler is produced as one of the compounds for the purposes of glass industry and powder 
fractions were offered as filler into concrete 
  

Table 1: Chemical composition of compounds 

 CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3 

GBFS 41.5 37.7 6.5 0.4 10.1 0.4 0.6 0.8 

limestone  97.0 1.5 0.7 0.3 0.9 - - 0.05 

feldspar 0.3 68.7 17.9 0.8 0.1 8.5 2.4 - 

 
Amfibolite filler rises as a secondary product during the crushing of amfibolite stones in a quarry near 
Brno. It mainly consists of amfibole Na2Mg6Si8O24H2 with a small content of soil minerals and 
muscovite. 
Concrete filler is a filler obtained by the crushing of two types of concrete. Filler S arises from 1-year 
old cubes of SCC – 440kg CEM I 42.5R, 150 kg limestone, water / (cement + limestone) ratio was 
0.32, aggregates / paste volume ratio was 1.32. This concrete was ground in a ball mill to three 
different specific surfaces – 259, 380 and 501 m2/kg. Concrete filler P arises from cubes from control 



tests of concrete sleepers. The age of the cubes was 1 year, concrete contained 365 kg CEM I 52.5N, 
water/cement ratio was 0.31, aggregate / paste volume ratio was 3.26. This concrete was grounded in 
a ball mill to specific surfaces 241, 341 and 487 m2/kg. 
A blend of sodium water glass and potassium hydroxide (50% solution) was used as activator. Silicate 
modulus of water glass Ms equals 1.6, dry mass content 45%. 
 
 
3. EXPERIMENTAL PROCEDURE 
 
Mortars were mixed in a laboratory mixer in volume 1 l. The content of GBFS + filler was kept at the 
value of 450g, water / (slag + filler) ratio was kept at 0.60. Natural sand was added in such an amount  
as to top up the volume to 1 l.  
Mixing procedure: First, water glass and drinking water were added; next GBFS together with filler 
were added and the paste was mixed for 30s (140 turns/min). After that, sand was added and mortars 
were mixed for another 3 minutes (140 turns/min).  
The workability of the mixtures was measured by means of a minicone flow method (truncated cone 
bottom base 100 mm, upper base 70 mm, height 60 mm). In this test, the cone is filled with mortar. 
After the cone lifting, the diameter of the mortar cake is measured in two perpendicular directions. 
The mortar cake is shaken 15 times in the jolting table and the cone flow is measured in two 
perpendicular directions; the result is the average value of these values. 
Mortars with self-compacting workability were poured into moulds without any compaction; mortars 
with worse workability were shaken 60 or 120 times. 
Three beams 40x40x160 mm were made from each mix; 6 beams for each mortar composition. The 
beams were demoulded at the age of 24 hours. After demoulding, 2 beams were tested and other 4 
beams were carefully enveloped with a PE foil to avoid a water exchange with the environment and 
they were stored in a laboratory at 20oC for tests at the age of 7 and 28 days. Three-point bending 
strengths and compressive strengths on beams fragments were measured. Sometimes the results are 
expressed in terms of strength index, which is the ratio of the strength of mortars with GBFS to that of 
mortars with a replacement of part of GBFS by filler. 
 
 
4. RESULTS AND DISCUSSION 
 
4.1.  LIMESTONE FILLER 
 
Some experiments with limestone filler were presented in previous papers Bilek et al. (2007). Some 
experiments were repeated and extended – see Figure 1.  
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Figure 1: Workability and strengths index development of mortars with increasing substitution of slag with 
limestone; dry mass of activator was 10%; (K2O+Na2O)/SiO2 = 60/40 (Ms = 0.67) 



 
Workability of mixtures with limestone addition is a bit better than that of the mixture with GBFS 
only. Strengths are expressed in their relative values – as strength index.  Mortars with limestone 
show lower strengths than mixture with GBFS only - whilst a higher early strength was recorded for 
the blend of GBFS and limestone filler in a previous paper, see Bilek et al. (2007). The increase of 
strength of mortars with limestone is relatively quicker than that of the strengths of mortar with slag 
only – strength index reaches rising values at the age of 7 and 28 days. 
Results with different compositions of activator are presented in Figure 2 and 3. The total dry mass of 
the activator was 10% of the mass of slag and limestone (450 g/l).  
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Figure 2: Workability and compressive strengths of mortars with limestone filler; substitution of slag with 

limestone is 33% (300 g of slag and 150 g of limestone) 
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Figure 3: Workability and compressive strengths of mortars with limestone filler; substitution of slag with 

limestone is 50% (225 g of slag and 225 g of limestone) 
 

 
4.2. FELDSPAR FILLER 
 
The results with feldspar filler are presented in Figure 4. Workability is nearly the same as for mortars 
without feldspar filler up to the substitution of 20% of GBFS. The strengths development is 
interesting. Early strengths are very low – at best only 77% of the strength of mortars with GBFS 
only. Consequently, the  strengths increase, and the strength of mortars with an addition of feldspar up 
to 20% reach the same values as mortars with GBFS only. This implies that feldspar participates in 
the reaction. At a higher level of feldspar substitution (20% and 33%), the increase of the strength is 
most conspicuous. 
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Figure 4: Workability and strengths index development of mortars with increasing substitution of slag with 
feldspar; dry mass of activator was 10%; (K2O+Na2O)/SiO2 = 60/40 (Ms = 0.67) 

 
 
4.3. AMFIBOLITE FILLER 
 
This filler is normally used in production of ragular concrete. The results concerning alkali activated 
mortars are presented in Figure 5. The workability of mortars is significantly reduced by the filler 
addition. This means that the filler is practically excluded from use in AAM. Also the strengths are 
not high, except for the mortars with 7% and 13% of filler.  
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Figure 5: Workability and strengths index development of mortars with increasing substitution of slag with 
amfibolite; dry mass of activator was 10%; (K2O+Na2O)/SiO2 = 60/40 (Ms = 0.67) 

 
 
4.4. CONCRETE FILLER 
 
The workability of mortars with concrete fillers is shown in Figure 6. In the case of filler P (concrete 
with a much higher amount of aggregates), the workability is enhanced for finer filler and for 
substitution 33%. Contrary to this result,  the workability is worse for all fillers S and for both of their 
dosages. This represents an interesting result which has not been explained yet. Compressive strengths 
development for some fillers P and S are reported in figure 7. At the start the mortars showed very 
small values of strengths – 2.65 MPa for mortar with GBFS only. But consequently the strength 
increases up to very high values – 67.5 MPa for GBFS only. All mixtures with filler additions shows 
significantly lower strengths at the age of 7 and 28 days. The increase of the strengths during a time 
period between 7 and 28 days is slower than the increase of strength in the cases of limestone, 
feldspar and amfibolite fillers. This is a interesting difference from the above mentioned fillers.  
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Figure 6: Workability of mortars with increasing substitution of slag with concrete filler P and S; the number 

near this letters express specific surface; dry mass of activator was 10%; (K2O+Na2O)/SiO2 = 60/40 (Ms = 0.67) 
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Figure 7: Compressive strengths of mortars with increasing substitution of slag with concrete filler P and S; the 
number near this letters expresses specific surface; dry mass of activator was 10%; (K2O+Na2O)/SiO2 = 60/40 

 
What is not as conspicuous in figure 7 are the early strengths of mortars with concrete fillers. All 24 
hour strengths of the mortars with filler are higher than the strengths of mortar with GBFS only – see 
figure 8 for detail. Probably, alkali activator accelerated some unhydrated grains of cement contained 
in concrete fillers. 
 
 
5. CONCLUSIONS 
 
The influence of different fillers on the strength of AAM was studied in this paper with an aim to 
maintain or enhance workability and early strengths of alkali activated mortars. 
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Figure 8: Strengths indexes of mortars with increasing substitution of slag with concrete filler P and S; the 

number near these letters expresses specific surface; dry mass of activator was 10%; (K2O+Na2O)/SiO2 = 60/40  
 
Limestone filler in addition up to 33% enhances workability. Early strengths are lower than strengths 
of mortars without limestone but 28-days strengths are nearly the same. 
Feldspare filler reduces workability in an amount higher than 20% and it also reduces early strengths. 
However, it enhances 28-days strengths, which can be a consequence of a reaction between feldspar 
and alkali activator. 
Amfibolite filler reduces workability as well as strengths. 
Concrete filler shows a different influence on workability, according to the kind of the recycled 
concrete. Maybe a higher amount of hardened paste evokes a higher absorption of the filler and 
reduces workability. Both of the concrete fillers significantly enhanced early strengths of alkali 
activated mortars.  
A more detailed explanation of this phenomenon will be dealt with in the future. A preliminary – 
positive influence of concrete filler for AAM can enhance the interest in both AAM and concrete 
fillers. This could prove interesting for a further development of sustainable concrete. 
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Abstract 
In the nuclear industry, cementitious materials are widely used for both immobilization and encapsulation as well as for 
stabilisation of radioactive wastes. The selection of the cementitious materials depends upon understanding the 
chemistry of the system. Immobilization occurs when the waste is converted from mobile phase to immobile phase by 
precipitation, sorption, or exchange reactions. Calcium silicate hydrate (C–S–H), the main constituent of cementitious 
materials, is responsible for the major physical and chemical properties of cementitious materials. The surface 
properties of C–S–H play an important role on the adsorption conditions and the selectivity of heavy metals on its 
surface. However, the surface chemistry of C–S–H is much less known as compared to other OH bearing oxides. The 
mechanisms on the surface charge of C–S–H and the interfacial properties between C–S–H surface and pore liquid, so 
far, objectives of very few studies. Thus, the primary objectives in this research are to investigate the surface properties 
of C–S–H and to elucidate the mechanisms on the chemical interaction of electrolyte ions with C–S–H surface. C–S–H, 
like other minerals, develops an electrical charge on the surface when it is contacted with an electrolyte solution. It can 
be considered that the formation of surface electrical charge is due to combination of ionization, dissolution, and ionic 
adsorption. Further, C–S–H consists of surface groups called silanol sites (≡SiOH). These sites are available for 
release or adsorption of protons as well as adsorption of cations and anions. In this study, the surface charge of C–S–H 
was determined through titration. The surface charge values are analyzed by use of a surface complexation model in 
PHREEQC to obtain the ionic adsorption reactions as well as the associated equilibrium constant values. Using the 
predicted surface site density of C–S–H and the associated equilibrium constants, not only ionic adsorption isotherm 
but also multi–ionic transport can be predicted in cementitious materials. Furthermore, the behaviour of iodide on the 
surface of C–S–H has been discussed through the adsorption and electrokinetic experimental results.  
 
Originality 
The details of electrical double layer (EDL) theory that describes solid/solution interface are presented as a surface 
complexation model for amorphous C–S–H. C–S–H is somewhat similar to other minerals, but the mechanisms of 
charge development and adsorption phenomena are different. The surface properties of C–S–H such as surface site 
density and the associated equilibrium constants have been determined.  In addition, this study suggests that C–S–H is 
capable of adsorption of various electrolyte ions on its surface. The adsorption of electrolyte ions significantly changes 
the interfacial chemistry of C–S–H/solution. Some ions (E.g. Calcium) have high ability to adsorb on the surface of C–
S–H and leading to charge reversal, whereas some other ions (E.g. Sodium) behave as indifferent ions towards C–S–H. 
Further, adsorption and electrokinetic experiments revealed that there is no electrostatic adsorption of iodide on C–S–
H surface.   
  
Chief contributions 
The important constituent of this research study is to understand the mechanism of ionic adsorption on C–S–H surface 
through experimental works as well as through a detailed modelling approach (a surface complexation model for C–S–
H/solution interface) in waste ion immobilization. C–S–H surface groups are available for adsorption of both cations 
and anions through surface complexation reactions. The surface site density of C–S–H, the stoichiometry of the ionic 
adsorption equations, and the equilibrium constants are determined in this study.  These parameters are very important 
to understand the binding mechanisms of cations and anions on C–S–H, and then essential for long–term prediction of 
the safe disposal of radioactive waste as well as in the durability performance of reinforced concrete structures.  
  
Keywords: Immobilization, C–S–H, electrical charge, surface site density, ionic adsorption   
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Introduction 
 
Cementitious materials are commonly used for immobilization of hazardous and radioactive wastes. 
They can act as physical and chemical barriers for the transport of radionuclides in pore water. The 
main hydration product of cement is called calcium silicate hydrate (C–S–H), comprises 
approximately 50–70 % of the weight of cement, making the C–S–H an important phase to 
characterize the cementitious materials behaviour in nuclear waste repository. The C–S–H is an 
amorphous phase and its layer structure has many similarities to 1.4 nm tobermorite and jennite. There 
is no real crystal chemical substitution reaction of C–S–H with waste ions. The disordered stacking 
layers of C–S–H makes large volume of micro pores and a big specific surface area available for 
significant adsorption of waste ions. Further, the titration and surface properties of C–S–H are not well 
characterized than other OH bearing oxides like silicates or alumina. The surface properties are 
important parameters to understand the interfacial chemistry at C–S–H/solution interface. The 
interfacial chemistry of C–S–H has a significant impact on the waste ion immobilization as well as on 
multi–ionic transport in cementitious materials (Elakneswaran, 2010). Only a few studies have been 
reported about the surface groups of C–S–H. Viallis–Terrise (2001) model for C–S–H considered that 
the surface of C–S–H consists of only one type called silanol site (≡ SiOH) and the density of silanol 
site can be calculated from the proposed model. Pointeau (2001) proposed that C–S–H consists of two 
kinds of surface sites for cesium adsorption and their densities were obtained by fitting the 
experimental data to the model results. Further, the thermodynamic model in Heath (1996) assumed 
that the surface of C–S–H is dominated by two types of sites: silanol and calcium (– CaOH) sites. 
Based on the previous studies, it can be concluded that the details of surface site densities of C–S–H 
have not been fully clarified. More researches are needed on this topic to understand the surface 
chemistry of C–S–H and its effect on waste ion immobilization.  
 
The principal mechanisms of immobilization of radioactive waste elements in cementitious materials 
are adsorption, precipitation, and incorporation. Adsorption mechanism on C–S–H depends on the 
chemical speciation of ions as well as the physical and chemical properties of C–S–H. Several studies 
indicated the immobilization of radionuclides in cementitious materials as well as in cement hydrate 
(Evans, 2008). Ziegler (2001) investigates the zinc sorption mechanisms on C–S–H using sorption 
kinetics and EPMA experiments. Baur (2003) studies the sorption of selenite and selenate to C–S–H, 
ettringite, and monosulfate. Further, cesium and lead immobilization in C–S–H has been modelled 
through surface complexation and solubility mechanisms (Pointeau, 2001). A sufficient understanding 
on interaction of radioactive waste elements on C–S–H surface is important for the long–term 
prediction of the safe radioactive waste disposal systems. Therefore, the main objectives of this study 
are to determine the surface properties of C–S–H and to elucidate the mechanism on chemical 
interaction of radioactive waste elements with C–S–H. This can be achieved through detailed 
experimental techniques and modelling approaches. To describe the speciation of surface sites and the 
adsorption of radioactive waste elements on C–S–H, a surface complexation model based on 
thermodynamics has been developed. The surface site density of C–S–H and the associated 
equilibrium constants are determined by fitting the experimental data to the model results.  
 
 
Experimental details 
 
The C–S–H was synthesized by mixing 220.9 g of Ca(OH)2,  179.1 g of AEROSIL200 (SiO2), and 
1200 ml of de–ionic water in autoclave to achieve a Ca/Si of 1.0. The suspension was stirred at 60 rpm 
during the synthesis. The synthesizing temperature and time were 170 °C and 2 hours respectively, 
and the saturation water vapour pressure at the synthesizing temperature was 0.79 MPa. The 
synthesized C–S–H gel was characterized by several experiments. The titration experiments on C–S–
H suspensions (50 ml of 0.05 M NaNO3 of 5 g/l C–S–H) were conducted using an automated titrated 
system. Before the titration experiments, the C–S–H suspensions were equilibrated for two hours. 



Subsequently, the suspensions were titrated with 1 M NaOH titrant between the initial pH of the 
suspension and pH 12.0. C–S–H is not stable in the acidic condition; therefore, the titration 
experiment was conducted only with NaOH titrant. The length of the titration was around 90 minutes. 
Cares were taken to minimize the contamination of carbon dioxide with suspensions. A batch 
experiment was performed to determine the calcium adsorption on C–S–H surface. For the calcium 
adsorption experiment, 0.1–10 mmol/l Ca(OH)2 solution were added to C–S–H suspension. The ionic 
strength and solid to liquid ratio were the same as used in titration experiments, and NaNO3 salt was 
added to the suspension to maintain the constant ionic strength. The C–S–H suspensions were 
equilibrated for 24 hours.  The residual calcium concentration in the filtered solution was measured by 
inductively coupled plasma atomic emission spectrometry (ICP–AES). The surface area of C–S–H 
was equal to 212 m2/g by multi–point H2O BET measurement. Another batch experiment was 
performed with iodide to determine its physical adsorption on C–S–H surface. The iodine solutions 
with 0–50 ppm were prepared by dissolving NaI in de–ionic water. The stock solution were prepared 
in duplicate with adding of 5 mmol/l Ca(OH)2. One used as blank and C–S–H was added into another. 
The suspensions were kept for 24 hours. The equilibrated pH of the suspension was around 12. The 
uptake of iodide is the difference between iodide concentration in the blank and C–S–H suspension, 
measured with ion–chromatography. Further, C–S–H suspensions were prepared at 0.1 g/l solid to 
liquid, and a Zetasizer Nano series apparatus was used to determine the zeta potential (ζ) of the 
suspensions in iodide solution.  
 
 
Modelling approach 
 
A generalized two–layer surface complexation model in PHREQC is used to determine the surface site 
density of C–S–H and the equilibrium constant values for ionic adsorption on its surface (Parkhurst, 
1999). In the model, all of the specifically adsorbed ions are assigned to a surface layer and non–
specifically adsorbed ions are assigned to a diffuse layer. The Gouy–Chapman theory is assumed to 
hold for the ionic distribution in the diffuse layer. Further, the model assumes that the activity of the 
surface species is numerically equal to their concentration. The surface charge is caused by ionization 
of all surface sites through proton exchange reactions as well as surface coordination reactions with 
cations and anions.    
 
 
Results and discussions 
 
Determination of surface site density of C–S–H 
 
It can be assumed that surface of C–S–H consists of only one type of site which is here called the 
silanol site (≡ SiOH). C–S–H particles become highly negative charge due to ionization of silanol sites. 
At high pH, the cation adsorption is favourable on the silanol sites but the anion adsorption is limited. 
The titration technique has been used to determine the negative surface charge of C–S–H. Surface 
charge can be calculated by determining the difference of total and free hydroxyl concentration by 
following equation (Mayant, 2008).  
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where F is the Faraday constant (96,485 C/mol), A is the specific surface area (m2/g), S is the solid 
concentration (g/l),[NaOH] is the molar concentration of the titrant, VNaOH,add and Vinit are the volumes 
of added NaOH and initial NaNO3 volume, [OH-]init, [OH-]fin, [H+]init, [H+]fin are the molar 
concentration of OH- and H+ derived from the measured pH at the initial and final solution considering 
Kw and activity coefficient of H+. Equation (1) considers the correction for dissolution of calcium as a 



high initial hydroxyl concentration in the suspension; therefore, Equaiton (1) yields the relative surface 
charge density with the addition of NaOH titrant. The pH dependence of the surface charge can be 
modelled by acid–base equilibrium reactions with the associated constants. The generalized two–layer 
model, which is built–in PHREEQC, is used to model the experimental data. The formation of 
negative charge is due to release of protons from the silanol sites by the reaction (Viallis–Terrise, 
2001): 
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where KOH is the intrinsic equilibrium constant for de–protonation, ai is the activity of i (solution 
species or surface species), ψ0 is the surface potential (V), R is the universal gas constant equal to 
8.31451 J/(mol.K), and T is the absolute temperature (K). The negatively charged C–S–H particles are 
compensated by calcium ions in the solution. The strong affinity of calcium ions to the surface causes 
the charge reversal. Calcium ions lose some of their water molecules and make an ionic bond with 
silanol sites through the inner–sphere complexation reaction (Viallis–Terrise, 2001): 
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The surface site density (number of sites per unit area) of C–S–H and equilibrium constant values for 
equations (2) and (3) are determined from experiments and modelling. The calculation procedure is 
given below in the form of flowchart (Figure 1).   
 

 
 

Figure 1: Flowchart to determine surface site density and the associated equilibrium constant values of C–S–H 
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In the surface model, the titration experiment can be simulated to determine the surface charge density 
of C–S–H with presumed values of surface site density and log_KOH, and the measured surface area. 
The simulated surface charge density is compared with the calculated values (using Equation (1)) from 
the experiment. The equilibrium constant (2), log_KOH, is extracted by fitting the simulated results to 
the titration data. The simulated and measured relative surface charge densities of C–S–H is shown in 
Figure 2. The calcium adsorption on C–S–H is simulated for varying concentration of calcium. The 
model uses the estimated log_KOH from the surface model, the same values of surface site density and 
the surface area, log_KCa, and the adsorption experimental conditions. Both the surface site density 
and the equilibrium constant (3) (log_KCa) are adjusted to obtain the best fit between experimentally 
adsorbed calcium and the simulated one. Figure 3 compares the simulated and measured adsorbed 
calcium on C–S–H. The adjusted surface site density is used again in the surface charge model, and a 
new log_KOH is obtained by fitting the model results to titration data. Both surface charge and 
adsorption models are repeated until to obtain the best fit between experimental and simulated values. 
The estimated surface site density and equilibrium constant values for C–S–H are tabulated in Table 1.    

 

   
 

Figure 2: Measured and simulated relative surface charge densities of C–S–H as function of pH 
 
 

   
 

Figure 3: Measured and simulated adsorbed calcium on C–S–H as a function of the initial concentration of 
calcium 

 
 

Table 1: Surface complexation parameters for C–S–H 
 

Sample Surface area 
(m2/g) 

Site density 
(sites/nm2) log_KOH log_KCa 

C–S–H 
(C/S = 1) 212 10.0 –9.34 –12.05 
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Iodide adsorption on C–S–H 
 
The immobilization of iodine species in cementitious materials is great interest in the nuclear waste 
management. Several studies indicted the potential for retardation of iodide and iodate species in 
cement hydrates (Atkins, 1992 and Bonhoure, 2002). In this study, an adsorption and zeta potential 
experiments were conducted to understand the electrostatic adsorption of iodide on C–S–H surface. 
The measured adsorbed iodide on C–S–H is shown in Figure 4. A significant adsorption of iodide on 
C–S–H could not be observed from ion–chromatography measurements. It is further validated with 
zeta potential values of C–S–H surface in iodide solutions (shown in Figure 5).The zeta potential was 
measured at two different solutions for the same ionic strength. The zeta potential values of C–S–H 
suspension do not show any remarkable changes with concentration of iodide. High positive values are 
only due to adsorption of calcium (shown in Figure 5 (a)) while the dissociation of silanol sites 
controls the zeta potential of C–S–H suspensions in iodide solutions without calcium (shown in Figure 
5 (b)). Initially, the surface of C–S–H particles forms negative charge (Equation (2)), and the surface 
is changed to positive due to strong adsorption of calcium according to Equation (3). However, the 
positive surface of C–S–H does not adsorb iodide species.  Considering the above altogether, it can be 
concluded that iodide ion could not make an electrostatic adsorption on C–S–H surface.  
 

 
 

Figure 4: Measured adsorbed iodide on C–S–H as a function of the initial concentration of iodide. The 
suspension has a constant calcium concentration (5mM Ca(OH)2) with NaI concentration (0.1–50ppm) varied. 

 
 

                   
 

Figure 5: Measured zeta potential values of C–S–H suspensions (a) with 5 mM Ca(OH)2 (b) without Ca(OH)2 as 
a function of the iodide concentration for a constant ionic strength of 30 mM. NaNO3 salt was added to keep the 

constant ionic strength.  
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Conclusions 
 
The surface properties of C–S–H and their influences on the waste elements immobilization have been 
investigated in this study. The surface of C–S–H consists of silanol sites to release or adsorb protons 
as well as to adsorb both cations and anions. A surface complexation model has been developed to 
determine the surface properties of C–S–H and then to understand the interaction of ions with C–S–H. 
The density of silanol sites and the equilibrium constant values for electrostatic adsorption of ions are 
derived by fitting titration and adsorption experimental data to the model results. Furthermore, the 
adsorption and electrokinetic experimental results presented here confirm that electrostatic adsorption 
of iodide on C–S–H is not possible. The findings of this study are essential for an assessment of 
immobilization mechanisms of waste elements on C–S–H, and they will significantly improve the 
prediction of long–term performance of cementitious materials in radioactive waste disposal. More 
experimental techniques and modelling works are considered to elucidate the mechanisms on the 
chemical interaction of other radionuclides with C–S–H. 
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Abstract 
We propose a modeling able to predict the behavior of water-saturated cement-based materials in contact with a 
CO2 saturated aqueous solution. The presence of CaCO3 and Ca(OH)2 is determined from the mass action laws 
related to each solid compound. An ideal solid solution model is employed to explain the continuous 
decalcification of the calcium silicate hydrates (C-S-H). The changes in porosity and microstructure induced by 
the precipitation-dissolution of the various solid compounds are also taken into account. Aqueous species are 
added and their concentration is determined by considering the reactions at equilibrium. The transport of these 
species is taken into account by considering the Nernst-Plank equation. The coupling between the transport 
equations and the chemical reactions is treated thanks to several mass balance equations written for each atom. 
The model is implemented within a finite-volume code. Some simulations illustrating some carbonation fronts 
and porosity profiles are presented and compared with experimental results taken from the literature. 
 
Originality 
The CO2-transfer, as well as the chemical degradation in cement-based materials due to the carbonation 
mechanism, plays an important role in predicting the leakage of CO2 within the framework of CO2 geological 
storage. Based on an accurate carbonation model coupling both transport and chemical reactions which can be 
homogeneous (between aqueous species) or heterogeneous (between solid compounds and aqueous species), 
numerical simulations are proposed to give an insight of the "zonation" mechanism and the induced porosity 
evolution appearing in the carbonated area (formation-dissolution of CaCO3, progressive decalcification of C-
S-H, dissolution of Ca(OH)2). The final objective is to incorporate this model into a design and risk assessment 
strategy for CO2 sequestration.  
 
Chief contributions 
IFSTTAR and UR Navier are two French laboratories which develop in collaboration durability models for 
cement-based materials in order to provide a comprehensive understanding of the degradation mechanisms and 
to propose an accurate service-life prediction of the reinforced concrete structures. Thus, several models have 
been implemented into a platform of simulation called Bil: moisture transport, carbonation, chloride ingress, 
corrosion of re-bars, etc. The objective is now to adapt the transport reactive model of atmospheric carbonation 
for the particular conditions of extreme conditions (high CO2 concentrations, supercritical carbonation, specific 
temperature and pressure conditions prevailing in the well). 
 
Keywords: Carbonation, Transport, Cement, Alkali, C-S-H, Decalcification 
 
 
 
 
 
 
 
 
                                                 
1  Corresponding author: Email shen@lcpc.fr Tel +0033648659685, Fax +0033140435450 
 



1. Introduction 
 
Geological storage of CO2 is considered as a promising solution to the global warming arising from 
anthropogenic CO2 emissions. However, long term storage of CO2 involves risks of leakage of CO2 
through the oil well cement-based material. In order to predict the CO2 leakage, it is essential to 
understand the CO2 transfers, as well as the chemical reactions at stake (carbonation mechanism) 
which takes place within the materials exposed to CO2 under geological storage conditions. 
In deep geological formations (more than 1 km deep), the temperature could reach 50°C or more and 
the pressure could be more than 10 MPa. Under these conditions, the CO2 is in a supercritical state 
(scCO2), with the density like that of a liquid and the viscosity like a gas. Since scCO2 and water are 
not miscible but can dissolve into each other, they form a two phase system composed of a scCO2 rich 
phase (wet scCO2) and a water rich phase (CO2 saturated aqueous solution). Therefore the material 
could be exposed to either a CO2 saturated aqueous solution (CO2(sat)) or wet scCO2 or both. In this 
paper, we just deal with cementitious materials exposed to CO2(sat). 
Research work conducted in this field includes experimental studies as well as numerical modeling. 
(Carey et al., 2007) studied cement samples taken from a well after 30 years of CO2 exposure. The 
reservoir is located at about 2100 m depth, and has a temperature and pressure of 54°C and 18 MPa. 
The observations demonstrate that CO2 migrates along both the casing-cement and cement-shale 
interfaces. The carbonation depth is 0.1-0.3cm thick within the cementitious matrix adjacent to the 
casing while 0.1-1cm thick within the cementitious matrix in contact with the shale. 
(Kutchko et al., 2008) exposed samples made of class H cement to scCO2 and to CO2 saturated brine 
at 50°C and 30.3 MPa for 1 year. Results for cement in contact with scCO2 was similar to that in 
contact with atmospheric CO2 with a strong effect of the clogging of the microstructure able to hinder 
the CO2 penetration, while the one exposed to CO2 saturated brine was typical of acid attack on 
cement-based materials with a significant leaching effect (both of hydration compounds and calcium 
carbonate). With the data collected during 1 year, they estimated a penetration depth range of around 
1.00 mm for CO2 saturated brine and 1.68 mm for the scCO2 after 30 years, which is consistent with 
the observations in (Carey et al., 2007). (Duguid et al., 2010) used CO2 saturated brine in a batch 
reactor and simulated both sandstone and limestone reservoir conditions (boundary conditions 
saturated with calcite or not). Under sandstone-like conditions the rate of CO2 attack was quite rapid 
while under limestone-like conditions (using a CaCO3 saturated brine), no evident attack was 
observed. (Rimmelé et al., 2008) exposed cement samples to both CO2 saturated brine and wet scCO2, 
the porosity distribution at different states was monitored by SEM-BSE image analysis. 
Numerical modeling focuses on the transport and reactions between the hydrated cement paste and the 
CO2 saturated brine. (Carey et al., 2007) present some numerical modeling, with relevant parameters, 
the simulation results are consistent with in-situ observations. A reactive transport modeling is 
proposed and discussed in detail in the work of (Huet et al., 2010). This work is intended to simulate 
Duguid's experiments (Duguid et al., 2010). 
Comparisons between experimental works and numerical simulations are far from being abundant in 
the literature. This work proposes a reactive transport modeling to predict the behavior of a fully-
saturated cement paste in contact with a CO2 saturated aqueous solution (CO2(sat)). The key factors in 
this numerical code will be detailed and discussed. Some simulations including carbonation fronts and 
porosity profiles are presented and compared with experimental results taken from the literature. 
 
2. Model 
 
The code is aimed at simulating the behavior of a water-saturated cement paste in contact with a CO2 
saturated aqueous solution (CO2(sat)).  The major solid components including calcium hydroxide 
(CH) and calcium silicate hydrates (C-S-H) are initially assessed (by direct measurements or by using 
simple analytical models). When exposed to CO2(sat) , CO2 will diffuse through the pores of the 
cement paste. When the CO2 concentration gets high enough (≈3×10-15mol/L), CH will start to 
dissolve and calcium carbonate form. When CO2 concentration gets higher, C-S-H carbonates which 
generates amorphous silica as well as calcium carbonate. During this carbonation progress, the 



microstructure of cement also changes. When portlandite dissolves, the porosity will first increase, and 
it will then decrease as the calcite forms. The decalcification of C-S-H could also contribute to the 
porosity increase or drop, due to the volume difference between C-S-H and the precipitated calcium 
carbonate (Thiery et al., 2011). When the pH-value of the system drops below 5 (or even lower), the 
formed calcite could dissolve under peculiar boundary conditions and cause an increase in porosity. 
The transport of calcium from the carbonated region to the non-carbonated one could also be 
responsible for a porosity increase between the carbonation fronts of CH and C-S-H. 
Mass action laws are considered for each reaction of dissociation in the pore solution of the material. 
Note that the sodium species is included in the model as potassium. The effects of the chemical 
activity are disregarded as a first approximation. The presence CaCO3 and CH is determined from the 
value of the solubility product related to each considered solid compound.  
An ideal solid solution model is used to explain the continuous decalcification of C-S-H. The solid 
solution method considers four C-S-H poles (jennite, tobermorite I, tobermorite II and silica gel) in 
equilibrium with the pore solution. The stoichiometry of each end member of the solid solution model 
is fixed in agreement with (Kulik et al., 2001) in order to keep an ideal description of the solid 
solution. By using these predefined stoichiometries, our model provides an evolution of Ca and Si in 
solution which is consistent with the experimental data taken from (Greenberg et al., 1965) (see 
Fig.2.1). All the solid and aqueous species considered in this model are listed in Table 1. 
 

Table 1: Solid and aqueous components considered in the model 

Type Chemical compounds 
Pore solution CO2(aq), H2CO3, HCO3

-, CO3
2-, Ca2+, CaHCO3

+, CaH3SiO4
+, CaH2SiO4, H2SiO4

2-, 
H3SiO4

-, H4SiO4(aq), CaCO3(aq), CaOH+, K+ 

 
Solid phases Portlandite (Ca(OH)2) 

Calcite (CaCO3) 
C-S-H end members: 
Amorphous silica (SiO2) 
Jennite (1.5CaO . 0.9SiO2 . 2.4H2O )  
Tobermorite I (2CaO . 2.4SiO2 . 4H2O ) 
Tobermorite II (1.5CaO . 1.8SiO2 . 3H2O ) 
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Figure 2.1: Caaq and Siaq concentrations vs. the C/S ratio (lines correspond to the calculated concentrations, 

while points come from experimental data (Greenberg et al., 1965) 

The changes in porosity induced by the precipitation-dissolution of the various solid compounds are 
also taken into account (Eq.1). Φ and Φ0 stand for the current and initial porosity, Vi is the molar 
volume of each solid compound (L/mol), ni and n0

i for the current and initial solid content (mol/L).  

Φ=Φ0-∑VC-S-H×(nC-S-H-n0
C-S-H)-VCH×(nCH–n0

CH)-VCaCO3×(nCaCO3–n0
CaCO3)-VSiO2×(nSiO2–n0

SiO2) (1)



Concerning the transport equations, we consider the electro-diffusion (Nernst-Plank equation) of each 
aqueous species listed in Table 1, as indicated in Eq.2. In the equation, F is the Faraday's constant, R is 
the gas constant, T is the absolute temperature, while zi and ρi stand for the ionic valence and the 
concentration. The first term refers to the diffusion effect due to the concentration gradient (in 
agreement with the Fick’s law), and the second part accounts for the electric effect. The effective 
diffusion coefficient Di of each species i is calculated taking into account the porosity changes 
(Tognazzi, 1998). Di

0 is the diffusion coefficient in pure water. Note that the self-diffusion coefficients 
of Na+ and K+ are quite similar, it is thus acceptable to assimilate these two species. 

0 4 9.95, 2.9 10i
i i i i i i i

Fzw D D D D e
RT

             (2)

The coupling between the transport equations and the chemical reactions is treated thanks to five mass 
balance equations: four related to each chemical atom considered in the system (C, Ca, Si, K) (Eq.3), 
where na stands for the total content of element a. 

a
a

n divw
t


 

  (3)

For element C: nc = Φ×(ρCO2 + ρH2CO3 + ρHCO3- + ρCO32- + ρCaHCO3+ + ρ CaCO3(aq)) + nCaCO3. 
For charge balance (Eq.4): zi and ρi stand for the ionic valence and the concentration of each aqueous 
species. Due to the panel of mass balance equation for each atom, q is identically vanishing, so the 
charge balance equation could be written as 0qdivw  . 

( ) , 0q i i
q divw q z
t


     


 (4)

This approach enables to get rid of the undetermined sink terms which would have to be included in 
the mass balance equations if they were written for each chemical species. The model is implemented 
with a finite-volume method for an axisymmetric geometry with a simultaneous description of 
chemistry and transport which represents a noticeable originality since the classical sequential 
approaches artificially introduce a kinetics effect related to the existence of a time step between the 
resolution of the chemical equations and the resolution of the transport equations. Here, in each time 
step, the concentrations are determined by using a Newton-Raphson algorithm implicitly coupling 
transport and chemistry.  
 
3. Simulation results and discussion 
 
Some calculations are led to simulate experimental works taken from (Duguid et al., 2010). In this 
experiment, the author exposed cylindrical class H cement samples (7.5 mm in diameter) to a CO2 
saturated brine in atmospheric conditions (20° C, 1 atm, pure bubling of CO2) for 30 days in a batch 
reactor. In one set of experiments, the brine is saturated with calcite before putting in contact with the 
cement paste, thus simulating limestone reservoir conditions, in the other set the brine is not saturated 
with calcite standing for sandstone-like reservoir conditions.  
To simulate Duguid’s experiments, we consider a cement paste cylinder with the same diameter, 
divided into 50 nodes. The initial CO2 concentration in the pores solution of the material is equal to 
10-16 mol/L, while at the boundary this concentration is 0.05 mol/L (the approximate solubility of  CO2 
in a 0.58M NaCl brine, see Huet et al, 2010). The cement contains initially 5.2 mol/L of portlandite 
and 3.9 mol/L of jennite (see Huet et al, 2010). The initial porosity is 40%. Concerning the limestone 
reservoir conditions we set the activity product of calcite as constant at the interface between the 
cement paste and the CO2-saturated brine and equal to the equilibrium constant KCaCO3, so that at the 
boundary the pore solution is always saturated with calcite. Concerning the sandstone-like conditions, 
we set the activity product of calcite ([Ca2+]×[CO3

2-]) as constant and equals to 0.01×KCaCO3 to avoid 
the precipitation of calcite at this boundary.  



3.1 Sandstone-like conditions 
 

The profiles of solid compounds, as well as porosity profiles, are plotted in fig.3.1 for sandstone-like 
conditions. A calcite dissolution occurs due to the leaching effect at the boundary condition. In this 
case, successive zones, e.g., a porous silica gel layer at the boundary, a calcite-rich layer, and the 
dissolution front where C-S-H starts to dissolve followed by the carbonation front defined here as the 
region where CH disappears, are observed. The predicted profiles are quite similar to the simulations 
of (Huet et al., 2010) carried out for the same configuration and cementitious system (see Fig.3.3). 
The calcite precipitation front observed in the experiment (see Duguid et al., 2010) has moved around 
1.25 mm into the cement after a 30-day exposure period (vertical dashed lines in Fig.3.1). This is in 
agreement with our predictions. We can remark that Huet obtains a prediction of 0.75 mm for the 
calcite peak. This small difference probably comes from the fact that different transport laws are used. 
Actually, in our model, we consider both the diffusion and the electric effects for each aqueous 
species, and we choose different diffusion coefficient Di(Eq.2) for each species contrary to Huet. 
 A leaching effect is observed here since between the surface and the calcite-rich layer, there is neither 
calcite, nor portlandite or C-S-H, which means that generated calcite is dissolved. Thus, at the 
boundary, the porosity increases to around 0.78 due to the calcite dissolution.  

 0

 5

 10

 15

 20

 0.015  0.02  0.025  0.03  0.035
 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

S
ol

id
 c

on
ce

nt
ra

tio
n 

(m
ol

/L
)

P
or

os
ity

Radius(dm)

Carbonation direction

Calcite
Portlandite

Tobermorite1
Amorphous silica

Tobermorite2
Jennite

Porosity
experiment data

 
 0

 5

 10

 15

 20

 0.026  0.028  0.03  0.032  0.034  0.036
 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8
S

ol
id

 c
on

ce
nt

ra
tio

n 
(m

ol
/L

)

P
or

os
ity

Radius(dm)

Carbonation direction

Calcite
Portlandite

Tobermorite1
Amorphous silica

Tobermorite2
Jennite

Porosity
experiment data

 
Figure 3.1: Profiles after 30 days of exposure under 

sandstone-like conditions (vertical dash lines show the 
calcite precipitation front assessed by Duguid).  

Figure 3.2: Profiles after 8 days of exposure under 
limestone-like conditions (vertical dash line shows the 

carbonation depth assessed by Duguid).  
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Figure 3.3: Calculated solid profile after a 30-day 
exposure time (Huet et al, 2010). 

Figure 3.4: Solid phases and porosity profile after 30 
days of exposure. Porosity = 0.4, CO2=0.05M 
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3.2 Limestone-like conditions 
 

Unlike sandstone-conditions, the samples exposed to calcium-saturated brine show no apparent 
damage in this set of experiment (Duguid et al., 2010). Only one light-colored ring with an average 
depth of 0.58±0.22 mm(vertical dashed lines in Fig.3.2) was observed after a 26-day exposure 
duration. Duguid does not really explain the meaning of this behavior, e.g., under sandstone-like 
condition the samples show rapid acid attack while under limestone-like conditions almost no acid 
attack takes place. With the help of this numerical model, we can provide a relevant explanation. Our 
simulations show that we get a full clogging (porosity drops to 0) at the point r=0.036 dm after 8 days 
of exposure (Fig.3.2) and the calculation then stops due to a zero porosity value. Actually, the 
generated calcite can not be dissolved since the brine is already saturated with calcite. This layer 
protects the inner part of the sample from leaching of calcite and hinders further carbonation. So the 
carbonation is restricted at the sample surface and the degraded layer depth rapidly stabilizes. 
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Figure 3.5: Solid phases and porosity profile after 30 
days of exposure. Porosity = 0.3, CO2=0.05M 

Figure 3.6: Solid phases and porosity profile after 30 
days of exposure. Porosity = 0.2, CO2=0.05M 
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Figure 3.7: Solid phases and porosity profile after 30 
days of exposure. Porosity = 0.4, CO2=0.15M 

Figure 3.8: Solid phases and porosity profile after 30 
days of exposure. Porosity = 0.4, CO2=0.5M 

3.3 Study of CO2 concentration and initial porosity 
 

In Duguid’s experiment, the porosity of the samples is quite high (0.4) and the dissolved CO2 
concentration is rather small (around 0.05mol/L). Here we conduct numerical simulations with 
different initial porosities and CO2 concentrations to propose a sensitivity analysis of these parameters. 
The sandstone-like boundary conditions are maintained. A regular 1D axisymmetric configuration 
with a length of 10mm divided into 100 nodes is used. The initial CH and jennite contents are the 
same as the previous values for sandstone-like conditions (see Fig. 3.1). Fig.3.4-3.6 provide the solid 
and porosity profiles after a 30-day exposure duration with different initial porosities. We can find out 



that similar successive layers are observed in all conditions, and, as expected, a smaller initial porosity 
can reduce the developing carbonation ingress kinetics. Fig.3.7-3.8 show the profiles with the same 
initial porosity and different CO2 concentrations: obviously a higher CO2 concentration causes a faster 
acid attack. The feature which needs to be highlighted is the meaning of the width of the calcite-rich 
layer. A higher CO2 concentration seems to engender a wider calcite-rich layer.  
 
4. Conclusion 
 
In order to predict the CO2 penetration through oil well cement during long-term storage, a reactive 
transport model is built. This model is able to simulate the cement paste behavior in contact with CO2 
saturated brine. The considered solid and aqueous species, the transport equations and the 
simultaneous method used to couple the transport equations and the chemical reactions are introduced. 
The simulations are compared with some experimental observations. The various zones observed in 
the experiment, e.g., a porous silica gel layer at the boundary, a calcite-rich layer, the dissolution front 
where C-S-H starts to dissolve followed by the carbonation front where CH is partially dissolved, are 
simulated. By using a transport law suitable for cement-based materials, as well as considering the 
diffusion and the electric effects for each aqueous species, this model can provide a quite good 
prediction of the carbonation kinetics of a cement paste exposed to a CO2-saturated brine for 
sandstone-like and limestone-like conditions. Some experimentally-observed phenomena can also be 
explained by the model. 
Further improvement of the model should include the effect of high temperatures, free water generated 
by the chemical reactions, as well as the advection of ions in order to turn towards a multiphasic 
model where the scCO2 phase would be included. 
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Abstract 
The interest in the environmental impact of cement based materials has been growing in recent years. The possible 
leaching of inorganic compounds when concrete is in contact with water is one of the main concerns. It is well known 
that cements and concrete mineral additions can contain traces of several heavy metals, whose immobilisation 
pathways are not yet completely understood. The use of antimony compounds as reducing agents in cements has been 
recently proposed in order to fulfil the requirements of the European Union regarding the elimination of soluble 
chromates. This poses the need to assess the long term leaching behaviour of antimony from concrete and cement 
based-products in aqueous environment. Even though a reference standard is not yet available, a number of leaching 
test methods are used worldwide. However, their relevance to concrete placed in the environment can be questioned. In 
this paper the results of a study on antimony leaching from hardened concrete are presented. Several parameters such 
as cement composition, initial concentration of antimony, curing age and carbonation have been taken into account. 
Considering the importance of pH in immobilisation/release mechanism, particular attention has been given to the 
effect of pH on antimony leaching. On the basis of the data collected, some hypothesis on the behaviour of antimony in 
hydrated cement systems are discussed. 
  
Originality 
Several papers deal with concrete where the heavy metals content is increased by the use of solid wastes as alternative 
fuels. During clinker burning metals are usually bound in silicate matrix and the leaching behaviour follows some rules 
already described and studied. Since the European Community introduced some years ago the obligation to eliminate 
soluble chromates, the addition of inorganic reducing agents such as tin, iron or antimony salts during cement grinding 
has become a common practice. In this case, the inorganic element is not bound, but simply dispersed in cement. In our 
opinion the originality of this paper lies in the fact that only a few works are dedicated to investigating the possible 
antimony leaching from concrete, and all of them take into consideration only the metal bound in clinker minerals. 
 
Chief contributions 
The majority of cements produced and imported in Europe contain several parts per million of tin, iron or antimony 
used as reducing agent. Notwithstanding the advantages of the elimination of hexavalent chromium, for a global 
evaluation of the environmental impact of reducing agent it is indeed important to study its leaching behavior. The main 
contribution of this paper is to allow the assessment of the real possibility of antimony release under several conditions. 
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1. Introduction 
 
Heavy metals are commonly contained in traces in Portland cements. Their origin can be directly 
related to materials used for raw meal production or can be linked to the use of alternative fuels or 
secondary mineral additions. It is commonly reported that there is no a direct relationship between the 
bulk heavy metals content and the leachable fraction of these elements (Marion et al, 2005). Many 
elements are embedded in clinker matrix during clinker production or immobilized in hydration 
products of cement. Among other heavy metals, antimony is reported to be naturally present in some 
Portland cements. In Germany, the investigation on more than 400 commercially available cements 
showed an average antimony content of 2,9 ppm (part per million, mg/kg) but higher values (in the 
range 5-30 ppm) are quite common (VDZ, 2001). A specific study on the impact of waste incineration 
on heavy metals in clinkers evidenced an average content of 6 ppm Sb, coming from primary raw 
materials and from secondary fuels (Achternbosch et al., 2003). 
Antimony recently gained importance due to the fact that it had been identified as one of the most 
effective reducing agent for soluble chromates, whose elimination is required for all the cements 
produced or imported in the European Union. In industrial practice, antimony is usually added during 
cement grinding at an indicative dosage of 5-10 ppm for each ppm of Cr(VI) to be reduced (Magistri 
et al., 2008). Considering the average Cr(VI) content of commercial cements, usually 20-150 ppm Sb 
can be added. These amounts are higher than Sb natural content and the different nature of the addition 
(an antimony compound interground with cement and not bound in clinker matrix) poses the necessity 
to assess its leaching from concrete. The aim of this paper is to study the parameters that influence the 
leaching of antimony (added during cement grinding as antimony trioxide) from concrete and to 
identify possible pathways of antimony immobilization in cement based products. 
 
 
1.1 The behavior of antimony in cement-based systems 
 
The chemistry of antimony in aqueous media is dominated by III and V oxidation states. Both species 
have amphoteric nature: antimony oxides/hydroxides are dissolved in alkaline media with formation of 
antimonites and antimonates (Sb(OH)4

- and Sb(OH)6
-) (Cornelis et al., 2008). The interactions 

between antimony and cement hydration products has not received too much attention in scientific 
literature. Solubility product of calcium antimonate Ca[Sb(OH)6]2 was calculated and is K = 
[Ca2+]·[Sb(OH)6

-]2 = 10-12.55 (Annette Johnson, 2005). Cornelis et al. investigated the antimony 
leaching from incinerator solid waste in function of pH and carbonation and the adsorption of 
antimony on some mineralogical phases commonly found in Portland cements pastes. They concluded 
that at alkaline pH the Sb leaching is lower than what expected on the basis of the solubility product of 
calcium antimonate. Calcium bearing minerals (particularly portlandite and ettringite) play an 
important role in controlling Sb leaching (as demonstrated by specific adsorption experiments) and the 
modification of these phases given by carbonation modifies their immobilization properties towards 
antimony (Cornelis et al., 2006). 
 
 
1.2 Leaching test for concrete 
 
Leaching from concrete can be governed by diffusion, dissolution (the element is released due to its 
solubility in the conditions of the test) or decomposition of phases (an hydrated phase decomposes 
allowing the release of an element previously immobilized). The leaching of a specific element can be 
driven by different mechanisms depending on conditions.  
A number of leaching test method are used in the world, but an European standard for leaching from 
concrete still does not exist. The most suitable test for laboratory simulation of the behavior in use is 
the tank test, in which the release is usually considered to be diffusion-controlled (Marion et al., 2005, 
Van Der Sloot, 2008). Size reduction of sample (e.g. crushing or grinding) or the use of artificially 
aggressive leachants can be suitable in assessing the release of elements in severe conditions, not 



commonly encountered in concrete life cycle. The relevancy of these tests to concrete placed in the 
environment should be questioned (Hillier et al., 1998). The leaching of antimony from concrete was 
evaluated in the following conditions: 

- tank test on monolithic material; 
- leaching from crushed concrete; 
- leaching in conditions of accelerated carbonation; 
- leaching at different pH. 

 
 
2. Experimental part: samples preparation and leaching tests 
 
In this study three different types of cements were reproduced by grinding clinker, gypsum and 
mineral additions in a lab ball mill. Cement compositions were chosen in order to verify if leaching 
can be influenced by a different clinker content and/or by the presence of mineral additions. Two 
different dosages of a commercially available product for Cr(VI) reduction based on antimony trioxide 
were added directly in the mill. Considering that in industrial practice the antimony trioxide is dosed at 
around 10 ppm for each ppm of Cr(VI), the quantities chosen can be regarded as an average and an 
exceptionally high antimony content (respectively for 5 and 20 ppm of hexavalent chromium to be 
reduced). Details on cement compositions and dosages of antimony are reported in the table 1. For 
each cement reproduced, concrete (340 kg/m3, class XC4 according to EN-206) was mixed and casted 
in several 10x10x10 cm cubic specimen. Water cement ratio was kept constant (W/C=0,5) and a 
standard acrylic based superplasticizer was used. Cubes were cured for 24 h and (wrapped in plastic 
foil as a form of protection against accidental contamination) for 56 days at 20 ± 2 °C and >90% RH. 
 

Table 1: details on cement composition 

Cement type 
according to EN 

197-1 
Cement composition 

Antimony 
trioxide 
(ppm) 

Sb (ppm) 
Blaine 
(m2/kg) 

Residual 
40 µm (%) 

0 0,0 
60 49,8 CEM I 

95% clinker 
5% gypsum 

200 166,0 

454  9,4 

0 0,0 
60 49,8 CEM II/B-L 

71% clinker 
4% gypsum 

25% limestone  200 166,0 

489 15,2 

0 0,0 
60 49,8 CEM III/A 

52% clinker 
3% gypsum 

45% blast furnace slag 200 166,0 

 383 10,9 

 
 
2.1 Leaching tank test on monolithic and crushed material 
 
Tank test was conducted using an internal method based on Dutch standard NEN 7345 (Determination 
of the leaching of inorganic components from building materials with the diffusion test). Concrete 
cubes were immersed in tap water (liquid volume / surface area of cube 80 l/m2) and kept in static 
conditions at 23 ± 2 °C. Six leachates (after 1, 3, 7, 16, 32 and 56 days) were collected: the water was 
separated, the pH measured then acidified and stored for analysis, then replaced with the same amount 
of fresh water. Leaching in accelerated carbonation conditions was tested with a similar procedure, 
with the continuous bubbling of CO2 into water. Leaching from crushed material was evaluated by 
placing 15 g of the concrete (crushed until all the material is passing through a 1 mm sieve) in 150 ml 
distilled water and magnetically stirred. After 7 and 48 h the suspension is filtered and the filtrate 
analyzed for antimony content. pH is measured directly in the suspension at 1, 7 and 48 h 



 
 
2.2 Leaching test at different pH 
 
The standard CEN/TS 14429 (Characterization of wastes – Influence of pH on leaching) describes a 
method to assess the leaching from waste materials at different pH. Crushed sample are dispersed in 
water, the pH corrected with nitric acid or sodium hydroxide and the suspension is stirred for 48 h. 
Equilibrium conditions are supposed to be reached during the test and a constancy of the pH for the 
whole period is requested. This method seems not applicable in our case, for the following reasons: 

- cement paste in hardened concrete is mainly composed by portlandite and calcium silicate 
hydrates (C-S-H). Both compounds have strong alkaline properties and rapidly react with 
acids. It is nearly impossible to stabilize the pH of water containing ground concrete using a 
strong acid since this react and quickly decomposes cement paste. Experimentally it can be 
seen that the pH after the addition of nitric acid rapidly increases as faster as finer is the  
material ground or as higher is stirring speed.  

- The use of a strong oxidizing agent such as nitric acid can modify the leaching behavior of a 
strong reducing agent such as antimony trioxide. 

The leaching at different pH was measured with the procedure already described for tank test on 
monolithic material, but using specific buffer solutions at pH 4,0 ± 0,5 (acetic acid 0,2 M and sodium 
acetate 0,2 M 80:20 v/v) and pH 6,0 ± 0,5 (acetic acid 0,2 M and sodium acetate 0,2 M 5:95 v/v) in 
place of water. In this way the pH is stabilized over a long period (several weeks) and the behavior of 
Sb3+ is not influenced by oxidizing agents. 
 
 
2.3 Analysis of leachates 
 
For the analysis of antimony and other elements content in leachates Inductively Coupled Plasma – 
Atomic Emission Spectroscopy (ICP/AES Varian Vista MPX Axial) was used. The lower detection 
limit of the instrument for antimony in this matrix can be considered 0,01 ppm (mg/l). It should be 
pointed out that antimony is normally present in Portland clinkers and in many other industrial 
applications. Several materials such as plastic and coatings contain antimony trioxide as synergistic 
component of flame retardant systems or antimony compounds have been used as catalyst for 
polymerization. Objects made of polypropylene, polyethylene, PVC can contain 4-10% antimony 
trioxide. Sb content up to 200 ppm are reported in polyethylen therephthalate (PET) used for bottles 
manufacturing (Westerhoff et al., 2008). Contaminations of samples due to leaching from other 
sources (plastic buckets used for tank test, plastic moulds for concrete casting) are possible. For each 
test performed, a blank test (using the same cement composition in the same conditions but without 
the addition of antimony) was run. Tap water was used for all the tests (with the exception of leaching 
on crushed material and at different pH). At any change of eluent, water was analyzed with ICP/AES 
in order to exclude the presence of antimony. 
 
 
3. Results 
 
3.1 Leaching from monolithic and crushed material 
 
In monolithic tank test the pH of eluates is close to 12 (after 1 day leaching) and progressively 
decreases to 8,6 ± 0,2 (pH of water used as eluent). No detectable antimony is present in leachates, 
regardless to the concrete curing time, type of cement, antimony content and leaching time. 
Leachates referring to crushed material present high constancy of pH (12,5 ± 0,1 for CEM I and CEM 
II and 12,3 ± 0,1 for CEM III), probably related to the buffering effect of calcium hydroxide. No 
antimony is detectable, regardless the type of cement and the antimony content. 
 



 
3.2 Leaching test in accelerated carbonation conditions 
 
Test conditions can be definitely considered very aggressive, since carbonation in real systems is 
slower. Continuous bubbling of CO2 produces a saturated solution of carbonic acid that buffer the pH 
of all leachates at 6,6 ± 0,3. The Sb concentration in leachates referring to concretes with the highest 
content of antimony is reported in Fig. 1 (cumulative concentration). The extraction is faster during 
the first 7 days, then the concentration of antimony becomes similar in all leachates and comprised in 
the range 0,15-0,21 ppm (this correspond to 0,014% of the total leachable antimony, calculated 
considering that if all the antimony added were extracted the concentration in water would be 1520 
ppm). A final value of around 1 ppm (0,066% of the calculated total Sb) is reached. Limestone cement 
presents a lower extraction of antimony. This can be probably related to the high carbonate ion activity 
due to the high content of calcium carbonate. Concretes with lowest content of antimony show final 
values of around 0,17 ppm. The concentration of calcium, silicon and sulphur in leachates was 
evaluated and corrected subtracting the concentrations of the same elements in absence of carbonation. 
Results are summarized in Fig. 2 and 3. The leaching of all elements has a trend similar to antimony, 
with a faster extraction during the first 7 days. This suggest that the release of antimony is related to 
the decomposition of cement paste, basically the conversion of portlandite and ettringite to calcium 
carbonate and monocarbonate (Eglington, 1998). 
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Figure 1: antimony leaching in accelerated carbonation conditions. Data refers to leaching  

from concrete made with highest Sb content cements 
 
3.3 Leaching at different pH 
 
The pH value alone does not give much information, since different acids with similar strengths can 
have different influence. Anyway, due to the complexity of interactions between organic acids and 
concrete, the pH remains the most common criterion. Acids initially decompose the lime in cement 
paste, then attack all the other hydrated phases leading to a progressive dissolution. This results in 
extraction of antimony, as evidenced in Fig. 4. The leaching is higher at lower pH, reaching 0,66 ppm 
in the case of concrete made with CEM II at high content of antimony. At pH 4, concrete made with 
limestone cement seems to be more easily attacked by acids. It is interesting to compare the Sb 
leaching at pH 6 with the leaching in accelerated carbonation. Although the pH is similar, higher 
amounts of antimony are extracted in presence of carbon dioxide. This suggests that hydrated phases 
sensitive to carbonation are possible pathways for Sb immobilization. Analysis of calcium, silicon, 
sulphur, aluminium, iron and magnesium in leachates show a general release of all the elements 
coherent with the progressive decomposition of all the samples. As expected, the lower the pH, the 
faster is the dissolution of concrete. Again, Sb extraction is related to decomposition of cement paste. 
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Figure 2: calcium leaching in accelerated carbonation conditions 
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Figure 3: silicon and sulphur leaching in accelerated carbonation conditions 
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Figure 4: antimony leaching at different pH. Continuous lines refers to  

leaching at pH 4, dashed lines to leaching at pH 6. Leaching  
from concrete made with highest Sb content cements 

 



 
4. Conclusions 
 
No extraction of antimony was evidenced from concrete in test reproducing the conditions on site, 
even in case of increasing the diffusion process by crushing the material. In strong and aggressive 
conditions, a release of a minimal amount of the Sb previously added to cement is noticeable. 
Antimony leaching is always associated to the degradation of cement paste, due to carbonation or 
dissolution at acid pH. This suggests that although antimony is added as antimony trioxide interground 
with cement (and not embedded in clinker matrix), an inclusion in hydrated cement paste takes places 
and the real pathway of immobilization will be the subject of further studies. To refer to the bulk 
content of antimony as a criterion of environmental quality is unjustified and indeed restrictive, as 
already evidenced by other authors (Marion et al., 2005). On the basis of the data collected, the use of 
antimony based products for reduction of Cr(VI) do not pose risk of antimony leaching, provided that 
concrete is used in the proper conditions.  
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Abstract 
Ultra High Performance Concrete (UHPC) is an innovative building material whose high strength is advantageous for 
future applications in highly filigree structural members and even as a replacement for steel building components. The 
mechanical and chemical properties of UHPC are determined by the formation of the strength-giving amorphous 
calcium silicate hydrates C-S-H from the clinker phases, silica fume and water. For the optimization of UHPC 
performance, a scientific working knowledge of microstructure formation depending on temperature and composition is 
necessary. At present, the development of C-S-H microstructure and the bonding of water are not well understood. 
Therefore the quasi-elastic neutron scattering technique (QENS) has been used to study the kinetics of water-bonding in 
the C3S-SiO2-H2O system with different compositions. Parallel investigations are being performed with 29Si NMR to 
observe the structure (polymerisation) of the silicates and with XRD to examine the formation of Ca(OH)2 and the 
consumption of C3S in the hydration process. After preparing the paste samples, QENS, XRD and NMR are used to 
follow the hydration process for up to two weeks. The results of first investigations are promising. 
 
Originality 
A new approach is used to investigate the hydration process. It consists of combining the QENS, NMR and XRD 
methods which each focus on different constituents (water, silicates, crystals) enabling the hydration reaction to be 
studied as a whole. Furthermore this method enables us to improve the integrity of the results and the accuracy of the 
conclusions because they are gained by different independent methods, e.g. the consumption of C3S by XRD and NMR. 
QENS enables direct observation of changes in bonding and mobility of water during hydration and promises new 
insight into how C-S-H forms and the proportion of water in the different bonding states. The QENS investigations are 
being performed at the new research reactor FRM II in Garching, Germany, a modern neutron source of high intensity. 
The investigations are performed on a time-of-flight spectrometer (TOF-TOF) whose extremely high energy resolution 
permits the (a) monitoring of the water-bonding process over time intervals as short as one minute and (b) observation 
of water in different bonding states - this has not been done up to now. 
 
Chief contributions 
The XRD measurements show the evolution of the crystalline phases (C3S and Ca(OH)2) and amorphous phase in 
dependence of the amounts of water, C3S and quartz flour. The NMR results with, for example, pure C3S at w/b = 0.48 
(water to binding agent ratio) show changes in the mean chain length of the silicates and not a constant increase during 
the first 20h of hydration. Higher polymers are detected from 7 hours onwards. The QENS investigations yield 
information on the bonding of water in C-S-H, its different forms and amounts. At the beginning of the hydration most 
of the bound water is physically bound as glassy water of restricted mobility on the surface of an early C-S-H phase 
with an enormous specific surface area of about 800 m2/g. The formation of this physically bound water is depending 
on the amount of C3S replacement by micro silica. During nucleation/growth and diffusion period the amount of 
chemically bound water approaches/exceeds that of physically bound. The kinetics of this process are affected by the 
w/b ratio of the paste. 
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1. Introduction 
 
Ultra high performance concrete (UHPC) can be used to realise filigree, architectural attractive and 
durable constructions (Aitcin, 1996, 1998). Due to low porosity and high density of the microstructure 
UHPC could even be technically and economically utilizable in aggressive environments, e.g. as 
substructure of a cooling tower (Birelli, 1998). To extend the fields of application and durability of 
UHPC, it is necessary to optimize mechanical and chemical properties by choice of components, 
composition and temperature schemes. This depends on scientific knowledge of the microstructure 
formation because properties like strength, ductility, shrinkage and fatigue behaviour, resistance 
against acid attack, etc. are primarily determined by the phases resulting from hydraulic and 
pozzolanic reactions. In particular, the high strength of UHPC is connected with calcium silicate 
hydrate (C-S-H) formation by hydration of tricalcium silicate (C3S) in combination with pozzolanic 
additives like silica fume (SF). 
According to current knowledge, a certain amount of C3S dissolves on contact with the mixing water 
which is followed by the induction period. Different theories exist for the processes which lead to the 
end of this period and the start of the nucleation and growth period where water reacts with C3S to 
form C-S-H and portlandite (calcium hydroxide; Ca(OH)2). Additional C-S-H is formed by reaction of 
portlandite with reactive micro silica. Later on these reactions are controlled by diffusion of water 
through C-S-H to unreacted C3S. More detailed information is given elsewhere (Taylor, 1997). 
In this study, quasielastic neutron scattering (QENS), 29Si-NMR and x-ray diffraction (XRD) were 
used to investigate the hydration of C3S to understand the effect of water-to-binding agent ratio by 
mass (w/b) and micro silica content on the development of the microstructure. More information about 
the system is gained because the techniques focus on different aspects of the hydration process and 
every reaction product is covered by at least one of the methods. QENS determines water binding, 
NMR the distribution of silicon in the silicates and XRD the phase composition. In these first 
investigations C3S, micro silica, de-ionised water, quartz flour (QF) as an inert form of micro silica 
were used to investigate the effect of material replacement at constant water content. 
 
 
2. Experimental section 
 
2.1 Tricalcium silicate, quartz flour and sample composition 
 
The samples were prepared with C3S powder 
obtained by sintering a stoichiometric mixture of 
the basic materials. Chemical analysis with 
ICP-OES revealed a composition of 72.1 wt.% 
CaO, 25.2 wt.% SiO2, 0.02 wt.% MgO, 
0.22 wt.% Al2O3 and 0.08 wt.% Fe2O3. With 
x-ray diffraction the C3S was identified as purely 
triclinic without amorphous content. Laser 
granulometry was used to determine the particle 
size distribution of C3S and QF dispersed in 
isopropyl alcohol, Fig. 1. The distributions yield 
d50 values (50% through fraction) of 11 m and 
16 m for C3S and QF, respectively.  
A total of three samples compositions are 
considered in this article. These are pure C3S 
powder with de-ionised water at w/b ratios of 
0.3 and 0.48 and one with 10 wt.% replacement 
of C3S by QF at a w/b (including nominally QF in the binder) of 0.48. The actual w/b ratio with 
respect to C3S of this paste is 0.53. A superplasticizer was used to prepare the w/b = 0.3 sample.  
 

Figure 1: Particle size distribution of C3S and QF, 
as volume fractions versus the sphere equivalent 
particle diameter. 



2.2 Quasielastic neutron scattering 
 
QENS measurements were performed at the high-resolution time-of-flight spectrometer TOFTOF at 
the research neutron source Heinz Maier-Leibnitz (FRM II) in Garching, Germany. The construction 
and particularities of this spectrometer may be found elsewhere (Unruh, 2007). FitzGerald and others 
applied QENS to monitor the hydration of cementitious materials (FitzGerald et al., 1998, 1999, 
Thomas, 2001), but at lower instrumental resolution. 
Sample preparation took place immediately before starting the QENS measurement. After blending, 
the pastes were poured into the 0.2 mm gap of cylindrical stainless steel sample holders. The small 
specimen thickness of 0.2 mm is required to minimize multiple scattering of the neutrons. Finally, the 
sample holders were sealed with a PTFE gasket and then placed in the instrument. 
QENS spectra were recorded for 36 h in 
blocks of 15 min at 20°C covering an 
energy range  of ±2.5 meV and 
scattering angles up to 130° to provide 
relevant S(Q,) data where Q is the length 
of the scattering vector. An incident 
neutron wavelength of 5Å was chosen to 
gain sufficient neutron intensity and avoid 
parasitic scattering from the stainless steel 
sample holder. With the settings used a 
very high energy resolution of the elastic 
line, E, of 91 eV was achieved. 
There are two basic ways to evaluate the 
data received from the measurement: (a) 

evaluation of the Q


-dependence of the 
quasielastic spectra to yield information 
on the change of the diffusion coefficient 
of water in the hardening paste and (b) 
integration of the spectra over the whole 
scattering angle range to determine the 
amount of hydrogen in physically bound (i.e. water in small pores whose mobility is restricted by 
surface interactions), chemically bound and free (i.e. bulk) water. This article focuses on the latter 
method. Following (Thomas, 2001), a Gaussian peak was used for the instrumental resolution and thus 
the intensity of elastically scattered neutrons from chemically bound hydrogen nuclei in C-S-H and 
Ca(OH)2. Two Lorentzian peaks were used for the physically bound and free water, as shown in 
Fig. 2. The final expression for the evaluation of the QENS data is given by Eqn. 1. 
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where: B0 = baseline intensity, C = integrated area of chemically bound part, P = integrated area of 
physically bound part, F = integrated area of free part, WC, P, F = FWHM of the corresponding peaks 
 
 
2.3 29Si NMR 
 
In the NMR investigations the fresh blended pastes were prepared in 1 cm3 sealed moulds, stored at 
20°C and the hydration stopped at selected times by grinding with isopropyl alcohol. After the alcohol 

Figure 2: QENS spectra fitted with one Gaussian 
and two Lorentzians representing hydrogen in 
chemically bound, physically bound and free water 
after 5 h of hydration. 



evaporated, the fine powder was filled in a 7 mm zirconia rotor and measured with a Bruker Avance 
300 spectrometer in MAS mode (magic angle spinning, rotation speed 5 kHz) with single pulse 
technique. The magnetic field strength of the spectrometer was 7.0455 T. Chemical shifts were 
recorded relative to external tetramethylsilane (TMS). Repetition time was set to 45 s and typically 
640 scans performed. The recorded spectra were deconvoluted with the Bruker WINNMR software. 
Integrals of the resulting peaks were calculated as relative signal intensities to determine the content of 
C3S and micro silica in the specimen. Using the ratio of the Qn-signals (Colombet, 1994, 1998) it was 
possible to calculate the connectivity and mean chain length of the silicates. 
 
 
2.4 X-ray diffraction 
 
To enable quantitative phase analysis including the amorphous phases by XRD with the Rietveld 
refinement, 20 wt.% ZnO was added as an internal standard to the samples measured with NMR. The 
specimens were homogenized by grinding in isopropyl alcohol which also avoids further hydration. 
Sample preparation in isopropyl alcohol is not expected to affect the XRD results (Taylor et al., 1987). 
A detailed explanation of the internal standard method and error estimation can be found elsewhere 
(Westphal, 2007). The XRD measurements were performed using an XRD 3003 TT diffractometer of 
GE Sensing & Inspection Technologies GmbH with θ-θ configuration und Cu-Kα radiation 
(λ = 1.54 Å). Covering an angular range of 5-70° 2 Theta, a step width of 0.02° 2 Theta and a 
measuring time of 6 sec / step. The Rietveld calculation was performed with the AutoQuan software 
based on the BGMN program. 
 
 
3. Results and discussion 
 
At first the results are considered for the sample consisting of C3S with water at a w/b ratio of 0.48. A 
first impression of the hydration kinetics in this system is given by the 3D-plot of the in situ QENS 
measurement shown in Fig. 3. During the first hours no significant changes occur (intensity and peak 
shape almost constant) then more and more hydrogen is bound and scatters elastically causing the 
peak to become sharper and sharper. This behaviour corresponds to the induction, nucleation/growth 
and diffusion periods. 
Equation 1 was used to calculate the amounts of hydrogen in physically and chemically bound water 
as well as free water shown in Fig. 4. The bottom curve in the figure shows the increase in chemically 
bound water during the nucleation/growth and diffusion periods which, as expected, start after 5 h and 
20 h of hydration, respectively. However, the physically bound water reveals something new and very 
interesting. A rapid increase occurs at the beginning of the induction period before the nucleation and 

Figure 3: QENS spectra during hydration of C3S 
with water at w/b = 0.48 

Figure 4: Quantitative evaluation of the in situ 
QENS measurement of C3S with water and 
w/b = 0.48 



growth period starts. The observed amount of physically bound water requires a surface area of the 
solids of about 12 m2/g total solids which cannot be provided by the C3S powder (N2-BET specific 
surface Sm = 0.739 m2/g). This can be explained by the formation of a layer of C-S-H with a very large 
specific surface area ( 800 m2/g) on the surface of C3S particles following water contact. Deposition 
of C-S-H have been observed on the surface of C3S following water contact (Ménétrier, 1979) and 
there is evidence for the high surface areas of initial C-S-H (Jennings, 2000). Although only a small 
amount of chemically bound water formed in the first hours it would be enough to form such a layer. 
From 5 h onwards the amount of chemically bound water increases steadily whereas the physically 
bound remains constant. This could be explained by the ongoing reduction in specific surface area of 
C-S-H which occurs as the amount of C-S-H increases. The results of the NMR measurements support 
this. As shown in Fig. 5 C-S-H Q1 and Q2 start to appear between 5 and 7 h and then increase with 
hydration duration. The early C-S-H found with QENS is either not enough to be measured with NMR 
or consist only of monomers (Q0) which vanish in the C3S-signal. The mean chain length of the 
silicates increases up to 10 h (Tab. 1) indicating that the specific surface area decreases. In the course 
of further hydration after 10 h Q1 increases whereas Q2 remains nearly constant suggesting that a 
higher amount of dimers is formed. This yields a higher surface and could explain the second step in 
the amount of physically bound water in QENS. 
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Table 2 shows the percentage distribution of silicon in C3S and C-S-H during hydration. Since there is 
only one mole silicon in C3S the decrease in the proportion of Si in C3S yields the amount of unreacted 

Figure 5: NMR spectra of C3S with water at w/b = 0.48 for different 
hydration times 

Table 1: relative signal intensities and 
mean chain length of silicates 
*within detection limit 

Table 2: amount of silicon in C3S and 
C-S-H expressed as percentage 

* * 



C3S. After 10 h 75.8 % of the initial C3S remains and 24.2 % has reacted to form C-S-H and 
portlandite. This correlates with the results of the XRD measurement. 
The amounts of C3S, portlandite and amorphous 
phase in the sample calculated with the Rietveld 
refinement do not include remaining free water 
due to the method of sample preparation. Also 
the increase in mass from the reaction with 
water is not considered. Therefore the values of 
portlandite, amorphous phase and remaining C3S 
were corrected to obtain the amounts with 
respect to the total initial mass including free 
and physically bound water. From QENS the 
fraction of chemically bound water is known, 
e.g. after 10 h, it is 5.6 % of the initial 32.4 wt.% 
water, i.e.1.8 wt.%. Thus the fraction of solids in 
the sample is 69.4 wt.%. Such correction factors 
were determined for different hydration times 
and used to multiply the Rietveld values and 
estimate the real proportions shown in Fig. 6. It 
can now be seen that the evolution of the 
amorphous phase and bound water measured by 
QENS are alike. 
 
In Figs 7 and 8 the chemically and physically bound water in the three samples is expressed as a 
weight fraction of initial C3S versus hydration time. Apparently, the w/b ratio affects the start and the 
intensity of the nucleation/growth period, but not the formation of physically bound water in the first 
hours. The evolution of chemically bound water is very similar for w/b 0.48 and w/b 0.48 with 
10 wt.% QF and at the smaller ratio 0.3 the onset of hydration is later and the reaction slower. Heat-
flow measurements have confirmed these results. However, heat-flow measurements for w/b = 0.3 
without superplasticizer show that the retarding effect is mainly due to the superplasticizer. A small 
delay is produced by the low w/b value presumably because less water is available for C3S dissolution. 
In contrast, the formation of physically bound water and thus initial C-S-H is not affected by the 
amount of water and the superplasticizer, Fig. 8. 
 

           
 
In the case of the micro silica content it is the other way round. In the first hours of hydration the 
formation of physically bound water and thus early C-S-H with high specific surface is delayed by the 

Figure 6: Calculated amounts of portlandite and 
amorphous phase in C3S with water at w/b = 0.48 
based on the Rietveld refinement 

Figure 7: Evolution of chemically bound water in 
C3S with water at w/b = 0.48, w/b = 0.3 and C3S 
with 10 wt.% QF and water at w/b = 0.48 

Figure 8: Evolution of physically bound water in 
C3S with water at w/b = 0.48, w/b = 0.3 and C3S 
with 10 wt.% QF and water at w/b = 0.48 



quartz flour. Since this sample with QF contains the largest quantity of water with respect to C3S 
(w/b = 0.53) and the pastes with w/b = 0.48 and w/b = 0.3 react comparably in this period it is unlikely 
that the delay is due to water content. Thus the QF affects the formation of early C-S-H. Dissolution 
experiments yield a solubility of QF at the pH of the paste solution, 12 to 12.6, of only 0.58 mg/l. 
Hence the QF does not act as an additional Si source which would slow down C3S dissolution due to 
earlier Si saturation of the solution. The change in particle size distribution of the mixture obtained by 
replacing C3S with QF yields only a slightly higher packing density and is not expected to affect 
viscosity and thus the formation behaviour significantly. It could be possible that the contact between 
water and the surface of the C3S is delayed in the presence of the quartz particles. Some of the reactive 
surface of the C3S particles could be “covered” by QF particles so there is less water in contact with 
C3S to react and form C-S-H. 
 
 
Conclusions 
 
Investigation of the early hydration of C3S using quasi-elastic neutron scattering (QENS) reveals the 
formation of physically bound (constrained) water soon after water contact at the beginning of the 
induction period. This is explained by the formation of a small amount of early C-S-H with a large 
specific surface area. Replacement of C3S by quartz flour delayed the formation of early C-S-H and 
thus physically bound water. Thus could be due to a reduction in water contact with C3S. 
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Abstract 
Cement-based materials are commonly used by the oil and gas industry for sealing purposes at different stages of the 
well life. Matured cement grout constitutes a sheath aimed at isolating the fuel well from the surrounding geological 
formation. In practice, the cement-based grout is mixed at an ambient temperature of ca. 20°C, then injected between 
the well walls and the casing, and let to mature in situ, under temperature and pressure conditions of up to more than 
100°C and 60 MPa. After the fuel production phase, the depleted reservoir needs long-term sealing to avoid residual 
leakage, either if permanently abandoned, or when considered as an underground CO2 sequestration site. In such 
context, the original primary cementing sheath should still be able to contribute to isolating fluids within the well from 
the surrounding geological layers, although it may not have been originally designed to do so. In particular, despite the 
formation of a protective carbonation layer, on the long term, the noticeable acidification of groundwater fluid by 
dissolved CO2 is likely to induce cement degradation: this phenomenon is usually named leaching. Currently, extensive 
leakage of abandoned oil and gas wells is still reported, so that long-term well integrity and durability, and in 
particular that of its primary cementing, still requests investigation. 
The practical industrial issue here is to evaluate to what extent the mature cement grout, after extensive leaching, is 
still able to reasonably isolate gas (i.e. CO2) from the environment. In our laboratory investigations, liquid permeability 
K is considered a proper durability indicator, while drained compressibility modulus Kb is used as a mechanical 
performance indicator. Two original experimental set-ups have been used under 90°C temperature, in presence, or not, 
of a hydrostatic stress Pc representing the in situ stresses. Such loading is applied to a 90°C-cured oil-well cement 
paste. The effect of extensive leaching upon transport properties (assessed by K) and poro-elastic properties (using ev 
and drained compressibility modulus Kb) is determined. Porosity is assessed prior to loading by two different methods. 
 
Originality 
The originality of our contribution lies mainly in the experimental approach, performed at high temperature (90°C) 
superimposed to hydrostatic loading. For intact and heavily leached mature cement grout, coupled liquid permeability 
and poro-elastic properties (mainly drained bulk compressibility modulus Kb) are identified, in relation with 
hydrostatic pressure increase. 
 
Chief contributions 
Results under hydrostatic loading Pc show that degraded, leached, material has a lower liquid permeability K at 90°C 
than the intact material tested in identical conditions. On the opposite, as expected, drained compressibility modulus Kb 
is significantly lowered by leaching. Our interpretation is that hydrostatic stress Pc damages irreversibly both skeleton 
and pore network of the leached material, so that its permeability K(Pc ≠0) is consistently lower than that of the intact 
one. This interpretation is validated experimentally, through the design and use of a second original experiment, which 
allow to assess liquid permeability K without superimposed hydrostatic loading, and still under temperature (90°C), 
while avoiding fluid leakage. 
 
Keywords: Cement grout, permeability, poro-mechanics, leaching, durability 
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1- INTRODUCTION 
 
Cement-based materials are commonly used by the oil and gas industry for sealing purposes at 
different stages of the well life (Barclay-01,Le Saout-06). In particular, matured cement grout 
constitutes a sheath aimed at isolating the fuel well from the surrounding geological formation 
(Le Saout-06). The cement-based grout is usually mixed at an ambient temperature of ~20°C, then 
injected between the well walls and the casing, and let to mature in situ, under temperature and 
pressure conditions of up to more than 100°C and 60 MPa (for drillings as deep as 6000m below sea 
level). After the fuel production phase, the depleted reservoir needs long-term sealing to avoid residual 
leakage, either if permanently abandoned, or when considered as an underground CO2 sequestration 
site (Le Saout-06). Currently, extensive leakage of abandoned oil and gas wells is still reported 
(Barclay-01, Le Saout-06), so that long-term well integrity and durability, and in particular that of its 
primary cementing, still requests investigation. 
CO2 sequestration constitutes a most critical case. Indeed, CO2 is not only to be stored in its dry 
supercritical state, i.e. at a minimum depth of ca. 800m, with temperature and pressure above the CO2 
critical point of 31.6°C and 7.3MPa (Barlet-Gouédard-09). Also, carbon dioxide dissolves easily into 
interstitial water, which has two opposite effects. First, a quasi-impermeable carbonate layer usually 
forms at the interface with the CO2-rich interstitial fluid and the cement, which protects it from further 
degradation. Yet, this protection is effective mainly when no fluid washing of the protective layer 
occurs, i.e. when cement is surrounded by a static fluid. Other protective factors are cement quality, 
i.e. low permeability, and the absence of macro-crack along the sheath. On the opposite, due to 
continuous and extensive supply of aggressive fluid, i.e. under a regular flow of interstitial CO2-rich 
fluid, preferential pathways may develop and contribute to wash away the protective results of cement 
carbonation, all the more so as this occurs through cracks and/or highly permeable cement. Then, on 
the long term, the flow of a dissolved CO2-rich fluid is likely to induce cement degradation. In 
particular, already-formed calcite dissolves to calcium hydrogen carbonate (with a solubility of 170g/l) 
according to the equation CaCO2 + CO2 + H2O -> Ca(HCO3)2. Moreover, the noticeable acidification 
of groundwater fluid by dissolved CO2 decreases the pore water pH (generally alkaline), so that 
portlandite de-hydroxylates and, later, calcium silicate hydrates (C-S-H) dissolve (Carde-97,Agostini-
07): this phenomenon is usually named leaching. Nevertheless, under both high temperature and 
pressure (of up to 200°C and 100 MPa), cement paste microstructure differs notably from that 
observed at 20°C and atmospheric pressure, with lower portlandite solubility, higher thermodynamic 
stability of some C-S-H and huge modifications in the stability of aluminates (Paul-00). 
In such context, the practical industrial issue is to evaluate to what extent the mature cement grout, 
after oil (or gas) exploitation and potential extensive leaching, is still able to reasonably isolate CO2 
from the environment. Hereafter, two particular properties are identified experimentally in order to 
assess such potential: liquid permeability K is considered a proper durability indicator, while drained 
compressibility modulus Kb is used as a mechanical performance indicator. 
 
2- MATERIALS AND EXPERIMENTAL METHODS 
 
2.1- MATERIAL PREPARATION AND SAMPLING 
 
The oil-well cement paste used in this study is composed of Class G CEMOIL cement powder: 60.6% 
C3S, 16.9% (C4AF+2C3A), 2.5% SO3, 2.3% MgO and 2.3% C3A, 0.5% ((0.658xK2O)+Na2O), 0.8% 
loss on ignition, and 0.08% insoluble residue. As expected, its aluminium/iron (A/F) ratio is low, as its 
small C3A content attests, in order to prevent rapid setting under in situ high temperature and pressure. 
The paste water-to-cement ratio is W/C=0.44. In this study, the whole mixing process is fixed with our 
industrial partner, Total S.A., in order to reproduce adequate in situ conditions, except for the 
influence of elevated pressure. The cement paste is mixed at 20°C in one single batch. Tap water is 
first mixed with a D175 anti-foaming agent (D175/W=8.908x10-3 ≈ 0.89%), then with a D80 
dispersant additive (D80/W=9.769x10-3 ≈ 0.97%), before the required cement amount is added, so that 



W/C=0.44. Both D175 and D80 agents are provided by Schlumberger Ltd. After filling, 36mm-
diameter moulds are stored in lime-saturated water at 100°C, un-molded after 72h and then kept again 
under lime-saturated distilled water at 100°C for seven days. Further, they are stored at 90°C for 20 
days by slowly decreasing temperature at a rate of 3°C/day. After this curing period (7 days at 100°C, 
then 3 days from 100 to 90°C and 20 days at 90°C), samples are all immersed at 90°C in a neutral 
fluid in equilibrium with the interstitial pore water, identical to that which will be used for liquid 
permeability assessment. During maturation, 36mm-diameter samples are cut to 40mm length under a 
90°C water flow. Then, they are carefully ground, again under a 90°C water flow, in order to ensure 
proper planarity and parallelism of both end surfaces. A total number of fifteen samples has been 
manufactured. Samples I1, I2, I3 and I4 have been tested in un-leached (or reference) conditions, 
whereas samples L1, L2, L3 and L4 have been tested after a heavy leaching procedure. The last seven 
samples have been used for porosity assessment, prior and after leaching. 
 

 
Figure 1: Mass loss due to both leaching process and rinsing with de-mineralized water, both performed at 90°C 

for 140 days, for three samples labelled L1, L2 and L3. Identical procedure is used for sample L4. 
 
Leaching is performed on samples L1, L2, L3 and L4 by simply soaking them in an autoclave filled 
with an ammonium nitrate NH4NO3 aqueous solution at a concentration of 6mol/kg H2O for 50 days 
until mass stabilisation, and at a constant temperature of 90°C, see Fig. 1. The use of ammonium 
nitrate enables to simulate the long-term chemical aggressiveness of a CO2-saturated water solution, 
without the carbonation phase. The acceleration rate, when using a highly-concentrated NH4NO3 
aqueous solution as compared to a water of pH=4.5, has been evaluated at as much as 100 times by 
(Carde-97). In our preliminary work (Xie-08) on 36mm diameter and 44mm long cement paste 
cylinders, no phenolphthalein coloration is observed on split sample surfaces after 37 days in NH4NO3 
solution, which attests of a pH lower than (or equal to) 9.5, i.e. full leaching has occurred. After 
soaking in NH4NO3 solution, L1, L2, L3 and L4 samples are rinsed with de-mineralized water, still at 
90°C, for some additional 90 days until mass stabilisation, see Fig. 1 again. Leaching induces a mass 
loss of up to 18.2 to 18.5% of the sample initial mass, and rinsing adds another 7.3 to 7.5% mass loss. 
Mass loss during rinsing is attributed to the loss of solid particles broken during the leaching process. 
 
2.2- EXPERIMENTAL METHODS 
 
2.2.1- DESIGN OF TWO ORIGINAL LIQUID PERMEABIITY CELLS 
 
For permeability and/or compressibility assessment, the sample is placed inside either of two distinct 
original cells: one that enables hydrostatic loading, and the other which does not impose any 
mechanical loading to the sample. Each cell is placed and used inside a temperature-controlled oven at 
a constant temperature of 90°C±1°C. Confining pressure is imposed at a small rate of ca. 200Pa.s-1 up 



to Pc max= 3, 10 or 20 MPa (depending on the sample, see Table 1). In its principle, cell (1) is classical 
for gas or liquid permeability measurements under hydrostatic stress (or confinement) Pc, which uses 
Pc not only to reproduce in situ stresses, but also to avoid interstitial fluid leakage. Yet, it has been 
adapted here to temperatures of up to 90°C. Complementarily, cell (2) does not only operate up to 
90°C, but it is also able to test samples without needing any confinement to avoid interstitial fluid 
leakage. This is allowed by the presence of a circular cylindrical annular steel casing to which the 
sample sides are glued. Due to this design, cell (1) only allows average axial and radial strain 
measurements using LVDT sensors, see (Xie-08) for details. During permeability assessment, a so-
called neutral fluid is used to flow through intact samples, with a chemical composition inducing a pH 
of 13, and that used for leached material is de-mineralized water. The aim of using a neutral fluid is to 
minimize fluid/cement paste interaction. 
 
2.2.2. MEASUREMENT METHODOLOGY FOR LIQUID PERMEABILITY K AND DRAINED 
COMPRESSIBILITY MODULUS Kb 
 
Liquid permeability K=K(90°C) is deduced from experimental (Qv, ΔP) data by using water dynamic 
viscosity at 90°C: µ = µ(90°C)= 0.3185 10-3 Pa.s, water density at an ambient temperature T0 of 20°C 
and at 90°C: ρ(T0)=998.2071 kg.m-3

, ρ(90°C)=965.1 kg.m-3 (Lide-90), and the following expression 
(Chen-09): 

€ 

K = k(µ /ρg) = (µ(T)Qv (T)L) /(AΔP) = (µ(90°C)Qv (T0)
ρ(T0)

ρ(90°C)
L) /(AΔP)   (1) 

Although neutral fluid flows through intact material and de-mineralized water flows through leached 
cement paste, no effect of water minerality is taken into account to assess liquid permeability. 
In the hydrostatic loading cell (1) only, sample volume variation is recorded using (1) two LVDT 
transducers placed between the cell bottom and upper plates, along the specimen axis   

€ 

 z , which 
provides axial strains εzz 1 = ΔL1/L0 and εzz 2 = ΔL2/L0 where L0 is the sample initial height, see (Xie-
00) for details, and (2) a circumferential Cantilever-beam collar, which provides lateral strain 

€ 

εθθ  = 
ΔD/D0 where D0 is the sample initial diameter of 36mm. Axial strain is taken as the average of both 
LVDT transducer data: εzz  = (εzz 1  + εzz 2)/2. Volumetric strain is deduced as: εv  = (εzz  + 2

€ 

εθθ ). In the 
following, all compressive strains are taken positive, as well as compressive hydrostatic stresses. 
By definition (Coussy-04), when considering a homogeneous, isotropic porous medium under constant 
pore pressure p and subjected to a variation in hydrostatic stress ΔσH=ΔPc, drained bulk modulus Kb is 
given by: 

€ 

Kb =
ΔPc
Δεv

            (2) 

where Δεv is volumetric strain variation due to hydrostatic stress variation ΔPc. Therefore, axial and 
lateral strains εzz and 

€ 

εθθ  are recorded at each hydrostatic stress level Pc varying between 0 and Pcmax, 
so that Δεv = (Δεzz  + 2Δ

€ 

εθθ ) is evaluated at each given ΔPc, and Kb is deduced from Eq. (2), as the 
slope of the linear Pc(εv) experimental curve. 
 
3- RESULTS AND DISCUSSION 
 
3.1. MICROSTRUCTURE ASSESSMENT 
 
Porosity φ0	  is evaluated by water immersion to 37% ±2% for unleached samples, which increases up 
to 56% ±2% after leaching. This means that porosity is multiplied by as much as 1.5 due to leaching. 
Such huge increase in porosity has also been noted by other authors, see (Carde-97). MIP performed 
on two intact samples provides porosity φ0 ranging from 26.7 to 27.7%, with a narrow pore size 
distribution. The peak pore size is of 0.0953 microns +/-0.0001, the average pore size is of 0.0562 
microns +/-0.0001, and the median pore size is of 0.0493 microns +/-0.0003. As (Ghabezloo-08) 



recall, drying at 105°C, as used in the water immersion method, partially degrades chemically-bound 
water within C-S-H interlayers, so that porosity is overestimated. On the other hand, MIP is reputed to 
underestimate porosity due to the so-called « bottle neck effect », whereby large pores accessed by 
smaller ones are not accounted for. 
 
3.2. DRAINED BULK MODULUS Kb 
 

 
Figure 2: Results of drained hydrostatic compression tests up to 3, 10 or 20 MPa for the mature cement grout 

before and after leaching: hydrostatic pressure Pc vs. volumetric strain εv. 
 

Table 1: Properties of the oil well cement paste samples identified with triaxial cell without (0 MPa) and with (3, 
10 and 20 MPa) confinement pressure Pc max. 

Sample n. I4 I1 I2 I3 L4 L1 L2 L3 

Pc max (MPa) 0 3 10 20 0 3 10 20 

Kb (GPa) 
at 90°C - 1.30 2.29 1.72 - 0.432 0.346 

0.398 up to 12 
MPa 

0.187 from 12 
to 20 MPa 

Pearson’s 
correlation 

coefficient R2 
- 0.99 0.99 0.99 - 0.96 0.99 0.99 

K (10-17 m2) 1.54 0.95 0.84 0.38 5.72 0.48 0.16 0.08 

 
Fig. 2 represents the evolution of volumetric strain εv with increasing hydrostatic stress Pc, before and 
after leaching. As expected, at given Pc, volumetric strain εv increases notably with leaching. 
Moreover, the (εv, Pc) data are not linear over the whole stress range, neither in the intact nor in the 
leached state.  
In the intact state, (εv, Pc) first increases with an increasing tangent, and becomes linear from 1 MPa 
(sample I1 tested up to 3 MPa) to 5 MPa (sample I3 tested up to 20 MPa), depending on the sample. 
The first phase with increasing tangent is usually attributed to micro-crack closure, while a slope Kb 
may be derived from the subsequent linear phase using the least-squares method, see Table 1 for 



numerical values. A third phase of creep is noticed for sample I3, whereby εv keeps increasing at 
constant Pcmax=20 MPa. This is also observed at constant Pcmax on leached samples, see the (εv, Pc) plot 
for L2 and L3 in Fig. 2. Creep becomes noticeable after stabilisation at Pcmax for at least 15 to 30min, 
therefore, during Pc increase, it is not accounted for. 
For leached material, as the (εv, Pc) plot for L3 clearly shows, a phase with increasing tangent is first 
observed up to 1 to 3 MPa (depending on the sample), then a linear phase of up to 12 MPa, followed 
by another linear phase with a lower slope (i.e. with faster volumetric strain increase with Pc increase). 
The first phase is again attributed to micro-crack closure under Pc, while the subsequent linear phase 
up to 12 MPa is typical elastic behaviour (Chen-09). The transition to a lower slope above 12 MPa is 
attributed to the onset of plastic behaviour. At the micro-scale, plasticity is potentially associated with 
solid skeleton bridges breakage and pore network collapse (Chen-09). Finally, using the least squares 
method, one slope Kb is identified for Pc ≤ 12 MPa, and a second one for Pc ≥ 12 MPa (this pertains to 
test L3 only), see Table 1 for numerical values. 
Table 1 shows that for intact material, Kb does not follow a significant decreasing or increasing trend, 
with an average Kb of 1.77 GPa and an important mean distance to the average representing 19.6% of 
the average. If test I1 (up to 3 MPa) is not accounted for, Kb decreases significantly with increasing Pc, 
from 2.29 GPa for Pc ≤ 10 MPa, and 1.72 GPa for Pc ≥ 10 MPa (the mean distance to the average for 
these tests is 14.2%). On the opposite, for leached material tested up to 12 MPa, the average Kb is of 
0.392 GPa and the distance to this average is lower than 10% (it is of 7.8%), and Kb decreases 
significantly to 0.187 GPa when Pc ≥ 12 MPa. Therefore, due to leaching, Kb decreases down to 17% 
of its intact state value for Pc ≤ 10-12 MPa and down to 11% of its intact state value for Pc ≥ 10-12 
MPa. 
 
3.3. LIQUID PERMEABILITY K 
 
As regards transport properties, for intact sample I1 tested in cell (2) at Pcmax = 3 MPa maximum 
confinement, it is shown that permeability K decreases continuously from 1.35x10-17 m2 and down to 
0.43x10-17 m2, for up to more than 69h liquid flow, without definite stabilization. The decrease of K 
with time, at fixed confining pressure Pcmax, is attributed to thermal effects, but also to the influence of 
cement paste creep upon permeability. Similar evolution has been observed for all tests. In order to 
compare the effect of confinement and leaching state upon K, without including creep as an additional 
parameter, it was therefore chosen to identify K for all samples after a conventional 12h liquid flow 
duration at 90 degrees C. In the following, all K values are presented using this convention. 
Fig. 3(a) displays liquid permeability K vs. hydrostatic stress Pc. Here, the determining test at Pc=0 has 
to be highlighted. Indeed, without this test, and most unexpected, all permeabilities are lower for 
leached materials than for intact samples. The test at zero hydrostatic stress, using cell (2), shows that, 
as expected, K for leached material is higher than that for intact cement paste. An intuitive 
interpretation of lower permeabilities for leached material at Pc≠0 is that fluid transport through the 
pore network is notably affected by hydrostatic stress: critical pore passages, through which fluid is 
allowed to flow in the absence of Pc, are no more accessible, having potentially collapsed. 
In first instance, this interpretation may be validated as follows. For porous rocks (David-94), liquid 
permeability data K vs. hydrostatic stress Pc are usually fitted using an exponential law: 

€ 

K = K0 exp −γPc( )          (3) 
where γ is the pressure sensitivity coefficient, expressed in Pa-1, and shown to be a constant for a given 
porous material. Fig. 3(b) shows that such fitting is adequate for intact cement paste, with a fitting 
coefficient γ=0.0374 /MPa (Pearson’s correlation coefficient R2 has a value of 0.99). On the opposite, 
no linear evolution of log(K) vs. Pc is observed for leached material, as compared to intact cement 
paste. This testifies of a different mechanism controlling permeability evolution with hydrostatic stress 
Pc, which is attributed to pore and solid skeleton collapse. According to (David-94), Eq.(3) describes 
permeability evolution below a so-called critical stress, above which solid skeleton crushing starts. 
Eq.(3) may describe progressive closure within the pore shape distribution, or rather that of critical 
pore passageways, but not solid skeleton (and pore network) collapse. 



 
Figure 3: (left) Liquid permeability K vs. hydrostatic pressure Pc for mature cement paste samples tested before 

and after leaching; (right): Representation of the logarithm of liquid permeability log(K) vs. hydrostatic pressure. 
 
CONCLUSION 
 
This study has assessed oil well cement paste durability due to extensive leaching, by identifying both 
liquid permeability K and drained bulk modulus Kb under increasing hydrostatic stress Pc and at 
constant temperature 90°C, reproducing in situ loading. It is shown that permeability is strongly 
affected by Pc, to the point that leached cement paste permeability K is lower than that of the intact 
paste when tested under Pc ≠ 0. Only tests without Pc show, as expected, higher K for leached 
material than for intact cement paste. As for drained modulus Kb, it decreases hugely due to leaching, 
down to 17% of its intact value for Pc ≤ 10-12 MPa and down to 11% of its intact value for Pc ≥ 10-12 
MPa. 
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Abstract 
In France, deep underground storage of long life radioactive wastes is planned by ANDRA within Bure argillite, a 
compacted clay rock found at 420-550m depth in the East of France. The storage structure is composed of a network of 
tunnels drilled in argillite and strengthened by a concrete and steel sheath. Due to excavation operations, macro-
cracking of the host rock occurs at the tunnel surface (in a so-called EDZ, Excavation Damaged Zone), and partial de-
saturation of argillite is also bound to occur, due to tunnel ventilation during storage, prior to tunnel closure. Although 
it is aimed at strengthening the argillite tunnel, concrete material also de-saturates partially, and it is potentially 
damaged and micro-cracked. For safety assessment, it is vital to identify to what extent damaged structural materials 
(i.e. argillite and concrete) are still able to ensure proper radionuclides retention. In this context, the present 
contribution aims at determining the advective gas transfer properties of a damaged industrial concrete in varied 
partially-saturated states. 
Firstly, we develop a methodology in order to create damage, and most probably micro-cracks, in an ANDRA industrial 
concrete, which simulate the cracks occurring in the EDZ, yet at the laboratory scale. To this purpose, several 
experimental protocols have been designed and tested. Gas permeability in the dry state is used as a damage indicator. 
Three cycles of freeze/thawing (-18°C for 24h to 100°C for 30min) generate damage only when the material is initially 
water-saturated. In such case, gas permeability values are multiplied by 10, while sample porosity is not increased 
significantly. Thermal shock using liquid nitrogen (with one cycle from room temperature, down to -196°C and then up 
to 100°C) has no significant effect on material permeability, even if it is initially water-saturated. 
Secondly, gas relative permeability is measured on concrete samples, in both intact and damaged states, at varying 
confinement, up to values close to the in situ major stress (12MPa). Two different concrete batches were compared in 
the intact state. Samples are tested after mass stabilization in hermetic chambers at different fixed relative humidity: 
RH = 100, 98, 92, 85, 75, 70, 59, 43, 11%, and also in the dry state. Suction curves, relating water saturation level Sw 
to RH, are identified for both intact and damaged samples, and for both batches in the intact state. The permeability 
variation of each material has been studied as a function of RH but also with confinement. The influence of damage on 
gas relative permeability is shown to be significant when plotted as a function of RH, so that greater gas passages exist 
at higher relative humidity for damaged materials than for intact ones. Nevertheless, gas relative permeability is 
independent of concrete damage state and of confinement, when plotted as a function of water saturation level Sw. It 
only depends on concrete batch, i.e. on its microstructure, as developed during maturation. 
 
Originality 
This research is related to the following topics of the XIII ICCC conference: (1) concrete durability; (2) properties of 
hardened concrete (relationship between microstructure and properties). 
We developed a dedicated protocol to create damage within concrete. This damaged state is assumed to generate a 
network of micro-cracks, due to its effect upon concrete permeability. Moreover, the effect of micro-cracking and 
concrete manufacture is assessed experimentally upon partially-saturated concrete properties. These are its suction 
curve (Sw,Pc) and its gas relative permeability evolution with Sw (Kgas(Sw)/Kdry), where Kdry is gas permeability in the dry 
state. 
 
Chief contributions 
Firstly, at given RH, our damage procedure is shown to have a significant effect upon concrete water saturation Sw(RH) 
and gas relative permeability Kgas(RH). Also, after damage, Kgas becomes sensitive to confining pressure Pc. Secondly, 
we identify experimentally concrete properties in the partially-saturated state. We show that there is no significant 
effect of micro-cracking and hydrostatic stress upon these properties, when they are represented as the suction curve 
(Sw,Pc) and the gas relative permeability curve (Sw,(Kgas/Kdry)). On the opposite, there is a significant effect of concrete 
manufacturing on these curves. 
 
Keywords: Micro-cracking, gas relative permeability, suction curve, partially-saturated concrete 
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Introduction 
 
This study is part of a large research program conducted by the French Nuclear Waste Management 
Agency (ANDRA). ANDRA is in charge of designing and analysing the feasibility of a deep 
underground storage site for medium and long-life radioactive nuclear wastes. The current engineered 
multi-barrier system under investigation is within a geological layer situated at ca. -500m depth in the 
East of France (Paris Basin, Bure, Haute Marne/Meuse). The host rock is a Callovo-Oxfordian 
compacted argillaceous rock, namely argillite. Storage tunnels drilled in argillite display an 
Excavation Damaged Zone (EDZ), marked by a whole set of cracks at ca. 0.2R away from the surface 
(where R is the tunnel mean radius) [Millard, 2009]. In practice, these tunnels are strengthened using a 
concrete sheath, either made of pre-fabricated blocks, or directly projected on the tunnel surface, in 
conjunction with a set of steel bolts and additional fastening systems. Prior to actual storage, one 
important issue to consider is that the concrete sheath around excavated tunnels may suffer damage, 
and hence, cracking. Indeed, after drilling and tunnel strengthening, damage may be induced by varied 
mechanical stresses and by shrinkage under the hydric gradient between the tunnel and the 
surrounding host rock. Moreover, radioactive wastes produce heat, gas and varied corrosion products. 
Over thousands of years, the gas pressure might become high enough to promote radionuclide leakage 
through the cracked concrete sheath and the surrounding EDZ, and contaminate the environment. This 
is a major risk to assess and prevent. Our experimental study is a contribution to this issue: it aims at 
determining critical advective transfer properties, namely suction curves and gas relative permeability, 
for partially water-saturated industrial concrete, both in the intact and in the micro-cracked states. The 
effect of concrete manufacturing is also evaluated. 
 

Experimental methods 
 
We use an industrial ANDRA concrete. It is composed of cement powder reference CPA CEM I 52,5 
PM ES, of (5-12mm) gravel, of (0-4mm) sand, of a super-plasticizer (Glenium 27, BASF), with a W/C 
ratio of 0.43. All samples are cylinders of 37 mm diameter and 30 mm height. The reference dry state 
is taken after oven-heating at 65°C until mass stabilization. 

Table 1: Formulation of the CEM I ANDRA concrete 

Component Description Quantity 

Cement CPA-CEM I 52,5 PM ES 400 kg/m3 

Sand Washed limestone with 
10% fines 0/4mm 858 kg/m3 

Gravel Washed limestone 5/12mm 945 kg/m3 

Super-plasticizer Glénium 27, BASF 10 kg/m3 

Water  171 kg/m3 

 
Design of a damage methodology 
 
Firstly, we select a methodology, which creates damage, and most probably micro-cracks to concrete, 
in order to simulate the cracks occurring in situ. Several experimental protocols have been designed 
and tested for the CEM I ANDRA concrete. All damage protocols start with a heat shock. Two types 
of heat shocks have been tested on initially fully water-saturated concrete: 1) three cycles of 
freeze/thawing under water (-18 C for 24h followed by 100°C for 30min) and 2) one freeze/thaw cycle 
with a bigger thermal gradient using liquid nitrogen (at -196°C) instead of water, see Table 2. One 
should note that heat shock generates damage only when the material is initially fully liquid-saturated. 



Indeed, for dry material, cycles of freeze/thaw do not affect the cement paste [Ramachandran-81]. At 
the microscopic level, damage is bound to result in an intense micro-cracking of the cement paste, 
which contribute, in particular, to weaken and separate the interface between paste and aggregate 
[Vernet-86]. For each sample, the damage state is assessed using gas permeability in the dry state and 
under varying hydrostatic stress Pc, using a conventional triaxial cell and argon gas as the interstitial 
fluid. It is obtained after oven-drying at 65°C until mass stabilisation, before and after applying the 
damage procedure. Detailed methodology for gas permeability measurement is provided in 
[Loosveldt-02]. 
 

Table 2: Comparison of two damage methods, tested on one concrete sample each from the same batch n.1 

Sample Name B1 B2 

Height (mm) 30 73.5 

Diameter (mm) 37.7 37.7 

Dry permeability in the intact 
state (m2) at Pc = 5MPa 5.07 x 10-18 5.94 x 10-18 

Description of damage method 

Water saturation 
3 freeze/thaw cycles: -
18°C for 24h followed by 
+100°C for 30 min 

Water saturation 
1 freeze/thaw cycle: -196°C for 30min 
in liquid nitrogen followed by +100°C 
for 30 min 

Dry gas permeability (m2) after 
damage treatment at Pc = 5MPa 3.17 x 10-17 3.96 x 10-17 

Permeability ratio Kdamaged/Kintact 6.2 6.7 

 

 
Figure 1: Gas permeability results vs. confinement for the damage methods B1 and B2 described in Table 2 

 
In a first step, both damage methods have been applied on one concrete sample each, taken from the 
same batch (named Batch n.1). Gas permeability results are given in Table 2 and plotted in Fig 1 with 
increasing hydrostatic stress (i.e. confining pressure Pc). In both cases, gas permeability of dry 
concrete is significantly increased. For instance, it is multiplied by 6.2 (1st method) or 6.7 (2nd method) 



at 5MPa hydrostatic stress. Such permeability increase is the signature of micro-cracking [Chen-09]. 
As permeability results after damage are very similar, and despite the very limited sample number, we 
chose the simplest, first heat shock type. Also, the first heat shock (labelled B1, see Table 2) has been 
applied successfully to other porous materials (namely mortar and argillaceous rock), whereas the 
second heat shock (in liquid nitrogen) has proven insufficient to increase gas permeability 
significantly for those materials. 
 

Table 3: Porosity measured by the water saturation method – Effect of damage and of concrete batch 

Sample type 
Average porosity 

 (%) 
(9 samples in total) 

Mean deviation to the average 
(% of average) 

Intact CEM I (Batch n.1) 8.32 4.70 

Intact CEM I (Batch n.2) 7.59 4.95 

Damaged CEM I (Batch n.2) 7.59 4.05 

 
Table 4: Gas permeability using the first damage method – Effect of concrete batch 

Sample type 
Dry permeability for the 
1st batch (m2) – Pc=5MPa 
(total of 2 samples)  

Min- Average – Max dry permeability 
for the 2nd batch (m2) – Pc=6MPa 
(total of 9 samples) 

Intact CEM I  3.77E-18 
4.30E-18 2.73E-18 - 4,31E-18 - 8.74E-18 

Damaged CEM I  1.68E-17 
3.62E-17 2.8E-18 - 6,16E-18 - 1.10E-17 

Average permeability ratio 6.6 1.4 

 
In a second step, another batch of CEM I concrete has been manufactured: it is named Batch n.2 in the 
following. From this batch, we prepared nine samples in both sound and damaged states (18 in total). 
Two additional samples from batch n.1 have also been tested before and after damage procedure B1; a 
third set of eight samples from batch n.1 has been tested for gas permeability at given partial saturation 
(see next section). Table 3 shows that the average sample porosity is not sensitive to damage (with an 
identical mean value of 7.59%), yet it depends on the concrete batch considered by a limited amount 
(with 8.32% for batch n.2 instead of 7.59%). Table 4 presents dry permeability results for the two 
different batches n.1 and n.2, in the intact state and after damage, at close confinement values (5 or 6 
MPa). First, additional permeability results for batch n.1 are in good agreement with those of B1 
sample. For instance, the average permeability ratio between damaged and intact states (Kdamaged/Kintact) 
is similar to that of B1 (at 6.2), with a value of 6.6. For batch n.2, the permeability range for intact 
concrete [2.73e-18 ; 8.74e-18] m2 intersects that for damaged material [2.8 e-18 ; 11.0 e-18] m2 : the damage 
procedure is insufficient to provide significantly increased permeability. Therefore, the chosen damage 
procedure has proven a good ability to provide significantly increased permeability for the first 
concrete batch, and not for the second: it may be considered an intermediate damage procedure. At 



present, we are still working on an improved, more efficient, damage procedure. In this paper, all 
following results have been obtained with procedure B1 as a preliminary work. 
 
Measurements at given partial saturation 
 
After maturation, fully water-saturated and intact concrete samples are placed in a RH-controlled 
atmosphere at a fixed RH value of 100%, or 98, 92, 85, 75, 70, 59, 43 or 11% allowed by salt-
saturated solutions. Mass evolution is recorded at the test start (in the water-saturated state), 
continuously under constant RH until mass stabilisation, and at the end of test, after mass stabilisation 
in an oven at 65°C. Gas permeability is recorded twice, first at mass stabilisation under constant RH (it 
is Kgas(RH)) and secondly, in the oven-dry state (it is Kdry). Samples from both batches (n.1 and n.2) 
have been tested in the intact state. For damaged material, fully water-saturated samples are first 
subjected to the heat shock, then placed in a RH-controlled atmosphere, weighed regularly until mass 
stabilisation, and then oven-dried at 65°C. As for intact material, gas permeability is recorded at mass 
stabilisation under constant RH and, later, in the oven-dry state. Samples from Batch n.2 only are 
tested after damage. Water saturation ratio Sw is calculated for each RH using the following definition: 
 
Sw = (meff – mdry) / (msat – mdry)         (1) 
 
where meff is the stabilised mass at given RH, mdry is sample dry mass, and msat is its water-saturated 
mass. At given RH, the bigger the material pores, the lower the saturation ratio Sw. At constant 
temperature T, capillary pressure Pcap within the porous material is given by Kelvin-Laplace’s law: 

Pcap = - (ρwater RT/Mwater) ln(RH)        (2) 

where ρwater is water density (taken at 1000kg/m3), R is perfect gas constant (8.314 J/mol/K), T is 
temperature (in Kelvin) and Mwater (taken at 18g/mol) is water molar mass. Using Laplace’s law, 
capillary pressure is also related to a so-called drained pore radius rdrained = 2γ/Pcap, where γ is water/air 
surface tension (in N.m). If the pore network is represented by an assembly of cylinders of varying 
radius r and placed in parallel, rdrained represents the biggest water-saturated pore size: all pore radii r 
bigger than rdrained are dry. For intact and micro-cracked material, the suction curve plots capillary 
pressure Pcap as a function of water saturation ratio Sw. 
Moreover, gas permeability Kgas is measured for each sample at given RH, and, hence, at given Sw, 
under increasing confinement Pc up to the in situ major stress (12MPa), so that gas relative 
permeability Krg is plotted as a function of relative humidity (or Sw) and of confinement. We present 
relative permeability results instead of effective gas permeability because the latter is a very dispersive 
property for concrete, i.e. it is noticeably variable from one sample to another. Relative permeability 
Krg is calculated as the ratio between gas permeability Kgas(RH) at a given relative humidity (or at a 
given Sw) and dry permeability Kdry of the same sample: 
 
Krg= Kgas(RH)/ Kdry= Kgas(Sw)/ Kdry        (3) 
 
Results and discussion 
 
Fig.2(left) plots the sorption isotherms (RH,Sw) and Figure 2(right) plots the corresponding suction 
curves, for intact and damaged CEM I concrete, with results for both batches in the intact state. 
Fig.2(left) shows that at given relative humidity RH, and for a given batch (n.2), the saturation Sw of 
intact material is higher than the micro-cracked one. This testifies of an increase in size of water 
passages due to freeze / thaw. This occurs although porosity values are unchanged by the damage 
procedure: the volume of created damage (i.e. very probably micro-cracks) is negligible as regards 
total connected porosity, yet it is not negligible as regards water saturation level. Created micro-cracks 



are sufficient to drain further the sample after damage, yet not to increase its porosity significantly. 
This also means that micro-cracks are bigger than the material pores. 
 
Figure 2(right) compares the suction curves. On the one hand, this figure shows that for the same 
saturation ratio Sw and for an identical batch (n.2), the capillary pressure of intact CEM I concrete is 
higher than the micro-cracked one. Using Laplace’s law to relate Pc to the drained pore radius, this 
means that at given Sw, the drained pore radius is greater for micro-cracked concrete, as compared to 
intact material. As for sorption isotherms, our interpretation is that the freeze / thaw cycles enlarge the 
water passages. On another hand, one can note that suction curves do not overlap for intact materials 
(batches n.1 and n.2). The capillary curve of intact CEMI concrete from batch n.1 is closer to that of 
micro-cracked concrete from batch n.2, than to the capillary curve of intact concrete from batch n.2. 
This means that, in terms of water retention capability, the pore network of an intact concrete may be 
closer to that of a micro-cracked one, yet taken from a different batch. Our interpretation is that the 
concrete manufacturing phase has a more significant effect on concrete water retention than our micro-
cracking procedure: micro-cracks affect concrete water retention less than its initial pore network 
(developed during manufacturing). 
 

 
Figure 2: (left) Sorption isotherms (RH,Sw) and (right) Suction curve (Sw,Pc) for intact and damaged CEM I 

concrete, and for two different batches n.1 and n.2 
 
Figures 3 and 4 present gas relative permeability Krg for both intact and micro-cracked samples, for 
two different confining pressures Pc=6 or 12 MPa. Both batches n.1 and n.2 are also compared in the 
intact state, samples from batch n.1 being tested at Pc=5MPa only. Figure 3 shows the evolution of Krg 
with RH while Figure 4 presents Krg evolution as a function of water saturation Sw. By comparing both 
figures, for a given batch, it appears that Krg(RH) and Krg(Sw) curves overlap when confinement 
varies: Krg does not depend on confinement Pc. Moreover, Figure 3 shows a significant effect of 
micro-cracking on Krg while relative humidity RH varies. Indeed, the curve representing Krg for 
damaged concrete is well above that of sound concrete. This means that our damaging methodology 
very probably creates micro-cracks, which alter concrete durability, as measured by Krg. Figure 3 also 
shows that the evolution of relative permeability as a function of RH is quite similar for all intact 
samples: the batch affect this relationship only slightly, for RH values above 40%. 
 
In Figure 4, at given batch (n.2), all four relative permeability curves (for intact or damaged material, 
under 6MPa or 12MPa confinement) are superimposed over the entire saturation range [0;100%]. 
Therefore, unlike the relationship Krg(RH), there is no effect of micro-cracking upon the relationship 
Krg(Sw). However, in Figure 4, we observe a significant difference between samples from different 
concrete batches. Our conclusion is that the advective transport properties of concrete depend more on 
the manufacturing phase than on the micro-cracking state: the curve Krg (Sw) is intrinsic to the material 



(and to its pore network, as developed during maturation), whether it is micro-cracked (using a 
procedure as detailed in previous section) or not. 
 

 

Conclusion: 
 
This contribution characterizes the effect of micro-cracking, induced by a dedicated damage 
procedure, on the hydraulic behaviour of partially-saturated industrial concrete. The effect of concrete 
batch and hydrostatic stress is also assessed. 
Our results show that concrete relative permeability is irreversibly affected by the damage procedure: 
gas relative permeability Krg is increased by damage (and very probably micro-cracks) at constant RH, 
although total connected porosity is unchanged. Also, suction curves show that the size of water 
passages is increased by freeze/thaw cycles, still despite no porosity increase: the volume of created 
damage is negligible as compared to total connected porosity. Nevertheless, Krg remains unchanged 
when plotted against saturation ratio Sw, independently of concrete damage level or of hydrostatic 
stresses up to 12MPa. The gas relative permeability curve Krg(Sw) only depends on the material 
manufacturing phase, as it is the crucial period during which the concrete pore network develops 
irreversibly. 
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Abstract 
This paper presents both experimental results and analysis on a (W/C)=0.5 mature mortar after heat cycling of up to 
400 degrees C (below the temperature range for portlandite decomposition). After such degradation process, mortar 
microstructure is significantly affected, with extensive dehydration of its main C-S-H gel phase. Consequences on pore 
network and solid skeleton morphology are also anticipated. Our main purpose here is to assess the relationship 
between microstructure and macroscopic properties changes after 400 degrees C maximum heat-cycling. Transport 
properties are related to material durability by using gas permeability as our main indicator. Mechanical performance 
is evaluated using several poro-elastic parameters: drained bulk modulus Kb, solid matrix bulk modulus Ks and Biot’s 
coefficient b. An original experiment is also presented, which allows to assess accessible pore volume evolution under 
hydrostatic stress cycling. 
Firstly, gas permeability and porosity are measured on intact samples, after initial drying at 60 degrees C, and on 
samples heat-cycled up to 105, 200, 300 and 400 degrees C. Gas permeability of intact material and of material heated 
up to 105 degrees C are insensitive to confining pressure variations, which supports the absence of significant micro-
cracking, microstructure and morphological changes. On the opposite, a clear increase in porosity and gas 
permeability Kgas is observed after 200, 300 and 400 degrees C heat-cycling. Kgas of mortars cycled up to 200 degrees 
C and above decreases significantly and irreversibly with increasing confinement. This is attributed to micro-cracks 
closure and/or to partial accessible pore network collapse or closure. 
Secondly, poro-elastic properties and gas permeability are measured simultaneously during confinement cycling. For 
heat-cycling temperatures above 200 degrees C, secant drained bulk modulus Kb decreases while permeability 
decreases irreversibly with increasing confinement. Previous work [XT Chen, CA Davy, F Skoczylas, JF Shao, Cem 
Concr Res (39) pp.195-205 2009] has also shown that solid matrix bulk modulus Ks and Biot’s coefficient b both 
decrease with confinement, for material heat-cycled above 200 degrees C. Such evolutions are interpreted as being due 
to micro-crack closure and/or occluded porosity increase. 
Thirdly, we validate experimentally our interpretation of poro-elastic and permeability property changes, by measuring 
the variation in connected porosity under hydrostatic loading. To this purpose, we developed an original test which 
quantifies the accessible pore volume at given hydrostatic stress, by static Argon gas injection. The creation of 
significant irreversible occluded porosity is confirmed for mortars heat-cycled above 200 degrees C. 
 
Originality 
This research is related to the following topics of the XIII ICCC conference: (1) concrete durability (gas and ion 
transport processes: permeability, diffusion and modeling); (2) properties of fresh and hardened concrete (relationship 
between microstructure and properties). The originality of our contribution lies mainly in the coupling identified 
between permeability and poro-elastic properties, in relation with microstructure changes due to heat-cycling up to 400 
degrees C. We also propose an experimental method to validate our interpretation of observed macroscopic results in 
terms of microstructure and morphology changes. 
 
Chief contributions 
Our main contributions are directly linked with the originality of our research in the context of the XIII ICCC 
conference (previous paragraph). More precisely, we identify simultaneously poro-elastic properties and gas 
permeability changes after heat-cycling up to 400 degrees C. We interpret the observed evolutions of these properties 
as being due to pore network modifications. This is validated using original, experimental arguments, which show a 
significant decrease in accessible pore volume. 
Keywords: heat-cycling, poro-elasticity, gas permeability, accessible pore volume, occluded porosity 
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1- INTRODUCTION 
 
Cement-based materials are widely used in the civil engineering area. Occasionally, they may be 
subjected to both mechanical loading and high temperatures, such as during fire accidents of tunnels or 
buildings (up to more than 1000°C), or in the context of radioactive waste storage (up to 80/100°C). 
Exposure to high temperatures brings varied changes to cement-based materials properties, e.g. 
changes in their pore microstructure (Rostasy et al., 1980), hydraulic and mechanical properties (Phan 
et al., 2000), and their micro-cracking is also widely reported (Fu et al., 2004). 
Mortar and concrete may be considered non homogenous two-phase materials composed of a porous 
cement paste matrix with aggregate particle inclusions. When such a material is subjected to elevated 
temperatures, chemical decompositions of the cement paste (Mounanga, 2003) and micro-cracking (Fu 
et al., 2004) both lead to a dramatic modification of the solid matrix as well as of the porous network, 
which influence transport properties. For instance, for a mature mortar with a (W/C) ratio of 0.5, direct 
gas permeability measurements were carried out under temperature by (Lion et al., 2005): a very clear 
increase in permeability is observed at 200°C. This is attributed to mortar micro-cracking, which 
becomes connected at this temperature. For a heated cement paste (a more homogenous material), 
(Piasta, 1984) reported that the development of micro-cracking increased significantly beyond 300°C. 
(Chan et al., 1999) have also shown that high temperatures have a coarsening effect on the pore 
microstructure of both high-strength concrete and normal strength concrete. They considered that the 
coarsening effect is one of the reasons for the strength loss at temperatures below 600°C and this 
effect also reduces the permeability-related durability for concrete exposed to high temperatures. 
The aim of this work is to recall the effect of temperature (up to 400°C) and of confining pressure 
upon the poro-elastic and the transport properties of a model material, i.e. of a mature (W/C)=0.5 
mortar. An original experiment is presented, which allows to confirm the hypothesis of an irreversible, 
yet partial, closure of the pore volume after a first confinement, as assumed in (Chen et al., 2009a). 
400°C is chosen as the maximum heat-treatment temperature, in order to study the sole degradation of 
C-S-H, this being reputed occuring between 105 and 400°C, whereas portlandite and calcite degrade 
above 400°C (Mounanga, 2003). 
 
2- MATERIALS AND EXPERIMENTAL METHODS 
 
 
2.1- MATERIAL PREPARATION AND SAMPLING 
 
A mortar with a water-to-cement (w/c) ratio of 0.5 was made using standard-graded sand (from 
Leucate, France) and Type II cement CEM II/B-M (LL-S) 32.5R. In order to perform poro-elastic and 
gas permeability tests, after 6 months maturation, cylindrical samples of 37mm diameter and 70mm 
height were initially dried at reference temperature 60°C until constant weight. Except for reference 
samples, specimens were heated up to either 105, 200, 300, or 400°C. The temperature rate was kept 
constant at 20°C/h during heating and cooling. Cooling was programmed after one hour temperature 
stabilisation at each temperature level, following the same procedure as in (Chen et al., 2009a). 
Moreover, in order to measure the accessible pore volume under hydrostatic stress, a sample of intact 
mortar (65 mm diameter and 60 mm height) and two samples heated up to 400°C, using the same heat 
cycling as described above, (65 mm diameter and 90 mm height) were also tested. 
 
2.2. MEASUREMENT OF DRAINED BULK MODULUS Kb AND GAS PERMEABILITY Kgas 
 
All tests were performed in a classical triaxial cell, which allowed to impose a constant hydrostatic 
stress σH (or confinement Pc) to the sample, see Fig.1. For poro-elastic tests and coupled gas 
permeability experiments, the sample is equipped with a set of two longitudinal and two transversal 
strain gauges ((ε1, ε2), and (ε3, ε4) respectively), all placed at mid-height. Volumetric strain is deduced 
using the hypothesis of a homogeneous medium by: εv=3(ε1+ε2+ε3+ε4)/4. By definition (Coussy-04), 



when considering a homogeneous, isotropic porous medium under constant pore pressure p and 
subjected to a variation in hydrostatic stress ΔσH=ΔPc, drained bulk modulus Kb is given by: 

€ 

Kb =
ΔPc
Δεv

            (1) 

where Δεv is volumetric strain variation due to hydrostatic stress variation ΔPc. Kb is deduced from Eq. 
(1), as the slope of the linear interpolation of the stress-strain curve (εv,Pc) during an unloading phase 
of ΔPc = 5MPa: it is therefore a secant bulk modulus Kb. When assuming that such a limited unloading 
only releases elastic energy, determining Kb is bound to be performed in the elastic domain. Moreover, 
the sample is drained freely at both ends while confining pressure is increased or decreased: p remains 
equal to atmospheric pressure Patm (zero relative pressure) during all tests. Drained modulus Kb 
provides an evaluation of the solid skeleton deformability (Coussy, 2004), (Chen et al., 2009a). For a 
cement-based material, Kb accounts for the deformability of (a) the cement paste, i.e. the deformability 
of calcium silicate hydrates (C-S-H) mainly, added to that of the aggregates, and various other phases, 
(such as Portlandite Ca(OH)2, hydrated aluminates, or ettringite), and of (b) the connected and non 
connected pore networks. 
 

 
Figure 1: Triaxial confinement cell, with the gas injection system used for gas permeability measurement. 

 
During the triaxial tests, gas permeability Kgas measurements were performed at each confining 
pressure value Pc using a quasi-static method for flow-rate assessment, see for instance (Chen et al., 
2009b) for details. Injected argon gas pressure p ranges from 1.27 to 1.38MPa, with a pressure 
decrease ΔP used for permeability assessment of 0.01–0.06MPa. 
 
2.3. MEASUREMENT METHODOLOGY FOR PORE VOLUME VARIATION UNDER 
CONFINEMENT 
 
All these tests take place in a temperature-controlled room at 22°C, in order to avoid possible thermal 
variations of confining pressure or of gas injection pressure. The main constituents of the test gas 
panel are sketched in Fig. 2. One should note that valves n.2 and n.3, which block the access of gas to 
the sample on both sides, are located as close as possible to the triaxial cell, and, hence, to the sample. 
Calibration of the dead volume Vtube is necessary before the actual test (Vtube is the volume of the gas 
panel circulation tubes). Valves n.2 and n.3 remain closed all along this step. Test begins by opening 
valve n.1, with valves n.4 and 5 open, in order to allow argon to fill the buffer reservoir and the 
circulation tube. After several minutes gas flow, valve n.1 is closed in order to isolate the gas holder 
from the buffer reservoir and the circulation tube. With manometer n.1, the initial gas pressure Pi1 is 
measured in the buffer reservoir, which has a known volume Vr (here = 0.4 liters). In parallel, gas is 
evacuated from the circulation tube by closing both valves n.4 and n.5, and by opening a gas drain (not 
represented). Then, the drain is closed again, and valves n.4 and n.5 are opened. The gas stored in the 



buffer reservoir penetrates into the circulation tube Vtube. After several minutes stabilization (ca. 
30min), we measure a new pressure Pi2 for the gas, which now occupies a volume (Vr + Vtube). Using 
the law of ideal gas, one gets: Pi1 Vr = Pi2 (Vr +Vtube), where the only unknown is the dead volume 
Vtube. 
After calibration, the volume of accessible pores Vp is measured within the sample placed inside the 
triaxial cell at given confining pressure Pc. Once again, argon gas is injected in the circulation tube and 
in the buffer reservoir, with both valves n.2 and n.3 closed. Valves n.4 and n.5 are open throughout 
this step. Once valve n.1 is closed, gas pressure P1 is measured by manometer n.1 after stabilization. 
Then, valves n.2 and n.3 are opened. When manometers n.1 and n.2 indicate an identical value P2, it 
means that the sample accessible pore network is totally saturated by argon. This saturation may take 
up to half an hour: this depends on the sample actual permeability. The gas pressure value P2, indicated 
by manometer n.1 or n.2, is recorded. Using the law of ideal gas, one gets: P1 (Vr + Vtube) = P2 (Vr 
+Vtube + Vp), where Vp is the volume of accessible pores in the sample at given confining pressure Pc. 
Finally, the confining pressure Pc may be changed to higher or lower values, with a minimum initial 
value of 1.7MPa, and the corresponding Vp value is measured with the same method. The evolution of 
normalised pore volume Vp /Vp(Pc=1.7MPa) is plotted versus Pc, see Fig. 5. 

 
Figure 2: Pore volume variation measurement device, using gas injection through the sample connected pore 

network. The sample is confined in a triaxial cell, as in Fig. 1. Minimal initial confining pressure Pc = 1.7MPa. 
 
 
3- RESULTS AND DISCUSSION 
 
3.1. DRAINED TRIAXIAL TEST RESULTS AND ASSOCIATED GAS PERMEABILITY 
 
Normalised mortar gas permeability displays a higher and higher sensitivity to confinement Pc with 
increasing heat-treatment temperature T, see Fig.3(left): Kgas is significantly decreased when 
increasing Pc, for T above 200°C. This observation has been investigated in more detail by performing 
a coupled poro-mechanical and gas permeability test on an additional sample heated up to 400°C, yet 
tested up to 60MPa, as compared to our former study (Chen et al., 2009a), see Fig.3 (right). 
For intact mortar, the (εv,Pc) data correspond to a linear and fragile behavior, see Fig.3(right). This 
means that no noticeable plastic strains are to be accounted for in the intact sample. On the opposite, 
for samples heated up to 400°C, the (εv,Pc) behaviors are highly non linear and ductile, and mortar 
becomes more deformable (about three times more than for the intact one). The non linearity 
corresponds to the development of plastic strains, which are attributed to the closure of micro-cracks 
and to the gradual collapse of solid skeleton bridges (or trabecules), as proposed in (Chen et al., 
2009a). Since different cracks close at different confining pressures, the consequence is a non linearity 
in the stress-strain curve of heat-treated mortar. 



Mortars heat-treated up to 200°C and above display a noticeable increase in secant Kb with increasing 
confining pressure, (Chen et al., 2009a). In this study, an additional sample heated up to 400°C has 
been tested, yet up to 60MPa, see Fig. 4(left). For the first 25MPa, the response of this additional 
sample is in good accordance with previous results, see Fig.3(right). During the 1st loading-unloading 
cycle, Kb increases with confining pressure. At a confining pressure Pc=10 MPa, Kb is of 7645 MPa; 
at 60 MPa confinement, Kb is almost doubled, with a value of 14400 MPa. The increase in Kb with Pc 
is attributed to the closure of micro-cracks and to some collapse of the porous network (see above). 
Moreover, we have shown in (Chen et al., 2009a) that intact mortar (dried at 60°C) has a constant Kb 
of 16000MPa, independent of confining pressure variations. Hence, the value of Kb at 60 MPa 
confinement for the additional sample (heat-treated up to 400°C) is close to the intact one, although it 
is smaller: the small difference between both values is attributed to the coarsening of pores, or to the 
chemical degradation of the solid cement paste matrix after heat-treatment up to 400°C. 
 

 
Figure 3: (left) Sensitivity of gas permeability Kgas to confining pressure Pc with increasing heat treatment 

temperature; (right) Drained triaxial test results for intact mortar and for two mortar samples heat-treated up to 
400°C and tested up to either 25MPa (dashed line) or 60MPa (grey line). 

 

 
Figure 4: Results of a drained hydrostatic compression test up to 60 MPa coupled to gas permeability 

measurement: (left) : hydrostatic pressure Pc vs. volumetric strain εv with several cycles from 60MPa down to 5 
MPa ; (right) : gas permeability Kgas as a function of confining pressure Pc during the same experiment. 

 
In parallel to Kb assessment, gas permeability has been recorded under varying confinement, see 

Fig. 4(right). Permeability decreases hugely during the first loading cycle up to 60MPa, so that it is 
divided by 3.5. as compared to its initial value. After unloading, any subsequent loading/unloading 
cycle does not allow to recover the initial permeability value: it is irremediably decreased down to 
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values varying in the range 8.10-17 -1.1.10-16 m2. This irreversible decrease in Kgas has been attributed 
to the irreversible closure of some parts of the connected pore network. Such interpretation also 
explains the sensitivity to confinement of the matrix bulk modulus Ks after heat-treatment, see (Chen 
et al.2009a) for details. 
 
 
3.2. MEASUREMENT OF ACCESSIBLE PORE VOLUME UNDER VARYING CONFINEMENT 
 

 
Figure 5: Normalised pore volume variation under varying confinement for two mortar samples heat treated up 

to 400°C and tested up to either 40MPa (black lines) or 60MPa (grey lines). 
 
For the intact sample (without heat treatment), the variation of accessible pore volume equals to ΔVp = 
(32680 – 32270) = -410 mm3 when confining pressure Pc increases from 1.7 to 40 MPa. This decrease 
represents only about 1.2 % of the initial pore volume value: this is attributed to the absence of 
noticeable micro-cracks in the cement paste solid matrix. This is in accordance with the linear and 
reversible behaviour of the (εv,Pc) data, with invariable Kb under varying confining pressure. 
For sample N.1 heat-treated up to 400°C, after the 1st loading cycle from 1.7 and up to 40MPa, the 
variation of accessible pore volume equals to ΔVp = 56900 - 51700 = -5200 mm3. Such decrease 
represents 9.1% of the initial pore volume value: this means that the sample heat-treated up to 400°C 
is more sensitive to confining pressure than the intact one. Between the 1st and the 2nd loading cycles, 
the sample has been left during 7 days at a confining pressure Pc = 0MPa. At the start of the 2nd 
loading, at Pc = 1.7MPa, Vp = 53200 mm3, in good accordance with Vp = 53000 mm3 at the end of the 
1st loading cycle. The small difference is possibly due to mortar relaxation and micro-cracks re-
opening during the 7 days waiting phase. During the 2nd loading phase, at Pc = 40MPa, Vp = 51700 
mm3, which is the same value after the 1st loading cycle. 
For sample N.2 heat-treated up to 400°C, after the 1st loading cycle from 1.7 and up to 40MPa, the 
variation of accessible pore volume equals to ΔVp == 58180 - 52400 = -5780 mm3. This decrease 
represents 10.0% of the initial accessible pore volume value. After one day wait between 1st and 2nd 
loading cycle, at Pc = 1.7MPa, Vp = 54200 mm3, which is again in good accordance with Vp = 54360 
mm3 at the end of the 1st loading cycle. Further, we have loaded up to 60MPa, so that the accessible 
pore volume decreases down to Vp = 48660 mm3 at 60MPa. 
All these data are represented in Fig.5, where pore volumes Vp are normalised with respect to their 
initial value at 1.7MPa confinement. Both tests on heat-treated mortar display a similar trend: their 
pore volume is not fully recovered after a confinement up to 40MPa, and the higher the confinement, 
the higher the amount of unrecovered pore volume. This validates the interpretation of gas 
permeability measurements, see Section 3.1. 
Recent results have been obtained on cement paste after an identical heat-treatment and similar 
confining pressure values as for mortars. Using the same experimental device, these attest of almost 
negligible pore volume variation. In particular, a (W/C)=0.5 cement paste sample (h=69.4mm and 



φ=36.9mm) has an initial accessible pore volume Vp = 31359 mm3 (at 0.6MPa), similar to that of the 
intact mortar sample. Cement paste pore volume decreases down to 30729mm3 at 20MPa 
confinement: this represents a decrease by only 2% of the initial pore volume value. After a 400°C 
heat-treatment (by the same procedure as described above, see Section 2.1.), for the same (W/C)=0.5 
cement paste, the initial accessible pore volume is Vp = 35514 mm3 (at 0.6MPa). It decreases down to 
35037mm3 only at 20MPa confinement: this represents a decrease by 1.3% of the initial pore volume 
value. 
 
CONCLUSION 
 
This experimental study has evidenced an increase in secant drained bulk modulus Kb for heat-treated 
mortar, so that it almost reaches intact mortar values at high confinement (60MPa). This is attributed 
to the closure of heat-induced micro-cracks. In parallel, gas permeability of heat-treated mortar 
decreases irreversibly under a 1st confinement increase: the closure of heat-induced micro-cracks is not 
recovered during subsequent loading cycles, and this hinders gas access to a part of the pore network. 
The limited pore volume variation for cement pastes (by up to 1.3-2%), even after heat treatment, is to 
be compared to the significant pore volume variations (by up to 10% of the initial value) observed for 
heat-treated mortar. Indeed, the higher pore volume variation of heat-treated mortar is attributed to the 
irreversible closure of micro-cracks located at the interface between cement paste and sand 
aggregates, which are absent in the case of cement paste. The presence of these micro-cracks is 
attributed to the dilation mismatch between silica aggregates and cement paste. These micro-cracked 
interfaces, which are bound to be more numerous after heat-treatment, partially close irreversibly after 
confinement, so that the accessible pore volume is lowered and, hence, gas permeability. The access to 
occluded pores, re-opened by micro-cracks after heat-treatment, may also be hindered by a first 
confinement loading. 
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Abstract 
This study investigates the influence of treated sediment aggregates (TSA) used as substitutes to natural aggregates in 
cement-based building materials. Microstructure in presence of TSA is identified, in order to justify observed changes 
in macroscopic performance (mainly mechanical properties and durability). TSA are valorized wastes derived from 
initially polluted marine sediments. They are subjected to a treatment patented by Solvay SA. It is composed of (1) a 
phosphatation phase, which creates, from raw sediments, an apatite-like mineral able to capture heavy metal 
components, and (2) a calcination at 650 degrees C, which eliminates organic pollutants. Efficient pollutant retention 
capability of TSA has been attested in former work. Their high water retention ability, low strength, high fine particles 
content, low pozzolanic activity and low chloride content are also known. In this study, mixing of the cement-based 
material (a normalized mortar) induces unavoidable TSA crushing and fine particles creation. 
In the introduction, we recall our main results as regards the potential effect of TSA content, curing conditions and age 
upon the performance of mortars substituted with water-saturated TSA. These are substituted to pure silica sand (0, 33, 
66 and 100% sand volume). With reference to industrial practice, two extreme curing conditions are used, either water 
immersion (most favorable to cement hydration), or air curing (highly deficient curing). With more amplitude after 
water curing, porosity is shown to increase hugely with TSA amount, while apparent density decreases linearly. Up to 
33% substitution, elastic Young’s modulus, uniaxial compressive strength and apparent gas permeability are all 
improved as compared to reference 0%-substitution mortar, all the more so when mortar is air-cured. Maturity is 
attained from 28 to 60 days curing only. Observed positive changes are attributed to the internal curing effect of water-
saturated TSA, whereas negative performance evolutions, significant above 33% substitution, are attributed to TSA 
brittleness. 
Secondly, microstructure changes are investigated, in order to validate our interpretation of the observed changes in 
mechanical and durability performance. To this purpose, SEM observations and EDS analysis have been performed. 
Noticeable changes in silica sand/cement paste interface are shown qualitatively, whereby portlandite amount is 
lowered in presence of TSA. We also provide qualitative assessment of the sediment aggregate/cement paste interface 
and of the microstructure of cement paste in presence of TSA. 
 
 
Originality 
The originality of our contribution is to relate the complex microstructure of a mortar added with treated sediment 
aggregates (TSA) to its mechanical and durability performance. 
 
Chief contributions 
The specificity, and the complexity, of our work are both due to the low strength (and high crushability) of TSA during 
mortar mixing. This process induces fine particles creation to an unknown amount, and prevents investigations on the 
cement paste alone in presence of TSA, which initial high fine content is known. Rather, our strategy was to focus on 
the modifications of the interface between sand aggregate (whenever any remains) and cement paste. Using SEM 
observations and EDS analysis, we show qualitatively that portlandite presence is lowered at the sand/paste interface at 
33% TSA-substitution. Cement paste microstructure, and sediment aggregate/cement paste interface are also assessed 
qualitatively, and their main features (as compared to pure cement paste) are highlighted. Finally, thermogravimetry 
analysis adds another microstructural argument by showing very slight modifications of cement paste hydration in 
presence of a high TSA fine particles content. 
 
Keywords: durability, permeability, lightweight aggregates, waste valorization, compressive properties of hardened 
concrete 
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1- INTRODUCTION 
 
Each year in France, 50 million m3 sediments are dredged from the five huge maritime port authorities 
and from the seventeen commercial ports, and, due to human activities, a high amount of these 
sediments is polluted, both by organic and inorganic matter. Former studies have proven that the 
NovosolTM stabilization process, patented by Solvay S.A., Belgium, allows an efficient immobilization 
of heavy metals (through a chemical treatment of phosphatation) and also the elimination of organic 
materials (through a 650°C calcination). As an economically-viable alternative to disposal, valorizing 
these treated sediments aggregates (TSA) has been evaluated through several feasibility studies: TSA 
were substituted to natural aggregates into varied building materials, such as compressed blocks, clay 
bricks and mortars, see (Agostini et al., 2007). 
The NovosolTM process transforms sediments into chemically inert, light, porous and brittle 
aggregates. Detailed characterization of TSA has been performed (Agostini et al., 2007). Whatever 
their origin, TSA are mainly composed of calcite, silica and of a smaller proportion (i.e. below 10% in 
mass) of illite, which is a non-swelling argillaceous mineral. Their most remarkable features are: (1) a 
high water absorption, on average, of 45% of their initial dry mass after 24 hours, (2) a high porosity, 
ranging from 45% for aggregates smaller than 2.5mm to 64% for bigger aggregates, (3) a low apparent 
density, from 1.1 to 1.3 g/cm3, (4) low rigidity and low resistance to crushing, since TSA are easily 
crushed between two fingers, and (5) a high fine content of 35 to 40% in mass, which amount is 
obtained after thorough washing on a 80mm sieve. The PSD curve of TSA fines is quite narrow, 
although it ranges from 0.1 to 100 microns, with an average diameter of 11microns. No pozzolanic 
activity of TSA was evidenced during the feasibility study performed in our laboratory. This was also 
confirmed by the absence of any vitreous phase in the XRD analysis of TSA. The NovosolTM 
treatment calcination temperature of 650°C is high enough to decompose organic contaminants and to 
bring minor cohesion to the aggregates, yet it is insufficient to induce a real sintering which would 
close up porosity (or at least transform an open porosity in a closed one) and limit TSA brittleness. 
Due to the NovosolTM treatment also, no outer denser shell exists around TSA, as noticed on 
commercial artificial expanded clay aggregates, which display moderate water absorption together 
with a high porosity. Moreover, the sediments used in this study are of marine origin: sodium chloride 
is present and still active even after treatment (it melts at 801°C only, while the NovosolTM calcination 
is at ca. 650°C). As TSA present a proportion of chlorides of ca. 2.9 at%, their use should be limited to 
non-reinforced concrete structures. Depending on the nature of cement, it was shown in (Barberon et 
al., 2005) that chlorides enhance cement hydration in the first 24h, even if it is present in very small 
amounts (of 3% cement mass). 
The study presented herein follows those presented in (Agostini et al., 2007) and (Agostini et al., 
2010). They were both focused on a model cement-based material, i.e. a normalized mortar with a 
water-to-cement ratio (W/C) = 0.5. Contrarily to various studies, TSA were not used as cement 
substitutes but rather as natural sand aggregate substitutes, in proportions of 0, 33, 66 and 100% sand 
volume. Non-substituted mortar is used as the reference mortar (RM) in the following. Experimental 
curing conditions are either dry air (highly severe curing) or water immersion (ideal curing), both with 
initially 24h-pre-soaked TSA. 
Macroscopic properties, namely drying shrinkage, Young’s modulus E, uniaxial compressive strength 
fc and apparent gas permeability K have been evaluated at 28, 60 and 90 days and for two extreme 
curing conditions, see Figs. 1. Maturation time is proven to have a limited effect on mortar 
performance. Nevertheless, it was shown that, under water curing conditions and at 28 days, 
compressive strength fc is higher in presence of TSA, whatever their amount. fc reaches an optimum 
value at 20% above that of reference (non TSA-substituted) mortar for a 33% TSA substitution. This 
is attributed to a filler effect: fine TSA particles, either initially located at their surface or created by 
TSA crushing during mortar mixing, fill in cement paste voids, or reduce the wall effect at the cement 
paste/aggregate interface (i.e. the Interfacial Transition Zone, ITZ), see (Scrivener et al, 2004), 
(Moosberg et al, 2004), (Larbi-1993). Due to this filler effect, TSA fines probably improve the cement 
paste and the ITZ strengths. Moreover, air-cured mortar has consistently lower strength than water-



cured mortar, potentially due to greater micro-cracking. After air-curing also, TSA presence improves 
fc to a higher extent than after water curing. This is attributed to the internal curing effect of TSA: 
TSA release internal water which helps improve significantly cement hydration under deficient air-
curing conditions. Observed positive changes are attributed to the internal curing effect of water-
saturated TSA, whereas negative performance evolutions, significant above 33% substitution, are 
attributed to TSA brittleness. Finally, sodium chloride, although present in a very small amount, may 
contribute to the enhanced performance of TSA-substituted mortars, as observed after 28 days 
maturation. TGA analysis has proven that this is not the case, see (Agostini et al., 2010). 
 

 
Figure 1: (left) Uniaxial compressive strength fC at 28 days for water- and air-cured samples, as a function of 

substitution ratio. (right): Apparent gas permeability of air-cured and water-cured mortars as a function of 
substitution ratio. 

 
In parallel, see Fig.1 (right), gas permeability of water-cured mortar is consistently lower than after air 
curing, potentially due to smaller micro-cracking amount. Air-cured mortar also benefits from TSA 
presence, whatever its amount, by a permeability consistently lower than that of RM: this is also 
attributed to the internal curing effect. 
The actual understanding of these remarkably enhanced performance due to TSA presence has been 
investigated as regards the microstructure, using porosity, density, MIP measurements and SEM 
imaging, see (Agostini et al., 2010). Mortar density decreases linearly with total connected porosity 
when TSA amount increases. This is attributed to the effect of adding huge amounts of lightweight 
TSA with great internal porosity. MIP measurements show that the normalized pore size distribution is 
slightly shifted towards smaller pores for 33%-substituted mortar as compared to RM, with no 
significant effect of curing conditions. Yet, neither porosity increase (and density decrease), nor 
similar pore size distributions, explain the enhanced performance provided by TSA addition. Rather, 
the filler effect and the internal curing effect (for air-cured mortars) may be involved. The aim of the 
present contribution is to present further microstructure analysis of TSA-substituted mortars using the 
SEM. 
 
 
2- MATERIALS AND EXPERIMENTAL METHODS 
 
After one year maturation under deficient air-curing, reference mortar is compared to 33% or 100% 
substituted mortars. Mortar microstructure is observed using a SEM instrument (HITACHI S3600NTM) 
coupled to EDS analysis (Thermo Ultra DryTM detector), used at a constant acceleration voltage of 
15kV. Prior to observation, air-cured one-year old mortar samples were impregnated with low 
viscosity epoxy resin (Epofix, StruersTM). They were then polished using various discs covered with 
diamond wedges (ESCIL, France), and the surface was coated with a thin gold deposit (EMSCOPE 
SC500TM metallization instrument, by ElexienceTM, France). The EDS sensor allows quantitative 
chemical analysis with at least 1000 counts per image. For mortar, portlandite Ca(OH)2 is detected as a 
compound devoid of silicon, containing Ca and O only. C-S-H are detected by their (C/S) ratio. In the 



following, the (C/S) ratio is expressed in mass %, and it is deduced from Calcium, Silicium and 
Oxygen mass percentages %Ca, %Si and %O provided directly by EDS analysis, as: (C/S) = [%Ca + 
(1/3) %O] / [%Si + (2/3) %O]. Ordinary Portland cement hydration leads to a (C/S) ratio varying 
between 1.2 and 2.3 with an average around 1.75, which depends in particular on the acceleration 
voltage used for the EDS analysis (Taylor,1997), (Richardson,1999). 
 
3- RESULTS AND DISCUSSION 
 
3.1. REFERENCE MORTAR 
 

 
Figure 2: BSE imaging of a reference (non substituted) mortar showing the presence of a portlandite amount at 

the sand aggregate/cement paste interface, as identified by quantitative EDS analysis. 
 

The main noticeable feature of reference mortar is the presence of portlandite amounts, identified as 
light grey zones composed of Ca and O only by the EDS analysis, see Fig. 2. Cement paste also 
presents non hydrated zones (lightest grey), and capillary pores (darkest grey level). 
 
3.2. SEM OBSERVATION OF MICROSTRUCTURAL CHANGES IN PRESENCE OF TSA 
 

 
Figure 3: SE imaging of the failure surface of a 33%- substituted mortar, showing (left) the TSA and its high 
internal porosity (in black), and the interface with hydrated cement paste (right). Cement paste is significantly 

less porous than the TSA. 
 
First observations of TSA-substituted mortar are that: 1) TSA has a much greater internal porosity than 
that of the cement paste, see Fig.3; 2) no more portlandite amount is recorded at the interface between 
sand aggregate and cement paste (for 33% substituted mortar). There is none for 100%-substituted 
mortar; 3) micro-cracks (possibly generated by sample surface drying) pass through the interface 



between sand aggregates and cement paste, or through a TSA, see Fig. 4: no micro-crack is recorded 
passing through a sand aggregate, due to their greater strength. 
 

 
Figure 4: BSE image of a 33%-substituted mortar, showing a TSA aggregate (bottom left) and the propagation of 
micro-cracks at the interface between sand aggregate and cement paste. The EDS analysis shows that the TSA is 

made of 25.9 at% Ca, 54.1 at% O, 19.2 at% C and traces of Fe, i.e. it is possibly calcite CaCO3. 
 
TSA are of varied and complex stoechiometry: some are calcite CaCO3, see Fig. 4, and others are 
composed of O, Na, Mg, Al, Si, K, Ti, Fe or Ca, see Figs. 5 (left) and 6. Carbon C may be constitutive 
of the sample or of the epoxy resin used for its impregnation. 
The interface between cement paste and TSA is not systematically differentiated, see Fig.4 (TSA is at 
the bottom left of image), and Fig. 6. Like TSA itself, when it is distinct, the interface between TSA 
and cement paste is of a complex stoechiometry, see Fig. 5 (right). 

 

 
Figure 5: Observation of a 33%-substituted mortar, showing (left) the presence of a thin light grey layer at the 

TSA/cement paste interface. The EDS analysis shows that the TSA stoechiometry is complex: it is made of 40-
50 at% O, 2-3 at% Na, 0.5-1 at% Mg, 8.3-12.6 at% Al, 15-22.5 at% Si, 2.1-2.8 at% K, 1.2-1.8 at% Ti, 1.8-3 at% 
Fe and traces of Ca. (right): close-up view of the ITZ (bottom left of image). All EDS points taken into the ITZ 

display significant amounts of Si, Ca, Al, Fe and O, attributed to the presence of hydrated calcium alumino-
ferrite (4CaO. Al2O3. Fe2O3.nH2O) combined with C-S-H. 

 
For 33%-substituted mortar, the interface between sand and cement paste has also been analysed 
further, see Figs. 7. Although no more portlandite amount is observed, a denser interface is very often 
observed (this analysis is only qualitative at this stage), see Fig.7 (left). The 2-5 microns thick ITZ is 
characterized by a uniform grey color, without darker spots indicating, at the observation scale, the 
presence of capillary pores. Its EDS analysis shows that this ITZ is mainly composed of C-S-H, with 



C/S ratios ranging between 1.19 and 1.81, despite potential traces of Ni and Mg (by up to 1at%). The 
denser ITZ may also be accompanied by a thin lighter grey layer in contact with the sand aggregate, 
see Fig. 7 (right). This layer has been characterized by the EDS as being made of noticeable amounts 
of Si, Ca and O, yet not in the proportions usual to C-S-H, because of non negligible amounts of Mg 
and Fe (along with traces of Al, P, S). A more complex stoechiometry than C-S-H is involved here. 
 

 
Figure 6: Observation of a 33% substituted mortar showing no differentiated ITZ between TSA (uniform grey, 

top of image) and cement paste. The EDS analysis shows the presence of Si, Ca and O at the interface. The 
sediment aggregate is made of O (44 at%), Al (8 at%), Si (14 at%), Fe (2 at%) and Ca (1.8 at%). 

 

 
Figure 7: Observation of a 33% substituted mortar showing (left): a densified ITZ between sand aggregate (dark 
grey, top of image) and cement paste; (right): a close-up view of the denser interface and of the thin interfacial 

layer. 
 
CONCLUSIONS 
 
The microstructure of TSA-added mortar has been characterized by a SEM image analysis coupled to 
EDS. Whereas reference, non substituted, mortar, presents regular amounts of portlandite at the 
sand/cement paste interface (the ITZ), none was observed for the 33%-substituted mortar. Instead, a 
denser, uniformly light grey, 2-5 microns thick interface is seen; the EDS analysis shows that it is 
composed of C-S-H; it may also be associated to a lighter thin interfacial layer of more complex 
stoechiometry, in direct contact with the sand aggregate. Usually, (Moosberg-Bustnes et al., 2004), 
portlandite amounts, located in the ITZ, are reputed to weaken the material macroscopic strength: TSA 
presence removes this negative effect. Moreover, the denser ITZ observed in TSA-substituted mortars 
is beneficial to mortar strength, and also to its permeability (Moosberg-Bustnes et al., 2004). Indeed, 
gas passage is less easy through a porous mortar with denser interfaces. Besides, TSA stoechiometry is 



varied, with calcite or more complex atomic composition. The interface between TSA and cement 
paste is not consistently differentiated, and it has a complex stoechiometry (like TSA) whenever it is 
present. It is difficult to conclude to the contribution of such interface to the enhancement of the 
mortar macroscopic strength (or to its lower permeability). Anyway, it was shown that TSA being 
brittle and much less rigid than sand aggregates, they constitute preferential pathways for micro-
cracks: when present in sufficient amounts (above 33% sand volume), TSA have significant negative 
effects upon mortar performance and durability. 
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Abstract 
The mechanisms of sulfate attack on concrete and the effect of binder composition on the development of phases, 
microstructure and thus expansion and damage are still not well understood. Sulfate attack was investigated with 
regard to the effect of sulfate concentration, duration and temperature on the reactions between the binder matrix 
phases and the pore solution. Samples with different binder compositions were stored in sulfate solutions with different 
concentrations at different temperatures. After different periods, sample material was removed from hardened cement 
paste cylinders by turning on a lathe. The phases were analysed over the depth of the cylinders by XRD and NMR 
spectroscopy. Consequently changes in crystalline phases as well as amorphous phases like C-S-H or C-A-S-H could be 
resolved over the depth of the samples. The results of mineralogical changes in dependence of sulfate concentration, 
time and temperature are compared with changes in the expansion of parallel specimens.  
First results show that the formation of ettringite is controlled by the dissolution kinetics of poorly crystalline AFm 
phases and portlandite. In general, at higher sulfate concentrations the formation of ettringite occurred in deeper parts 
of the cylinders. Gypsum formation is controlled by pH and was limited to higher sulfate concentrations and the surface 
regions of the cylinders. The 29Si NMR results show an increase of the average chain length of the C-S-H phases with 
the degree of sulfate attack which also indicates a reduction of the Ca/Si ratio of the C-S-H phases. The expansion of 
parallel specimens correlates with the amounts of newly formed ettringite and gypsum.  
 
Originality 
This research focuses on the effect of changes in phases on expansion and damage during sulfate attack for different 
storage conditions. XRD is combined with NMR spectroscopy (27Al-NMR and 29Si-NMR spectroscopy) to obtain 
information about changes in crystalline phases and amorphous phases like C-S-H, the decomposition of C-S-H and the 
effect of Al incorporated in C-S-H– an important factor with regard to sulfate attack. Additionally, the storage solution 
is analyzed by ICP-OES. This new approach yields data on crystalline and amorphous phases (C-S-H) including the 
role of aluminium over depth as sulfate attack progresses. This is necessary to understand the mechanisms leading to 
expansion. 
 
Chief Contributions 
The results of this research present new findings concerning the main mechanisms of external sulfate attack ranging 
over field and laboratory testing conditions and their effect on expansion and damage. This should help in the 
conception of new testing methods for the resistance of concrete to external sulfate attack - at present no standard test 
for external sulfate attack exists in Europe. The combination of XRD and NMR seems to be a promising method to 
describe the main mineralogical and chemical changes during external sulfate attack on concrete. 
 
Keywords: Sulfate Attack, Durability, NMR Spectroscopy, XRD, C-S-H.   
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1. Introduction 
 
Sulfate attack describes the reactions between sulfate ions and the components of hardened concrete, 
especially the binder, which occurs upon exposure of concrete structures to moisture and sulfates.  
Expansion, cracking and, possibly, loss of cohesion can occur (Skalny et al., 2002). The chemistry of 
sulfate attack on concrete is complex and involves numerous of chemical reactions. It is generally 
accepted that the deterioration of concrete exposed to sulfate ions is due to expansion pressure caused 
by ettringite and, for higher sulfate concentrations, gypsum. Additionally, at low temperatures and in 
the presence of carbonate the formation of thaumasite can occur which leads to loss of cohesion due 
to decomposition of C-S-H (Schmidt et al., 2008). Whether destruction of a concrete structural 
component occurs as a consequence of sulfate attack depends on several factors. An increase in the 
sulfate resistance of concrete can be realized chemically by reducing the C3A content of the cement or 
by the use of fly ash (Bonakdar et al., 2010). A reduction in water/binder ratio or the use of fly ash 
also improves the resistance of concrete markedly. This is because concrete permeability is reduced 
and thus the ingress of sulfate ions into the concrete as well. The main mechanisms of sulfate attack 
on concrete are still not completely understood. How the formation and decomposition of different 
phases changes the microstructure of concrete and thus leads to the deterioration is still a matter of 
interest. The effect of factors like sulfate concentration, temperature and composition of the attacking 
solution as well as binder composition and the geometry of structural components are still not 
understood. This is the main reason for the absence of a European standard method for testing the 
resistance of sulfate attack. The investigations presented in this work focus on the mechanisms of 
sulfate attack. As a first step the effect of different binder compositions and storage conditions on 
phases, microstructure and expansion and thus damage of concrete was investigated. Hardened 
cement paste cylinders with different binder compositions were stored in sulfate solutions with 
different concentrations and at different temperatures. The development of phases over the depth of 
the cylinders was investigated by XRD and NMR spectroscopy. The expansion of mortar slabs was 
investigated to connect the changes in mineralogical composition to the mechanical behaviour.  
 
 
2. Materials and Methods 
 
In this study two different Portland cements were used; cement 1 (C1) with a high C3A content and 
cement 2 (C2) a high sulfate resistant cement, see Table 1.  
 
Table 1: Composition of the cements used for this study determined by XRD Rietveld. 
Cement Anhydrite Bassanite Gypsum C2S C3A C3S C4AF Calcite Periclase 

C1 2.6 n.d. n.d. 21.4 13.7 55.4 5.4 1.5 n.d. 
C2 2.6 1.6 2.9 8.7 2.9 59.6 20.5 0.8 0.3 

 
Polyethylene bottles (Ø 50×100 mm3) were filled with cement paste prepared at w/c ratios of 0.4 and 
0.5, sealed and stored at 20°C. During the first 24 hours the bottles were rotated to prevent 
segregation of the cement paste. After 28 days hydration at 20 °C the hardened cement paste cylinders 
were removed from the bottles and transferred to sodium sulfate solutions with sulfate concentrations 
of 1.5, 3.0 and 30 g/L and additionally to a saturated Ca(OH)2 solution as a reference, see Table 2. 
The sulfate solutions were renewed every 14 days and after 84 days every 28 days and the storage 
solutions were chemically analysed by ICP-OES. After different storage periods sample material was 
removed in layers each approximately 1 mm in thickness by turning on a lathe. The resulting powder 
was ground for 5 minutes in isopropanol and then dried at 40°C. According to Taylor 
(Taylor et al., 1987, Taylor et al., 1997) sample preparation in isopropanol should have no significant 
effect on the results of XRD and NMR spectroscopy.  For XRD quantitative phase analysis using the 
Rietveld refinement the samples were mixed with 20 wt.% ZnO as an internal standard and stored in 
argon atmosphere until measurement. This permits the estimation of the amount of non-crystalline 



phases by the Rietveld fitting procedure. The internal standard method and an error estimation of this 
procedure are well documented in the literature, see for example (Westphal et al., 2007). The XRD 
measurements were performed with a XRD 3003 TT diffractometer of GE Sensing & Inspection 
Technologies GmbH with θ-θ configuration und CuKα radiation (λ=1.54 Å). The angular range was 
from 5 to 70 ° 2 Theta with a step width of 0.02 ° and a measuring time of 6 sec / step. 
 
Table 2: Overview of mixes M1-M4 and storage conditions 
 M1 M2 M3 M4 
Cement C1 C1 C1 C2 
w/c ratio 0.5 0.5 0.4 0.5 
Temperature 20 °C 8 °C 20 °C 
Storage solution Ca(OH)2, 1.5, 3.0, and 30 gSO4

2-/L (Na2SO4)
Solution volume to surface ratio 15-20 L/m2

 
For the 27Al und 29Si NMR measurements subspecimens were taken from the samples prepared for 
XRD before mixing with ZnO. Solid state 27Al und 29Si MAS NMR spectra were performed with a 
Bruker Avance 300 NMR spectrometer (resonance frequency of 29Si and 27Al is 59.63 and 78.20 
MHz, respectively). The samples for the 29Si measurements were packed in 7 mm zirconia rotors and 
spun at 5 kHz.  The samples for the 27Al measurements were packed in 4 mm zirconia rotors and spun 
at 15 kHz. Single pulse technique was applied with repetition times of 5 and 1 s for 29Si and27Al, 
respectively. The simulation and deconvolution of the solid state 29Si NMR spectra were performed 
with the WINNMR software package.  
For the expansion measurements mortar slabs (1×4×16cm3) were prepared for mixes M1-M4 after 
DIN EN 196-1 with w/c ratios according to Table 2. For mixes with a w/c ratio of 0.5 the binder 
content was 450 g and the aggregate was 1350 g standard sand. After 24 hours the samples were 
demoulded and stored in a saturated Ca(OH)2 solution. After 28 days storage the slabs were 
transferred together with the hardened cement paste cylinders to the storage. After different periods of 
time the length change, mass change and dynamic elastic modulus were examined. 
 
 
3. Results and Discussion 
 
Figure 1 shows the amounts of ettringite, gypsum and portlandite measured after 182 days storage in 
different sulfate solutions over the depth of the cylinders for mixes M1 to M4. For all solutions 
containing sulfate the amount of ettringite increased after 182 days storage whereas the amounts of 
portlandite and AFm phases decreased in proportion. In general higher sulfate concentrations cause 
more ettringite formation in deeper parts of the cylinders. The highest amount of ettringite was 
observed for samples prepared with cement C1. The amount of newly formed ettringite after 182 days 
storage was about 3 times higher than for cement C2 with less C3A. A reduction in the permeability 
due to lowering the w/c ratio from 0.5 to 0.4 leads to a deceleration of the ingress of sulfate ions and 
thus to a reduced formation of ettringite and gypsum inside the cylinders, Figure 1. In the case of 
specimens stored at 8°C no differences compared with those stored at 20°C were apparent after 182 
days except the formation front of gypsum which seems to be slightly deeper for the cylinder stored at 
20°C. The initial content of AFm phases detected by XRD is low after 28 days hydration and in 
general broad peaks were observed for the AFm phases in all samples indicating poor crystallisation 
of the AFm phases and/or their solid solutions. 
Using 27Al NMR spectroscopy Al was detected in ettringite, AFm and C-A-S-H. The 27Al NMR 
measurements support the results obtained by XRD and show the formation of ettringite (δiso = 13.1 
ppm, Skibsted et al., 1993) accompanied by the dissolution of AFm (8.7 ppm). Figure 2 (b) shows the 
spectra recorded after 182 days storage for an initial sulfate concentration of 30 g/L over the depth of 
the cylinder and a reference sample stored in Ca(OH)2 at the surface (1mm) of the specimen. The 
amounts of ettringite correlate with the amounts calculated from XRD-Rietveld.  
 



  

  
Figure 1: Distribution of ettringite (E), portlandite (P) and gypsum (G) over the depth of the cylinders after 182 
days storage at different sulfate concentrations for samples M1 to M4 
 
The AFm phases can clearly be detected by 27Al NMR spectroscopy whereas by XRD revealed either 
none or just poorly crystalline AFm phases. Thus most of the AFm phases are amorphous since they 
cannot be detected by XRD. Based on XRD results only it is not obvious which phases contain Al, 
which is essential for the reaction to form ettringite. Even when the crystalline AFm phases are 
completely consumed ettringite continues to form. In earlier investigations (Müllauer et al., 2009) it 
was assumed that additional Al for ettringite formation must be supplied by other phases such as 
amorphous AFm or C-A-S-H. The present results indicate that Al for the formation of ettringite is 
supplied by amorphous AFm. No change in intensity of the peak at about 55 to 70 ppm representative 
for Al incorporated in C-S-H (Andersen et al. 2004) was observed over specimen depth or in 
dependence of sulfate solution concentration which indicates that Al bound in C-S-H is not available 
for ettringite formation. 
Gypsum formation is limited to the surface region of the cylinders and was only observed for initial 
sulfate concentrations of 3 and 30 g/L. At 30g/L gypsum generally forms at greater depths and in 
larger quantities. As expected from solubility behaviour higher sulfate concentrations promote 
gypsum formation. The formation of gypsum is accompanied by a reduction of portlandite.  
For all samples stored in sulfate solutions the amorphous content measured by XRD decreased in the 
surface regions of the cylinders. It is possible that this decrease is caused by (a) the reaction of 
amorphous and thus by XRD not detectable AFm phases to crystalline ettringite and (b) 
decomposition of the C-S-H phases providing Ca for the formation of ettringite and, at higher sulfate 
concentrations, gypsum. A reduction of the Ca/Si ratio of C-S-H due to sulfate attack has been 
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reported in the literature (Taylor 1997, Chabrelie 2010). The present 29Si NMR measurements reveal a 
variation of the ratio of the Q1 and Q2 sites with increasing sulfate concentration. Figure 3 shows the 
29Si NMR spectra for sample M1 after 56 days storage at different sulfate concentrations. Higher 
sulfate concentrations result in lower Q1/Q2 ratios. 
 

20 0

(a) 30g/L SO4
2-_1mm

3g/L SO4
2-_1mm

1,5g/L SO4
2-_1mm

Ca(OH)2 _1mm
M

E

[ppm]   20 0

(b)

Ref (Ca(OH)2)

5mm

4mm

3mm

2mm
1mm

M

[ppm]

E

   
Figure 2: 27Al NMR spectra recorded (a) after 56 days in Ca(OH)2, 1.5, 3 and 30 gSO4

2-/L solutions at the 
surface of the cylinders, 1mm depth, (b) after 182 days for 30 gSO4

2-/L over cylinder depth with a spectrum for 
Ca(OH)2 storage as reference, both of mix M1 (C1, w/c=0.5, 20°C) E=ettringite, M=AFm  
 
Moreover, this effect was also clearly observed over the depth of the cylinders M1 for an initial 
sulfate concentration of 30 g/L and after 182 days storage where the Q2 signal increases towards the 
surface, see Table 3. The increase of the Q2 site is related to an increase in the average chain length 
(Table 3) and a reduction in the Ca/Si ratio of the C-S-H phases (Klur et al., 1998). The average chain 
length and the Al/Si ratio of the C-S-H phases were estimated for mix M1 using Equations 1-2 
(Richardson, 1997; Andersen et al., 2004).  
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Figure 3: 27Si NMR spectra for surface material (1 mm) for mix M1 (C1, w/c=0.5, 20°C) recorded after 56 days 
storage in (a) Ca(OH)2 solution (b) 1.5 gSO4

2-/L and (c) 30 gSO4
2-/L  

 

The average chain length regarding the SiO4/AlO4 tetrahedra (CL) did not change appreciably after 56 
days storage in sulfate solutions with concentrations of 3 g/L and lower. For layers strongly attacked 
by an initial sulfate concentration of 30g/L, (after 56 days 1 mm, after 182 days 1-3 mm as shown by 
XRD results) an increase in the average chain length was observed.  
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Table 3: Average chain length and Al/Si ratio of the C-S-H phases calculated after Equations 1-2 for mix 
M1 (C1, w/c=0.5, 20°C) 
Initial storage solution 

[g/L SO4
2-] 

Depth 
[mm] 

Age 
[d] 

CL Al/Si ratio

- - 0 4.2 0.105 
0* 1 

56 

4.3 0.115 
1.5 1 4.3 0.085 
3 1 4.2 0.082 

30 1 4.9 0.073 
1.5 1 

112 
4.9 0.091 

30 1 5.3 0.091 
30 1 

182 
5.5 0.097 

30 2 4.9 0.097 
30 3 4.6 0.078 

* saturated Ca(OH)2 solution 
 
After 182 days, the increase in the average chain length clearly correlates with the amount of ettringite 
and gypsum formation and the decrease of the amorphous content of the samples. The significantly 
larger amount of gypsum and ettringite at high sulfate concentrations, which represent laboratory test 
conditions, lead on the one hand to a significant higher expansion pressure due to additional gypsum 
and ettringite and on the other hand to loss of strength due to the decalcification of the C-S-H phases 
by reducing the Ca/Si ratio as can be seen from the 29Si NMR results. The calculated Al/Si ratios vary 
between 0.073 and 0.115 which are in good agreement with values observed in the literature 
(Richardson et al., 1997). No clear correlation between the Al/Si ratio and the degree of sulfate attack 
could be observed for the samples present in this paper.  
 

 
Figure 4: Expansion of slabs M1 to M4 over duration of storage in sulfate solution 
 
In general, higher sulfate concentrations resulted in a higher expansion of the slabs. This is related to 
an acceleration of the ingress of sulfate ions into the samples which leads to a higher formation of 
ettringite and gypsum in deeper parts of the cylinders and loss of strength due to decomposition of the 
C-S-H phases, see Figure 3. The expansion after 196 days storage of the slabs prepared with the high 
sulfate resistant cement stored at a sulfate concentration of 30 g/L was about 10-15 times higher 
compared with samples stored at 1.5 and 3 g/L, Figure 4. This increase in expansion can be explained 
by the formation of gypsum because the amount of ettringite is low and about the same for all initial 
sulfate concentrations. Additionally, the decomposition of C-S-H due to a reduction of the Ca/Si ratio 
leads to loss of strength of the binder matrix. In general no well-defined correlation between the 
formation of ettringite and gypsum with the expansion of the slabs could be observed. Thus the 
expansion of the slabs can not only be based on the amounts of ettringite and gypsum.  
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The analyses of the storage solutions by ICP-OES show a decrease of the release of K and Ca with 
time. No correlation between the Al contained in the storage solutions and the formation of ettringite 
was observed. In general only a small amount of Al was detected. The pH of the solutions decreased 
about 0.5 after 182 days storage.  
 
 
4. Conclusions 
 
The combination of XRD and NMR spectroscopy has proved to be a useful instrument for 
investigating the mechanisms of external sulfate attack on concrete because the changes in phases in 
dependence of different storage conditions can be investigated. Aluminium, which is necessary for the 
formation of ettringite during sulfate attack, is supplied by AFm phases, which are poorly crystalline 
or amorphous and thus not resolved by XRD. Crystalline AFm was not or just in small amounts 
present in the present investigations. The results of the 27Al NMR measurements show no correlation 
between the strength of sulfate attack and the amount of Al incorporated in C-S-H indicating that C-
A-S-H phases does not supply Al for the formation of ettringite. The 29Si NMR measurements show 
that penetrating sulfate ions result in an increase in the chain length of the C-S-H phases. It is 
concluded that Ca is supplied for the formation of gypsum and ettringite by C-S-H decalcification 
resulting in lower Ca/Si ratios. As opposed to low sulfate concentrations (3<g/L) occurring in the 
field, high sulfate concentrations  as used in laboratory tests lead to (i) acceleration of the sulfate 
ingress and a faster ettringite formation at greater specimens depths, (ii) formation of high amounts of 
gypsum and (iii) decomposition of the C-S-H phases by Ca dissolution and thus loss of strength. The 
high amounts of ettringite and gypsum and the additional decomposition of the C-S-H phases lead in 
total to significant larger expansions in comparison to field sulfate concentration. The expansion of 
slabs can not only be attributed to the content of ettringite and gypsum. Changes in C-S-H, 
microstructure and the porosity also have an impact on the expansion of the slabs. The use of such 
high sulfate concentrations for laboratory testing conditions lead to a false assesment of the behaviour 
of concretes exposed to field sulfate concentrations and is therefore inappropiate.  
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Abstract 
 

About 16,000 metric tones of Spent pot refractory lining (SPRL) waste are generated annually from aluminum 
plants in India and are lying unutilized thereby occupying valuable land. The delined refractory waste generally 
contains 10-12% alkali and 8-10% fluoride  and  can find application as mineralizer in the manufacture of Ordinary 
Portland Cement. Investigation was carried out with a typical SPRL  sample collected from a plant of National 
Aluminium Company Limited (NALCO) which was found to contain 11.78%  Na2O, 0.68 %K2O and 9.45 %fluoride 
respectively. An optimized dose of about 1.5% SPRL in the raw mixes designed using conventional raw materials 
indicated well burnt laboratory clinker produced at 30 – 40OC lower burning temperature as compared to a control mix 
without SPRL.  

 
Different mixes were designed with low alkali raw materials and using varying dosages of SPRL. The 

burnability investigations of a raw mix showed free lime content of 0.56 percent containing 1.5 % SPRL when burnt at 
1400oC for 20 minutes whereas in the control mix, the free lime could be reduced to the same level only at 1450oC. The 
clinker made using SPRL also showed well formed mineral phases at 1400oC. The resultant cement yielded compressive 
strength of 33.4, 48.3 and 58.0 MPa at 3, 7 and 28 days. The performance characteristic showed conformity to IS: 
12269-1987 for 53 grade of Ordinary Portland Cement. The use of SPRL in cement manufacture as mineralizer showed 
potential for reducing the energy consumption, improving the clinker morphology and resultant cement performance 
besides giving value addition to SPRL. 
 
Originality of the Research 

SPRL waste was investigated for use as raw material for the first time in India.  The clinker made using SPRL also 
showed well formed clinker mineral phases at 1400oC. The performance characteristic of resultant cement showed 
conformity to IS: 12269-1987 for 53 grade of Ordinary Portland Cement. The use of SPRL in cement manufacture as 
mineraliser showed potential for reducing the energy consumption, improving the clinker morphology and resultant 
cement performance besides giving value addition to SPRL. Subsequent to the study a patent has also been filed. 

Chief Contributions made by the Research  
 
The burnability investigations of a raw mix showed free lime content of 0.56 percent containing 1.5 % SPRL when 
burnt at 1400OC for 20 minutes whereas in the control mix, the free lime could be reduced to the same level only at 
1450oC. The clinker made using SPRL also showed well formed mineral phases at 1400oC. The resultant cement 
yielded compressive strength of 33.4, 48.3 and 58.0 MPa at 3, 7 and 28 days. The performance characteristic showed 
conformity to IS: 12269-1987 for 53 grade of Ordinary Portland Cement. The use of SPRL in cement manufacture as 
mineralizer showed potential for reducing the energy consumption, improving the clinker morphology and resultant 
cement performance besides giving value addition to SPRL 
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Introduction 
 
 

M/s. NALCO is producing about 3,45,000 MT of primary aluminium per annum from its smelter 
located at Angul in the state of Orissa  in India. In the process approximately 6000 MT of waste known as 
Spent Pot Lining (SPRL) is generated from the electrodes. The waste remains unutilized and is dumped in 
pits.  About 2/3rd quantity of the SPRL waste is carbonaceous and remaining is mainly refractory portion. 
 

  The SPRL waste so generated is lying unutilized occupying large tracts of valuable land and 
creating environmental and ecological problems. National Council for Cement and Building Materials 
(NCB) has done pioneering work in the area of utilization of industrial wastes for the manufacture of cement. 
The present study aims at using hitherto unutilized SPRL waste for the manufacture of cement. The chemical 
analysis of the various SPRL waste collected from different pots in the plant indicate that the variations of 
Na2O, K2O and fluoride content are in the range of 10.13-13.17 %, 0.46 – 0.72 % and 8.70 – 9.94 % 
respectively. A composite sample was prepared from these SRPL samples and the same was used in the 
study. The chemical analysis of composite SPRL indicate that its matrix is compatible with the cement 
system and can be used in the manufacture of OPC (Table 1). The SPRL waste has been found to contain 
high fluoride and may be used as a mineralizer  in the manufacture of OPC and the presence of high alkali 
content in the SPRL waste hinders its more utilization.  
 

 The present study aims at using SPRL waste as a raw material for the manufacture of OPC.  The 
utilization of the SPRL waste in manufacture of cement not only offers a significant saving in fuel  but also 
provides solution to ecological problems created by disposal of SPRL waste in open area.  

 
 

 

Experimental    
 
 

The low alkali bearing raw materials, limestone both high and medium grade, iron ore, bauxite  and 
SPRL samples were characterized for their chemical and mineralogical properties using standard / 
standardized procedures.  The results are presented in Table 1 and Fig. 1 respectively.    

 

TABLE 1:  CHEMICAL COMPOSITION OF RAW MATERIALS  
 

Sl. No Raw Materials LOI SiO2 Fe2O3 Al2O3 CaO MgO Na2O K2O F 
1. SPRL Sample     23.21 22.17 1.69 22.92 6.35 0.57 11.78 0.68 9.45 
2. Limestone-High Grade  37.69 6.94 1.29 2.05 48.63 1.68 0.07 0.08 - 
3. Limestone-Medium Gr.  34.92 15.45 0.59 2.07 44.75 0.94 0.17 0.11 - 
4. Iron Ore 8.87 29.93 53.84 3.49 1.88 0.96 0.11 0.13 - 
5. Bauxite 25.09 2.68 21.78 47.69 0.27 0.19 0.09 0.02 - 
6. Gypsum  11.55 34.68 1.24 1.07 20.79 2.32 0.10 0.01 - 
7. Coal ash* 0.87 58.64 6.25 25.85 3.19 0.67 0.10 0.01 - 

              * SO3 content  is 1.72 %,       SO3 =  26.40,   
   

                                   

 
FIG. 1  : X-RAY DIFFRACTOGRAM OF SPRL COMPOSITE SAMPLE 

 



Six raw mixes were designed with the above raw materials keeping coal ash absorption level at 2.50 
percent.  The proportions of raw materials are given in Table 2.  Raw mixes RM-C, RM-1 to RM-5 were 
repared by taking weighed quantities of raw materials as per the raw mix designs.     p  

 
The contents were thoroughly blended and ground to a fineness of 10 percent residue on 170 mesh.  

Nodules of about 1 cm in diameter were prepared and dried in an oven at 105±5°C for 2 hours before 
subjecting them to burnability studies.  The burnability studies were carried out by introducing the nodules in 
laboratory electric furnace at ambient temperature, which was gradually raised to 1450°C.          

 
TABLE 2:   UTILIZATION   OF   SPRL  WASTE   
                   AS  A  COMPONENT  OF  RAW MIX 
 
                 Coal Ash absorption  = 2.50 % 
 
 
 

The raw mixes were fired at 1350, 1400 
and 1450°C with a retention time of 20 
minutes.  The clinkers CL-C, CL-1,  CL-2, 
CL-3,  CL-4,  & CL-5  prepared from  RM-
C, RM-1, RM-2, RM-3, RM-4, and RM-5 
respectively were room cooled and free 
lime determined. The results are presented 
in Table 3 and Fig 2.   

LS-
HG 

LS-
MG 

Iron 
Ore  Bauxite SPRL 

Waste Sl. 
No. 

Raw 
Mix 
No.       ------------ Percent ---------- 

1. RM-C 25.00 69.75 3.00 2.25 - 
2. RM-1 20.00 75.25 2.50 1.25 1.00 
3. RM-2 26.00 68.00 3.00 1.50 1.50 
4. RM-3 27.00 67.00 3.00 1.00 2.00 
5. RM-4 29.50 64.00 3.00 0.50 3.00 
6. RM-5 30.00 63.00 3.00 0.50 3.50 

 
 

 
 
TABLE  3 :  BURNABILITY  STUDIES  OF  
         RAW MIXES    
 

                                          Retention Time : 20 min  
 

Sl.    
No.  

Sample 
No. 

Temp.       
(°C) 

CaOf  
(%) 

1. RM-C 1350 
1400 
1450 

1.76 
1.01 
0.60 

2. RM-1 1350 
1400 
1450 

1.36 
0.71 
0.40 

3. RM-2 1350 
1400 
1450 

1.21 
0.56 
0.39 

4. RM-3 1350 
1400 
1450 

1.01 
0.47 
0.36 

5. RM-4 1350 
1400 
1450 

0.97 
0.43 
0.35 

6. RM-5 1350 
1400 
1450 

0.82 
0.26 
0.05 
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 FIG. 2 : BURNABILITY CURVES OF RAW MIXES 

 
Based on burnability results, raw mix  RM-C & RM-2 was selected and bulk clinker samples CL-C & CL-2 
were prepared from it and characterized. The results are presented in Table 4 and Fig 3 & 4. Performance 
characteristics of OPC-C and OPC-2 prepared from above clinker CL-C and CL-2 were studied and the 
results are presented in Table 5.  
 
 
 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

FIG. 3 : X-RAY DIFFRACTOGRAM OF BULK CLINKER SAMPLE (CL-C) WITHOUT SPRLWASTE 
 
 
 

 
 
 
 

 

 

FIG. 4 : X-RAY DIFFRACTOGRAM OF BULK CLINKER SAMPLE (CL-2) WITH SPRL WASTE 
 
 
 

 



 
 
   

 
 

Results Sl. 
No. Property 

OPC-C OPC-2 

1. Fineness,  m2/kg 288.0 299.1 

2. Setting Times, Minutes  
              Initial  
             Final  

 
98 

162 

 
83 

160 

3. Compressive Strength, MPa 
                3 days 
                7 days  
             28 days 

 
31.0 
47.5 
56.1 

 
33.4 
48.3 
58.0 

4. Soundness  
        Le-Chatelier Exp., mm  
        Autoclave Exp.  (%) 

 
1.2 

0.032 

 
1.0 

0.043 
 
 

    
 

 

Results and Discussion  
   

 Chemical analysis results (Table 1) indicate that high grade limestone (LS-HG) and medium grade 
limestone contains  48.63 & 44.75 percent CaO,  6.94 & 15.45 percent SiO2 and 1.68 & 0.94 percent MgO 
respectively.  X-ray diffraction analysis indicated the presence of calcite as major mineral and α-quartz as 
minor mineral. These results indicate that both limestone samples can be considered suitable for the 
manufacture of OPC.  
 
 The results of chemical analysis of composite sample of SPRL waste revealed the presence of 22.17, 
22.92, 6.35, 11.78 and 9.45 percent SiO2, Al2O3, CaO, K2O and fluoride respectively. X-ray diffraction 
analysis indicated the presence of predominantly Cristobalite (SiO2), corundum (Al2O3), sillimanite & 
kyanite (Al2SiO5), cryolite (Na3AlF6), dioyudaoite (Na3Al11O17)  along with small amount of 
fluorite (CaF2). 
 
 

 Chemical analysis of iron ore and bauxite indicated the presence of 53.84 & 21.78 percent Fe2O3, 
3.49 & 47.69 percent  Al2O3, 29.93 & 2.68 percent SiO2.   Analysis of iron ore & bauxite indicated that these 
are considered suitable as a corrective material.  
 
 While designing the raw mixes, efforts were made to keep the level of utilization of SPRL waste to 
the maximum possible extent. But because of presence of the high Na2O content (11.78 percent) its 
proportion in the raw mixes could not be increased beyond 1.5 percent.  
 
 The results of free lime determination (Table 3) indicate that all the six raw mixes have good 
burning characteristics (Fig. 2) and are capable of yielding quality clinkers when test fired at 1400 & 1450°C 
with retention time of 20 minutes.  The choice of selecting the raw mix was limited and varied in terms of 
utilization level of SPRL waste, iron ore and bauxite content.  Raw mixes RM-C (control) & RM-2 was 
selected for the obvious reason of utilizing SPRL waste 1.50 percent and requiring 3.00 & 1.50 percent of 
iron ore & bauxite.  The free lime content in clinker samples (CL-1 to CL-5) was found to be less than 0.75 
percent at 1400oC and in case of control sample CL-C it was at 1450oC. The effect of fluoride present in 
SPRL waste on the clinkerisation was clearly visible in the burnability investigations. It can be seen that at 
1400oC the clinker from control raw mix showed free lime content of 1.01 % which was reduced to 0.56 % 
in case of clinker from raw mix RM-2 where SPRL waste used was 1.5 %.  At other temperatures also 
similar effects on lime assimilation was observed. The addition of fluoride in the raw mix has clearly 
resulted in the decrease in free lime content at the corresponding temperatures indicating its effect as 
potential mineralizer. 
 

 CL-C CL-2 Sl. 
No. 

Constituent 
Determined -----Percent----- 

1. LOI 0.55 0.62 
2. SiO2 21.60 21.76 
3. Fe2O3 4.45 4.20 
4. Al2O3 5.39 5.37 
5. CaO 64.98 64.66 
6. MgO 1.70 1.72 
7. SO3 0.06 0.08 
8. Na2O 0.22 0.45 
9. K2O 0.20 0.20 

10. CaOf 0.23 0.28 
11. F - 0.21 

TABLE 4 : CHEMICAL ANALYSIS    TABLE 5 : PERFORMANCE OF ORDINARY PORTLAND  
                  OF  BULK  CLINKER                    CEMENTS PREPARED FROM CLINKER, CL-3         
                  SAMPLE   (CL-3)                 AND CL-5

 



 Raw Mix RM-2 was designed with four components viz. 26.00 percent high grade limestone, 68.00 
medium grade limestone, 1.50 percent SPRL waste, 3.00 percent iron ore  and 1.50 percent bauxite.  The 
coal ash absorption level was kept at 2.50 percent.  Raw mix, RM-2 yielded good clinker with the modulii 
values almost as per the design at 1400°C with a retention time of 20 minutes..  The raw mix RM-2 was 
selected to avoid excess alkali content in the clinker. Raw mix, RM-2 was therefore considered more 
promising and selected for the preparation of bulk clinker.   
 

Further bulk clinker samples (~10 kg) each were prepared from raw mixes RM-C &  RM-2 
and characterized for chemical and mineralogical composition.  Free lime content was found to be 
0.23 & 0.28 percent in CL-C and CL-2 respectively. SiO2 and CaO contents were found to be 21.60 
& 21.76 and 64.98 & 64.66 percent respectively. While the K2O content in the clinker remained 
more or less same, the Na2O content increased to 0.45 % when compared with that of control 
clinker. The alkali equivalent in the clinker however remained below the generally acceptable 
limits. The phase composition calculated by Bogue’s formulae indicates that the quality of clinker is 
good and is capable of yielding good quality cement. Optical microscopic investigations indicated 
homogeneous distribution of well developed alite  (50 & 51 percent) and belite (21 & 20 percent)   
(Plate 1).  It can be seen that the addition of SPRL has helped in development of clinker phases. The 
well developed phases were formed at clinkerisation temperature of 1400oC. The alite grains were 
predominantly hexagonal to pseudo hexagonal in shape.   In case of control raw mix, RM-C 
(without addition of SPRL waste) clinker phases were moderately developed with alite grains 
ranging from lath to pseudo hexagonal shape. The x-ray diffraction analysis of clinker samples           
CL-C & CL-2, indicated the presence of 55 & 56 percent C S and 17 & 19 percent C3 2S phase are 
presented in Fig. 2 & 3 respectively. 
    

 
 
 
 
 
 
 
 
 
 

  
 

 
 
 

  

 
 
 

PLATE 1 : OPTICAL  MICROGRAPH  OF  BULK  
                  CLINKER SAMPLE (CL-C) WITHOUT  

PLATE 1 : OPTICAL  MICROGRAPH  OF  BULK  
                  CLINKER   SAMPLE  (CL-2)   WITH  

                   SPRLWASTE                   SPRLWASTE

 
Ordinary Portland Cement OPC-C and OPC-2 were prepared by grinding CL-C and  CL-2 

respectively with mineral gypsum to a fineness of  ~300.0 m2/kg keeping SO3 level at 2.0 percent and its 
performance determined.  The results (Table 5) indicate that the both OPC samples conformed to the all  

 
The performance of OPC prepared with and without SPRL waste indicates that the cement meet the 

requirements of Indian Standard Specification IS:12269-1987  for 53 grade OPC. While there is virtually no 
appreciable impact on the setting times of the control OPC and OPC-2, the initial compressive strength at              
3 days has shown improvement by about 2.4 MPa due to development of improved clinker phases in clinker 
sample CL-2 containing SPRL. 
 
 
 
 
 
 
 
 

 



 
 
Conclusions  
 
i) Characterisation of SPRL waste indicates that it contains high alkalies and fluoride content. 

Therefore low alkali bearing raw materials could be used to prepare cement with tolerable range of 
alkali. 

 

ii) The performance of OPC prepared with 1.50 percent SPRL waste as raw mix component indicates 
that at fineness of 300.0 m2/kg, the cement satisfies all the requirements of Indian Standard 
Specification IS:12269-1987  for 53 grade OPC.  

 

iii) SPRL waste can be gainfully utilized as a mineralizer upto 1.5 percent in cement  raw mix reducing 
clinkerisation temperature in the range of by 30-40oC and yielding good quality clinker resulting in 
performance comparable to control ordinary Portland cement.  
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Abstract:  

Industrial byproducts and waste materials are commonly used as alternate fuels in the cement manufacturing 

process in lieu of burning coal. In general, the four primary mineral compounds [3CaO·SiO2 (C3S) or alite, 

2CaO·SiO2 (C2S) or belite, 3CaO·Al2O3 (C3A) or aluminate and 4CaO·Al2O3·Fe2O3 (C4AF) or ferrite] in the 

cement are well controlled and preserved with the use of any byproduct and waste materials.  However, the use 

of these alternate fuels may change the minor chemistry in the clinker and cement. This change can sometimes 

potentially impact the clinkering process and cement performance.  

Petroleum coke (often abbreviated as “petcoke”), a carbonaceous solid derived from oil refinery coker units or 

other cracking processes, is widely used in the cement making process as an alternative fuel source. Due to its 

high sulfur content, the use of petcoke in the burning process can increase sulfur content in the clinker by 

several times. Investigations in this paper revealed that: 

1. Increased sulfur content in the clinker  significantly promotes the formation of the alite phase;  

2. Mineral compounds are more uniformly distributed within the clinker matrix; 

3. Belite clusters are significantly reduced; and  

4. In general, the reactivity of the cement is increased.  

Originality 

The research in this paper was directly originated from industrial cement productions by substituting coal 

burning fuel with petroleum coke (petcoke).  The inherent chemistry of high sulfur content in the petcoke 

drastically increased the sulfur content in the clinker. As a result of the increased sulfur content, many 

unintended changes related to the clinkering behavior and cement performance characteristics were observed. 

Chief contributions 

Previously, there were some research activities to study the role of sulfur in clinkering process. Most of the 

times, elevated SO3 content in the clinker were negatively perceived due to its volatile potential.  There were 

also positive reports suggesting beneficial effects of the high sulfur content in the clinker.  A systematic research 

program was conducted in this paper with the objectives to: 

1. Investigate the effects of high-sulfur petcoke burning on clinkering process; 

2. Study the effects of increased sulfur content in the clinker on mineral phase (alite and belite) crystallization 

process and crystal  growth/development; 

3. Study the effects of high-sulfur petcoke on clinker chemistry and mineralogy; 

4. Investigate the performance of the cement produced with petcoke burned clinker;  

5. Theorize important aspects related to the beneficial effect of high sulfur content in the production of very 

low aluminate clinker. 

 

Keywords: Petcoke, clinker, sulfur, alite, belite, crystals, mineral phase reactivity, 
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1. INTRODUCTION 

Cement production is an energy-intensive process. The majority of the energy consumption is from 

burning a raw powder mixture containing the calcium (mostly from limestone), silica, aluminum and 

iron at about 1450 
o
C to form the so-called “clinker”. The heating process converts precursor 

chemistry of calcium, silica, aluminum and iron to the “clinker” material which contains four major 

mineral compounds. The mineral phases and corresponding chemistries are summarized in Table 1.  

Table 1: Clinker Mineral Phase and Chemistry 

Mineral Compound chemistry Cement chemistry short note

Alite 3CaO·SiO2 C3S

Belite 2CaO·SiO2 C2S

Aluminate 3CaO·Al2O3 C3A

Ferrite 4CaO·Al2O3·Fe2O3 C4AF  

The clinker is pulverized together with gypsum resulting in the final product called “cement”. The 

four major phases in the clinker are responsible for the hydraulic properties of cement. The gypsum in 
the cement acts as setting regulator during hydration process. This high energy-intensive pyro-

processing (clinkering process) has forced the scientists and engineers in the industry to look for ways 

to improve the process efficiency as well as searching for alternative sources of fuels other than coal. 

One of the most notable examples of this alternative is the use of petroleum coke (often abbreviated as 

“petcoke”), a carbonaceous by-product derived from oil refinery coker units or other cracking 

processes. However, petcoke generally is high in sulfur and low in volatile content. Therefore, 

burning petcoke potentially poses some environmental problems in its sulfur emission. In order to 

eliminate secondary environmental impact due to sulfur emission, sulfur capture technology has to be 

employed in some applications such as the boiler at utility stations.   The method most frequently used 

to scrub sulfur is to apply a basic solid or solution such as calcium oxide, to the flue gas of the pyro-

stream to capture the emitting sulfur. The sulfur is retained in solid calcium sulfate phase and would 

not be emitted to the atmosphere. Although the technology is quite simple and sound, such a process 

unavoidably generates another waste-byproduct, the solid sulfate material, which needs to be disposed 

of. In contrast to industrial boiler applications, the use of petcoke in clinker kilns has a major 

advantage in that no sulfur capture technology is needed. A well-controlled clinker kiln system can 

completely capture the sulfur, and include it in the clinker as part of its chemistry. Therefore, no 

additional waste byproduct is generated for disposal.  

The incorporation of extra sulfur in the clinker has been investigated by many researchers. Twomey, 

et al (Twomey et al., 2004), conducted a comprehensive investigation to characterize sulfur phase in 

the clinker burned with high-sulfur petcoke. It was found that the use of a high-sulfur petcoke fuel 
results in a significant increase in the sulfur content of the clinker produced. The chemical analysis 

indicated that a clinker sulfate increase is almost exactly the same as the sulfur in the fuel. This 

suggests that all sulfur from petcoke fuel is accounted for and included in the clinker. Fortsch (Fortsch, 

2004) investigated the effects of excess sulfur on clinker properties, and found that increasing the 

excess sulfur content from 17 g SO3/100 kg clinker to 660 g SO3/100 kg clinker reduced the clinker 

granulometry. It was reported that reduced clinker granulometry drastically improved the efficiency of 

cooler operation; no cement strength performance improvement was noticed in Fortsch’s research.  

It has been long reported (Butt et al., 1974) that the sulfur in the clinker can significantly reduce the 

viscosity of liquid phases at melting temperature. It is known that alite in the clinkering process is 

largely formed through the diffusion process of free lime in the liquid phase. Therefore, the reduction 

of liquid phase viscosity can significantly promote the formation and crystal growth of alite. Tagnit-

Hamou and Sarkar (Tagnit-Hamou and Sarkar, 1990) investigated the influence of varying sulfur 

content on the microstructure of commercial clinkers and the properties of cements. In their research 

work, it was found that the optimum SO3 content in the clinker was between 0.62 and 0.82%. The 
clinker used in their research contained very high aluminate content (over 10%). The research work in 

this paper primarily focuses on the effect of high-sulfur petcoke burning on clinker mineralogy and its 



reactivity. The clinker chemistry in this study was very low in aluminate content. The cement 

produced from this clinker meets the chemistry requirements of C3A less than 5% per ASTM C 150 

Type V cement specification (ASTM, 2007). 

2. TESTING PROGRAM 

• Chemistry of clinker and cement - The chemistry of the clinker and corresponding cement was 

directly obtained from cement plant production. For the clinker, bi-hourly quality control analysis 

results for a period of two months of production were used to calculate average clinker chemistry. 

Cement chemistry was obtained from daily composite cement quality control samples; average 

chemistry was also calculated from two months of production. 

• Microstructure of clinker - Clinker microstructure was determined with optical microscopic 

technique. Representative clinker samples were collected from cement plant. The sample 

preparation and clinker petrographic examination procedures used in this study generally followed 

the instructions summarized in Campbell’s book (Campbell, 1986).  

• Physical performance of the cement - Physical performance of the cements made with and 

without petcoke-burned clinkers was based on results obtained from daily composite cement 

quality control samples. 

3. RESULTS AND DISCUSSIONS 

3.1. CLINKER CHEMISTRY 

The Chemistry for both clinkers produced with and without petcoke as fuel is summarized in Table 2. 

As it was anticipated, the largest chemistry change of the petcoke-burned clinker was sulfur content 

which was increased by almost 590% over the clinker without petcoke.  Magnesium and equivalent 
alkali content were also increased, but to much less degree than the sulfur level.  The four major 

chemistries - calcium, silica, aluminum and iron, were closely controlled, no significant changes were 

occurred. It is worth noting that the free lime (f-CaO) in the petcoke-burned clinker showed about 

10% reduction.  

Table 2: The Chemistry of Clinkers Produced with and without Petcoke Burning 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Na2Oeq f-CaO

Clinker peoduced with petcoke burning 21.47 4.59 5.35 65.65 0.65 0.23 0.28 0.22 0.43 0.86

Clinker produced without petcoke burning 21.01 4.29 5.55 65.07 0.78 1.58 0.40 0.17 0.52 0.77

Percent change of chemistry -2.1 -6.5 3.8 -0.9 18.5 589.7 42.1 -20.6 21.0 -10.8  

3.2. CLINKER MINERAL PHASES 

The method for clinker mineral phase calculation was originally proposed by R.H. Bouge in the later 

1920’s (Bouge, 1929). There have been many minor revisions ever since. The formulas used in this 

paper are based on the version from Taylor’s book (Taylor, 1990), and are listed in Table 3. In 

addition to four major clinker mineral phases, there are three very important parameters that govern 

the clinker chemistry and process: lime saturation factor (LSF); silica ratio (SR), also called silica 

modulus (SM) and alumina ratio, also alumina modulus (AM).The calculation formulas for the three 

parameters are also included in Table 3. Table 4 shows the mineral phases of the clinkers produced 

with and without petcoke.  Both clinkers showed comparable mineral content, and the LSF was at the 

same level.  

Table 3: Bouge’s Formula, LSF, SM and AM 

C3S = 4.071CaO - 7.6024SiO2 - 6.7187Al2O3 -

1.4297Fe2O3

C2S = 2.8675SiO2-0.7544C3S

C3A = 2.6504Al2O3 - 1.692Fe2O3

C4AF = 3.0432Fe2O3

LSF = CaO/(2.8SiO2+1.2Al2O3+0.65Fe2O3)

SR = SiO2/(Al2O3+Fe2O3)

AR = Al2O3/Fe2O3  

Table 4: Clinker mineral phase comparison 

C3S C2S C3A C4AF LSF SR AR

64.69 12.75 3.11 16.28 0.96 2.17 0.90

63.62 12.25 1.98 16.90 0.96 2.14 0.80

-1.7 -3.9 -36.2 3.8 0.5 -1.3 -11.2

Clinker produced without petcoke burning

Clinker peoduced with petcoke burning

Percent change of mineral



3.3. CLINKER MINERAL PHASE MORPHOLOGY 

• Mineral phase morphology of the clinker produced without petcoke 

The petrographic morphology of the clinker produced without petcoke is illustrated in Fig. 1. Some of 

the general observations include: 

� Alite – Alite appeared to be underdeveloped. The alite crystal size ranged from few µm to 80 µm.  

The majority of alite particles were below 30 µm. No significant cannibalistic structure was 

observed indicating that the clinker was not over-burned.  No symptoms related to “reducing” or 

“slow cooling” conditions were observed. 
� Belite – Belite mostly occurred in cluster format.  Belite crystal size ranged from 10 µm to 80 µm.  

The majority of belite particles were above 30 µm. In general, belite crystal size was much larger 

than alite crystals. No significant dendritic belite particles were observed.  Belite morphology did 

not show any symptoms related to “slow cooling” condition. 

� Liquid phase – Liquid phase appeared better distributed in alite-rich region.  The areas with tightly 

packed belite clusters showed limited liquid distribution. Reflectivity of ferrite phase was normal 

indicating there was no reducing condition during the burning process in the kiln. 

a b c 

Fig. 1: Petrographic morphology of the clinker produced without petcoke burning 

• Mineral phase morphology of the clinker produced with petcoke 

The petrographic morphology of the clinker produced with petcoke is shown in the Fig.2. Some of the 

general observations include: 

� Alite – Alite particles appeared very well formed with idiomorphic structure. Some cannibalistic 

structure of alite phase was observed indicating that the clinker was slightly over-burned. The alite 

crystals were very well developed. The majority of the alite particles were above 40 µm.  No 

symptoms related to “reducing” or “slow cooling” conditions were observed. 

� Belite – Belite particles were well distributed. Some isolated loosely packed belite clusters were 

observed, no tightly packed belite clusters were formed. The belite particles showed uniform size 

distribution with majority of the crystals being about 15 to 30 µm.  No dendritic belite was present, 

and no symptom related to “slow cooling” condition was observed. 

� Liquid phase – Liquid phase appeared well distributed in the alite and belite matrix. Reflectivity of 

ferrite phase is normal indicating there was no reducing condition during burning process. 

a b c 

Fig.2: Petrographic morphology of the clinker produced with petcoke-burning 

• Morphology comparison of the clinkers produced with and without petcoke 

Although the clinker chemistry and mineral compounds were controlled at the same level, the 

microstructure of the clinkers burned with and without petcoke was significantly different. Table 5 

highlights the key differences related to the alite, belite and liquid phases. 



Table 5: Microstructure comparison of the clinkers produced with and without petcoke 

 Clinker without petcoke burned Clinker with petcoke burned 

Alite  Majority of the alite crystals were below 30 µm Most of the alite crystals were above 40 µm 

Belite  Belite crystals commonly occurred in tightly 

packed clusters. 

Majority of the belite crystals were well 

distributed in the alite phases. Limited loosely 

packed clusters were observed. 

Liquid Liquid distribution was uniformly distributed in 

the alite matrix. However, there was very limited 

amount of liquid in tightly packed belite clusters. 

Liquid distribution was very uniformly 

distributed in both alite and belite matrices. 

3.4. SIGNIFICANCE OF HIGH SULFUR CONTENT IN THE CLINKER  

The effect of sulfur content on clinker has been studied by many scientists. The most influential 

pioneering work was done by Butt etc (Butt et al., 1974). In Butt’s work, a systematic investigation 

was conducted to study the effect of minor chemicals on the clinker liquid viscosity. Fig. 3 illustrates 

the liquid viscosity change with respect to the minor chemicals.  The most significant phenomenon 

was the effect of sulfur content on liquid viscosity. Excess sulfur content can significantly reduce 

liquid viscosity. Alkalis in sulfate form reduce liquid viscosity, but to a less degree than sulfur; 

whereas, alkalis in oxide form actually increase liquid viscosity. Therefore, it is very important to 

keep alkali to sulfur ratio balanced in the clinker. High alkali to sulfur ratio is detrimental to 

clinkering process. 

 

Fig. 3: Effect of minor chemicals on liquid viscosity (after Butt et al.) 

 

Fig. 4: Schematic view of alite 

formation process 

The beneficial effect from the reduced liquid viscosity can be illustrated in Fig. 4. It is known that the 

alite formation in the clinkering process is mainly the reaction of belite with the free lime that is 

dissolved in the liquid phase. Everything else; such as temperature and major chemistry, being equal, 

the formation of alite is largely determined by the solubility of free lime in the liquid phase, and by 

the diffusion rate of calcium ion in the liquid. The solubility and diffusion are heavily affected by the 
liquid viscosity. Therefore, the reduction of liquid viscosity can increase the diffusion rate, and also 

improve free lime solubility. This is the fundamental reason that petcoke-burned clinker showed 

better alite crystallization and crystal growth. 

3.5. PERFORMANCE OF CEMENTS MADE WITH AND WITHOUT PETCOKE-BURNED 

CLINKERS 

The results in Tables 6, 7 and 8 were obtained from daily composite samples for two months of 

cement production. The cement chemistry is listed in Table 6. By-in-large, cement chemistry is 
comparable. The sulfur content in the cement with petcoke-burned clinker is slightly higher, reflecting 

the high sulfur content in the clinker. Physical property of the cements made with and without petcoke 

burned clinkers is shown in Table 7. The fineness for both was controlled at about the same level. The 

most notable differences in the physical properties are the setting characteristics in that the cement 

made with petcoke burned clinker showed shorter set times.  

The strength development performance of the cements made with and without petcoke burned 

clinkers is shown in Table 8. There is a general trend showing that the cement made with petcoke 

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5 3

% Chemical

L
iq
u
id
 v
is
c
o
s
it
y
 (
P
o
is
e
)

K2O

Na2O

MgO

K2SO4

Na2SO4

SO3



burned clinker developed higher strength across all ages. The strength increase during early ages was 

more significant than at 28 days. 

Table 6: Chemistry of the cements made with and without petcoke burned clinkers 

Cement chemistry (%) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Na2Oeq f-CaO

Cement without petcoke-burned clinker 20.74 4.37 5.17 63.97 0.49 3.10 0.19 0.21 0.33 1.33

Cement with petcoke -burned clinker 20.28 4.30 5.02 63.71 0.82 3.95 0.30 0.20 0.44 2.37  

Table 7: Physical property of the cements made with and without petcoke burned clinkers 

Initial Final Initial Final

Cement w/o petcoke-burned 2.07 0.50 391 95.6 25.7 0.002 8.0 100 224 163 275

Cement w petcoke-burned 1.49 0.41 396 94.6 25.8 0.027 6.4 84 185 128 234

Mortar air 

content 

(%)

Blaine 

(m2/kg)

Passing 

45µm (%)

Fineness Set time (minute)
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IR 
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Table 8: Strength development characteristics of the 

cements made with and without petcoke burned 

clinkers 

1-day 3-day 7-day 28-day

13.45 22.70 30.08 42.03

15.29 26.14 33.50 44.69

13.7 15.2 11.4 6.3

Mortar strength (MPa)

Strength change due to petcoke burning (%)

Cement made without petcoke-burned clinker

Cement made with petcoke -burned clinker

 

 

Figure 5: Schematic diagram of alite crystal size 

and grinding effect 

3.6. DISCUSSION OF THE STRENGTH DEVELOPMENT CHARACTERISTICS OF THE 

CEMENTS MADE WITH AND WITHOUT PETCOKE BURNED CLINKERS 

The higher strength development and better performance of the cement made with petcoke burned 

clinker is closely related to the clinker quality. As shown previously, the clinker produced with 

petcoke  showed much better microstructure, alite was better developed, belite was more uniformly 

distributed with much less tightly packed cluster. All of these contribute to better cement performance. 

One particular phenomenon that needs to be highlighted for discussion is that in a typical clinker for 

making an ASTM Type V cement, the liquid phase is largely ferrite and the amount of the aluminate 

phase is very limited (Table 4). In other words, silicate phases such as alite and belite are mostly 

imbedded in the ferrite phase.  

Mindess and Young (Mindess and Young, 1981) illustrated the sequence of hydration kinetic for the 
four major clinker mineral phases, and their contribution to cement strength development. The 

hydration rate from the highest to lowest is aluminate, alite, ferrite and belite. The strength 

contribution in the early ages from the highest to lowest is alite, aluminate, ferrite and belite. At later 

ages, the strength contribution changes to alite, belite, aluminate, and lastly ferrite. It is clear that, 

unlike Type I or Type II cements with higher amount of aluminate content, Type V cement with low 

aluminate phase heavily depends on the alite for early-age strength development. In the case of the 

clinker produced without petcoke, the alite is less developed. The alite crystal size is largely below 30 

µm. To illustrate the importance of alite crystal size on cement performance, a schematic diagram was 

developed and shown in Figure 5. If a Type V clinker contains large alite size crystals, when the 

clinker is ground to produce cement with the same fineness, more alite surface areas are exposed. On 

the other hand, if a clinker has small alite crystal sizes, the alite is less exposed at the same fineness. 

In addition, it is more likely that the smaller alite would be coated with ferrite-rich liquid phase. Such 

a ferrite-rich coating impedes alite hydration, and hence, reduces the hydration rate of the cement. 

This is probably one of the most important reasons that the cement made with petcoke-burned clinker 



showed higher early age strength (Table 8). The strength increase with increased sulfur content in the 

work conducted by Tagnit-Hamou and Sarkar (Tagnit-Hamou and Sarkar, 1990) was not significant. 

This is because the clinker used in their research containing aluminate as major liquid phase. In a 

clinker with aluminate-rich liquid phase, the alite is coated with aluminate, and the reactivity of 

aluminate is much faster than the reactivity of ferrite. Therefore, it does not impede the hydration of 

alite as the ferrite does. Based on their research, it was concluded that the optimum SO3 content in the 

clinker is between 0.62 and 0.82%. Obviously, this is not in agreement with the results we 

investigated in this paper. The clinker with increased sulfur content over 1.5% showed excellent 

clinker phase microstructure, and better cement performance. 

4. CONCLUSIONS 

4.1. Petecoke, a high sulfur waste product from refinery industry, can be an excellent alterative fuel 

for cement manufacturing process. Unlike other industry boilers, cement kiln can completely 

retain the volatile sulfur and incorporate it in the clinker product. Therefore, there is no need to 

install sulfur capture device in the process, and no production of sulfur-bearing waste product 
being produced.  

4.2. Increased sulfur content in the clinker has the beneficial effect in the clinkering process by 

reducing the liquid phase viscosity which in turn facilitates alite formation and alite crystal 

growth. Large alite crystal size is very important for producing quality Type-V cement.  

4.3. Increased sulfur in the clinker also assists the reduction of belite cluster due to reduced liquid 

viscosity. Belite cluster reduction also improves cement quality. 

4.4. In general, the reactivity of the cement produced with petcoke-burned clinker is increased. There 
are multiple benefits due to increased reactivity: 

• To achieve the same level of cement performance, grinding energy can be reduced by grinding 

higher reactive clinker to a lower fineness.  

• At the same fineness level, less material is needed to batch a concrete using higher reactive 

cement for achieving the same level of concrete performance. 

• Higher reactive clinker can allow increased addition of additives such as limestone, natural and 

artificial pozzolans et al. Therefore, the clinker factor is lower in the cement produced with the 

petcoke burned clinker than in the cement produced without petcoke burned clinker.   
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Abstract 
Nowadays, concretes are most frequently produced with cements with several main constituents due to their ecological 
and technological benefits. Super-plasticisers enhance the performance of fresh and the durability of hardened 
concrete. Approximately 60% of the super-plasticisers are based on polycarboxylate ether (PCE) with rising tendency. 
However, there is still a substantial lack of scientifically based knowledge of the precise interactions between cement 
main constituents which substitute clinker and PCE molecules. 
Investigations were performed on pastes from laboratory made cements using rheological measurements, zeta potential 
experiments, and pore solution analyses. All cements contained the identical Portland cement clinker and sulphate 
carrier component. By specific variation of the type, content, and granulometry of granulated blastfurnace slag or 
limestone their effects on the cement and on the interactions with PCE molecules have been investigated systematically. 
The essential dosage of PCE to reach the maximum flowability of cement pastes decreased with increasing content of 
granulated blastfurnace slag or limestone which substituted clinker. PCE molecules majorly adsorbed on the surfaces 
of clinker and initial hydration products. Clayey components within limestone may increase the dosage of PCE which is 
essential for maximum flowability. The adsorption potential of the PCE with higher molar mass and smaller ratio of 
gyration radius to hydrodynamic radius was less influenced by the composition of the pore solution. 
 
Originality 
Investigations were performed on pastes from laboratory made cements containing the identical Portland cement 
clinker and sulphate carrier component. By a specific variation of the type, content, and granulometry of granulated 
blastfurnace slag or limestone a systematic investigation of their effect on the cement and on the interactions with PCE 
molecules was achieved. This approach together with the methodical evaluation of the results of rheological 
measurements, zeta potential experiments, and pore solution analyses contributes to an enhanced scientifically based 
understanding of the precise interactions between granulated blastfurnace slag or limestone as cement main constituent 
and PCE. This knowledge is substantial for the prediction of the interactions between these cement main constituents 
and PCE to avoid incompatibilities between cements with several main constituents and super-plasticisers in concrete. 
 
Chief contributions 
The essential dosage of PCE to reach the maximum flowability of cement pastes should be determined for the particular 
cement super-plasticiser combination at the respective water/cement ratio. The essential dosage can be determined both 
by the shear resistance curves and by zeta potential measurements. The essential dosage depends on the content, 
fineness, and reactivity of clinker and other main constituents in cement, the water/cement ratio, the composition of the 
pore solution, and the molecular structure of the PCE. As a rule of thumb, the essential dosage of PCE to reach the 
maximum flowability of pastes decreases with increasing content of granulated blastfurnace slag or limestone that 
substitutes clinker. 
 
Keywords: adsorption, cement main constituent, effective charge density, pore solution, super-plasticiser, zeta potential 
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1. Introduction 
The manufacture of efficient cements with several main constituents and their application in 
technically demanding and sustainable concrete constructions is state of the art. Besides numerous 
technical advantages these cements account for saving natural resources and energy as well as the 
reduction of CO2 emissions [1]. In 2007, the contingent of cements with several main constituents on 
the domestic market share of the CEMBUREAU countries was approx. 73%. Portland-limestone, 
Portland-slag, and blastfurnace cements had a quota on this of approx. 46% [2]. Admixtures are used 
to enhance the performance of fresh and the durability of hardened concrete. Approximately 86% of 
plasticisers and super-plasticisers account for the lion’s share. Traditional active substances such as 
ligno, melamine, and naphthalene sulphonate are replaced more and more by polycarboxylate ether 
(PCE). Nowadays, approx. 60% of the super-plasticisers are based on PCE [3]. In the past, working 
mechanisms of super-plasticisers and their adsorption on Portland cement clinker phases, Portland 
cement and initial hydration products have been investigated extensively and are widely known today 
[4-12]. However, only a little research has been carried out on interactions between cement main 
constituents that substitute clinker and PCE [13-18]. Therefore, interactions between granulated 
blastfurnace slag or limestone as cement main constituent and PCE have been investigated 
systematically to enhance scientifically based knowledge. Investigations were performed on pastes 
from laboratory made cements using rheological measurements, zeta potential experiments, and pore 
solution analyses. All cements contained the identical Portland cement clinker and sulphate carrier 
component. The type, content, and granulometry of granulated blastfurnace slag or limestone were 
varied specifically to investigate their effect on the cement and on the interactions with PCE 
molecules. As reference, a commercially available Portland cement CEM I 42.5 R with the same 
clinker as the laboratory made cements was used. 
 
2. Experimental 
2.1. Materials 
2.1.1. Cement main constituents and cements 
In Table 1 analyses data for limestones, granulated blastfurnace slags, and cements used are shown. 
The laboratory made cements were produced by mixing the Portland cement clinker component 
(reference) with the respective limestone or granulated blastfurnace slag. All materials met the 
requirements of EN 197-1. 
 

Table 1: Analyses data for limestones, granulated blastfurnace slags, and cements used 

Laboratory made cements  Unit Limestone 
LL1 

Limestone 
LL2 

Slag 
S1 

Slag 
S2  Unit Reference

cement Z35LL1 Z35LL2 Z80S1 Z80S2 
SiO2 mass % 1.03 7.52 35.07 35.91 LL mass % - 35 35 - - 
Al2O3 mass % 0.22 2.41 11.75 10.76 S mass % - - - 80 80 
Fe2O3 mass % 0.17 0.99 0.32 0.51 C3S 8) mass % 63.1 43 43 15 15 

CaO/CaCO3 mass % 54.4/97.3 47.6/85.2 41.3/- 42.9/- C2S 8) mass % 9.9 7 7 2 2 
MgO mass % 0.53 1.35 7.37 7.49 C3A c/o 8)9) mass % 11.5/2.2 8/2 8/2 3/1 3/1 

Na2Oeq. mass % 0.05 0.63 0.54 0.62 C4AF 8) mass % 6.2 4 4 1 1 
SO3 mass % 0.05 0.69 0.26 0.02 SO3 

10) mass % 2.56 1.8 2.0 0.8 0.6 
WD 1) mass % 24.0 29.0 31.0 27.0 WD 1) mass % 27.5 27.0 29.0 30.0 24.0 

x’ µm 18.8 24.3 24.0 19.3 x’ µm 20.7 21.3 19.7 24.3 19.7 
RRSB2) 

n - 0.80 0.88 0.90 0.76 
RRSB2)

n - 0.76 0.73 0.77 0.88 0.73 
Density g/cm³ 2.72 2.70 2.87 2.92 Density g/cm³ 3.10 2.98 2.97 2.92 2.95 
Blaine 3) cm²/g 3,980 4,100 3,565 3,570 Blaine 3) cm²/g 3,640 3,520 3,850 3,530 3,540 

a) 9,662 68,101 12,030 7,150 a) 10,557 9,570 21,724 10,736 7,972 
BET 4) 

b) 
cm²/g 

n.d. n.d. n.d. n.d. 
BET 4)

b)
cm²/g

18,207 11,271 19,906 11,248 9,504 
TOC 5) mass % 0.02 0.10 - - Strength 11) MPa 32/59 19/41 20/38 4/35 6/51 
MB 6) mass % 0.03 0.53 - - IST12) min 155 165 185 265 240 

Glass 7) mass % - - 91 94      n.d. = not determined    
1) Water demand acc. to EN 196-3   2) Particle size distribution acc. to Rosin, Rammler, Sperling, and Bennett, x’ = position parameter, n = slope 
3) Fineness (Blaine) acc. to EN 196-6   4) Specific BET surface acc. to ISO 9277 a) unhydrated b) after ≈ 15 min hydration w/c = 0.35, stopped 
with acetone/diethyl ether   5) Total Organic Carbon acc. to EN 13639   6) Methylen blue value acc. to EN 933-9   7) Glass content acc. to [19]   
8) Reference cement: XRD/Rietveld refinement, lab. made cements: calculated   9) cubic/orthorhombic   10) Reference cement: XRF, lab. made 
cements: calculated   11) Compressive strength acc. to EN 196-1 after 2d/28d   12) Initial setting time acc. to EN 196-3



2.1.2. Super-plasticisers  
Analyses data for the used commercial super-plasticisers based on PCE are shown in Table 2. The 
super-plasticisers met the requirements of EN 934-1 and -2. 
 

Table 2: Analyses data for PCE used 

Basic 
substance 1) TOC 2) Molar mass 

Mw 
3) 

Molar mass 
Mn 

3) Mw/Mn 
Radius of 

gyration Rg

Hydrodyn. 
radius Rh 

3) Rg/Rh 
Effective 

charge density 4)  
mass % g/L g/mol g/mol - nm nm - µeq/g 

PCE1 30.3 166 81,000 22,000 3.7 27.2 6.7 4.1 1,256 5) 4,763 6) 
PCE2 29.1 175 95,000 41,000 2.3 16.5 6.5 2.5 1,125 5) 4,217 6) 

    1) On the basis of EN 480-8   2) Acc. to EN 13639   3) Gel permeation chromatography (GPC)   4) Polyelectrolyte titration (DADMAC) 
    5) Deionised water   6) KOH solution pH = 12.6  
 
2.1.3. Composition and mixing procedure of the cement pastes  
The cement pastes were mixed with deionised water at a water/cement ratio of 0.35 in a mortar mixer 
acc. to EN 197-1. The whole mixing time was 150 s. PCE was added 90 s after the water addition and 
mixed in for 60 s. The amount of water within the super-plasticiser was taken into account for the 
amount of mixing water. For each dosage of PCE, a fresh paste was produced to keep the initial 
hydration and adsorption reactions on the same level.  
 
2.1.4. Gaining of pore solution 
Approximately 7 min after water addition the respective cement paste was vacuum-filtrated by a filter 
with a pore size of 2 µm for approx. 60 s and afterwards by a 0.45 µm PTFE syringe filter. The pore 
solutions were flushed with argon and stored in sealed tubes until analysis.  
 
2.2. Test procedures 
2.2.1. Determination of the shear resistance and saturation point dosage 
The shear resistance of the respective paste was determined with a rotational rheometer. Just after 
mixing, the paste was sheared by 60, 80, 100, 80, and 60 rpm 5 min each. To determine the so-called 
saturation point (SP) of the cement paste the shear resistance by 80 rpm after approx. 19 min was 
taken into account. The SP was reached when the shear resistance could not be reduced significantly 
by an increasing dosage of PCE. At the SP more or less all particles are almost fully dispersed, the 
yield value of the paste is approx. zero, and the flowability of the paste is maximised. A dosage of 
super-plasticiser beyond the saturation point generates water segregation and sedimentation.  
 
2.2.2. Analysis of pore solution 
Pore solution was analysed ion-chromatographically with regard to the content of Na+, K+, Ca2+, and 
SO4

2-. The conductivity was measured with a conductometer. By IR-detection the content of TOC in 
the pore solution was determined. Based on this the adsorbed amount of basic substance of PCE were 
calculated.  
 
2.2.3. Determination of zeta potential 
The zeta potential of the paste was determined approx. 10 min after water addition using electro-
acoustic method [20]. The electro-acoustic background (ion vibration current) of the respective pore 
solution was determined before and taken into consideration for determination of the zeta potential. 
 
3. Results and Discussion 
3.1. Shear resistance, saturation point, and adsorption 
The shear resistance of the pastes with reference cement and of the pastes with 35 mass % limestone 
LL1 or LL2 in cement is shown on the left side in Figure 1 in dependence to the PCE content (basic 
substance). On the right side of Figure 1 in dependence to the content of basic substance the shear 
resistance of the pastes with reference cement and of the pastes with 80 mass % granulated 
blastfurnace slag S1 or S2 in cement is shown. The arrows indicate the content of basic substance at 
the saturation point (SP) of the respective paste. 



 
Figure 1: Shear resistance of cement paste (left: reference and lab. made cement with 35 mass % of limestone 
LL1 or LL2, right: reference and lab. made cement with 80 mass % granulated blastfurnace slag S1 or S2) in 

dependence to the PCE content (basic substance); arrows indicate the saturation points 

On the left side of Figure 2 the content of basic substance of the respective PCE at the SP of the paste 
(indicated by arrows in Figure 1) is shown in dependence to the content of limestone or slag in the 
cement. On the right side of Figure 2 the adsorbed quantity of basic substance at the SP relative to the 
added initial amount is plotted against the content of limestone or slag in the respective cement. 

 
Figure 2: Content of basic substance at the saturation point SP of the paste (left) and adsorbed quantity of basic 

substance at the SP relative to the added amount (right), both in dependence to the content of limestone or 
granulated blastfurnace slag in the cement 

Without super-plasticiser, depending on the type and content of the main constituent that substitutes 
clinker the shear resistance of the pastes was affected significantly (see Figure 1). The shear resistance 
of the pastes correlated with the water demand of the respective cement acc. to EN 196-3. In turn, the 
water demand correlated with the respective slope n of the RRSB particle size distributions (comp. 
Table 1). Figure 2 shows on the left side that the essential dosage of PCE to reach the maximum 
flowability of the paste (saturation point, SP) was decreased with an increasing content of granulated 
blastfurnace slag or limestone that substitute clinker in cement. PCE molecules majorly adsorbed on the 
surfaces of clinker and initial hydration products. Compared to the paste with LL1 approx. twice the 
amount of PCE was necessary to reach the SP of the paste made from cement with LL2. Reasons for 
this are given by the clayey components in LL2 (comp. Table 1, MB). By exposing clay minerals to 
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water they decay in nano scaled particles and swell with the consequence that they enlarge their specific 
surface area tremendously. Initially, clayey components within limestone absorb PCE molecules non-
specifically before a dispersing effect set in [17,21]. Also granulated blastfurnace granulated 
blastfurnace slag S1 showed double specific surface area in comparison to S2. This explains the higher 
PCE uptake. Figure 2 shows on the right side that at the SP of the paste the adsorbed quantity of PCE2 
was approx. 70% to 75%. Thus, the adsorption of PCE2 was relatively independent of the other main 
constituent besides clinker. In contrast to PCE2, the adsorption of PCE1 (53% to 78%) was influenced 
by the respective limestone or granulated blastfurnace slag. PCE1 adsorbed to a lower extent, generally. 
At the saturation point the adsorbed amount of both PCE was below 100%. Thus, to reach the SP 
(maximum plasticising effect) a certain amount of non adsorbed PCE was necessary.  
 
3.2. Pore solution and zeta potential 
The content of Na+, K+, Ca2+, and SO4

2- in the pore solutions as well as the conductivity of pore 
solutions are shown exemplarily in Figure 3 on the left side in dependence to the content of granulated 
blastfurnace slag S2 in the cement. The zeta potential of the respective paste is shown on the right side 
of Figure 3 in dependence to the content of granulated blastfurnace slag or limestone in the cement. 
The zeta potential of the respective granulated blastfurnace slag and limestone measured in deionised 
water are represented by the open symbols (w/s = 0.35). 

 
Figure 3: Composition and conductivity of pore solution in dependence to the content of granulated blastfurnace 

slag S2 in the cement (left side) and zeta potential of paste in dependence to the content of granulated 
blastfurnace slag or limestone in the cement (right side) 

Figure 3 shows on the left side that the composition of the pore solution varied significantly in 
dependence to the content of granulated blastfurnace slag S2 in the respective cement. With an 
increasing content of S2 in the cement the content of SO4

2- and K+ were decreased; the content of Ca2+ 
increased. The conductivity of the pore solution decreased with increasing S2 content. The negative 
zeta potential of the paste with reference cement was shifted into positive range with an increasing 
content of granulated blastfurnace slag or limestone LL1 (Figure 3 right side). Due to the reduced 
content of SO4

2- and the increased content of Ca2+ more positively charged surface areas were 
generated. This induced the shift to positive zeta potentials. Because of the positive charge of LL1 the 
zeta potential of the respective paste was more influenced as that of pastes with a comparable content 
of granulated blastfurnace slag. Resulting from the negative charged clayey components within 
limestone LL2, the zeta potential became more and more negative with increasing content of LL2 in 
the cement [17,18]. In combination with the reduced reactive surface area by the substitution of 
clinker the lower essential dosage of PCE to reach the saturation point of the respective paste is also 
partly attributed to the enlarged amount of positive surface areas on which anionic PCE molecules can 
adsorb. However, this influence seems to be negligible in comparison to the influence of the reduction 
of the reactive surface by clinker substitution. 
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3.3. Charge density of PCE in pore solution 
The charge density of the PCE molecules in pore solution is shown in Figure 4. The composition of the 
pore solution and the respective cement paste are displayed by the table on the right side in Figure 4. 
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Figure 4: Charge density of PCE in cement pore solution 

Figure 4 displays that the charge density of the PCE molecules was affected by the utilisation of pore 
solutions. Compared to KOH solution and deionised water the charge density decreased significantly. 
As one reason, complex formation between negative charged PCE molecules and positive calcium 
ions is mentioned by [22]. In spite of very similar Ca2+ contents of 22 mmol/L to 38 mmol/L within 
the five pore solutions the particular charge densities of PCE1 and in parts of PCE2 differed 
extremely. Furthermore, the charge density of PCE1 and PCE2 in pore solution I compared to III as 
well as III compared to V differed. The pore solutions I and IV as well as III and V only differed with 
regard to the water/cement ratio of the respective pastes (comp. Figure 4, table). How the different 
charge density influences the adsorption of the PCE molecules in pastes with a water/cement ratio of 
0.45 is being examined. Compared to PCE1 the effective charge density of PCE2 was less affected by 
the composition of the respective pore solution. Obviously, the molecular structure of PCE2 (higher 
molar mass, smaller ratio of gyration radius to hydrodynamic radius) exhibits a more uniform 
behaviour in different pore solutions. In a tendency, the higher charge density of PCE2 in the pore 
solution I and III correlated with the higher relative adsorbed quantity of PCE2 compared with PCE1 
(comp. Figure 2, right side). 
 
4. Conclusions 
By specific variation of the type, content, and granulometry of granulated blastfurnace slag or 
limestone interactions between these cement main constituents and PCE molecules have been 
investigated systematically on pastes from laboratory made cements based on an identical Portland 
cement clinker and sulphate carrier component. The following conclusions can be drawn: 
- With increasing content of granulated blastfurnace slag or limestone in cement the influence of the 
respective particle size distribution on the flowability of the paste is increased. 
- Clayey components in limestone enlarge the ability of water retention of Portland-limestone cement. 
Hence, bleeding of concrete produced with this cement is reduced and this concrete is more robust 
against variation in super-plasticiser dosage or water content. 
- The essential dosage of PCE to reach the maximum flowability of paste (saturation point, SP) was 
decreased by an increasing content of granulated blastfurnace slag or limestone that substituted clinker 
in cement. 
- PCE molecules majorly adsorbed on the surfaces of clinker and initial hydration products.  
- With a decreasing content of clinker in cement the composition of the pore solution varied 
significantly and more positively charged surface areas were generated. Both can affect the adsorption 
of PCE molecules on cement. 
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- The charge density of the PCE with higher molar mass and smaller ratio of gyration radius to 
hydrodynamic radius was less influenced by the composition of the pore solution. 
- Investigations on interactions between granulated blastfurnace slag, limestone and PCE should be 
conducted in cement pore solution because of its influence on the adsorption potential, possible 
complexation formation of Ca2+ with PCE molecules, and the competitive adsorption between SO4

2- 
and PCE molecules.  
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Abstract 
For many years it has been common knowledge that a chemical attack on concrete due to magnesium sulphate can be 
more severe than an attack due to sodium sulphate. Therefore, in several national standards specific limit values exist 
for magnesium beside the limit values for sulphate. As an example, the German standard DIN 4030 defines a 
concentration of 300 mg magnesium per litre as well as 200 mg sulphate per litre water as the lower limit for the 
concrete exposure class on chemical attack XA1. Above these concentrations, sulphate resisting cements have to be 
used for concrete manufacture. In most European countries Portland cements (CEM I) with low C3A content and slag 
cements (CEM III) with slag content above 65% are defined as sulphate resisting cements. Additionally, in some 
countries (UK, I, E) pozzolanic cements (CEM IV) are defined as well. These pozzolanic cements can be made with 
natural pozzolans or fly ashes.  
Recent laboratory investigations as well as field investigations have shown that concrete samples and mortar samples 
made with cement/fly ash mixes (cement/fly ash blends) are highly sulphate resistant to sodium sulphate or calcium 
sulphate attack but not necessarily when attacked by sodium sulphate together with magnesium sulphate. The 
investigations have been conducted with low sulphate concentration of 1500 mg sulphate and low magnesium 
concentration of about 150 mg magnesium per litre water. The observations were unexpected; because the magnesium 
concentration is clearly below the XA1 limit value and much lower than the typical magnesium concentration used in 
common laboratory investigations, which is typically above 1000 mg per litre.  
The objective of the current comprehensive research project is the clarification of the reaction mechanisms and the 
explanation of the observations. Therefore, investigations on concrete and mortar samples have been done or are 
ongoing. Different parameters, e.g. fly ash content, temperature, pre-storage and storage conditions have been varied. 
Beside length change and resonance frequency measurements, numerous microstructure investigations have to be done. 
For this purpose scanning electron microscopy (SEM) combined with energy dispersive X-ray analysis (EDX), 
quantitative X-ray diffraction, and mercury porosimetry (MIP) are used. First results show the dependence between the 
reactivity of the fly ash, the porosity and the reaction paths.  
 
Originality 
Investigations on the sulphate resistance of mortars and concretes made with high and low sulphate resisting cements, 
especially cement/fly ash blends, performed at practice-relevant low magnesium and sulphate concentrations are not 
known or at least extremely rare in published technical literature. The strong impact of such low concentrations of 
magnesium ions on the sulphate resistance of samples made with cement/fly ash blends under these conditions has not 
been reported before. Based on the results, the discussion on the suitability of cement fly ash blends for the manufacture 
of concrete with high sulphate resistance will receive new input.  
 
Chief contributions 
Sulphate resistance of blends between Portland cement and fly ash and Portland limestone cement and fly ash have 
been investigated under practical relevant conditions. If additionally magnesium ions are present in the attacking 
sulphate solution, the sulphate resistance of cements can be significantly decreased, even when the magnesium 
concentration is lower than the common limit values. Boundary conditions for this behaviour are a low exposure 
temperature and a short pre-storage time of the mortar or concrete before the exposure started. These conditions are 
typical for some of the common performance tests on the sulphate resistance. Microstructural investigations, especially 
with SEM/EDS and MIP have been used for the explanation of the observations. 
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1. Introduction 
 
Cements containing pulverized hard coal fly ash (pfa) are standardized as (moderate) sulphate 
resisting cements in a few European countries [1-3]. In Germany, specific mixes of cement with 20 % 
fly ash are allowed to be used in cases of moderate sulphate attack, up to 1500 mg sulphate per litre. 
This German regulation from 1996 [4] is based on several investigations, showing the positive impact 
of silicious fly ashes [5-7]. The improvement of the sulphate resistance is due to a refinement of the 
pore structure and a denser microstructure. But nevertheless, discussions are ongoing on the 
performance of these cement fly ash blends, since some laboratory tests performed at low 
temperatures (e.g. 8 °C) and high sulphate concentration (> 15 g per litre) revealed poor sulphate 
resistance [8-10]. 
 
To develop a more practical relevant understanding of the mechanisms, the Research Institute of the 
German Cement Industry made a lot of investigations over the last years [11-13]. The sulphate 
resistance of several fly ash containing cements and blends at 20 and 8 °C storage temperature and at 
sulphate concentrations of 1500 and 3000 mg per litre has been investigated. Both, laboratory 
investigations as well as field investigations have shown that concrete samples and mortar samples 
made with cement/fly ash mixes (cement fly ash blends) are highly sulphate resistant, when attacked 
by sodium or calcium sulphate. It was not the case, when the samples were attacked by sodium 
sulphate in presence of a small portion of magnesium sulphate (below 200 mg per litre). This 
concentration is clearly below the value at which a chemical attack by magnesium is defined 
according to the German standard DIN 4030 (300 mg per litre) [14]. 
 
The explanation of the observations and the detection of the reaction mechanism have been the 
objectives of a comprehensive research project at the Research Institute of the German Cement 
Industry. Some of these long-term investigations on sulphate resistance at practical relevant conditions 
are ongoing.  
  
 
2. Experimental work 
 
2.1. Materials 
 

Table1: Analyses data for cements and fly ash used 

 Unit CEM I CEM I-SR CEM II/A-LL PFA 

SiO2 mass % 21.63 19.24 17.78 56.58 

Al 2O3 mass % 4.72 3.83 4.68 27.27 

Fe2O3 mass % 1.53 6.49 2.56 4.88 

MgO mass % 0.91 2.40 1.28 1.40 

CaO mass % 66.34 61.94 62.11 0.92 

SO3 mass % 1.99 2.91 2.58 0.13 

Na-equiv. mass % 0.75 0.81 0.47 3.88 

CO2 mass % 1.39 1.61 6.99 0.21 

H2O mass % 0.56 0.71 1.00 0.31 

C3A mass % 10.2 0 - - 

Density g/cm³ 3.13 3.19 3.04 2.14 

Blaine1 cm²/g 2755 3220 4240 3420 

RRSB2 - x’ µm 27.85 22.18 19.4 43.57 

RRSB2 - n - 0.79 0.88 0.77 0.83 

1) Fineness (Blaine) acc. to EN 196-1   
2) Particle size distribution acc. to Rosin, Rammler, Sperling, and Bennett, x’ = position parameter, n = slope 
 



In table 1 analyses data for the Portland cement (CEM I), Portland limestone cement (CEM II/A-LL), 
the sulphate resisting Portland cement (CEM I-SR), and the hard coal fly ash used are shown. All 
materials met the requirements of EN 197-1. 
 
 
2.2. Test procedures 
 
Investigations have been made with mortar and concrete samples of various compositions, under 
different conditions. Details of the test plan are shown in table 2. 
 

Table 2: Investigated cements and cement/fly ash blends and test conditions  

 Mortar at  8 °C Concrete at  8 °C 

Cement / Blend 
1500 mg 
sulphate 

1500 mg sulphate      
+ 160 mg Mg 

1500 mg 
sulphate 

1500 mg sulphate      
+ 160 mg Mg 

CEM I X X X X 

CEM I / 20 % pfa X X X X 

CEM I / 30 % pfa X X - - 

CEM II/A-LL X X X X 

CEM II/A-LL / 20 % pfa X X X X 

CEM II / 30 % pfa X X - - 

CEM I-SR X X X X 

 
Flat mortar prisms (10 x 40 x 160 mm³) as well as standard mortar prisms (40 x 40 x 160 mm³) have 
been made in accordance with the cement standard EN 196-1. The water to cement ratio was 0.50 and 
the water to binder ratio for the cement/fly ash blends amounts to 0.44 (80 % cement / 20 % pfa) or 
0.41 (70 % cement / 30 % pfa). After a pre-storage period of 14 days at 20 °C immersed into water, 
the specimens have been transferred into the test solutions, and in parallel to a reference solution of 
saturated lime water. In general, the sulphate storage has been executed at 8 °C. For comparison 
purposes, some samples have been stored at 20 °C. Differing from the general approach, a couple of 
mortar prisms have been pre-stored for an extended period of 28 or 90 days instead of 14 days. The 
flat mortar prisms have been used for length change (expansion) measurements and the standard 
prisms for the determination of the dynamic E-Modulus and the compressive strength development.  
 
Cubes 100 mm in dimension have been made of concrete, composed (per m³) of 360 kg cement or 327 
kg cement and 82 kg fly ash together with 180 kg water and quartz aggregates. After the production in 
a forced mixer and the demoulding at an age of 1 day, the cubes were cured under water at 20 °C for 
28 days. Afterwards compressive strength and porosity have been investigated. 
 
The measurements have been made after 3, 6, 9, 12, 18, 24 and 36 month. The sulphate solutions have 
been exchanged regularly, every two weeks over the first three month and later every month. During 
each exchange the pH value of the solution was determined. 
 
Besides the length change and other physical measurements, microstructure examinations have been 
carried out. Using optical microscopy, scanning electron microscopy (SEM) combined with energy 
dispersive microanalysis (EDS) and X-ray diffraction (XRD), mineralogical and chemical 
compositions of conspicuous areas on surfaces and inside structures have been analysed. 
 
 



3. Results 
 
The main information was deduced from visible observations of the stored specimens and the length 
change measurements of the flat mortar prisms. These results illustrate the impact of the magnesium, 
when present in the test solution. In the case of pure sodium sulphate solution, only the samples made 
with Portland cement (CEM I) and Portland limestone cement (CEM II/A-LL) exhibited high 
expansions and deteriorated structures, and therefore a low sulphate resistance. As expected, the 
expansions of the samples made with fly ash blends remained small. They have shown similar 
expansion behaviour like the samples made with the sulphate resisting cements, which were used as 
references. In the case of the sulphate-magnesium solution, the observations differ. The samples made 
with the sulphate resisting cements remained unaffected. The samples of the Portland and Portland 
limestone cements and the cement/fly ash blends expanded and deteriorated after some months. A 
better performance has been only achieved, when the sulphate storage was performed at 20 °C instead 
of 8 °C or the pre-storage time was extended to 90 days. In these cases the presence of the magnesium 
had no additional negative impact on the sulphate resistance. Results of the length change 
measurements are given in figure 1. The visible performance of samples made with Portland limestone 
cement/fly ash blends after 18 months of sulphate exposure at 8 °C is shown in figure 2.  
 
Equivalent results have been achieved by the measurement of the compressive strength and and the 
resonance frequency, which is necessary to calculate the dynamic E-modulus. It was observed that the 
concrete specimens were less sensitive to the sulphate attack than the flat mortar prisms with the same 
paste composition. Therefore only few concrete specimens have shown a significant loss in 
compressive strength and deteriorations, after 6 months of sulphate exposure at 8 °C. 
 

Length change measurements at 8 °C
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Figure 1: Expansion of flat mortar prisms stored in sulphate solution at 8 °C. Mortar prisms made with Portland 
cement (CEM I), Portland limestone cement (CEM II/A-LL) and fly ash blends with these two cements as well 
as sulphate resisting Portland cement (CEM I-SR). Pure sodium sulphate solution: S1500 (1500 mg sulphate per 
litre), Sodium sulphate solution with magnesium: Mg160 (1500 mg sulphate and 160 mg magnesium per litre). 

One sample with 90 d pre-storage (90d) instead of 14 d, and one sample tested at 20 °C instead of 8 °C. 
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Figure 2: Mortar samples made with cement or cement/fly ash blend after 18 months storage in sulphate 
solution; S1500: stored in pure sodium sulphate solution (1500 mg sulphate per litre), Mg160: stored in sodium 
magnesium sulphate solution (1500 mg sulphate and 160 mg magnesium per litre); the prisms have been pre-
stored at 20 °C for 14 days under calcium hydroxide solution; the storage temperature has been 8 °C, with one 

exception. 
 

 
 
 Figure 3: Scanning electron 

micrograph (magnification: 
100x) and energy dispersive 
X-ray fluorescence spectrum 
of a deteriorated mortar 
sample made with Portland 
limestone cement/fly ash 
blend after 6 months storage 
at 8 °C in sodium magnesium 
sulphate solution (1500 mg 
sulphate and 160 mg 
magnesium per litre); the 
spectrum is typical for 
thaumasite 

 
 
 
 
 
The microstructure investigations, using scanning electron microscopy (SEM) and energy dispersive 
X-ray microanalysis (EDS), demonstrated that especially thaumasite is present in deteriorated areas 
near the surface. Both, the elemental composition measured by EDS (figure 3) and the crystal 
morphology (figure 4) demonstrate the existence of large thaumasite areas. 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Scanning electron micrographs (magnification: 500x and 2500x) from a deteriorated zone of a mortar 
sample made with Portland limestone cement/fly ash blend after 6 months storage at 8 °C in sodium magnesium 

sulphate solution (1500 mg sulphate and 160 mg magnesium per litre); the crystal morphology is typical for 
thaumasite 

 
Magnesium has been found twice, as well in a small surface near zone, which is probably brucite 
(figure 5) as in the inner microstructure. In the latter case, the magnesium containing phases seemed to 
be amorphous. This observation could be confirmed by X-ray diffraction measurements, because no 
magnesium containing phases have been detected. However, the magnesium could be adsorbed in the 
calcium silicate hydrate phases or might be formed magnesium silicate hydrates. 
 

 
Figure 5: Scanning electron micrograph (magnification: 500x) and energy dispersive X-ray fluorescence 

spectrum of a deteriorated mortar sample made with Portland limestone cement/fly ash blend after 6 months 
storage at 8 °C in sodium magnesium sulphate solution (1500 mg sulphate and 160 mg magnesium per litre); the 

spectrum shows the elemental composition of the magnesium rich zone near the surface (dark grey) 
 
Conclusions 
 
The use of fly ash containing cements and blends between cement and fly ash for the manufacture of 
concretes with increased sulphate resistance is well known. But under testing conditions which are 
typical for some common performance tests on sulphate resistance, such systems often showed a 
different behaviour, when the sulphate attack was performed at low temperature (eg. 8 °C) and in 
presence of magnesium. Obviously, this behaviour is conducted on the insufficient hydration of the fly 
ash. If the hydration progress is forced by a longer pre-storage period, the sulphate resistance could be 



tremendously. In this case, the microstructure of the mortar or the concrete became much denser. Less 
capillary and more gel pores were formed. The same effect could be observed, when the sulphate 
attack was performed at 20 °C. Even under these circumstances, the fly ash activity was sufficient to 
form a physically dense microstructure. Several investigations of the microstructure of deteriorated 
and non-deteriorated samples, especially with SEM/EDS and mercury intrusion porosimetry have 
been used to explain the observations.  
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Abstract
The use of hard coal fly ash (Class F fly ash) as a main constituent of cementitious systems is becoming increasingly
more interesting. The use of fly ash as a supplementary cementitious material saves primary raw materials and fuels
and reduces the CO2 emissions of the cement industry. For the production of efficient binder systems containing fly ash,
a fundamental understanding of the hydration reactions of fly ashes is essential - not only in cement clinker based
matrices but also in other media. Therefore, the research focussed on both the investigation of the corrosion
mechanisms of fly ashes in alkaline media and the investigation of “pure” fly ash reaction products. Relations between
the chemical composition of fly ashes and possible reactions were accentuated.
Fly ashes react pozzolanic to calcium silicate hydrates (C-S-H) and calcium aluminate hydrates (C-A-H), and due to
alkaline activation to aluminosilicate gels. Both the pozzolanic reaction of a fly ash and other reactions, like the
formation of zeolites, are influenced by the reactivity and the interaction of different elements such as Si, Al, the alkalis
and others. If fly ash reacts in a matrix based on Portland cement clinker, the differentiation of the reaction products
can be extremely complicated. An extended knowledge of the composition of these products is essential for a better
understanding of fly ash reactivity. Thus eight fly ashes with different contents of Si, Al, Fe, and Ca were selected.
These fly ashes were suspended in artificial cement pore solutions. Afterwards the eluate was examined by means of ion
chromatography and photometric methods. „Pure“ fly ash reaction products were generated by the reaction of
different fly ashes with calcium hydroxide in different reaction media. These products were analysed by means of X-ray
diffraction and dynamic scanning calorimetry.
As a result conclusions about the relationship between available dissolved elements during the reaction and the
hydration products of the fly ash could be drawn. Furthermore, impacts of the chemical composition of the fly ash glass
on the conversion of the fly ash will be presented.

Originality
For the production of high performance binders with a high fly ash content an extended knowledge of the hydration
reactions of the fly ash is essential. Investigations on fly ashes so far have mostly referred to the parameters organic
carbon, free lime, reactive silica and the influence of the particle shape and the refinement on the reaction of the ash.
Most investigations were accomplished with Portland cement clinker based systems by varying the used cements.
However, there is a lack of knowledge concerning the exact course of the reactions of fly ashes themselves in different
media and the influence of the chemical composition of the fly ashes on their reaction behaviour. These important
topics were investigated intensively in this research by studying the corrosion processes of several fly ashes and their
pure reaction products systematically. The corrosion of the ashes was determined by examinations of different eluates.
For the differentiation of hydration products caused by the reaction of the fly ash and Portland cement clinker, pure fly
ash products were synthesized. Consequently, the characteristics of different fly ashes themselves could be shown.

Chief contributions
The use of hard coal fly ashes as a supplementary cementitious material is a possibility for the cement industry to
reduce the clinker factor and CO2-emissions. For the production of cements with high fly ash contents an extended
knowledge of the reaction mechanisms of the fly ash hydration is necessary. Consequently, it is not sufficient to examine
the pozzolanic reaction of fly ashes. Furthermore, for the optimal usage of fly ashes as supplementary cementitious
material, information on the influence of the fly ash composition on all possible hydration reactions is needed. The
results of this research show relations between the chemical compositions of the fly ashes, the products formed and
their reaction conversion. Baseline information was created, which is essential for the assessment and controlling of the
reaction behaviour of fly ashes. The results are also important for further possibilities for the use of fly ashes as a
cement component in new innovative and sustainable binder systems.

Keywords: Hard coal fly ash; reactivity; chemical composition; conversion; compressive strength
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1. Introduction

During the burning of pulverized hard coal in power stations fused fine mineral particles are carried
away by the flue gas and solidify by cooling to glassy amorphous ash particles with a glass content of
approx. 60 to 85 mass % (Lutze and vom Berg, 2004). The portion of the crystalline components of
the ashes depends on the type of firing (Prause, 1991, Richartz, 1984). Siliceous fly ashes consist on
average of approx. 50 mass % SiO2, 25 mass % Al2O3, 8 mass % Fe2O3 and 5 mass % CaO. Besides
they contain further alkali and alkaline earth metal oxides, oxides of other elements and a small
residual coal content, which depends on operational conditions of the power plant (Kautz and Prause,
1986). Fly ashes are pozzolanas, because their glassy phase is able to react with calcium hydroxide to
form hydration products which contribute to strength development in cementitious systems.

The reaction of fly ashes in alkaline media and also the composition of their products developed
during the hydration process are an object of research, which is discussed controversially until today.
Past research work mostly comprised the description of the influence of fly ashes on technical mortar
and concrete characteristics. By contrast the influence of the chemical composition of the fly ashes on
the reactions occurring was examined occasionally. However it is known that silicon, calcium,
aluminium and the alkali metals influences the reactivity of siliceous fly ashes and their hydration
products. The reactivity of fly ash depends on its glass content (Sakai et al., 2005) and the solubility of
the glass phase. The more leaching takes place the more the glass reacts. The reactivity of the fly ash
glass rises with the increase of other ions beside silicates in the glass structure, thus the bonding of
silicates can be broken more easily (Bumrongjaroen et al., 2007). The dissolution of the glass structure
depends strongly on the pH value and starts to a considerable degree at pH values over 13.1 (Hüttl,
2000, Fraay et al., 1989).

The presence of calcium hydroxide influences the solubility of silicon and aluminium (Fraay et al.,
1989). The enrichment of aluminium on the surface of a glass decelerates its reactivity, whereby the
integration of aluminium into reaction products promotes the reaction (Goto et al., 1992). The contents
of Al2O3 and SiO2 are reactivity-affecting parameters (Tuutti and Fagerlund, 1985), but they permit no
direct conclusions on the fly ash reactivity, since these components are not only present amorphously
(Richartz, 1984). The reactivity of hard coal fly ash in cements depends not only on their main parts,
but also on the alkalis contained in the cement (Sybertz, 1988).

Concerning the start of the pozzolanic reaction of a fly ash in the hardened cement paste, different
statements can be found in literature. Thus the fly ash begins to react after 1 to 14 days, which can be
seen by a decrease of the calcium hydroxide concentration in the matrix (Sakai et al., 2005, Halse et
al., 1984, Härdtl, 1995, Huppertz, 1999, Ogawa et al., 1980). Calcium silicate hydrates are formed
using the water contained in the calcium hydroxide (Härdtl, 1995, Härdtl, 1992, Wiens and Müller,
2000). After 28 days approx. 5 to 20 mass % of the fly ash have reacted (Härdtl, 1995, Ogawa et al.,
1980) and contributes to strength (Jortzick and Schubert, 1985). Between different fly ashes however
no differentiable behaviour can be determined (Härdtl, 1995). After one year of hydration the reaction
degree of a hard coal fly ash lies between 35 and 40 % (Härdtl and Schießl, 1996). Nevertheless
already after 90 days of hydration completely hydrated fly ash particles can be found in the matrix.
This behaviour points to the inhomogeneity of the fly ash. Despite proven pozzolanic activity in some
samples no hydration products of fly ash were detected with a scanning electron microscope (Hüttl,
2000). Therefore microscopic photographs only have a limited significance for the evaluation of fly
ash reactivity.

An objective of the research project presented here is to show correlations between the chemical
composition of the fly ash glass and the reactivity of siliceous fly ashes. In addition possible reactions
of the ashes will be described more precisely.



2. Experimental

2.1. Materials
Eight different hard coal fly ashes from German coal fired power stations were examined. The
chemical composition of the ashes is presented in table 1. The crystalline part of the ashes mainly
consists of mullite, quartz, hematite, magnetite, anhydrite and free lime. Besides some ashes contain
other phases such as calcite and leucite.

Table 1: Composition of the fly ashes (FA)

FA 1 FA 2 FA 3 FA 41) FA 5 FA 6 FA 7 FA 8

Chemical composition

LOI (950 °C) 4.89 2.58 2.28 3.27 2.88 7.12 3.77 4.20
SiO2 40.96 39.48 45.07 50.48 51.82 50.17 51.57 48.72
Al2O3 26.56 22.56 28.31 30.25 24.86 24.12 26.83 28.90
Fe2O3 9.98 14.27 12.13 6.04 7.30 6.22 6.65 4.66
CaO 7.73 11.28 2.14 0.75 5.74 3.31 3.62 7.47
Na2O 1.48 1.04 1.40 1.13 0.66 1.03 0.85 0.17
K2O 1.79 2.28 3.25 3.92 1.97 3.74 3.07 0.60
P2O5 0.94 0.06 0.58 0.44 0.94 1.13 0.58 1.06
MgO 3.82 3.02 2.58 1.92 1.93 1.76 1.65 1.45
Mn2O3 0.21 0.21 0.18 0.08 0.09 0.07 0.06 0.06
TiO2 1.09 0.81 1.14 1.26 1.14 1.07 1.24 1.64
SO3 0.65 2.09 0.94 0.40 0.67 0.22 0.34 0.26
Glass content

mass %

72.7 83.4 73.8 80.0 70.3 81.7 71.4 62.0
Granulometric parameters (RRSB)

x’ µm 27,27 32,04 25,46 13,20 32,42 26,01 27,79 36,39
n - 0,77 0,87 0,80 1,10 0,90 0,70 0,80 0,88

1) classified < 50 µm

Investigated mixtures consisted of 86 mass % fly ash (FA) and 14 mass % pure calcium hydroxide
(CH) or 73 mass % fly ash and 27 mass % pure calcium hydroxide. Mixture (FA/CH = 73/27)
simulates a calcium hydroxide content of a hydrated CEM II/B cement and mixture (FA/CH = 86/14)
a calcium hydroxide content of a hydrated CEM IV/B cement.
A CEM II/B with 30 mass % of the respective fly ash and a CEM IV/B with 55 mass % of the
respective fly ash was manufactured in laboratory scale using an identical Portland cement clinker and
sulphate component.

2.2. Methods
The composition of the fly ashes was determined by means of XRF (Bruker SRS 3400). The loss on
ignition of the fly ashes was determined according to EN 196-2. XRD measurements were carried out
by means of PANalytical X'Pert Pro (PW3050/60) within a diffraction angular range of 5 to 55° 2θ
using Cu Kα radiation.

The determination of the glass content was carried out by the decomposition of the ashes in HCl/KOH
according to EN 196-2. After this step the glass content was calculated according to the following
equation.

glass content, % = (1 – Insoluble ResidueHCl/KOH – LOIFly ash) · 100 % (1)

The glass content determined by this method fits to data obtained by XRD measurements with zircon
as internal standard.



The composition of the glassy phase was determined according to the analysis of reactive silicon
dioxide described in EN 196-2. So the content of each reactive component was obtained and their
molar amounts were calculated.

Suspending tests were accomplished by over head shaking of fly ash/calcium hydroxide mixtures in
artificial pore solution (c(KOH) = 0.54 mol/L and c(NaOH) = 0.11 mol/L) with water/solid ratio of 2.
Afterwards the suspension was filtered and the solution was examined by means of
Ionenchromatograph DX 500 by Dionex. The content of aluminium of the solutions was determined
photometrically according to ISO 10566.
Mixtures of fly ash and calcium hydroxide were hydrated with water/solid ratio of 0.5 in artificial pore
solution. After stopping the hydration process by acetone and diethyl ether the hydrated samples were
examined by means of Mettler Toledo DSC 821 in the temperature range from 25 to 600 °C. The
determination of the compressive strength of the fly ash containing cements was carried out according
to EN 196-1.

3. Results and discussion

3.1. Suspending tests
By the use of suspending tests of fly ashes in different media the dissolution of the fly ash glass and
the incorporation of different ions into reaction products can be observed. Figure 1 shows the contents
of sodium and potassium of eluates derived from suspending tests of fly ash/calcium hydroxide
mixtures consisting of 73 mass % fly ash and 27 mass % calcium hydroxide. The dotted lines mark the
amount of the alkalis in the artificial pore solutions at the initial state. It is noticeable that more
potassium than sodium is incorporated into fly ash reaction products.
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The formation of ettringite in fly ash/calcium hydroxide systems is governed by different factors.
Thereby the content of soluble sulphate of the fly ashes plays an important role. This can be seen in
figure 2 and 3. Figure 2 presents the amounts of different ions in eluates after 7 days suspension of
different fly ash/calcium hydroxide mixtures consisting of 86 mass % fly ash and 14 mass % calcium
hydroxide. The higher the amount of sulphate in the eluates the lower the amount of aluminium.
Dissolved aluminium reacts to ettringite if sufficient sulphate is present. Therefore eluates from ashes
which can form ettringite contain low amounts of aluminium.
Figure 3 shows the X-Ray diffraction pattern of the corresponding hydrated fly ash/calcium hydroxide
mixtures after 28 days hydration. The reflex at 9.1° 2θ shows the selective formation of ettringite in
the samples with fly ash 2 and 5. Therefore the X-Ray diffraction analysis confirms the selective
formation of ettringite as a function of the composition of ashes and their eluates.

FA 2, FA 4, FA 5, FA 8
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3.2 Determination of the conversion of fly ashes
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3.3 Compressive strength
The compressive strength of the respective CEM II/B cements with 30 mass % fly ash is shown in
figure 5. As a reference the compressive strength values of a Portland cement CEM I and of a mixture
of this CEM I with 30 mass % quartz powder are presented. The pozzolanic reaction contributes to the
compressive strength after 7 days. After 91 days of reaction the compressive strength of most of the
fly ash containing cements lies within the range of the strength of the CEM I reference cement. Ash 4
is a separated ash (particles < 50 µm) and exhibits higher strength contribution than the other ashes.
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Figure 6: Compressive strength of CEM II/B cements
after 91 days hydration in dependency on the

composition of the fly ash glass

Figure 6 describes the compressive strength of CEM II/B cements with 30 mass % fly ash after 91
days hydration in dependency on the composition of the respective fly ash glasss. A clear influence of
the chemical composition of the fly ash glass can be noticed, although in the mortar system also other
factors like the particle size distribution of the ashes have an influence on the compressive strength. In
principle the same factors as mentioned already concerning the conversion of the fly ashes in calcium
hydroxide containing mixtures influence the compressive strength of the mortar prisms.
The compressive strength tests of CEM IV/B cements with 50 mass % fly ash revealed comparable
results.

4. Conclusions

The research shows relations between the chemical compositions of the fly ashes, the hydration
products formed and the conversion of the fly ashes. The main conclusions derived from this study
may be summarized as follows:

- The reaction products of fly ashes incorporate more potassium than sodium.
- The sulphate content of fly ashes influences their hydration behaviour with calcium hydroxide. In

general the lower the sulphate content in the pore solution, the lower the amount of ettringite
formed and the higher the content of aluminium in the pore solution.

- The compressive strength of the investigated fly ash containing CEM II/B and CEM IV/B cements
correlates with the conversion of fly ashes in mixtures with calcium hydroxide. Thus the reaction
of the fly ashes in cementitious systems can be simulated by the reaction of a mixture consisting
of fly ash and calcium hydroxide in artificial pore solution.

- The conversion and the strength contribution of the fly ashes rise with increasing contents of
silicon, aluminium and alkalis in the glassy phase.

Si in the fly ash glass,
mol

Al in the fly ash glass,
mol

Na and K in the fly ash
glass, mol

Ca in the fly ash glass,
mol



- The higher the content of calcium in the fly ash glass the lower the conversion of the fly ash in
mixture with calcium hydroxide and the lower the compressive strength contribution in a fly ash
containing CEM II/B cement after 91 days hydration.
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Abstract 

 In this paper, properties as compressive strength (ASTM C 349), capillary suction (PrUNE 83.982) and sulfate 

attack resistance (ASTM C 1012) were evaluated into mortars made with Colombian Portland cement type III 

(control) and mortars partially replaced with commercial nanosilica (NS) in suspension, in percentages by 

weight of 1, 3, 5 and 10 %. The Mortars were prepared with water/binder (w/b) ratio of 0.55 and superplastizer 

addition for fluidity correction. 

 

Mortars containing since 5% NS showed an important and positive effect on the mechanical strength, capillary 

suction and sulfate attack resistance. In case of expansion due to sulfate attack, 5% NS replaced was enough for 

avoiding expansion. With replacement of 10 % NS improvements in compressive strength up to 120 % 

compared to the control sample, for one day of curing, have been obtained. After this curing time, improvement 

on mechanical strength up to 80% is maintained. In addition, the relationship between mechanical strength and 

densification of mixtures was evidenced. 

 

 

Originality 

Few researches have been published on the impact that the nanosilica has on the durability of mortars exposed 

to sulphate attack and this paper gives lights thereon. 

There is still uncertainty about the real effects of nanoparticles on cement Portland and this article provides 

clarity on this aspect. 

This work clarifies the optimum percentage of cement replacement by nanosilica. 

 

Chief contributions 

Minimum percentage of cement replacement by nanosilica which has a significant and positive effect on 

compressive strength, capillary suction and control expansion by sulphates attack on mortars was defined. 

Behavior of the gain in mechanical strength with curing time and with replacement percentage of cement by 

nanosilica was determined.  

 

Keywords: Nanoparticles, nanosilica, blended cement, physical properties of cement. 
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Introduction 

 

Mostafa and Brown (2005) said that the predominant role of Portland cement is becoming less and 

has gradually given way to blended cement and composite cements; this is mainly for environmental, 

economic and technological reasons. Many researches (El-Hadj & Duval, 2009; Razak & Wong, 

2005; Chindaprasirt, 2005; McCarthy & Dhir, 2005; Tangpagasita et al, 2005; Poon et al, 2001;  

Jauberthie et al, 2003; Feng et al, 2004; Siddique & Klaus, 2009;  Perraki et al, 2010 among others) 

have studied the most commonly used supplementary cementing materials (SCMs) such as silica fume 

(SF), fly ash (FA), blast furnace slag, metakaolin, zeolite and rice husks ashes. Among these, the SF 

has a special place because it is the most reactive of the commonly used mineral admixtures and for 

the good results that have been obtained with it (El-Hadj & Duval, 2009; Fidjestol & Lewis, 1998 at 

Hewlett, 1998; Appa, 2003). To develop high performance concretes, the SF is perhaps only 

surpassed by the addition of nanoparticles of silica as has been reported by some investigations (Qing 

et al, 2007). 

 

In the case of nanosilica, several authors have assessed the physical effects of its incorporation into 

the cement, but the results of these investigations suggest some inconsistencies that require to be 

studied in more detail. 

 

The first difficulty is related to the positive effect of nanosilica, because while than most researchers 

were able to increase the compressive strength with some percentage of replacement, authors such as 

Ji (2005) found that to 28 days compressive strength of normal concrete (NC) was greater than found 

for concrete blended with NS. 

 

The second topic under discussion is related to the optimum level of substitution. Shih et al (2006) 

found that compressive strength increases with the percentage of NS up to 0.6%; where the maximum 

value of strength was found. Authors such as Li et al (2006) concluded in their work that when the 

nanoparticles are added in small quantities ( 3%) compressive strength and bending of concrete are 

enhanced. While Byung-Wan et al (2007), Li et al (2004)] and Li et al (2004) proposed that the best 

replacement ratio should be around 10% of cement by nanosilica, by weight. 

 

The third important aspect is the reaction rate and curing time. While Qing et al (2007)] suggested 

that the use of NS is only important to achieve high strength in the first 3 days of curing and that in 

long-term the compressive strength is matched to the compressive strength of the samples of cement 

blended with silica fume, Li et al (2004)] and Li et al (2004) proposed that strength is still increasing 

even at 28 days of curing. Others, like Shih et al (2006) argue that even for the 56 days of curing the 

NS particles are contributing to the development strength. 

 

Technical literature allows concluding that the nanosilica is a very good addition for Portland cement 

by its chemical, physical and mineralogical characteristics, but there are still many questions about its 

performance and method of use. 

 

Materials and methods 

 

Mortars of ordinary Portland cement type III, produced by Cementos Argos S.A. of Colombia were 

prepared; the cement was replaced in 1, 3, 5 and 10%, by weight, by commercial nanosilica (NS). The 

NS was used as aqueous suspension. 

 

1. Characterization of materials 

 

The chemical composition of used materials, cement and nanosilica (NS) are presented in Table 1. 

These tests were carried out in an equipment of X-ray Fluorescence ARL 8680s Total Cement 



 

Analyzer by the method of wave dispersion under standard ASTM C114-03.  When the SiO2 content 

is corrected by the loss on ignition, SiO2 in NS goes of 93.56% to 98%. This allows conclude that this 

material is chemically very pure. 

 
Table 1: Chemical composition of materials 

PARAMETER (%) CEMENT NANOSILICA

SiO2 20,13 93,56
Al2O3 4,37 0,00
Fe2O3 3,71 0,39
CaO 64,30 0,22
MgO 2,27 0,13
Na2O 0,10 0,62
K2O 0,31 0,02
SO3 1,99 0,30
Loss on ignition 2,44 4,46
Free lime 0,33 -  

 

Values of Specific Surface Area (SSA) of 1.14 m
2
g

-1
 for the cement and of 51.4 m

2
g

-1
 for the 

nanosilica were determined, using a Micromeritics Gemini 2380 by BET method; the laser diffraction 

particle size analyzer Coulter LS 230 was used for determining the size distribution of mineral 

additions (Figure 1 and Table 2). These results show that this NS is a nanometric material with sizes 

around of 100 nm. 
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Figure 1: Particle size distributions for nanosilica addition. 

 
Table 2: Parameters of particle size distribution. 

Sample Mode S.D. d10 d50 d90

mm mm mm mm mm

NS 0.097 1.815 0.0677 0.101 0.157  
 

The X-ray diffraction (XRD) of the mineral addition (Figure 2) was performed in a PANalytical 

X'Pert PRO MPD, a 2θ range of 2° to 70° with a step of 0.02° and an accumulation time of 30 s. From 

the XRD patterns it can be established that the nanosilica has very low degree crystallinity and a high 

mineralogical purity. 
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Figure 2: X-ray diffractogram of mineral additions 

 

2. Preparation of mortars 

 

Mortars were prepared for testing of compressive strength with a constant water/cementitious-material 

(w/cm, being cm the sum of cement plus mineral addition) ratio of 0.55 and the corresponding amount 

of superplasticizer required to achieve a fluidity of 105 - 115%, according to ASTM C109. Fluidity 

according with ASTM C 1437 was determined. The superplasticizer (460 Pozzolith BASF Chemical) 

was homogenized with the mixing water in order to achieve the optimum dispersion into the mixes. 

The cement/Ottawa-sand ratio was of 1:2.75. 

 

In the replaced mortars with nanosilica, firstly the concentration of suspended solids was determined 

and the amount of suspension required for each replacement rate was calculated.  The homogenization 

was done previously with the mixing water corrected for the amount of water incorporated by the 

suspension. The specimens were prepared and failed in accordance with ASTM C 349-02, to 1, 3, 7 

and 28 days of normal curing.  

 

For durability evaluation, the mortars were prepared of the same way and with the capillary suction 

test (PrUNE 83.982) the absorption of water was obtained, to 3 days, for samples with 5% and 10% 

substitution. Besides, the mortars were submerged in a sulfate solution (5% MgSO4) after 28 day of 

normal curing. During 30 weeks, the longitudinal change on the samples was tested. 

 

Results and discussion 

 

1. Mechanical strength development 

 

For nanosilica blended mortars (Figures 3 and 4) only with replacement percentages equal or greater 

than 5%, significant improvements were reached. It is noteworthy the results obtained for mortars 

with 10% substitution, for which a noticeable improvement in the development of mechanical 

strength, at all curing ages, was found. They reached, after 28 days of curing, to values of 

compressive strength of 80 MPa. With 10% substitution of cement by NS and to 7 days of curing 

time, the sample already has 10 MPa of compressive strength higher than values found for the control 

sample at 28 days; this is showing the great activity that this material has at the early age. 

 

With 5% NS the improvements are always below 25% compared with the control sample (Figure 4). 

With 10%NS is achieved for a day of curing time an improvement close to the 120% and for the rest 

of the ages of curing, the improvement was around 80% (Figure 4). 
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Figure 3: Compressive strength values for nanosilica blended mortars. 

 

15.1 21.1

5.4
10.6

116.7

75.6 76.6

86.9

0

20

40

60

80

100

120

1 3 7 28

5%NS

10%NS

Curing time (days)

Im
p

ro
ve

m
en

t
(%

)

 
Figure 4: Percentage of improvement in compressive strength with the addition of the nanosilica. 

 

The optimum percentage replacement of cement by nanosilica may to be controlled by factors of NS 

such as particle size, specific surface area and degree of crystallinity among others, as suggested by 

authors like Naji et al (2010). 

 

 

2. Durability 

 

Absorption of water (Figure 5) show that the blended samples have lower water absorption rate in 

comparison with control sample, this suggests that the mineral addition produces a refinement of 

pores in mortars thanks to its size and pozzolanic activity. 
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Figure 5: Absorption of water (kg m
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The expansion is far lower to the extent that the replacement rate is higher (Figure 6). With only the 

substitution of 1% an expansion 66.7% less than the control sample is achieved. With 5% and 10% of 

substitution of cement by NS, the expansion of blended mortars is 97.4% lower in comparison with 

control sample, being the expansion practically zero (0.01%) in the 30 weeks of immersion. From 

this, it can say that with just 5% replacement of cement by nanosilica it is possible to control the 

expansion of mortars subjected to sulfate attack. 
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Figure 6: Longitudinal change. 

 

Conclusions  

 

The nanosilica has proved to be an effective mineral addition for Portland cement to improve its 

mechanical performance in mortars. Only since 5% substitution of cement by nanosilica is begun to 

have significant improvements in compressive strength of the mortars. The highest improvements in 

compressive strength are obtained with 10% nanosilica and one day of curing time.  

 

The blended cements with 5 and 10% nanosilica show higher compressive strength than control 

sample, even after 28 days of curing, with improvements of over 10% and 80% respectively. 

 

This mineral addition produces a refinement of pores in the mortars, thanks to its size and its 

pozzolanic activity. With just 5% replacement of cement by nanosilica it is possible control expansion 

of mortars subjected to sulfate attack. 
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Abstract 
 
The corrosion phenomenon of kiln shell takes place mainly due to the presence of sulphates and chlorides of alkalies 
and calcium at high temperature in the cement kiln. The scrapping of coatings on brick side-top has composition which 
confirm severe reaction with clinker melt and brick material establishing the passage through the gaps and joints of 
bricks. The enrichment of volatiles as high as 2.60 % SO3 and 7.11 % K2O and 0.39 % chloride confirm severe reaction 
at the interface resulting in formation of highly aggressive liquid which entered through the gap and reaching up to kiln 
shell. At the interface of  bottom layer of brick and kiln shell, this liquid has reacted with kiln shell and complex 
compounds have formed. This phenomena is confirmed by increased Fe2O3 content ( 6.80 % ) in the scrapings obtained 
from side bottom of brick. The chemical and mineralogical analysis of Kiln Shell Flakes indicate the concentration of 
SO3, Na2O and K2O are in the range of 0.44-3.46, 0.21-0.72 and 0.79-2.49 percent respectively in kiln shell flakes. The 
concentration of chloride was in the range of 2.90-5.53 percent in kiln shell flakes. Such interaction gradually lead to 
corrosion and reduction of shell thickness. The present paper highlights the mechanism of shell corrosion and role of 
volatiles, process parameters and refractories engineering practices in reducing/minimizing  the extent of shell 
corrosion based on the studies carried out by NCB in various cement plants in India. 
 
Originality of the Research 
 
The Cement kilns are operating at higher thermal and volumetric loadings and utilizing alternate raw materials and 
fuels which are rich in volatiles creating thereby  severe service conditions inside the rotary kiln. Such conditions cause 
the corrosion of the rotary kiln shell to take place in hot running conditions. Therefore  investigations reported in the 
paper were unique in nature with a very specific target to understand the mechanism of such corrosion, the role of 
various service conditions and process parameters on corrosion phenomena and establish such remedial measures 
which could impede / reduce corrosion of rotary kiln shell in running conditions. 
 
 
Chief Contributions made by the Research  
 
The investigations carried out established that the corrosion of rotary kiln shell is taking place due to the attack of 
volatiles such as sulphates and chlorides of alkalies at high temperatures. It was also found out that improper 
combustion of fuels inside the kiln also create such conditions which are conducive for the corrosion phenomena. As an 
outcome of the investigation, various remedial measures were established which include use of proper refractory 
bricks, better refractory engineering practices, controlling process conditions such as  fuel combustion and kiln shell 
temperatures, etc. 
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Introduction 

With the ever increasing demand of cement due to the exponential growth of construction industry,  
Indian Cement Industry has been put  to perform at its best than ever before. While new plants have been added 
up with minimum cement kiln capacities of 3000 tpd, the existing lower capacity plants have gone for 
considerable modification to match the threshold production limit of 3000 tpd or higher. Further, with the 
advances in understanding the cement chemistry and material behavior in side rotary kiln, lot many alternate raw 
materials and fuels have been either in use or being investigated for their suitability. While these alternate raw 
materials and fuels proved to be beneficial in terms of  financial aspects associated with them, but the presence of 
deleterious volatile compounds posed equally serious threats to  cause problems such as kiln shell corrosion, build 
ups and rings besides attacking the refractory lining and reducing their campaign lives. Amongst these, kiln shell 
corrosion is most serious problem as it acts silently and reduces the shell thickness to below critical  structural and 
mechanical limits of stability of kiln shell.  

Corrosion can be defined as the destruction or deterioration of material due to the reaction with its 
environment. The grades of steel used for kiln shell range from general engineering steel to low alloy steels. The 
minimum shell plate thickness is around 20 mm  for the shell section between two supports and those under the 
tyres (riding rings) may be between 60-80 mm thick. A reduction of the shell thickness due to corrosion can be 
presumed to be critical when the thickness of the shell becomes 15 mm or so.  To overcome the problem of kiln 
shell corrosion, the best way could be to prevent the volatiles to reach upto kiln shell. To prevent the passage of 
volatiles, refractories play a vital role and the selection of proper quality, adequate installation measures and  
highly oxidizing conditions in hottest zone of the kiln, stable kiln operation at high speed proved as the key to 
reduce / minimize the extent of kiln shell corrosion. NCB has been helping cement industry in tackling the 
problem of shell corrosion and the present paper bring out the role of the refractories and process  conditions to 
reduce / minimize the kiln shell corrosion based upon the studies carried out  in the past. 
Corrosion in Cement Rotary Kiln 

Corrosion of cement kiln shell is influenced by a number of factors such as composition of the metallic 
shell and its environment, temperature of the shell, cleanliness or roughness of the shell surface, its contact with 
other materials and severe process conditions.  Further, it is determined largely by the degree to which the scale 
formed under particular condition blocks further action between the shell and environment.  Each steel or alloy 
behaves more or less individually and forms its own characteristic type of scale whose composition and 
imperviousness are specific to the given alloy, atmosphere, temperature and duration of exposure.  Consequently, 
even a slight difference in composition of steel or atmosphere for instance, the presence of sulphur may have a 
substantial influence upon the type and progress of corrosion. 

It has been reported that carbon dioxide and sulphur dioxide are active scaling agents of iron and steel, 
carbon dioxide being less deterrent.[1,2]   The presence of sulphur dioxide increases rate of scaling and often 
results in deep intergranular penetration of the steel through the formation of a liquid iron oxide – iron sulphide 
eutectic.  The deleterious effects of sulphur dioxide can be offset by providing excess oxygen.  Alloying elements 
such as chromium, aluminium and silicon present in steel may greatly affect the rate of scaling.  When present in 
significant concentration, they oxidize rapidly yielding a relatively impervious film which retards the rate of 
further attack on the underlying metal.  On the other hand a high concentration of sulphur increases the rate of 
attack just as does the sulphur in the atmosphere.  The influence of carbon is relatively small.  The main reason of 
shell corrosion can be attributed to alternate oxidation at high temperature and acidic reaction at low temperatures 
when the kiln is stopped for repairs.  The corrosion phenomenon takes place mainly due to presence of oxides, 
chlorides and sulphide at high temperature.  Various types of corrosion that affect the kiln shell are: 

(i) Corrosion due to oxidation under high temperature 
(ii) Corrosion due to sulphide under high temperature 
(iii) Corrosion due to chloride under high temperature 
(iv) Corrosion due to hygroscopic material 
The rate of corrosion depends on the material, the surface condition, the corrosion medium, the time 

available and the temperature.  The resistance to scaling of steels also diminishes in consequence of frequent 
temperature changes.  Investigations have shown that in the majority of cases the corrosive attack is intensified by 
frequent changes in temperature. In most cases, the damage due to high temperature corrosion manifests itself in 
general removal of material or in superficial cracking.  oxidation in the kiln atmosphere is possible due to the 
presence of O2, H2O/ H2, CO2/CO. 

The occurrence of high temperature corrosion under surface deposits is also an important factor.  The 
damage due to corrosion is always intensified if the surface of the affected portion is covered with such deposits.  
During fairly long kiln shutdown for repairs, a rusting process is also presumed to be superimposed upon the high 
temperature corrosion (scaling) that has occurred during kiln operation.  The deposit of salts containing potassium 
chloride in particular on the shell becomes active because being hygroscopic it absorbs atmospheric moisture. It is 
observed that the chloride can reach the kiln shell in the form of gases, the same is not the case for alkali oxides. 



Alkalies can only penetrate the lining as a part of liquid potassium and / or Sodium salt melts. If the corrosion 
products therefore contain substantial quantities of Potassium or Sodium, the form of corrosion is termed as Hot 
Corrosion indicating that  liquid phase  takes part in the corrosion reactions. 
 

Mechanism of kiln shell corrosion 
The reactions inside the kiln are different from reactions on the kiln shell surface since both the 

temperature and atmosphere are different.[3,4] One of the most important reactions in the lining is the oxygen 
consumption where SO2 consumes oxygen and condenses as SO3: 

2 SO2 (g)  +  O2  =  2 SO3 ( ↓) 

The SO3 formed condenses as calcium or magnesium salts. The result can be that an oxidizing environment inside 
the kiln turns into a reducing environment at the kiln shell. 

Oxidation 

In an oxidizing atmosphere, the iron from the steel shell will react with oxygen to form an oxide scale. 
Generally, this oxide scale is formed by more or less firm layers of different iron oxides, the compound with the 
highest oxygen content, Fe2O3, being found at the scale-brick interface, and the compound with the highest iron 
content, FeO at the metal-scale interface. At normal kiln operating temperatures, the outer layer becomes 
relatively firm.  

Sulphidization 

When no oxygen is present, SO2 takes over as the oxygen donor and a different reaction occurs. The 
reaction may be written as follows: 

4 Fe  +  2 SO2 (g)  =  Fe3O4  +  FeS2

Accordingly, a sulphidization reaction can be identified by the occurrence of either pyrite (FeS2) or pyrrhotite 
(FeS) in the corrosion products. The oxidation by O2 and by SO2 alternates. As sulphide layers are more porous 
than oxide layers, the corrosion rate of the shell will increase. However, experience from different plants shows 
that, as long as chlorides are not present, the corrosion rate stays at an acceptably low level. 

Sulphidization is enhanced by the presence of chlorides, mainly because they affect the morphology of 
the corrosion scale, hindering the formation of a strong, protective oxide layer. The total reaction is a chain 
process taking place at different temperatures. A temperature gradient between the kiln atmosphere and the kiln 
shell is created by the porous deposit and the refractory lining. The first reaction of the chain process takes place 
in the kiln and can be described as high temperature hydrolysis of the thermally unstable alkali chlorides to form 
the more stable sulphates. This reaction step is followed by re-oxidation of hydrogen chloride gas (by oxygen or 
SO2) at lower temperatures to produce elemental chlorine, which attacks the kiln shell. The basic reactions (with 
potassium as alkali) are: 

2 KCl (g)  +  H2O (g)  +  SO2 (g)  +  ½ O2 (g)  =  K2SO4 + 2 HCl (g)   ( T > 900 oC) 

2 HCl (g)  +  ½ O2 (g)  =  Cl2 (g)  +  H2O   ( T < 400 oC) 

The formation of ‘free’ hydrochloric acid gas in cement kilns is thus accompanied by formation of alkali 
sulphates. When this is the case, the formation is restricted to a quite narrow temperature between 1100 oC and 
1300 oC. The formation of hydrochloric acid is a consequence of the thermal instability of calcium sulphate and 
the thermal stability of potassium sulphate. The evaporation of alkali chlorides cannot begin until these 
temperatures are reached since gas and material move counter-current in the kiln. 

If most of the KCl in kiln feed can evaporate to KCl (g) at temperatures below 1000 to 1150 oC, the 
formation of HCl (g) will be quite limited because the tendency of KCl (g) to hydrolyse at such temperatures is 
low. The low temperature evaporation of chlorides explains why normal preheater kilns are less vulnerable to 
chloride-enhanced sulphidization. 

While, in most cases, chlorides in preheater kilns evaporate during or shortly after calcination without 
substantial formation of hydrogen chloride gas, the case is different for kilns with tertiary air duct. Such kilns will 
show delayed alkali chloride evaporation and, consequently, evaporation will be followed by more extensive 
hydrolysis of the chlorides. Once Cl2 (g) is formed, it can reach the kiln shell through the refractory bricks or 
through the gaps/joints within and between rings and will react with either the oxide-sulphide layers or, most 
likely, directly with the kiln shell according to the following reactions resulting in the corrosion of the kiln shell: 

- reaction with the oxide-sulphide layers: 

FeS  +  Fe3O4  +  4 Cl2  =  4 FeCl2  +  SO2  +  O2



- reaction with the kiln shell: 

Cl2  +  Fe  =  FeCl2 
 

Role of Refractories in tackling  shell corrosion 
The role of refractories in cement kiln is primarily to protect the steel shell from the direct attack of 

deleterious gases and clinker melt and to reduce the shell temperature so that steel of the shell does not loose its 
properties. The reduction in shell temperature also leads to energy conservation besides providing a workable 
conditions  near kiln shell. The entire CRK system including, preheater, precalciner, rotary kiln and cooler is lined 
with suitable size and quality of refractories to achieve the above mentioned advantages. Amongst all the sections 
as mentioned above, the service conditions inside the rotary kiln are most severe thereby requiring special 
attention for the  shape, type and quality of  refractories to be used and installation practices to be employed. 
 

Passage of Volatiles through Bricks 
The various studies carried out by NCB have established that volatile pass through the body of the 

refractory bricks and reach up to kiln shell. The samples of worn out refractory bricks as collected during visits  
were  cut into three sections, top, middle and bottom and these were subjected to chemical and mineralogical 
investigations to find out the mineral phases present and formation of new phases. The  results of chemical 
analysis and XRD investigations are given in Table 1 and  Table  2 respectively for all the cases. 

Table 1: Chemical Analysis of Different Layers of Worn Out Bricks 
Chemical constituents % Brick area 

Al2O3 Fe2O3 SiO2 SO3 Na2O K2O Cl 
Fresh brick * 72.35 2.49 17.85 0.07 0.16 0.38 0.01 

Worn out Brick - Top layer 
Case I 60.57 3.56 15.08 0.76 0.17 6.75 1.00 
Case II 69.40 2.33 16.39 0.96 0.29 3.35 0.41 
Case III 62.10 4.00 19.81 0.37 0.44 5.20 0.35 

Worn out Brick - Middle layer 
Case I 65.86 3.47 14.21 0.24 0.19 6.86 1.30 
Case II 70.70 3.37 14.31 0.52 0.55 2.21 0.46 
Case III 63.20 3.77 19.48 0.21 0.22 3.70 0.24 

Worn out Brick - Bottom layer 
Case I 74.40 5.31 16.32 0.22 0.18 1.49 0.06 
Case II 70.18 3.10 15.64 0.91 0.40 0.81 0.12 
Case III 65.22 5.60 18.60 0.30 0.31 0.90 0.32 

• Average chemical analysis 
 

The results of chemical analysis of the top layer indicate that bricks have undergone very severe chemical 
attack, which has resulted in decrease of Alumina content. The concentration of SO3, Na2O and K2O was in the 
range of 0.37 – 0.96, 0.17-0.44 and 3.35-6.75 percent respectively. The concentration of chloride was in the range 
of 0.35-1.00 percent.  
 

The results of chemical analysis of middle layer indicate that the volatiles have traveled through the 
bricks and have reached upto the middle layer of the bricks.  Concentration of  SO3, Na2O and K2O are in the 
range of 0.21-0.52, 0.19-0.55 and 2.21-6.86 percent respectively. The concentration of chloride was in the range 
of 0.24-1.30 percent.  

Table 2:  XRD Investigations of different layers of Refractory Bricks 
Mineral compounds present in S. 

No. 
Plants 

Top layer Middle layer Bottom layer 
1. Unused brick Al2O3, Al6 Si2O13 Al2O3, Al6 Si2O13 Al2O3, Al6 Si2O13

2. Case I Al2O3, KAlSi3O8,  Al6 
Si2O13, KAlSiO4,  
Ca2.Al2SiO7 , KCl 

Al2O3, KAlSi3O8,           
Al6 Si2O13, KAlSiO4,  

Ca2.Al2SiO7  ,KCl 

Al2O3, Al6 Si2O13,  ,KCl 

3. Case II Al2O3, KAlSi3O8,  Al2 
SiO5, Na2SO4,  

Ca2.Al2SiO7  KCl 

Al2O3, KAlSi3O8,  Al2 SiO5,  
Ca2.Al2SiO7  NaCl 

Al2O3, KAlSi3O8,  Al2 SiO5, 
Na2SO4,  Ca3.Al6O12.CaSO4, 

KCl 
4. Case III Al2O3, Al6Si2O13, 

KAlSi2O6,Al2 SiO5, 
Ca.Al2Si2O8  , KCl 

Al2O3, Al6Si2O13, KCl, 
Al2O3SiO2 ,KAl.Si2O6 , 

K2SO4, NaCl 

Al2O3, Al6Si2O13, Al2O3 SiO2, 
SiO2 Fe2O3, KCl, NaCl 

 

The results of chemical analysis of bottom layer of refractory bricks indicate that the concentration and 
reactivity of these volatiles is so high that these are able to travel upto the bottom of the bricks thereby reaching 
upto the kiln shell. The concentration of SO3, Na2O and K2O are in the range of 0.22-0.91, 0.18-0.40 and 0.81-



1.49 percent respectively. The concentration of chloride was in the range of 0.06-0.32 percent. The comparison 
with the top and middle layer indicate that the concentration of  volatiles has decreased.  

 

The results of XRD investigations of corresponding  samples also indicate the interaction of bricks with 
deleterious volatile oxides leading to formation of  feldsphatic  compounds like  Al6Si2O13, KAl.Si2O6 , 
Ca.Al2Si2O8, besides formation of most detrimental oxide i.e. KCl (sylvite). Formation of these compounds in the 
brick matrix led to volume expansion and breaking of ceramic bonds ultimately leading to breaking or loosening 
of bricks.   
 

The above investigations of worn out refractory bricks have provided very useful information for the 
possible causes of  kiln shell corrosion. The chemical analysis of top layers of bricks indicate that these bricks 
have undergone severe interaction with calcined kiln feed or clinker and have absorbed volatiles through the open 
pores in the bricks. The bricks have three types of pores namely: 

- Through pores 
- Closed pores within brick body 
- One side open and one side closed pores 

Out of all the three types of pores, one side open and one side closed pores basically create problem for 
brick failure and does not directly affect the phenomena of  kiln shell corrosion. The closed pores are the ones 
which neither  damage brick structure by way of interaction nor  help in kiln shell corrosion. 
 

The third types of pores are very dangerous from the point of view of  damaging the brick structure as 
well as causing kiln shell corrosion. Because these thorough pores provide passage to volatiles to reach up to kiln 
shell.  The best approach would be to check the permeability of these bricks before  dispatch from the site of 
manufacturers. The permeability of bricks gives a very clear picture of through pores present in the bricks. 
 

Passage of Volatiles through joints/gaps 
The volatile rich kiln gases and clinker liquid are very prone to reach upto to kiln shell  through the gaps 

between joints within individual rings or ring to ring joints as well. These gaps may occur due to various reasons 
such as : 

- Individual brick behavior at working temperature 
- Inadequate  installation due to poor workmanship  
- Actual service conditions prevailing inside the kiln 

In order to confirm the possibility of volatiles traveling through the gaps within and between rings and 
reaching at the interface of bricks and kiln shell, another exercise was carried out. While collecting brick samples 
during kiln stoppage, some of the rings have shown shifting and gaps created between rings. Samples of worn out 
bricks were carefully taken out ensuring the coatings on the side surfaces of bricks to remain intact. These 
coatings were scrapped carefully and analyzed for their chemical constituents. The results of analysis indicate that 
two type of reactions are taking place.  

 

In one case, the results indicate that severe interactions between brick, clinker liquid rich in volatiles and 
material of kiln shell have taken place. The scrapping of coatings on brick side-top has composition which 
indicate severe reaction with clinker melt and brick material. The enrichment of volatiles as high as 2.60 % SO3 
and 7.11 % K2O and 0.39 % chloride confirm severe reaction at the interface resulting in formation of highly 
aggressive liquid which entered through the gap and reaching up to kiln shell. At the interface of  bottom layer of 
brick and kiln shell, this liquid has reacted with kiln shell and complex compounds have formed. This phenomena 
is confirmed by increased Fe2O3 content  ( 6.80 % ) in the scrapings obtained from side bottom of brick. Plate 1 is 
showing the photograph of a brick having heavy coating on one of its side. In another case,  the scrapping 
obtained from brick has shown totally different reaction mechanism. Here the  volatile  available at kiln surface 
have reacted with shell material and intermediate compounds of Fe2O3  and sulfur are formed in liquid state. The 
presence of chloride has further aggravated the situation and severe shell corrosion has taken place. These liquids 
then deposited on the gaps between and within rings.  Plate 2 is showing the brick with heavy metallic deposit on 
one of its side.       

                                  
Plate 1:  Clinker melt deposit on             Plate 2: Metallic deposit on one side  
               Side walls of bricks                of brick 



The above clearly confirm that the passage of clinker liquids rich in volatiles and hot volatile gases is 
much more dangerous as their concentration at the place of corrosion becomes alarmingly high and severe 
reaction takes place between kiln shell and clinker rich in volatiles / volatile gases leading to shell corrosion. 
 

Role of Process Parameters on Shell Corrosion 
The kiln shell temperature is of major importance to the speed of shell corrosion. In all the studies carried 

out by NCB, the shell temperature of the affected areas has been found to be on the higher side reaching as high as 
400 0C thus providing a very conducive conditions at inner shell to form scale. 
 

As known, the carbon steel is poor in oxidation therefore rate of oxidation increase rapidly with the 
increase in temperature.  It has been reported that the rate of oxidation at 400OC is almost fourteen times than that 
at 2000C and it increases manifolds with the increase in temperature.  In a rotary kiln where the temperature of 
outside surface of shell is 300 - 4000C, the inside temperature is expected to be much higher and the oxidation rate 
at that temperature could be considerably high which is not desirable. 
 

Another factor influencing the problem of corrosion is the poor oxidizing conditions inside the kiln. It is 
quite clear that O2 and SO2 act alternately as oxygen donors for most of the corrosion with chloride gas acting as 
the main promoter, making the corrosion layers porous so that they offer no diffusion protection against further 
thermal and chemical attack. The gas analysis measurements indicate severe oxygen deficient conditions at kiln 
inlet in all the cases.  The measurements of CO / O2 at kiln inlet were carried out  and presented in Table 3 below: 

Table 3: Measurement of CO/O2 at kiln inlet. 
Gas Analysis S.No. Plant 

O2 % CO % 
1. Case I 0.79-1.67 0.10-2.12 
2. Case II 0.60-2.00 0.20-0.60 
3. Case III 0.19-0.31 0.90-1.66 

 

From the above table it is clear that the O2 and CO levels are far from the recommended limits of 1.5  and 
0.1 percent respectively. Sometime, it was found that the CO/O2 analyzer installed at kiln inlet is showing 
incorrect readings and their levels could not be maintained / controlled to the above recommended limits. 
 

The high rate of corrosion in the burning/pre-burning zone can be due to the fact that the  sulphate 
bearing compounds gets recycled along with feed material and travel up to burning zone where they get partially 
dissociated and vaporized once again.  Due to this, the increase in SO3 concentration takes place leading to the 
increase in partial pressure of these volatile gases over a period of time.  As a result, they get diffused through the 
open pores of refractory lining reach upto the kiln shell and initiate the corrosion process.  Many laboratory 
experiments conducted elsewhere have reported that high levels of carbon monoxide due to incomplete 
combustion of coal also increases the rate of corrosion.  In one of the kiln where the inlet CO formation is going 
as high as 2.12%,  it can easily be expected that the CO content in the burning zone will be much higher.  Thus, it 
is essential to burn the fuel completely and as fast as possible to avoid any CO formation or reducing conditions to 
exist in any part inside the kiln and to have a proper and sufficient oxidizing conditions. 
 

The chemical analysis of Kiln Shell Flakes indicate that  these flakes are formed from the original 
material of kiln shell and heavy to severe interaction with volatile oxides have taken place at the interface. The 
concentration of SO3, Na2O and K2O are in the range of 0.44-3.46, 0.21-0.72 and 0.79-2.49 percent respectively. 
The concentration of chloride was in the range of 2.90-5.53 percent and is considered to be very high. 

 

Table 4: Chemical Analysis of Kiln Shell Flakes 
Plants Oxides 

Case I Case II Case III 
LOI 5.74 9.68 23.40 
SiO2 3.17 2.10 1.62 
Fe2O3 67.32 64.02 63.48 
Al2O3 12.56 13.08 2.50 
CaO 2.08 1.25 1.71 
MgO 0.30 0.25 0.38 
SO3 3.46 0.83 0.45 

Na2O 0.61 0.72 0.21 
K2O 1.60 2.49 0.80 
Cl 2.90 5.18 5.63 

 

The XRD investigations also confirms the formation of compounds  FeS2, NaFeS2, NaCl,, KCl, FeS as major 
mineral phases in almost all the samples of kiln shell flakes and the other mineral phases present were Fe2O3, 
Fe3O4, Na2SO4,, MgFe2O4, Al0.5Si0.7O2.25, K6Na4Cl, etc. The presence of these compounds clearly indicate that the 
participating oxides for these compounds were Iron from kiln shell and volatiles reached to kiln shell surface 
through bricks and gaps/joints. 



Discussions and Remedial Measures 
The possible causes for the occurrence of shell corrosion in cement kiln could therefore be summerised as under: 

- Poorly designed Brick shape and size, 
- Poor Brick quality in terms of porosity and permeability 
- Inadequate Installation quality 
- Improper combustion of fuel leading to reducing conditions inside kiln 

The possible preventive measures coming out from the above studies to minimize the tendency and rate of shell 
corrosion phenomenon are as discussed below: 

I. The shell corrosion is attributed to a large extent to poor oxidizing conditions prevailing in the kiln. The best 
measure against chloride promoted sulphidization is to keep a steady supply of fresh air to the surface of the 
kiln shell. The CO/O2 analyzer installed at the kiln inlet should be made working  properly to avoid 
incomplete combustion of coal which otherwise could lead to uncontrolled/unnoticed  formation of CO and 
low oxygen level at kiln inlet. The oxygen at kiln inlet should be maintained at 1.5 % minimum to ensure 
proper oxidizing conditions with  CO not exceeding 0.1 percent at this point.  

II.  The kiln shell temperature from outside should not exceed 300 OC . Additional cooling fans should be 
provided for effective external cooling. In addition, the selection of bricks in this area should be reviewed 
with respect to their thermal conductivity and wear rate pattern. If there is no coating on bricks in that area, 
high wear rate leads to reduced residual lining thickness leading to higher shell temperature. Therefore, 
Refractory bricks with relatively lower thermal conductivity and high wear resistance should be preferred in 
the corrosion affected area. 

III.  As the investigations have confirmed that the intrusion of volatiles have taken place not only through the 
bricks but also through joints and gaps created during the campaign. It is recommended that a thorough study 
of lining quality, design and installation be carried out  with a view to ensure that the intrusion of volatiles 
through bricks and joints/gaps is reduced to minimal. In this connection, it is very important to mention here 
that besides other parameters, two characteristics should be given due attention namely, permeability and 
reversal thermal expansion of bricks , While permeability plays a role in allowing gases/liquids to reach up to 
kiln shell, the reversal thermal expansion gives an idea of extent of shrinkage a particular brick undergo when 
the kiln temperature is reduced from its normal operating temperature to any lower temperature.  

IV.  It seems to be more successful to apply different type of gas-tight coatings or paints on the inner kiln shell to 
lessen the chloride attack. The inner kiln shell should be coated with the available anti corrosive paint 
immediately after de-lining. This will also help in preventing the absorption of atmospheric moisture by 
hygroscopic compounds such as KCl.  

V.  The procurement of bricks should be focused not only on the quality of bricks but also on the shape and 
sizes. It is recommended that after each shutdown, the inner diameters of kiln should be measured ( kiln 
mapping ) and this data should be used to work out the sizes of the bricks,  their running ratio and size of key 
bricks required for the next shutdown.  

VI.  Application of spreader jack should be done in each ring at the time of closing the individual rings and due 
care should be taken so that bricks do not crush or develop internal cracks due to pressure applied by spreader 
jack. Further, jack should not be used on key bricks. In no case chiseling or hammering of bricks should be 
done. The ring should be closed using key bricks instead of cutting and fixing with the help of hammer. 

VII.  It is desired that a proper pre-dispatch inspection scheme is chalked out covering various chemical, physical 
and thermal characteristics of bricks to ensure that the only quality bricks are  transported to the cement plant. 

Conclusions 
 It is therefore established that Shape, Size and Quality of bricks, their installation practices and process 
conditions play a very crucial role in the process of kiln shell corrosion phenomena. It is therefore imperative that 
a  critical investigation is required in each individual case to diagnose the cause of kiln shell corrosion and then 
take appropriate preventive measures.  
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Abstract 

The paper presents the hardening processes and mechanical properties of mixtures of fly ash (FA) and two types 
of cement kiln dusts (CKDs), activated with NaOH 8M. The specimen's curing was made at 60oC for 24 hours in 
humid atmosphere (95% R.H.) followed by air curing at normal temperature (23oC) up to 210 days. The 
compressive strength values of alkali-activated binders are influenced by the mineralogical composition, grain 
size distribution of the solid component (FA and CKDs) and the amount of each one in the mixture. For type I 
CKD (Kro-with a high amount of calcite and high fineness) an increase of compressive strength is recorded  for 
the alkali activated mixtures when the amount of Kro increases (from 25%wt. to 50%wt.). This increase is due to 
a filler effect and, most probably, to the acceleration of reactions in which structure-forming products are 
generated (small Kro grains can act as nucleation sites). On the opposite side, the compressive strengths 
decreases when type II CKD (Kge-containing a higher amount of alkali - as soluble salts) substitute FA in the 
mixture. The decrease of liquid/solid ratio from 0.25 to 0.15 determines an important strength gain of mortar 
specimens with both types of CKD. 

 

Originality 

Both FA and CKD are by-products that can be recycled in cement and concrete manufacture or can be used in 
alternative applications (soil stabilization, water treatment, agriculture). Still, more than 40% of the yearly 
output of these materials are considered wastes and are stockpiled in landfills. Therefore the development of 
value added products based on these materials is beneficial both from economical and ecological reasons. 
Countless papers were published regarding the alkali activation of FA but the use of CKD as alkali activator of 
cementitious materials such as slag or fly ash was less studied. This paper presents how the mechanical 
properties of the product obtained through alkaline activation of FA-CKDs mixtures are influenced by the 
characteristics and amount of starting materials in relation with structure, composition and amount of the 
reaction products. 

 

Chief contributions 

The compressive strength of mortars based on alkali activated FA-CKD mixtures was assessed in correlation 
with the characteristics of starting materials. The hardening processes and the resulted products were assessed 
by XRD analysis, FT-IR spectroscopy, SEM and EDX. Based on these data we estimate that the complex 
hardening process of these system consists in several different processes which are superposed: Ca(OH)2 
formation, Ca(OH)2 carbonation or pozzolanic reaction with silicate and aluminate phases from FA and 
possibly copolymerization of individual alumina and silica components with geopolymer or/and zeolites 
formation. 

 

Keywords: Fly ash, cement kiln dust, alkali activated binders, mechanical properties 
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Introduction 

Cement kiln dust (CKD) is generated in cement manufacture and represents fine grained particles of 
raw materials, partially processed feed and components of final product carried out from the kiln by 
the exhaust gases. These materials are collected in kiln’s air pollution control systems (cyclones, 
electrostatic precipitators or bag house). CKD can be recycled in cement manufacturing (if its content 
in alkali or chlorine does not affect the cement quality) or it can be use in alternative applications such 
as agriculture, sewage and water treatment, civil engineering (filler or soil and sludge stabilization) 
and others (Peethamparan et al.,2008, Maslehuddin et al,.2008, Konsta-Gdoutos and Shah, 2003).  

If CKD’s content in alkali and sulfate is high it can be used as an activator for pozzolanic or latent 
hydraulic materials. Both chemical and physical characteristics of the CKD and aluminosilicate source 
(fly ash, slag, metakaolinite etc.) play a decisive role in controlling the mechanisms of activation, the 
nature and amount of formed products and consequently the strength development (Konsta-Gdoutos 
and Shah, 2003, Wang et al., 2004, Buchwald and Schultz, 2005). 

The objective of this study was to assess the chemical and physical properties of two types of CKDs 
and to evaluate their influence on the hardening processes of alkali activated fly ash binders. 

Experimental 

Type F fly ash and two types of CKD (Kro and Kge), with the main characteristics presented in table 
1, were used in this study. The median particle size of the powders was determined with a Malvers 
Mastersizer 2000, laser particle size analyzer. 

Table 1. Chemical composition and fineness of the materials  
% L.O.I* SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl dmed

** (µm) 
Fly ash  1.38 54.45 20.79 9.06 5.77 3.71 1.12 0.63 2.00 n.d. 25.677 
Kro  33.56 13.05 4.06 3.61 41.97 0.80 0.50 0.67 0.86 n.d. 4.118 
Kge 26.86 8.43 2.98 1.39 27.19 1.4 12.89 1.24 17.12 0.59 12.93 
*) Loss on ignition; **) median particle size 

The crystalline compounds identified on the XRD spectra of the starting materials (fig.1) were: for fly 
ash (F) - quartz and mullite, for Kro - calcium carbonate, quartz and small amounts of CaO and for 
Kge – calcium carbonate, quartz and alkali salts (K2SO4, KCl, NaCl).  
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Fig. 1. XRD spectra of fly ash (a) and CKD′s (b). 

Two types of specimens containing as solid component the binders presented in table 2 and as 
liquid component NaOH solution 8M, were prepared: 
- pastes with liquid/solid (l/s) ratio of 0.3 were cast in cylinder molds (φ=20mm); 
- mortar specimens (prisms with 14x14x60 mm), with siliceous sand (EN 196-1) as aggregate, 
sand/binder ratio of 2 and liquid/solid ratio of 0.15 and 0.25.  



Both pastes and mortars specimens were cured the first 24 h in oven, at 60oC, in humid environment 
(R.H. = 90%), then removed in air (20oC and R.H.≈ 60%) and kept for different periods of time. 

Table 2. Binders’ composition (% weight) 
Binder F Kro FKro25 FKro50 Kge FKge25 FKge50 

Fly ash (F) 100 - 75 50 - 75 50 
Kro - 100 25 50 - - - 
Kge - - - - 100 25 50 

Compressive strength tests were performed on mortar specimens after different curing periods, using a 
Tonindustrie hydraulic press. 

XRD, SEM&EDX and FTIR spectroscopy analyses were performed on pastes cured for 1, 7 and 28 
days using a Shimadzu XRD 6000 difractometer, a Hitachi S2600N microscope and a Shimadzu FTIR 
8400 spectrophotometer. 

In order to assess the amount of alkali ions solubilised from both types of CKDs, after 2 h and 24 h, in 
water and NaOH 8M solution, suspensions with solid /liquid =1/100 were prepared. The Ca2+, Na+ and 
K+ concentrations were assessed using a Carl Zeiss Jena flame photometer. 

The concentration of Ca2+ ions, formed after 1 day and 7 days of contact between the binders 
presented in table 2 and NaOH 8M solution (suspensions with solid/liquid=1/4), was assessed using 
the chemical method (titration with EDTA). 

Results and discussions 

The development of compressive strength for fly ash-CKD mortar specimens, are presented in fig. 2.  

0

2

4

6

8

10

12

Cs
 (M

Pa
)

F(
0,

15
)

FK
ro

25
 (0

,2
5)

FK
ro

25
 (0

,1
5)

FK
ro

50
 (0

,2
5)

FK
ro

50
 (0

,1
5)

FK
ge

25
 (0

,2
5)

FK
ge

25
 (0

,1
5)

FK
ge

50
 (0

,2
5)

FK
ge

50
 (0

,1
5)

1 day
7 days

28 days
210 days

 
Fig.2. Compressive strength of mortar specimens prepared with 0.25 and 0.15 liquid/solid ratios. 

As it can be seen from fig.2, the decrease of liquid/solid ratio substantially improves the compressive 
strength values for all studied compositions. The replacement, in the solid component, of the fly ash 
with 50% cement kiln dust (Kro) increases the compressive strength values, as compared with the 
specimen in which the replacement level was 25% (FKro25) and even with the specimen with fly ash 
(F). This increase is due to a filler effect and, most probably, to the acceleration of reactions in which 
structure-forming products are generated (small CKD grains can act as nucleation sites). 



For the cement kiln dust Kge, the compressive strength values are lower as compared with F specimen 
and the corresponding mortars with Kro content. This is due to the solubilisation of alkali salts, present 
in a higher amount in this type of CKD, as compared with Kro, with a negative effect on the kinetic of 
hardening processes (fig.3).  
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Fig.3. Ca2+, Na+ and K+ ions solubilised in water and NaOH 8M solution after 2 h and 24 h for: a) Kro; b) Kge 

For both types of CKDs, a higher quantity of Ca2+ and K+ ions is formed in NaOH solution, as 
compared with water. For Kro the amount of alkali ions formed in water suspension is smaller as 
compared with Kge, but for the suspensions based on NaOH 8M solution the amount of alkali ions 
increases, in the first 2h, 10 time for Ca2+ ion and over 100 times for K+ ion.  

The mortar specimens with 50% CKD, exhibit after 7 days of hardening, efflorescence phenomena 
(fig.4), more intense for those prepared with Kge, due to its high amount of soluble alkali salts; the 
water in geopolymer is not linked in hydrates and resides in the pores with dimensions roughly above 
5 nm (Skvara et al., 2009), therefore if the specimens are cured in air (20oC and R.H.≈60%)), water 
transport from the centre of specimen to its surface can cause also the transport of not reacted alkalis 
and their crystallization at the specimen surface (efflorescence.)  
 

    a)    b) 

Fig.4. Visual aspect of alkali activated mortar specimens cured for 7 days: a) FKro50; b) FKge50. 

The variation of calcium ions concentration in suspension, after 1 and 7 days of contact between the 
solid component and NaOH 8M solution, is presented in fig. 5. These data provide information about 
the kinetic of Ca2+ ions formation and consumption in suspensions with different solid components. As 
expected, the Ca2+ concentration increase with the increase of CKDs content in the specimens and of 
the contact time, in good correlation with previous presented data (see fig.3). The decrease of Ca2+ 
content in FKro50 suspension after 7 days, can be due to the pozzolanic reaction with the fly ash 
or/and portlandite precipitation. 
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Fig.5. Ca2+ concentration vs. time for suspensions with solid/liquid ratio of 1/4 (liquid is NaOH 8M) 

FTIR spectra recorded on as-received materials (fly ash and CKDs) and on alkali activated pastes, 
after 1 to 28 days, are presented in figs. 6 and 7. 
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Fig.6. FTIR spectra of: a) as-received Kro and alkali activated for 1 day and 7 days; b) fly ash (F),  
mixture of fly ash and Kro (FKro50) and alkali activated mixture (FKro50 7 days) 
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Fig.7. FTIR spectra of: a) as received Kge and alkali activated after 1 day and 7 days; b) mixture of fly 

ash and Kge (FKge50) and alkali activated (FKge50 1 day and 7 days) 

The IR spectrum for Kro (fig. 6a) contains the bands characteristic for C-O bond in CO3 group 
(1441 cm-1 and 878 cm-1) and Si-O bond in quartz (1070 cm-1 and 488 cm-1) (Gunsekaran et.al, 2006, 
Criado et al., 2005). The alkaline activation of Kro for 1 day and 28 days determines the decrease of 



the amplitude of 1441 cm-1 band and the shifting of the Si-O band from 1070 cm-1 to lower 
frequencies, as a result of the formation of new reaction products. According to Criado et al. (2005) 
this shifting is indicative for the changes in the Si/Al ratio in the reaction product formed by alkali 
activation. For the specimen based on fly ash+Kro mixture – FKro50 (fig.6b) the spectrum contains 
the bands characteristic for CO3

2-
 group (1425 cm-1 and 879 cm-1) and a wide band at 1082 cm-1 in 

which overlap the signals specific for T-O bonds (T= Al or Si) from vitreous phase and mullite from 
fly ash, as well as quartz from both solid components (Criado et al., 2007). The FKro50 alkaline 
activation, for 7 days, determines also the reduction of CO3

2- specific bands amplitude and the shifting 
of the 1082 cm-1 band to lower frequencies (1017 cm-1). The wide band from 3466 cm-1 is 
characteristic to the stretching vibration generated by the O-H bonds in portlandite (Garcia Lodeiro 
et.al., 2009) and suggests the precipitation of a certain amount of this product. These data are in 
agreement with those obtained from chemical analysis, previously presented.   

On the FTIR spectrum of Kge (fig. 7a) are present the bands specific for carbonate group (1446 cm1-  
and 883 cm-1), SO4

2- group (624 cm-1 and 1120 cm-1) and the band specific for Si-O bond in quartz 
(1072 cm-1). For the specimen FKge50 (fig.7b) the increase of the signal corresponding to the band 
from 1053 cm-1 (attributed to Si-O bond) is explained by the increase of quartz content when 50% of 
the Kge is replaced with fly ash. For both Kge and FKge50 the alkaline activation determines the 
reduction of the amplitude of sulfate group band (1120 cm-1) and the shifting of the Si-O band to lower 
frequencies, suggesting the formation of an aluminosilicate reaction product. The XRD spectrum of 
the alkali activate FKge50 paste cured for 28 days (fig. 8) presents some intense peaks associated with 
the mineralogical components from the original materials (F and Kge) and less intense peaks 
corresponding to a zeolite phase (Na4KAl5Si11O32.(H2O)10 – #073-1419) and AFm 
(3CaO.Al2O3.CaSO4.16H2O - #044-0602). 
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Fig.8. RX spectrum of FKge50 after 28 days of alkali activation 

The microstructure of the pastes after 28 days of hardening, presented in fig.9, is more compact for the 
specimen FKro50 as compared with FKge50. The fly ash spherical particle (see arrow), present in the 
FKge50 micrograph (fig.9a), is embedded in clusters of particles with poorly defined shapes. In the 
specimen with Kro (FKro) cemented fine particles containing calcium, silica, alumina and sodium 
(assessed by EDX) are present. These particles have CaO/SiO2 ratio of 0.8 and Na2O/SiO2 ratio of 
0.096 (average values of 10 EDX analysis) and the Al/Ca ratio between 0.4 to 0.14. This suggests that 
C-S-H and C-(A)-S-H gels with sodium content are most probably formed in this system 
(Peethamparan S. et. al., 2008, Garcia Lodeiro et. al., 2009, Garcia Lodeiro et. al., 2010). 



  
-a- -b- 

Fig.9. Microstructural aspect of mortar specimens after 28 days of hardening: a) FKge50; b) FKro50. 

Conclusions 

The strength development of alkali activated fly ash-CKDs mixtures is influenced by the chemical 
composition and fineness of the solid components as well as the liquid to solid ratio. The decrease of 
liquid/solid ratio from 0.25 to 0.15 determines an important strength gain of mortar specimens 
containing Kro (between 98 up to 200% after 7 and 28 days of hardening). The increase of the 
compressive strength values for FKro50 as compared with the specimen in which the solid component 
is fly ash (F) is due to a filler effect exerted by Kro fine particles and, most probably, to the acceleration 
of reactions in which structure-forming products are generated (small CKD grains can act as nucleation 
sites). 

The lower values of the compressive strength recorded for the specimens with Kge, are due to the 
solubilisation of alkali salts, present in a higher amount in this type of CKD, with a negative effect on 
the kinetic of hardening processes, as well as the modification of the nature of reaction products. 

Based on the obtained data we estimate that the complex hardening process of these systems consists 
in several different processes which are superposed: Ca(OH)2 formation, Ca(OH)2 carbonation or 
pozzolanic reaction with silicate and aluminate phases from the FA and possibly copolymerization of 
individual alumina and silica components with geopolymer or/and zeolites formation. 
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Abstract 
 

The present paper deals with study of a damaged concrete exposed to fire. The evaluation of the concrete core 
obtained from a basement indicated loss of hardness of the concrete from 6.5 to 3.5, when measured in Mohs’ 
hardness scale. The air void distribution was found to increase by almost 20%. Micro fractures were widened 
from 35 micron to 625 microns maximum.  In fact three types of micro fractures viz. honey comb, web and 
dendritic were developed and the fractures were discontinuous in nature and propagated deep inside the 
concrete along with air voids of various shapes and sizes. The fire damaged concrete samples showed honey 
combing and web fractures joined with the air voids resulting brittleness in the concrete. The hydrated products 
of cementitious phases and siliceous aggregates have undergone enthalpy changes when subjected to high 
temperature.  

 
The concrete consisted of fine aggregate of river sand and two types of coarse aggregates i.e. Biotite-Granite 
and Hypersthene-Granite which were found to be partially weathered. The microstructural and compositional 
changes of feldspars constituting aggregate as observed above also indicated the exposure of concrete to 
temperature beyond 7000C. The damage resulted in micro fractures, stretching and elongation of mineral grains 
and higher percentage of strained quartz found as in petrographic investigations. The above evaluation 
indicated that the structure damaged by exposure to fire is not safe for living. 
 

Originality of the Research 

 
The typical damaged concrete exposed to fire was evaluated based on the changes in microstructure and 
mineral properties including coarse arrgregate. Effect of fire on the mortar was assessed with respect to 
different microstructural features developed, air void, capillary developments etc. Duration and time of the 
concrete exposed to fire was established.  
 

Chief Contributions made by the Research 

 
The damaged concrete sample exposed to fire indicated partial loss of properties. Extent of the cement 
hydration was found to be completed. One of the feldspar types of aggregate were partially damaged both 
morphologically and compositionally. Strained quartz with other morphometric changes were developed due to 
exposure to high temperature. Open air voids along with open capillaries were also developed considerably. 
The DTA studies on concrete sample revealed that the extent of damage of concrete at different depths and there 
is clear loss of strength in concrete. Based on evaluation it was recommended for removal of damaged concrete 
with fresh concreting. 
 

Key words: Concrete, biotite-granite, hypersthene-granite, air voids 

 

 
 
 
 
 



Introduction 
 
Petrographic examination of concrete provides rapid means of diagnosing numerous concrete 
problems. Petrographic investigations of concrete that has been exposed to fire can exhibit a number 
of abnormal features and accordingly quantification of damages in terms of morphometric changes 
and microstructure can easily be assessed. Cracking, paste hardness, aggregate colour changes and 
condition and reinforced response all have special importance with respect to the effects of heat. 
Aggregate colour changes may be the most obvious sign of fire exposure. Numerous microstructural 
changes are also developed in both coarse and fine aggregates. All these parameters envisage carrying 
out the study and are included in the present paper. 
 
Experimental part 
 
A random sample of concrete core (core length 18 cm & diameter 10 cm) containing coarse and fine 
aggregates and cement paste was evaluated. The core sample was steel grey in colour with vitreous 
luster. The sample was found to be massive and compact but not very hard and loosely packed. 
Compatibility of the aggregates (both coarse and fine) and cement was also poor. Hardness of the 
sample was determined using Mohs’ hardness scale. Taking hardness into consideration sample was 
cut along the length into two equal halves. First half was used for selecting the samples at 2 cm 
variation to study the air void distribution, cement hydration, correlation between cement and 
aggregate etc. Coarse aggregate samples used in the concrete were separated out for detailed 
petrographic evaluation .Thin sections of the selected rock types were prepared. Thin sections of four 
samples containing coarse and fine aggregates and cement mortar were prepared for detailed 
microscopic studies to establish the relation between the aggregates and mortar. Four polish sections 
of different locations were prepared to study the products of adverse reactions (if any), behavior of 
cement paste within the coarse aggregate, microstructural and morphological changes developed in 
the sample.   
The studies are based on ASTM-C-457, C-856, IS- 2386 pt VIII and IS -343. The studies were carried 
out in transmitted and reflected light in NIKON-POL-600E Microscope. Analyses were carried out in 
Image Analysis System attached to the Microscope. For DTA analyses, samples from 0-60 mm, 60-
120 mm and 120-180 mm segments were selected from second half of the concrete core. Samples of 
each segment were crushed separately and coarse aggregates were removed completely. Rest of the 
samples were crushed and ground to -100mesh.The resulting samples were used for thermal analysis, 
which was carried out on a simultaneous DTA/TG thermoanalyser. 
 

Results and Discussions  

 
The hardness of the mortar was originally 6.5, which was reduced to 3.5.  Hardness test was carried at 
different points of the core to arrive at the exact hardness. It was found that there was slight variation 
in hardness in the cement mortar adjoining to coarse aggregate than the cement mortar outside.  It was 
observed that two rock types (Biotite-Granite and Hypersthene-Granite) were used as coarse 
aggregate. River sand was used as fine aggregate.  Description of the rock types used in the concrete, 
thin sections containing both aggregates and mortar and polish sections of the concrete are given in 
the following paragraphs. Modal composition of the rocks is given in Table -1 and granulometric 
analyses of quartz is given in Table- 2. 
 
 

 

 



Biotite-Granite 

 
This is a medium grained textured rock. The major mineral constituents are quartz, biotite and 
plagioclase-feldspar. Accessory minerals are orthoclase-feldspar, hypersthene and iron oxide. 
Subhedral to anhedral quartz grains are well graded and inhomogeneously distributed. Granulated 
quartz grains are developed as small clusters in the rock. The strained quartz percentage is about 28% 
and their undulatory extinction angle varies from 320 to 360. Lath to tabular shaped biotite grains are 
highly fractured and twisted. Biotite grains are broken into small pieces along the weak planes.  
Prismatic plagioclase grains are mostly fresh. Few plagioclase phenocrysts and subhedral orthoclase 
grains are fractured, shattered and partially altered. Subhedral hypersthene grains are highly fractured, 
shattered and altered. 
  
Hypersthene-Granite 
 
This is a coarse grained textured partially weathered rock. The major mineral constituents are 
plagioclase-feldspar, hypersthene, biotite, orthoclase-feldspar and quartz. Accessory minerals are 
microcline-feldspar and iron oxide. Prismatic plagioclase grains with corroded margins are highly 
fractured and partially altered.  Subhedral hypersthene grains are also highly fractured, shattered, 
twisted and altered along the weak planes. Tabular to lath shaped biotite grains are highly altered, 
fractured and iron leached.  Subhedral orthoclase grains are mostly fractured and saussoritised.  
Subhedral quartz grains are well graded and homogeneously distributed. Granulation is too severe in 
quartz grains. The strained quartz percentage is about 34% and their undulatory extinction angle 
varies from 370 to 390. Tabular microcline grains are highly corroded on the margins and fractured. 
Subhedral iron oxide grains are corroded on the margins.   
 

Table1: MODAL COMPOSITION OF THE COARSE AGGREGATES (Results in %) 
 

M    I      N      E      R     A      L      S Sl. 
No. 

 
Rock Type Quartz Plagioclase 

-feldspar 
Biotite Hypersthene Orthoclase 

-feldspar 
Microcline 
-feldspar 

Iron 
oxide 

1 Biotite 
- Granite 

32 24 28 6 7 - 3 

2 Hypersthene-
Granite 

12 29 15 24 14 4 2 

 
 

Table2: GRANULOMETRIC ANALYSES OF QUARTZ (Results in µm) 
 

Sl. No. Rock Type Minimum Maximum Average 
1 Biotite - Granite 64 987 516 
2 Hypersthene -Granite 76 896 470 
 
 
The mafic minerals present in the rocks of the concrete were highly fractured and shattered as 
observed in the thin sections. Feldspar grains were highly distorted and altered along the weak planes. 
Dendritic, pitted and bridging structures were developed in most of feldspar grains. Margins of few 
feldspar phenocrysts were completely reacted .Bands of micro grains were developed on the margins 
of the phenocrysts with discontinuous micro fractures in the adjacent mortar. Few quartz grains were 
highly fractured and shattered. In the mortar, it was observed that micro needle shaped grains were 
developed due to alkali-silica- reaction.  
 



Polish Sections of Hardened concrete and DTA analysis 

 
In the polish sections, it was observed that the coarse and fine aggregates were uniformly distributed 
in the cement paste. Air voids of different shapes and sizes with highly corroded margins were present 
in the sample. There was large variation in size of air voids .Most of air voids were hollow in nature. 
In few instances the voids were filled with micro globular grains. This effect was observed in most of 
the big size voids (>2mm). Sagging in small voids was observed. These refilled voids were evenly 
distributed in the sample. Few micro size capillaries discontinuous in nature were also present in 
sample. The macro size capillaries were also observed in the centre of core of the sample. The 
capillaries were mostly open in nature with smooth margins. Capillaries and air voids were not inter 
related with each other. 
Cement phases were completely hydrated. Elongated rod shaped gels containing micro grains were 
uniformly distributed throughout the cement paste portion of the sample. Impingement of the cement 
was observed in feldspar and quartz grains. Dendritic structure is commonly developed by cement 
intruded in coarse aggregate grains along the weak planes. Pitted and bleb shaped structures were 
developed in the mafic constituents of the coarse aggregates. Numerous clusters of honey combing 
and web fractures were developed in the concrete. These clusters were uniformly distributed through 
out the sample. The fractures were mostly discontinuous in nature with shallow depth. However, 
opening of the fractures were increased to a large extent. Development of pink to red colour was 
observed in few coarse aggregate grains. Depth of the paste carbonation was deep in the sample. 
Cement paste content of the sample was moderate. Air voids were randomly distributed through out 
the core. Effect of adverse reactions such as alkali-silica-reaction was feeble. Cement paste volume of 
the sample was high. But bonding of the concrete was not proper. Aggregate volume was on higher 
side in the sample. The concrete became highly porous and brittle due to fire. Condition of embedded 
item was poor in the concrete. The distribution of microstructural components such as joints and other 
discontinuities were present in the sample. Extent of the cement hydration was completed as grains of 
cement phases were almost absent. Only traces of belite grains in highly deformed form were 
observed in higher magnification (50X, objective). When water to cement ratio was attempted to 
establish, it was observed that the distribution pattern was non uniform in nature. However, it was 
beyond the scope of the instrument. Hence no conclusions were made .Similarly air content also 
shown a moderate result. Majority of the above mentioned microstructures were developed in the 
coarse and fine aggregates and cement mortar due to increase in temperature due to fire. 
 
Top and bottom portions of the core were chosen for judging the extent of damage. The top portion of 
the core was completely fractured with numerous cracks as affected by fire.DTA curves of the two 
portions are presented in Fig-5.Top portion exhibited no endothermic peak for Ca(OH)2 
dehydroxylation indicating that this portion was exposed to fire at above 600°C,whereas sample from 
bottom exhibits the Ca(OH)2 peak indicating that this portion of the sample was less damaged by fire. 
The DTA curves of Core-a (fig.6) up to a depth of 120 to180mm from the top surface, reveals that the 
endotherm corresponding to Ca(OH)2 dehydroxylation is negligible. Whereas in Core-b and Core-c 
corresponding to the depth of 60 to 120mm and up to 60mm, this endotherm is present. This 
observation suggests that the Core-c was exposed to more that 600°C.The effect of temperature on the 
strength of concrete is not significant up to 300°C.  However, beyond 300°C a definite loss of strength 
takes place as shown in fig 7. Based on these, it is concluded that there is clear loss of strength in 
concrete up to the depth of 120mm from the exposed surface.  
 
 
 
 
 
 



Conclusion  
  
The damaged concrete sample exposed to fire indicated that the coarse and fine aggregate as well as 
the mortar were severely affected due to increase in temperature. However, the temperature rise was 
not very high as indicated by the plagioclase grains present in the coarse aggregate. But orthoclase 
grains of both rock types were partially damaged both morphologically and compositionally. 
Orthoclase grains were partially melted also due to increase in temperature. Quartz grains present in 
the coarse and fine aggregate were highly strained, fractured and shattered. Few quartz grains were 
completely granulated due to increase in temperature. Granulation and fractures were also observed in 
mica grains of the rocks. The mineralogical characters of the coarse aggregate indicated that the 
temperature rise during the fire was approximately in the range of 7000C to 10000C. Majority of 
quartz grains of the fine aggregate were highly strained, fractured and shattered. Numerous quartz 
grains were severely granulated due to sharp increase in temperature. These granulated quartz grains 
were distributed as small clusters in the matrix of the concrete. Few micro quartz grains were 
completely melted. Distorted and deformed microstructures were developed in the mafic minerals of 
the fine aggregate. There was a clear indication of melting of cement paste and dehydration of the 
mortar. Percentage of open air voids increased.  Open capillaries were also developed in the concrete, 
which also supports the effect of the fire. The above observations indicated that the concrete was 
exposed to fire for about seven to eight hours. The concrete was totally damaged by the fire. Based on 
above megascopic and microscopic investigations, it was recommended for removal of damaged 
concrete with fresh concreting. The DTA studies on concrete sample revealed that the extent of 
damage of concrete at different depths. This helped in rehabilitation by removing the damaged 
concrete. 
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 Fig.1 Distribution of biotite, orthoclase-

feldspar, plagioclase-feldspar, microcline- 
feldspar,      hypersthene, iron oxide and quartz 
grains in the coarse aggregate.  (At 5X,  
X-nicols) 

Fig.2 Distribution of quartz, orthoclase-
feldspar, plagioclase-feldspar, microcline- 
feldspar,       hypersthene and iron oxide grains 
in the coarse aggregate.  (At 5X, X-nicols)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.3 Open Air Void Filled with Micro 

globular Grains on the Periphery. (At 5X) 
Fig. 4 Open Air Void with light colour bands 
containing Grains on the margins. (At 5X)   

 
 
 
 
 
 
 
 
             
 
 
 
 
        
 
            
 
 
 
              



 
 
 
 
 

Fig.-5: Typical DTA curve of undamaged and fire damaged 
concrete sample 

Fig-6: Typical DTA curve of the concrete sample 

Fig.-7: Compressive strength of the concrete after heating to high temperature 
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Abstract 
Several prior papers on this subject have shown, with XRD and SEM techniques and Le Chatelier-Ansttet (L-A), 
ASTM C 452-68 and RT-ΔL tests, that almost all pozzolanic additions can bring about the rapid formation of 
ettringite, ett-rf, a process dependent upon their reactive alumina, Al2O3

r-, content, which may be vitreous or 
amorphous. It has likewise been found that the formation rate, Vf, of this ettringite from pozzolans origin is higher 
than the Vf of slower forming ettringite, ett-lf, originating from the C3A in OPC; consequently, the size of the ett-rf is, 
logically, approximately 10-fold smaller. In this context, the key questions relating to the development of the two 
types of ettringite when forming together in a common plaster-bearing solution, are:  What will the outcome of the 
expansive effects be? What type of effect will they ultimately produce? Addition? Synergism? Antagonism? or 
perhaps Inversion of final expansive action?  To reply to these questions, 20 cements –5 Portland cements and 15 
blended cements containing 20%, 30% or 40% metakaolin– were tested using the ASTM C 452-68 test and several 
direct parameters were measured, as follows: Increase in length, ΔL (%) and sulfate content in the curing water of 
the specimens, {SO4=}cw;, for ASTM C 452-68 specimens. In parallel, concrete specimens also were prepared with 
and without excess gypsum (15.05% or 45.16%), and the following parameters were measured: compressive strength 
and indirect tensile strength (“brazilian” test). 

 
The experimental results show that the joint precipitation –co-precipitation– in the same plaster-bearing solutions, of 
the ettringite from the Al2O3

r- present in pozzolans, and the ettringite from the C3A present in OPC, was always more 
synergic than additive. On the other hand, the pozzolanic activity of MK has proved to be more specific than generic 
in gypsum and water environments, prompting greater, speedier and earlier gypsum-mediated hydration of the C3A 
than of the C3S in the OPC, and as a result, a stronger or weaker ESE according to its C3A (%) content, mainly. 
Therefore, the ett-rf from the Al2O3

r- in MK is the chief direct and indirect cause of the greater or lesser ESE 
generated in conjunction with ettringite from the C3A in PC in all the ASTM C 452-68 specimens (and in concretes 
and mortars on construction sites where gypsum and water are present as well), due to its very specific pozzolanic 
activity in such gypsum media. This very specific pozzolanic behaviour makes it possible to give the title to the MK of 
pozzolan with aluminic chemical character. Finally, pursuant to the fundamentals of the ESE generated by ettringite 
from pozzolan and OPC, the ett-rf identified in this study may have had at least two origins: the Al2O3

r- in pozzolans 
and the C3A in OPC, if blended with appropriate aluminic pozzolans in chemical character –and in suitable 
quantities–, due to the very specific pozzolanic activity of their Al2O3

r-. Ett-lf, on the contrary, has had only one 
origin: C3A present in OPC.  
 
Originality 
This work allows explaining why in some occasion, sulfate attack to concrete with OPC and inadequate pozzolans 
gives rise to a rapid gypsum attack. Nonetheless, measures are given for that this deleterious effect are finally 
beneficial. The reason is that the pozzolanic addition is aluminic in chemical character, according to R. Talero, even 
though it is also siliceous and aluminous in nature, according to ASTM C 618 standard.   
 
Chief contributions 
Depending on the parameter considered and from the technological standpoint only, the consequences of Expansive 
Synergic Effect between the two types of ettringites can be esteemed to be beneficial, adverse or indifferent. But such 
judgments may not hold where two or more related parameters are considered at the same time. Thus and from the 
known and verified behavior of OPC, the performance of all these POZC with MK + 7.0%SO3, has been beneficial, 
according to the setting times and mechanicals strengths, but adverse, according to the volume stability. However, 
from the known and verified behavior of “expansive hydraulic cements” (ASTM C 845-90), the performance of many 
POZC with MK –POZC families P-1/MK, PY-4/MK and PY-6/MK– has been beneficial as well, inasmuch as their 
respective ΔL7d(%) were between 0.04% and 0.10%; the rest –POZC family P-2/MK –, can not. Addition of higher 
gypsum amounts, on the contrary, leads to an aggressive and fast gypsum attack on OPC P-1 and P-2 and their 
POZC, and on the SRPC PY-4 and PY-6 with MK as well.  Logically, the joint precipitation of ettringite from Al2O3

r- 
and C3A origins, were involved in the beneficial and adverse behaviour.  
 
1. Introduction 
Several prior papers on this subject have shown, with XRD [1-6] and SEM [2-6] techniques and Le 
Chatelier–Ansttet [1][2,3][3][8], ASTM C 452-68 [1][2][3][5-8] and RT-86:ΔL tests [1][8], that almost 
all pozzolanic additions can bring about the rapid formation of ettringite, ett-rf, a process dependent upon 
their reactive alumina, Al2O3

r-, content, which may be vitreous or amorphous, or more exactly, tetra- or 
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penta-coordinated alumina [9]. It has likewise been found that the formation rate, Vf, of this ettringite is 
higher than the Vf of slower forming ettringite, ett-lf, i.e., whose origin is the C3A in OPC; consequently, 
ett-rf is, logically, approximately 10-fold smaller [2-2][6]. Therefore, in accordance with the foregoing 
discussion, since the ettringites may be of different origins and etiologies (different formation rates, sizes 
and quantities) and since, their precipitation involves a process that is, diversely competitive, because of 
its reaction with gypsum and water, and also diversely expansive and disruptive, when the two are formed 
together in a sulfate-bearing medium such as concrete, mortar, or paste made with these POZC attacked 
by plaster-bearing solutions, the key questions are:  What will the outcome of the expansive effects be? 
What type of effect will they ultimately produce? Addition? Synergism? Antagonism? or perhaps, an 
inversion of the final expansive action? The fact that the answer to these questions is implicit in the title 
of this article and has even been furnished in an earlier paper [7-9], is irrelevant. Henceforth, the primary 
concern should be to actually prove those assertions –which are the main objective of this study–, and 
above all, to explain and justify them 
 
2. Objectives 
 
The objectives of the research reported here were as follows: 1. To quantify the performance of the joint 
precipitation –co-precipitation– of ett-rf and ett-lf in a common plaster-bearing solution, using chemical, 
physical and mechanical strength parameters. The common plaster-bearing solution has been cement 
paste with excess of gypsum. 2. To determine, on the grounds of quantitative findings, whether the 
resulting performance of the joint precipitation –co-precipitation– of ett-rf and ett-lf in a common plaster-
bearing solution can be considered to constitute Addition, Synergism, Antagonism or Inversion of the 
final expansive action.  3. To determine if the consequences of the objective 2, resulting between the two 
types of ettringites, can be esteemed not to be adverse [1][8] but beneficial, and how. 4. To attempt to 
explain, justify and substantiate why the effect of the joint formation or co-precipitation in a common 
gypsum and water environment, of the ett-rf from the Al2O3

r- in pozzolans (metakaolín, MK, in this case), 
and the ett-lf from the C3A in the OPC, is, quantitatively speaking, more synergic than additive like the 
title of this article says. 
 
3. Experimental work 
 
3.1. Materials  
The materials used in this research are shown in Table 1. Pursuant to Eitel’s ternary diagram [10], the 
following materials were chosen: Three OPC –P-1, P-2 and P-31 (= P-nº.)– and two SRPC –PY-4 and 
PY-6 (= PY-nº.)–. Metakaolin (MK) was prepared by calcinating kaolin (with ≈ 50% quartz content) at 
750°C, graded to standard ASTM C 595M (maximum 20% retained when wet-sieved through sieve No. 
325 (45μm)); Natural stone gypsum (with a high CaSO4.2H2O content) was used as the aggressive 
medium. 
 
3.2. Test procedures 
First of all, 15 blended cements or POZC, with ratios of 80%/20%, 70%/30% and 60%/40% (%P-
nº/%MK and %PY-nº/%MK) were prepared with 5 PC –3 OPC and 2 SRPC– and MK. A ratio of 
100%/00% or 100/00 is indicative of plain OPC (= P-nº) or plain SRPC (= PY-nº), whose chemical 
compositions and rest of physical parameters can be seen in reference [2-8] and their respective C3A(%) 
contents in Figs. 1 and 2. Secondly, all these POZC were then analyzed by the Frattini test [11] to 
determine their pozzolanic properties at 2, 7 and 28 days (Table 1) (later related to sulfate attack). 
Pozzolanic activity index by ASTM C 311-94b for MK has been 75.1%, water amount needed 106.0%, 
“control” portland cement mortar w/c ratio = 0.5 and compressive strength value at 28 days and 40ºC = 
38.6 MPa. Thirdly, PC and POZC were tested using the ASTM C 452-68 procedure. Length, ΔLxd (%), 
was measured at 1, 7, 14, 21, 28, 60, 90 days, or even later, depending on the aim pursued. In this study, 
length was measured up to 2 years (Figs. 1(a)(b)(c)(d) and (e)). The sulphate content {SO4

=}cw, of the 
storage or curing water for the specimens was also determined for each mortar and age tested (Figs. 
2(a)(b)(c)(d) and (e)), using hydrochloric acid (ClH) and barium chloride (BaCl2) to precipitate barium 
sulphate. Normal consistency, volume stability, setting times and mechanical strengths of some PC and 
their most significant POZC with MK can be seen in reference [8].  
 

4. Results and discussion 
4.1. Kinetic differentiation of ettringite from Al2O3

r- present in MK and from C3A present in OPC (Fig. 1) 
by ASTM C 452-68 specimens. Observations: 
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1. The values of the parameter ΔL7-14d –which were found at 1, 7 and 28 days for almost all these POZC, 
prepared with OPC or SRPC and MK– generally increased with the proportion of MK. Moreover, the 
greater the difference between the ΔL curves for the POZC and their respective PC curve, the more PC was 
replaced by MK, and vice versa: in other words, the greater the proportion of C3A-containing OPC or SRPC 
in the POZC, the closer was the resemblance between the respective curves and its plain PC curve, and, it 
therefore follows, between the values of ΔL7-14d for 80/20 and its plain PC. Conversely, the curves and 
values for the same parameters in 60/40 specimens diverged more widely from its PC patterns (Fig. 1). 
According to Fig. 1, the values of ΔL7-14d may be ranked in ascending order as shown below: 
 
< ΔL7-14days <;    [P-nº/MK]    or   [PY-nº/MK]   [100/00]   <   [80/20]   <   [70/30]   <    [60/40]   (1) 
 
Furthermore, the values of ΔL7-14d for all these POZC can be regarded to be either high or very high in 
most cases, in comparison with the respective plain PC value; and the greater the difference, the smaller 
the C3A(%) content. In short, for all the POZC families, the values of ΔL7-14d were more closely related to 
the amount of MK added than to the C3A (%) content in the OPC. Consequently, the smaller the 
proportion of MK added [80/20] to the PC, the closer were the ΔL curves the to the plain PC curves, and 
vice versa (the [60/40)] curves were the least similar to the plain PC curves). Unsurprisingly, the [70/30] 
curves followed a pattern midway between the [80/20] and [60/40] curves. 
 
2. Generally speaking, ΔL7 or 14d (for all POZC specimen families) values remained practically flat at all 
test times –180, 365, 545 and 730 days– through the end of the experiment. Moreover, the higher the C3A 
content, the sooner the ΔL plateau values were reached, i.e., after 7 days for the 80/20 POZC and 14 or 28 
days for the other two specimen types (see Fig. 1). 
 
Discussion and interpretation of the above Observations for MK-containing POZC studied with 
ASTM C 452-68 test.  
▪ In respect of Observation 1 (Fig. 1).- The main conclusion drawn from this Observation 1 is as follows: 
Expression or equation (1) follow directly from the chemical effect prompted by the replacement of PC 
by MK, i.e. the Al2O3

r- present in MK, rapidly converted into ett-rf [2-6], prevailed at very early ages, 1, 7 
and/or 28 days, due to its pozzolanic activity in this gypsum medium (ASTM C 452-68 specimens). For 
this reason, ett-rf was necessarily the chief direct and indirect cause of such differences in parameter 
values in all the POZC families tested. This deduction is supported by the following behaviour: the 
orderly pattern, size and proportion of the values of ΔL observed at early ages –1, 7 and/or 14, 28 days 
(Eq. (1)– for all the POZC specimens prepared with MK, can not be attributed solely to the ettringite 
forming from the C3A present in their respective OPC fraction [2-6]. Indeed, the C3A (%) content not 
only decreased when MK was added, but the decline in ΔL was neither as consistent, precise or 
proportional nor followed as orderly a pattern in the plain PC as in the respective POZC with MK. 
Furthermore, the values of ΔL were not = 0.00% for the [PY-4/MK] and [PY-6/MK] family of specimens 
(both SRPC PY-4 and PY-6 had 0.00% C3A content), but on the contrary, that is, they increased with the 
amount of MK added (see Fig. 1). Moreover, it has been proven [3-5] that the formation of ett-rf and ett-
lf in ASTM C 452-68 specimens does not consist in two independent processes, but in interactive 
phenomena in which the degree of interdependence is greater when the Al2O3

r- and C3A particles are 
closer to one another. Such maximum proximity would be found in blends of MK (high contents) and 
OPC with a high C3A (%) content, as observed in this study, primarily for 70/30 and 60/40 P-1/M and P-
2/M POZC. See Fig. 1. 
▪ In respect of Observation 2 (Fig. 1).- This behaviour is due to the fast ESE generated, as logical, by the 
two types of ettringite of different origins, that is, from the Al2O3

r- in MK, and the C3A in OPC, when co-
precipitating in the same gypsum medium: ASTM C 452-68 specimens in this study. 
 
4.2. Existence of ESE: Demonstration 
4.2.1. Cement mortars ASTM C 452-68 type. Parameter: ΔL(%) vs. Time (Fig. 1)  
The most suitable method to prove the existence of ESE is by comparing POZC families P-2/MK and 
PY-4/MK (Figs. 1(b) and 1(d)). Thus, ΔL7d (%) for the plain [100/00 PY-4] specimens = 0.005%, and 
80% of this value = 0.004%, 70% = 0.0035%, and 60% = 0.0030%. Moreover,  
(a) The difference between each partial ΔL7d(%) value and the ΔL7d(%) value for the respective [80/20], 

[70/30] and [60/40] [PY-4/MK] specimens must be due to the 20%, 30% and 40% of MK + 7.0% 
SO3, respectively, i.e. 

- 0.044% - 0.0040% = 0.0040% of ΔL7d = (a1), which would be totally due to the 20% of MK in the mix, 
- 0.095% - 0.0035% = 0.0915% of ΔL7d = (b1), which would be totally due to the 30% of MK in the mix, 
- 0.160% - 0.0030% = 0.1570% of ΔL7d = (c1), which would be totally due to the 40% of MK in the mix. 
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Fg. 1.- ASTM C 452-68 specimens of POZC families [P-1/MK], [P-2/MK], P-31/MK], PY-4/;K] and 
            [PY-6/MK]. Parameter: ΔL (%) 
 
(b) The 80%, 70% and 60% x ΔL7d(%) values for the [100/00 P-2] specimens would be 80%, 70% and 

60%x0.058%, or = 0.0464% (= a2), 0.0406% (= b2), and 0.0348% (= c2), respectively. 
 
Finally, summing the foregoing sets of numerical results yields the respective theoretical ΔL7d (%) values 
for the [80/20], [70/30] and [60/40] [P-2/MK] specimens, namely: (a1) + (a2) = 0.04000% + 0.0464% = 
0.0864%; (b1) + (b2) = 0.09150% + 0.0406% = 0.1321%, and (c1) + (c2) = 0.15700% + 0.0340% = 
0.1910%. However, the real ΔL7d(%) values for the [80/20], [70/30] and [60/40] [P-2/MK] specimens 
were 0.242%, 0.310% y 0.360%, respectively, i.e. substantially higher than their respective theoretical 
ΔL7d (%)values. By the age of 7 days, then, considerable ESE had taken place in the ASTM C 452-68 
specimens, inasmuch as the real ΔL7d(%) values for [80/20], [70/30] and [60/40] [P-2/MK] specimens 
were 2.8-, 2.4- and 1.9-fold higher than their respective theoretical ΔL7d (%) values.  

    
4.2. Existence of ESE: Fundamentals, Explanation and Justification  
 
Providing such an explanation entails analyzing the results of the Frattini test for the three POZC with 
MK in any given family, that is to say, the values of the respective [CaO] contents in their respective 
liquid phases at 2, 7 and 28 days, in ascending order (see Tables 2(a) and 2(b)). For all the families 
studied, the order was found to be as follows: 
  <  [CaO]2days   <  ;      P-nº/MK or PY-nº/MK      100/00  <  80/20  <  70/30  <  60/40        (9) 
  <  [CaO]7days   <  ;      P-nº/MK or PY-nº/MK      100/00  <  80/20  <  70/30  <  60/40       (10) 
  <  [CaO]28days  <  ;      P-nº/MK or PY-nº/MK      100/00  <  80/20  <  70/30  <  60/40       (11) 
It will be noted that these three series of Eqs. (9), (10) and (11) (2nd. Group), concur entirely with Eq. (1) 
(1rst. Group), despite the fact that (9), (10) and (11) were obtained (2nd Group) on the basis of a chemical 
parameter, [CaO] in the case of this MK, whereas (1) was obtained from different physical parameters 
determined by the chemical parameter. The questions posed here are: Why should the two Groups of Eqs. 
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Table 1.- Pozzolanicity (Frattini test) of the PC, P-1 and PY-6, and their POZC with MK. Ages: 2, 7  
                and 28 days 
 

Age: 2 days Age: 2 days Age: 7 days Age: 7 days Age: 28 days Age: 28 days 

[CaO]  [OH-] [CaO]  [OH-] [CaO] [OH-] [CaO]  [OH-] [CaO]  [OH-] [CaO]  [OH-] 

- 7.0% SO3 + 7.0% SO3 - 7.0% SO3 + 7.0% SO3 - 7.0% SO3 + 7.0% SO3 

Cements 

(mM/l) (mM/l) (mM/l) (mM/l) (mM/l) (mM/l) 

P-1 100/00 7.60   72.50 22.75   51.00 6.80   71.25 8.30  69.50 6.45   78.00 6.85  74.00 

80/20 6.35   55.00 6.00   59.00 6.25   63.00 6.00  59.50 8.15  71.50 9.15  69.00 

70/30 5.50   48.50 5.55   49.50 2.20  48.50 1.70   49.00 5.00  58.00 3.70  50.00 P-1/MK 

60/40 2.15   35.00 5.45   44.50 1.65  44.50 1.55   44.00 1.45  43.00 0.95  35.00 

PY-6 100/00 21.50   42.50 31.10  42.50 16.55  39.45 28.70  38.00 16.10  42.00 28.05  39.00 

80/20 16.60   41.00 26.55  33.00 12.30  36.00 11.70  29.00 15.00  44.50 17.90  47.50 

70/30 13.50   34.50 25.00  30.00 9.00  27.90 6.50  22.00 5.80  24.50 5.55  23.50 PY-6/MK 

60/40 11.15   28.00 18.50  25.50 5.30  19.80 2.70  15.50 5.05  21.50 2.50  15.00 

NOTES: The paired values in bold mean that the point is in the sub-saturation region (= + result). The 
rest of cements (OPC, SRPC and their POZC with MK) reached pozzolanicity values of similar order 
 
concur?, Why are all these physical parameters the result of the chemical parameter?, and finally, Why are 
all these physical parameters indicative of the generation of greater or lesser ESE by ettringite of MK and 
ettringite of OPC origin when they co-precipitate in a common gypsum and water environment? The 
reasoning or explanation would be as follows: from the outset, the pozzolanic activity of a pozzolan causes 
the [OH-] and [CaO] to decline as the reaction progresses until portlandite solubility falls below saturation in 
the liquid phase: be this in the Frattini or any other test, or in real life situations. In the present study, that 
pozzolanic activity was so ostensible, early and speedy in all the MK POZC that most met the Frattini test 
requirement at 2 days age; both with and without an excess of gypsum (= 7.0% SO3) (see Tables 2(a) and 
2(b)). 
 
Therefore, from the very beginning, the [OH-] and [CaO] in the liquid phase surrounding the respective 
OPC particles in each ASTM C 452-68 specimen were below saturation level. Such circumstances favour 
the more or less rapid gypsum-mediated hydration of a certain amount of the still anhydrous C3A in the 
OPC fraction in each ASTM C 452-68 specimen, the outcome being ettringite formation. This is because, 
among others, C3A hydrates more rapidly than the other main components of Portland clinker (C3S, C2S 
and C4AF). In a word, based on the experimental results, this other ettringite from C3A origin, must have 
been formed more and faster than when the plain OPC, the higher the pozzolanic activity previously 
developed by MK, e.g. the more MK added to the OPC, and vice versa (i.e., its Vf may be even as fast as 
the Vf ett-rf originated from the MK). For this reason, larger quantities of gypsum would be expected to 
fix at early ages in these blends than in its respective plain OPC. And indeed, the concentration of the 
{SO4

=}cw ion declined in the ASTM C 452-68 specimens over time to a low or very low values, as would 
be expected from the above, see Fig. 2. This process would continue until the pozzolanic activity of the 
respective MK fraction was depleted. By that time, all the C3A may have been converted into ett-rf; if 
not, any remaining C3A will have been transformed into ett-lf. In other words, the formation of ettringite 
of different origins would initially take place like the elements in a chain reaction, to ultimately behave 
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Fig. 2.- Sulfates content (g SO3/l) in the curing water of specimens; Mortars: ASTM C 452-68; 
             Cements: 3 OPC, 2 SRPC and 15 POZC with MK   
 
like steel shavings (the C3A content in the anhydrous OPC particles) attracted to a magnet (ett-rf) which, 
once attached, also become magnetized: i.e., become ett-rf. None of the foregoing can occur, however, 
unless the MK exhibits sufficient pozzolanic activity. If it does not, part of the initial amount of C3A will 
form ett-rf, along with all of the Al2O3

r- from the MK fraction, while the rest will form ett-lf as it does 
when ettringite is formed in plain OPC. 
 
In consequence and based on the outlined explanation, the higher the pozzolanic activity originated by the 
MK due to its higher Al2O3

r- contribution again due to its larger presence, the total C3A content in the 
respective OPC fraction should form its ettringite as ett-rf; and if not, it should form ett-lf, e.g., only a 
part as ett-rf, and the rest, as ett-lf properly. In sum up, the Al2O3

r- present in MK when converted into ett-
rf was the chief direct and indirect cause due to the specificity of its pozzolanic activity for the C3A of OPC 
in a common gypsum and water environment, but not for the C3S of OPC.  

6. Conclusions 
 
1. Borrowing the pharmacological terminology used to describe interactions between drugs, it has been 
shown that regardless of the analytic technique, test method and/or physical and chemical parameters 
considered, joint precipitation –co-precipitation– in a common plaster-bearing solution, of ettringite from 
the Al2O3

r- origin, present in pozzolans, and ettringite from the C3A origin, present in OPC, is always 
quantitavely speaking, more synergic than additive. 
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2. Depending on the physical or chemical parameter considered and from the technological standpoint 
only, the consequences of Expansive Synergic Effect between the two types of ettringites can be 
esteemed to be beneficial, adverse or indifferent. But such judgments may not hold where two or more 
related parameters are considered at the same time. Thus and from the known and verified behavior of 
OPC, the performance of all these POZC with M pozzolan + 7.0%SO3, has been beneficial, according to 
the setting times and mechanical strengths values, and adverse, according to the volume stability values 
(ΔL vs. time) which have not been constant over time. For which then, the final performance has to be 
necessarily qualified adverse, because inasmuch as this latter adverse conduct is prevalent on all other.  
4.   The pozzolanic activity of MK has proved to be more specific than generic in gypsum and water 
environments, and its specificity has been found to rise with the amount of MK added to the OPC. In fact, 
in all the gypsum media used, the high or low Al2O3

r- content prompted greater or lesser, respectively, but 
speedier gypsum hydration of all or part of the C3A content of the OPC fraction than when the OPC in 
question was hydrated in the same manner but without MK, and as a result, a stronger or weaker ESE. 
5.  The ett-rf from the Al2O3

r- in MK is the chief direct and indirect cause of the greater or lesser ESE 
generated in conjunction with ettringite from the C3A in PC in all the respective ASTM C 452-68 
specimens (and in concretes and mortars on construction sites where gypsum and water are present as 
well), due to its very specific pozzolanic activity in such gypsum media. Proof of this specific pozzolanic 
activity is found essentially in the fact that at 2 and 7 days, the [OH-] and [CaO] in almost all the liquid 
phases of the Frattini test, with and without excess gypsum (= 15.05%), are clearly in the sub-saturation 
or positive result region: chief direct cause of the ESE. This logically holds as well for the liquid phases 
in the respective ASTM C 452-68 specimens, and concretes and mortars on construction sites. As a result, 
more of the C3A present in the respective OPC fraction, which also forms ett-rf in proportion to the 
amount of prior pozzolanic activity generated by Al2O3

r-, is hydrated by the gypsum medium and 
hydration takes more readily and rapidly: chief indirect cause of the ESE. This very specific pozzolanic 
behaviour makes it possible to give the title to the MK of pozzolan with aluminic chemical character. 
6.  Pursuant to the fundamentals of the ESE generated by ettringite from pozzolan and OPC, the ett-rf 
identified in this study may have had at least two origins: the Al2O3

r- in pozzolans and the C3A in OPC, if 
blended with appropriate aluminic pozzolans in chemical character –and in suitable quantities–, due to the 
very specific pozzolanic activity of their Al2O3

r-. Ett-lf, on the contrary, has had only one origin: C3A 
present in OPC.  
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Abstract 
Calcium aluminate cements (CAC), defined in European standard EN 14647, differ from Portland cement (OPC) both 
chemically and mineralogically (its main component is monocalcium aluminate). These differences explain the 
behaviour and properties of the concrete prepared with this type of cement. 
Very few studies have addressed the compatibility between CAC cements and superplasticizers, particularly with 
respect to PCE-type latest generation admixtures. The water/cement ratio in concrete can be lowered (by values of 
nearly 40 %) with these admixtures because they allow equal flow to be achieved.. PCEs also partially mitigate the 
adverse effects of the conversion, in CAC concrete, of hexagonal into cubic hydrates. The role of these admixtures may, 
then, be essential to the stability and durability of CAC concrete. 
The present study researched the compatibility between calcium aluminate cement and four PCE-based admixtures with 
different molecular structures (different carboxylate group/ether group ratios). The reference used for the study was an 
ordinary Portland cement, CEM I 42.5R. 
The cement paste adsorption curves were determined for each admixture using a total organic content (TOC) analyzer, 
while the zeta potential curves were found with acoustophoresis techniques. The effect of these admixtures on the 
rheological behaviour of the respective pastes as well as on mortar flowability was also studied. Finally, other mortar 
properties and characteristics were determined, such as mechanical strength and porosity. 
The findings showed that low dosages of PCE admixtures induced much more intense fluidizing effects in the CAC than 
in the OPC pastes. This was due to the high zeta potential of these cements, which led to high adsorption of all the 
admixtures, even the ones with low carboxylate group content. According to the acoustophoresis findings, the PCE 
admixtures induced a steeper decline in the zeta potential in CAC than in OPC suspensions, although admixture 
adsorption led in both cases to zeta potential values of close to zero. PCE admixtures proved to have a beneficial effect 
on CAC mortar performance. 
 
Originality 
The originality of this study can be readily deduced from the paucity of in-depth analyses of the compatibility between 
PCE-based superplasticizers and CAC cements. The present paper constitutes a novel contribution to the state of the 
art in this area and contains very valuable information for the placement of superplasticizer-containing CAC concrete. 
 
Chief contributions 
The contributions deriving from this research include: 

a) The structural ratio (carboxylate group/ether group) has been shown to play a much less determinant role in 
PCE admixture-CAC cement compatibility than it does in OPC systems. Admixtures that are scantly effective 
in Portland systems are highly effective with CAC. 

b) The zeta potential of CAC cement pastes with and without PCEs has been determined for the first time. 
c) The PCE admixture dosage needed to obtain a given flowability in CAC pastes has been proven to be much 

lower than for Portland cement pastes, although flowability declines rapidly in the former. 
d) A study has been conducted on the effect of these admixtures on mortar properties and performance. 
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Introduction 
 
In the last few decades, organic admixtures, along with cement, water and aggregate, have become a 
basic component of concrete. The use of PCE-based superplasticizers has revolutionized concrete 
technology in essentially two ways: enhancing workability and reducing water content by up to 40%, 
and producing mixtures with improved mechanical properties and better durability. These properties 
have played an important role in the development of new types of concrete with very specific and 
greatly improved characteristics and properties, such as high strength and durability concrete, self-
compacting concrete, and so on. 
However, the use of superplasticizers may raise problems associated with variations in flowability, 
uncontrolled setting, and anomalous rheological behaviour and so on, which are due in most cases to 
cement-admixture incompatibility. These incompatibility problems could also have a negative effect 
on mortar and concrete mechanical properties and durability. 
A number of studies have been conducted on the effect of PCE admixtures on cementitious systems. 
The conclusion reached in this regard is that compatibility depends on characteristics of both the 
admixtures and the cements. The main admixture-related factors are dosage, molecular weight and 
structure (Magarotto R. et al 2003). Of particular importance are the carboxylate content responsible 
for adsorption onto cement grains and the length and density of the ether chains responsible for steric 
dispersion. (Yamada, K. et al 2000; Uchikawa, H.et al 1997). The wide variety of designs in PCE-
based admixtures, however, has hindered the full understanding of the factors associated with 
admixtures and the way they affect cement-admixture compatibility.  
Moreover, the main cement-related factors are fineness and composition, especially the type and 
content of aluminates or silicates, and of calcium sulphate and alkaline sulphates present, along with 
the possible presence of mineral additions (Yoshioka, K. et al 2002; Houst Y.F., et al 2002; 
Palacios M et al 2009). Calcium aluminate cements (CACs) differ in their chemical and mineralogical 
composition from Portland cements, where the predominant phase is a monocalcium aluminate. CACs 
exhibit special characteristics that make them ideal for use in aggressive or refractory environments. 
Very few studies have been conducted on the compatibility of PCE admixtures with calcium 
aluminates, however (Fryda, H. et al 2000), which is consequently still poorly understood. 
Consequently, the purpose of this study was to determine the compatibility between PCE admixtures 
and a Portland CEM I 42,5R cement and a CAC cement, primarily via rheological and adsorption 
testing. 
 
Experimental 
 
Materials 
The materials used in this study were: 
- Two commercial cements: CEM I 42.5R, (used as a reference), and a CAC. 
- Four commercial PCE admixtures named SP1, SP2, SP3 and SP4. 
The chemical composition and Blaine fineness of the cements (UNE-EN 196-6) are given in Table 1. 
Table 1 also lists the mineralogical composition found by XRD Rietveld analysis.  
Table 2 gives the physical-chemical characteristics of the four PCE superplasticizers used. The 
functional group estimates were found using the methodology described in the literature (Palacios M. 
et al 2003).  
 
Tests conducted 
Adsorption curves were determined using 20 g of cement and 40 g of distilled water containing 0 to 6 
mg PCE/g cement. The pastes were mixed and stirred for 30 minutes at 25 ºC. The suspensions were 
subsequently centrifuged and the total organic carbon content in the supernatant was found on a 
SHIMADZU TOC-VCSH/CSN TOC analyzer. Admixture adsorption by the cements studied was 
taken to be the difference between the amount initially added and the amount present in the liquid 
phase measured by TOC. 



Table 1. Chemical and mineralogical composition (% weight) and Blaine fineness of the cements used  

L.O.I. (Loss on ignition)   I.R. (Insoluble residue); in parentheses, standard deviation 
 

Table 2. Physical and chemical characteristics of the admixtures 

 SP1 SP2 SP3 SP4 
Solids content (%) (UNE-EN 480-8) 40.68 39.94 39.67 39.74 

Rotational viscosity (mPa·s) 126.2 432.86 865.02 918.08 
Peak 1 37 000 61 000 123 000 189 000 Molecular weight (g/mol) Peak 2 8 000 12000 16 000 20 000 

Percentage of carboxylate groups (CG) 32.8 16.7 8.8 4.7 
Percentage of ether groups (EG) 50 69.4 78.3 82.6 
CG/EG 0.65 0.24 0.11 0.06 
Na+ content (ppm) 25 500 13 200 8 375 5 625 

 
The effect of different dosages of superplasticizer on the zeta potential of cement suspensions was 
determined with a Colloidal Dynamics Acoustosizer IIs. Cement suspensions were prepared by mixing 
30 g of cement with 160 g of water (solid fraction in the suspension = 0.16). After stirring for 15 
minutes in a magnetic stirrer, the suspensions were placed in a sonicator for five minutes and then in 
the measuring cell to determine their zeta potential. Polycarboxylate admixture dosages ranging from 
0 to 7 mg PCE/g cement were added to these suspensions using an automatic titrator. Paste rheological 
behaviour was characterized by determining the yield stress, using a Haake Rheowin Pro RV1 
rotational viscometer fitted with a serrated cylindrical rotor. The cement pastes were prepared by 
mixing cement and water for 3 minutes with a blade stirrer. The proportions were 100 g of CEM I 
42.5R and 40 g of water (liquid/solid ratio of 0.4), 100 g of CAC cement and 35 g of water (l/s ratio of 
0.35) to ensure similar consistencies in both pastes. Dosages of 0, 0.4 and 1.2 mg PCE/g cement were 
added to the mixing water.  
Mortars with and without PCEs were prepared with a siliceous aggregate at an aggregate/binder ratio 
of 3/1. The liquid/solid (l/s) ratios used, shown in Table 3, were determined from the results of slump 
tests (conducted to Spanish standard UNE-80–116–86) with and without superplasticizers and in the 
optimal rheological dosage. Mortar mechanical strength was determined in 2-, 7- and 38-day 
specimens on an Ibertest Autotest 200/10 hydraulic test frame as per Spanish and European standard 
UNE-EN 196-1. Twenty-eight-day mortar specimens, with and without PCEs, were also tested for 
total porosimetry and pore size distribution on a Micromeritics 9320 mercury intrusion porosimeter.  

Chemical composition CEM I 42.5R CAC Mineralogical composition CEM I 42.5R CAC 

L.O.I. 3.28 0.22 C3S 62.5 (±0.2) - 
I.R. 1.04 2.26 C2S 8.3  (±0.5) - 
SiO2 21.13 3.27 C3A 4.0  (±0.2) - 
Al2O3 4.16 44.91 C4AF 11.9 (±0.2) 3.6  (±0.1) 
Fe2O3 3.8 15.01 CA - 74.2 (±0.2) 
CaO 63.94 33.53 C12A7 - 1.9 (±0.1) 
MgO 0.13 0.81 FeO - 4.0 (±0.1) 
SO3 3.06 - CaCO3 3.7 (±0.2) - 
TiO2  1.46 CaSO4·2H2O 5.4 (±0.1) - 
Na2O 0.25 0.26 CaSO4·½H2O 1.3 (±0.1) - 
K2O 0.74 - CaSO4 0.6 (±0.1) - 

Total 100.93 101.73 K2SO4 1.1 (±0.1) - 
Free CaO 1.28 0.22 K3Na(SO4)2 0.6 (±0.1) - 
Blaine (m2/kg) 386 342 SiO2 - - 
   CaO 0.6 (±0.1)  
   Ca20Al26Mg3Si3O68 - 5.3 (±0.4) 
   Other - 1.4 (±0.2) 



Table 3. 
Liquid/solid ratio in the mortars 

 
 
 
 
 
 
 
Results and Discussion 
 
According to Table 2 SP1 was the PCE admixture with the highest carboxylate group content, 
exhibiting a carboxylate group (CG)/ether group (EG) ratio of 0.65. Conversely, SP4 had very few 
carboxylates, a high ether group density and a CG/EG ratio of 0.06. SP2 and SP3 occupied 
intermediate positions, with CG/EG values of 0.24 and 0.11, respectively. Table 2 also shows the 
molecular weights for the four PCEs which, ranked from lowest to highest, were SP1 < SP2 < SP3 < 
SP4, i.e., in exactly the opposite order found for the CG / EG.  
One of the factors of particular importance for the study of cement-admixture system compatibility is 
the amount of polymer adsorbed onto the cement. This can then be related to the effect of the 
admixture on cement paste rheological properties and the reactions taking place in the paste. The 
adsorption and zeta potential results for CEM I 42.5R and CAC are compared in Figures 1 and 2 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Adsorption curves for the PCEs on CEM I 42.5R and CAC cement suspensions  
 

 

 

 
 
 
 
 
 
 
 

Figure 2: Zeta potential curves for the PCEs on CEM I 42.5R and CAC cement suspensions  

Table 4 shows the results for the reduction of the yield stress for both cements in the presence of the 
four superplasticizers. Dosages of 1.2 mg PCE/g cement generated segregation in all the CAC pastes. 
 

 CEM I 42.5R  CAC 
Without SP 0.50 Without SP 0.46 
SP1 (1.2 mg PCE/g cement) 0.44 SP1 (0.4 mg PCE/g cement) 0.40 
SP2 (1.2 mg PCE/g cement) 0.44 SP2 (0.4 mg PCE/g cement) 0.40 
SP3 (1.2 mg PCE/g cement) 0.43 SP3 (0.4 mg PCE/g cement) 0.40 
SP4 (1.2 mg PCE/g cement) 0.48 SP4 (0.4 mg PCE/g cement) 0.41 
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Table 4. Percentage reduction of the yield stress for each cement and admixture dosage 

Admixture Admixture dosage (mg PCE/g cement) CEM I 42.5R CAC 
0.4 43 % 53 % SP1 
1.2 86 % - 
0.4 45 % 68 % SP2 
1.2 95 % - 
0.4 47  % 52 % SP3 
1.2 92 % - 
0.4 21 % 63 % SP4 
1.2 25 % - 

 
The curves for CEM I 42.5R show that the differences in admixture structure affected adsorption. SP1 
generally exhibited the highest adsorption values, followed by SP2, SP3 and, with significantly lower 
values, SP4. This confirmed that the higher the carboxylate group content in the admixture, the greater 
was its adsorption (Yamada, K. et al 2000). The low adsorption observed for admixture SP4 was due 
primarily to two factors: its low carboxylate content and the fact that in all likelihood its long ether 
side chains (as suggested by the rotational viscosity values, see Table 2) masked the carboxylate 
groups, hindering adsorption (Platel D., 2005). 
The adsorption values for the four superplasticizers observed on the CAC adsorption isotherms were 
less differentiated, with final values of 1.82, 1.55, 1.53 and 1.23 mg PCE consumed/g cement for SP1, 
SP2, SP3 and SP4, respectively. The adsorption values for SP1 and SP2 were about 17 %and 15 % 
smaller, respectively, than the CEM I 42.5R values. The SP3 adsorption values were equal for the two 
cements, while the adsorption values for the SP4 admixtures were 101% higher in CAC than in the 
Portland cement. 
The zeta potential, in turn, was higher in CAC pastes (+ 6.7 ± 0.3) than in CEM I 42.5R pastes (+ 1.1 
± 0.4). The inclusion of polycarboxylate admixtures led to a decline in the zeta potential to values 
close to 0 mV (see Figure 2). As a general rule, for both types of cement the inclusion of any of the 
admixtures generated similar effects on the zeta potential, regardless of the type of superplasticizer. 
These findings confirmed that in all four PCEs, the electrostatic contribution was negligible and that 
steric repulsion was the prevalent superplasticizing mechanism (Uchikawa, H. et al 1997). 
The relationship between the admixture adsorption values, by dosage, and the normalized yield stress 
value found for each admixture, also by dosage, was also studied to further explore the effect of 
admixture structure on paste rheological behaviour (see Figure 3). Normalized yield stress is 
expressed as the reduction of this rheological parameter with respect to pastes with no admixtures. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Adsorption values for admixtures vs normalized yield stress 

In CEM I 42.5R pastes containing 0.4 mg PCE/ g cement, the differences between SP1, SP2 and SP3 
were small both in terms of the fluidizing effect induced and of the amounts consumed. At these 
dosages, then, the structural differences between them did not condition rheological behaviour. 
Hovewer, the presence of 0.4 mg SP4/g cement clearly lowered yield stress much less than the other 
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admixtures, due to its lower adsorption values. A compromise was therefore observed to exist between 
the degree of admixture adsorption and the dispersion induced, which depends on the ratio between 
carboxylate and ether groups. Previous reports by Platel (Platel D., 2005) also suggested the existence 
of such a compromise. At dosages of 1.2 mg polymer/g cement, however, the structural differences 
between the admixtures had a decisive effect on the rheological properties of the cement pastes. SP3 
was the most effective admixture, for it induced greater reduction in yield stress at lower adsorption 
values than SP1 and SP2. This was due to the higher density of ether side chains (EG) (78.3%), which 
were longer than in SP1 and SP2 and consequently had a greater steric effect on the cement particles 
(Ohta A et al 1997). Here also, the effect of admixture SP4, despite its higher proportion of side 
chains, was highly conditioned by its low adsorption values. 
At dosages of 0.4 mg PCE/g cement, all the admixtures led to very significant declines in yield stress 
in the CAC cement, and behaved similarly with no significant differences among them. This steep 
decline in yield stress contrasted with the adsorption values (see Figure 1), which were smaller for SP1 
and SP2 than in CEM I 42.5R. Conversely SP4 adsorption was higher in CAC than in the Portland 
cement. This behaviour may be partly explained by the fact that all the admixtures were adsorbed 
similarly on the CAC cement particles due to the high zeta potential in that material. The findings did 
not explain the intense fluidizing effect induced by all the admixtures in CAC pastes, however. The 
aqueous phase in the CAC pastes had a lower Si4+ and SO4

2- ion content as a result of the lack of 
alkaline silicate and sulphate phases in the CAC used. The ionic force was consequently lower, 
probably enabling the admixtures to adopt the conformation that generated the most effective 
fluidizing effect. Additionally, the most positive surface charge of CAC (+6.7mV) with respect to 
CEM I 42.5R (+1.1mV) may induce a different conformation of the adsorpted admixture. In any 
event, these hypotheses should be studied in future researchs. 
The results of the mortar tests are shown in Figure 4, which contains the total porosity and pore size 
distribution values for CEM I 42.5R and CAC mortars in the presence and absence of 
superplasticizers. In the absence of admixtures, the total porosity of the CAC mortars was 40 % lower 
than in CEM I 42.5R due, on the one hand, to the lower water/cement ratio used and on the other to 
the lower density of the CAC hydration products. In CAC hydration at ambient temperature, the first 
compounds formed were metastable hexagonal hydrates (CAH10 and C2AH8), whose density is lower 
than the Portland cement hydration products. These CAC hydrates give the material its high early age 
strength (Scrivener, K.L. and Capmas A. 1998). With time, they convert to cubic hydrates (C3AH6) 
and AH3, at a rate that depends on the w/c ratio and temperature. This change in composition entails 
an increase in porosity and a decline in mechanical strengths (Vázquez T. et al 1976). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Total porosity and pore size distribution for CEM I 42.5R and CAC mortars 

In CEM I 42.5R, the presence of admixtures SP1, SP2 and SP3 reduced the w/c ratio by approximately 
13 %, whereas when SP4 was used the ratio declined by only 4 %. In the CAC mortars, in contrast, all 
the admixtures reduced the w/c ratio by 13 %. The result in both cases was a slight dip in porosity. 
Despite that decline, the mechanical strength was observed to rise in the CAC mortars only, and only 
slightly (7-25 %), compared to mortars with no PCE admixtures (Figure 5). 

without SP SP1 SP2 SP3 SP4
0

2

4

6

8

10

12

14

16

13,80% 13,34%
12,69%

11,18%

P
or

e 
si

ze
 d

is
tri

bu
tio

n 
(%

)

14,16%

Total porosity

without SP SP1 SP2 SP3 SP4
0

1

2

3

4

5

6

7

8

9

10

7,16%7,11%

8,52%
7,98%

8,57%

P
or

e 
si

ze
 d

is
tri

bu
tio

n 
(%

)

 < 0,01 μm
 0.05-0,01 μm
 0.05-10 μm
 > 10 μm

Total porosity
CEM I 42.5R CAC



 

 

 

 

 

 

 

Figure 5. Compressive strength values for mortars with and without PCE admixtures 

Conclusions 
 
The main conclusions in this study are: 
a) The zeta potential is higher in CAC pastes (+ 6.7 ± 0.3) than in CEM I 42.5R pastes (+ 1.1 ± 0.4).  
b) This high zeta potential of CAC pastes leds to high adsorption of all the PCEs admixtures, even 

the ones with low carboxylate group content. 
c) The findings showed that low dosages of PCE admixtures induced much more intense fluidizing 

effects in the CAC than in the OPC pastes.  
d) PCE admixtures proved to have a beneficial effect on CAC mortar mechanical performances. 
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Abstract 
Prior studies conducted by the authors’ research team proved that fired ceramic tile is a technologically viable 
alternative prime material for manufacturing Portland cement clinker. Due to the layer of enamel on this tile, however, 
the ZnO, ZrO2 and B2O3 content in the new clinkers is higher than in conventional Portland cement clinker. The C2S 
content is also higher in the former, where an αH’C2S form is observed to stabilize. The fluxing/mineral pair 
CaF2/CaSO4, ion turn, is known to have a beneficial effect on clinkerization, for it lowers the molten phase temperature 
and accelerates the reactions that form calcium silicates. The purpose of this study was to obtain belite clinkers (i.e., 
with a high belite content) using fired tile waste as an alternative prime material and to study the effect of the presence 
of the fluxing/mineral pair CaF2/CaSO4 on clinkerization. 
The parameters studied were: the lime saturation factor (LSF) of the raw mix (85 and 90 %), the presence or absence of 
ceramic waste, and the % wt of the CaF2 (0.65 and 1.30 %) and CaSO4 (2.60 and 3.90 %) in the raw mix. All 36 of the 
raw mixes were sintered at 1350 ºC for 45 minutes and then cooled at ambient outdoor temperature. The clinkers 
obtained were characterized by quantitative XRD analysis. Its reactivity with water was evaluated by isothermal 
conduction calorimetry. A statistical analysis was conducted of the heat flow rate and time values at the peaks on the 
calorimetric curves for each of the variables addressed in the study. 
The C2S content in the belite clinkers varied from 36 to 60 %. The highest percentages of C2S were obtained in the 
clinkers containing tile waste and 3.90 % CaSO4 that also had an LSF of 85 %. The presence of tile waste favoured the 
stabilization of the αH

´C2S polymorph, while CaSO4 stabilized the βC2S form. A statistical analysis of the isothermal 
conduction calorimetry data showed that the reactivity to water in the belite cement obtained was highest when the raw 
mixes contained tile waste and CaSO4 (2.60 %) and had an LSF of 90 %. The clinker obtained under these conditions 
had a C2S content of 36.3 %. The clinker obtained when CaSO4 (2.60/3.90 %) was added exhibited high reactivity, 
despite its high C2S content (36-60 %). 
 
Originality 
The present communication is classed under the main topic “Sustainable production”. The study shows that belite 
cements can be viably manufactured from tile waste as an alternative prime material, using (CaF2/CaSO4) as the 
fluxing/mineral pair. This pioneering study illustrates the joint effect of these materials on the preparation of eco-
efficient cements. According to the statistical study of the conduction calorimetry data, in some of the belite clinkers 
obtained (with a C2S content of 36-45 %wt) water reactivity was comparable to the values found for Portland cement. 
Optimal conditions were established for preparing highly reactive belite clinkers.   
 
Chief contributions 
Obtaining eco-efficient cements, i.e., reducing the energy intensiveness as well as the environmental impact of cement 
manufacture is an area of obvious scientific interest world-wide. The originality of the present study lies in its three-
dimensional approach to the subject: the re-use of industrial waste and by-products as prime materials in raw mixes, 
and the use of mineralizers / fluxes (CaF2/CaSO4) and low LSF values. This is the first study to use fired tile waste in 
conjunction with mineralizers and fluxes to prepare belite cements. 
 
Keywords: belite cements, fired tile waste, alternative raw materials, fluxing/mineral pair, statistical studies   
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Introduction 
 
In the last few years the cement industry and the research community have focused considerable 
attention on the development of special cements with a view to reducing CO2 emissions (gas with the 
largest environmental footprint, at 850 kg CO2/t cement) and the consumption of energy and raw 
materials (García-Díaz, 2010).  
Belite-rich cement, of which C2S is the major constituent, has a smaller lime saturation factor (LSF) 
than Portland cement, which leads to energy savings of around 15-20 % (Puertas, 2007) and a decline 
in CO2 emissions as a result of its lower sintering temperature and percentage of CaCO3. Hydraulic 
activity and strength development are less effective than in conventional Portland cement, however 
(Puertas, 2007). Very few studies (Pimraksa, 2009; Zapata, 2010) can be found in the literature on the 
use of thermal methods to obtain belite cement from raw mixes containing different types of waste and 
industrial by-products as alternative raw materials. 
According to prior research (Puertas, 2008) on their chemical and mineralogical composition, certain 
types of fired tile wastes would be apt for possible use as an alternative raw material in Portland 
cement manufacture. The chemical and mineralogical analysis of the new clinkers and cement 
obtained from ceramic wastes yields results similar to the findings for conventional raw materials. 
These cements have a higher C2S content, however, and tile waste was found to stabilize the α’H-C2S 
polymorph (Puertas, 2010) at high temperatures. Moreover, the enamel coating on ceramic tile 
contains B2O3 (García-Díaz, 2008), which favors the stabilization of the potentially more reactive C2S 
polymorphs. Against this backdrop, the present study aimed to ascertain the technological viability of 
using ceramic wastes as an alternative raw material to obtain belite cements. In a similar vein, the 
mineral pair CaF2/CaSO4 is known to have a twin beneficial effect on the production of Portland 
cement clinker, inasmuch as it reduces the temperature of the molten phase and accelerates alite 
formation. 
By combining the benefits of a kinetic and a thermodynamic procedure for generating the silicate 
phase, the present study aimed to obtain high belite content cements and analyze its reactivity with 
water. 
 
Experimental 
 
Raw materials 
The prime materials included in the mix were: limestone (x<125 µm), sand (x<63 μm), clay (x<63 
μm) and Fe2O3 (Panreac chemical). The ceramic waste chosen for inclusion in the mix consisted of 
fired tile made from red and white clay with a particle size ranging from 45 to 90 µm (Puertas, 2008). 
The chemical composition of the prime materials is given in (Puertas, 2008). CaF2 (x<45 μm) at rates 
of 0.65 and 1.30 % and calcium sulfate (CaSO4) (45 μm) in the form of gypsum (CaSO4·2H2O) at rates 
of 2.60 and 3.90 % were added to the raw mix (percentages expressed in weight of the raw mix). The 
parameters studied were the lime saturation factor, LSF (90 or 85%), presence or absence of 
ceramic waste, CW, and the CaF2 and CaSO4 contents. The silica ratio (MS) and melting flow rate 
(MF) were 2.00 and 2.65, respectively, in all raw mixes. A total of 36 raw mixes were prepared (see 
Table 1), including the mixes containing ceramic waste (16-18 % wt), whose other components were 
limestone and Fe2O3. 
All the raw mixes were prepared in the laboratory, sintered in a furnace at 1350 ºC for 45 minutes and 
then cooled at ambient temperature. The clinkers obtained were ground to a particle size of under 45 
μm. These clinkers were compared to two Portland cement clinkers, MREF and MRM, obtained as 
described in (Puertas, 2010). 
 
Test conducted 
The crystalline phases were identified on a Brucker Theta-Theta D8 Advance X-ray diffractometer 
(XRD). TOPAS software was used to find the Rietveld quantification values for the clinker crystalline 
phase. No adjustment was made for mineral phases accounting for less than 0.5 % wt. Clinker 
hydration was studied by isothermal conduction calorimetry performed on a Thermometric Tam Air 



facility. Distilled water was added to the clinker at a water/clinker (w/c) ratio of 0.4 and the 
components were mixed manually with a spatula for 3 min. The trials were conducted at a constant 
temperature of 25 ºC. The heat flow rate and time at the calorimetric curve peaks were statistically 
analyzed using Statgraphics software. 
 
Table 1: Prime materials in raw mix: proportion (% wt) and LSF, and TM and VM values obtained by conduction 

calorimetry 
Sample Limestone Sand Clay Fe2O3 RM CaF2 CaSO4 LSF TM VM 
MREF ----- ----- ----- ----- ----- ----- ----- 102 7.04 9.27 
MRM 84.84 ----- ----- 1.30 13.86 ----- ----- 98 9.02 8.18 
M1 79.87 1.7 18.07 0.34 ----- 0 0 85 18.71 7.13 
M2 81.45 ----- ----- 0.65 17.86 0 0 85 19.65 5.06 
M3 81.17 1.60 16.94 0.32 ----- 0 0 90 11.71 8.044 
M4 82.68 ----- ----- 0.66 16.66 0 0 90 15.27 7.29 
M5 76.73 1.7 17.93 0.34 ----- 0 2.60 85 8.58 10.47 
M6 78.29 ----- ----- 0.65 17.74 0 2.60 85 10.02 8.72 
M7 78.01 1.6 16.81 0.32 ----- 0 2.60 90 4.86 22.59 
M8 79.51 ---- ---- 0.65 16.56 0 2.60 90 10.09 9.57 
M9 75.15 1.7 17.86 0.34 ----- 0 3.90 85 7.99 10.13 
M10 76.70 ---- ---- 0.69 17.68 0 3.90 85 11.47 7.81 
M11 76.42 1.6 16.75 0.32 ---- 0 3.90 90 3.39 20.53 
M12 77.92 ---- ---- 0.65 16.50 0 3.90 90 5.82 10.49 
M13 79.15 1.7 18.11 0.31 ---- 0.65 0 85 21,32 6,55 
M14 80.73 ---- ---- 0.67 17.90 0.65 0 85 36,17 4,15 
M15 80.45 1.6 16.98 0.29 ---- 0.65 0 90 20,27 8,73 
M16 81.97 ---- ---- 0.63 16.70 0.65 0 90 21,44 7,13 
M17 78.44 1.7 18.15 0.29 ---- 1.30 0 85 62,37 6,27 
M18 80.02 ---- ---- 0.64 17.94 1.30 0 85 58,26 4,98 
M19 79.73 1.6 17.02 0.26 ---- 1.30 0 90 46,4 8,33 
M20 81.26 ---- ---- 0.60 16.74 1.30 0 90 42,73 5,41 
M21 76.01 1.7 17.97 0.31 ---- 0.65 2.60 85 19.32 7.56 
M22 77.58 ---- ---- 0.67 17.78 0.65 2.60 85 15.84 7.66 
M23 77.29 1.6 16.85 0.29 ---- 0.65 2.60 90 12.68 11.19 
M24 78.80 ---- ---- 0.62 16.60 0.65 2.60 90 18.77 8.91 
M25 74.43 1.7 17.90 0.31 ---- 0.65 3.90 85 15.38 7.55 
M26 75.99 ---- ---- 0.67 17.72 0.65 3.90 85 23.98 5.66 
M27 75.70 1.6 16.79 0.29 ---- 0.65 3.90 90 21.3 9.45 
M28 77.20 ---- ---- 0.62 16.54 0.65 3.90 90 25.62 7.25 
M29 75.29 1.7 18.01 0.29 ---- 1.30 2.60 85 25.79 8.04 
M30 76.86 ---- ---- 0.64 17.82 1.30 2.60 85 40.16 6.48 
M31 76.57 1.6 16.89 0.26 ----- 1.30 2.60 90 22.76 12.35 
M32 78.08 ---- ---- 0.60 16.64 1.30 2.60 90 31.63 8.77 
M33 73.71 1.7 17.94 0.29 ----- 1.30 3.90 85 23.37 6.58 
M34 75.27 ---- ---- 0.64 17.76 1.30 3.90 85 24.51 6.97 
M35 74.98 1.6 16.83 0.26 ----- 1.30 3.90 90 27.35 11.92 
M36 76.49 ---- ---- 0.60 16.59 1.30 3.90 90 19.43 11.63 

 
Results and discussion 
 
Mineralogical composition of the clinker 
Figure 1 shows the mineralogical composition of the clinkers resulting from quantitative XRD 
analysis. The four parameters (LSF, CW, %CaSO4 and %CaF2) studied modified the mineralogical 
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composition, specifically phase polymorphism. As expected, LSF modified the silicate phase 
distribution (see Figure 1), for the C2S content was observed to be higher in clinkers with a LSF of 
85 %. Adding ceramic waste to the raw mix also raised the percentage of C2S; the α’H (32.48º and 
33.07º 2θ) polymorph was observed to stabilize in clinkers M2 and M4 (Puertas, 2008 and 2010), while 
the C2S content was higher in these clinkers than in M1 and M3. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 

Figure 1: Mineralogical composition of the clinkers 
 
According to these findings, adding CaSO4 modified the content of the silicate phases and the 
polymorphism of phase C2S. The C2S content in clinkers M5-M12 was observed to be 11-18 % higher 
than clinkers without CaSO4. The higher percentage found for the clinker obtained by adding CaSO4 at 
a rate of 3.90 %. This higher C2S content was due to the leveling of its stability field. CaSO4 stabilized 
the β-C2S polymorph, thereby inhibiting stabilization of α’H C2S. In contrast, the addition of CaF2 to 
the raw mixes primarily affected the proportion of phases C3A and C4AF. The results showed a 
substantial rise in C4AF at the expense of C3A, particularly when the CaF2 content was high (1.30 %). 



The pattern observed when the mineral pair CaF2/CaSO4 was added jointly to the raw mixes was the 
same as described when each was added separately. Finally, the clinker with the highest percentage of 
C2S was obtained for raw mixes with an LSF of 85 %, and containing fired tile waste as an alternative 
raw material and 3.90 % CaSO4. 
 
Clinker hydration 
Conduction calorimetry was performed to determine the hydration rate of the new clinkers. Table 1 
gives the TM and VM for each clinker. In light of the large quantity of data obtained from the 
calorimetry trials run on the 36 clinkers, a statistical analysis was performed to determine the effect of 
the factors studied (LSF, CW, %CaSO4 and %CaF2) on the hydration reactions. The meaning of the 
levels defined for each factors is given in Table 2. A total of 36 experiments were conducted. 

 
Table 2: Factors and levels 

Levels Factors Factor symbols 
0 1 2 

LSF A 85 % 90 % ------ 
RM B With  Without  ------ 

CaSO4 C 0.00 2.60 % 3.90 % 
CaF2 D 0.00 0.65 %  1.30 % 

 
The indicators (response variables) used in the experiment were the time, TM, and flow rate, VM, on the 
maximum of the characterizing signal associated with mass precipitation of the hydration products, 
primarily C-S-H gel and Ca(OH)2. TM provides an indication of the time by which most of hydration 
products precipitated. Shorter times denote earlier initiation of the hydration reactions and product 
precipitation. VM is related to the intensity of the hydration reaction and product precipitation. High 
rates are indicative of intense hydration product precipitation. The clinkers that react most intensely 
with water are among the ones whose calorimetric curves exhibit the lowest TM and highest VM values. 
When the indicator is VM, the statical model is not acceptable by the behavior of the residue; more 
reasonable values were obtained for the inverse of VM, 1/VM.  
The p-value obtained from analysis of variance determines wich factors and interactions are statiscally 
significant. The present statiscal study was conducted for a confidence level of 95 %; i.e., p-values of 
under 0.05 % indicated that the factors or interactions had a statically significant effect on the response 
variable (TM and 1/VM). Table 3 shows the p-values. 

 
Table 3: p-value for factors and binary interactions statically significant for response variables (TM and 1/VM)  

Order of factors, TM Binary interactions, TM Order of factors, 1/VM 
CD (0.0004) D>C>A>B 

0.0000=0.0000<0.0079<0.0485 AC (0.0611) 
A>C>B>D 

0.0000=0.0000<0.001<0.0040 

 
The four factors studied (LSF (A), presence of absence of ceramic waste (B), CaSO4 (C) and CaF2 
(D)) were statistically significant for TM and 1/VM. The binary interactions between CaSO4-CaF2 (CD) 
and LSF-CaSO4 (AC) were likewise statistically significant for TM. The equations describing TM and 
1/VM are show below:  

 
TM(ijkl) =22.3447+Ai+Bj+Ck+Dl+(CD)kl+(AC)ik+E σ2=20.0093   (1) 

 
1/VM(ijkl)=0.127752+Ai+Bj+Ck+Dl+E   σ2=0.000337495  (2) 

 
where Ai, Bj, Ck, Dl are the effects of each of the four factors; (CD)kl and (AC)ik, the effect of the 
binary interactions among the factors and E, the random error in the measurements, assuming N (0,σ2). 
Tables 4 and 5 show the values of the factors and binary interactions statically significant agreement 
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with the level of each factors for indicators TM and 1/VM. A shorter TM is an indication that the reaction 
and hence product precipitation began earlier. Therefore, statistically significant negative values for the 
factors and binary interactions have a positive effect on the TM equation. In other words, a LSF of 90 % 
(level 1), the absence of ceramic waste (level 0), the addition of both percentages of CaSO4 to the raw 
mixes (levels 1 and 2) and the non-addition of CaF2 (level 0) reduced the value of TM. A high VM, i.e., 
a low 1/VM value, signifies intense hydration product precipitation. An analysis of the values showed 
that an LSF of 90 % (level 1), the absence of ceramic waste (level 0), the addition of CaSO4 (levels 1 
and 2) and the non-addition of CaF2 (level 0) lowered 1/VM and raised VM values. 
 

Table 4: Statistically significant factor and level values by TM and 1/VM  

TM 1/VM 

Levels Levels Factors Factor symbols 

0 1 2 0 1 2 
LSF A 2.2603 -2.2603 ----- 0.020851 -0.020851 ----- 
CW B -1.5919 1.5919 ----- -0.01666 0.01666 ----- 

CaSO4 C 8.847 -3.9697 -4.8772 0.031664 -0.019663 -0.012002 
CaF2 D -11.7147 -1.3372 13.052 -0.016992 0.011059 0.005932 

 
Table 5: Statistically significant values by binary interaction and level 

Binary interactions Levels 
CD AC 

00 -3.142 2.628 
10 1.7272 -2.6281 
20 1.4147 ------ 
01 -5.0545 -0.6836 
11 -3.853 0.6836 
21 5.4397 ----- 
02 8.1963 -1.9445 
12 -1.342 1.9445 
22 -6.8545 ----- 

 
Entering the values for each factor level in equations 1 and 2 yields the 36 possible experimental 
conditions for TM and VM. The best result (TM= 5.2189; VM= 18.6615907) was obtained for clinker 
M7, with CaF2=0.00, CaSO4=2.60 %, LSF=90 % and no ceramic waste. Clinker M11, with CaF2=0.00 
(level 0), CaSO4= 3.90 %, LSF=90 % and no ceramic waste, also performed very well (TM=5.2598; 
VM=16.3273303). 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: a) TM versus C2S/C3S; b) VM versus C2S/C3S 



The values of TM and VM obtained by calorimetry (see Table 1) are plotted against the silicate phase 
(C2S/C3S) contents in the clinkers in Figure 2. The findings showed that the TM for the clinkers 
containing CaSO4 and CaSO4/CaF2 and having a C2S/C3S ratio of 1.5-2.5 (C2S content between 36 and 
60 %), (M5, M6, M9, M10, M14, M21, M22, M25, M26, M29, M30 and M33) was comparable to the value for 
clinkers with a C2S/C3S ratio of less than 1.5. A shorter TM is associated with the stabilization of the 
more reactive β-C2S due to the addition of CaSO4 to the raw mixes. The clinkers obtained by adding 
1.30 % CaF2 (M17-M20), whose C2S/C3S ratio was between 0.5 and 1.5, had higher TM values than 
clinkers with a similar C2S/C3S ratio, however. This may be attributed to the initial inhibition of the 
hydration reaction. VM was unaffected by the clinker C2S/C3S ratio, exhibiting values similar to the 
ratios for reference cements MREF and MRM. 
M7 and M11 had slightly slower TM values and higher VM values than reference clinkers MREF 
(C2S=6.2% wt) and MRM (C2S=19.0% wt), although the C2S content was higher in M7 (C2S=36.3% wt) 
and M11 (C2S=41.9% wt) than in the conventional clinker (see Figure 1).  
 
Conclusions 
 
It may be concluded from the foregoing that clinkers with a high C2S content (36-60 % wt) can be 
obtained at 1350 ºC from raw mixes containing ceramic waste and the mineral pair CaF2/CaSO4. The 
presence of ceramic waste raised the percentage of C2S and stabilized the α’H-C2S polymorph. The 
addition of CaSO4 stabilized β-C2S and inhibited the stabilizing effect of the ceramic waste. The 
addition of CaF2 affected the C3A and C4AF content. The addition of the mineral pair CaF2/CaSO4 
mirrored the effect of adding each separately. Statistical analyses of the isothermal conduction 
calorimetry values showed that the four factors were statistically significant at a 95 % confidence level 
when the indicators used were TM and 1/VM.  
The most beneficial experimental conditions were as established for clinkers M7 CaF2=0.00, 
CaSO4=2.60 %, LSF=90 % and no ceramic waste (TM= 5.2189; VM= 18.6615907) and M11 CaF2=0.00 
(level 0), CaSO4= 3.90 %, LSF=90 % and no ceramic waste (TM=5.2598; VM=16.3273303), whose 
clinker composition contained 36.3 and 41.9 % C2S and 46.8 and 42.5 % C3S. The TM and VM values 
for these clinkers were comparable to the values for the two conventional Portland clinkers studied, 
whose C2S content was 6.2 %. 
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Abstract

This study presents the description of hydration kinetics in multi-phase cementitous systems using μic[1]. The overall  
progress of hydration is simulated using a dissolution mechanism combined with nucleation and growth of products.  
Dissolution is implemented to compute the evolution of concentration of ionic species in the pore-solution. Saturation  
index calculations are implemented to compute the time of precipitation of each product individually. Once the pore-
solution is saturated with respect to portlandite,  the kinetics of reaction is triggered to a modified form of phase  
boundary nucleation and growth mechanism.  The growth of C-S-H is modeled based on a diffuse growth criterion in  
which the density of packing of the C-S-H phase increases with hydration[2,3]. The kinetics parameters are calibrated  
and the same values are used consistently in all systems. The rate of heat evolution obtained from the simulations were  
compared  with  isothermal  calorimetry  data  obtained  for  various  multi-phase  systems  systems  with  different  
compositions, phase assemblages and particle size distributions and good agreement was found. 

Originality
The  model  simulates  the  hydration  of  complex  cementitous  systems  starting  from  very  early  ages.  The  kinetic 
parameters in the model are calibrated and used unaltered in all simulations reducing the number of « fit » parameters  
to 2. The theory presented in the study is used to simulate several model systems and commercial cements. The model is  
also flexible to be used to study the effect of various process parameters including effect s of w/c, initial states of pore-
solution, particle sizes etc. 

Chief contributions
A theory is presented to describe dissolution of clinker phases from a geochemistry point of view. A model is described  
to simulate, hydration of complex systems and evolution of concentrations of various ionic species. 

Keywords: modelling, dissolution, nucleation and growth



1. Introduction
Cement  clinker  consists  of  4  main  phases  :  alite  (C3S),  belite  (C2S),  aluminate  (C3A) and ferrite 
(C4AF). Calcium Sulphate, typically referred to as gypsum(C$H2), is added to clinker before grinding. 
The main products that are formed by the hydration of clinker phases are : portlandite (CH), C-S-H,  
ettringite  (C6A$3H32)  and  monosulphate  (C4A$H12).  All  the  clinker  phases  have  distinct  rates  of 
hydrations.  The  overall  progress  of  the  cement  hydration  is  generally  monitored  from  the  heat 
evolution curve as obtained from  Isothermal Calorimetry.  Figure 1 shows a typical heat evolution 
curve recorded using an isothermal calorimeter for the first 30 hours of hydration of ordinary portland 
cement. The classification of each period is described in Table 1. 

Stage Description of the period

1 Dissolution 

2 Induction 

3 Acceleration  

4 Deceleration 

5 Slow hydration 

Figure 1 : Typical heat evolution profile of Ordinary Portland cement. 

Table 1 : Stages of hydration

2. Formulation of the model
The simulation of the model microstructure requires a cement hydration algorithm to transform the  
reactants (cement  and water) to the solid products and porosity (vapour and water-filled).  Several  
models have been developed to simulate the hydration of cementitious systems from purely numerical 
to microstructure based models [1,4,5,6,7,8]. In this study, the hydration process is modelled using a 
vector approach in which spheres are used as a geometrical representation of cement particles. The  
material inputs required for a typical simulation include: (1) the chemical phase composition of the  
cement, commonly determined using quantitative x-ray diffraction and (2) the particle size distribution 
of the cement as measured using dynamic light scattering. Microscopic investigations of hydrating 
cement systems indicate that the calcium silicate hydrates, ettringite and monosulfate form around the  
cement particles and in water-filled pore spaces. However, portlandite only forms in water-filled pores 
[2,5,6]. A similar scheme is used to describe the spatial arrangement of the reaction products in the 
computational volume.

3. Dissolution of clinker phases and Induction Period
Clinker phases are highly basic and dissolve rapidly in water to release ions in the pore-solution.  
Studies in geochemistry have shown that the rate of dissolution of the mineral is a function of the  
undersaturation of the solution. For concentrations far from equilibrium dissolution is rapid, but the 
rate of dissolution slows down as undersaturation decreases due to the reduction in energy available to  
nucleate etch pits on the mineral surface[9]. As the under saturation reduces below a critical value,  
dissolution is driven solely by slow step retreat. Evidence for a similar dissolution mechanism for alite 
was reported by Julliand et al.[9]. Thus the onset of induction period can be explained by increasing  
concentration of ions in solution. The same mechanism is implemented in the model in the form of a 
mathematical equation described in Equation 1.

Rate of dissolution r phase t = k diss , phase⋅a SSA⋅[max−alite ] aSSA⋅cstepretreat                                     (1) 
where,

 alite t =
IAP alitet 

Kspalite

                                                                                                                             (2)



In Equation 1, β is the ion activity product of the ions in solution divided by the equilibrium solubility 
products  (Equation 2),  as  this  fits  best  with  data  report  in  the  literature  [10,  11,  12].   While β 
represents the degree of undersaturation, log β is the Saturation Index (SI). In Equation 1, aSSA is the 
cumulative specific surface area of clinker particles at time = 0 and cstep retreat is the step retreat constant. 
The values of kdiss, phase,  βmax and  cstep retreat are the parameters that were calibrated. To this effect, the heat 
evolution  profiles  for  different  model  systems  with  different  PSDs and  w/c ratios  were  used  as 
references. It  was attempted to match the dissolution profiles and the times at which acceleration  
began in  the  systems.  Initially,  the  values  of  the  dissolution  parameters  were either  chosen from 
literature or mathematically estimated. The overall  reaction rate as calculated from the dissolution 
equation was compared to the measured rate of heat evolution. These values were then modified to get  
the best agreement with the measured calorimetry curves for all systems. Finally, the values that could  
be used to get the best fits were fixed as calibrated values for all systems. The values of the calibrated 
parameters and more details about the implemented mechanisms can be found elsewhere [3]

4. Precipitation of products
Thermodynamic calculations are implemented in the model to compute the time of precipitation of  
product phases in the model. As such, Saturation Index (SI) for each individual phases is computed 
using the value of concentration of the constituent ions in the pore-solution.  A product phase is only 
allowed to precipitate if its SI value is positive. Figure 2 shows the measured and simulation rates of 
heat evolution of C3A-Gypsum systems with a composition of Aluminate:Gypsum::80:20 by mass. 
The simulated evolution of concentration of various ionic species is also shown. As can be seen, the 
time of precipitation of the phases is well-captured in the model.  The mechanism for dissolution-
precipitation of phases in aluminate-gypsum systems is described here [13]

                       (a)                                                    (b)                                                     (c)
Figure 2 : Time dependent evolution of (a) Measured and simulated rate of heat flow for  aluminate  
(80)- gypsum (20) system with w/c = 1.0. (b) Simulated concentrations of major ionic species in the  
pore-solution  © Simulated SI values of ettringite and monosulfate

5. Deceleration Period
In order to capture the rate of hydration, nucleation and growth mechanism has been conventionally  
used. However, traditional Avrami kinetics and phase boundary nucleation and growth mechanisms 
can only describe the acceleration period, but do not correctly capture the deceleration of the overall  
rate of reaction. Implementation of diffusion based mechanism revealed that the diffusion coefficient  
of C-S-H in systems with different PSDs needed to be varied by an order of magnitude to obtain fits 
for the deceleration period. This is contradictory to the experimental observations in which C-S-H 
formed in systems with same compositions but different PSDs  have the same material properties. The 
correct kinetics can only be simulated if it is assumed that C-S-H first grows out with a low packing 
density,  so that  the  downturn occurs as a result  of  unavailability of space in  the micro-structural 



volume[2,  3]. Combining the dissolution mechanism with the nucleation and growth, the kinetics of 
alite hydration was well captured, as shown in Figure 3.

Figure 3 : Measured and simulated rate of heat evolution for alite model systems with different particle 
size distributions. 

6. Simulation of hydration of multi-phase systems
Using  the  mechanisms  described  in  the  above  sections,  the  hydration  of  multi-phase  systems  is 
simulated in the model. The kinetic parameters of the individual phases were used as calibrated for the  
simulation of complex systems. The state of the pore-solution is computed at each simulation step. 
Product phases are allowed to precipitate only when they are supersaturated with respect to the pore-
solution. The growth rate of the C-S-H and Monosulfate are  used a fit parameters in the model. Figure  
4 shows the measured and simulated rates of heat evolution for different commercial and multi-phase  
model cementitous systems. 

7. Discussion and Conclusions 
In this study, a model was presented to describe the hydration of multi-phase cement-based systems.  
The model has been used to investigate the plausibility of different proposed mechanisms that drive 
dissolution and the slow rate of reaction during the induction period. It offers an implementation that 
can be used to study the evolution of various ionic species in the pore-solution.  The model  links 
established thermodynamic laws and nucleation and growth criterion to simulate the hydration kinetics 
of various complex systems. With  just two “fit” parameters, the model offers flexibility to the users to  
simulate hydration of systems studying the effect of various process parameters. 
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Figure 4 : Measured and Simulated rate of heat evolution for different multi-phase cement-based 
systems
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Abstract 
The reactivity and microstructure of ternary cement pastes has been characterized by thermogravimetric 
analyses and scanning electron microscopy, respectively. The pastes were composed of cement, 4.8 silica fume 
and 0, 19 or 33% siliceous fly ash, all as replacement of cement. The cements were 2 different Portland cements, 
and the water/powder ratio was kept constant to 0.40. The 6 mixes were investigated after 1, 3, 7, 28 and 90 
days, as well as 1 and 2 years, sealed curing with respect to reactivity, and the microstructure studied at 28 
days, 1 year and 2 years sealed curing only. 
The thermogravimetric analysis was used to determine total chemical water and calcium hydroxide content. For 
one of the cements with 35 % fly ash, the total pozzolanic reaction of silica fume and fly ash seemed to bind 
about the same amount of water as was inherent in the considerbale amount of calcium hydroxide it consumed.. 
For the other cement more water was bound in the pozzolanic reaction products than the water inherent in the 
consumed calcium hydroxide, and only minor amounts of calcium hydroxide were consumed in the case of both 
19 and 33% fly ash replacement. All mixes had sufficient calcium hydroxide left to protect rebars against 
corrosion when used in concrete.  
The microstructure was investigated on plane polished cross-section of the pastes. One cement contained 
limestone, and examples of reacting limestone with rims indicating the original particle boundary could be seen. 
A number of calcium aluminate hydrate phases were observed in voids and hollow fly ash grains. There was a 
tendency of increasing abundance of calcium aluminate hydrates with increasing fly ash content as a result of its 
pozzolanic reaction. Furthermore, there was a tendency of decreasing Ca/Si ratio and increasing Al/Si ratio of 
the CSH gel with increasing amounts of fly ash. 
 
Originality 
Increased sustainability in construction is an important topic focused on in the later years. The short term 
answer for the concrete sector is blended cements or addition of supplementary cementing materials (SCMs) to 
the concrete mixer. 
The present paper gives an important contribution to understanding the reactivity and microstructure of ternary 
cementitious binders based on industrial available components relevant for practical concreting in Norway. 
 
Chief contributions 
In Norway fly ash has recently been taken into use in large projects to make low-heat concretes in order to 
reduce thermal cracking in massive structures. The property development of such concretes is relatively slow, 
but experiences so far indicate that the durability properties turn out to be very good in the long run. The action 
between binder components is decisive for the durability of concrete. Increased understanding of the chemistry, 
solid phases and pore structure of such concretes is of great interest for public owners of infrastructures that 
often are exposed to very harsh environment. 
 
Keywords: Fly ash, Pozzolans, Silica fume, Thermal analysis, Ternary cement 
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Introduction 
The cement industry world wide is estimated to emit about 5% of the total global anthropogenic 
carbon dioxide (CO2) emissions (Hendricks et al. (1998). The general estimate is about 1 ton of CO2 
emission per ton clinker produced if fossil fuel is used and no measures to reduce it are taken. In 
addition to replace coal with waste having calorific value as fuel, the easiest way of further reducing 
CO2 emissions on a short time basis is to replace part of the clinker with supplementary cementing 
materials (SCMs) in the mill (Justnes et al. (2009). Replacing cement with SCMs in the concrete mixer 
will of course be helpful in this respect. 
The Norwegian cement industry is currently making cement blended with fly ash (about 20%) and 
research is performed to possibly increasing this amount to about 30%. At the same time, the Road 
Administration of Norway specifies the use of silica fume in the concrete of e.g. their bridge 
structures. The present paper is reporting on a study of the binder (cement paste) based on different 
cements with varying amount of fly ash (0, 19 and 33%) and constant silica fume dosage (i.e. 4.8%). 
 
Experimental 
Materials 
A total of 6 cementitious binders were tested in this study. The 2 cements selected were Norcem 
“construction” cement (denoted ANL), a CEM I 52.5 LA according to NS-EN 197-1, and sulphate 
resistant cement from Norcem (denoted SR), a CEM I42.5R SR LA NS-EN 197-1. The fly ash is 
imported by Norcem for their production and is of the ASTM type Class F. The silica fume was 
obtained from the ferrosilicon smelter Elkem Materials, Salten, Norway. The characterisations of the 
constituents are given in Tab. 1 as determined by EN 196-2.  
 

Table 1: Chemical composition and fineness of the different materials 
Component  ANL SR FA SF 
Loss on Ignition (%) 2.72 0.93 4.08 1.29 
SiO2 (%) 21.09 22.07 54.40 94.80 
Al2O3 (%) 4.40 3.64 22.01 0.48 
Fe2O3 (%) 3.62 5.19 5.83 0.80 
CaO (%) 63.95 63.82 4.80 0.28 
MgO (%) 1.78 1.44 2.22 0.66 
SO3 (%) 3.22 2.30 0.52 0.21 
Limestone (%) 4.10 - - - 
Free lime (%) 1.57 0.97 - - 
K2O (%) 0.43 0.43 2.21 1.27 
Na2O (%) 0.35 0.19 1.15 0.35 
Na2Oeq (%) 0.63 0.47 - 1.21 
Carbon (%) - - 3.64 0.94 
Blaine (m2/kg) 388 432 388 - 
Density (kg/m3) 3,120 3,150 2,200 2,200 
Particles +90µm (%) 9.60 0.20 5.40 - 
Particles +64µm (%) 11.70 1.00 11.40 - 
Particles -24µm (%) 60.40 82.70 66.30 - 
Particles -30µm (%) 68.70 89.80 59.70 - 

The 6 binders investigated consisted of the two cements denoted ANL or SR with either 0, 19 or 33% 
FA of cement mass. All of them contained 4.8% silica fume (SF) of cement mass. All pastes were 
made with a water-to-cementitious material ratio (w/cm) of 0.40 using distilled water. No plasticizer 
was used. A paste denoted SR-19 means then a paste based on the sulphate resistance cement with 
19% FA and 4.8% SF with w/cm = 0.40.  



Sample preparation 
The mixes were prepared in a MR5550CA high shear mixer of Braun. They were blended for half a 
minute, then the blender was opened and possible dry lumps were stirred in by hand, after that the 
paste was mixed once more for 1 minute. Of each mix, three batches of 300 ml were prepared. Several 
samples were taken of each mix and stored at 20 °C in glass vials sealed with plastic lids. Samples 
were taken shortly after mixing (reference) and after 1, 3, 7, 28, 90 days and, 1 and 2 year of curing. 
The hydration reactions were stopped by crushing them with a piston in a mortar and liquid replace 
free water with ethanol, followed by drying at 105 °C. It should be noted that this temperature 
hydration phases such as ettringite and CSH will have lost some chemically bound water (Tayler 
(1997)). 
 
Thermal analysis 
The samples were analysed by thermogravimetric analysis and simultaneous differential thermal 
analyses (TGA/SDTA) with a Mettler Toledo TGA/SDTA 851. About 150 mg of the sample was 
weighed into alumina crucibles. The sample was heated from 30°C to 1100°C with a heating rate of 
10°C/min. The purge gas was nitrogen (N2) with a flow of 50 ml/min. 
The mass loss from 105-550°C was taken as chemical bound water, while the mass loss from  
450-550°C was considered to be due to the thermal decomposition of calcium hydroxide (CH). The 
sample preparation gave rise a similar degree of carbonation for all the samples. The amount of 
carbonates (700 – 900 °C) were however not taken into account in the calculations as it is not clear 
which phases had carbonated. 
 
Scanning Electron Microscope (SEM) 
The larger fragments of paste cured for 28 days, 1 year and 2 years were investigated by a JEOL JXA-
8500F Electron Probe Micro Analyzer (EPMA), in order to characterize the microstructure. Interesting 
phases were analysed by an energy dispersive X-ray spectrometer (EDS). 
 
Results and discussion 
The mass losses from 450 to 550°C for the pastes based on “ANL” and “SR” as a function of curing 
time are plotted in Fig. 1, while the corresponding mass losses between 105 and 550°C are plotted in 
Fig. 2. 
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Figure 1: Mass loss of CH decomposition relative to cement+SF for ANL (left) and SR (right) cement over time. 
 
The mass losses calculated by horizontal integration in Fig.1 represent the decomposition of calcium 
hydroxide (CH) and have to be multiplied with 74/18 to yield the amount of CH per cement+SF. For 
the ANL cement, the amount of CH is nearly independent of the amount of fly ash added (only 
marginally reduced with increasing FA) after 90 days curing. The same is the case for SR cement for 
19% FA replacement, while 33% FA drastically reduces the amount of CH after 28 days curing.  



The dip in CH at 1 year for ANL with FA compared to the 2 year results might be due to initial 
formation of calcium hemi-carboaluminate hydrate consuming CH, which is then again released when 
calcium hemi-carboaluminate hydrate is converted to mono-carboaluminate hydrate upon further 
reaction with calcium carbonate.  
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Figure 2: Chemical bound water relative to cement+SF for ANL (left) and SR (right) cement over time. 

 
As  seen from Fig. 2, after 7 days curing the paste based on ANL cement has an increased amount of 
chemical bound water with increasing FA content, while the chemical bound water for the paste based 
on SR cement is rather independent of the FA content. The latter means that for the SR cement, the 
hydration products from the pozzolanic reaction of FA does not bind more water than what is inherent 
in CH, in particular considering the high amount of CH consumed by 33% FA depicted in Fig. 1. The 
reason for the increased water with increased FA content for the ANL cement is probably its content 
of limestone filler leading to synergic reactions giving increased amounts of ettringite and calcium 
carboaluminate hydrates on the expense of monosulphate as pointed out by De Weerdt et al. (2009, 
2011) with increased amount of chemical bound water and higher compressive strength as an overall 
result. An evidence of a reacted limestone particle in the ANL-33 mix is shown in the backscattered 
electron image in Fig. 3 where the border of the original particle can be seen with a partly dissolved 
particle within. The energy dispersive spectrum (EDS) of this particle showed only Ca as expected for 
a limestone particle since C and O are too light to give meaningful analysis and their signal will appear 
anyway in this carbon sputtered (to make it conductive), oxide rich sample. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3:  2000x BSE of ANL-33 paste sealed cured for 2 years showing a partly reacted limestone particle 
(confirmed by EDS) in the middle. The original borders around the particle can be seen. The circular object in 

the upper left corner is a fly ash grain. 



Another general feature of all the pastes was that the silica fume was not properly dispersed in spite of 
the use of a high shear mixer. Circular objects with reaction zones where calcium hydroxide have 
reacted by diffusion inwards could often be seen (example depicted in Figs. 4 and 5), and the water 
rich gel of the partly reacted lumps often formed typical drying shrinkage cracks under the vacuum of 
the SEM. In practical concrete the grinding action of aggregate together with plasticizing agents may 
help breaking down and dispersing these typical 100-200 µm silica fume lumps. 
It is important to notice that all the binders investigated had sufficient CH content to protect 
reinforcement steel in practice even though the reserve may be reduced (in particular for SR-33). The 
binders also appeared dense without microcracks, but the SR blends contained much more “Hadley 
grains” (e.g. Gartner, 2002), i.e. empty space after dissolved cement grains, than the ANL blends as 
visualized in Fig. 4. It can also be seen that the degree of hydration is higher (i.e. less light grey 
unreacted cement grains) and that the pastes appear denser at 1 year relative to 28 days as expected. 
 

 

 
Figure 4: 100x BSE of ANL-0 (cement without FA, but with 4.8% SF) after 28 days (upper left) and 1 year 

(lower left) sealed curing, as well as of SR-0 after 28 days (upper right) and 1 year (lower right) sealed curing. 
Light grey particles are unreacted cement grains, while larger grey, circular features with brighter reaction rims 

are undispersed silica fume. “Hadley grains” appear as black spots. 

In order to investigate the influence of FA on the composition of the CSH gel, all pastes cured for 2 
years were investigated by EDS with slightly defocused beam on areas free of other phases. The 
observed trends were decreasing Ca/Si (see Fig. 5) and increasing Al/Si (see Fig. 6) with increasing 
FA replacing cement, as expected from alumina containing pozzolana low in calcium. 
The alumina rich phases were also tried identified by EDS and is largely done by their Ca/Al atomic 
ratio and whether or not they contain sulphur or silicon. For instance ettringite would be identified by 
Ca/Al = 1.5 and S/Al = 3, and Strätlingite by Ca/Si = 2 and Ca/Al = 1. The difference between 
hydrogarnet and calcium monocarboaluminate hydrate, Ca/Al = 1.5 vs. 2.0, might be hard to tell with 
a semi-quantitative method like EDS and the more accurate WDS (wavelength dispersive spectrum) 
may be required. 
The general trend was that the ANL pastes contained hydrogarnet, calcium monocarbonate hydrate 
and ettringite due to its content of limestone filler, while the alumina containing phases of the SR 
pastes without limestone consisted of Strätlingite, monosulphate and ettringite. 



 

 
Figure 5: 100x BSE of ANL-33 (cement 33% FA and 4.8% SF) after 28 days (upper left) and 1 year 

(lower left) sealed curing, as well as of SR-33 after 28 days (upper right) and 1 year (lower right) 
sealed curing. Light grey particles are unreacted cement grains, while larger grey, circular features 

with brighter reaction rims are undispersed silica fume. Circular “shells” with black spots (i.e. pores) 
are FA particles. 

 
 

 

 

 

 

 

 

Figure 5: Ca/Si in CSH of different pastes as function of FA content as analysed by EDS. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Al/Si in CSH of different pastes as function of FA content as analysed by EDS. 
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Conclusions 
Six cement pastes (w/cm = 0.40) based on 2 cement types and 3 fly ash (FA) replacements (0, 19 and 
33%) with a constant silica fume (SF) replacement of 4.8% have been investigated by 
thermogravimetry and SEM/EDS. One of the cements contained limestone filler. 
For the cement without limestone filler, the chemical bound water versus time was independent of the 
FA content, while the chemical bound water increased with increasing FA for the cement with 
limestone filler. The reason for the latter is probably that the limestone filler leads to synergic 
reactions giving increased amounts of ettringite and calcium carboaluminate hydrates on the expense 
of monosulphate. The dissolution of limestone filler was documented by SEM. 
One of the cements with 33% FA consumed considerable amounts of calcium hydroxide (CH) after 28 
days sealed curing compared to the other with no apparent reason. However, all the 6 binders 
investigated contained sufficient CH to secure protection of rebars in any concrete made thereof, and 
the pastes appeared dense without microcracks. 
The observed trends of the CSH of the binders were decreasing Ca/Si and increasing Al/Si with 
increasing FA replacing cement, as expected from alumina containing pozzolana low in calcium. 
Another general trend was that the ANL pastes contained hydrogarnet, calcium monocarbonate 
hydrate and ettringite as alumina containing phases due to its content of limestone filler, while the 
alumina containing phases of the SR pastes without limestone consisted of strätlingite, monosulphate 
and ettringite. 
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Abstract 
Recently the immobilization processes for environmental pollutants which involve the hydration of various 
cement-based materials have been studied. In these studies, it was reported that the oxyanions such as CrO4

2- 
were specifically immobilized in the hydrates of calcium aluminate, which are main component of Portland 
cement, in the course of their hydration. In our previous studies, on the other hand, we reported that calcium 
alumino-zincates were formed as clinker interstitial phase with zinc oxide which is contained in municipal 
refuse incineration ash used as the cement raw material, and that they show analogous hydration behavior to 
calcium aluminate. These findings suggest that calcium alumino-zincates (C3A2Z and C14A5Z6), which are 
analogous of calcium aluminate, have the ability. Based on these results, we have studied the immobilization of 
Cr(VI) into the hydrate of calcium alumino-zincates aiming to apply in removal of Cr(VI) which is contained in 
waste water and contaminated soil. 
In the present study, we found that calcium alumino-zincates effectively remove Cr(VI) anion from water; by 
adding 20 mg of C14A5Z6 to 10 mL of Cr(VI) solution, concentration of Cr(VI) of the solution was reduced from 
75 mg/L to less than 0.05 mg/L, which is the WHO’s guideline value for chromium in drinking water, in 60 min. 
The immobilization capacity for Cr(VI) was 75 and 89 mg/g for C3A2Z and C14A5Z6, respectively. Above values 
are comparable to these which are stoichiometrically calculated from the composition of the hydrates assumed 
as C3A.CaCrO4.12H2O. Moreover, the AFm phase including Cr(VI) expected to be C3A.CaCrO4.12H2O was 
identified by XRD. The fact suggests that Cr(VI) is captured into the hydrate of calcium alumino-zincates as 
same manner as that in the case of calcium aluminate. To improve the immobilization efficiency, effect of 
calcium hydroxide on the hydration of calcium alumino-zincates was also studied. It was found that the 
hydration was promoted and that the immobilization efficiency was improved by increase in the amount of 
generated hydrate, by adding calcium hydroxide to the mixture of Cr(VI) and calcium alumino-zincate. By 
adding of 0.5 g of calcium hydroxide, the amount of immobilized Cr(VI) per 1 g of C3A2Z and C14A5Z6 were 
increased to 160 and 139 mg, respectively. 
Based on the above results, we conclude that various calcium alumino-zincates is effectively usable as a 
decontaminating agent for removing anionic toxic metal such as Cr(VI) from water and soil. 
 
Originality 
The immobilization processes for environmental pollutants in water by the hydration of calcium alumino-zincate 
have not been studied. It was found that the Cr(VI) was removed from water by the hydration of calcium 
alumino-zincate. We showed that calcium hydroxide mixed with calcium alumino-zincate was very effective for 
increasing the immobilization capacity of Cr(VI). 
 
Chief contributions 
We showed clearly that the Cr(VI) was removed from water by the hydration of calcium alumino-zincate. Our 
method is expected to be able to be used also for other oxyanions such as arsenic anion. Our method is able to 
be applied to the purification of the polluted water in a comparatively wide concentration range in Cr(VI). Our 
system is possible to remove Cr(VI) from water, even if complicated technique and expensive equipment are not 
used. It is concluded that calcium alumino-zincates are usable as a decontaminating agent for toxic metal 
anions such as Cr(VI) ion from water and soil. 
 
Key words: Calcium alumino-zincate, Removal of Hexavalent chromium, Calcium hydroxide, 

14CaO.5Al2O3.6ZnO, 3CaO.2Al2O3.ZnO 
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1. Introduction 
 
The contamination of soil and groundwater by several toxic elements such as chromium and arsenic is 
serious problem at public health and environment, thus to improve such a contamination by efficiently 
immobilizing and removing such pollutants is significant issue. Immobilization processes for such 
pollutants involving hydration of various cement-based materials have been studied in recent year. In 
these studies, it was reported that oxyanion of toxic elements such as CrO4

2- is specifically 
immobilized in the course of hydration of calcium aluminate (Morioka et al., 2003, Takahashi et al., 
2003). Recently we have studied calcium alumino-zincates, 3CaO.2Al2O3.ZnO and 
14CaO.5Al2O3.6ZnO denoted as Z-1 and Z-6 respectively, and reported that these hydration behaviors 
are analogous to calcium aluminate (Sango et al., 2008). Such a similarity between calcium aluminate 
and calcium alumino-zincates suggest that Cr(VI) is captured into the hydrate of calcium alumino-
zincates in the same manner as the case of calcium aluminate. 
In this study, aiming to apply the system to removal of Cr(VI) from contaminated waste water,  
immobilization behavior of Cr(VI) into the hydrate of calcium alumino-zincates has been studied. To 
further enhance the immobilization efficiency, adding calcium hydroxide to the present systems has 
also been investigated and its effect on the hydration of calcium alumino-zincates has been studied 
and stoichiometrically discussed.  
 
2. Experimental procedures 
 
2.1. Synthesis of calcium alumino-zincate 
Reagent grade CaCO3, Al(OH)3 and ZnO were used as starting materials. In the experiment of 
calcium alumino-zincate synthesis, they were weighed out so as to give the desired stoichiometric 
composition, and were mixed to prepare an uniform mixture. The mixture was burned at 1300 °C (Z-
1) and 1200 °C (Z-6) for 4 hours in an electric furnace, and then the operation was repeated after 
crushing of burned product until single phase formed. The phases in the burned product were 
identified by powder X-ray diffractometry (XRD). In the procedure above, two kinds of calcium 
alumino-zincates were synthesized. Each Z-1 and Z-6 had 5000 cm2/g and 7100 cm2/g of BET 
specific surface area respectively. Aqueous samples of Cr(VI) were prepared by diluting certified 
1000 mg/L of Cr(VI) standard solution (K2Cr2O7 in 0.1 mol/L nitric acid, Wako Pure Chemical 
Industries, Ltd., Osaka, Japan) with water. Calcium alumino-zincates were hydrated under the alkaline 
condition, because they are soluble in acidic solution. Therefore, the solution of Cr(VI) was adjusted 
to pH 7 with potassium hydroxide. 
 
2.2. Process of Cr(VI) immobilization by using hydration of calcium alumino-zincates 
Removal of Cr(VI) from water sample was studied in a batch process. A 20 mg portion of Z-1 or Z-6 
was accurately weighed into a 15 mL screw-cap vial, and 10 mL of working Cr(VI) solution and a 
stirrer bar were added. The vial was closed with screw-cap to avoid exposure to air, and was placed 
on a magnetic stirrer. The mixture was stirred during desired period of time at room temperature, then 
was filtered through 0.45 μm membrane filter. Immediately after the filtration, the filtrate was 
acidified by adding a small portion of conc. nitric acid to prevent both additional hydration and 
generation of calcium carbonate. Total concentration of chromium in the filtrate was determined by 
using Hitachi Z-8270 graphite furnace atomic absorption spectrometer (GF-AAS). 
 
2.3. Identification of burned product and hydrate 
The phases in burned products and hydrates were identified by XRD using a Rigaku RAD-IIA 
diffractometer with Ni-filtered Cu Kα1 radiation. Each hydrate was placed in acetone, and then was 
dried in a vacuum desiccator at room temperature for 3 days. 
 
3. Results and discussion 
 



3.1. Removal of Cr in solution by the hydration of calcium alumino-zincates 
To estimate kinetics of Cr(VI) immobilization by each calcium alumino-zincate, change in 
concentration of residual Cr with reaction time was studied. Figure 1 shows time change in 
concentration of residual Cr in solution processed by Z-1 and Z-6 within 60 minutes, at various initial 
concentration of Cr(VI). When the solutions containing 5 – 50 mg/L of Cr(VI) were processed for 60 
minutes with Z-1, a decrease in the concentration of Cr in each solution was only 5 – 10 mg/L. In 
contrast, when Z-6 was added to 50 – 150 mg/L Cr(VI) solution, the concentration of Cr was 
effectively decreased; eg. in the case of 75 mg/L of Cr(VI) ( ), it was reduced to less than 0.05 mg/L, 
which is the WHO’s guideline value for chromium in drinking water, in 60 minutes (World Health 
Organization, 1993). Since immobilization of Cr(VI) with Z-1 is slower than that of Z-6, longer 
reaction period is required for removal of Cr(VI) with Z-1.  
Figure 2 shows the results obtained when reaction period was extended to 72 hours. When Z-1 or Z-6 
was added to 75 – 500 mg/L Cr(VI) solution, the concentration of Cr in solution was decreased 
steadily, and then the equilibrium was achieved after 48 hours. The results of long term change in the 
residual concentration of Cr when the initial concentration was increased up to 500 mg/L are shown in 
figure 2; in both cases of Z-1 and Z-6, the residual concentrations of Cr were decreased with time and 
reached respective steady values within 48 hours. The results suggest that the immobilization 
capacities of 20 mg of each calcium alumino-zincate reached respective upper limits in 48 hours. 

 
3.2. Immobilization capacities of Z-1 and Z-6 
Figures 3 and 4 show time change in the amounts of immobilized Cr per 1 g of Z-1 and Z-6 
respectively. The amount of immobilized Cr was calculated from difference between the residual 
concentration of Cr in the solution processed for desired period of time and its initial concentration. 
The period of time required to reach each steady value depends on the initial Cr(VI) concentration. 
The amount of immobilized Cr was increased with an increase in initial Cr(VI) concentration until it 
reaches maximum; in all cases studied, it reached maximum within 48 hours. 
Table 1 shows the amounts of immobilized Cr(VI) per 1 g of Z-1 and that of Z-6 respectively after 72 
hours. From the results in the cases of 300 mg/L or above of initial Cr(VI) concentration, the 
immobilization capacity of Z-1 and Z-6 for Cr(VI) can be estimated as ca. 75 and 89 mg/g for Z-1 and 
Z-6, respectively. 
 

Figure 1   Change in residual concentration of 
chromium in solution within 60 minutes. 

Z-1       : 50 mg/L,         : 25 mg/L,          : 5 mg/L
Z-6       : 150 mg/L,       : 100 mg/L,        : 75 mg/L
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Figure 2   Change in residual concentration of 
chromium in solution for 72 hours. 
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Table 1  Amounts of immobilized chromium by the hydration of various calcium alumino-zincates. 

 
 
 
 
 
 
 
3.3. Stoichiometry of hydrates including Cr(VI) 
From both facts that Cr(VI) is immobilized as hexavalent hydrates of calcium aluminates (Morioka et 
al., 2003) and that proceeding of hydration of calcium alumino-zincate increases pH of the reaction 
mixture up to ca. pH12, it is assumable that Cr(VI) is immobilized in the hydrate as CrO4

2-, which is 
the major species of Cr(VI) in neutral and alkaline media. Therefore, it was expected that Cr(VI) ion 
was immobilized as CrO4

2- in the 3CaO.Al2O3.CaX.12H2O hydrates(AFm phase, X : divalent anion). 
Equations (1) and (2) show assumed stoichiometry in forming of hydrates including CrO4

2- for Z-1 
and Z-6, respectively. 

3CaO.2Al2O3.ZnO ＋ 3/4 CrO4
2- ＋ 55/4 H2O → 3/4(3CaO.Al2O3.CaCrO4.12H2O) 

＋ 5/2 Al(OH)3 ＋ Zn(OH)2      (1) 
 

14CaO.5Al2O3.6ZnO ＋ 7/2 CrO4
2- ＋ 50 H2O → 7/2(3CaO.Al2O3.CaCrO4.12H2O) 

＋ 4/3 Al(OH)3 ＋ 6 Zn(OH)2            (2) 

Based on the above, theoretical amounts of immobilizing Cr(VI) for Z-1 and Z-6 can be estimated as 
86 and 102 mg/g, respectively. The fact that the experimentally obtained immobilization capacities of 
Z-1 and Z-6 (Table 1) correspond to 90 % of respective stoichiometric values (86 mg for Z-1, 102 mg 
for Z-6) suggests that the assumed stoichiometry can be considered as reasonable for our systems. 
 
3.4. Advantageous effect of Ca(OH)2 addition on removal of Cr 
As described in equations (1) and (2), aluminum hydroxide was expected to exit in the course of 
hydration of Z-1 and Z-6. It suggests that the yield of hydrates and the immobilization capacities can 
be effectively enhanced provided that such an excessive Al(OH)3 is utilized to generate additional 
AFm phase by supplying Ca(OH)2 in order to make up for the stoichiometrically insufficient calcium. 
Equations (3) and (4) show the each stoichiometry that is assumed in each case when excessive 
amount of calcium exist with Z-1 and Z-6, respectively.  

Initial conc. of Cr
(mg/L) Z-1 Z-6

150 68 73
300 72 89
500 75 87

Immobilized Cr  (mg/g)

Figure 3   Amounts of immobilized chromium per
a gram of Z-1.

Initial concentration of Cr         : 500 mg/L,        : 300 mg/L
: 150 mg/L,  : 75 mg/L

A
m

ou
nt

s o
f i

m
m

ob
ili

ze
d 

C
r (

m
g/

g 
Z-

1)

0

15

30

45

60

75

90

0 12 24 36 48 60 72

Reaction time (hr)
Figure 4   Amounts of immobilized chromium per

a gram of Z-6.
Initial concentration of Cr         : 500 mg/L,        : 300 mg/L

: 150 mg/L,  : 75 mg/L
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3CaO.2Al2O3.ZnO ＋ 2 CrO4
2- ＋ 11/2 Ca(OH)2 ＋ 21 H2O  

→ 2(3CaO.Al2O3.CaCrO4.12H2O) ＋ 1/2(CaO.2ZnO.5H2O)              (3) 

14CaO.5Al2O3.6ZnO ＋5 CrO4
2- ＋ 9 Ca(OH)2 ＋ 66 H2O 

→ 5(3CaO.Al2O3.CaCrO4.12H2O) ＋ 3(CaO.2ZnO.5H2O)              (4) 

Comparing these with equations (1) and (2) indicates that addition of excessive calcium increases the 
yields of the hydrates including CrO4

2- to 2.6-fold and 1.4-fold for Z-1 and Z-6, respectively. 
Therefore, effect of calcium hydroxide addition on the formation of AFm phase was studied to further 
develop the immobilization capacities of calcium alumino-zincates. 
  
3.4.1. Effect of Ca(OH)2 addition on removal rate of Cr(VI) 
Figures 5 and 6 show time change in residual concentration of Cr in 10 mL solution that processed 
with Z-1 and Z-6 with adding of various amount of calcium hydroxide. In this study, both 0 – 20 mg 
of calcium hydroxide and 20 mg of Z-1 (Figure. 5) or Z-6 (Figure. 6) was added to the solution 
initially containing 100 mg/L of Cr(VI). It is noted that the addition of calcium hydroxide 
significantly enhances and accelerates the immobilization of Cr(VI) with both Z-1 and Z-6; in all 
cases, by the addition of calcium hydroxide an apparent drop in Cr concentration was observed 
immediately after start of the process, whilst it was not observed without calcium hydroxide until 60 
minutes or so and 20 minutes after the start in the case of Z-1 (  in Figure 5) and Z-6(  in Figure 
6), respectively. It effectively reduces the processing period of time required for Cr immobilization.  
In particular the fact that by adding calcium hydroxide the processing period for Z-1 became 
comparable to that of Z-6 is significant for Z-1 system; When 10 mg ( ) of Ca(OH)2 was added Z-1, 
the concentration of Cr(VI) was decreased to less than 0.05 mg/L, WHO’s guideline value, in 45 
minutes. Such an effect depends on the amount of calcium hydroxide added, and use of excessive 
Ca(OH)2 tends to interfere with the removal of Cr(VI); in the case of 60 minutes processing, residual 
Cr concentration obtained by adding 20 mg of Ca(OH)2 was higher than that obtained by 5 and 10 mg 
of Ca(OH)2 addition. 

 
3.4.2. Effect of Ca(OH)2 addition on immobilization capacity of Cr 
Effect of calcium hydroxide on immobilization capacity of Cr was studied. Figures 7 and 8 show time 
change in the amounts of immobilized Cr per 1 g of Z-1 and Z-6 respectively. In this study, 500 mg/L 
of Cr(VI) solution was added 0 – 20 mg of Ca(OH)2 and 20 mg of Z-1 or Z-6. The amount of 
immobilized Cr was calculated with same manner as described in section 3.2. It is noted that both 
immobilization capacity and reduction rate of Cr(VI) were effectively improved by addition of 
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Figure 6   Effect of Ca(OH)2 addition to Z-6 on residual
concentration of chromium in solution.  
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Figure 5   Effect of Ca(OH)2 addition to Z-1 on residual
concentration of chromium in solution.  

Additive amounts of Ca(OH)2 to Z-1
: 20 mg,        : 10 mg,        : 5 mg,        : no added



calcium hydroxide. In all cases studied, by adding calcium hydroxide the amount of immobilized Cr 
was increased faster than the case without calcium hydroxide addition, and each of these maximum 
values became significantly larger than that obtained without calcium hydroxide addition. Time 
required to reach to each maximum value of the immobilized amount of Cr depends on the amount of 
calcium hydroxide; in both cases that the 10 mg of calcium hydroxide was added to Z-1  (  in Figure 
7)  and Z-6 (  in Figure 8), the immobilized amount reaches 50 % or more of respective maximum 
by at most 2 hours of processing whilst they needed 24 hours when 20 mg of calcium hydroxide was 
added to Z-1  (○ in Figure 7)  and Z-6 (● in Figure 8). In all cases the immobilized amount reaches 
respective maximum and steady levels by 60 hours or more of processing period. Hence, immobilized 
capacities of both calcium alumino-zincates under respective conditions were estimated from each 
immobilized amount obtained for 72 hours of processing.  
Table 2 shows the immobilization capacities of Cr per 1 g of each calcium alumino-zincate obtained 
by adding 0, 10 and 20 mg of Ca(OH)2 with 72 hours of processing at 500 mg/L of initial Cr 
concentration and shows theoretical values that were calculated from each assumed stoichiometry 
shown in equations (1) - (4). It is noted that in all cases the immobilization capacities were effectively 
improved by adding Ca(OH)2 as expected from equations 3 and 4. Experimentally estimated 
immobilization capacities are comparable with each theoretical value; they correspond to 87 – 95 % 
of each theoretical value except in the case of Z-1 with 20 mg of calcium hydroxide added (see “a/b” 
in Table 2). Such an agreement between the results and the theoretical values suggests that by adding 
Ca(OH)2 to the alumino-zincate system the immobilization efficiency is further developed by increase 
in the amount of generated AFm phase caused by promoting of the hydration, as indicated in 
equations (3) and (4). It is also noted that the capacity of Z-1 becomes larger than that of Z-6 by 
adding Ca(OH)2 whilst it is smaller than that of Z-6 when Ca(OH)2 was not added. Furthermore, the 
results shown in table 2 indicate that such advantageous effects were not suppressed even if large 
excessive amount of Ca(OH)2 is added; it is beneficial to practical application of the present system 

Ca(OH)2 Experimental Theoretical a/b
(mg) (mg/g) : a (mg/g) : b (%)

0 75 86 87
10 160 172 93
20 157 229 69
0 89 102 87
10 139 146 95
20 136 146 93

Z-1
20 mg

Z-6
 20 mg

Figure 7   Immobilization capacity of chromium
per a gram of Z-1 with Ca(OH)2.  

Additive amounts of Ca(OH)2 to Z-1 
: 20 mg,        : 10 mg,        : no added
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Figure 8   Immobilization capacity of chromium

per a gram of Z-6 with Ca(OH)2.  
Additive amounts of Ca(OH)2 to Z-6 
: 20 mg,        : 10 mg,        : no added
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Table 2  Amounts of immobilized chromium by the hydration of various calcium alumino-zincates with and 
without calcium hydroxide. 



since it can be used without care about dosage of Ca(OH)2. 
  
3.4.3. Identification of AFm phase contained Cr 
As discussed above, it is expected that the increase 
in immobilization capacity was caused by increase 
in the amount of AFm phase. Hence, solid phase 
after Cr(VI) treating was investigated to identify the 
hydrate including Cr(VI). Figure 9 shows XRD 
patterns of various solid phases obtained by 
hydrating Z-1 and Z-6 in 500 mg/L of Cr(VI) 
solution for 72 hours. When Z-1 was added to the 
Cr(VI) solution, it was difficult to identify the 
compound because the intensity of peak was very 
low (Figure 9 (a)). However, as shown in Figure 9 
(b), it was identified as the compound of 
C3A.CaCrO4.12H2O (AFm phase, ICDD No. 41-
478), when Ca(OH)2 was added to Z-1. In the case 
of Z-6, it was recognized that C3A.CaCrO4.12H2O 
was formed even if no Ca(OH)2 was added (Figure 9 
(c)), and the peak intensity of AFm phase was 
increased by Ca(OH)2 addition (Figure 9 (d)). These 
results suggest that the addition of Ca(OH)2 allows 
to increase in the yield of C3A.CaCrO4.12H2O. 
 
4. Conclusions 
The results in the present study are summarized as follows: 
(1) Concentration of Cr(VI) in solution was decreased by addition of calcium alumino-zincate. 
(2) By adding 2 g of Z-6 to 1 L of 75 mg/L or less Cr(VI) solution, the concentration of Cr was 

decreased to less than 0.05 mg/L of WHO’s guideline value in 60 minutes. 
(3) By adding 2 g of Z-1 and 1 g of Ca(OH)2 to 1 L of 100 mg/L Cr(VI) solution, the concentration of 

Cr was decreased to less than 0.05 mg/L in 45 minutes. 
(4) The immobilization capacity of Cr(VI) for Z-1 and Z-6 were 75 and 89 mg/g, respectively. 
(5) By the addition of Ca(OH)2, the immobilization amounts of Cr(VI) for Z-1 and Z-6 were 

increased to 160 and 139 mg/g, respectively. 
(6) The experimentally obtained immobilization capacities are comparable with stoichiometric values 

calculated from the supposed equations (1) and (2). 
(7) It was confirmed that Cr was immobilized in AFm phase corresponded to C3A.CaCrO4.12H2O. 
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Figure 9   XRD patterns of the sample hydrated
with and without calcium hydroxide. 

500 mL of 500 mg/L Cr(VI), Reaction time : 72 hrs, 
(a) 1 g Z-1, (b) 1 g Z-1 + 0.5 g Ca(OH)2, 
(c) 1 g Z-6, (d) 1 g Z-6 + 0.5 g Ca(OH)2,

: C3A.CaCrO4.12H2O,       : Zn(OH)2,      
: CaO.2ZnO.5H2O
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Abstract 
For long, concrete mixtures incorporate chemical admixtures in order to enhance short term (high fluidity) and 
long term properties (compressive strength and durability). These chemical admixtures (High Range Water 
Reducer Admixtures or HRWRA) enhance the rheological and mechanical properties of cement-based materials 
while ensuring a reasonable duration of the dormant period to permit casting in good conditions. Moreover, 
through the increase of mechanical properties, they increase the thinness of structural design lowering concrete 
consumption and, thus, the impact on environment. For the last two decades, scientists worked on the 
development of long chain polymers to enhance concrete fluidity. Nevertheless, these polymers issued from oil-
engineering have secondary effects on public health such as the creation of formaldehydes. The most commonly 
used are oil-based polynaphtalene sulfonate (PNS), polycarboxylate (PC) and polyacrylate (PA) polymers. In 
order to make concrete construction greener, new HRWRAs from natural origin should be developed. Some 
natural polysaccharides and their derivates have interesting properties which explain their growing use in the 
field of materials. Their use is not only linked to the biodegradable and atoxic aspect (green components) but 
also due to the fact that their use can confer new properties to new materials. 
In the presented study, starch has been chosen as main polysaccharide chain. It has first been used without any 
modification, and then with different grafted substituents like acetate, maleate, succinate, sulfonate. The aim of 
this work is to switch from viscosity enhancing effect of the polysaccharide chain alone to workability 
enhancing effect of the produced grafted polymers. In order to modify the influence of these different 
substituents, we change their equivalent in the reaction media (i.e. the number of substituent moles per 
anhydroglucose unit). Results show that a graft of sulfopropyle or sulfobutyle side chains (with 2 or 4 
equivalents) on a starch polymer can lead to slump flows on grouts comparable with the ones obtained on PNS-
based mixtures. However, higher yield stress and plastic viscosity values and longer setting times are obtained 
on mixtures made with modified polysaccharide than on PNS-based grouts. These very promising results open 
the way to the synthesis of a 100% natural-based HRWRA. 
 
Originality 
The main HRWRAs for cement-based materials are extracted from oil derivates, a non renewable and polluting 
resource with a direct effect on the green house effect and, for some of them, toxic long term effects. The 
originality of this proposed work lies in the fact that it aims at diminishing the use of non environmentally-
friendly molecules presently employed for concrete making and replaces them by bio-based polymers.  
 
Chief contributions 
Preserving the environment by improving safety and biodegradability of products are arguments for a greater 
use of renewable resources. In this way, our laboratory Team called “Vegetal-based Chemistry” (part of the 
“Unité de Catalyse et de Chimie du Solide”) designs amphiphilic bio-based materials, starting from naturally 
occurring molecules, especially carbohydrates, to various applications according to the considered substrate. 
The team ‘cementitious materials’ of the Civil Engineering and Geo-environment (LGCgE) is devoted to the 
study of concreting enhancement depending on mixture composition and concreting conditions, and to the 
development of green concrete. The team is now studying stabilized-earth concrete and natural-based 
admixtures. 
 
Keywords: Cement, Superplasticizer, Starch, Rheology 



 

Introduction 
 
The use of HRWRA can enhance flowability of cement paste by dispersing the cement particles into 
the interstitial solution, thus reducing the inter-particle friction among cement grains and decreasing 
the degree of water entrapment among flocculated particles. The benefit of using polynaphtalene 
sulfonate (PNS), polymelamine sulfonate (PMS), and more recently polycarboxylate polymers (PCP) 
as HRWRA is well established. These long-chain polymers with significant molecular weights, such 
as PCP, have been developed more recently to improve the dispersion of the cement particles through 
a more effective steric effect mechanism (Knaus and Bauer-Heim, 2003; Sakaï et al., 2003).  
However, the main admixtures used as HRWRAs for cement-based materials are extracted from oil 
derivates, a non renewable and polluting resource and, for some of them, toxic long term effects such 
as the creation of formaldehydes (Zhang et al., 2008). In addition, some so-called green molecules are 
actually coming from not so green industries, such as wood industries, with effect on deforestation 
and, thus, greenhouse effect. As the cement industry is turning to sustainable development and the 
elaboration of greener concrete (Müller and Wallevik, 2008), an even so some admixtures such as 
demolding agents or viscosity enhancing agents are natural-based, new HRWRAs from natural origin 
should be developed (Viera et al., 2005; Xu et al., 2005). 
The proposed work aims at diminishing the use of non environmentally-friendly molecules presently 
used for concrete making and replaces them by bio-based polymers. In the presented study, starch, 
one of the most abundant natural polymers in the world (Xing et al., 2006), has been chosen as main 
polysaccharide chain. The introduction of acetic, succinic or maleic groups interrupts the ordered 
structure of native starch, leading to the inhibition of the starch gelatinization and increasing swelling 
and solubility (Biswas et al., 2008; Alomaa et al., 2004; Biswas et al., 2006). However, according to 
the literature, only starch succinate (Zhang et al., 2008) , sulfonate (Zhang et al., 2007) and 
sulfoethylate (Viera et al., 2005) have already been tested as superplasticizers in concrete or mortar. 
These starch derivatives have shown a dispersing performance close to petrochemical ones. In order 
to continue on the development of starch-based HRWRAs, hydrosoluble starch derivatives were 
synthesized with different grafted substituent like acetate, maleate, succinate, sulfopropylate and 
sulfobutylate to evaluate them as cement deflocculating agents. The aim of this work is to switch from 
viscosity enhancing effect of the polysaccharide chain to workability enhancing effect of the produced 
grafted polymer. 
 
 
Synthesis of starch derivatives 
 
Starch derivatives were synthesized according to methods described in literature. Starch acetate and 
maleate (Xu et al., 2005) were obtained by reacting dry starch (20 g; 1 eq. based on repetitive 
anhydroglucose unit) with acid anhydride (acetic or maleic anhydride; 1 or 2 eq.). After stirring for 5 
min, 2 mL of 50% aqueous NaOH solution was added. The temperature was increased to 120°C 
(starch acetate) or 80°C (starch maleate) for 2 hours. The reaction was stopped by adding cold water 
until the filtrate was of pH >5, and then freeze-dried. 
Starch succinate (Minkema, 1959) synthesis was performed by mixing starch (20 g; 1 eq. based on 
repetitive unit) with water (30 mL) and NaOH pellets (1.2 g; 1 M). After stirring for 5 min at 80°C, 
succinic anhydride (1 or 2 eq.) was added. The temperature was held at 80°C for 4 h, and the reaction 
was then stopped by adding methanol, filtered and then the recovered residue was freeze-dried.  
For the synthesis of starch sulfopropylate and sulfobutylate (Knaus et al., 2003), sodium hydroxide 
aqueous solution (30%, 2 eq. NaOH) was added dropwise under vigorous stirring to a suspension of 
starch (20 g; 1 eq. based on repetitive unit) in isopropanol (8 mL/g starch) and water (0.9 mL/g starch). 
The reaction mixture was stirred at 45°C for 1 h, then sultone (1,3-propanesultone or 1,4-
butanesultone; 2 or 4 eq.), dissolved in acetone (1 mL/g sultone), was added. 



 

The suspension was stirred for 6 h at 45°C, 
allowed to stand at room temperature for an 
additional 12h, poured into methanol (15 mL/g 
starch), and neutralized with acetic acid. The 
product was filtered, washed with methanol and 
dried at room temperature. 
Every product was characterized by FT-IR and 
1H-NMR spectroscopies. 1H-NMR spectroscopy 
was performed in D2O to determine the degree of 
substitution (DS) by an integration method 
described elsewhere for starch acetate, succinate 
and maleate (Xu et al., 2005; Minkema, 1959), 
or by a titrimetric method for starch sulfoprolyte 
and sulfobutylate. The general structure of the 
synthesized starch derivatives and the chemical 
representation of the grafted substituent are 
represented on Figure 1. The efficiency of the 
reactions and the purity of the synthesized 
products are confirmed by the FT-IR and 1H-
NMR analyses. Most of these starch derivatives 
are hydrosoluble. Only starch acetate, whose DS 
value is over 1, is not hydrosoluble and has to be 
introduced in the cement paste as a powder. 
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Figure 1. Structure of starch derivatives. 

DS = substituents grafted per anhydroglucose unit 
(maximum value of 3). 

 
 
Materials and mixture proportioning for rheological tests and setting time 
 
This study was undertaken on 0.33 W/C cements pastes prepared using a CEMI I 52.5 N cement, 
containing 97% of clinker by mass, and starch derivatives as HRWRAs. All synthesized polymers 
used as HRWRA in this investigation were prepared in aqueous solution at 30% solid content. A 
witness sample proportioned with widely used PNS at a dosage of 1.6%, by mass of cement (on a dry 
axis) was prepared to have a comparison point. The mixing procedure was in compliance with EN 
196-1 standard. At the end of mixing, samples were taken to perform rheological tests at 10 and 60 
minutes after batching, including a mini slump test, and viscosimetry using a co-axial VT550 Haake 
viscometer. As the mini slump test is mainly informative, rheological measurements at 10 minutes 
were performed to get the yield stress (τ0) and plastic viscosity (μ) of the cement paste. Initial setting 
time was monitored using a Vicat needle. This test and rheometric measurements at 60 minutes were 
performed only if the initial rheological test gave measurable data. 
 
 
Results and discussion 
 
Initial slump spread 
 
As shown on Figure 2, only starch sulfopropylate and starch sulfobutylate can compete with PNS with 
a slump spread around or over 130 mm, except for the former at 0.32 DS and at a dosage of 1% that 
exhibits a 50 mm diameter slump flow. On the contrary, starch maleate displays poor dispersing 
efficiency and starch acetate behaved as a viscosant, stiffening the tested paste. This can be explained 
by the higher ability of the sulfate and carboxylate, compared to methyl, to adsorb on the cement 
grains (Ramachadran et al., 1998). 



 

Furthermore, an increase in the degree 
of substitution resulted in enhancing 
the flow spread (Figures 1 and 2). It is 
assumed that a larger number of side 
chains increases the number of anionic 
sites leading electrostatic repulsion, 
resulting in improving the flowability 
of the paste. It is noteworthy that, even 
if starch succinate has already been 
successfully tested as HRWRA (Zhang 
et al., 2008), it proved to be 
disappointing in this investigation, due 
to the low DS of the grafted polymers. 
Starch succinate at 2 eq. only (4b) 
showed a light ability to deflocculate 
paste suspension. 
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Figure 2. Initial slump spread on cement pastes made with starch 

derivatives (38 mm for products 2 and 4a means that no spread was 
observed) 

The best results were obtained with starch sulfobutylate (6a and 6b) and sulfopropylate (5a and 5b). It 
is noteworthy that the lower the DS, the higher the HRWRA demand to get the targeted 130 mm flow 
spread. The introduction of the propyl or butyl group between the trunk chain and the sulfate ending 
of the side chain lengthen the latter, and a steric hindrance may appear, enhancing the dispersing 
effect. When the DS is augmented (5a to 5b or 6a to 6b), fewer polymer was necessary to get the same 
slump spread due to the rise of anionic ending, thus improving electrostatic repulsion. 
From this point, only mixes that showed sufficient flow spread were investigated in terms of rheology, 
rheology retention with time, and initial setting time. 
 
 
Yield stress monitoring at 10 and 60 minutes 
 
The first rheological test was done 
10 minutes after the water – cement 
contact, and results are presented on 
Figure 3 for yield stress evaluation. 
The yield stress relates with the 
distance between the particles in the 
paste matrix and governs the 
deformability (Shah and Konsta-
Gdoutos,2006). 
It is shown on Figure 3 that, for 
product 4b tested at 10 minutes (DS 
= 0.30 and a HRWRA dosage 
around 1%) the yield stress is over 
22 Pa, far over the 6 Pa obtained on 
the witness mixture at 10 minutes. 
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Figure 3. Yield stress at 10 and 60 minutes on cement pastes made 
with PNS and starch derivatives (NM: non measurable) 

For product 5a displaying a 0.32 DS but proportioned with 2% of starch sulfopropylate, the yield 
stress at 10 minutes lowers to 8 Pa, a value similar to the PNS mix. When DS is augmented to 0.76 
(product 5b), and even if starch sulfopropylate is incorporated only at 1%, the yield stress is 
diminished to an acceptable value. Pastes are tested with 2% starch sulfobutylate at 0.35 DS (product 
6a) exhibited an impressively low yield stress of 2.5 Pa, whereas the yield stress of product 6b (DS = 
1.54), introduced with a dosage around 1%, cannot be measured (Table 1). 
The decrease in yield stress with increasing HRWRA dosage is a well known phenomenon, 
explaining the better results obtained on pastes proportioned with 5a and 6a, independently of the DS 



 

of the tested starch derivative. Moreover, as previously explained, a rise in the degree of substitution 
resulted in increasing the number of side chains, augmenting the number of anionic sites leading 
electrostatic repulsion, thus decreasing the yield stress. 
Yield stress retention over time is also important as workability of concrete should be sufficient to 
permit casting on sites, without being altered by delivery delays due to traffic. Changes in rheological 
properties with time can be due to physical factors (coagulation and restructuring of the 
microstructure) or chemical factors (cement hydration and reduction in free water content). 
To evaluate workability retention with time of the pastes made with starch derivatives, a rheological 
test was held 60 minutes after water – cement contact. All held natural-based HRWRAs proved to be 
disappointing concerning their ability to keep their efficiency over time, and this point will be 
analyzed later while discussing on the effect of the tested starch derivatives on initial setting time of 
cement pastes. 

Table 1. Physical tests results obtained with addition of PNS or starch derivatives in cement paste. 

Rheology 
at 10 min. at 60 min. 

HRWRA 
% (w/w 
cement) 

Initial slump 
spread (mm) τ0 (Pa) μ (Pa.s) τ0 (Pa) μ (Pa.s) 

Vicat initial 
setting time 

(hours) 
PNS 1.6 133 6 0.46 9 0.56 8 

1 4 85 - - - - - 
2 1.0 to 4.0 NM - - - - - 

3a 2 75 - - - - - 
3b 3 80 - - - - - 
4a 2 NM - - - - - 
4b 1 50 22 0.64 67 0.76 7 
5a 2 167 8 0.64 66.6 1.1 3.25 
5b 1 135 14 0.52 - 0.86 > 10 
6a 2 150 2.5 0.59 - - 0.75 
6b 1 130 - - - - - 

NM: non measurable. 
 
Plastic viscosity monitoring at 10 and 60 minutes 
 
The results obtained in this 
investigation are presented in 
Figure 4. Except for product 6b 
which showed fast stiffening, 
all measured plastic viscosities 
at 10 minutes on starch 
derivatives mixes are 13% to 
39% higher than the one 
obtained on PNS paste, which 
is acceptable. This may be due 
to the inhibition of the starch 
gelatinization attributable to the 
draft of side chains. This 
neutralization of the 
gelatinization depends on the 
chosen component of the lateral 
chain and the DS.  
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Figure 4. Plastic viscosity at 10 and 60 minutes on cement pastes made 
with PNS and starch derivative (NM: non measurable) 

For low DS products (from 0.3 to 0.35), succinate and sulfopropylate exhibited the same 0.64 Pa.s 
plastic viscosities. The increase in DS from 0.32 to 0.76 for product 5, or from 0.53 to 1.54 for 



 

product 6, resulted in lowering the μ values until they are no possibility to measure it since the paste is 
too viscous (product 6b). 
When monitoring plastic viscosity at 60 minutes, pastes proportioned with starch sulfobutylate 
displayed a quick heat release 15 minutes after water – cement contact, stiffening the paste, disabling 
to measure rheological parameters. 
While no heat release was observed on the other mixes, only product 4b showed a loss in fluidity 
comparable to the one monitored on the witness sample. As for yield stress measurements at 60 
minutes, the results on setting time may explain the obtained results on μ. 
 
 
Initial setting time 
 
Starch succinate (4b) presents an 
initial setting time value (7 hours) 
close to that of PNS ones (8 hours). 
The low DS starch sulfopropylate 
(5a) exhibit an initial setting time 
of about 3 hours, inferior to the one 
monitored on the witness sample 
(8 hours). When the DS is 
augmented, and even if the dosage 
is lowered (5b), a delay is observed 
and the setting time measured was 
of 10 hours approximately, as 
shown in Figure 5. These 
noticeable differences of setting 
times can be explained by an 
excess of sulfonate functions. 
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When reaching a threshold concentration in the cementitious solution, the SO3

- can strongly delay the 
hydration reaction. 
Switching from sulfopropylate to sulfobutylate side chains induces an unexpected reduction in setting 
time, with even a gelatinization of the mixture proportioned with the highest DS (6b). The HRWRA 
made with starch sulfobutylate showed two effects: a superplasticizing effect at very short term, and a 
set accelerator effect few minutes after casting. 
 
 
Conclusions 
 
Starch derivates with short maleate, succinate, sulfopropylate and sulfobutylate side chains were 
synthesized with different DS values. Their use of as HRWRA was investigated and compared to a 
witness sample proportioned with PNS. Based on the data presented in this investigation, the 
following conclusions appeared to be warranted: 

1. Sulfate and carboxylate ionic groups as side chains ending can permit a better adsorption of 
the grafted starch-based polymer used as HRWRA on cement grains, enabling a better 
retention in fluidity. 

2. A larger number of side chains, i.e. a more important DS, augment the number of anionic site 
leading electrostatic repulsion between cement grains, and resulting in larger slump spreads of 
cement pastes using starch derivates as HRWRAs. 

3. The use of sulfonated starch derivates (starch sulfobutylate and sulfopropylate) as HRWRAs 
seems to be very promising. At dosages similar to the witness PNS-based sample one, these 
derivates can achieve similar slump spreads, initial yield stress and plastic viscosity as the 



 

ones measured on the witness sample. However, rheological tests performed at 60 minutes 
showed a more rapid gelatinization of the pastes containing starch derivates. 

4. The setting time of the tested pastes showed great differences linked to the length of the 
grafted slufonated side chains. The sulfopropyl group exhibited an important delay effect 
when having a DS close to 1, while the sulfobutyl group showed a remarkable set accelerator 
effect, independently of the DS. 

The presented results proved that a right side chain grafted on a starch chain permit to switch from 
viscosity enhancing effect of the polysaccharide chain alone to workability enhancing effect of the 
produced grafted polymers. The next step will be to switch from sulfonated to natural – based side 
chains to open the way to a 100% natural-based HRWRA. Then, other natural-based trunk chain, 
apart from starch, can be tested, and a more fundamental work will be conducted on the effect of the 
type, size and charge of the molecules used as side chains, and also their effect on the cementitious 
matrix (cement and supplementary cementitious materials). 
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Abstract 
Limestone powder additions influence the hydration products in an OPC system. The calcium carbonate present in the 
limestone powder interacts with the calcium aluminate hydrates (AFm), forming calcium monocarboaluminate hydrate 
instead of calcium monosulphoaluminate hydrate, thereby stabilizing the ettringite (AFt) and increasing the amount of 
bound water. This could in turn lead to lower porosity and subsequently higher strength. 
 
The idea was that the effect of limestone powder might be more pronounced in fly ash blended cement than in OPC. 
This would be due to the higher amount of calcium aluminate hydrates generated in the fly ash containing system, 
compared to the limited amounts generated by OPC. 
 
A systematic study of several mixes containing different combination of ASTM class F fly ash and limestone powder, 
replacing 35% percent of the OPC has been carried out. The aim was to relate microstructural properties such as the 
degree of reaction, nature of hydration phases and capillary porosity to compressive strength.  
 
In order to understand the effect of limestone powder in this system, X-ray diffraction (XRD), thermogravimetric 
analysis (TGA) and quantitative microstructural analysis were performed on paste samples using scanning electron 
microscopy (SEM) with image analysis (IA). These experimental results were then compared with the output of a 
thermodynamic model. The model predicts the hydration assemblage at equilibrium for a given composition of raw 
materials. The results of the model can be used to investigate the sensitivity of the system for certain parameters e.g. the 
degree of hydration of the FA, the limestone or gypsum content. 
 
The compressive strength results showed a strength decrease when OPC is replaced with limestone powder alone, 
whereas a strength increase occurred when 5% of fly ash was replaced with limestone powder. The increase in 
compressive strength appears to correspond to the changes in the AFm and AFt hydration phases and the subsequent 
increase in total volume of hydration products. The effect of limestone powder additions was greater in the case of the 
fly ash blended cement than for the OPC and the effect increases with increasing degree of reaction of the fly ash. Thus 
the initial hypothesis was confirmed. 
 
Originality 
In this study a multi method approach, including compressive strength, quantitative and qualitative microstructural 
analysis and thermodynamic modeling was used to investigate the system OPC - fly ash - limestone powder.  
 
The thermodynamic model is used to understand and illustrate the effect of limestone powder on the composition of the 
hydration products. It enables us to interpolate between certain combinations, investigate the sensibility of the system 
for certain parameters. 
 
 
Chief contributions 
It is known that 5-10% of an OPC can be replaced by limestone powder without altering the macro-properties to a 
great extend. Whether this is also valid for fly ash blended cements is investigated in this study. 
A combination of techniques was applied to understanding the interaction between the different components in the OPC 
- fly ash - limestone powder system.  
The use of the thermodynamic model for the prediction of the composition of hydration products for composite cements 
was investigated and discussed. 
 
Keywords: limestone, fly ash, modeling 
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Introduction 
 
The effect of limestone powder on the hydration of ordinary Portland cement (OPC) or specific clinker 
phases has been studied thoroughly (Soroka et al. 1976; Kuzel et al. 1991; Bonavetti et al. 2001; 
Matschei et al. 2007; Lothenbach et al. 2008). The aim of this study is to investigate the impact of 
limestone powder on the hydration of fly ash blended cements.  
The effect on the compressive strength of gradual replacement of OPC with limestone powder (up to 
35%) and the replacement of fly ash by limestone powder in fly ash blended cement (fixed OPC 
content of 65%) has been evaluated. Additional tests have been performed on four combinations of 
interest: 100%OPC (OPC), 95%OPC+5%L (OPC-L), 65%OPC+35%FA (OPC-FA) and 
65%OPC+30%FA+5%L (OPC-FA-L).  
 
 
Materials  
 
The materials used in this study are: ordinary Portland clinker, a class F siliceous fly ash (FA), 
limestone powder (L), and natural gypsum. The chemical composition determined by XRF and the 
physical properties of the clinker, fly ash, and limestone are given in Table 1. The clinker was 
interground with 3.7% of natural gypsum and is further referred to as ordinary Portland cement (OPC). 
The gypsum used contains 0.18% free water, and has a CaSO4·2H2O content of 91.4%. The CaCO3 
content of the limestone, determined by thermogravimetric analysis (TGA), is about 81%.  
 

Table 1: Chemical composition in wt.% and the physical characteristics of the clinker, fly ash and limestone 
powder 

 Clinker Fly ash Limestone 
SiO2 20.0 50.0 12.9 
Al2O3 5.4 23.9 2.7 
Fe2O3 3.1 6.0 2.0 
CaO 60.6 6.3 42.3 
MgO 2.9 2.1 1.8 
SO3 1.5 0.4 - 
P2O5 0.1 1.1 - 
K2O 1.2 1.4 0.6 
Na2O 0.5 0.6 0.5 
LOI 0.3 3.6 37.7 
Carbon - 3.1 - 
Chloride  0.05 0.0 - 
Free CaO 1.85 - - 
Gypsum 3.7 - - 
Blaine surface [m2/kg] 450* 450 810 
Density [kg/m3] 3150* 2490 2740 
d50 [µm] 11* 14 4 

* For OPC = clinker + gypsum 
 
 
Methods 
 
The compressive strength was tested on three mortar prisms (40×40×160 mm) prepared with a water-
to-binder weight ratio of 0.50 and binder-to-sand weight ratio of 1:3. The samples were cured at 20ºC, 
in a saturated Ca(OH)2 solution.  
 
Paste samples of 4 mixes: OPC, OPC-L, OPC-FA and OPC-FA-L were prepared with a water-to-
binder ratio of 0.50. The pastes were stored under sealed conditions at 20ºC. At the age of testing the 
samples were crushed and the hydration was stopped by solvent exchange using isopropanol and ether. 
The resulting powders were examined by thermogravimetric analysis (TGA) using a Mettler Toledo 



TGA/SDTA851 and by X-ray diffraction (XRD), using a PANalytical X’Pert Pro MPD diffractometer 
in a θ-2θ configuration with an incident beam monochromator and CuKα radiation (λ=1.54 Å). A piece 
of the hydrated paste was impregnated using low viscosity epoxy resin, polished down to ¼ µm, 
coated with carbon (few nm) and examined using a Philips ESEM FEG XL 30 scanning electron 
microscopy (SEM). Backscattered electron images (BSE) were analysed quantitatively using image 
analysis (IA) to determine the coarse porosity and the degree of reaction of OPC and fly ash as 
described in previous study (Ben Haha et al. 2010).  
 
The hydration of the tested cements was modelled using the Gibbs free energy minimization program, 
GEMS (Kulik 2010). The thermodynamic data from the PSI-GEMS database (Hummel et al. 2002; 
Thoenen et al. 2003) was supplemented with cement specific data (Lothenbach et al. 2006; Matschei 
et al. 2007; Lothenbach et al. 2008). GEMS computes the equilibrium phase assemblage in a multi-
component system based on the bulk composition of the materials. The aluminium uptake in the C-S-
H used for the calculation was based on energy dispersive X-ray spectroscopy (EDX) results which 
are presented in (De Weerdt et al. 2011). 
 
 
Results  
 
1. Compressive strength  
 
Replacing part of the OPC with limestone results in a decrease in compressive strength (see Figure 1), 
whereas, up to 10% of the fly ash can be replaced by limestone in the blended systems without 
impairing the strength. The beneficial effect of limestone powder on the compressive strength of the 
fly ash blended cements is most prominent at small dosages of limestone powder at 28 days. A 
previous study (De Weerdt et al. 2010) showed that this effect is not solely due to packing as varying 
the fineness of limestone (300-800m2/kg) did not change the effect. In addition, the total heat of 
hydration emitted during the 1 day did not change upon replacement of fly ash with limestone, thereby 
ruling out the acceleration effect. Hence additional tests were needed to explain this phenomenon. 

   
Figure 1: Compressive strength of mortar prisms in which OPC is replaced by limestone and in which fly ash is 

replaced by limestone after 1, 28, 90 and 140 days (De Weerdt et al. 2011). 

 
2. Degree of hydration  
 
One possible explanation for the beneficial effect of limestone powder might be the promotion of 
either the hydration of OPC or the reaction of fly ash. However, Figure 2 indicates that this limestone 
powder does not affect either of them significantly. 
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Figure 2: % OPC and % FA reacted using SEM-IA (Ben Haha et al. 2010; De Weerdt et al. 2011). 

 
3. Hydration products  
 
The nature of the hydration products formed is affected by the presence of limestone powder. When 
limestone powder is part of the system, the derivative of the thermogravimetric curves (Figure 3, left) 
show an increase in the weight loss at about 120˚C which is the temperatures range in which amongst 
others ettringite dehydrates and additionally some changes are observed around 180˚C which is in the 
dehydration range of the AFm phases. These changes are confirmed by the XRD-spectra (Figure 3, 
right). In the absence of limestone powder, ettringite, monosulphate and a phase, possibly a carbonate 
and sulfate containing hydroxy-AFm (broad peak between Ms and Hc) are observed. Whereas in the 
presence of limestone, monocarboaluminate hydrate forms, but no monosulphate. Preventing 
monosulphate to form, leads to a stabilization of ettringite. Furthermore, the effect seems to be more 
pronounced for the fly ash containing cements. 

          
Figure 3: Left: Thermogravimetric (TG) curves and their derivatives (DTG) for pastes cured for 90 days at 20˚C. 
Right: XRD spectrum for pastes cured for 90 days with E=ettringite, Ms = monosulphate, Hc = hemicarbonate 

and Mc = monocarbonate. 
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4. Porosity 
 
One of the major parameters influencing the strength of mortar or hardened cement paste is its 
porosity. The limestone powder does not appear to influence significantly the coarse porosity (> 
0.17µm) determined by image analysis of BSE images (see Figure 4). This might be due to fact that 
limestone powder affects smaller pores not measured by this technique, or that the effect of the 
limestone powder is within the error of the measurement. Replacing part of OPC with fly ash, on the 
other hand, results in an increased coarse porosity up to 90 days. This is attributed to the slow reaction 
of the fly ash which steadily fills up the porosity of the matrix. 

 
Figure 4: The coarse porosity determined by image analysis of backscattering images. 

5. Model 
 
The impact of the limestone powder on the assemblage of hydration products of OPC and fly ash 
blended cements is investigated using a simplified model. The assumptions made for the modelling 
are: (1) OPC has 100% reacted; (2) FA has 30% reacted; (3) L has a 81% CaCO3 content, the rest is 
considered inert; (4) Al incorporation in C-S-H for fly ash blended cement corresponds to Al/Si = 0.15 
and for OPC Al/Si = 0.10; (5) all calcium carbonate of the limestone powder can react.  
 
From Figure 5, it can be seen that the presence of limestone powder results in the formation of hemi-
and monocarboaluminate hydrate instead of monosulphate and hydrogarnet, thereby stabilizing the 
ettringite. This is in agreement with the XRD-patterns shown in Figure 3. The transformation of 
monosulphate to ettringite upon limestone powder addition results in an increase of the volume of the 
hydrates as ettringite has a lower density than monosulphate, 1.77 vs. 2.01 g/cm3 (Taylor 1997). The 
opposite is observed for the transformation of hemicarboaluminate to monocarboaluminate as the 
former has a slightly lower density than the latter, 1.98 vs. 2.17 g/cm3 (Taylor 1997). These two 
mechanisms result in a maximum solid volume predicted for limestone powder additions around to be 
around 2-3% for both tested cements. Upon further replacement of OPC or fly ash with limestone 
powder, the total solid volume starts to decline again, as the additional limestone does no longer react 
and therefore acts as filler replacing the reactive components, OPC and fly ash.  
 
The limestone addition has a larger impact on the total volume of solids in the case of fly ash blended 
cement compared to OPC (see Figure 5). The volume increases with 3 cm3/100g blended cement or 
4.5% at the maximum relative to the volume without limestone addition for the fly ash cement. In case 
of the OPC the volume increases with 1.6 cm3/100g cement or 2.1%. It should also be noted that the 
optimal limestone content is higher for the fly ash cement than for the OPC, respectively 2% and 1% 
assuming all limestone powder reacts.  
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The reason for this slightly higher effect of limestone powder on the fly ash blended cements is due to 
the additional aluminates provided by the dissolution of the fly ash, leading to a decrease in the 
SO3/Al2O3 ratio and a subsequent decrease in the AFt/AFm ratio. The impact of the limestone powder 
is thus enhanced as it is able to convert relatively to the aluminates content more monosulphate to 
ettringite and more hemi- to monocarboaluminate.  
 

 
Figure 5: Right: (100-X)%OPC+X%L; Left: 65%OPC+(35-X)%FA+X%L both with OPC 100% reacted, FA 

30% reacted and the limestone which can react has reacted. 

By using the model, the effect of certain parameters can be predicted as shown in Figure 6. The effect 
of the limestone powder becomes greater as more fly ash has reacted (see Figure 6 left). At the same 
time the optimal level of limestone replacement increases with increasing percentage of fly ash 
reacted.  
In the previous modelling results, the calcium carbonate part of the limestone powder is assumed to be 
able to react fully. This may however not be the case in reality. The graph in the right of Figure 6 
shows that as more of the limestone powder reacts, the limestone content at which the maximum solid 
volume is obtained shifts to the left.  
 

    
Figure 6: The effect of limestone on cement containing 65%OPC+(35%-X%)FA+X%L with OPC 100% reacted 

Left: FA 0-30% reacted and L 100% reacted; Right: FA 30% reacted and L 10-80% reacted. 
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Conclusions 
 
Limestone powder affects the hydration of OPC and fly ash cement by changing the hydrate 
assemblage. For minor limestone powder additions, an increase in total solid volume is predicted 
which on its turn might lead to a decrease in porosity and an increase in strength. However, the 
porosity measurements by image analysis do not show a significant difference in coarser porosity 
when limestone powder is included in the system.  
Limestone powder tends to have a larger impact on fly ash blended cements than on OPC. This is 
attributed to the additional aluminates supplied over time to the system by the reacting fly ash.  
The model applied in this study can be used to predict the impact of changes in the composition when 
studying similar systems.  
 
 
Acknowledgements 
 
The authors would like to acknowledge COIN, the COncrete INnovation centre 
(http://www.coinweb.no) for the financial support, and Gwenn Le Saoût and Knut O. Kjellsen for 
helpful discussions. 
 
 
References 
 
− Ben Haha, M., K. De Weerdt and B. Lothenbach (2010). Quantification of the degree of reaction of fly ash. 

Cement and Concrete Research 40(11): 1620-1629. 
− Bonavetti, V. L., V. F. Rahhal and E. F. Irassar (2001). Studies on the carboaluminate formation in limestone 

filler-blended cements. Cement and Concrete Research 31(6): 853-859. 
− De Weerdt, K., M. Ben Haha, G. Le Saout, K. O. Kjellsen, H. Justnes and B. Lothenbach (2011). Hydration 

mechanisms of ternary Portland cements containing limestone powder and fly ash. Cement and Concrete 
Research 41(3): 279-291. 

− De Weerdt, K., K. O. Kjellsen, E. J. Sellevold and H. Justnes (2011). Synergy between fly ash and limestone 
powder in ternary cements. Cement and Concrete Composites 33(1): 30-38. 

− De Weerdt, K., E. J. Sellevold, H. Justnes and K. O. Kjellsen (2010). Fly ash-limestone ternary cements: effect 
of component fineness. Advances in cement research (accepted). 

− Hummel, W., U. Berner, E. Curti, F. J. Pearson and T. Thoenen (2002). Nagra/PSI chemical thermodynamic 
data base 01/01, Universal Publishers/uPUBLISH.com, USA also published as Nagra Tehcnical Report NTB 
02-16, Wettingen, Switzerland 

− Kulik, D. (2010) "GEMS 2 software." http://gems.web.psi.ch/. 
− Kuzel, H. J. and H. Pöllmann (1991). Hydration of C3A in the presence of Ca(OH)2, CaSO4·2H2O and CaCO3. 

Cement and Concrete Research 21(5): 885-895. 
− Lothenbach, B., G. Le Saout, E. Gallucci and K. Scrivener (2008). Influence of limestone on the hydration of 

Portland cements. Cement and Concrete Research 38(6): 848-860. 
− Lothenbach, B., T. Matschei, G. Möschner and F. P. Glasser (2008). Thermodynamic modelling of the effect 

of temperature on the hydration and porosity of Portland cement. Cement and Concrete Research 38(1): 1-18. 
− Lothenbach, B. and F. Winnefeld (2006). Thermodynamic modelling of the hydration of Portland cement. 

Cement and Concrete Research 36(2): 209-226. 
− Matschei, T., B. Lothenbach and F. P. Glasser (2007). The role of calcium carbonate in cement hydration. 

Cement and Concrete Research 37(4): 551-558. 
− Matschei, T., B. Lothenbach and F. P. Glasser (2007). Thermodynamic properties of Portland cement hydrates 

in the system CaO-Al2O3-SiO2-CaSO4-CaCO3-H2O. Cement and Concrete Research 37(10): 1379-1410. 
− Soroka, I. and N. Stern (1976). Calcareous fillers and the compressive strength of portland cement. Cement and 

Concrete Research 6(3): 367-376. 
− Taylor, H. F. W. (1997). Cement chemistry 2nd edition. London, Thomas Telford. 
− Thoenen, T. and D. Kulik (2003) "Nagra/PSI chemical thermodynamic database 01/01 for GEMS-selektor 

(V.2-PSI) geochemical modeling code." http://gems.web.psi.ch/doc/pdf/TM-44-03-04-web.pdf. 

http://gems.web.psi.ch/�
http://gems.web.psi.ch/doc/pdf/TM-44-03-04-web.pdf�


Acetic Acid Attack of Cement Matrix: Evaluation of Durability Parameters 
 

1Oueslati O1* 
1 Université Laval, Centre de Recherche sur les Infrastructures en Béton (CRIB), Québec, Canada 

2Duchesne J 
2Université Laval, Centre de Recherche sur les Infrastructures en Béton (CRIB), Québec, Canada 

 

 

 

Abstract 

Durability of concrete in an acidic environment includes many research topics. Chemical resistance is an important 

indicator of durability of cement pastes in an acetic acid attack.  

Pozzolanic and/or filler effect may also improve considerably the chemical stability of cement matrix in an acidic 

environment by the use of supplementary cementing materials.  

This paper aims to evaluate durability parameters influencing the chemical resistance of cement pastes submitted to an 

acetic acid attack in order to determinate the most important parameter.  

This study focused on five types of cement pastes made with Ordinary Portland Cement, OPC blended with silica fume 

(SF)/low-calcium fly ash (FA)/ground granulated blast furnace slag (GBFS) and metakaolin (MK) at different 

replacement percentage, which were immersed in an acetic acid solution at a pH of 4. The degradation mechanisms 

were investigated using mass loss, altered depth measurements, x-ray diffraction and mercury porosimetry analysis. 

The results show that metakaolin and slag mixtures present the best resistance. The OPC pastes present a very severe 

alteration. Addition of silica fume or fly ash did not have any improvement. According to a high surface area of 

anhydrous particles, metakaolin and silica fume have a comparable pozzolanic reactivity. However, cement pastes 

containing metakaolin present the best chemical stability while those containing silica fume were strongly dissolved. 

Hence, pozzolanic effect does not have any importance to ameliorate the performances of cement pastes in an acetic 

acid solution. OPC particles present a lower particle size distribution than slag. Indeed, the percentage of pores whose 

diameter is less or equal to 0.1µm was 60% for OPC pastes and 50% for blended cement pastes containing 60% slag. 

Moreover, the total volume of pores was 0.23 ml/g for OPC pastes and 0.63 ml/g for blended cement pastes containing 

60% slag. After 3 months of degradation in an acid solution, the altered zone of OPC pastes were totally dissolved. The 

pore size distribution of altered zone of cement pastes containing 60% of slag has been slightly modified with a total 

cumulative volume of pore equal to 0.80 ml/g. So, filler effect has not any improvement in terms of chemical resistance. 

Therefore, both of pozzolanic or filler effects have little importance in term of the chemical stability of cementitious 

matrix subjected to acetic acid attack. However, the chemical composition of mixture is the first parameter of the 

durability of concrete submitted to an acetic acid attack. 

 

Originality 

This research is part of a Ph.D.’s thesis on durability of concrete exposed to organic acids. This study integrates the 

topic of concrete durability, especially the chemical stability of cement pastes submitted to an acetic acid attack.  

The study was carried out on cement pastes made from five binders: Ordinary Portland cement, OPC blended with 

silica fume (SF)/low-calcium fly ash (FA)/ground granulated blast furnace slag (GBFS) and metakaolin (MK) at 

various replacement levels. Hardened cement pastes were immersed for 3 months in 0.5M acetic acid solution at a pH 

of 4. Throughout the experiment, the pH was maintained by the renewal of the solution.  

After 3 months of immersion, many analyses were made in order to determine the influence of different parameters 

contributing to the chemical stability of the cement matrix immersed in an acetic acid solution. 

 

Chief contributions 

In this study, the effect of the chemical composition of different binders was studied by altered depth, x-ray diffraction 

and x-ray microanalysis measurements. Porosity is also an important factor controlling durability and strength of 

cement pastes and was measured by mercury porosimetry analysis.  

The influence of this factor to the chemical stability of cement pastes immersed in an acetic acid solution was evaluated 

by the measurement of total porosity and pore size distribution. Comparative results show that either filler or 

pozzolanic effects have a little or no influence in term of the stability of cementitious matrix exposed to acetic acid 

attack at pH 4. The chemical composition of mixtures is the first parameter of the durability against acid attack.  

 

Keywords: Acetic Acid, Cement paste, Supplementary cementing materials, Chemical resistance, Porosity 
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Introduction 

 

Effluents such liquid manure and ensilage effluents contain organic acids that constitute a severe 

chemical threat toward the concrete of agricultural structures. The pH of the ensilage effluents is 4 

and that of liquid manure is between 6 and 8 (Levasseur 1998a, 1998b). The acetic acid solution of 

pH 4 mimes well the aggressiveness of organic acids found in animal manure (Bertron et al. 2005).  

In contact with an acidic solution, the concrete will undergo an acido-basic reaction leading to the 

formation of soluble to very soluble salts in water (Bertron et al. 2005, Lide 1991). Consequently, the 

porosity of the material and the reinforcement corrosion will increase, the mechanical strength will 

drop, and, in the long term, resulting in a total collapse of structure. 

Many factors affect the performance of concrete in an aggressive environment such as the type of 

cement, the amount, the fineness of pozzolan used and especially the curing conditions (Zivika and 

Bajza 2002). The use of supplementary cementing materials can improve considerably the 

performance of concrete in agricultural structures. Pozzolanic and/or filler effect can improve the 

chemical stability of cement matrix in an acidic environment by the refinement of pore and the 

transformation of portlandite into C-S-H. These elements emphasize the necessity of identifying the 

parameters of durability in order to determine an effective binder in agricultural environment.  

 

 

Materials and Methods 

 

This study was conducted on pastes made with Ordinary Portland Cement, OPC blended with silica 

fume (SF)/low-calcium fly ash (FA)/ground granulated blast furnace slag (GBFS) and metakaolin 

(MK). Table 1 presents the substitution rate of the ordinary cement by different types of SCMs. 

 
Table 1: Substitution rates of the ordinary type 1 cement by different SCMs 

SCM Substitution rate (%) (by mass) 

Silica fume (SF) 10 - 15 

Type F fly ash (FA) 50 - 70 

Ground granulated blast furnace slag (GBFS) 60 - 80 

Metakaolin (MK) 15 - 20 

 

Paste samples were made at a water/cement mass ratio 0.27. Hardened cement paste specimens are 

cylindrical, 100 mm in diameter by 150 mm height. The specimens were demolded 24h after pouring 

and stored in wet room at 20°C and 95% RH for 27 days then the samples were immersed for 3 

months in 0.25M acetic acid solution at a pH of 4 with a solid-liquid volume ratio of 1/15. During the 

experiment, a pH value of 4 was maintained by the renewal of the solution.  

 

After 3 months of immersion in the acid solution, altered depth and mass loss are the two comparative 

parameters of durability monitored on the paste specimens. To quantify the altered depth, three 

specimens were sawn perpendicularly to their axis and phenolphthalein solution was sprayed on the 

right sections. The sound zone was considered as being the basic zone where the color turns violet. 

The altered depth was considered by the colour change and was measured with a video microscope on 

20 points distributed on the perimeter of the section. The mass loss measurements were performed 

manually on three altered samples previously dried.  

 

Companion samples of OPC (control), GBFS and MK pastes were dried at 80°C for 72 hours for the 

determination of the porosity. Porosity of sound and altered zones was determined by Mercury 

Intrusion Porosimetry (MIP) (Micromeritics AutoPore IV model) with applying pressures up to 

(60000psi).  



Mineralogical characterization of the sound and altered samples were analyzed by a Siemens D5000 

X-ray diffractometer using CuKα radiation generated at 30 mA and 40 Kv. Specimens were step-

scanned as random powder mounts from 8 to 68° 2θ at 0.02° 2θ steps integrated at 1.2 s step-1. 

 

 

Results 

 

General aspect of samples: Figure 1 shows the aspect of cement pastes after 3 months of immersion 

in the acetic acid solution. The outer layer of the control sample (OPC paste) was completely 

dissolved. Cement paste monoliths containing metakaolin and slag have kept their integrity. For these 

samples, the highest cement replacement rates by SCM presented the best general aspect. The cement 

pastes made with SF or FA have undergone a severe chemical attack. Samples containing 15% of 

silica fume and 50% of fly ash have gradually collapsed. Samples with 5% SF and 70% FA shown 

better aspect but were still severely damaged. 

 

 

 

 

Fig.1. Aspect of samples after 3 months of immersion. 

 

 

 

 

 

 
Figure 1: Aspect of samples after 3 months of immersion. 

 

 

Altered depths: Figure 2 presents the altered depths measured on each specimen after 3 months of 

immersion in acetic acid solution at a pH of 4. The altered depth measurement shows the same trend 

as the general aspect to know that samples with SF and FA presented altered depths greater than the 

control contrary to samples with GBFS and MK. Samples with GBFS are those showing the smallest 

altered depth with value of 2.9 mm (80% GBFS).  

 

 

 

 

 

 

 
 

 

 

 

 

Figure 2: Altered depth (in mm) measured on specimen’s section after 3 months of immersion. 

 

 

Mass losses: Figure 3 presents the relative mass losses of specimens after the immersion period. The 

mass loss of the control sample is 26%. Samples with SF and FA are the more degraded samples with 

mass losses of 30% (SF-15) and 27% (FA-50) while MK and GBFS samples presented improvement 

with values of 16% (MK-20) and 20% (GBFS-80).  

MK-15 GBFS-80 MK-20 GBFS-60 Control FA-70 FA-50 SF-15 SF-5 



 

 

 

 
 

 

 

 

 

 

 

Figure 3: Relative mass losses measured on paste samples after 3 months of immersion. 

 

 

Porosity measurements: Figure 4 presents the cumulative volume of pores for the sound and the 

altered zones of pastes made with the control (OPC), GBFS and MK. These samples were chosen 

based on their good performance according to mass losses and altered depth data. Figure 4 shows total 

porosity of samples but also presents the size distribution of the porosity present with pore diameter 

smaller or larger than 0.1 μm. In general, the sound zone (figure A) is far less porous than the altered 

zone (figure B). MK samples show the lowest total porosity and especially the refinement of the pore 

structure considering that most of the volume of pores is for pores smaller than 0.1 μm. OPC particles 

present a lower particle size distribution than the GBFS particles. Indeed, the percentage of pores with 

diameter less or equal to 0.1µm was 60% for OPC pastes and 50% for GBFS-60. Moreover, the total 

volume of pores was 0.23 ml/g for OPC pastes and 0.63 ml/g for GBFS-60.  

After 3 months of degradation in an acetic acid solution at pH of 4, the altered zone of OPC pastes 

were totally dissolved. The porosity of the intermediate zone has been analyzed and is presented here 

in figure 4B. Figure 4B shows an important increase in the cumulative volumes of pores for all 

samples tested. However, the altered zones of MK and GBFS samples are less porous than that of the 

control and this is particularly important considering that the altered zone of the control was 

completely dissolved. The pore size distribution of GBFS samples has been slightly modified with 

total cumulative volumes of pore equal to 0.97 ml/g (GBFS-60) and 0.70 ml/g (GBFS-80). GBFS 

samples present the weakest total porosities of all altered zones tested knowing that their contribution 

to the refinement of pores is low. On the other side, porosity of MK samples was strongly affected by 

the acid aggression with large increase of cumulative volumes of pores with values lower than 1.5 

ml/g in the sound zone compared to more than 1.1 ml/g in the altered zone. Hence, data show that the 

filler effect has not an important improvement in terms of chemical resistance of the cementitious 

material. 

 

 

 

 

 

 

 

 

 

 

 

A)       B) 
Figure 4: Porosity of the A) sound and the B) altered zones of specimens after 3 months of immersion in the 

acetic acid solution. 

 



Mineralogical characterization: Figure 5 present XRD traces of OPC, GBFS and MK pastes. Each 

figure corresponds to the sound and altered zones of specimen analysed after 3 months of immersion 

in the acid solution. The trace of a control specimen stored in a wet room at 20°C and 95% RH is also 

given for comparison. All XRD traces presented a large halo centered at a reticular distance of about 

12 Å that is due to the Plexiglas sample holder used for the analysis. 

 

For all samples tested, the XRD traces of sound zones are substantially identical to those of control 

samples. OPC and MK samples contain portlandite and anhydrous clinker phases C3S, C2S and C4AF. 

An amorphous C-S-H halo is centered on a reticular distance of 3.04 Å. The GBFS sample contains 

crystalline phase mainly distributed between the solid solution of the melilite family from akermanite 

to gehlenite composition and merwinite minerals. Trace of portlandite, C3S, C2S along with C-S-H 

and ettringite are also presented.  

 

The altered zone of the OPC sample was completely dissolved and an intermediate zone was 

analysed. In general, altered zones are more amorphous than sound zones with halo position moving 

to low angles. Portlandite was completely dissolved while peaks of C3S, C2S, and ettringite are still 

there for OPC and MK samples. The GBFS sample is completely amorphous.  
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Figure 5: XRD traces of sound and altered zones of paste specimen after 3 months of immersion. 

5A – OPC pastes; 5B – GBFS pastes; 5C – MK pastes 

 

 

DISCUSSION  

 

Comparative analysis of alteration mechanisms of cement pastes by acetic acid: The attack by the 

organic acids of liquid manure or ensilage effluents may be compared with that of strong acids 

(Bertron et al. 2007). The cement paste undergoes a mineralogical and chemical zonation. The phases 

are progressively dissolved from the unaltered core to the outer zone in contact with the aggressive 

solution. The altered zone is almost totally decalcified and is made of silicon, aluminum and iron 

(Oueslati and Duchesne 2009). The addition of silica fume does not show any improvement to the 

resistance of samples (Bertron 2004, Oueslati 2010) and samples with 15% SF completely collapsed 

during the acid immersion. Specimens containing FA have been strongly affected by the acid solution. 

The alteration translates into a high leaching. In terms of mass loss and altered depth, addition of FA 

does not have any improvement in durability of samples. This may be due to the intrinsic 

characteristics of FA particles favouring capillary porosity and to FA reactivity that evolved more 

slowly compared with cement paste considering that a curing period of only 27 days was allowed 

before acid immersion. In the other hand, the addition of GBFS or MK improves considerably the 

stability of specimens in acid environment. MK reduces slightly the total porosity and especially 

refines the pore structure while the addition of GBFS increases the total porosity without any 

improvement of pore size. However, the increase in cumulative pore volume between the sound and 

the altered zones were kept minimal with GBFS. The alteration of GBFS pastes is translated into a 

progressive dissolution of all crystallized phases. The altered zone is totally amorphous.  

 

Analysis of parameters influencing the durability of cement pastes in an acidic environment: 

According to their very high surface area, SF and MK react rapidly with calcium hydroxide, via a 

pozzolanic reaction, to produce C-S-H besides the filler effect which is also important (Taylor 1990). 

A less permeable cement composite material is produced, with a decrease in the volume of pores. MK 

and SF have comparable pozzolanic reactivity and filler effect. Nevertheless, MK improves 

considerably the resistance of cement paste in an acidic environment while SF does not. Moreover, 

with the most important porosity, GBFS addition improves the stability of samples in the acid 

solution. Therefore, both of pozzolanic or filler effects have little importance in terms of the chemical 

stability of cementitious matrix subjected to acetic acid attack.  

 

C 



Silicon, aluminum and iron are beneficial and should be kept high in the binder due to their very low 

leach rate (Bertron et al. 2005, Oueslati and Duchesne 2009, Oueslati 2010, Bertron 2005). Hence, in 

addition to the intrinsic characterisics of mineral additives, the chemical composition of the cement 

matrix is an important parameter of the chemical stability of concrete submitted to an acetic acid 

attack. 

 

 

Conclusion 

 

Agricultural effluents cause severe chemical attack on concete structures. The alteration mechanisms 

of cementitious matrix by the acetic acid were analyzed by altered depths, mass losses, x-ray 

diffraction and mercury porosimetry measurements. The results show a modification of the 

microstructure manifesting itself by a decrease of the mechanical resistance, a decrease of the 

porosity, dissolution of all crystallized phases, and a formation of a probable silico-aluminous gel. 

GBFS, the most porous samples, and MK, pozzolan with a comparable pozzolanic reactivity like SF, 

are the more resistant binder to the acidic attack. However, SF and FA did not improve the resistance 

of the samples. Comparative results show that both filler and pozzolanic effects have a little or no 

influence in term of the stability of cementitious matrix exposed to an acetic acid solution at pH 4. So, 

the chemical composition of mixtures is an important parameter of the chemical stability against acid 

attack.  
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Abstract 

The cement sheath in thermal recovery oil wells is subjected to elevated temperatures up to about 320°C during the 
injection of steam to stimulate high viscosity crude oil production. Initially the cement sheath in these wells is pre-cured 
at formation temperature (≤40°C) prior to being exposed to steam treatment. Steam treatment can be performed 
anytime from immediately after the cement has set to years later. It is generally assumed that the cement chemistry and 
microstructure resulting on steam injection is similar to that obtained for geothermal cements where the cement sheath 
is heated directly to elevated temperatures as it is pumped downhole and cured at those temperatures. The objective of 
this study was to determine the impact of steam treatment on the microstructure and chemistry of pre-cured cement 
pastes.  
Thermal cement samples composed of Class G well cement and 40% silica flour by weight of cement were cured at 35°C 
for 1 and 14 days followed by steam curing at 230°C and 20.7 MPa pressure for 1 day and then allowed to cool to 
ambient temperature over 48 hours. A variety of analytical techniques were used to determine the mineralogy and 
microstructure of hydrated cement phases. Comparison was made with baseline samples that had been cured at 4 and 17 
days at 35°C and a sample heated to and cured at 230°C for 1 day and cooled over 48 hours to ambient temperature 
without prior curing at 35°C.   
Cements cured at 35°C prior to heating at 230°C showed significant differences in chemistry and microstructure 
compared to the baseline samples. On heating the pre-cured samples to 230°C complete conversion of the amorphous C-
S-H gel, Ca(OH) 2, ettringite and unreacted SiO2 flour to crystalline C-S-H occurred. Xonotlite and 1.1nm tobermorite 
were the predominant phases with other minor identifiable and non-identifiable phases present. Fracture surfaces also 
showed different features occurring between samples pre-cured for 1 and 14 days at 35°C. More notable was the fact 
that the baseline sample heated directly to 230°C contained a mixture of amorphous and crystalline C-S-H and 
Ca(OH)2 as well as unreacted C4AF and silica flour. In that sample aluminium substituted tobermorite was the 
predominant crystalline C-S-H phase with indications of xonotlite and other crystalline phases. The impact of pre-
curing on the chemistry cement sheath integrity in comparison to direct cure at 230°C is discussed.  
  

Originality 

The work in this paper is part of a more extensive study to investigate the impact on cement sheath microstructure, 

chemistry and physical properties resulting from steam treatment processes used in enhanced oil recovery. In the case 

of enhanced steam recovery, the well is cemented at temperatures ≤40°C and only once the cement has set and the well 

is in production is it exposed to elevated temperatures that can reach up to 320°C from steam injection. Steam injection 

treatments can occur immediately on production or years later depending on rate of oil recovery.   

No study has been reported that specifically investigates the effect of steam injection on cement that has first been 

allowed to set at ≤40°C. It has generally been assumed that the phase assemblage, microstructure and long term 

stability are similar to those of cements cured at temperature and pressure as in deep or geothermal wells. The 

originality of the present work is that it shows that that there are some notable differences in the stable phases and in 

the microstructure produced by the two curing conditions that may impact the integrity of the cement sheath.   

 

Chief contributions 

Cement research typically examines the behaviour of cementitious materials when they are hydrated under a single 

temperature regime (i.e. close to room conditions or at a constant, higher temperature and pressure).  This type of 

temperature regime is not representative of conditions during enhanced oil recovery operations in oil well, where the 

cement is typically hydrated initially at temperatures ≤40°C, but is later exposed to temperatures of up to 320°C.  It has 

generally been assumed that cements hydrated under these conditions are similar in properties to those hydrated 

entirely at the high temperature and pressure conditions seen in deep or geothermal wells.  The chief contribution of 

this work is to demonstrate that the two curing conditions produce hydrated cements with substantially different 

properties.  The phase assemblage and microstructure of the hydrated cements produced when cements are allowed to 

set at ≤40°C and then heated to high temperatures are unique and significantly different from those produced when the 

cement is hydrated entirely at the higher temperature.   These differences suggest that the impact of changing 

temperature regimes needs to be considered in sheath design and placement.  

 

Keywords: well cements, phase transformation, thermal cements, mineralogy, mechanical properties 
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Introduction 
 

Cyclic steam injection and steam flood techniques have been used throughout the world to enhance 

heavy oil recovery from oil wells
 
(Chu, 1985).  Cyclic steam injection follows a pattern of heating a 

vertical production well over short periods of time, followed by return to production of oil 

(Earlougher, 1969).  The most prevalent steam flood technique, steam assisted gravity drainage 

(SAGD) (Butler, 1998) involves drilling two shallow wells vertically then extend horizontally into the 

base of the reservoir with one well above the other. Steam is injected into the top well into the 

reservoir, where it condenses and heats the surrounding heavy oil. The viscosity of the oil decreases 

and gravity drains it to the lower production well. Temperatures in the wells can reach up to 320ºC.   

Both techniques use a cement sheath to seal the annulus between the well casing and the rock 

formation in order to prevent unwanted fluid migration, especially of oil, gas or steam(Nelson and 

Barlet-Gouédard, 2006). Zonal isolation and cement sheath integrity are considered to be key 

requirements for enhanced heavy oil recovery (DeBruijn, 2009).
 
The sheath is typically composed of a 

special thermally stable oil well Portland based cement blended with silica flour at 35-40 % the mass 

of cement (Eilers and E.B. Nelson, 1979).
 
This procedure reduces the calcium to silica (C/S) ratio of 

the material to approximately 0.8 and produces crystalline calcium silicates hydrates that are stable 

over a range of temperatures and which provide good compressive strength and low 

permeability(Nelson, 1980). 
 

Although the behaviour of crystalline calcium silicate hydrates over the temperature range of 110 - 

320ºC has been well documented (Taylor, 1980; Harker, 1964; Mellor et al., 2009), most studies to 

date have been on cement heated to and cured at those temperatures. In enhanced recovery wells the 

cement is cured at temperatures ≤40ºC, producing C-S-H, Ca(OH)2, ettringite and other lower 

temperature hydration products. The degree of hydration of the cement sheath is dependent on the 

curing temperature and time prior to steam injection, which can be from days to years. Conversion of 

low temperature hydrated cement phases to crystalline hydration products on steam injection may not 

necessarily produce the same reaction kinetics or physical properties as those from cement hydrated 

immediately at the higher temperatures. Here we report on the differences in hydration products in 

terms of chemistry and morphology that result from heating thermal cements cured for 1 and 14 days 

at 35ºC to 230
o
C from the behaviour observed in samples hydrated only at 35

o
C and only at 230 

o
C.    

 

 

Experiment 
 

Class G oil well cement (Lehigh Inland, Calgary, AB, Canada) was dry blended with silica flour (Sil 

Industrial Minerals Inc., Calgary, AB, Canada) at a 1:0.4 mass ratio and mixed with water at a 

water/(cement + silica flour) ratio of 0.4 in a Waring blender according to API/ISO 10426-2-2003 

(API 2005). Details of the cement and silica flour are presented elsewhere
 
(Makar and Luke, 2011). 

The resultant slurry was conditioned in an atmospheric consistometer for 20 minutes at ambient 

temperature.  It was then placed in sealed 2cm x 2cm x 16 cm bar brass molds.  Molds containing the 

experimental samples were cured at 35°C in a water bath for 1 (sample 1LT-1HT-2C) or 14 days 

(sample 14LT-1HT-2C), demolded and then placed in a curing chamber (CTE, Tulsa, OK, USA). The 

curing chamber was heated to 230°C over a 4 hours period, maintained at 230°C for 24 hours and then 

allowed to cool to 25°C over 48 hours to prevent thermal shocking. The sample labeling indicates the 

number of days at low temperature (LT), at high temperature (HT) and cooling (C). 

Low temperature control samples were cured at 35°C for the same total curing times as the 

experimental samples, 4 days for sample 4LT and 17 days for sample 17LT.   The high temperature 

control sample 1HT-2C was put directly into the curing chamber and cured at 230°C under the same 

curing regime as the pre-cured experimental samples. All high temperature sample production was 

performed at a pressure of 20.7 MPa.  

Samples for SEM analysis (Hitachi S4800, Tokyo, Japan) were taken from exposed fracture surfaces 

after the bar samples had been broken.  They were dried in a convection oven at 100°C for 2 hours to 

ensure all remaining water was removed, cooled and then mounted on aluminum stubs for imaging 



with the SEM operating at 1.2 kV accelerating voltage, 7 μA emission current and at ~9 mm working 

distance. Vacuum dried internal fragments taken from crushed bars were used to determine the 

mineralogy by X-ray diffraction (XRD) with CuK  radiation (Rigaku DMAXB, Woodlands, TX) and 

mass loss by thermogravimetric analysis (TGA) (TA Instruments SDT-Q600, New Castle, DE, USA). 
 

 

Results 
 

1. XRD and TGA 

XRD data for the low temperature control samples 4LT and 17LT showed the phase assemblage that 

would be expected from the hydration of an oil well cement at near ambient temperatures, including 

the presence of crystalline Ca(OH)2 and ettringite, a C-S-H created hump in the background of the 

spectra 36–44º 2 and unreacted C3S, C2S and C4AF. As would be expected, unreacted silica flour 

was also present.  The spectra for samples 4LT and 17LT can be found elsewhere (Makar and Luke, 

2011). 

Part of the recorded spectra for the high temperature control sample 1HT-2C and the two experimental 

samples is shown as Figure 1.  As expected
 
(Nelson, 1980; Taylor 1980; Harker 1964; Huang, et al., 

2002) sample 1HT-2C appears to be predominantly 11Å tobermorite, with a relatively small amount 

of xonotlite and katoite (dashed arrow) in the sample.  Unreacted silica flour, unreacted C2S and some 

residual C-S-H were also present.  

The experimental samples 1LT-1HT-2C and 14LT-1HT-2C had similar phase assemblages to each 

other (Figure 1), but had substantial differences from that observed for sample 1HT-2C .  In both cases 

the predominant phase observed was xonotlite, with 11Å tobermorite present in much lower 

quantities. The solid arrow at ~39.4
o
 2 shows an example where a tobermorite peak was apparent in 

1HT-2C sample, but not in the two experimental samples.  It also appears that more tobermorite was 

present in sample 1LT-1HT-2C than in sample 14LT-1HT-2C.  The solid arrow at ~30.2 
o
2  indicates 

a tobermorite peak that clearly shows the change in tobermorite peak intensity between the three high 

temperature samples.  Conversely, the dotted arrows indicate examples of xonotlite peaks that show 

increasing intensity as the length of pre-curing time increases.   

 
Figure 1: X-ray diffraction spectra for high temperature samples 

 

The results of the thermogravimetric analysis are shown in Figure 2.  The three control samples show 

considerable mass losses between 0 and 140 
o
C, which may be attributed to the disassociation of C-S-



H and ettringite in the low temperature samples 4LT and 17LT and tobermorite in the high 

temperature control 1HT-2C.  Comparison to the  results in Figure 2 for the two experimental samples 

suggests that much of the water in the tobermorite was driven off during the initial heating of the 

sample.  Residual C-S-H would also disassociate in this temperature range.  Above 145 
o
C the mass 

loss in sample 1HT-2C slows as the remaining water is removed.  At about 750 
o
C an abrupt mass loss 

(Figure 3) occurs that can be associated with the topotactic decomposition of both tobermotite and 

xonotlite to wollastonite (Taylor, 1959, Buckner et al., 1960). 

 
Figure 2: Mass loss due to disassociation upon heating 

 
Figure 3: Mass loss due to disassociation upon heating (lower third of Figure 2) 

 

Both samples 1LT-1HT-2C and 14LT-1HT-2C do not have high initial loss of mass upon heating, 

instead having a much shallower slope that is not dissimilar to that followed by the same samples 

between 200 and 600 
o
C.  Sample 1LT-1HT-2C does have a higher total mass loss, which may be due 

to the increased presence of tobermorite noted in Figure 1 and the possible presence of residual C-S-H.  

The pattern of mass loss for the two high temperature experimental samples above 200 
o
C is similar to 

that of 1HT-2C in the same range (Figure 3), although there is a higher degree of mass loss in 1LT-

1HT-2C than in14LT-1HT-2C.  Water contained in the experimental samples before heating appears 

to have been driven off during the heating process, with the calcium hydroxide that would have been 

present in the sample taken up during the conversion process.  Partial decomposition of the xonotlite 

in the two experimental samples may be taking place at about 650 
o
C (Huang, et al,. 2002).  The latter 



result is more readily observed in the derivative TGA data for the samples, published elsewhere 

(Makar and Luke, 2011). 

 

 

2. Scanning Electron Microscopy  

Imaging of the fracture surfaces from the low temperature samples produced results that were 

consistent with those reported in the literature for hydrating cements (Diamond, 1976). All of the high 

temperature samples showed regions of dense calcium silicate hydrates along with more crystalline 

hydration products.  However, the morphology of the calcium silicate hydrates varied depending on 

the curing regime.  Examples of the dense calcium silicates from each sample are shown in Figure 4.  

Although the XRD and TGA results show differences in composition, there appears to be little 

difference between the observed morphologies for samples 1HT-2C (Figure 4a) and sample 1LT-1HT-

2C (Figure 4b), but the dense calcium silicate hydrates in sample 14LT-1HT-2C (Figure 4c) appear to 

be more fibrous in structure. The fibrous morphology has been reported previously for xonotlite 

(Taylor, 1964) and its appearance in Figure 4c but not in Figure 4b suggests that the crystallite size 

was larger in sample 14LT-1HT-2C.   

 

 
 

   
Figure 4: Dense calcium silicate hydrates in samples: a) 1HT-2C (top), b) 1LT-1HT-2C (lower left) and  

c) 14LT-1HT-2C (lower right) 

While the dense calcium silicate hydrates in sample 1HT-2C seem to have similar morphology to 

sample 1LT-1HT-2C, the more crystalline hydration products in the same samples showed distinct 

differences.   In sample 1HT-2C fine needle-like rods were seen on the surfaces of large pores (Figure 

5a).  The rods were too fine for analysis by energy dispersive spectroscopy (EDS) in the SEM, but   



   
 

 
Figure 5: Observed crystalline morphologies indicated by white arrows: a) needles in 1HT-2C (upper left),  

b) laths in 1LT-1HT-2C (upper right) and c) plates in 14LT-1HT-2C (bottom) 

Table 1: Composition of plates in Figure 5c 

Element Atomic % 

O 70.8 

Na 0.2 

Al 1.7 

Si 13.3 

S 0.2 

K 0.5 

Ca 13.2 

Fe 0.1 

 

the morphology is one that is typically seen for tobermorite (Taylor, 1964).   Both sample 1LT-1HT-

2C and 14LT-1HT-2C, however, showed examples of lathe-like structures (Figure 5b), which may be 

either tobermorite or xonotlite (Taylor, 1964).  All three samples also contained examples of platy 



structures, which were often large enough for EDS analysis.  The average results for four 

measurements on the structure shown in Figure 5c are shown in Table 1 and are consistent with 

aluminum substituted calcium silicate hydrates, indicating, along with the morphology, that they were 

xonotlite. 

 

 

Conclusions 
 

While curing thermal cement blended with silica flour directly at 230 
o
C produced samples 

predominantly composed of tobermorite, the results from the different analytical methods presented 

here show that pre-curing the sample for either 1 or 14 days at 35 
o
C before heating to 230 

o
C 

produced samples that were predominantly composed of xonotlite, with the sample pre-cured for 14 

days having a higher proportion of xonotlite and larger bulk crystallites than the sample pre-cured for 

1 day. The analysis showed that heating the pre-cured samples caused most of the water they 

contained to be driven off from the material as the C-S-H, residual silica flour, residual C2S and 

calcium hydroxide was consumed.  As xonotlite and tobermorite have different physical properties
 

(Kyritsis et al., 2009), the differences between the composition of the samples produced by the 

different curing regimes suggests that the curing regime can affect the performance of the cement 

sheath in steam treated oil wells. 
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Abstract 
The stress corrosion cracking (SCC) process is at present a not fully elucidated mechanism of deterioration. It is a 
surface process that implies a corrosion and stress synergy, but the most practical consequence is that stress corrosion 
cracking can modify the mechanical characteristics of the metal causing brittle failure. 
Previously, we present some results about stress corrosion cracking, crack propagation rate or, even, crack arrest 
conditions in High Strength Steels. This kind of steels is usually used in prestressed and postensioned structures. These 
wires are of eutectoid composition and cold drawn. It is well established that failures occur when the wires are in 
contact with electrolytes of specific compositions while under stress. In the case of concrete, the electrolyte is its pore 
solution and the stress levels result from the different loads applied due to structural requirements.  
In this work we suggest some improvements of the Mechanism of SCC based in the Surface Mobility of vacancies on the 
crack surface proposed by Galvele. Improvements consist in incorporating the electrochemical corrosion as one of the 
sources for the creation of vacancies and some mechanical effects, both produce synergic effect in the crack 
propagation rate and they are important for a more comprehensive explanation of the process.   
 
Originality 
This works represents an improvement of Stress Corrosion Rate state of the art.  
 
Chief contributions 
We suggest some improvements of the Mechanism of SCC based in the Surface Mobility of vacancies on the crack 
surface proposed by Galvele. Improvements consist in incorporating the electrochemical corrosion as one of the 
sources for the creation of vacancies and some mechanical effects, both produce synergic effect in the crack 
propagation rate and they are important for a more comprehensive explanation of the process.  
 
Keywords: Stress Corrosion Cracking, Surface Mobility, High Strength Steel. 
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Introduction 
 
Up to present the mechanism of SCC has not been explained satisfactorily. Numerous mechanisms have been 
proposed to explain the brittle failure of metals under stress, but only some of them, five specially, are 
considered to be relevant: i) Mechanism of Anodic Dissolution; developed by Parkins (Parkins, 1980), ii) Film-
induced Cleavage Model; whose theoretical aspects have been developed by Newman (Sieradzki and Newman, 
1987), iii) Surface Mobility SCC Mechanism; developed by Galvele (Galvele, 1987), iv) Environmentally 
Enhanced Plasticity; developed by Magnin et al. (Magnin et al., 1996), and v) Hydrogen Embrittlement 
(Birnbaum and Sofronis, 1994).  
The Surface Mobility Mechanism (SMM) proposes a new perspective in which the crack advances, not due to 
anodic dissolution but to diffusion of atomic vacancies created in the lips of the crack towards its tip. SMM is the 
only mechanism that proposes equations enabling the prediction of crack propagation rate and that incorporates 
the effect of the hydrogen produced during the process, achieving to formulate an extension of the theory on 
SCC to hydrogen embrittlement.  
Coherent with the lack of agreement in the type of mechanism that operates, an agreed testing method does not 
exist for the study of the susceptibility to SCC or to hydrogen embrittlement (Sanchez et al., 2007b). In the case 
of high strength steel wires for prestressed concrete, there are a standard tests where the aggressiveness is 
enhanced to accelerate the process. These tests enables to detect the susceptibility to hydrogen embrittlement of 
steel and serves as quality control test to detect faults (Elices et al., 2008). Other authors suggest a test closer to 
concrete performance, which is based on the application of the theory of anodic dissolution (Caballero et al., 
2005, Elices et al., 2008, Parkins et al., 1982, Parkins and Zhou, 1997a, Parkins and Zhou, 1997b) to specimens 
in alkaline solutions containing chlorides or of sodium bicarbonate (Andrade et al., 1992) or in the use of pre-
cracked specimens induced by fatigue (Parkins et al., 1982, Toribio et al., 1991, Valiente and Elices, 1998) in 
whose studies the fracture toughness is calculated by fracture mechanics. None of these tests for prestressing 
wires can be generalized and give conclusive results. For the case of high strength wires, the existing test (Elices 
et al., 2008) has seemed not appropriate for other electrolytes and far from the chemical composition of the 
concrete pore solution. It has been then, necessary to try to develop a more suitable testing method for 
prestressing wires. The main conditions are: the test should be simple, able to be used for control of production 
and for making predictions of long term performance which should allow verifying the mechanism of 
progression of the SCC cracks. 
In present work, profit is made on a more realistic testing methodology to propose the integration of the SMM to 
the fracture mechanics principles and to incorporate in them the Anodic Dissolution as part of the general 
process. The result is called the Fracto Surface-Mobility Mechanism, FSMM. Regarding the testing 
methodology (still needing optimization of the test conditions) it is used for the study of the mechanisms of SCC 
in prestressing wires and has been crucial to develop the proposed model. It consists in, having the wire under 
tension, to replace the generation of a fatigue’s crack by the creation of a more natural crack made to growth it 
electrochemically from a notch and using a solution of sodium bicarbonate as electrolyte. When the crack 
reaches a certain depth, the wire is removed from the solution and it is tested in air. This methodology enabled to 
calculate the fracture toughness of the wire and to predict the crack propagation rate (Sanchez et al., 2007b). The 
fracture toughness is calculated by Fracture Mechanics (FM). Due the observations made in the tests, the theory 
of the SMM was modified to fit into the results obtained. 
 
 
Experimental method 
 
The materials and equipments used were described in previous papers (Sanchez et al., 2009a, Sanchez et al., 
2008a, Sanchez et al., 2007b). A steel of eutectic composition have been tested in two conditions: cold drawn 
steel (1510MPa yield strength) and the modified parent pearlitic steel (1300MPa yield strength).  
The methodology was described by Sanchez et al (Sanchez, 2007, Sanchez et al., 2007a). The aim of the 
methodology is to achieve a more realistic and controlled test conditions than those that generate the surface 
defect by a fatigue because in present case fatigue is not operating in the process. In the proposed test the crack 
is generated by electrochemical dissolution by nucleating a pit in a hole made in an epoxy applied to cover the 
surface. Then the wire is stressed and tested to induce the crack that nucleates in the bottom of the notch. The 
testing method consists then of several stages. Two types of steel were used. The methodology is based in the 
control of the following electrochemical and mechanical parameters: 
1) Mechano-electrochemical generation of a crack in the wire: 

The zone of the steel exposed to the electrolyte is first covered by epoxy resin. 
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In order to localize the attack, a notch is then produced in the middle of the epoxy covered zone. 
The specimen is thus strained to 80% of its yield strength. 
It is next immersed in a solution of sodium bicarbonate at constant temperature. 
A fixed potential is applied, during around 100h, and the current is registered by a data logger 
simultaneously. 

The specimens are then removed from the solution and dried. 
2) Slow Strain Rate Test (SSRT): 

SSRT is performed in air at a rate of 3*10-7s-1 in order to determine the fracture toughness. 
3) Scanning Electron Microscopy (SEM) analysis: 

SEM is used to identify brittle zones, cleavage and the different zones of the fractured surface. 
The crack dimensions are measured and the reduction of area is accounted. 

 
 
Results 
 
Several tests were carried out on modified parent pearlitic and cold drawn steels according the methodology 
previously described. Figure 1 shows the electrochemical parameters measured during the mechano-
electrochemical crack generation test. The potential was fixed at -275mVAg/AgCl. The cell intensity remains 
anodic in all cases that the crack grows during the test. Figure 2 shows the mechanical behaviour after the crack 
generation test. The results indicate that the ultimate elongation and the ultimate load are reduced. The 
mechanical behaviour depends of crack shape and size, and on the initial fracture toughness of the steel in the 
aggressive media (Sanchez et al., 2008a). 
 

 
Figure 1. Evolution of electrochemical parameters during A06 SCC test. 

 

 
Figure 2. Mechanical behavior of steel after crack generation test. 

 
Regarding the aspect of the fracture surface Figure 3 shows that of the modified parent pearlitic steel and cold 
drawn steels tested according to previous methodology. It is possible to distinguish the notch, stress corrosion 
crack and the brittle fracture surface in both steels. Oxides are observed at the notch in its external part while the 
lateral surfaces of the crack and its bottom are free of oxides. Another important observation is that the crack tip 
border is defined by a cleavage area at mechanical fracture section. Brittle zones appear in the whole interior of 
the surface of fracture. Table 1 summarizes the experimental results according to the testing methodology. It is 
shown there the geometrical, mechanical and electrochemical parameters obtained from the SCC test. 
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a   b   c  
Figure 3. Surface of fracture: a) modified parent pearlitic steel, b) cold drawn steel and c) Crack tip. 

 
Table 1. Experimental SCC results: af is the crack length, P is the mechanical load, t is the experiment time, I is 

the Faraday current and am is the notch length. 
Test af (m) P (kN) t (h) I (A) am (m) 

Pa
re

nt
 p

ea
rl

iti
c 

st
ee

l 

A01 840 5.1 188.5 5.63E-7 160 
A02 1000 5.1 96 5.70E-07 160 
A03 600 5.1 96 1.20E-06 160 
A04 810 5.1 98.05 3.28E-07 170 
A05 260 5.1 22.75 5.50E-07 215 
A06 720 5.1 95.5 3.34E-06 80 
A07 760 7 49.5 3.22E-07 120 
A08 760 7 16 2.00E-05 160 

C
ol

d 
dr

aw
n 

st
ee

l 

T01 800 5.93 96 1.03E-05 60 
T02 720 5.93 98 8.14E-07 200 
T03 680 5.93 170 5.57E-07 120 
T04 640 5.9 96 1.50E-07 160 
T05 800 5.9 96 1.37E-06 120 
T06 500 5.9 134.2 2.29E-5 230 
T07 730 5.9 97 5.47E-08 120 
T08 720 7.5 222.5 1.80E-6 120 

 
 
Discussion 
 
It is important to start by mentioning that the SMM (Galvele, 1987) is based in a set of assumptions which could 
not be verified in the observation of the fractures obtained and shown in previous figures. The aspects departing 
from the SMM are: i) the crack surface is free of oxides while the SMM is based in that there are the oxides in 
the walls of the crack which are the source of production of vacancies, ii) an anodic current is necessary to be 
registered in order the crack to grow while the SMM considers the growing only dependent on the vacancies 
movement towards the crack tip, and iii) the crack arrests when the current registered is cathodic, behaviour not 
considered by the SCC which assumes that the crack cannot arrest, but always progress. 
Therefore, either the mechanism is not valid or operating in present types of steels or the theory should be 
modified to fit into the observations. This is what is tried in present discussion: the proposal of modification of 
the SMM mechanism and its coupling to the principles of fracture mechanics in order to complete the 
mechanical aspects of the model. 
We propose to change some hypothesis of the SMM to be coherent with the experimental observations: i) the 
source of vacancies are not lying on the crack surfaces but in the notch at the metal surface where the oxides are 
observed, ii) consequently, the path length of the vacancies is the crack depth and not the atomic distance, iii) the 
diffusion cannot be in steady state conditions but the process is clearly non stationary, and iv) the stress 

CRACK 
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influences the vacancy rate towards the crack tip and a new formulation of the influence of the mechanical 
conditions in the crack progression is necessary. We proposed that the vacancy generation is due to the anodic 
dissolution in the surface defect. Then, according to Faraday’s Law it is possible to estimate the vacancy flux (Jv) 
from the cell current intensity: 
 
 Jv = C*I (1) 
where, C is a constant which depends on geometry conditions and I is the anodic intensity. 
 
In order to apply a non steady state diffusion coefficient it is necessary first to analyse the literature on the 
subject that is not very numerous. The aspects that influence the surface diffusion coefficient, Ds: the self-
diffusion, the type of electrolyte which induce a precise electrochemical potential and the stress level. We 
propose the hypothesis that the diffusion barrier depends on the strain, thus, it is explained that the activation 
energy decreases for tensile stress and vice-versa. The atoms diffuse to lower energy states (less strained areas) 
while the vacancies diffuse to high energy areas and relax the material. According to this hypothesis, the stress 
gradient change the surface diffusion coefficient and it is possible to apply the Stress Intensity Factor (K) to 
define this stress gradient.  Following Irwin theory (Krafft et al., 1957) it is possible to estimate the mechanical 
energy created by a stress concentration. We propose to change the diffusion coefficient expression of Galvele 
by adding the square of the Stress Intensity Factor to the activation energy parameter, as is shown in the 
following equation: 
 
  ,  (2)

 where: DS,=0 is the surface diffusion coefficient without stress,  is a constant,  KI is the mode-I stress intensity 
factor 
 
Equation 2 includes the three main factors of SCC process: the material, the environment and the stress 
conditions. This way it is possible to merge the Fracture Mechanics and the Surface Mobility Mechanism to 
aim into a Fracto-Surface Mobility Mechanism. 
Until now we have not taking into account the role of the hydrogen evolution, According to present theoretical 
frame, the corrosion anodic current generates the vacancies at the notch and they diffuse to the crack tip by the 
stress gradient. Our proposal is that it is necessary to change the activation energy reducing it according to the 
hydrogen interaction-vacancy (QH): 
 
 , 0.014 10   (3) 
Where Tm is the melting point. 
 
This means that the hydrogen role is also to drive the vacancies to the crack tip and it also can penetrate the 
metal at the crack tip. Therefore, hydrogen seems to have a double effect: i) it enhances the surface diffusion, 
and ii) it penetrates in the metal at the crack tip leading into the noticed hydrogen embrittlement which reduces 
the mechanical properties (Sanchez et al., 2008a, Sanchez et al., 2008b, Sanchez et al., 2009b, 
Ramasubramaniam et al., 2008, Serebrinsky et al., 2004, Jiang and Carter, 2004). 
Table 2 summarizes the main aspects of the SMM mechanism that we propose to modify from present 
observations and after the application of FSMM with the corresponding equations. 
 

Table 2. Integration the Fracto-Surface Mobility Mechanism: FSMM. 

 

Surface Mobility Mechanism Fracto-Surface Mobility Mechanism
Aspect to be 
modified 

Equation Modification 
proposed 

Equation 

The source of 
vacancies  

Exchange Current Density, i0 

Corrosion as source 
of vacancies 

 

Diffusion 
Coefficient 

  

 

Fracture Mechanic 
and electrochemical 
integration 

 

  
 

The path length of 
the vacancies 

 Crack length  

Crack propagation 
rate by steady state 
diffusion 

 
 

Non stationary 
diffusion  

 



 

6

We have estimated the  parameter of equation 3 by iteration method considering the experimental results. The 
values of  parameter get the same for both materials. These results are coherent with the theoretical model 
because the  parameter depends only from the elastic properties and both materials have the same elastic 
behaviour and the same chemical composition. For enabling predictions it is necessary to also consider the crack 
propagation rate. From the theoretical model proposed it is also possible to estimate several parameters from the 
experimental conditions: crack tip position, crack propagation rate and stress intensity factor. However, three 
main aspects have been varied for a correct estimation of the crack velocity: i) a crack growth rate is not constant 
(Figure 4a), ii) the possibility that the crack arrests (Figure 4b), and iii) the occurrence of a failure of material 
during the test (Figure 4c). For SCC growth to be sustained, it is a necessary, but not sufficient, condition that 
the current in the potentiostatic test remains anodic. Notable results are the crack stops. The crack propagation 
rate also increases with the remote load, but the crack arrests when the yielding is reached at the crack tip. 
Finally, the growing of the crack is affected by the crack geometry. This has been analyzed using FEM 
calculations and verified with the compliance method (Sanchez, 2007, Sanchez et al., 2009a). Both conditions 
are related with the stress gradient on the crack walls. In other cases the steel reaches the failure during a SCC 
test and then it enabled to analyze the fracture toughness in the particular environment-electrochemical 
conditions. This is an important material characteristic that also influences the crack rate and it has to be 
emphasized the interesting observation that the toughness did not remained constant as was previously stated 
(Sanchez, 2007, Sanchez et al., 2008a, Sanchez et al., 2007b). This result calls for the need to review the damage 
tolerance of prestressed structures in contaminated atmospheres and under hydrogen evolution. 
 

a  b   c  
Figure 4. Crack Propagation Rate calculated from the model and test reference in table 2: a) crack growth rate of 

T04 test, b) crack arrest of test A05, and c) fracture of A07 specimen during the test. 
 
 
Conclusions 
 
In present paper, we try to contribute to surface mobility theory by presenting several modifications which 
complement it and serve to justify several experimental observations in high strength steel wires used for 
prestressing concrete. According to the extended SMM, that we call “fracto-SMM”, FSMM, in order to visualize 
the integration with fracture mechanics, it is possible to estimate the crack propagation rate or mechanical 
behaviour from the electrochemical, geometrical and material conditions according table 2. The main 
contribution consists in the integration of fracture mechanics into the Surface Mobility theory. Other integrating 
concepts to SMM are the vacancies are generated by anodic dissolution and they are driven by a stress gradient 
to the crack tip in non stationary conditions. By these integrations, the Stress Corrosion Cracking phenomenon is 
explained from the material, environment and mechanical point of view. 
The hydrogen changes the activation energy of vacancies diffusion which means that the hydrogen role is to 
enhance the surface diffusion, and to penetrate in the metal at the crack tip leading into the hydrogen 
embrittlement which reduces the mechanical properties. We point that this methodology should be applied to 
safety and durability studies of prestressed structures in contaminated atmospheres. 
 
 
Acknowledgements 
The authors wish to thank for al Ministry of Education and Science the financing received for the 
accomplishment the project MAT2003-03912 "Non-destructive Methods and Strategies for the evaluation of the 
corrosion of the prestressed concrete ENG structures". They acknowledge as well the financing of the same 
Ministry through the INGENIO 2010-CONSOLIDER Project on “Safety and Durability of Structures: 
SEDUREC”. Finally, they are grateful to Prof. G. Guinea (UPM) for his interesting lectures on fracture 

0 5 104 1 105 1.5 105 2 105
1 10 9

1 10 8

0

20

40

60

80

100

Time (s)

C
ra

ck
 p

ro
pa

ga
tio

n 
ra

te
 (m

/s
)

K
i (

M
Pa

 m
0.

5)

0 2 104 4 104 6 104 8 104 1 105
1 10 9

1 10 8

0

20

40

60

Time (s)

C
ra

ck
 p

ro
pa

ga
tio

n 
ra

te
 (m

/s
)

K
i (

M
Pa

 m
0.

5)

0 1 105 2 105 3 105 4 105
1 10 9

1 10 8

0

20

40

60

80

Time (s)

C
ra

ck
 p

ro
pa

ga
tio

n 
ra

te
 (m

/s
)

K
i (

M
Pa

 m
0.

5)



 

7

mechanics and especially to Dr. J. R. Galvele for the discussions and useful comments, although not all agreeing, 
on present theories. 
 
Bibliography 
 
ANDRADE, C., ALONSO, C., ACHA, M. & MALRIC, B. 1992. PRELIMINARY TESTING OF NA2PO3F 

AS A CURATIVE CORROSION-INHIBITOR FOR STEEL REINFORCEMENTS IN CONCRETE. 
Cement and Concrete Research, 22, 869-881. 

BIRNBAUM, H. K. & SOFRONIS, P. 1994. HYDROGEN-ENHANCED LOCALIZED PLASTICITY - A 
MECHANISM FOR HYDROGEN-RELATED FRACTURE. Materials Science and Engineering a-
Structural Materials Properties Microstructure and Processing, 176, 191-202. 

CABALLERO, L., ELICES, M. & PARKINS, R. N. 2005. Environment-sensitive fracture of austempered 
ductile iron. Corrosion, 61, 51-57. 

ELICES, M., CABALLERO, L., VALIENTE, A., RUIZ, J. & MARTIN, A. 2008. Hydrogen embrittlement of 
steels for prestressing concrete: The FIP and DIBt tests. Corrosion, 64, 164-174. 

GALVELE, J. R. 1987. A STRESS-CORROSION CRACKING MECHANISM BASED ON SURFACE 
MOBILITY. Corrosion Science, 27, 1-33. 

JIANG, D. E. & CARTER, E. A. 2004. Diffusion of interstitial hydrogen into and through bcc Fe from first 
principles. Physical Review B, 70, 064102. 

KRAFFT, J. M., SULLIVAN, A. M. & IRWIN, G. R. 1957. RELATIONSHIP BETWEEN THE FRACTURE 
DUCTILITY TRANSITION AND STRAIN HARDENING CHARACTERISTICS OF A LOW 
CARBON STEEL. Journal of Applied Physics, 28, 379-380. 

MAGNIN, T., CHAMBREUIL, A. & BAYLE, B. 1996. The corrosion-enhanced plasticity model for stress 
corrosion cracking in ductile fcc alloys. Acta Materialia, 44, 1457-1470. 

PARKINS, R. N. 1980. PREDICTIVE APPROACHES TO STRESS-CORROSION CRACKING FAILURE. 
Corrosion Science, 20, 147-&. 

PARKINS, R. N., ELICES, M., SANCHEZ-GALVEZ, V. & CABALLERO, L. 1982. Environment sensitive 
cracking of pre-stressing steels. Corrosion Science, 22, 379-405. 

PARKINS, R. N. & ZHOU, S. 1997a. The stress corrosion cracking of C-Mn steel in CO2-HCO3--CO32- 
solutions .1. Stress corrosion data. Corrosion Science, 39, 159-173. 

PARKINS, R. N. & ZHOU, S. 1997b. The stress corrosion cracking of C-Mn Steel in CO2-HCO3--CO32- 
solutions .2. Electrochemical and other data. Corrosion Science, 39, 175-191. 

RAMASUBRAMANIAM, A., ITAKURA, M., ORTIZ, M. & CARTER, E. A. 2008. Effect of atomic scale 
plasticity on hydrogen diffusion in iron: Quantum mechanically informed and on-the-fly kinetic Monte 
Carlo simulations. Journal of Materials Research, 23, 2757-2773. 

SANCHEZ, J. 2007. Stress Corrosion Cracking of High Strength Steels. Complutense of Madrid. 
SANCHEZ, J., ANDRADE, C. & FULLEA, J. 2009a. Reasons for Crack Arrest in Stress Corrosion Cracking 

Tests-Crack Propagation Rate in High-Strength Steels. Corrosion, 65, 368-375. 
SANCHEZ, J., FULLEA, J. & ANDRADE, C. 2007a. Stress corrosion cracking mechanism of prestressing 

steels in bicarbonate solutions. Advances in Construction Materials 2007, 397-404. 
SANCHEZ, J., FULLEA, J. & ANDRADE, C. 2008a. Fracture toughness variation induced by stress corrosion 

cracking of prestressing steels. Materials and Corrosion-Werkstoffe Und Korrosion, 59, 139-143. 
SANCHEZ, J., FULLEA, J., ANDRADE, C. & ALONSO, C. 2007b. Stress corrosion cracking mechanism of 

prestressing steels in bicarbonate solutions. Corrosion Science, 49, 4069-4080. 
SANCHEZ, J., FULLEA, J., ANDRADE, C. & ANDRES, P. L. D. 2008b. Hydrogen in alpha-iron: Stress and 

diffusion. Physical Review B (Condensed Matter and Materials Physics), 78, 014113. 
SANCHEZ, J., FULLEA, J., ANDRADE, C. & DE ANDRES, P. 2009b. Hydrogen Embrittlement of High 

Strength Steels. Diffusion in Materials - Dimat2008, 289-292, 203-209. 
SEREBRINSKY, S., CARTER, E. A. & ORTIZ, M. 2004. A quantum-mechanically informed continuum model 

of hydrogen embrittlement. Journal of the Mechanics and Physics of Solids, 52, 2403-2430. 
SIERADZKI, K. & NEWMAN, R. C. 1987. Stress-corrosion cracking. Journal of Physics and Chemistry of 

Solids, 48, 1101-1113. 
TORIBIO, J., LANCHA, A. M. & ELICES, M. 1991. HYDROGEN EMBRITTLEMENT OF PEARLITIC 

STEELS - PHENOMENOLOGICAL STUDY ON NOTCHED AND PRECRACKED SPECIMENS. 
Corrosion, 47, 781-791. 

VALIENTE, A. & ELICES, M. 1998. Premature failure ofprestressed steel bars. Engineering Failure Analysis, 
5, 219-227. 



Molecular Dynamics Calculations of Hydrogen Embrittlement in High Strength 
Steels 

 

Sanchez J; Fullea J; Andrade C 
Instituto Eduardo Torroja de Ciencias de la  Construcción (IETcc-CISDEM-UPM-CSIC) Madrid, Spain 

De Andres PL 
Instituto de Ciencias de Materiales de Madrid (ICMM-CSIC) Madrid, Spain 

 
 
Abstract 
Hydrogen embrittlement is believed to be one of the main reasons for cracking of structures under stress. High strength 
steels in these structures often include a ferritic core made of alpha-iron (body centered cubic lattice). 
Previous work was concerned with the interaction of atomic hydrogen with iron using first principles calculations.  We 
studied the effect of interstitial hydrogen in the iron lattice and the stress induced by the interestial hydrogen in the host 
lattice. 
In this paper we show the dynamical behaviour of hydrogen inside the iron lattice. Using ab-initio Molecular Dynamics 
we obtain hydrogen diffusion paths and by taking statistical averages diffusion coefficients. Depending on temperature, 
the diffusion path involve going through tetrahedral or octahedral. Simulations where a number of hydrogens 
occasionally coincide in one unit cell have been performed to elucidate the effect of interactions between hydrogens. 
From simulated diffusion path we extract the diffusion coefficient from Einstein´s equation. We also show the Fe-Fe 
interaction weakens. Iron Debye temperature decreases monotonically for increasing concentration of interstitial 
hydrogen, proving that iron-iron interatomic potential is significantly weakened in the presence of a large number of 
diffusing hydrogen atoms.   
 
Originality 
This work is finishing now and it is a continuation of previous Ab-Initio calculations.  
 
Chief contributions 
We show the dynamical behaviour of hydrogen inside the iron lattice by ab-initio Molecular Dynamics calculations. We 
obtain hydrogen diffusion paths and the Fe-Fe interaction weakens.  
 
Keywords: Molecular Dynamics, Ab-Initio, Hydrogen Embrittlement, High Strength Steel. 
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generalized gradients approximation for exchange and correlation due to Perdew, Burke, and Ernzerhof is 
chosen (Perdew et al., 1996). These approximation have been thoroughly checked before and it has been found 
that they reproduce correctly the main physical properties of α-iron, including lattice constant, magnetization, 
and bulk modulus(Sanchez et al., 2008). The k-point mesh we are using in this Brief Report is less dense than the 
ones we have previously shown to be adequate to accurately reproduce different equilibrium properties of α-iron 
at T=0 K. Our choice is based in two different reasons. First of all, it is a practical one since ab initio molecular 
dynamics is a computer intensive task and a compromise between accuracy and time must be made. Second, we 
notice that computing different physical magnitudes require different accuracies. Figure 2 in  (Sanchez et al., 
2008) shows that a k-point mesh similar to the one we are using here incurs in a fractional error of 0.4% for the 
equilibrium lattice constant but ~300% for the bulk modulus. Presently, we focus in the calculation of total 
energies that fluctuate in the current range of temperatures by ~0.05 eV. We have checked that for the maximum 
density of interstitial impurities considered here the total energy changes at T=0 K by 0.047 eV if the 4x4x4 
mesh is replaced by a 8x8x8 one. Therefore, the error becomes acceptable because it is similar to the random 
fluctuations intrinsic to the system. On the other hand, we notice that the error in the equilibrium lattice 
parameter by introducing such an approximation is ~0.01 Å (Sanchez et al., 2008), which is of the same order of 
magnitude or lower than the root-mean-squared amplitude displacements of vibrating atoms at the temperatures 
used here. Finally, we have checked our ability to reproduce the experimental value for the Debye temperature of 
bcc iron (Θ=420 K), a physical magnitude that will be used below to get physical insight from the molecular 
dynamics runs. We have obtained a theoretical value of Θ=505 K, quite acceptable for our purposes, in 
particular, because our methodology relies more than on absolute values on interpreting differences in 
magnitudes computed theoretically with the same parameters where a common background error should tend to 
cancel. Therefore, we conclude that the 4x4x4 mesh is both practical and accurate enough for the purpose of 
these simulations. 
 
 
Results and discussion 
 
To study the diffusion of several H atoms inside the unit cell we test in the microcanonical ensemble the quality 
of the total energy conservation during a typical MD run. Simulations for 1 or 2 ps are performed with time steps 
of 0.5 or 1.0 fs showing that the total energy is conserved within a 0.01% error (equilibration taking place during 
the first 100–200 fs have been taken out from averages). Keeping fixed the parameters defining the model, we 
switch to the canonical ensemble to reproduce conditions where the Fe and H atoms are in equilibrium with a 
thermal bath kept at a fixed temperature (Nose-Hover prescription has been used). All these simulations are 
performed keeping constant the volume of the unit cell and the number of particles. These boundary conditions 
are important to understand the physical model and the solutions obtained. In particular, it is relevant to discuss 
the meaning of keeping the volume fixed. In a previous work we have investigated the volume deformation and 
atomic displacements necessary to find an equilibrium solution with zero forces and stresses in the presence of 
interstitial hydrogen binding to either the octahedral or tetrahedral high-symmetry sites. Here we are interested, 
for the case of an overall low dilution concentration of impurities, in the effect of a high concentration of 
interstitial atoms inside a small region embedded in a matrix of iron that, except for the large concentration of 
interstitial hydrogen in a small number of regions, mostly keeps its original properties. This is consistent with the 
experimental observation of overall low dilution of interstitial H in α-iron, but possibly large concentration in 
particular regions, maybe as a consequence of the existence of defects (Castellote et al., 2007, Vökl and Wipf, 
1981). Therefore, we assume that the modification of the volume in the region of interest due to the internal 
pressure created by the impurities is effectively controlled by the larger amount of unperturbed bulk material 
surrounding the region where the interstitial hydrogen diffuses in a scale of time compatible with our simulations 
(ps). Consequently, we keep the simulation 2x2x2 supercell volume fixed, equal to the one corresponding to α-
iron. Other models might be of interest for different conditions: e.g., a large and uniform concentration of 
impurities. This would require adjusting the volume for each density. We estimate that for this case the volume 
would change between 5% and 15% in the range of impurity concentrations considered in this work. While the 
NVE and NVT collectives are appropriate for the first scenario above, for the second one the NPH and NPT 
collectives should be used.  
Diffusion coefficients are computed by assuming a random walk for interstitial impurities. Figure 2 shows the 
different paths for the high-density case with eight hydrogen atoms diffusing simultaneously inside the 2x2x2 
supercell. As already predicted by our static geometry optimization interstitial hydrogen atoms avoid each other 
and no tendency to formation of molecular hydrogen has been observed. We follow the different trajectories 
during the simulation time and compute averages to extract the three-dimensional diffusion coefficient D. 
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Barriers for diffusion are estimated from an Arrhenius plot D =D0e−B/kBT by a least-squares fit. Here, the prefactor 
D0 is related to a typical vibrational frequency for H in the Fe bcc lattice, and it is assumed to be a constant value 
independent of the number of interstitial atoms in the supercell. This assumption is corroborated by our fits 
within an uncertainty of ±12%. 
 
| 0 | 6  (1) 

 

 
Figure 2. Diffusion path: tetrahedral-tetrahedral jump (H/Fe=1/16, T=600 K), and octahedral-octahedral jump 

(H/Fe=8/16, T=500 K). 
 
We simulate MD trajectories for a single H atom diffusing inside the supercell to compare with previous results 
derived from ab initio DFT geometrical optimization and transition state theory. From a least-squares fit to the 
data in the Arrhenius plot we determine a barrier for diffusion B1=0.145 eV (Fig. 3) in good agreement with 
previous values obtained under similar conditions (Sanchez et al., 2008). This agreement shows that our MD 
simulations adequately sample the relevant phase space.  
 

 
Figure 3. Diffusion coefficient, D (m2/s), obtained for a set of diffusion MD trajectories for four H atom in a 

2x2x2 bcc iron supercell (H/Fe=1/4). A barrier for diffusion of B4 = 0.102 eV is obtained from a least-squares 
fit. Same for eight H interstitial atoms diffusing in the supercell (H/Fe=1/2). A barrier of B8 = 0.047 eV is 

deduced from the fit. 
 
The time evolution of the interstitial atom can be further analyzed to show that under these conditions 
trajectories near tetragonal sites (T) are preferred over octahedral sites (O). This conclusion can be made 
quantitative by computing a characteristic residence time for both sites. We assign parts of the diffusing path 
either to T or O according to proximity to estimate the likelihood to find the particle, say, near O. Figure 4 
displays the fractional occupation of octahedral sites for one, two, four, and eight (H1, H2, H4 and H8) hydrogen 
atoms in the 2x2x2 supercell. These values can be understood by comparing with a simple two-level model 
where the only parameter is the energy difference between T and O sites, kBΔ=EO−ET. 
 

∆/  (2) 
 
This model reduces all the accessible volume for the interstitial hydrogen diffusing in the unit cell to only a set 
of discrete lattice points (either T or O) but in spite of its crudeness it already captures the essentials of the 
problem. Equation 2 has been plotted in Fig. 4 for kBΔ=0.06, 0.07, 0.04, and −0.035 eV, yielding least-squares 
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fits to the points extracted from the MD simulations for nH = 1, 2, 4, and 8 interstitial hydrogen atoms, 
respectively. The dashed line represents the asymptotic equilibrium distribution (OT→∞ = 1/3) to be approached 
from above or below depending on the sign of Δ. These results show that for nH=8 has moved from positive to 
negative and the equilibrium site has been exchanged from T to O. The dependence of the parameter Δ with the 
interstitial density proves how site-adsorption energies are affected by the presence of an increasing number of 
hydrogen atoms concentrated in a particular region. This behaviour follows the pattern previously predicted by 
ab initio DFT geometry optimization where the T site is the lowest energy configuration for low densities while 
for large densities occupancy of the O site favors a body-centered tetragonal distortion of the lattice and becomes 
the global minimum. Although for the γ phase, experiments reporting a qualitative modification of the system 
around a hydrogen concentration of ~0.4 show how the increasing density of interstitial impurities might 
significantly modify the dynamics of these systems (Hiroi et al., 2005). This is an observation that might help to 
explain the spreading of values extracted from different experimental techniques for diffusion barriers that has 
previously been linked to partial occupation of both sites (Kiuchi and McLellan, 1983). Partial occupation of 
both sites at a given temperature happens most naturally in molecular dynamics simulations but it is not easy to 
describe in a standard geometry optimization. We remark that the present approach represents a feasible route to 
investigate a regime that otherwise is too difficult: in the 2x2x2 there are 48 different O sites and 96 different T 
sites, being the number of ways to distribute several interstitial among these combinatorially large (~1011). Such 
a huge configurational space can only be addressed from a statistical point of view and by letting the system to 
explore as many relevant cases as possible by following its own dynamics. To understand to which extent 
barriers for diffusion are affected by the presence of extra interstitial atoms we analyze the high-density case Θ = 
1/2 in more detail. From an Arrehnius plot (Fig. 3) we extract by a least squares fit an effective barrier of 
B8=0.047 eV; significantly lower than the one found for a single interstitial, B1. 
 

 
Figure 4. As a percentage over the total simulation time, residence time around octahedral sites, PO for: (i) a 
single interstitial hydrogen H1corresponds to kB∆ = 0.06 eV in Eq. 2; (ii) two H (kB∆ = 0.07 eV); (iii) four H 

(kB∆ = 0.04 eV); and (iv) eight H (kB∆ = −0.035 eV).  
 
Based in ab initio DFT geometrical optimization we have previously suggested that an important consequence of 
interstitial hydrogen diffusing in α-Fe is to weaken the Fe-Fe interaction.12 From a physical point of view this 
effect is related to several factors: first, interstitial impurities help to screen the Fe-Fe interaction; second, the 
symmetry is distorted, an effect that is important to explain the stability of octahedral sites versus tetrahedral 
ones in the high-density regime; third, spin-polarized DFT calculations reveal that hydrogen contributes an extra 
spin to the system, but the total ferromagnetic moment does not grow accordingly, which we interpret as a 
weakening of electronic interactions. Current MD simulations should be interpreted as controlled and clean 
theoretical experiments that help to explore new domains, such as nonzero temperatures, or the collective 
behaviour of a large number of interstitial impurities meeting together in the same region. We remark that our 
MD simulations support similar physical interpretations as the ones derived from ab initio DFT at T=0 K. We 
compute the mean-square amplitudes of iron atoms vibrating around their equilibrium positions, <u2>, which is 
related to the strength of the potential confining these atoms. For each temperature we obtain the mean-squared 
amplitude of vibration by fitting their time-averaged probabilities to a Gaussian distribution centred around its 
equilibrium position. These values are compared with an isotropic Debye-Waller model for the mean-squared 
displacement of atoms vibrating at temperature T: 
 

/  (3) 
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where Θ is the Debye temperature and M the mass of the atom. Figure 5 shows how the root-mean-squared 
amplitude of vibration <u> increases steadily with the number of H atoms inside the 2x2x2 supercell, being 
nearly doubled from nH=1 to 8. Adopting a Lindemann-type criterion we can conclude that increasing the 
number of interstitial hydrogen drives the material closer to a thermodynamic instability that eventually should 
lead either to a phase transition or to the material failure. This idea is more clearly illustrated by using Eq. 3 to fit 
these <u2> to an effective Debye temperature for each density (Fig. 6). Θ decreases monotonously when the 
number of interstitial hydrogen atoms increases marking the softening of α-iron and proving that the material is, 
at a given fixed T, getting closer to its own melting point under the internal pressure of dissolved H. This is 
closely related to the growing number of interstitial atoms sitting together in the same unit cell. The inverse 
situation (growing temperature getting closer to the melting point at a fixed number of interstitial impurities) 
cannot be inferred from our simulations because the Debye Temperature is constant under these conditions. 
 

 
Figure 5. Iron root-mean-squared displacement from equilibrium positions u (Å) vs density of interstitial 

hydrogen at two temperatures. The horizontal line corresponds to Fe without H.  
 

 
Figure 6. Debye-Waller temperature (K) vs number of interstitial H diffusing in the unit cell. Dashed line is a 

linear least-squares fit to guide the eye. 
 
 
Conclusions 
 
We have found by direct analysis of our MD trajectories that the diffusing barrier for interstitial hydrogen inside 
α-iron depends on the density of diffusing atoms in the near region. By using a simple statistical model we have 
also analyzed how the energy difference between the T and O sites, Δ, is modified by the presence of other 
interstitials. Finally, by looking at the amplitude of vibration of iron atoms around their equilibrium position and 
comparing with a simple Debye-Waller model, we conclude that the Fe-Fe interaction weakens as the 
concentration of interstitial hydrogen increases, finding that for the largest considered density the effective 
Debye temperature for iron is already below room temperature. 
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Abstract  
Appropriate waste management is one of the main requisites for sustainable development at present. This task is 

nowadays tackled by the material construction industry. This work focused on the valorisation of granite sludge 

(GS) wastes through their incorporation, as fillers and/or functional additions, into cement based mortar 

formulations. These wastes had a high proportion of SiO2 (52–62 %) and Al2O3 (10.5–13.5 %). Other 
significant components included Fe2O3 (6.8–27.9 %) and CaO (3.4–5.9 %). The composition, morphology and 

particle size distribution of GS wastes warrant their use by the mortar industry. 

 An interesting improvement in mechanical properties was obtained by gradually replacing CaCO3 filler with 

GS, increasing the compressive strength values from 5.2 to 6.25 N·mm-2. Conversely, 10 % cement can be 

replaced with GS without loss of compressive strength. The amounts of Fe2O3 present were large enough to 

obtain an effective reddish pigment simply by calcination at 700–900 ºC for a short time. The colour 

coordinates of the resulting products correspond to a middle-intensity yellow-orange colour. This is an 

additional benefit of these residues with a view to preparing coloured mortars with good mechanical properties. 

The ability for this waste to act as photocatalytic material is considered by the presence of iron compounds. We 

have tested this property when the GS waste has been introduced in a mortar. The previous results concerning 

to the photocatalytic degradation of organic dyes were promising. 

 
 Originality 
The main novelty presented on this work resides in the valorisation of solid wastes in mortars with the aim to 

provide new functional properties, apart from the enhancement of mechanical behavior, like as colour and 

photocatalytic activity. The new functional advanced mortar thus formulated has interesting applications, as 

example, in the use as self-cleaning plastering mortar for the restoration of historical building. By first time, it 

is reported the use of solid wastes as photocatalytic materials in cement based mortars. Photocatalytic 

materials are able to catalyze the mineralization of polluting agents. Thus, the use of this addition in building 

materials will serve to prepare low-cost self-cleaning and de-polluting products. 

 

 Chief contributions 

The present work deals with the following main items: i) The physico-chemical and colour properties of granite 

sludge (GS) wastes; ii) The incorporation of the GS wastes in the mortar formulation; iii) The pozzolanic 

activity of the GS wastes; iv) The optimization of GS as filler component in the mortar formulation; v) The 

preparation of coloured mortar through the use of GS wastes; vi) The study of photocatalytic activity of mortar 

with GS additions. 

 

Keywords: mortars, photocatalytic activity, granite, waste 

 

Introduction 

Appropriate waste management is one of the main requisites for sustainable development at present. 

A number of small and large enterprises have emerged in response, aiming at recycling and adding 

commercial value to the end products. The use of wastes can help diversify production and reduce 
final costs, in addition to providing alternative raw materials for a number of industrial sectors. The 

construction industry is one of the best targets of solid waste reconversion by virtue of the large 

amounts of raw materials it consumes and the large volume of final products in construction.  
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A variety of waste materials including construction rubble (Álvarez Cabrera, 1997), tire rubber ash 

(Al-Akhras, 2004), blast furnace slag (Cerulli, 2003), silica fume (Rao, 2003), fly ash (Li, 2005) and 

biological limestone (Ballester, 2007) have been successfully tested in the preparation of dry mortars 
with proven advantages and beneficial effects over existing alternatives. Most of the new 

binder/aggregate admixtures improve the mechanical properties of mortar and allow the proportion of 

cement added to mortar to be reduced.  

The granite cutting industry produces large amounts of wastes, solids (generated during extraction) 
and sludge (produced during transformation processes). Managing large amounts of sludge can be 

rather problematic for its producers, which must find appropriate places for storage and deposition. 

Dumping into rivers and lagoons is obviously not an environmentally safe solution and landfilling has 
serious drawbacks. Transporting and dumping of waste in landfills involves substantial costs; 

therefore, incorporating waste into other industrial processes could lead to a reduction of management 

costs and open up new business opportunities. Some previous studies have shown that granite sludge 

(GS) has a high potential as a raw material for the ceramic industry (Hernández-Crespo, 2001). The 
morphological characteristics of this by-product (Torres, 2004 and 2009) make it amenable to use as a 

filler in dry mortars. 

Moreover, its high content in iron oxides (coming from granite cutting with steel blades and abrasive 
metallic shot) can be used to prepare ceramic pigments, which constitutes one recent, attractive value 

added method for industrial wastes (Costa, 2008). Conversely, the presence of Fe2O3 (semiconductor 

material with photocatalytic properties (Kakuta, 2009)) in GS will be used to prepare mortar with self-
cleaning functionality.  

This work focused on the value of granite wastes through their incorporation as alternative raw 

materials into cement-based mortar formulations. The chemical and mineralogical characteristics of 

GS, their transformation into ceramic pigment, and the photocatalytic and physico-mechanical 
properties of the new formulated mortar were studied.  

 
Experimental 

GS samples were supplied by Granitos de los Pedroches S.A. (Córdoba, Spain), a firm primarily 

engaged in ornamental rock cutting and polishing. This firm uses rocks of both national and foreign 

origin, the physico chemical properties of which are somewhat different. A large number of GS 
samples (more than thirty, which was one month´s worth of production) were studied. The as-received 

GS samples were dried at 110 C to constant weight. In order to homogenize particle size, the samples 

were hand milled and passed through a 0.1 mm sieve before use as a mortar filler. The chemical 
composition of each GS sample was determined by X-ray fluorescence analysis (XRF) using a Philips 

PW2404 X-ray spectrometer.  

Two different types of mortars were studied to evaluate the use of GS samples as filler admixture in 
masonry mortar [UNE-EN-998-2] or pigment additives in plastering mortar (UNE-EN-998-1). The 

components used to prepare standard mortars were Portland CEM II/A-V 42.5R type cement; natural 

silica and dolomite sands; and limestone (as filler). The samples A to D were obtained simply by 

replacing the limestone filler with GS. The composition of the samples is shown in Table 1. 
Water/mortar ratios of 0.14 (samples A and B), 0.142 (samples C to E) and 0.15 (samples F and G), 

resulted in appropriate consistency (167  2 mm; UNE-EN 1015-3) and acceptable workability. All 

samples were cured at 25 ºC and 50 90 % relative humidity (RH). Compressive strength tests [UNE-
EN 1015-11] were performed on prismatic specimens of size 40 x 40 x 160 mm that were examined 

after 28 days of curing. The procedure specified in UNE EN 196-5 was used to determine pozzolanic 

activity.  
GS-pigment samples were obtained after heating GS samples at 700–800 ºC for 4–24 h. CIE L*a*b* 

colour parameters, obtained with a Perkin–Elmer colorimeter using a standard illuminant D, were 

used to differentiate samples in terms of colour. L* was the lightness axis (black (0)  white (100)), 

a* the green ( )  red (+) axis and b* the blue ( )  yellow (+) axis. All measurements were made 



on powdered samples. A Lambda 2000 Perkin–Elmer spectrophotometer was used to obtain UV–Vis–

NIR (ultraviolet–visible-near infrared) spectra over the 200–1400 nm range. 

 
Table 1: Masonry (A to D) and plastering (E and F) mortar formulations (wt. %). 

Component Sample A Sample B Sample C Sample D Sample E Sample F 
SiO2 65 65 65 65 -- -- 

Dolomita 20 20 20 20 77 77 

CEM II/A-V 42.5 R 10 10 10 10 -- -- 

BL I 52.5 N -- -- -- -- 13.5 13.5 

CaCO3 filler 5 4 3 -- 9.5 -- 

GS -- 1 2 5 -- -- 

GS-pigment     -- 9.5 

 
Coloured mortars were prepared by adding the GS pigment to white plastering mortar. The specific 
components used were Portland BLI 52.5 N cement; white dolomite sand; and limestone (filler). 

Coloured mortar was obtained simply by completely replacing the limestone filler with GS pigment 

(samples E and F). The composition of the two samples is shown in Table 1. Water/mortar ratios of 
0.16 and 0.14 resulted in appropriate consistency and acceptable workability in the white and 

coloured mortars, respectively. 

The mineralogical characterization and identification of crystalline phases was performed using X-ray 

diffraction (XRD) on a Siemens D5000 X-ray diffractometer using Cu K  radiation. Particle size 
distribution was determined by laser diffraction, using a Mastersizer 2000LF from Malvern 
Instruments. Scanning electron microscopy (SEM) images were obtained with a Jeol JMS-6400 

microscope. 

The photochemical degradation of organic dyes exposed to artificial sunlight was used as a model to 
analyze the photocatalytic property of the GS waste, alone and mixed with the mortar. In the former 

case, 25 mg of GS were dispersed in 50 mL of 0.1 mM methylene blue (MB, blue dye) aqueous 

solution. The degradation of this organic dye was tested by analyzing the changes in concentration at 

different periods of sunlight exposure. To evaluate the photocatalytic activity of a mortar with the GS 
filler, the specimens were stained on surface with 0.1 mM rhodamine-B (RhB, red dye) ethanol 

solution. 

 

Results and Discussion 

A high proportion of SiO2 (52–62 %) and Al2O3 (10.5–13.5 %) was found in the chemical 
composition of GS samples. Other significant components included Fe2O3 (6.8–27.9 %) and CaO 

(3.4–5.9 %). Iron in the waste came from the granite itself and was primarily the result of the common 

granite cutting practice, where an aqueous slurry consisting of Ca(OH)2, stone powder and hard iron 
shot is continuously pumped and wets granite block slits. Even though the SiO2/Al2O3/CaO 

proportion was similar for all samples, there were significant differences in iron content. This lack of 

uniformity can be ascribed to typology and composition differences between granite blocks.  
XRD patterns were similar for the thirty GS samples. Identical reflections were observed and 

differences in peak intensity were very subtle. By way of example, Figure 1a shows the characteristic 

XRD pattern for GS sample. Quartz (SiO2), sodium feldspar (NaAlSi3O8) and mica were present as 

main mineral phases, potassium feldspar (KAlSi3O8), biotite and calcite (CaCO3) being the minor 
compounds. Despite the high iron content determined by XRF analysis, no peaks for Fe, FeO(OH) or 

Fe2O3 phases were detected, probably because of their very poor crystallinity. 



Considering the objectives of this work, we have selected that GS sample with the highest Fe2O3 

content, which SiO2/ Al2O3/ Fe2O3/CaO ratio was 51.98/10.50/27.89/3.44. Figure 1b shows the 

particle size distribution of the selected GS sample as determined by laser diffraction. The wastes 

contained about 80 % of particles with a diameter of 2 60 µm. The particles smaller than 2 µm 

(around 15 %) were largely composed of clay minerals (Torres, 2009). As can be seen from Figure 
1b, the GS waste exhibited a similar particle size distribution as the CaCO3 mortar filler – which was 

supplied by CEMKOSA–; thus, the curves overlapped over ca. 80 % of their areas. This supports the 

use of GS sample as a mortar filler.  
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 

Figure 1: (a) XRD pattern and (b) particle size distribution for GS sample.  

 

On the other hand, based on the GS chemical analysis, these granite wastes can be expected to have 

pozzolanic activity on the basis of their contents in argillaceous minerals (Lavat, 2009). The existence 
of pozzolanic activity was confirmed by measuring the Ca

2+
 and OH

-
 concentrations in a solution 

containing CEM-I and GS wastes, with values of 6.9 and 43.1 mmol L
-1

, respectively. The 

compressive strength values of the resulting mansory mortars are shown in Table 2. A measurable 
improvement in compressive strength was observed by replacing the CaCO3 filler with GS (samples 

A to D). The values measured at 28 days changed from 5.14 N·mm
-2

 for sample A (with CaCO3 filler) 

to 6.25 N·mm
-2

 for sample D (with GS filler). The intrinsic rheological properties and potential 
pozzolanic activity (Mármol, 2010) of GS wastes may account for this beneficial effect. Even though 

the ultimate strength is developed over a long period in materials containing pozzolanic admixtures, at 

such an early age (28 days of curing) the beneficial effect in strength resulting from the pozzolanic 

reaction is substantial, consistent with previous findings (Lavat, 2009). 
 

Table 2: Compressive strength values after 28 days of curing in mortars where CaCO3 

filler was replaced with GS. 

 Sample A Sample B Sample C Sample D 
strength values / N·mm-2  5.14 5.56 5.75 6.25 

 
 
An additional benefit of using these GS wastes results from their value as pigment additives, obtained 

by converting their iron content into coloured iron oxides. For this purpose, the selected GS sample 

was thermally treated at different temperatures for 4 or 24 h at 700 or 800 ºC. This treatment produced 
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iron oxides as revealed by XRD patterns (not shown here). In addition to the diffraction lines assigned 

to quartz and feldspar as the main phases, the hematite peaks were clearly apparent; this phase was 

responsible for the reddish colour which appeared in the GS-pigment. The crystal phases obtained by 
heating at 700 or 800 ºC were seemingly independent of the heating time. The UV–Vis–NIR spectra 

for the GS-pigment was similar to the registered for standard hematite powder (red pigment), with 

bands located at 290 (strong band), 580, 662 and 850 nm. The colour coordinates for the pigments 

obtained from sample GS correspond to a yellow–orange (a* = 4.5, b* = 11) middle intensity (L* = 

67) colour for pigments obtained at 700 and 800 ºC. No significant differences in L*a*b* coordinates 

between the pigments obtained at different time and temperature were observed. 
Mortar colour could be strengthened by wholly replacing the filler with GS-pigment. This would 

require the prior knowledge of the changes in the morphological characteristics of the wastes upon 

calcination. The particle size distribution of GS-pigments, obtained at different time and temperature, 

were rather similar to those of the selected GS sample. Based on energy saving criteria, the best 
choice is clearly using as filler the GS-pigment obtained by calcining de GS sample at 700 ºC during 

4h. The compressive strength values measured for the coloured plastering mortar thus formulated 

(Table 1, sample F; Fig. 2a) were close to those for the pristine mortar (sample E) and exceeded that 
recommended for this type of product in UNE-EN 998-1 (Fig. 2b). 
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Figure 2: (a) Photographs and (b) compressive strength after 28 days of curing in white (E) and 

coloured (F) mortars. 
 

As regards the photocatalytic activity of the GS waste, Figure 3 shows the influence of the GS waste 

on the MB and RhB stability. The presence of the GS waste induced a decrease in the dye 
concentration. 
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Figure 3: (left) Degradation of methylene blue dye in water solution. (right) Decoloration of 

rhodamine B stain in mansory mortars (a) with GS filler  Sample D  and (b) without GS filler 

 Sample A , exposed ten hours to sunlight irradiation 

 
 
The degradation of the MB and RhB is explained considering the existence of a photocatalytic 

process. Thus, the photoactive material (GS powder in our case) produces the water decomposition 

generating OH• and O2
-
• radicals. These species are highly reactive oxidation agents towards organic 

compounds and are able to mineralize them (Haneko, 2002). The presence of Fe2O3 oxide, a 

conventional photocatalyst under visible-light irradiation (Kakuta, 2009), in the GS wastes explains 

the photochemical reaction observed in the MB aqueous solution. 

The implementation of photocatalysts in building materials can lead to additional benefits such as the 
self-cleaning of pollutants attached on surface or the de-polluting action over the environmental air 

pollutants. On this sense, we have evaluated the degradation of an organic compound (RhB) on the 

surface of mortar specimens with GS as filler/photocatalyst admixture. Figure 3 shows the specimens, 
stained with RhB, after ten hours of sunlight irradiation. Even though the discoloration of the red dye 

was affected for its direct photolyisis (Ruot, 2009), the stain tones down in a faster way in the 

specimen with GS. 
 

Conclusions 

The composition of granite sludge wastes, the main components of which are SiO2, Al2O3, CaO and 
Fe2O3 based compounds, together with their small particle size warrant their use by the mortar 

industry. An interesting improvement in compressive strength was obtained by gradually replacing 

CaCO3 filler with GS, increasing the compressive strength values from 5.14 to 6.25 N·mm
-2

. 
Moreover, GS can be readily converted into reddish pigments simply by calcination at 700 ºC for 4 h. 

The colour coordinates of the resulting products correspond to a middle–intensity yellow–orange 

colour due to Fe2O3 crystallizing during the after heating treatment. This is an additional benefit of 
these residues with a view to preparing coloured mortars with acceptable compressive strength. 

Conversely, the presence of Fe2O3 oxides in the GS waste warrants its action as photocatalyst. The use 

of GS as admixture served to prepare self-cleaning mortars, in which the photocatalytic degradation of 

an organic compound (as pollutant) was enhanced. 
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ABSTRACT 

New additions to the cement are needed to achieve a more sustainable construction material. 
Within this context, bottom ashes are currently wastes which are dumped provoking an 
environmental problem. However, the present work shows how this material can be used as a 
main constituent of Portland cement when it is mixed in an optimised proportion with fly ashes. 
Therefore, this study may also be considered as a pre-standardization work to cover both the 
environmental and economic demands of society. 

The pozzolanic characteristics of pulverized coal combustion bottom ash used as a potential 
constituent of Portland cements (with additions) is studied in comparison to Portland cements with 
fly ashes. Therefore, the aim of this experimental work is the analysis of the performance of 
mortars made of clinker of Portland cement and bottom and/or fly ashes in similar proportions to 
those of CEM II/A-V, CEM II/B-V and CEM IV/A (V). 

Characterisation of bottom and fly ashes has been done by XRF, XRD, laser granulometry, 
pozzolanity, SEM; while mortar characterisation has been carried out by means of chemical 
analysis (XRF and wet analysis), XRD, porosity, laser granulometry, pozzolanity, SEM, BSEM, 
heat of hydration, DTA and several durability determinations (sulphate attack, aggregate-alcali 
reaction, freeze-thaw resistance). Strength and durable properties of the mortars have also been 
assessed. 

In conclusion, it can be established that partial or complete replacement of fly ash by bottom ash 
has no significant effect on mechanical nor durability properties. Therefore, it is recommended to 
standardise the bottom ash as a main cement constituent. 

• ORIGINALITY: Nowadays, most bottom ashes are considered as waste without any potential re‐use. 
Only a few papers deal with the study of this material and its use mixed with fly ashes to be employed 
as a main constituent of Portland cement. Therefore, the execution of an integrated study considering 
together  aspects  from  the  initial  characterization of  the  ashes  and blinder mixes  to  the hydration 
steps,  strength  achievement,  leading  behaviour  and  durability  (frost‐thaw  resistance,  carbonation, 
alkali‐silica reaction and so on) is totally new. The final result will include a formal proposal to include 
this new addition for particular applications in the appropriate cement standard. 

• CHIEF  CONTRIBUTIONS:  The  results  have  shown  that  with  regard  to  the  standard  28‐days 
compressive strength, partial or complete replacement of fly ash by bottom ash  in CEM II/A‐V, CEM 
II/B‐V  and  CEM  IV/A  has  no  more  significant  effects.  Partially,  this  can  be  explained  because  the 
bottom ash  contains a  similar amount of most of  the elements, Fe2O3, TiO2, P2O5, SrO2 and  so on, 
instead of  ZnO.  Therefore,  slight hydration differences  are  expected.  The presence of  such oxides 
might have a significant effect on pore solution concentration and so will be  leachable constituents. 
They will also play an important role in the cement properties such as setting times and durability. 

Keywords: bottom ash, fly ash, cement additions, cement durability, compressive strength.
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1. INTRODUCTION 

Recently, bottom ash (BA) has been investigated to be used alone or in combination with fly ash (FA) 
in cement as a new addition (Cheriaf et al, 1999; Bai et al, 2003). Bottom ash utilisation is an 
interesting subject of research for economical, environmental and technical reasons. By contrary, the 
properties of pulverized fly ash have been extensively reported in the literature in comparison with 
other additions. Traditionally, the coarse, fused, glassy texture of bottom ash is adequate to substitute 
natural aggregates (Ramme et al., 1998; Pera et al., 1997; Churcill and Amirkhanian, 1999).  

Since the different supplementary cement materials (SCM) possess different chemical and 
mineralogical compositions as well as different particle shapes and sizes, they will have different 
effects on the cement properties. Understanding the type and composition of hydratation products in 
cementitious systems containing bottom ashes or other additions incorporated to Portland clinker is 
important since changes developed at the microstructural level can account for variations in physical, 
mechanical and chemical characteristics of the hardened cement materials (Menéndez, 2009, 2010). 

This paper presents the chemical, physical and mechanical properties of mortars incorporating FA and 
BA. Effects of these materials on the properties of mortars were studied.  

2. EXPERIMENTAL DETAILS 

2.1. MATERIALS 

Coal bottom ash (BA) and fly ash (FA) used in this study was obtained from ENDESA Carboneras 
Power Station, located in the South of Spain (Almería, Andalucia). The Power Station has a power of 
1.158.900 KW and consumes coal from South Africa (90%) and Colombia (10%). A CEM I 42.5 N 
(according to the European standard EN 197-1:2000) was employed to prepare the cement mixtures. 
Table 1 shows the chemical composition of cement, BA, FA and cement physical properties. 

2.2. EXPERIMENTAL METHODS 

In this experimental research, mechanical strength was tested accoding to EN 196-1:2005 equivalent 
to ISO 679:2009. Setting time, water for standard consistence and soundness were tested accoding to 
EN 196-3:2005/A1:2008 equivalent to ISO 9597:2008. Finally, pozzolanity was tested accoding to 
EN 196-5:2005 equivalent to ISO 863:2008. The chemical analyses of SiO2, Al2O3, Fe2O3, CaO, 
MgO, SO3, K2O, Ti2O5, P2O5 were determined by XRF with a Bruker S8 Tigger 4kW model, and 
heavy metals, CuO, Cr2O3, MnO, ZrO, V2O3 and ZrO2 were analyzed by ICP with an equipment 
Varian 725 ES. Microstructure of the components and mixtures after 28-days and 90-days of 
hydration have been investigated by using a JEOL-5400 electron microscope equipped with an EDS 
Oxford Link model. The samples of components were observed by SEM while the hydrated mixtures 
were analyzed on polished surfaces by BSE. The observation surfaces were coated with carbon, and 
the study was carried out by using an accelerating voltage of 20 kV. The crystalline mineral phases 
were identified by X-ray Diffraction (XRD), using a Brucker D8 Advance model with a copper anode 
of 2.2 Kw. Pore size distribution was obtained by means of mercury intrusion porosimetry with a 
Micromerytics AUTOPORE IV (to 3000 psi). Also, open porosity was determined by water uptaking. 
The flow ultrasonic rate was analyzed by means of a Controls 58-E0048.  Finally, durability 
performance was evaluated by means of natural carbonation tests, freeze-thaw cycles resistance, 
sulphate attack resistance and evaluation of alkali-silica reaction. 

2.3. MATERIALS CHARACTERIZATION 

The chemical compositions of the bottom ash (BA), fly ash (FA) and cement determined by XRF are 
given in Table 1. The sum of SiO2+Al2O3+Fe2O3 of the bottom ash is 85.6 %, which is a similar value 



to the one for FA (84.4%) which means that this fly ash belongs to ASTM C 618-08a Type F fly ash 
(S+A+F≥70.0%). On the other hand, the calcium content is low (5.0%). The carbon unburned in the 
ash was determinated by the loss on ignition (LOI) equal to 1.80 (and 3.6 for fly ash) determination 
which is a good estimation of remaining carbon. For this bottom ash, the loss on ignition (LOI) is 
mainly due to carbon and a remaining LOI lower than a 1% might be attributed to combined water in 
residual clays. Both ashes comply the requirements of EN 450-1:2005+A1:2007. 

Particle size distribution of representative samples of the bottom ash (BA), fly ash (FA) and cement 
(CEM I 42.5 N) are given in Figure 1. The bottom ash was ground to a finesse similar to that of the 
cement (residue about 5-7% on 45 µm sieve). An adequate grinding improves the pozzolanic activity 
of the bottom ash, but also, the filling role of ground ash is interesting. The specific surface Blaine of 
the bottom ash (BA) and fly ash (FA) is 3463 m2/kg and 3976m2/kg, respectively. 

The mortars were prepared with distilled water and a german standarised sand (NORMASAND) 
accoding to EN 196-1:2005 equivalent to ISO 679:2009. The cement/sand ratio was 1/3 and 
water/cement ratio 0.50. After 24h hold at 95.5% R.H., and then curing was performed under water. 

 
Table 1: Chemical Composition of the bottom ash (BA), fly ash (FA) and cement (CEM I 42.5 N). 

Chemical 
composition (%) 

Cement Fly ash 
(FA) 

Bottom 
ash (BA) 

Physical properties of cement 

SiO2 20.9 50.5 52.2 Specific gravity (kg/m3) 3.10 
Al2O3 4.3 28.9 27.5 Initial setting time (min) 205 
Fe2O3 3.5 4.7 6.0 Final setting time (min) 325 
CaO 62.7 5.0 5.9 Volume expansion (mm) 0.70 
MgO  1.9 1.8 1.7 Specific surface Blaine (m2/kg)  4050 
SO3 3.4 0.21 0.13 Compressive strength   (MPa) 
K2O 0.9 0.80 0.57 1 days 13.30 
Ti2O5 0.25 1.56 1.53 3 days 19.45 
P2O5 0.10 0.76 0.74 7 days 37.95 
LOI 3.69 3.6 1.8 14 days 45.25 
Soluble residue (*) 1.04 71.3 75.7 28 days 50.98 
CI- 0.023 0.00 0.001 90 days 55.55 
(*) Na2CO3 method. 

The crystalline mineral phases in the BA and FA were identified by using X-ray Diffraction (XRD). 
Bottom ash has a mineralogy consisting mainly of alumina, glass and a varying amount of crystalline 
phases of quart, mullite and anortithe (Figure 2). However, anortithe does not appear in fly ash. 

In general, the heavy metals content is similar in FA and BA but higher than in the ordinary Portland 
cement CEM I except in the case of copper. The presence of heavy metals is slightly higher in BA 
than in FA, except in the case of ZnO where the content is almost double (Figure 3). 

The scanning electron micrograph of bottom ash shows irregularly shaped grains with others more 
rounded and sometimes spherical while in fly ash the microstructure is spherical (Figures 4a and 4b). 

2.4. CEMENT MIXTURES 

In this experimental research, five different mixtures of  bottom ash (BA) with fly ash (FA) were 
made and coded from betha to omega (β, γ, δ, λ and Ω). Cement without any addition (CEM I 42.5 N) 
was coded as α. This cement was mixed with five ash mixtures within three levels in order to achieve 
three binders equivalents to two Portland-composite cement with fly ash CEM II (Portland-fly ash 
cement) and one pozzolanic cement CEM IV according to the european standard EN 197-1: CEM 
II/A-V,  CEM II/B-V and CEM IV/A. Table 2 shows the codes of all the mixes produced and studied. 
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Figure 1: Particle size distribution of the bottom 
ash (BA), fly ash (FA) and cement (CEM I 42.5 N). 

Figure 2: X-ray diffractogram of bottom ash and fly ash. 
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Figure 3: Chemical analysis of heavy 
metals analysed by ICP. 

Figure 4: Microstructural aspect of BA (a) and FA (b) observed by 
scanning electron microscopy (SEM). 

 

Table 2: Cement mixtures of the bottom ash (BA) with fly ash (FA) and cement (CEM I 42.5 N). 

Fly ash+bottom ash mix codification CEMENT MIX % Material 
α β γ δ λ Ω 

Fly ash 0%      
Bottom ash 

0% 
      CEM I 

Cement 100% 100%      
Fly ash  10% 9% 8% 5% 0% 

Bottom ash 
10% 

 0% 1% 2% 5% 10% CEM II/A-V* 
Cement 90%  90% 90% 90% 90% 90% 
Fly ash  25% 22,5% 20% 12,5% 0% 

Bottom ash 
25% 

 0% 2,5% 5% 12,5% 25% CEM II/B-V* 
Cement 75%  75% 75% 75% 75% 75% 
Fly ash  35% 31,5% 28% 17,5% 0% 

Bottom ash 
35% 

 0% 3,5% 7% 17,5% 35% CEM IV/A (V*) 
Cement 65%  65% 65% 65% 65% 65% 

* Mix of BA and FA. 



3. RESULTS AND DISCUSSION 

3.1. PHYSICAL AND MECHANICAL CHARACTERISTICS 

As expected, setting times increase with the replacement of clinker by BA or FA. The longest initial 
and final setting time correspond to CEM IV/A (V*)-β mix which values ranges from 205 min. to 310 
min. and from 325 min. to 470 min., respectively. The bottom ash was grounded to the cement 
finesses as shown in Figure 1. This means that this ash was finer than the fly ash. Because of the 
similar chemical composition of both ashes, a higher finesses in the bottom ash could lead to a higher 
reactivity. This fact can explain the shorter initial and final setting time with BA (Ω) than with fly ash 
(β). This performance also can be attributed to the presence of a higher content of ZnO in the BA 
because this metal also influences the setting time (Bolio-Arceo and Glasser, 2000). 

Compressive and flexure strengths were studied at 1, 3, 14, 28 and 90 days. Figure 5  shows the effect 
on compressive strength of fly ash replacement by bottom ash from zero replacement (β) to complete 
replacement (Ω) compared to the cement CEM I 42,5 N without any addition (α) on compressive 
strength. The strength activity index with Portland cement was tested according to UNE 80.303-1 
replacing a 25% of the mass of amount of cement used in the control mixture by the same mass of the 
test sample (fly ash (β) or bottom ash (Ω)) in the test mixture. In the case of fly ash, the calculated 
strength activity indexes at 7 and 28 days have been 90% and 80%, respectively. While the same 
mentioned indexes for the bottom ash have been 83% and 85%, respectively. For both ashes, the 
values are higher than the physical requirement of strength activity index at 28 days established in 
UNE 80.303-1 of 75%. The strength activity indexes with Portland cement determined on standard 
mortars according to the European standard EN 450 -1:2005+A1:2007 reach 80% and 85% at 28 days 
and 109% and 98% at 90 days, for fly ash and bottom ash, respectively. These values are higher than 
the requirement of strength activity index at 28 and 90 days established in EN 450 -1:2005+A1:2007 
of 75% and 85%, respectively. The highest strength at 28 days is found in the mix CEM II/A-V- β 
whereas at 90 days is found in CEM II/A-V*-λ. The average value of compressive strength within the 
different types of cement are: 54.51 MPa for CEM II/A-V*, 44.02 MPa for CEM II/B-V* and 35.32 
MPa for CEM IV/A (V*). The partial replacement of cement by bottom ash or a mix of bottom and 
fly ash did not modify the performance of the mixes when are compared to the mortars with a partial 
replacement of cement only by FA. 

The compactness of all the mixtures was measured by means of the ultrasonic flow rate at 28 and 90 
days. The mixture with the lowest amount of ashes, CEM II/A-V* showed a significant increase of 
ultrasonic velocity which is directly related to the increase of compactness of the mortars. However, 
ultrasonic velocity results are nearly the same for all the mixes made with the highest addition content 
(35%V*) at 28 and 90 days as shown in Figure 6. The pore distribution determined by mercury pore 
intrusion (MIP) at 28 days in mixtures with a high amount of BA shows big pores which became 
smaller when the BA is partially replaced by FA (Figure 7a). With the progress of the hydration 
process all the mixes showed a similar pore size distribution quite close to that of CEM I 42.5 N with 
an average size centred about 0.1 μm (Figure 7b). 

3.2. CHEMICAL AND MICROSTRUCTURAL CHARACTERISTICS 

Tests on loss on ignition (LOI), sulphate content, chloride content, soluble residue, pozzolanicity, 
XRD and XRF have been performed. All the mixes, except the cement CEM I 42.5 N, showed a 
certain pozzolanic activity, when is determined according to EN 196-5:2005 (Figure 8). With the 
increase of BA and FA content, it is observed a higher pozzolanic activity. Also, EDS analyses were 
perform on the hydrated cement paste. The average composition of these cement pastes is represented 
in Figure 9 for the mixes with the same amount of BA and FA (CEM II/A-V*-λ, CEM II/B-V*-λ and 
CEM IV/A (V*)-λ) and the mixes with the highest replacement of cement by FA or BA (CEM IVA 
(V*)-β and CEM IV/A (V*)-Ω) in comparison to the composition of CEM I. 
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Figure 5: Compressive strength at 1, 3, 14, 28 and 90 
days. 

Figure 6: Ultrasonic flow rate at 28 and 90 days. 
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Figure 7: Cumulative mercury intrusion porosimetry (MIP) at 28 (a) and 90 days (b). 

40 50 60 70 80 90 100
0

2

4

6

8

10

12

14

C
al

ci
um

 o
xi

de
 c

on
ce

nt
ra

tio
n 

(m
m

ol
/l)

Hydroxil ions concentration (mmol/l)

 CEM I
 CEM II/A-V β
 CEM II/A-V γ
 CEM II/A-V δ
 CEM II/A-V λ
 CEM II/A-V Ω
 CEM II/B-V β
 CEM II/B-V γ
 CEM II/B-V δ
 CEM II/B-V λ
 CEM II/B-V Ω
 CEM IV/A(V) β
 CEM IV/A(V) γ
 CEM IV/A(V) δ
 CEM IV/A(V) λ
 CEM IV/A(V) Ω

 
0,00 0,25 0,50 0,75 1,00

0,00

0,25

0,50

0,75

1,00 0,00

0,25

0,50

0,75

1,00

SiO
2

 CEM I-α
 CEM II/A-V*-λ
 CEM II/B-V*-λ
 CEM IV/A-V*-β
 CEM IV/A-V*-λ
 CEM IV/A-V*-Ω

Ca
O

Al2O3

28 days

 
Figure 8: Pozzolanicity of the mixes. Figure 9: Average composition of the cement paste 

analyzed by EDS. 
 

The aluminium content of the pastes increases with the higher replacement of cement by FA or BA. 
However, the highest amount of aluminium was found in the mix with the highest replacement of both 
FA and BA (CEM IV/A (V*)-λ). On the other hand, mixes with the highest replacement by fly ash 
(CEM IVA (V*)-β) or by bottom ash CEM IV/A (V*)-Ω) showed a content of aluminium close to 
that of the mix CEM II/B-V*. This behaviour indicates a synergic effect between the BA and FA with 
regard to the releasing of aluminium. 



3.3. DURABILITY PERFORMANCE 

Durability performance was evaluated by means of natural carbonation, freeze-thaw resistance, 
sulphate attack resistance and alkali-silica reaction tests. Regarding sulphate resistance it can be 
highlighted that no expansion has been recorded in any case after six months of testing. However, the 
test will last for one year. With regard to the alkali-silica reaction testing according to ASTM C-1260 
(extended to four months) and ASTM C-227 after six months of testing no significant differences 
have been detected between the mixes. On the other hand, only the CEM II/B-V* mix started to crack 
after 28 cycles of frost-thaw resistance testing. Regarding natural carbonation testing, it has been 
found similar carbonation depths in CEM I and CEM II/A-V*, which are lower to those of CEM II/B-
V* and CEM IV/A (V*). At 60 and 90 days of testing, CEM IV/A (V*) is more carbonated than CEM 
I. As expected, these results are a consequence of the higher alkaline reserve of cements without any 
addition. However, no differences have been observed in mixtures with fly ash or bottom ash. 

4. FUTURE WORK 

The experimental work is going on by using other bottom ash with a higher loss on ignition. 
Differences in hydratation reaction are expected as well as different microstructural developments 
depending on the amount of fly ash or bottom ash present in the mixture. This knowledge will help to 
optimise the bottom ash-fly ash mix. 

5. CONCLUSION 

In conclusion, it can be established that partial or complete replacement of fly ash by bottom ash in 
Portland-fly ash and pozzolanic cements has not a significant effect on mechanical nor durability 
properties. The coal bottom ash mixed with fly ash is suitable for using in cement production. 
Therefore, it is recommended to standardise the bottom ash as a new main cement constituent.  
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Abstract 
 
This study explored the effect of temperature (25, 40 and 65 ºC) on the structure and composition of C-S-H gels 
obtained by hydrating C3S for 1, 14, 28 and 62 days at 100 % RH. The samples were studied with 29Si MAS 
NMR to determine the mean chain length (MCL) and degree of hydration (HyD) of C-S-H gels. Paste behaviour 
was also studied with DTA/TG and XRD. 
 
Further to the XRD results, all the pastes contained portlandite and anhydrous C3S (T1). No other crystalline 
compound was detected. The MCL obtained for the C-S-H gels from the 29Si NMR data ranged from 2.5 to 3.8, 
and was observed to lengthen with rising temperatures. While the degree of sample hydration (according to the 
NMR data) rose with time, it increased with temperature only up to the 28th day, for in 62-day samples it 
declined with rising temperature. The Ca/Si ratio of the gels, found by combining the TG results and the NMR 
degree of hydration data, increased with rising curing temperatures. The longer the hydration time and the 
higher the temperature, the lower was the H/Si ratio. 
 
In samples cured at 25 and 40 ºC, the Ca/Si ratio grew with the HyD to a value of 1.5 at 62 days. In the samples 
cured at 65 ºC, however, the Ca/Si ratio remained constant at 1.5 regardless of the degree of hydration. 
 

Originality: 
 
In precasting, an increasingly popular practice in construction, temperature is often used to 
accelerate reactions and raise plant productivity. The properties of cement-based materials depend, 
among others, on the composition, structure and microstructure of the C-S-H gel forming as the 
calcium silicates in the cement hydrate. 
 
While the effect of temperature on the degree of reaction in hydrated C3S pastes is well understood, 
its effect on C-S-H gel microstructure, MCL and composition expressed in terms of the Ca/Si and H/Si 
molar ratios is unclear and the findings reported in the literature are contradictory. The originality of 
this study lies, then, in the clarification of how these parameters react over a range of temperatures. 
 
Chief contributions 
 
Quantitative data are provided on the variations in C3S pastes depending on temperature and 
hydration time. The data furnished include degree of hydration, MCL and the Ca/Si and H/Si ratios in 
the C-S-H gels obtained. The NMR and TG data are combined to obtain Ca/Si and H/Si ratios for the 
pastes at different temperatures and hydration times.  
 
Key words:  
 
C3S hydration, C-S-H, thermal curing 
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INTRODUCTION 
 
C-S-H gel composition and structure vary with hydration time, w/c ratio, the additions included in the 
cement and temperature, among others. The mean Ca/Si ratio in the C-S-H gels present in commercial 
cements ranges from 2.3 to 0.7 [Richardson, 1999]. Published data on the CaO/SiO2 molar ratio of the 
C-S-H phase present in mature C3S pastes hydrated at ambient temperature range from around 1.4 to 
2.0. Moreover, C-S-H gels exhibit fine scale compositional heterogeneity. For instance, in  β-C2S or 
C3S pastes with a mean Ca/Si ratio of around 1.75, Ca/Si ratios in different areas of the paste have 
been found to range from 2.1 to 1.2 [Richardson et al., 1993; Dent et al., 1978], although these values 
tend to converge at longer hydration times.  
The effect of temperature on the Ca/Si ratio of C-S-H gels is unclear and, as Scrivener et al.’s (1992) 
review shows, the published reports are contradictory. Some of the discrepancies identified can be 
attributed to sample characteristics (preparation method) or hydration conditions. Moreover, the 
technique used to measure the Ca/Si ratio, either direct with transmission (TEM) or scanning (SEM) 
electron microscopy, or indirect with TG/NMR or TG/QXDA, also affects the results.  
Several authors have reported an increase in the Ca/Si molar ratio at higher curing temperatures. 
Odler et al. (1987) suggested that, at high temperatures, the C-S-H formed had a higher Ca/Si ratio 
and less gel-bound water. They also concluded that at higher temperatures, more foreign ions, such 
Al3+, Fe3+ or SO4

2-, were incorporated into the C-S-H gel. 
By contrast, authors such as Escalante-García et al. (1999) reported the opposite trend: declines in the 
Ca/Si ratio in the C-S-H gel forming in ordinary Portland cement pastes when the temperature was 
raised from 10 to 60 ºC. Using scanning electron microscopy and energy dispersive X-ray 
spectroscopy, these authors calculated the Ca/Si ratios to be 2.16, 2.08 and 1.96 at 10, 30 and 60 ºC, 
respectively. 
 
This study explores the effect of temperature (25, 40 and 65 ºC) on the structure and composition of 
C-S-H gels obtained by hydrating C3S for 1, 14, 28 and 62 days. The samples were studied with 29Si 
MAS NMR to determine the mean chain length (MCL) and degree of hydration in C3S. Paste 
behaviour was also studied with DTA/TG and XRD. 
 
EXPERIMENTAL 
  
The raw materials used were (MERCK) CaCO3 and amorphous (MERCK) silica powder. The C3S 
was prepared by burning a mixture of calcium carbonate and amorphous silica powder (CaO/SiO2 
molar ratio = 3) at 1 450 ºC. The mix was pre-heated to prevent the violent release of CO2 gas from 
the CaCO3. Calcination and grinding operations were repeated until no CaO peaks were detected on 
the XRD pattern. The resulting material was ground manually to a powder passing the 45-μm sieve, 
subsequently characterised and identified as triclinic C3S (T1). 
The C3S pastes were prepared by mixing the powder with de-ionised water at a water/solid ratio of 
0.425. The pastes were hand-mixed for 3 minutes. These samples were placed in sealed plastic bottles 
and stored at 25, 40 and 65 ºC and 100 % RH for 1, 14, 28 and 62 days. At the end of each hydration 
period, the samples were crushed and ground and the hydration reaction was stopped by solvent 
exchange using acetone as the solvent to remove any free water. The material was then placed in a 
vacuum desiccator for 1.5 h to remove the acetone. 
29Si MAS NMR experiments were performed at 25 ºC in an 11.7 T Varian Inova-750 spectrometer 
(operating at a silicon frequency of 148.95 MHz ). Powder samples were packed into 3.2-mm ZrO2 
rotors. All spectra were acquired with 1H decoupling at a γB2/2π field strength of 50 kHz. Spectra 
were acquired using a 3.2-µs 29Si pulse, a γB1/2π field strength of 70 kHz and a relaxation delay of 60 
s. Rotation rates were typically 14 kHz and 750-1500 scans were performed. 29Si chemical shifts were 
expressed relative to TMS, with Q8M8 used as a secondary standard. The NMR spectra were 
processed and the single pulse spectra were integrated with MestRe-C software [Cobas et al., 2003]  
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Differential thermal and thermo-gravimetric analyses (DTA/TG) were conducted on a TA Instruments 
SATQ600 thermal analyzer, heating specimens at 4 ºC/min to a maximum temperature of 1 050 ºC in 
an N2 atmosphere (100 ml/min). The gases generated during thermal decomposition were analysed 
with FTIR, for which a TGA-FTIR interface was deployed. 
 
RESULTS AND DISCUSSION 
 
The 29Si MAS NMR spectra for the synthetic C3S are shown in Figure 1, where the resonances are 
attributed to the SiO4 tetrahedra as per A. Comotti et al. (1994).  
             

 
Figure 1.29Si NMR spectra for synthetic C3S                 Figure 2: XRD of C3S pastes hydrated at 25 ºC 
 
The diffractograms for all the pastes contained reflections denoting the presence of anhydrous C3S 
and portlandite. No crystalline carbonates were observed, however (Figure 2). Figure 3 shows the 29Si 
NMR MAS spectra for hydrated C3S at different ages and temperatures. Note that the intensity of the 
Q0 resonances generated by the anhydrous phase clearly declined with time (from -69 to -75 ppm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: 29Si NMR MAS spectra for C3S hydrated at different days: (a) 25 ºC; (b) 40 ºC and (c) 65 ºC 
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Resonances attributed to the end silicates (Q1, δ = -79 ppm) and the paired (Q2
p, δ = -85 ppm) SiO4 

tetrahedra in the dreierketten silicate chain structure in the C-S-H gel were observed. No resonances 
from the bridging SiO4 tetrahedra (Q2

b, δ = -82.6 ppm) were identified, however. 
The effect of temperature can be observed in the variations in the Qn resonances (Figure 4). The signal 
attributable to the Qº units declined with reaction time, while the intensity of the peaks for Q1 and Q2 
rose. The Q1 signal was more intense than the Q2 resonance for all temperatures and curing times. At 
any given age (excepting the one-day specimens), 
the synthetic C-S-H forming at a higher 
temperature had more Q2 and fewer Q1 units than 
the gels cured at lower temperatures. In the C-S-H 
gel forming at 65ºC, the formation of Q2 units 
grew rapidly, while the number of Q1 units grew 
slowly and steadied at mature ages. These findings 
are an indication that at 65 ºC polysilicate 
formation is associated with an increase in the 
degree of condensation and a general decline in 
the number of silicate dimers. 

                              Figure 4: Qn units versus time and temperature. 
 
The variations in the degree of hydration (HyD) and the mean chain length (MCL) with time pursuant 
to Richardson’s equation (1999) are shown in Figure 5:                                                                
 
 
 
 
 
 
 
 
 
 
                   Figure 5. C-S-H MCL and HyD vs time in  pastes cured at 25, 40 and 65 ºC 
 
The degree of hydration, whether calculated as 100-Q0 or Q1+Q2 (%), increased with time 
(Figure 5). Higher curing temperatures raised the degree of reaction during the first 28 days, but were 
associated with lower HyD values in the 62-day specimens. 
  
The degrees of hydration found for pastes cured at 25 ºC were consistent with the values reported by 
Dent et al. (1978): 20 % in 3-day C3S pastes with a similar specific surface and water/cement ratio. 
Most of the results published to date, however, indicate considerably higher degrees of hydration, 
evincing low reactivity in the C3S synthesised. Goñi et al. (2010) found that 28-day C3S pastes 
prepared with a w/s ratio of 0.4 and cured at room temperature in an inert atmosphere with 100 % HR 
were 82 % hydrated. 
 
The MCL values observed in the present study ranged from 2.5 to 3.8, with the upper limit found for 
the C-S-H gel formed at higher temperatures and longer times. In the samples cured at 25 and 40 ºC, 
the MCL rose for the first 14 days, steadying at values of 2.8 and nearly 3, respectively.  In the sample 
cured at 65 ºC, the MCL rose steeply for 28 days to 3.72 and then more gradually to the end of the 62-
day trial, when it reached 3.81. These findings concurred with the values reported by Brough et al. 
(1994). These authors used in situ solid-state 29Si NMR to study a single sample of C3S hydrated at 
different temperatures and prepared with a water/solid ratio of 0.5. At 20 ºC, the mean chain length 
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was approximately 2.4 at 50 % hydration, 2.6 at 80 % hydration and nearly 3.0 at 90 % hydration; at 
75 ºC the respective values were around 2.6, 3.3 and 3.8. 
 
The TG curves for the pastes revealed a continuous loss of mass between 25 and 1050 ºC; the most 
copious loss, observed at 355-465 ºC, was associated 
with the water molecules released during portlandite 
decomposition; the slope of the TG curve steepened in 
the 25-100 ºC range as well, although less intensely, as 
from 475 to 675 ºC. FTIR analysis (Figure 6) of the 
gases released during the thermogravimetric trials 
revealed that water associated with the C-S-H-gel was 
lost in all the pastes across the entire temperature 
range, and CO2 was released between 475 and 675 ºC. 
The weight of the portlandite and carbonate, along 
with the continuous loss of mass due to the release of 
C-S-H gel-bound water across the entire range of 
temperatures, are given in Table 1.  

Figure 6: Infrared spectra for gas released during differential hermal analysis at:  85, 443, 675, and 905 ºC. 
                                         
Both the total mass loss and the portlandite content rose with reaction time at the three temperatures, 
as expected. At older ages, total mass loss declined with rising temperature (17.83, 16.28 and 
14.58 %, respectively). 

Table I. Thermogravimetric analysis findings 
Sample A 

1d 
A 

14d 
A 

28d 
A 

62d 
AA 
1d 

AA 
14d 

AA 
28d 

AA 
62d 

AAA 
1d 

AAA 
14d 

AAA 
28d 

AAA 
62d 

PCH  (%) 2.44 5.29 5.76 6.70 2.64 5.18 5.99 6.28 2.63 4.18 4.77 5.95 
Pc  (%) 0.68 1.02 1.05 1.68 0.53 1.18 1.31 2.01 1.46 1.83 3.39 2.14 
PT 6.95 13.5 16.63 17.83 7.19 15.69 16.01 16.28 7.93 12.16 15.06 14.58 
gel-bound H2O 3.83 7.19 9.82 9.45 4.02 9.33 8.71 7.99 3.84 6.15 6.90 6.49 
PCH = H2O loss due portlandite decomposition; Pc loss of CO2, PT = total loss of mass; gel-bound H2O = PT – PCH – Pc  

Equation (1) below is often used to calculate the degree of hydration, measuring the amount of 
portlandite with TG techniques and assuming a Ca/Si ratio for the gel.                                    
 
C3S + (yz+y(3-x)H2O => y Cx-S-Hz + y(3-x)Ca(OH)2 + (1-y) C3S                                              (Eq. 1) 
 
In the present study, the degree of reaction (y) was found with NMR. This information (y), together 
with the amount of portlandite measured with TG [y*(3-x)], was then substituted into equation (1) to 
determine the actual Ca/Si and H/Si ratios 
 
Figure 7 shows the Ca/Si ratios for the three temperatures versus the degree of C3S hydration obtained 
with NMR. At 25 and 40 ºC, the Ca/Si ratio rose steadily with the degree of hydration, reaching 1.5 at 
the end of the 62-day experiment. In the samples cured at 65 ºC, the Ca/Si ratio, which was 1.5, was 
almost unaffected by the degree of reaction. The values of the Ca/Si ratios in the gels obtained at 25 
and 40 ºC in specimens cured for up to 28 days were much lower than the mean value (1.7) reported 
in the literature (Goñi et al. 2010, Richardson el al. 1992, 1994, 1999, 2004), although many of the 
experiments involved were conducted on mature pastes. Further to the general model proposed by 
Richardson and Groves (1992), however, the value of the Ca/Si ratio in the C-S-H gel depends on its 
structure, i.e., tobermorite (T), tobermorite/jennite (T/J) or tobermorite/portlandite (T/CH); the 
number of silanol groups; and chain length. The Ca/Si ratio in a C-S-H gel with a given structure and 
chain length may, then, decline with rising gel protonation, reducing the Ca2+ ion content and 
balancing the charge with Si-OH groups.  
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Most of the literature on the subject reports a decline in the Ca/Si ratio with rising degree of hydration 
while that ratio was observed to rise in this study. Dent et al. (1978), however, obtained results similar 
to the values observed here when studying the composition of hydrated C3S at low HyD and they also 
found that the Ca/Si ratio rose with the degree of hydration. These authors attributed that behaviour to 
the low reactivity of the C3S used. Locher (1966) also found that the Ca/Si ratio rose with HyD in 
pastes with w/s ratios of under 0.6. Kantro et al. (1966), in turn, observed this same behaviour, 
although in β-C2S pastes. 

 
 

        
 
 
 
 
 
 
 
 

   Figure 7:  Ca/Si against HyD found with NMR                                     Figure 8: H/Si against time 
 
The water content in the gels (H/Si ratio in Figure 8) was lower at higher curing temperatures and at 
longer hydration times. In other words, the gels in the pastes with the highest degree of hydration had 
the lowest water content. The decrease in bound water content noted by Odler et al. (1987) for pastes 
hydrated at higher temperatures is consistent with the decline in interlayer water in the C-S-H gel.  
 
Further to the NMR and TG findings, temperature had a significant effect not only on the reaction rate 
but also on the composition and structure of the gels obtained at different ages and degrees of 
hydration. The gels obtained by hydrating C3S at 65 ºC almost exhibited a constant Ca/Si ratio (1.5) 
regardless of age or degree of reaction, while their main chain length grew and bound water content 
declined. By contrast, the Ca/Si ratio in the gels obtained at 25 and 40 ºC rose steadily with hydration 
time to a value of 1.5 after 62 days, while their chain length remained practically constant after the 
14th day, when the degree of paste hydration was only 45 %.   
 

 
Figure 9: Fraction of Si present as Tob or Jen in            Figure 10:  Fraction of Si present as Tob or Jen in the 
 the C-S-H of hydrated C3S pastes versus HyD               C-S-H of hydrated C3S pastes versus MCL     
 
The effect of temperature on gel structure may be found, assuming the T/J structural model (with a 
level of protonation = 1) and calculating the percentage of Si as the jennite and 1.4-nm tobermorite 
content in the gels, based on the data on their Ca/Si ratio and MCL [Richardson, 1992]. Figures 9 and 
10 plot the percentage of Si as jennite and tobermorite in the gels against the degree of hydration and 
average chain length. 
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The gels obtained at 25 and 40 ºC consisted primarily of tobermorite, although the fraction of jennite 
species rose as hydration advanced as well as the Ca/Si ratio. As temperature increase, fraction of Si  
as jennite increases at any HyD. At 65 ºC the gels exhibited similar proportions of Si as jennite and 
tobermorite at degrees of hydration of 45 % or higher. In the gels obtained at 25 and 40 ºC, the 
structural transformation taking place as the reaction advanced entailed no increase in chain length at 
degrees of hydration of 45 % or higher, whereas in the pastes cured at 65 ºC the mean chain length did 
rise.  
 
CONCLUSIONS  
The effect of curing temperature on C3S hydration at different ages (up to 62 days) was studied. The 
degree of hydration was determined and the pastes obtained were characterised with 29Si MAS NMR 
and TGA. Temperature was found not only to stimulate the rate of the initial hydration reaction, but to 
affect the structure of the C-S-H gel obtained. The C-S-H gels obtained at higher temperatures had 
longer chain lengths, higher Ca/Si ratios and lower H/Si ratios. 
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COMPARATIVE EXPERIMENTAL AND VIRTUAL INVESTIGATIONS  OF THE INFLUENCE 
OF CALCIUM AND MAGNESIUM CARBONATES ON REACTING CEM ENT 
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Abstract 
The European Cement Standard EN 197-1 defines requirements on the quality of limestone as main constituent for 
Portland limestone cement (PLC). The limestone must have a CaCO3 content higher than 75%, which is not available 
in all quarries. The potential use of dolomite, dolomitic limestone or limy dolomite could give new options and its 
application would help to reduce CO2 emissions. 
In the past two decades, there have been a number of publications dealing with the durability of dolomite cements or 
concretes with dolomitic aggregates. However, there is little published research concerning the impact of dolomite on 
the hydration kinetics and cement paste assemblage. Published studies demonstrate that limestone, which is 
mineralogically similar to dolomite, has significant impact on the hydration kinetics and phase assemblage. 
HeidelbergCement launched a project focusing on the manufacturing of dolomite cements. Thereby, extensive 
investigations were undertaken to elucidate the basic reactions and practical applicability of such a cement during the 
first 180 days of hydration.  
In this investigation, the hydration of dolomite containing cement was studied in comparison to limestone cement and 
ordinary Portland cement. Additionally the dedolomitization reaction was investigated in the modelled system. 
Chemical, mineralogical and physical characterizations of the materials were considered in comparative evaluations. 
The reactions of cements with water in paste were evaluated with help of various methods including calorimetry tests, 
quantitative XRD measurement and TG testing. The thermodynamic model (GEMS) was applied to calculate the 
hydrates assemblage evolution during the hydration of the cements. 
Investigation of a mixture of dolomite with portlandite enabled the determination of  the phase development during the 
dedolomitization reaction. The products of this reaction were identified as calcite and brucite. Blending cement and 
dolomite it  was found that the dolomite influences the hydration assemblage of the hydrated cement similarly like 
limestone. The kinetics of the reaction of cement phases in the presence of dolomite is also influenced. 
Thermodynamic modelling results agree well with the experiments. Comparisons between experimental and modelled 
data enable deeper understanding of the hydration process.  
The effect of dolomite on hydrating cement is similar to the effect of limestone. According to modelling the dolomite 
dissolution in reacting cement is not associated with significant volume changes. Based on the results of this study, 
dolomite can be successfully used as cementitious materials.  
Originality 
According to the best knowledge of the authors, this paper presents the rare example of an investigation of the impact of 
dolomite on the physics and the chemistry of the reactive cement system from early mixing time  until further period of 
hydration. The paper is associated with the following areas of interest: 

• Sustainable production; reduction in clinker content  
• Hydration and microstructure; reactions of hydration, modelling 

Responding to the need to introduce new composite cements and reduce emissions, this report describes the results of 
the investigation of the reaction of Portland cement in the presence of dissolving dolomite up to 180 days of hydration. 
This is compared with the hydration development of limestone cement and ordinary Portland cement.  
Chief contributions 
The results of the project demonstrate that the dedolomitization reaction alone is not associated with significant 
changes of the cement paste volume. The interaction of dolomite with the reacting clinker is similar to that observed for  
limestone. According to this work, dolomite with low content of cryptocrystalline quartz and clay minerals (similar to 
limestone) might be used for the manufacturing of composite cements. The project demonstrates as well, that 
thermodynamic modelling can be successfully applied in research of industrial laboratories.  
 
Keywords: Hydration, dolomite, limestone, thermodynamic modelling 
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Introduction 
Portland limestone cement is one of the most widely used type of cement in Europe. Limestone can be 
a component of Portland-limestone cement up to a maximum content of 35%. Besides this, limestone 
is widely used in all other common european cement types up to 5% as a minor additional constituent. 
The use of limestone is permitted in several other countries as in U.S., Canada and China. On the other 
hand the use of dolomite as a cement component is rare. 
The European Cement Standard EN 197-1 defines the quality requirements for limestone as a 
cementitious material. According to this norm, the calcium carbonate content should be larger than 
75%. However, in some countries the raw material deposits do not satisfy this CaCO3 quality 
requirement. Calcium is associated quite frequently with magnesium in the carbonatic rocks. 
Limestone that is partially replaced by the mineral dolomite is named dolomitic limestone (10- 50% 
dolomite) and limy dolomite (50-90% dolomite). The content of the mineral dolomite in dolomitic 
rocks is at least 90%. Consequently the utilization of limestone in those quarries is limited with regard 
to a production of cement according to legal standards and thus a full use of that raw material source is 
not possible. 
From the point of view of a hardened concrete limestone as a minor additional constituent has little 
effect on the performance. Compressive strength and durability of the mortars and concretes is little 
affected by the presence of limestone. Some increase of the strength is generally attributed to the so-
called filler effect, i.e. the hydration of the cement clinker is enhanced in the presence of limestone. 
Negative impact of limestone on the final cement properties starts to be experienced when the 
limestone content exceeds about 10%. These influences of limestone on cement performance were 
reviewed in Hawkins et al., 2003.  
The performance of dolomite in cement might be as good as that of limestone because of similar 
mineralogical, chemical and physical properties of limestone and dolomite (Scholz, 1984). However, it 
is known from concrete field experiences that dolomite aggregates, in some cases, could be associated 
with the expansion and cracking process which can deteriorate the concrete (Gillott, 1986). Dolomite 
in most natural environments is unstable and dedolomitization reaction occurs. In the alkaline cement 
pore solution dolomite react with calcium anions forming calcite and brucite (Wang et al., 1995, Galı 
et al., 2001, Garcia et al. 2003): 

CaMg(CO3)2 + Ca(OH)2 → Mg(OH)2 + 2CaCO3                              (1) 
Dedolomitization reaction is only one process that occurs during so-called alkali carbonate reactions. 
Recently the mechanism of this reaction was reviewed by Katayama (Katayama, 2010). He states that 
alkali-carbonate reaction (ACR) is a combination of deleteriously expansive alkali-silica reaction 
(ASR) of cryptocrystalline quartz and harmless dedolomitization. Dolomitic aggregates do not develop 
expansion cracks in the embedding cement paste unless ASR is involved.  
Despite that, concerns associated with the utilization of dolomite for cement production still exists. 
During the grinding of composite cement, dolomite has a significantly higher surface area than that 
one applied for use as aggregates. Therefore the dedolomitization reaction might proceed much faster 
(higher surface area for dissolution) and to higher extend. 
In this paper, the dedolomitization reaction was simulated experimentally and by means of modelling. 
These experiments enabled knowledge gain about the progress of the dedolomitization reaction. In the 
following the hydration of the three cements was investigated. An industrial OPC containing 1% of 
CaCO3 was investigated as a reference sample (sample called R), intermixed with 20% of limestone 
(sample called L) and 20% of dolomite (sample called D). Phase development of hydrating sample 
was investigated by means of calorimetry, XRD, TG, mercury instruction porosimetry (MIP) and 
thermodynamic modelling.  
Materials 
Commercial CEM I 52.5R, according to EN 197-1, was investigated without and with carbonates. 
Fineness of cement was 5600 cm2/g Blaine. Limestone and dolomite was extracted from the quarries 
belonging to HeidelbergCement. These materials was crushed and ground in the laboratory to the 
fineness of 6000 cm2/g Blaine. Subsequently limestone and dolomite was mixed with the CEM I to 
obtain a cement replacement ratio of 20%.  
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The chemical compositions of the materials were determined by X-ray fluorescence and CO2 content 
in CEM I sample according to EN 196-2. The mineralogical composition of the materials were 
calculated by X-ray diffraction / Rietveld analysis. The cement is characterized by a typical 
composition of ordinary Portland cement CEM I: Alite content was 65.1%, Belite 10.4%, aluminate 
5.2 % and ferrite 12.7 % respectively. Sulphate content expressed as anhydrite was 3.3%. Dolomite 
contained about 85% of MgCa(CO3)2 and some minor phases: calcite, quartz, albite and gypsum. 
Limestone contained about 95% of CaCO3. 
Distribution of the alkalis between sulfates and oxides in the unhydrated cement was determined 
according to the same method as shown in Lothenbach et al., 2006. The readily soluble alkalis were 
measured as the concentration of sodium and potassium in distilled water at w/c of 10 after an 
equilibration time of 5min. These readily soluble alkalis are assumed to correspond to the alkali 
sulfates present in the clinker while the remaining K, Na, Mg and S are considered to be associated as 
minor constituents in solid solution with the major clinker phases. 
Methods 
For the investigation of the dedolomitization reaction, 8g dolomite was mixed with 2g of portlandite 
and afterwards immersed in distilled water (100g). At a given time, samples were filtrated, dried and 
subsequently analyzed by XRD and TG. A series of cement pastes was prepared at a w/c of 0.5. 
Calorimetric measurements (Thermometrics TAM Air) were carried out with 4g of fresh paste and 
external mixing. For TGA analysis, the solid fractions of the samples were crushed and dried at 40°C. 
TGA/DTG (NETZSCH STA 409C/CD) was carried out in open vessels in air using about 50mg of 
powdered cement paste at 20°C/min up to 1050°C. For XRD (Bruker D8 Advance) experiments, 
cement paste (W/C = 0.5) was cast into cylindrical vials. After setting, the paste was kept saturated 
with water. At 1, 2, 3, 28, 90, and 191 days, slices (diameter 3cm) were cut from the cylinder and 
placed in the diffractometer for XRD pattern acquisition. For measurement after 8h an additional 
sample was prepared. Before the measurement the hydration has not been stopped. All Rietveld 
refinements were done using Topas 4 software from Bruker AXS. At chosen times crushed samples, 
prepared the same way as for XRD analysis, were used for the determination of the porosity by 
mercury intrusion porosimetry (MIP, Autopore IV, Micromeritics Company). 
Modelling  
Based on the results of the QXRD measurements, thermodynamic modelling was prepared. The 
modelling approaches are described in Lothenbach et al., 2006. The model was adapted for the 
hydration of the limestone cement as shown in Lothenbach et al., 2008. The applied model of 
limestone cement hydration consists of: 

• Definition of the composition of modelled system; phase and chemical composition 
• Definition of the dissolution rate of the cement clinker phases. Following approaches are 

applied to: 
o Empirical model for clinker phases adapted to measurement results (for details see 

Lothenbach et al., 2006, Parrot et al., 1984) 
o Empirical model of the limestone / dolomite dissolution that depends on the measured 

(QXRD) hemicarbonate / monocarbonate content (for details see Zajac, 2010) 
• Modelling of thermodynamic equilibrium by means of GEMS (Kulik, 2007) software (for 

details see Lothenbach et al., 2006,  and Lothenbach et al., 2008) 
Results of measurement and modelling. 
Dedolomitization reaction 
The general trend of experimental results and corresponding numerical simulation are plotted in Fig. 1. 
In the real experiment as well as in the virtual one the dedolomization reaction progresses according to 
the following mechanisms: dolomite dissolves and calcite / brucite is formed. Corresponding, 
portlandite is consumed according to the equation 1.  The measured data agree very well with the 
simulated ones. Initial increase of calcite content and associated decrease of portlandite, detected by 
QXRD, is probably related to the carbonatization of the solution. This results from the small volume 
of air entrapped together with the sample in the containers. Reaction proceeds very slowly with a 
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virtually constant rate, as shown by linear fit on the right side of Fig. 1. This fit was used for the 
numerical simulation.  
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Fig. 1 Dedolomitization reaction, left QXRD measurement, right modelling results, Cc - Calcite,  CH – 

Portlandite,  CH-TG – Portlandite by TG, MH – Bruci te, Here - D – Pure dolomite (for the clarity of the 
plot starting mass of dolomite is shown as 1g) 
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Fig. 2 Heat flow of investigated samples 

Hydration of limestone cement, as well as that of dolomite, is accelerated compared to the hydration of 
CEM I. This is due to the additional surface provided for the nucleation and growth of hydration 
products (Pera et al., 1999, Stark, 2004) and / or calcite and dolomite suppressing the induction time 
necessary to nucleate the first C-S-H (Nicoleau 2010). Dolomite accelerates less the cement hydration 
compared to limestone cement samples. Calorimetry results find reflection in the QXRD results (not 
shown). According to QXRD the hydration of alite phase in presence of dolomite is similar to that in 
reference sample. Limestone results in acceleration of alite dissolution. After 7 days of hydration the 
alite phase in the presence of both limestone and dolomite dissolves more rapidly than that in 
reference sample R. It seems that hydration of belite in the presence of limestone is accelerated 
compared to the belite in R and D samples. According to XRD the dissolution of aluminate and ferrite 
phases is not significantly affected by the presence of both carbonates. 
As the cement clinker, sulphate and carbonates slowly dissolve in time the hydrates are formed. 
Initially mainly portlandite, CSH phase and ettringite precipitate. During first day of hydration the 
measured and calculated hydrate assemblages are virtually the same for all investigated samples (Fig. 
3). Already after the 2nd day of hydration, phase assemblage differs strongly between sample R and 
sample with carbonates D and L. These differences are strongly pronounced after 7 days of hydration. 
In the reference sample the modelled main hydration products are Portlandite, CSH phase, 
hemicarbonate. Additionally, modelling demonstrates small quantities of hydrotalcite and goethite to 
be present. Some minor reflections on the X-ray pattern, attributed to the presence of monocarbonate, 
can be observed. During the further time of hydration monosulphate is formed. In parallel to the latter 
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mentioned, ettringite content decreases. AFm phases have not been fully quantified by means of 
Rietveld analysis as the peaks of these phases are not well defined. Reported measured figures thus 
have a semi-quantitative character (see following discussion). In the samples with carbonates, 
hydrated assemblage is modified compared to reference sample. As a result of the higher amounts of 
limestone and dolomite, monocarbonate is formed instead of monosulphate. 
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Fig. 3 Development of the calcium aluminate hydrate phases content in the investigated samples, points -

QXRD, open points - TG, only for portlandite, lines -  modelling, R – reference, D – sample with dolomite, 
L - sample with limestone, Aft - ettringite, Mc – monocarbonate, Hc – Hemicarbonate, M$ - 

monosulphate-C4AH 13 ss. Hc quantification by means of XRD for R only approximate 
 
Similar results were presented in Lothenbach et al., 2008 and Matschei et al., 2007. The presence of 
available carbonate in the reacting cement paste results in the stabilization of the ettringite content and 
a formation of the couple hemicarbonate – monocarbonate. It is important to point out that dolomite 
dissolution results in the stabilization of ettringite formation in a similar way as limestone. 
Additionally, virtually the same hydration products are modelled for limestone and dolomite samples. 
The calculated and measured quantities generally agree very well. The simulation results describe well 
the development of the hydrates phases. Only for the portlandite content the simulation results show 
much higher values compared to the measured ones. This discrepancy is related probably to the fact 
that the simulated Ca/Si of CSH is 1.54. Measurement demonstrates that in real samples CSH phase 
has a higher average Ca/Si (Richardson, 2000).  
AFm phase, i.e. monosulphate, hemicarbonate, monocarbonate, C3AH13 in general have low 
crystallinity and vary in their composition which leads to a peak broadening and a shift in 2-Theta 
position as well as a changing intensity of the respective reflections in the XRD pattern. Furthermore, 
the lack of structural data of hemicarbonate results in the fact that a quantification by means of 
Rietveld might be not reliable. Nevertheless, the results of XRD measurements for samples L and D 
show well distinguishable peaks of hemicarbonate and monocarbonate that allowed a semi-
quantification of the phases by an internally developed approach (Fig. 4). Only for the reference 
sample a quantification was not possible. In the reference sample, the broad peak observed at about 
8,4Å (~10,6° 2-Theta) appears and increases over the time. A similar effect was observed in B. 
Lothenbach et al., 2008. According to the thermodynamic simulation this peak should be associated 
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with precipitation of monosulphate – C4AH13 solid solution phase. In parallel, the monocarbonate peak 
is visible. 

 

 

 
Fig. 4 Comparison of XRD plots for samples hydrated for 7 days (left) and 180 days (right), H and or M - 

of monosulphate – C4AH 13  solid solution 
 
Calculated total pore volume of reacting cement pastes are given in Fig. 5. During the reaction the 
porosity increases as hydrates are formed. The porosity is lower in R compared to L and D samples. 
The porosity of L and D samples is nearly the same. The predicted porosity by means of modelling 
agrees well with the results of MIP measurement results (Fig. 5). 
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Fig. 5 Total pore volume according to the thermodynamic modelling (left) and MIP (right). 
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Fig. 6 Simulation of total volume change for the composition of cement paste hydrated up to 28 days when 

dolomite and limestone dissolves. 
 
The volume changes for samples with dolomite and limestone are very similar (Fig. 6). It is important 
to point out that the simulation does not predict formation of products associated with the 
dedolomitization reaction, i.e. brucite and calcite. According to thermodynamic simulation, in the 
cement paste brucite is not stable and the hydrotalcite is formed. Calcite is consumed and carbonate 



 7 

anions precipitate as monocarbonate and hemicarbonate. For both samples with carbonates, a 
stabilization of the volume of ettringite is observed.  
Conclusion 
Investigations of the dedolomitization reaction demonstrate that dolomite dissolves slowly in saturated 
lime solution. The products of this reaction are brucite and calcite. According to experimental results 
presented here the reaction progresses with a nearly constant rate during 180 days. These results were 
confirmed by the modelling. 
In the cement paste the dissolution of dolomite progresses in a different way. The difference, 
compared to the ideal model of dedolomitization reaction, is the presence of additional anions in the 
pore solution, i.e. aluminium and silica. As a result of such a different cement pore solution chemistry 
various products precipitate. Instead of calcite the monocarbonate / hemicarbonate are precipitating. 
Magnesium ions may precipitate as hydrotalcite. Thus, the products usually known in cement 
chemistry are formed during the dissolution of dolomite within the reacting cement sample.  
Simulated porosity agrees very well with the results of the measurements. The investigation of volume 
changes during the hydration of limestone and dolomite cements reveals that the total solid volumes 
are similar during the investigated period.  
Based on the results of this study, dolomite can be successfully used as a supplementary cementitious 
material. 
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Abstract 
Dolomite is a material which is abundantly available in many quarries within the cement industry. However, today it is 

often discarded from clinker production or as main constituent in cement, because of limitations in the MgO content. 

Actually, this material is a resource which is mineralogically quite similar to limestone and therefore, it can contribute 

to higher added value for the cement industry. 

HeidelbergCement launched a project focussing on the manufacturing of dolomite cements. In this project, extensive 

investigations were undertaken to elucidate the basic reaction and practical applicability of such cement and 

subsequently its use in concrete.  

The present examinations indicate, that the use of dolomite (CaMg(CO3)2) as component instead of limestone, is a 

viable solution for producing Portland dolomite cement (PDC), especially for quarries with dolomitic inclusions or 

overburden. 

Dolomite was analysed and compared with existing limit values for limestone, according to the EN 197-1, e.g. clay and 

total organic carbon content. A plant test production for PDC was initiated, with a clinker replacement by dolomite of 

23 M.-%. This was in alignment with the well-established CEM II/B-LL limestone market cement. Subsequently, 

extensive cement and concrete durability examinations took place and were compared to the CEM II/B-LL cement. In 

general, all cement investigations revealed no adverse influence of dolomite on setting and strength properties. The 

concrete durability tests also produced satisfying results. Carbonation for PDC concrete was uncritical (360 days have 

been tested so far), chloride migration results from the rapid chloride migration test denoted even higher resilience 

against excessive chloride ion ingress for the PDC made concrete. Freeze-thaw with and without de-icing agent was 

within the scope of the durability investigations as well. It was recognized that PDC has a slightly higher affinity of 

capillary water suction, thus increasing a potential higher frost liability. However, the introduction of air-entraining 

additives can significantly elude that problem, leading to an improved freeze-thaw resistance because of capillary 

breaking behaviour and unimpeded water-to-ice expansion. 

A possible dedolomitization, that means a possible decomposition of dolomite in high alkaline environment resulting in 

brucite and carbonate formation, which is sometimes mentioned in relation to the use of dolomitic aggregates in 

concrete, could not be observed. Further testing was not able to provoke brucite formation in several test scenarios. 

However, ongoing long-term investigations will further evaluate a possible influence of dedolomitization on concrete 

durability. 
 

Originality 
This paper presents the effect of high dolomite content in cement and its use as Portland dolomite cement (PDC) in 

concrete. It addresses topics such as cement properties and concrete durability aspects of this new cement, especially 

workability, compressive strength, carbonation, chloride migration and freeze-thaw resistance. Therefore, this paper 

can be classified in following areas of interest: 

� Sustainable production: Reduction in clinker contents 

� Properties of fresh and hardened concrete 

� Concrete durability 

The results show that dolomite can be used as alternative raw material to manufacture cements. All fresh and hardened 

PDC cement, mortar and concrete examinations did not reveal any negative influence of dolomite on cement and 

concrete properties. The performance was equal to CEM II/B-LL Portland limestone cement used as reference. 
 

Chief contributions 
The results indicate that PDC can be used as a viable alternative for conventional Portland limestone cements, without 

any negative impact on fresh and hardened cement and concrete properties. This is of high interest, in particular for 

deposits with abundant dolomite inclusions. Hence, the environmental and economical benefit is quite obvious. With 

dolomite, an alternative supplementary material for cement production can be used that further contributes to clinker 

substitution and thus emission reductions. Additionally, such dolomitic raw material do not have to be abandoned and 

disposed any more, which ultimately helps to prolong the service life of quarries. 
 

Keywords: dolomite, limestone, carbonation, chloride migration, freeze-thaw, concrete durability, dedolomization 
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Introduction 

The European Cement Standard EN 197-1 defines the quality requirements for limestone as 

cementitious material. Part of this requirement is the regulation of the calcium carbonate (CaCO3) 

content in limestone, which should not be below 75% by mass, calculated from the CaO content. 

However, in some countries the raw material deposits don’t satisfy the CaCO3 quality requirement, 

meaning that the content in limestone is below the 75% limit. Consequently, the utilization of 

limestone in those quarries is limited with regard to a standard conforming production of cement, and 

a full use of that source is not possible. In the worst case, those plants have to rely on costly purchase 

of limestone with higher quality to create blends that are capable of exceeding the 75% CaCO3 limit. 

On the contrary, those deposits with low CaCO3 content in limestone can have abundant inclusions of 

dolomite/dolomitic limestone as well. Currently, dolomite is not utilized as cementitious material in 

Europe because it is not included in the standards, thus the material has to be dumped which is 

unsatisfactory from an entrepreneurial perspective. Additionally, this practice is not sustainable any 

longer, as dolomite in fact is a precious source for the addition to cement. 

The objective of the research presented in this report is to illustrate that dolomite/dolomitic limestone 

can be used as cementitious material to substitute limestone. The aim is to verify if such cement with 

dolomite/dolomitic limestone as cementitious material will prove an equal performance as cement in 

which pure limestone is used as cementitious material. Therefore, extensive investigations on raw 

material, cement and concrete level were undertaken. 

Background 

The idea to use dolomite as cementitious material for the production of such composite cement is of 

course not new. However, the reason why this material has been neglected so far is in general related 

to two aspects, described subsequently as political and technological reasons: 

Political reason: 

The requirements for limestone as main constituent of cement originated in the 1980ies, as the French 

cement industry had made a request to consider Portland limestone cement in the European 

standardization process. Therefore, different country organisations investigated the influence of 

Portland limestone cement on fresh and hardened concrete properties and reported their results to 

CEN-TC 51. As the original investigations were only focused on limestone and marl-limestone, the 

proposal to consider dolomite as main constituent of cement was not an opportunity for standard 

implementation at that time (Boos, 2008). 

Technical reason: 

Theoretically, dolomite is suspected to be unstable in a highly alkaline environment (i.e. the pore 

solution in concrete) and may result in an expansive reaction. This chemical reaction process is called 

dedolomization and follows subsequent mode of action (Dombrowski, 2003): 

 CaMg(CO3)2   +   2 NaOH  → Mg(OH)2   +  CaCO3   +  Na2CO3 (1) 

 Dolomite          +   Alkali Hydroxide → Brucite   +  Calcite   +  Alkali Carbonate 

According to this, dolomite reacts in the presence of alkali hydroxide to brucite, calcium- and alkali 

carbonate. It is known that brucite formation occurs along with a volume increase. In the course of this 

reaction, the Ca(OH)2 consolidates with Na2CO3 to produce more alkali hydroxide and calcium 

carbonate. This mechanism describes the potential, direct rearrangement of dolomite by 

dedolomitization. Other expansion mechanisms related indirectly to the use of dolomite as an 

aggregate in concrete are often summarized under the term Alkali-Carbonate-Reaction (ACR). It is 

assumed that the dedolomitization process provides access to water which could cause swelling of 

clay minerals situated within the dolomite aggregate. Possible as well is that the dedolomitization 

enables admission to cryptocrystalline or microcrystalline quartz in the dolomite to induce Alkali-

Silica-Rection (ASR) as suggested in (Katayama, 1992). In (Katayama, 1992), it is as well stated that 



dolomite may react with hydroxyl ions of the cement paste to form reaction rims around the particle, 

however, such reactions are not responsible for “abnormal expansion of concrete”. 

Only a few articles and reports are available concerning the usage of dolomite as main constituent in 

cement (Henning et al., 1980), (Ludwig, 1986). According to all authors, the usage of dolomite as 

main constituent is possible. 

In (Milanesi et al., 1996), five year old concrete samples made with calcitic dolomite aggregate were 

examined. They observed signs of dedolomization by SEM investigations, though localized and only 

on aggregate surface level. Nevertheless, the dedolomization “had no deleterious effects on the 

concrete. No expansions or deleterious changes were observed at microstructural level”. 

Whether a possible dedolomitization reaction can impair the properties of a concrete made from 

cement with dolomite was subject of the extensive investigations conducted in the HeidelbergCement 

Technology Center in Leimen, Germany. 

Materials and scope of testing 

All investigations were based on two cements, a Portland dolomite (PDC) and a Portland limestone 

(PLC) type of cement, produced in one of HeidelbergCement’s plants in Ghana. The PLC was used as 

reference cement for the PDC performance validation. 

The investigations were categorized in four examination steps: 

� Petrographic characterization of dolomite and limestone 

� Cement investigations of PDC and PLC 

� Concrete durability (strength, carbonation, chloride migration, freeze-thaw) 

� Additional investigations on concrete (verification of potential risk from dedolomization) 

Both types of cements contained 23 M.-% of dolomite or limestone respectively as clinker 

substitution, this means the PLC could be classified as a CEM II/B-LL type of cement according to the 

EN 197-1. 

Petrographic characterization 

Table 1 presents selected properties of the investigated raw materials limestone and dolomite. The 

CaCO3 content in limestone is 70.5%, which is in alignment with the quality requirements of the 

Ghanaian market the tests were conducted for (Ghana uses the EN 197-1 but allows the utilization of 

limestone with CaCO3 > 65% as cementitious material). The purity of dolomite (CaMg(CO3)2) is 

almost 89%. 
 

Table 1: Petrographic characteristics of selected raw materials used in PLC and PDC  

 CaCO3        

(calculated from XRF) 

[%] 

CaMg(CO3)2 

(calculated from XRF) 

[%] 

Methylen

-blue 

 [g/100g] 

TOC 

 

 [%] 

Limestone 70.5 --- 0.35 0.047 

Dolomite --- 88.9 0.23 0.033 

Clay content (Methylene-blue) and Total Organic Carbon are requirements for limestone, defined by 

EN 197-1. These requirements were adopted as quality criterions for dolomite as well. It can be seen 

that Methylene-blue (requirement < 1.20 g/100g) and organic material content (requirement < 0.20% 

for LL) fulfill these quality criterions. 

Cement investigations 

During the production, the PDC fineness could not be aligned entirely with the PLC fineness as it is 

displayed in Table 2. The fineness for the Portland limestone cement is slightly higher (300 Blaine 

difference towards PDC). The higher fineness of the PLC contributes to higher water demand and 



higher initial reactivity of the cement indicated by the initial setting. The final setting is congruent for 

both cements. 
Table 2: Cement investigations according to DIN EN 196-3 and DIN EN 196-6 

 Unit PLC PDC 

Water demand % 24,8 23,0 

Initial setting min. 150 180 

Final setting min. 195 195 
EN 196-3 

Le-Chatellier mm 0,3 0,1 

Density g/cm
3
 2,99 3,01 

BET m2/g 1,81 1,51 
Physical 

parameters 
Blaine cm2/g 4430 4120 

 
 

In terms of the compressive strength test on mortar scale according to DIN EN 196-1 (see Fig. 2; left) 

it is obvious that the fineness factor is responsible for the slightly higher compressive strength of the 

PLC. However, the strength evolution for the PDC is satisfying and in line with the Ghanaian market 

requirements. With 17.2 MPa after 2d and 37.7 MPa after 28d the PDC complies with the 32.5 R type 

of cement class requirements according to EN 197-1. Flexural strength (see Fig. 2; right) of the PDC is 

even higher than that of the PLC after 28d. 
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Figure 1: Compressive (left) and flexural strength (right) of PLC and PDC 

Concrete investigations 

Scope of the tests was to examine the fresh and hardened concrete performance with concretes made 

from PLC and PDC respectively. Fresh concrete properties were tested under environmental 

conditions at 20°C and 30°C. Both concretes were produced according to the following recipe in Table 

3. 

The workability of the PDC concrete was always satisfying and even better than for the PLC concrete. 

Especially at higher temperature conditions (30°C), the concrete was still exhibited good workability. 

Table 3: Concrete recipe for fresh and hardened concrete investigations 

PLC/PDC w/c-ratio Aggregates [mm] 

350 kg/m3 0,55 

Sand 0/2 

Gravel 2/8 

Gravel 8/16 

Gravel 16/32 

The compressive strength for both concretes (cf. Fig. 2) indicates the same trend as already seen on 

mortar level. The higher fineness of PLC is contributory to the concrete compressive strength of 

course. With 35.6 MPa after 28 days, the PLC concrete is slightly higher in compressive strength than 

the PDC concrete (32.7 MPa) at 28 days. Nevertheless, the PDC concrete compressive and flexural 

performance is sufficient. 
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Figure 2: Compressive strength of concretes made from PLC and PDC 

 

For the investigation of the carbonation behavior of PLC and PDC concretes the test was conducted on 

standard mortar prisms of 40 mm x 40 mm x 160 mm (w/c-ratio = 0.50). The carbonation depth was 

determined by cracking a part of the prism, followed by spraying of the fractured surface with 

phenolphthalein solution and then measuring of the carbonation depth after 24h. The carbonation 

values obtained (until 360 days) have so far shown no indication for any carbonation reaction of PDC 

and PLC concrete. 

For the chloride migration the so-called rapid-chloride-migration (RCM) test according to the German 

Federal Waterways Engineering and Research Institute (BAW) was applied. This is a technical 

instruction that describes the examination of the chloride penetration resistance of concrete. In 

principle, it analyses the intrusion of chloride ions in concrete/mortar under influence of an applied 

electrical field. For this test, a mortar beam of 100 mm x 100 mm x 500 mm was produced. After 

demolding (24 hours) the beam was stored under water until testing. The determination of the chloride 

migration coefficient (Dcl,m) started at 28 days. Before that, three core-drillings of d=50 mm and h=50 

mm had been extracted from the beam. Subsequently, the drillings were introduced into a testing 

compartment that was filled with potassium-hydroxide and partially with sodium-chloride + 

potassium-hydroxide solution. A voltage of 30 V was applied to the testing compartment to create an 

electrical field, which forced the ions to move from Cathode to Anode through the drillings. After 4 

hours in the testing compartment, the core-drillings were removed and split in two halves. The 

fractured facing was sprayed with indicator liquid. In the area of chloride ion diffusion, the indicator 

left a bright colored horizon. This migration depth was measured and implemented in a formula that 

also considers retention time of the drillings in the compartment and initial voltage, to ultimately 

calculate the here displayed chloride migration coefficient Dcl,m. 

By comparing the PDC (29.6 · 10-12 m2/s) with the PLC (35.8 · 10-12 m2/s) it can be documented, that 

the PDC mortar has a slightly higher resistance against chloride migration. The values are elevated, 

but usual for CEM II/B-LL cements with high content of limestone as cementitious material, 

investigated in Europe. 

All freeze-thaw investigations were based on the CIF (capillary suction internal damage and freeze-

thaw) and CDF (capillary suction, deicing agent and freeze-thaw) test according to the test instructions 

of the German BAW institute. For CIF, concrete cubes of a defined recipe were produced (150 mm of 

lateral length), demoulded after 24 hours and stored until day 7 under water (20°C). After water 

storage the cubes were cut in two halves and stored for 21 days dry in 20°C/65% rel. humidity. 

Subsequently, at day 28, the concrete specimens were subjected to 7 days of water pre-saturation. 

Therefore, they were placed into small compartments inside a temperature adjustable freeze-thaw 

chamber. In the compartments, the bottom side of the concrete specimens was immersed by 5 mm in 

water. After 7 days of this water saturation, the specimens were kept in the chest freezer and subjected 

to 56 freeze-thaw cycles, ranging from +20°C to -20°C. The cycle time was set to 12 hours, meaning 

that the whole test duration inside the chest was 28 days. 

After each 4th or 6th cycle respectively, the scaling on each specimen was measured. This is concrete, 

spalled from the surface of the specimen, due to freeze-thaw impact. The mass of the spalled material 



was determined and related to the overall surface area of the concrete specimen. The result for this 

scaling value was declared in g/m
2
. 

By comparing the PDC and PLC concrete specimens (cf. Fig 3; left), it is obvious that scaling is 

unproblematic. The critical threshold, defined by the German BAW institute is 1000 g/m2. Therefore, 

the PDC passed the freeze-thaw test successfully. 
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Figure 3: (left): CIF test; (right) CDF test 

 

Apart from external freeze-thaw damage, as an alternative the CIF test evaluates internal damage of 

the concrete matrix as well. The critical parameter especially of internal freeze-thaw damage is the 

degree of saturation in the concrete matrix. In practice, a partially saturation of the concrete is usual. 

However, due to freeze-thaw cycles, water in concrete can reallocate in the capillary pore systems and 

furthermore, additionally water can be absorbed as well. This leads to a complete water saturation of 

concrete and consequently to tensions during freezing. Following, micro cracks in the matrix will 

occur, resulting in a reduction of the E-module of the concrete. Therefore, the CIF test evaluates the E-

module development during the freeze-thaw cycles of each specimen. Thereby, the ultrasonic wave 

running time that is needed to pass through a sample is recorded. The shorter the running time, the 

higher is the internal structural integrity of a sample. The acceptance criterion set out by BAW of at 

least 75% of remaining E-Module after 28 freeze-thaw cycles was not achieved for the PDC concrete. 

Temporarily, this cracking behaviour brought up concerns about a possible dedolomization for the 

PDC. However, those concerns could be dismissed in a subsequent test series when air entraining 

agent was added to the concrete mixture. 

The second freeze-thaw, the CDF test was used to verify the impact of deicing agent on scaling. In 

principle, the test was conducted the same way as the previous described CIF test, except for the fact 

that the concrete specimens were placed in the compartments in a 3% sodium chloride solution. 

Another difference was that the retention time in the chest freezer is limited to 28 freeze-thaw cycles, 

meaning that the test already ends at 14 days of +20°C and -20°C temperature subjection. 

Again, for both concretes, scaling is uncritical according to the German BAW assessment criterion of 

1500 g/m
2
 after 28 days (cf, Fig. 3, right). By adding air entraining agent, there is no drop in E-module 

observed for the PDC concrete any longer (usually internal damage is not part of the CDF test). The 

artificial air voids give space for expansion, when water transforms to ice. Thus, tensions in the system 

can be inhibited and the structural integrity of a sample can be preserved even when it is prone to 

higher capillary suction. This effect also shows that the cracking observed during the CIF test was of 

physical nature and not of a chemical reaction possibly enforced by dedolomization. Nevertheless, the 

issue of dedolomization was further investigated thoroughly. 

Additional investigations 

Extensive investigations were conducted on the PDC concrete samples that were used in the CIF and 

CDF tests. Target was to exclude any harmful reaction related to dedolomization. In a first step, the 

samples were crushed and the fine mortar matrix fractions below 90 µm and 60 µm were analysed 

with Differential Thermal Analysis (DTA) and X-ray diffraction (XRD) by Rietveld. For the DTA, the 

characteristic point for brucite, which is suspected to indicate a possible dedolomization of dolomite 



(see above), is at 405 - 425°C (Henning et al., 1980). However, in this case the DTA didn’t show the 

existence of brucite, since no endothermal effect was detectable at this characteristic temperature 

range. Additionally, the XRD of the fine mortar matrix gives no identification of any brucite 

formation. 

Another investigation step was undertaken to exclude dedolomization for PDC induced by dolomite. 

Therefore, the raw dolomite was used and crushed to aggregate size (4 - 8 mm). Afterwards, the 

dolomite aggregate was embedded in cement paste (w/c ratio of 0.40) and prisms were cast. After 28 

days of curing, the prisms were removed from the moulds and thin section slivers were produced for 

microscopy analysis. This examination was conducted to verify the soundness of paste – dolomite 

aggregate bound. 
 

 
Figure 4: Interfacial zone investigation (dolomite aggregate in PDC paste of w/c = 0.40) 

 

As an example, Fig. 4 reveals that the soundness paste – aggregate of this sliver taken from a 28 days 

cured prism is intact. There is no reaction rim around of the aggregate, indicating no dedolomization 

reaction. The soundness is documented for all of the thin section evaluations. 

Long term investigations are ongoing to ensure the soundness of PDC made concrete. The samples are 

stored outdoor and in the HeidelbergCement Technology Center concrete laboratory fog chamber. 

Conclusions 

All investigations confirmed that finely ground dolomite in fact can be used as cementitious material 

to produce cement with dolomite. The cement and concrete performance of the PDC was practically 

equal to the market PLC. In terms of concrete durability the PDC confirmed its applicability for 

various exposure classes. In fact, the existence of a dedolomization reaction has not been challenged 

by this report. However, a potential dissolution of dolomite in a non-artificial accentuated alkaline 

environment is not related with significant volume changes. In all tests no deleterious effect on mortar 

or concrete has been observed. 
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Abstract 
Photocatalysis is a phenomenon in which a substance known as a catalyst uses light to expedite the rate of a natural 

oxidation processes. Photocatalysts are semi-conductors, activated by UV-light. Using light energy, photocatalysts can 

induce the formation of strong oxidizing reagents which are able to oxidize inorganic and organic air pollutants, such 

as NOX, SOX, VOC’s. Photocatalysts promote faster decomposition of pollutants and prevent them from accumulating. 

In the laboratory two methods to assess the photocatalytic activity of inorganic materials are widely accepted. The 

photocatalytic activity of surfaces can be demonstrated and quantified in terms of the bleaching of an organic dye. A 

second measuring method, used for detection of photocatalytic activity, involves a test apparatus in which a mixture of 

air with NO or with NO and NO2 flows in a chamber over a test object and the NO and NO2 load is measured with and 

without exposure to light. 

The degree to which the use of photocatalysts is capable of reducing the oxide of nitrogen concentration in the air is 

determined at HeidelbergCement’s Technology Center using measuring apparatus according different standards. This 

permits variation of a large range of parameters, such as flow velocity, light intensity and the NO and NO2 

concentrations in the feed air, thus allowing simulation of diverse environmental conditions. 

 

Originality 
A system comprising TiO2 and cement has been studied recently within the framework of a strategy for reducing 

environmental pollution through the use of “green” construction materials containing photocatalysts.  

Suitable amounts of various TiO2 have been introduced into cement mixes to render the surface of the resulting 

structures photocatalytically active. In order to verify the photocatalytic activity experiments focusing on the oxidation 

of several kinds of non-organic and organic compounds have been carried out. Accelerated irradiation tests were then 

performed under various conditions. 

 

Chief contributions 
Photocatalytic reduction of air pollutions using titanium dioxide particles in concrete is technically feasible. The main 

target of this study was to understand in which way some factors influence the capability to lower NOX in the ambient 

air. These results open the way to a widespread development of de-polluting cementitious products. Concrete surfaces 

are expected to maintain their aesthetic characteristics unchanged over time, in particular the colour, even in the 

presence of aggressive urban environments. The results from the laboratory were already partly verified in real field 

experiments.  
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Introduction 
 
The emission of exhaust gases from vehicles, heating installations and power stations has increased in 
recent years leading to a rise in air pollution. This is a growing concern for human health as there is a 
proven link between poor air quality - particularly evident in congested, densely populated urban areas 
- and an increased risk of respiratory infections and impaired lung function [HLUG, 2008]. The main 
pollutants in the air include fine dust particulates, nitrogen oxides (NOX), sulphur oxides (SO2), carbon 
monoxide (CO), volatile organic compounds (VOC) and Ozone (O3). 
Nitrogen oxides are particularly important as they are the pre-substances for the formation of ozone 
which is harmful to health in near to ground layers, especially in summer. 
In consequence from 2010 on, a mandatory EU directive [Council of the European Union, 1999] 
prescribes a maximum yearly average of 40 µg NO2 /m

3 and a one-hour average of 200 µg NO2 /m
3. 

Due to the legislative directives, cities are obliged to elaborate air purification plans which in future 
shall help to observe the critical values. The observance of these limits will not be possible in the 
vicinity of heavily congested roads, even if all vehicles are conform to the EURO 4 standard. 
Additional provisions will therefore be necessary. 
Many compounds and so also air pollutants are decomposed by sunlight, in particular by energy-rich 
UV radiation. This natural process of the photolysis takes place extremely slowly. With the help of 
photocatalysts this effect can be accelerated extensively. 
Photocatalytically active titanium dioxide absorb the ultraviolet component of sunlight, acting as a 
catalyst to form reactive hydroxyl radicals OH• in the presence of atmospheric moisture [Fujishima et 

al., 1999]. This highly reactive OH• is able to oxidize most organic compounds and also airborne 
pollutants such as NOX. Therefore, the airborne pollutants have to be adsorbed on the TiO2 particle 
surface, at which time they react with the adsorbed hydroxyl radicals. Ideally, reaction products 
remain on the surface until they are fully oxidized. 
Scientific proof of the effective reduction of nitrogen oxide exposure has been carried under close to 
practical conditions by the PICADA (Photocatalytic Innovative Coverings Applications for 
Depollution Assessment) project supported by the EU [http://www.picada-project.com]. There a 
model street canyon was used in which reduction of nitrogen oxide on photocatalytic surfaces in a 
range between 40-70% was obtained depending on the meteorological conditions. 
A first published field test, done by Italcementi, 100% of the road surface at Via Borgo Palazzo in 
Bergamo was covered with photocatalytically active paving blocks, resulted in a reduction between 26 
to 56% of the eight-hour average NOX Level [Guerrini, 2007]. 
 
 
Quantifying of the photocatalytic activity  
 
The photocatalytic activity of surfaces can be demonstrated and quantified in terms of the bleaching of 
an organic dye. For example Rhodamine B is applied as a model substance to test objects such as 
mortar-tiles. The color intensity of the test objects is repeatedly measured based on the CIE L*a*b* 
colour system. The activity of the surface is obtained by relating the color difference ∆E* of the test 
objects after a defined period of exposure under a light source to the unexposed sample. Figure 1 gives 
an example in which the used titanium dioxide (TiO2-Sample A - D) influences the photocatalytic 
activity of the concrete surface.  
On standard cement only slow bleaching of the dye is discernible, due to a photolytic degradation of 
the Rhodamine B. By adding the photocatalytically active titanium dioxide – as described in table 1 – 
the bleaching rate is boosted due to the photocatalytic oxidation of the dye on the surface. 

 

http://www.picada-project.com


0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 4 8 12 16 20 24

radiation time [h]

b
le

a
c
h

in
g

 r
a
te

standard cement

standard cement 
+ TiO2-Sample A

standard cement 
+ TiO2-Sample B

standard cement 
+ TiO2-Sample C

standard cement 
+ TiO2-Sample D

 
Figure 1: Bleaching of Rhodamin-B on concrete surface, produced with various TiO2 (described in Table 1), 

CEM II/A-S 42,5 R as standard cement  
 

The two industrially used phases of titanium dioxide are Rutile and Anatase, generally Anatase 
crystals perform better as photocatalyst. Changing of the band gap by doping of the titanium dioxide 
with ions to explore the possibility of visible light absorption so far not result in an improved 
photocatalytic activity of the concrete surface. 

 
Table 1: selected parameters of the used titanium dioxide 

crystal size [nm] No. BET 
[m²/g] Anatas Rutil 

remark 

TiO2-Sample A 90 34 - - 

TiO2-Sample B 49 28 46 A:R ~70:30 

TiO2-Sample C 249 12 - doped TiO2 

TiO2-Sample D 11 121 - - 

 
The bleaching test only provides repeatable results on extremely smooth surfaces. 
An advanced measuring method used for detection of photocatalytical activity involves a test 
apparatus in which a mixture of air and NO, NO2 or a mixture of the two, flows in a chamber over a 
test object and the NOX concentration is measured by chemiluminescence with and without exposure 
to light. These methods are described for example in UNI 11247 and ISO 22197 Part 1. Comparability 
of the results, calculated in % is only limited. In a first step a correlation can be enhanced by 
normalization of the mass flow and surface (Fig. 2).  
However, there is future research necessary to understand the influencing factors on the test results 
e.g. the surface structure of the concrete. 
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Figure 2: Correlation of NOX abatement in accordance on concrete surface 

 
The degree to which the use of the photocatalytically active cement is capable of reducing the oxide of 
nitrogen concentration in the air is determined at HeidelbergCement’s Technology Center using a self-
designed measuring apparatus [Bolte, 2009]. This permits variation of a large range of parameters, 
such as flow velocity, light intensity and the NO and NO2 concentrations in the feed air, thus allowing 
simulation of diverse environmental conditions. Figs. 3 shows for example the extent to which the 
rates of degradation on a face mix paving block with photocatalytically active cement in the top layer 
are influenced by UV-radiation. This result indicates for example that a photocatalytic oxidation of 
NOX takes place since the UV-A radiation is not zero. Figs. 4 give an idea how a change in NOX 
concentration influences the abatement. 
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Figure 3: NOX Abatement in mg/m²h as a function of UV-A intensity on concrete paving block; 

550 ppb NOX in the feed air (400 ppb NO + 150 ppb NO2) 
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Figure 4: NOX Abatement in mg/m²h as a function of NOX concentration; 

UV-A intensity 10 W/m² 
 

Conclusions 
 
Intensive research has provided the scientific and technical basis for the use of photocatalysts in 
concrete and mortar products. Different types of titanium dioxide based photocatalysts where studied 
in combination with different cement types. The performance of theses mixtures has been 
characterized in terms of catalytic activity, which is the abatement of NOX in given time by a unit area 
of surface. 
Furthermore, this study shows some factors which influence the ability of concrete surfaces to remove 
NOX by photocatalytic oxidation.  
However the capability of using photocatalytic cementitious materials in large scale to reduce the air 
pollutions level has to be confirmed by field tests. Furthermore, the results of such field tests, together 
with these laboratory experiments, will support the numerical meteorological simulations of smog 
formation, transport, and destruction of air pollutions by photocatalytic oxidation technology.  
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Abstract 
The present study analyzed the thermodynamic stability of cement phases in the presence of witherite and 
barytocalcite. This entailed performing thermodynamic calculations in closed systems at 25ºC based on 
the approximation of equilibrium constants. PHREEQC software, developed by the U.S. Geological 
Survey, was used throughout. The solubility product data for each compound were taken from the 
literature.  
 
The compatible phases and range of stable ionic concentrations for each phase were determined for the 
following subsystems: a) CaO-BaO-CaCO3-H2O; b) CaO-BaO-CaSO4-H2O; c) CaO-BaO-CaCO3-
CaSO4-H2O; d) CaO-BaO-Al2O3-CaCO3-H2O; e) CaO-BaO-Al2O3-CaSO4-H2O and  f) CaO-BaO-Al2O3-
CaSO4-CaCO3-H2O. The conclusions drawn were as follows. 
 

1. In the presence of portlandite, witherite and barytocalcite induce barytocalcite and calcite 
precipitation, respectively, releasing significant amounts of Ba2+ into the solution (2.95 to 25.75 
mmol/kg). 

2. Neither ettringite nor gypsum is stable with that amount of barium in the solution and both 
phases decompose in the presence of barium carbonate. 

3. In the CaO-BaO-Al2O3-CaSO4-CaCO3-H2O system, ettringite is only stable in solutions 
containing [Ba2+] ≤ 0.1176 mmol/kg, while gypsum is stable for [Ba2+] ≤ 1.469e-4 mmol/kg.  

 
 
Originality 
Portland cement mortar and concrete decay, characterized by the formation of gypsum, ettringite or 
thaumasite, may be induced by sulfate attack in materials exposed to a sulfate-containing moist 
environment. C-S-H absorption of sulfate ions during the pre-casting of concrete elements cured at high 
temperatures, with concomitant DEF expansion, has been also described. This type of damage is also 
frequently found in compact, scantly porous concretes made with SR cements. 
 
These expansive processes could be averted in Portland cements if the sulfate ion involved in the 
respective reactions were eliminated. Expansive processes could also be mitigated in cements by using a 
non-gypsum setting regulator containing an additional ion, barium, able to form an insoluble salt with 
the sulfate in solution.  
 
Chief contribution 
The study establishes the thermodynamic essentials underlying the evolution of several phases of 
hydrated cement in the presence of witherite (BaCO3) or barytocalcite (BaCa(CO3)2). This is a first step 
toward the development of a sulfate-resistant cement for underground construction using low aluminate 
Portland cement clinker containing witherite or barytocalcite as a setting regulator.  
 
Keywords: thermodynamic modelling, OPC, barium carbonates, sulfate attack 
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1. Introduction 
 
The chemical processes taking place in the sulfate-mediated deterioration of concrete involve 
reactions between the sulfate ion, SO4

2-, and the concrete pore solution, in pseudo-equilibrium 
with portlandite, C-S-H gel and monosulfate (AFm phase). These reactions induce gypsum, 
ettringite or thaumasite formation, or sulfate ion absorption (by the C-S-H gel, for instance). All 
these processes are believed to be through-solution reactions. According to the Spanish standard 
presently in effect (UNE 80303-1:2001), sulfate-resistant Portland cements must contain less 
than 5% C3A to prevent ettringite formation. Nonetheless, concrete made with this type of 
cements has proven to exhibit sulfate-mediated durability problems associated with the 
formation of thaumasite and gypsum. 
The intensity of sulfate attack on concrete could be mitigated if a non-gypsum setting regulator 
was used and this regulator contained an additional ion, such as barium, able to form an 
insoluble salt with the dissolved sulfate. A previous study (Dumitru et al., 1999) on the effect of 
including witherite (BaCO3) in Portland cement showed that the precipitation of barite (BaSO4) 
inhibited ettringite formation. Barium has also been added to clinkers in the form of a series 
calcium barium sulfoaluminate minerals ((3-x)CaO·xBaO·3Al2O3·CaSO4) that improve the 
mechanical performance of ordinary Portland cement and belite cements (Lu et al., 2005; Wu et 
al., 2009). 
The present study analyzed cement thermodynamic stability in the presence of witherite and 
barytocalcite in a closed system at 25 ºC. It explored the effect of adding barium to a number of 
characteristic hydrated Portland cement subsystems: a) CaO-BaO-CaCO3-H2O; b) CaO-BaO-
CaSO4-H2O; c) CaO-BaO-CaCO3-CaSO4-H2O; d) CaO-BaO-Al2O3-CaCO3-H2O; e) CaO-BaO-
Al2O3-CaSO4-H2O; f) CaO-BaO-Al2O3-CaSO4-CaCO3-H2O 
 
 
2. Experimental 
 
PHREEQC (version 2) software (USGS) was used to determine the saturation index and phase 
speciation in closed systems at 25ºC. The solubility product data for all the compounds were 
taken from Stronach (1996) (Table 1), with the exception of barium hydroxide (taken from 
Generalic et al., 2003) and barytocalcite (from Mackenzie and Lerman, 2006). The solubility 
products for these two phases were added to the database following the procedure outlined by 
Stronach (1996). 
 

Table 1: Solid phase chemical equilibrium constants 

 
 
 

Mineral Nomenclature Dissolution reaction Log K 
Portlandite CH Ca(OH)2 + 2 H+ = Ca2+ + 2 H2O 22.815 
Calcite CC CaCO3 = CO3

2- + Ca2+ -8.41 
Gypsum GYPS CaSO4:2H2O = Ca2+ + SO42- + 2 H2O -4.60 
Gibbsite (crystalline) AH3 Al(OH)3 + 3 H+ = Al3+ + 3 H2O 7.228 

Hydrogarnet C3AH6 C3AH6 
Ca3Al2O6:6H2O + 12 H+ = 3Ca2+ + 2 Al3+ + 12 
H2O 78.66 

Ettringite ETTR Ca6Al2S3O24H12:26H2O + 12 H+ = 6 Ca2+ + 2 
Al3+ + 3 SO42- + 38 H2O 55.223 

Calcium 
monocarboaluminate MONOC Ca4Al2CO9:11H2O + 12 H+ = 4 Ca2+ + 2 Al3+ + 

CO32- + 17 H2O 69.86 

Barium hydroxide BH Ba(OH)2:8H2O = Ba2+ + 2 OH- + 8 H2O -3.593 
Barite BS BaSO4 = Ba2+ + SO42- -9.970 
Witherite BC BaCO3 = Ba2- + CO32- -8.562 
Barytocalcite BCC BaCa(CO3)2 = Ba2+ + Ca2+ + 2 CO3

2- -17.68 



3. Results 
 

3.a. CaO-BaO-CaCO3-H2O system 
 
Five phases, calcite, witherite, barytocalcite, portlandite and barium hydroxide, are stable in this 
system, which had three invariant points, i.e., where three phases were in equilibrium with the 
solution (according to isobaric and isothermal restrictions) (Figure 1-a). Table 2 (A1-A3) gives 
the composition of these solutions at the ternary invariant points. Barium hydroxide, stable over 
a narrow range of aqueous barium concentrations (80.42-81.83 mmol/kg), was incompatible 
with calcite and barytocalcite. Calcite and witherite were also incompatible. Portlandite was the 
only phase compatible with all the other species. In its presence, witherite and barytocalcite in 
solution evolved as shown in reactions (1) and (2); i.e., both carbonates were dissolved while a 
third, less barium-rich carbonate precipitated, releasing Ba2+ into the solution until invariant 
points A2 or A3 (Table 2) were reached. Consequently, at invariant points A2 and A3 the 
solutions contained very low carbonate concentrations and significant amounts of barium ions. 
 
↓Ca(OH)2  + ↓BaCO3 + H2O ↓xBaCa(CO3)2 + ↓(1-x)BaCO3 + ↓(1-x)Ca(OH)2 + solution A2 (1) 
↓Ca(OH)2 + ↓BaCa(CO3)2 + H2O ↓(1-x)BaCa(CO3)2 + ↓xCaCO3 + ↓Ca(OH)2 + solution A3(2) 
 

Table 2: Solution composition for the invariant points in systems a) CaO-BaO-CaCO3-H2O (A1-A3) and 
b) CaO-BaO-CaSO4-H2O (B1-B2) (in descending order of barium content) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.b. CaO-BaO-CaSO4-H2O system 
 
Four stable phases were identified in this system: portlandite, barium hydroxide, gypsum and 
barite. Portlandite was compatible with all the other phases in the system. Gypsum and barium 
hydroxide (Figure 1-b; Table 2, B1-B2) were incompatible. Barium hydroxide solutions 

mmol/kg 
Code Solids in 

equilibrium Ba C Ca S 
pH 

A1 BH-CH-BC 80.42 1.591e-3 2.866 - 13.062 

A2 BCC-CH-BC 25.75 2.938e-3 9.076 - 12.707 

A3 BCC-CH-CC 2.954 6.307e-3 18.57 - 12.498 

B1 BH-CH-BS 80.42 - 2.866 7.059e-5 13.062 

B2 GYPS-CH-BS 1.469e-4 - 31.71 12.3 12.43 

a b 

Figure 1: Schematic phase diagrams (invariant points (*) joined by straight lines instead of  boundary curves) for 
systems a) CaO-BaO-CaCO3-H2O and b) CaO-BaO-CaSO4-H2O 



destabilized gypsum, inducing barite precipitation (this salt precipitates at an aqueous barium 
concentration of ≥ 1.469e-4 mmol/kg). In this system, barium hydroxide was stable for sulfate 
concentrations less than or equal to 7.059e-5 mmol/kg; barium sulfate was stable in the 15.64 ≥ 
[SO42-] ≥ 7.059e-5 mmol/kg range and gypsum in the 15.64  ≥ [SO42-] ≥ 12.3 mmol/kg range. 
 
3.c. CaO-BaO-CaCO3 -CaSO4 -H2O system 
 
In this system, a composite of the two preceding subsystems (3.a., 3.b.), all seven phases that 
they had in common were stable: portlandite, barium hydroxide, calcite, witherite, barytocalcite, 
gypsum and barite. No new stable phases, nor any four-component phase, were identified. The 
stability range of the hydrates was unchanged and barite and portlandite were the only phases 
compatible with all the other species, while gypsum was found to be incompatible with all the 
barium-containing phases except barite. This system exhibited four invariant points in which 
four phases co-existed (Figure 2) in equilibrium with a solution having a constant composition 
(Table 3). 
  

Table 3: Solution composition for the invariant points in subsystem CaO-BaO-CaCO3-CaSO4-H2O (in 
descending order of barium content)  

 * in parentheses: code for an equivalent invariant point in the preceding subsystems 
 
3.d. CaO-BaO-Al2O3-CaCO3-H2O system 

 
Table 4: Solution composition for the invariant points in systems CaO-BaO-Al2O3-CaCO3-H2O (D1-D8) 

and CaO-Al2O3-CaCO3-H2O (d1-d4) 
mmol/kg 

Code* Solids in equilibrium 
Al Ba C Ca 

pH 

D1 BH-BC-C3AH6-AH3 5.573 84.02 1.481e-3 0.1141 13.053

D2(A1) BH-BC-C3AH6-CH 4.283e-2 80.44 1.591e-3 2.867 13.062

D3(A2) BCC-BC-C3AH6-CH 1.796e-2 25.76 2.938e-3 9.077 12.707

D4(d1) BCC-MONOC-C3AH6-CH 1.255e-2 10.02 3.626e-3 14.84 12.563

D5 BCC-BC-C3AH6-AH3 0.6595 7.332 3.402e-3 2.268 12.186

D6(d2) BCC-MONOC-C3AH6-AH3 0.4668 2.961 4.119e-3 3.892 12.045

D7(A3,d3) BCC-MONOC-CC-CH 7.415e-3 2.954 6.307e-3 18.58 12.498

D8(d4) BCC-MONOC-CC-AH3 0.3635 0.8073 7.182e-3 4.556 11.942

d1 MONOC-C3AH6-CH 1.002e-2 - 2.852e-3 20.35 12.472

d2 MONOC-C3AH6-AH3 0.3727 - 3.174e-3 5.557 11.954

d3 MONOC-CC-CH 6.948e-3 - 5.933e-3 20.36 12.472

d4 MONOC-CC-AH3 0.3399 - 6.709e-3 5.056 11.916
*in parentheses: code for an equivalent invariant point in the preceding systems  

mmol/kg 
Code* Solids in equilibrium

Ba C Ca S 
pH 

C1(A1,B1) BS-BC-BH-CH 80.42 1.591e-3 2.866 7.059e-5 13.062 

C2(A2) BS- BC- BCC-CH 25.75 2.938e-3 9.076 8.932e-5 12.707 

C3(A3) BS- CC- BCC-CH 2.954 6.307e-3 18.57 3.542e-4 12.498 

C4(B2) BS-CC-GYPS-CH 1.469e-4 5.822e-3 31.72 12.3 12.43 



This system contained subsystem CaO-Al2O3-CaCO3, described by Damidot et al. (1994) and 
Martínez-Ramírez et al. (2007). The former identified six stable phases (portlandite, 
(crystalline) gibbsite, C3AH6, calcite, calcium hemicarboaluminate and calcium 
monocarboaluminate) using the PHRQPITZ speciation code (a Pitzer equation version of 
PHREEQC). The latter, in turn, using the PHREEQC speciation code, excluded the presence of 
calcium hemicarboaluminate, a result that concurs with the present findings. (According to 
Damidot et al., (1994), calcium hemicarboaluminate is thermodynamically stable at 25 ºC in a 
narrow range of carbonate concentrations (1.62e-6 ≤ [CO3

2-] ≤ 5.74e-6 mol/kg)). CAH10, 
C2AH8, C4AHX and calcium tricarboaluminate were not considered here because they are not 
stable at 25ºC (Damidot and Glasser, 1993; Damidot et al., 1994). Table 4 (d1-d4) gives the 
invariant points in system CaO-Al2O3-CaCO3-H2O that defined the calcium 
monocarboaluminate equilibrium surface. The presence of barium in this system gave rise to 
three new compounds: barium hydroxide, witherite and barytocalcite. Only the third was 
compatible with monocarboaluminate, but compatibility entailed displacing the stability domain 
to lower calcium and higher aluminium and carbonate concentrations (d vs. D points, Table 4). 
Moreover, the presence of aluminium raised barium hydroxide solubility (the maximum barium 
content at the invariant point in system CaO-BaO-Al2O3-CaCO3-H2O was 84.02 mmol/kg 
(Table 4), while in the CaO-BaO-CaCO3-H2O system (Table 2), it was 80.42 mmol/kg). 
 
3.e. CaO-BaO-Al2O3-CaSO4-H2O system 
 
The CaO-Al2O3-CaSO4-H2O subsystem was described by Damidot and Glasser (1993), who 
identified five stable phases: portlandite, gibbsite, gypsum, C3AH6 and ettringite. The stability 
domain of the fifth was defined by the subsystem’s four invariant points (Table 5, e1-e4). When 
barium was added, two new stable phases appeared: barite and barium hydroxide. (For reasons 
of thermodynamic metastability (Ahmed and Glasser, 1971; Carlson and Wells, 1948), barium 
aluminates were disregarded). Barite proved to be highly insoluble and compatible with all 
system phases. Barium hydroxide was incompatible with gypsum and ettringite, and was only at 
equilibrium in solution when [SO4

2+] ≤ 7.059e-5 mmol/kg. Ettringite was stable when [Ba2+] 
was ≤ 0.1176 mmol/kg (Table 5).  
 
Table 5: Solution composition for the invariant points in systems CaO-BaO-Al2O3-CaSO4-H2O (E1-E6) 

and CaO-Al2O3-CaSO4-H2O (e1-e4)  
 

*in parentheses: code for an equivalent invariant point in the preceding systems 
 
 
 

mmol/kg 
Code* Solids in equilibrium 

Al Ba Ca S 
pH 

E1 BS-BH-C3AH6-AH3 5.547 84.01 0.1144 6.944e-5 13.053 

E2(B1) BS-BH-C3AH6-CH 4.283e-2 80.44 2.867 7.059e-5 13.062 

E3(e1) BS-ETTR-C3AH6-CH 1.005e-2 0.1176 20.28 7.716e-3 12.473 

E4(e2) BS-ETTR-C3AH6-AH3 0.3735 3.575e-2 5.541 1.125e-2 11.955 

E5(B2,e3) BS-ETTR-GYPS-CH 1.344e-7 1.469e-4 31.71 12.3 12.43 

E6(e4) BS-ETTR-GYPS-AH3 7.424e-3 9.665e-5 15.71 15.6 10.228 

e1 ETTR-C3AH6-CH 1.002e-2 - 20.36 7.637e-3 12.472 

e2 ETTR-C3AH6-AH3 0.3726 - 5.563 1.115e-2 11.954 

e3 ETTR-GYPS-CH 1.344E-07 - 31.71 12.3 12.43 

e4 ETTR-GYPS-AH3 7.424e-3 - 15.71 15.6 10.228 



3.f. CaO-BaO-Al2O3-CaSO4-CaCO3-H2O system 
 
Table 6: Solution composition for the invariant points in system CaO-BaO-Al2O3-CaSO4-CaCO3-H2O (in 

descending order of barium content) 
 

*in parentheses: code for an equivalent invariant point in the preceding systems 
 
 

mmol/kg 
Code* Solids in equilibrium 

Al Ba C Ca S 
pH 

F1(E1,D1) BS-BH-BC-C3AH6-AH3 5.547 84.01 1.481e-3 0.114
4 6.944e-5 13.053

F2(E2,D2) BS-BH-BC-C3AH6-CH 4.283e-2 80.44 1.591e-3 2.867 7.059e-5 13.062

F3(D3) BS-BCC-BC-C3AH6-CH 1.796e-2 25.76 2.938e-3 9.077 8.932e-5 12.707

F4(D4) BS-BCC-MONOC-C3AH6-CH 1.255e-2 10.02 3.626e-3 14.84 1.409e-4 12.563

F5(D5) BS-BCC-BC-C3AH6-AH3 0.6573 7.34 3.401e-3 2.271 1.107e-4 12.187

F6(D6) BS-BCC-MONOC-C3AH6-AH3 0.4652 2.965 4.118e-3 3.896 1.869e-4 12.045

F7(D7) BS-BCC-MONOC-CC-CH  7.415e-3 2.955 6.307e-3 18.58 3.542e-4 12.498

F8(D8) BS-BCC-MONOC-CC-AH3 0.3622 0.8082 7.181e-3 4.561 5.199e-4 11.943

F9(E3) BS-ETTR-MONOC-C3AH6-CH 1.005e-2 0.1176 2.859e-3 20.29 7.716e-3 12.473

F10 BS-ETTR-MONOC-CC-CH 6.962e-3 9.220e-2 5.944e-3 20.31 9.827e-3 12.473

F11(E4) BS-ETTR-MONOC-C3AH6-AH3 0.3735 3.576e-2 3.181e-3 5.544 1.125e-2 11.955

F12 BS-ETTR-MONOC-CC-AH3 0.3404 2.563e-2 6.721e-3 5.052 1.491e-2 11.917

F13(E5) BS-ETTR-GYPS-CC-CH 1.344e-7 1.469e-4 5.822e-3 31.72 12.3 12.43 

F14(E6) BS-ETTR-GYPS-CC-AH3 7.423e-3 9.666e-5 7.156e-3 15.72 15.6 10.228

Figure 2: Association of stable phases (invariant points) in system CaO-BaO-Al2O3-CaSO4-CaCO3-H2O (in 
ascending order of barium content from the inner circle, shown in mmol/kg) 



The five-component system had eleven stable phases at 25ºC: calcite, witherite, barytocalcite, 
calcium monocarboaluminate, portlandite, gibbsite, gypsum, C3AH6, ettringite, barite and 
barium hydroxide (no five-component stable phase was identified). The average composition 
and pH of the five-phase equilibrium solutions at the fourteen invariant points is shown in Table 
6. These results revealed, firstly, that barite was the only phase compatible with all the system 
phases across a broad range of barium concentrations, and secondly, as noted earlier, that 
ettringite was only stable when [Ba2+] ≤ 0.1176 mmol/kg, while gypsum was much more 
unstable in the presence of barium (stable when [Ba2+] ≤ 1.469e-4) (Figure 2). 
 
4. Conclusions  
 
This study is a first step toward the development of a sulfate-resistant cement for underground 
construction using low aluminate Portland cement clinker containing witherite (BaCO3) or 
barytocalcite (BaCa(CO3)2) as a setting regulator. It determined the impact of barium ions on the 
thermodynamic stability fields of the phases in the CaO-Al2O3-CaSO4-CaCO3-H2O closed 
system at 25ºC. The main conclusions drawn are listed below. 
 
1. In the presence of portlandite, witherite and barytocalcite induce barytocalcite and calcite 
precipitation, respectively, releasing significant amounts of Ba2+ into the solution (2.95 to 25.75 
mmol/kg). 
2. Neither ettringite nor gypsum is stable with that amount of barium in the solution, and both 
phases decompose in the presence of barium carbonate. 
3. In the CaO-BaO-Al2O3-CaSO4-CaCO3-H2O system, ettringite is only stable in solutions 
containing [Ba2+] ≤ 0.1176 mmol/kg, while gypsum is stable for [Ba2+] ≤ 1.469e-4 mmol/kg.  
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Abstract 
The study of the properties of the interfaces between the solid phases and the pore water solution in hardened 
cementitious matrixes is a key point to understand a large number of properties and phenomena whose explanation only 
can be found at the nano-scale. The zeta-potential is the key parameter in the establishment of the electrokinetic effects 
and it can be defined as the average potential in an imaginary surface, which is considered to lie close to the solid 
surface, and within which the fluid is stationary during an electrokinetic process.  When the solid remains stationary 
and the liquid moves in response to an applied electrical field this is called electro-osmosis, which is the case of the 
experiments using hardened cementitious materials through which the fluid moves.  When the liquid does not move 
while the particles within it do, the phenomenon that takes place is the electrophoresis. 
 
In the case of contaminated construction materials, the development of an electroosmotic flux, with the corresponding 
dragging due to water transport, is a crucial mechanism to succeed in the treatment of decontamination. Therefore, it is 
of great interest trying to optimize the treatment by the addition of specific electrolytes enhancing the electrokinetic 
phenomena, and therefore, the great interest of determining the zeta potential in this field.  Most of the data of zeta 
potential found in literature for construction materials are based in micro-electrophoresis measurements, which can be 
quite far of the real conditions of application of remediation treatments.  In this paper, electrophoretic and 
electroosmotic experiments, with monolithic and powdered material respectively, have been carried out for mortar 
clean and contaminated with Cs, Sr, Co, Cd, Cu and Pb.  The electrolytes tested have been distilled water, EDTA, 
oxalic acid, acetic acid and citric acid.  The zeta potential values have been determined through the two different 
techniques and the differences have been critically analyzed. 
 
Originality 
This work is an original contribution and no references have been encountered in literature undertaking this subject on 
experimental results comparing electroosmotic and electroforetic measurements in construction materials. 
 
Chief contributions 
This is an important issue as most of the zeta potential values for cementitious materials are normally determined in 
very diluted suspensions of powdered material and being aware of the differences, in order to understand the processes 
and from a practical point of view, in order to design the remediation treatmets is crucial. 
 
Keywords: zeta potential, mortar, electroosmosis, electrophoresis, heavy metals contamination, decontamination, 
enhancing electrolites 
 



Introduction 
 
In the last years, decontamination of constructions materials has become a subject of great interest, 
mainly related to radioactive elements, finding trials with different types of treatments [Morillon and 
Pilot, G., 1989.; Cornelissen, and Van Hulst, 1990; Krause, T.R., and Helt, J.E., 1993.;  Hamilton et al, 
1998] including a few studies on electrokinetic treatments to decontaminate concrete [Sugimoto et al, 
1995; DePaoli, et al, 1997; Castellote et al, 2002; Popov et al, 2006, 2007 and 2008]. The 
decontamination of construction materials by application of electrical fields profits mainly of two 
different phenomena among that occurring when an electrical field is applied to a porous material: 
electromigration and electrokinetic effects.  In addition, adsorption and desorption processes in the 
liquid/solid interphase has also to be taken into account.  
 
When two phases are placed in contact there develops, in general, a difference in potential between 
them. As a consequence, the region between two adjoining phases is marked by a separation of electric 
charges, so that near to or on the surface of one phase there is an excess of charge of one sign and the 
balancing charge is distributed through the adjoining surface regions of the other phase. When one of 
these phases is caused to move tangentially past the second phase there are observed a number of 
phenomena which are grouped under the generic name of “electrokinetic effects”.  When the solid 
remains stationary and the liquid moves in response to an applied electrical field this is called electro-
osmosis [Hunter, 1981]. This is the case of a monolithic material when submitted to an external 
electrical field.  If one phase consists of a liquid in which the second phase is suspended as particles of 
solid, then, the particles can be induced to move by applying an electric field across the system.  This 
is called electrophoresis [Hunter, 1981]. 
 
Several experiments have been carried out to determine zeta-potential in cementitious materials, 
mainly from cement or synthetic CSH suspensions, by the microelectrophoresis technique) [Popov et 
al, 2007.; Nägele, 1985. 1986, 1987, 1989; Chatterji, and Kawamura, 1992, Banfill, 1994; Yang et al, 
1997; Nachbaur et al, 1998; Viallis-Terrisse, et al, 2001, Labbez et al,  2007], but also using other 
techniques [Flatt, and Ferraris, 2002], which are very important to know the basic features of the 
electrokinetics for these materials but are quite far of the real conditions of application of the 
remediation treatments.  By the first time, the authors were able to demonstrate and quantify the 
electroosmotic flux through monolithic hardened carbonated concrete [Andrade et al, 1999] in 
realkalisation tests with carbonated concrete, following in situ the experiment by neutron diffraction 
analysis [Castellote et al, 2006], studying the influence of the external solution [Castellote et al, 2003], 
and the composition of the binder [Castellote et al, 2006-b].   
 
Additionally, it is of great interest trying to optimize the decontamination treatments by the addition of 
specific electrolytes enhancing the electrokinetic phenomena, that are of common use in soil 
remediation techniques and that are very scarce when dealing with construction materials [Popov et al, 
2007 and 2008].   
 
Covering both points, in this paper electrophoretic and electroosmotic experiments have been carried 
out on mortar clean and contaminated with Cs, Sr, Co, Cd, Cu and Pb [Castellote et al, 2010]. The 
enhancing electrolytes tested have been distilled water, Na2-EDTA, oxalic acid, acetic acid and citric 
acid.  The zeta potential values have been determined through both different techniques. 
 
 
Experimental part 
 
A mortar cast with cement type IV-B-32.5 SR/BR, that includes fly ashes in their composition was 
used, making cylindrical specimens of 75 mm diameter and 150 mm height.  For the different tests to 
be performed, different samples were prepared.  On one hand, monolithic specimens of 75 mm diameter 



and about 10 mm depth to perform the electroosmotic tests, and powdered samples (diameter <100 m) 
for the electroforetic measurements.  On the other hand, for both procedures, clean and contaminated 
material was prepared.  To contaminate the specimens, slices of 75 mm diameter and about 10 mm depth 
were saturated with a nominally 0.05 M solution of Sr, Cs, Co, Cu, Cd and Pb that was prepared in 
distilled water with the corresponding chloride of each metal. The final concentration of each metal 
was dependent on their interferences with the other species and was analyzed by ICP.  For the 
contaminated powdered samples, after contamination of the slices, they were grinded until a particle 
size less than 100 m. 
 
The micro-electrophoretic measurements were carried out with clean and contaminated powdered 
samples using a commercial zeta-meter. Charged colloids move in the field and their velocity and 
direction are related to their zeta potential, that is calculated from the electroforetic mobility of the 
colloids, through the Smoluchowski equation.  Powder suspensions in a solid/liquid ratio of 0.1gr:50 
ml were prepared using different solutions: Distilled water, Na2-EDTA, Oxalic acid, Acetic acid and 
Citric acid, at different concentrations: 0.001, 0.01, 0.05 and 0.1 M.  Electroosmotic tests have been 
carried out on monoliths of these hardened samples, by using the ECD (Electroosmotic Cell Device) 
and the procedure and calculations described in [Castellote et al, 2006-b], in order to obtain the zeta 
potential of the hardened material.   

 
Results 
 
Micro-electroforetic measurements 
 
In the figure 1 (a-b) the values of zeta potential obtained in micro-electroforetic measurements is 
presented.  In the figure a), the values for the clean material in the different solutions at different 
concentrations are given. As a horizontal line parallel to the X-axis, the value in distilled water has 
also been depicted.  In figure b), the values for the contaminated material for the same electrolytes are 
presented.   As a general rule it can be said that the zeta potential values are in general negatives (-12.6 
mV for distilled water) and that using the different solutions there is only a significant increase in the 
zeta potential values only in the cases of EDTA and Na2CO3 at specific concentrations, being the most 
significant increase using EDTA. Specifically, two different trends can be distinguished: On one hand, 
Oxalic acid, EDTA and Sodium Carbonate, exhibits more positive values of zeta potential as more 
diluted the solution, reaching a kind of maximum at 0.1 M for EDTA and Na2CO3 and around 0.05 M 
for oxalic acid.   Concerning acetic and citric acids, the tendency is the contrary; the values obtained 
are very close to that of distilled water, decreasing slightly the absolute value of the zeta potential 
towards a limit value, attributed again to the compression of the electrical double layer. Therefore, 
citric acid and acetic acid seem to be indifferent electrolytes for the system.  
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Fig. 1: Zeta potential obtained in micro-electroforetic measurements for mortar in different solutions.  The 
horizontal line parallel to the X-axis is the value in distilled water. 



In the case of contaminated mortar in general, the tendencies are similar to that of clean mortar with 
more attenuated differences with respect to water (-10.5 mV for distilled water), having more positive 
values. It is remarkable the case of Na2CO3 whose zeta potential increases its negative value being of 
the same order of the EDTA solution.   
 
Electroosmotic experiments 
 
The accumulated electroosmotic flux, with the different solutions (see figure 2-a), has been measured 
and it has resulted that using distilled water as electrolyte, when the mortar is clean, even the flux 
measured is very small, it is detectable and it tends to the anolyte, which means positive zeta potential.  
When the material is contaminated, the values of the surface charge with water become more positive.  
Using different electrolytes, and the only flux detected towards the positive chamber has using acetic 
acid. The maximum amount of liquid collected was in the case of citric acid.  No EOF was detected 
with sodium carbonate. 
 
From the measured flux, and considering in each moment the effective potential measured between the 
two sides of the specimen, the differential zeta potential values have been calculated trough the 
different experiments.   The values obtained have been presented in figure 2-b. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Evolution a) of the electroosmotic flux (EOF) and b) in the zeta potential values in the electroosmotic 
experiments with different solutions (DW-clean: distilled water-clean material; DW: distilled water; OA: Oxalic 
Acid; E: EDTA; AA: Acetic Acid; CA: Citric Acid; C- Sodium Carbonate)  

 
From figure 2, it can be deduced that the shape of the curves giving the zeta potential are quite 
different depending on the dissolution used:  the higher absolute value corresponds to distilled water 
with contaminated mortar, being that positive.  The enhancing solutions behaves differently, obtaining 
with acetic acid positive zeta potential in not higher magnitude than water and giving negative values 
of the zeta potential the rest of solutions, with the maximum absolute value for Na2-EDTA. 
 
 
Discussion 
 
In order to understand the processes involved in the changes in the surface charge of the different 
materials in different media, it is important to know the composition and structure of the materials: 

Cement paste is a random composite material, made up of anhydrous cement, capillary pores, and 
various other chemical phases that are a result of the hydration reactions between water and cement 
[Taylor, 1990]. The main reaction product phase is an amorphous or at best poorly crystalline calcium 
silicate hydrate gel, produced via a hydration reaction and denoted C-S-H.  Other important phase is 
Portlandite, Ca(OH)2, that conforms about a 20% of the solid phases of the cement paste.  The aqueous 
solution of the porous network of cementitious materials is a highly alkaline liquid rich in Na+, K+, 
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OH- and saturated in Ca2+, in equilibrium with the precipitated portlandite.  Additionally, the 
theoretical affinity of each metal (contaminants and constitutive of the materials) to bound to the 
enhancing electrolytes, that is to say, the relevant constants of the quelation equilibriums (log ) and 
that of  precipitation (pKs) for the different solutions and metals involved in these processes are also 
very important to know in order to deduce the behaviour of each specie in every system.   
 

In the electrophoretic measurements with clean mortar in distilled water, negative values of zeta 
potential has been obtained, even though in literature positive values have been reported [Viallis-
Terrisse, et al, 2001, Castellote et al, 2006-b, Popov et al, 2008].  This difference has been attributed to 
the dilution effect.  When making a suspension of the mortar powders in water, precipitated Ca(OH)2 
is dissolved and therefore, Ca ions are desorbed from the sites in the CSH, leading to negative values 
of the zeta potential, in accordance with [Viallis-Terrisse, et al, 2001].   Concerning the effect of 
different solutions as enhancing electrolytes, as said, in general two groups can be identified (On one 
hand EDTA , oxalic acid and Na2CO3 and on the other hand acetic and citric acid).  The behaviour of 
the former group, increasing the negative charge of the matrix, as the concentration of the solution 
increases, is attributed to increasing the desorption of positively charged species, Ca2+, by quelation or 
complexation of them and so, removing them to the solution as soluble species, or by formation of 
insoluble Ca-species that remove it from the solution by precipitation and induces again the desoption 
of more Ca.  In fact, Ca2+ is very easily complexed by EDTA (Ca2+ / Y4-; log 1 =11.0) and it is also 
very favourable to the formation of insoluble calcium oxalate and calcium carbonate (pKs of 8.7 and 
8.4 respectively).  The change of tendency at higher concentrations is attributed to the compression of 
the electrical double layer due to the increase in the ionic strength. 

On the contrary, for acetic and citric acids, the tendency is different; they seem to be indifferent 
electrolytes for the system obtaining values very close to that of distilled water.  In fact, citric acid can 
form complexes with Ca, but less strong than that of EDTA (Ca2+ / Hcit3- / Hcit2-/ Hcit-; log 1 
=4.8/3.3/1.1) and at the dilution of the system, the complexes, if formed, do not seem to affect the 
remaining Ca absorbed.  Acetic acid forms soluble salts with Calcium.  

In the case of contaminated mortar, the behaviour is quite similar to that of the clean material, tending 
to more positive values, due to the fact that the behaviour of most metals can be considered as 
equivalent to that of Ca in their binding with the anions of the enhancing solutions. 

 
When performing the electroosmotic experiments, noticeable differences in behaviour with respect to 
the electrophoretic measurements are observed: 
 
Data in literature obtained by zeta potential measurements with powdered CSH in dilute solutions, 
established the Ca2+ ions as potential determining ions for the CSH surface [Banfill, 1994; Yang et al, 
1997; Nachbaur et al, 1998; Viallis-Terrisse, et al, 2001]. In fact, they established that at low 
concentrations of Ca in solution, the zeta potential is negative, and at higher Ca2+ content, the zeta 
potential values become positive, with a point of zero charge of 2 mmol/l [Viallis-Terrisse, et al, 2001].  
This is in agreement with the results obtained here, as in the electroosmotic test with mortar, with 
hardened samples having their own calcium saturated pore solution, the zeta potential values in 
distilled water, are positive due to the adsoption of Ca ions on the negative sites of CSH.  As expected 
the values are higher with the contaminated sample, as most of the metals are precipitated/adsorbed at 
the alkaline pH of the aqueous phase.    
 
Concerning the different electrolytes, all the tested solutions (with the exception of sodium carbonate 
for which no flux was detected, and acetic acid that gives also positive sign due to the lack of binding 
with the metals either constituents or contaminants) reverse the sign of the , obtaining fluxes towards 
the catholyte and therefore negative surface charge of the walls of the pores in the matrix.  
 



In this system, the quelant agents seem to be most effective than the precipitating ones, as here, 
precipitation takes place in the pores of the matrix while in the electrophoretic system, precipitation 
took place in the cell, removing Ca even more efficiently than quelants. Therefore, citric acid, that was 
not so effective in electrophoresis, takes here an important role, together with Na2-EDTA, and also 
oxalic acid, that is also able to bind to calcium forming a soluble complex EDTA (Ca2+/C2O4

2-,log 1 
=3.0).  So, in the case of oxalic acid there is a competition between precipitation and quelation 
reactions, dependent on the pH.   
 
 
Conclusions 
 
This research has allowed to obtain the following conclusions: 
 

 The contamination of a cementitious construction material by heavy metals can change their 
zeta potential causing a shift of the sign towards positive values. 

 The remediation treatment of contamined construction materials can be improved by the 
addition of specific electrolytes enhancing the electrokinetic phenomena.  

 Even though the electrophoresis technique is very useful in order to establish the basic 
features of the processes, there can be important differences in the values obtained in 
suspensions by electrophoresis and those obtained by electroosmosis in monolithic samples 
which are mainly related to the porous network in the case of monoliths, the dilution and the 
timing of the experiment (instantaneous in the case of electrophoretic measurements and 
lasting days in the case of electroosmotic tests).  

 This effects could be so important that both the sign and the absolute value of the zeta 
potential can be different depending on the technique used.   

 The increases in the absolute values of the zeta potential are much more attenuated in the case 
of monolithic samples in electroosmotic experiments 

 The optimum enhancing solution found might not be the same for both techniques: 
Precipitation agents, as CO3

2-, seem to be very effective in the case of electrophoresis.  
However, if precipitation takes place in the pores, the  can be very close to zero.  In 
electroosmotic experiments, chelating agents seem to be more effective.   

 When using the electrophoresis technique, the conditions that operate in the monolithic 
samples has to be reproduced as possible in order to get reliable results, as these are the real 
matrixes, with their concentrated and specific pore solution, where the phenomena that need to 
be understood take place.    
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Abstract 
This paper presents an experimental study on the size effect of aggregates contaminated with pyrrhotite 
(Fe1-XS) in a concrete dam dosage, proposing a size effect law, simulating the granulometric curve of the 
aggregates used in a concrete dam, showing the decrease of the sulfate release with the increase of the 
aggregate size. The method also identifies the geochemical effect of the host rock in the sulfate (SO4

2-) 
release, and the influence of pyrrhotite on the concrete durability. 
This study is mainly directed to the characterization of sulfate release in the aggregates-cement interface 
zone (internal sulfate attack-ISA). The ISA occurs in two different steps: (i) the oxidation of the pyrrhotite 
forms altered compounds like sulfates and hydroxide (ii) the altered compounds react with the products of 
hardened cement paste to produce the ISA with the formation of secondary ettringite. The pyrrhotite 
oxidation kinetics depends on several variables such as reactive surface area of pyrrhotite, oxygen 
availability, solution pH and catalytic agents. 
Considering physical-chemical aspects and using a unique kinetic constitutive law for concrete dams 
showing expansion caused by the pyrrhotite oxidation (ISA), it is possible to predict the structural behavior 
of a concrete dam. The parameters defining the constitutive law are obtained either from experimental 
data, or from specific materials properties. 
 
Originality 
The originality of this study is based on a new approach of the pyrrhotite oxidation, quantifying the size 
effect of the aggregates used in a concrete dam dosage. Considering that the concretes used in a dam 
construction could present aggregates with a maximum diameter larger than 120 mm, which is very 
distinguished from conventional concretes, therefore the external surface area of the aggregates are 
altered, and consequently, the reactive surface area of the iron sulfide (pyrrhotite). 
The paper shows the different thermohigrometric conditions of a dam (upstream and downstream face), 
with a good correlation between the movements of a real structures and the final oxidation times. Finally 
the experiment presents the effect of the host rock in the pyrrhotite degradation, since the host rock can 
affect the system pH, changing the oxidation kinetics of the pyrrhotite.  
 
Chief Contributions 
Quantifying and predicting the concrete expansion caused by the internal sulfate attack (ISA) are the main 
contributions of this study; therefore in the diagnosis analysis of concrete dams with expansion, the 
experimental campaign can be reduced, reducing the financial costs and the research time. 
 
Keywords: pyrrhotite oxidation, internal sulfate attack, concrete dam,  
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1. Introduction 
 
Concrete dams are structures designed for a service life over than 50 years. Yet today, 27.3% of these dams 
(worldwide) have surpassed the half-century mark (Díez-Cascón, 2003), after a service life of several 
decades, these structures exhibit some kind of internal deterioration. The most frequent deteriorating cause, 
among other factors, is the physico-chemical reaction between aggregate and cement (Ardito et al., 2008). 
The main physico-chemical degradation process in concrete dams is caused by the Alkali-Silica Reaction 
(ASR) (DeMerchant et al., 2000; Curtis Parkway, 2002, Shayan and Grimstad, 2006), consequently, the 
Internal Sulfate Attack (ISA) caused by the iron sulfides oxidation is barely known and therefore little 
studied. 
Concrete dams are structures highly susceptible to the ISA manifestation, since the presence of oxygen and 
humidity, characteristic of hydraulic structures, is essential for the reaction (Chinchón et al., 1995), and the 
high pH values of the concrete can also accelerate the process of iron sulfides degradation (McKibben, 
1986; Ayora et al., 1998). 
The influence of sulfide oxidation on the concrete degradation can be divided into two reactions: the first 
reaction (R1) is the sulfide oxidation, releasing sulfates (eq. 1), and in the second reaction (R2), the sulfate 
released in the first reaction reacts with components of the cement paste (eq. 3) forming expansive 
substances, such as secondary ettringite (Casanova et al., 1996, Casanova et al., 1997). In eq. 1, the iron 
sulfide can range from Fe7S8 (x=0.125) to FeS (x=0). 
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The ISA is a complex process composed with different chemical reactions, so this sequence of reactions is 
actually composed by numerous of intermediate steps. The formation of secondary gypsum (eq. 2), 
fundamental for the eq. 3, is one of these intermediate steps, as the secondary gypsum is formed from the 
reaction between the sulfates released in eq. 1 and the calcium hydroxide generated from the cement paste 
hydration (Tixier and Mobasher, 2003; Tagnit-Hamou et al, 2005). 
The volumetric change due to the iron sulfide oxidation (R1) is approximately 15% of the total expansion 
induced by the ISA, and the formation of secondary ettringite (R2) is responsible for the other part of the 
volume change (Casanova et al., 1997, Aguado et al., 1998; Saouma and Xi, 2004). Schmidt et al., 2009, 
proposed a second expansion theory, where the formation of secondary ettringite appears to be only as a 
secondary effect, with little contribution to the expansion caused by the ISA, based on the fact that the high 
water/cement ratios (0.5 to 0.7) used in concrete dams, supply enough space for the precipitation of 
secondary ettringite in the cement paste. 
The objective of this research is to present the experimental program carried out to quantify the dissolution 
of the iron sulfides present in the aggregates used in concrete dams affected by the ISA. The behavior of 
these minerals dissolution generates a structural problem because of the amount of sulfate released into de 
cement paste. 
 
2. Experimental program 
 
The rock analysis was made according to the following points: (i) determination of the aggregate external 
surface, (ii) measurement of the sulfates released in the solutions, resulted from the iron sulfides oxidation, 
(iii) analysis of the iron sulfide oxidation kinetics. The analyzed rock samples were collected from the right 
abutment of Rumedo dam, a concrete gravity dam, built in 1971, with 91 meters long and 9 meters on the 
crest maximum height, located at the province of Lerida - Spain. 
 
2.1. Samples preparation 
 
Based on concrete dam’s granulometric curves, an experiment to quantify the difference between the 
amounts of sulfate release by each one of the granulometric range is proposed. Rocks contained iron 



sulfides were crushed to form four different grain size ranges: 0-5 mm, 5-20 mm, 20-40 mm and > 40 mm 
(Fig. 1), simulating a concrete dam granulometric curve. During the crushing, iron sulfide bands (planes of 
weakness) were noted. 
 

 

Groups Weight (g) 

A (0 - 5 mm) 
A1 317.9 
A2 317.9 

B (5 - 20 mm) 
B1 318.1 
B2 318.1 

C (20 - 40 mm) 
C1 317.0 
C2 318.4 

D (> 40 mm) 
D1 317.6 
D2 318.7 

 

Figure 1 - Crushed rocks aspect and granulometric range classification 
 
2.2. External surface determination 
 
To study the influence of the surface of the aggregates on the sulfate release, rocks wich contained sulfides 
were crushed, therefore, to calculate the external surface of each grain-size range, the aggregates were 
considered as being trapezoid with parallel sides, with four main dimensions that were measured with a 
caliper, more than 300 grains of different sizes were analyzed, calculating the surface area of the trapezoid 
(A), according to eq. 4. 
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where: A = trapezoid surface area; 
 B = major base; 
 b = minor base; 
 H = trapezoid height; 
 e = trapezoid thickness. 
 
Fig. 2 presents the geometric representation of the aggregates, with the real geometry (trapezoid) and the 
geometry adopted in the model (sphere). Initially, the trapezoids diagonal (D) was calculate. Then, a sphere 
with a diameter with the same value as the diagonal of the trapezoid is considered. 
 

  

Figure 2 - Aggregate geometric representation 

0 - 5 mm 5 - 20 mm 

20 - 40 mm >40 mm 



In the real geometry (trapezoid), the leading dimension to classify the grain size is the major base (B), 
however, adopting a spherical geometry, an equivalent radius (Req) formulation is proposed in the eq. 5, 
representing the aggregate as a sphere, with a diameter equivalent to the trapezoid diagonal. 
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The surface area (As) value of the grain particle (eq. 6) calculated with the Req is affected by this 
consideration, since the As calculated from a spherical particle will be bigger than the value calculated with 
a trapezoidal geometry. For this reason the surface area needs to be correct by a geometry factor (K). Thus, 
the surface area value would be given by: 
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The geometry factor is the ratio between the trapezoid area (aggregate original geometry) and the sphere 
area (model geometry) calculated with the equivalent radius. The eq. 7 shows the aggregate geometry factor 
(K) formulation. 
 

 area Sphere
area TrapezoidK    (7) 

 
The particles number (N) in a given particle size range can be determined according to eq. 8. 
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where: P = retained weight;

Req = equivalent radius;
γ = aggregate specific density.

 
The total surface area (AT) of the grains retained in a sieve can be calculated with eq.9: 
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The aggregate specific density of the analyzed rock is equal to 2700 kg/m3 and knowing the equivalent 
radius of each particle size range, it is possible to determine the total surface area of a granulometric curve. 
Table 1 shows the values of the equivalent radius and the geometry factor of the four different grain size 
ranges wich were used in the experimental program. 
 

Table 1 - Geometry factor and equivalent radius of the aggregates 
Granulometry (mm) Weight (kg) Req (mm) Geometry factor (K) AT (mm2) 

0 - 5 0.318 3.6 0.40 42.22 
5 - 20 0.318 15.2 0.46 12.77 
20 - 40 0.318 24.1 0.50 8.75 
40 - 50 0.318 37.5 0.48 5.40 

 
 
2.3 Experiment setup 
 
After crushing and sieving, each grain size group was doubled (1 and 2) in order to avoid potential 
problems with any of the samples. Before the experiment was started, 318 + 1 g of each range were 



weighed into in a 500 ml beaker containing so much water, that the solids were submerged. Then, water 
was filled into the beakers up to the 400 ml mark. The amount of rock tested by group was limited by the 
size of the beakers used. Fig. 3 shows the experimental setup, which presents the group 1 (white pump) and 
the group 2 (blue pump). 
 

 
Figure 3 - Experimental setup: (a) group 1 and (b) group 2 

 
Initially, a constant flow of air through a pump of 120 mbar pressure was applied in each beaker, 
maintaining the solution oxygenated. The pumps were kept lighted 24 hours/day during the experiment. 
From the moment the air pumps were put into operation, the pH and the potential (E-mV) of the solution 
were analyzed, these parameters were measured daily, until the stabilization of pH values. The solutions 
were analyzed after 2, 24 and 50 days (50 days corresponds to the stabilization of the pH values). 
 
 
2.4 Equipments  
 
In the experimental program carried out, three parameters were analyzed: the mineralogy of the rocks, the 
chemical composition of the solutions (anions and cations), pH and finally the total dissolved solids (TDS) 
of the solutions, the TDS is a measure of the combined content of all inorganic and organic substances 
contained in a liquid. Each of these parameters was determined using specific equipments. 
The mineralogy of the rocks was analyzed by a X-ray diffraction (DFR-X) Seifert JSO-DEBYEFLEX 
model 2002, equipped with a anticathode copper and nickel filter. In the determination of the anions content 
in the solutions, an ion chromatograph with chemical suppression order (Dionex DX 500) was used. For the 
quantification of total cationic species an optical emission spectrometer with inductively coupled plasma 
(ICP-OES) Perkin Elmer 4300 was used, and the pH was measured with a pH meter Cristol. 
 
 
3. Results and Discussions 
 
The sulfate concentrations results are presented in Fig. 4, which shows a great difference between the 
quantity of sulfates released by the fine aggregate (0-5 mm) compared to the others grain size ranges. 
 

 
Figure 4 - SO4

2- and TDS concentration after two days of experiment 
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The behavior of the other groups (B, C and D) is very similar, which can also be seen in the TDS results. 
By the end of the experiment (50 days), the aggregates with of the smaller grain size group (A) released 
812.9 ppm of sulfates in the analyzed solution (Fig. 5). 
 

 
Figure 5 - Sulfate concentration (ppm) in the solutions 

 
This value corresponds to approximately 100% more than the amount of sulfate released in the other 
groups. The difference in the amount of released sulfate of each grain size range is directly related to the 
different external surfaces. Using the model presented in the section 2.2 to calculate the aggregates external 
surface, it can be noted that the major difference between the external surfaces corresponds to the group A, 
which presents an external surface area approximately 3.3 times higher than the other groups. 
Fig. 6 shows the sulfate released between (i) 2 and 24 and (ii) 24 and 50 days in percent of the sulfate 
concentration after 2 and 24 days of experiment. The amount of sulfate released in group A (0-5 mm) was 
very high already after 2 days of experiment, and increased only to a relatively small extend later (Fig. 6), 
however in the other groups, which have lower external surfaces, the concentration of sulfate for 24 days 
has increased more than 70%, showing that the oxidation of sulfides is strictly connected to the external 
surfaces values. 
 

 
Figure 6 - Increase in the sulfate concentration between (i) 2 and 24 and (ii) 24 and 50 days of experiment  

(in % of the concentration after 2 and 24 days) 
 
Between 24 and 50 days the sulfate concentration showed a very small increase only. The sulfate 
concentration of group D was significantly higher (16.73%) after 50 days than after 24 days. This shows 
that the oxidation process is much slower at small external surfaces (group D; 1.42 cm2/g) than at greater 
ones (group A, B and C). Concerning the cations, it turned out that the dissolved solids consisted almost 
only of sulfates released by iron sulfide oxidation (Table 2). 
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Table 2 - Quantification of cations release after 50 days 
Cation A (0 - 5 mm) B (5 -20 mm) C (20 - 40 mm) D(> 40 mm) 

F 0.9 0.6 0.3 0.5 
Cl 32.8 40.8 36.1 28.8 

NO3 3.3 13.3 17.1 13.1 
Br 0.0 0.0 0.1 0.1 

SO4 812.9 306.8 408.0 369.7 
 
4. Conclusions 
 
The aggregate size effect and the host rock effect are of fundamental importance for the quantification of 
the internal sulfate attack (ISA). The smaller diameter grains present greater specific surface and thus 
expose a greater amount of iron sulfide to the oxidizing agents, in this case the oxygen. It is reasonable to 
assume that the behavior of the fine aggregate has little influence in the expansion movements of concrete 
dams affected by ISA, since it is assumed that these aggregates released nearly all the total available 
sulfates on the early ages and as concrete dams have high activation time, the expansion movements are 
probably caused by the oxidation of the iron sulfides present in the coarse aggregate. 
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Abstract 
In the current study, the effect of different types of cements (CEM I, II, III, IV and V), classified according to the 
European Standard EN 197-1, as well as the effect of different types of Type II additives on CEM I type of cement, were 
evaluated as far as their performance in carbonation and chloride exposure is concerned, for a service life of 50 years. 
Different types of supplementary cementitious materials (SCM) and water-cement ratios were examined. The evaluation 
was made using an analytical tool for the estimation of concrete service life when designing for durability under harsh 
environments, developed based on a unique analytical approach of all the parameters identifying the aggressivity of 
those environments, and validated using experimental data. The results showed that a range of CEM II type of cements 
behaved in an extraordinary fashion compared to the control mix (CEM I, water cement ratio of 0.45). A benchmarking 
scale was created to provide a measurable value of the effectiveness of each type of cement. It was found out that 
cements incorporating artificial pozzolan (CEM II/A-Q, at 15%) produced the best performance when designing for 
chloride diffusion, based on the adequate concrete cover value to resist that kind of attack for 50 years, followed by 
cement incorporating silica fume (CEM II/A-D) and blast furnace slag (CEM II/B-S). With further incorporation of slag 
(at 43 %, CEM III category of cement), the best overall performance in chloride diffusion was achieved. A type of 
cement with low clinker content (45 %), which if adopted by the cement manufacturing companies, except of its 
outstanding performance in chloride exposure, minimizes further the manufacturing energy emissions. In Europe 
production of Portland-composite cements (CEM II) and Blast-furnace cements (CEM III) constitutes 55.5 % and 6.2 % 
of the total cement production. Bearing in mind that the cement production in several countries, as in Greece, is limited 
to a few types (CEM I, CEM II/M, CEM IV) due to a number of reasons (e.g. economical, availability of raw materials, 
energy emissions) and considering that clinker burning is the most important part of the process in terms of energy use 
and emissions to air, it is believed that the outcome of this study will provide the basis for future consideration of 
further types of cement to enter the production line, based on their behavior in chloride diffusion, as well as on their 
lower content of cement clinker (as in the case of CEM III cement). 
 
Originality 
The results of this study, investigating the influence of the different types of cements and supplementary cementitious 
materials (SCM) on the durability of concrete, with emphasis on the chloride diffusion, portray a comprehensive but 
also comparative assessment of the performance of each individual type of SCM and cement, as categorised according 
to EN 197-1, on concrete durability. Furthermore, it clearly identify the need for further consideration on the decision-
making process on the cement manufacturing, aiming to promote the advantages of other cement types (than the ones 
being already developed). Bearing all of the above in mind, this work is under the aims and scope of the ‘Concrete 
durability’ thematic area of the conference, in addition to under the subsection ‘Supplementary cementitious materials’ 
of the “Properties of fresh and hardened concrete” thematic area of the conference as well.  
 
Chief contributions 
As it was mentioned above, the results of this study portray a comprehensive but also comparative assessment of the 
performance of each individual type of SCM and cement, as categorised according to EN 197-1, on concrete durability. 
Furthermore, it clearly identifies the need for further consideration on the decision-making process on the cement 
manufacturing in several countries, aiming to promote the advantages of other cement types, than the ones being 
already developed. 
 
Keywords: Carbonation, Chloride Exposure, Durability, Cement Type, Supplementary Cementing Materials 
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1. INTRODUCTION 
 
Today, despite the high level of research and the significant advances achieved in concrete technology 
leading to a plethora of available construction materials, issues of unsatisfactory durability of 
structures appear on a frequent basis. A thorough durability design process based on, the identification 
of the influence of the harmful environmental agents on a reinforced concrete structure, but more 
important based on the correct selection of the raw building materials (cement, steel type) and of 
course on a systematic construction process (according to the corresponding national or European 
standards), is the only way forward to safeguard a prolonged service-life of any type of structure. 
However, any set of construction materials entails certain aspects of environmental cost, from its 
production stage to its end-use. In general, the footprint of each structural element on the environment 
is estimated based on the emissions of gases produced during their manufacturing stage. In producing 
concrete the main emissions to air are associated with the cement-making process, where during the 
stage of clinker formation, CO2 and other greenhouse gases are emitted to the atmosphere. It is 
estimated (Papadakis, 2000) that burning of 1 tonne of clinker releases 0.97 tonnes of CO2. 
Considering that on average 900 kg of clinker are used to produce 1 tonne of cement, the CO2 
emissions per tonne of cement are calculated to be 0.873 tonnes. It has been suggested (Papadakis, 
2000) that a way of sustainable development of cement and concrete can be achieved by utilization of 
supplementary cementitious by-products, like fly ash, silica fume or ground granulated blast furnace 
ash. In Europe, for example, production of Portland-composite cements (CEM II) and Blast furnace 
cements (CEM III) constitutes 55.5 % and 6.2 % of the total cement production (Papadakis, 2000).  
On this note, the effect of different types of cements, classified according to the European Standard 
EN 197-1 (2000), and the effect of Type II additives on CEM I type of cement, are evaluated in terms 
of their performance in carbonation and chloride exposure, for a service life of 50 years. The 
evaluation was made using a software tool, based on proven predictive models (according to 
performance-related methods for assessing durability) developed and validated by Papadakis et al. 
(1991; 2007) well published and awarded by the ACI, for the estimation of concrete service life when 
designing for durability under harsh environments. Concrete service life is reliably predicted using 
fundamental mathematical models that simulate the basic deterioration mechanisms of reinforced 
concrete (carbonation, chloride penetration). Principles of chemical and material engineering have 
been applied to model the physicochemical processes leading to concrete carbonation, as well as the 
processes of chloride diffusion in the aqueous phase of pores, their absorption and binding in the solid 
phase of concrete and their desorption.  
 
2. ESTIMATION OF SERVICE LIFE 
 
The effect of cement type on the overall durability design of concrete exposed to corrosive 
environments, due to carbonation and chloride diffusion, is presented in this section. Initially the 
influence of type II additives (siliceous or calcareous fly ash and silica fume) on a standard CEM I 
type of cement were examined, followed by an analysis of the effect of the different supplementary 
cementing materials (SCMs) on other cement types (CEM II, III, IV, V). As durability indicators, 
calculation of the carbonation depth, for a period of 50 years, is used for carbonation exposure, while 
under chloride ingress, the estimation of the adequate concrete cover needed to sustain a service life of 
50 years are used.     
 
2.1 EFFECT OF TYPE II ADDITIVES ON CONCRETE DURABILITY  
 
Several mix design configurations were considered, where each time addition of 10 kg/m3 of a Type II 
additive took place, for a constant w/c ratio and cement content, until the rate of SCM reaction 
dropped bellow 1. A typical CEM I mix, water cured for 28 days (as it is assumed by the proven 
predictive model used) was selected as the reference type of cement (w/c: 0.5, cement content 300 
kg/m3, 31.5 mm crushed aggregates, no additives, no admixtures). Overall it was seen that 



incorporation of calcareous fly ash (cfa) in CEM I type of cement, produced a marginally better 
performance under carbonation exposure than siliceous fly ash (sfa)(Figure 1a). Addition of 50 kg/m3 
of cfa reduced the carbonation depth by 31.6 %, compared to a 27.6 % reduction, when sfa was used. 
Silica fume (sf) did not prove to be as effective as fly ash (fa), in inhibiting carbonation exposure 
Incorporation of 50 kg/m3 of sf decreased the depth of carbonation by 15.8 % and reduced the 
diffusion coefficient of CO2 by 29.6 %, compared to the 52 % (on average) reductions when fa was 
used.  
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Figure 1: Carbonation depth and sufficient concrete cover for chloride exposure of CEM I with Type II additives 
 
Silica fume proved to inhibit chloride diffusion more efficiently than fa. A 96.7 % reduction of the 
diffusion coefficient of chloride ions was noticed compared to 76.1 % and 87.5 % reductions when cfa 
and sfa were added. Incorporation of 50 kg/m3 of sf reduced the sufficient concrete cover, needed to 
sustain a service life of 50 years, by 79.2 % (much higher than the corresponding reductions due to fa). 
Siliceous fly ash produced a slightly better performance in chloride exposure environments than the 
calcareous one (Figure 1b). When their combined action was considered it was seen that utilization of 
cfa and sf produced marginally better results in carbonation exposure (20.6% reduction than 19.2% in 
the case of sfa), while for chloride ingress sf with sfa produced smaller concrete cover values needed 
to sustain the chloride diffusion (66.7 % reduction compares to control, than 63.4% in the case of cfa). 

 
2.2 EFFECT CEM II TYPE OF CEMENT ON CONCRETE DURABILITY  
 
A standard CEM I mix of 0.45 water-cement ratio was selected as the reference type of cement for 
chloride exposure (cement content 300 kg/m3, 31.5 mm crushed aggregates, no additives, no 
admixtures). The CEM II type of cements were divided to four different categories, based on the type 
of SCM they contain, as classified in the European Standard EN 197-1. On each type of SCM, three 
different content levels were considered (minimum, medium and high).  
Considering their performance under carbonation exposure (Figure 2), an initial observation is that 
carbonation depth was increased and the critical time for initiation of corrosion (for a 30 mm concrete 
cover, indicated with italics in Figure 2) was reduced compared to the control values, for every type of 
CEM II cement used. However, closer inspection reveals that certain types of cements, with low 
content of SCM (6 %) produced a “tolerable” behavior. Cements (CEM II/A-Q, A-s) incorporating 
artificial pozzolana and blast furnace slag (at the previous mentioned low quality, produced the best 
behavior in carbonation (4.1 % increase of carbonation depth) followed by cement incorporating 6 % 
burnt shale (CEM II/A-T, 4.7 % increase of carbonation depth). Cements using pozzolanic materials 
with hydraulic properties (W, S, T), behaved much better than those containing normal pozzolanic 
materials (V, P, Q, M). The latter, produced a deviation of 8.3 % from the control value of carbonation 
depth, almost twice than the 4.7 % calculated to the former. Cements incorporating silica fume at low 
quantities produced a steady performance, regardless the SCM increase (11.5 % increase of the 
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carbonation depth). The worst performance in carbonation exposure was calculated by cements 
incorporating limestone.  

0

5

10

15

20

25

30

CEM
I

 A-D
6%

 A-V
6%

 B-V
21%

 A-P
6%

 B-P
21%

 A-Q
6%

 B-Q
21%

 A-Μ
6%

 B-Μ
21%

 A-W
6%

 B-W
21%

 A-S
6%

 B-S
21%

 A-T
6%

 B-T
21%

 A-L
6%

 B-L
21%

Type of Cement

C
ar

bo
na

tio
n 

D
ep

th
 (m

m
)

 
Figure 2: Best carbonation depth values calculated for a service life of 50 years for every type of CEM II (the 

critical time for initiation of corrosion for a concrete cover of 30 mm is illustrated with italics). 

Under chloride exposure every different type of cement used (except the one with limestone, CEM 
II/B-LL) behaved in an extraordinary way (Figure 3). Cement incorporating 15 % artificial pozzolana 
(CEM II/A-Q) produced the best “behavior” (reductions of up to 62.2 % on the concrete cover). A 
scale of effectiveness was created, where by setting the control values as the reference/starting point of 
the scale and the performance of the CEM II/A-Q (15 %) in chloride exposure, as the top (best) value, 
the behavior of each other type of CEM II cement was benchmarked against those values. The results 
of this approached are illustrated in Figure 4. Cements incorporating silica fume (CEM II/A-D) 
produced a considerable decrease of the concrete covers, up to 57.8 % with increasing SCM content (a 
71.4% overall effectiveness). Cements containing normal pozzolanic materials, except natural 
pozzolana, behaved in a similar manner. At low SCM quantities (up to 15 %) concrete cover was 
reduced, where at quantities above than 21% an increase in the concrete cover was noted. 
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 Figure 3: Best adequate concrete cover values calculated to sustain for a service life of 50 years under chloride 
exposure, for every type of CEM II cements 

 
Incorporation of natural pozzolana (CEM II/A,B-P) produced a steady increase of the concrete cover. 
Cement containing siliceous fly ash (CEM II/A,B-V) produced a similar behavior to the artificial 
pozzolana CEM II cement. Cement containing other SCMs (CEM II/A,B-M) produced a considerable 
decrease of the concrete cover (35.6 %) up to 25 % of SCM. Cements containing pozzolanic materials 
with hydraulic properties (calcareous silica fume, blast furnace slag and burnt shale) behaved in a 
similar manner, producing the best performance, overall, at low (6 % - 15 %) and high (21 % - 30 %) 
quantities of SCMs (the biggest reduction of the concrete cover noticed at 30 % of SCM was 44.4 %). 
Cement containing limestone produced the worst behavior in chloride exposure. Addition of 30 % of 
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SCM increased the concrete cover by 57.8 % (compared to control). Overall, the performance of the 
different types of SCMs in chloride exposure can be summarized as it is illustrated in Figure 4. 
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Figure 4: Comparative performance of SCMs in chloride diffusion 
 

2.3 EFFECT OF OTHER TYPES OF CEMENT (CEM III, IV, V) ON CONCRETE DURABILITY  
 
CEM III type of cements produced a very good performance under chloride exposure, in contrast to 
their carbonation behavior (Table 1). Carbonation depth kept increasing (compared to control) with the 
increasing percentage of SCM (up to 83.8 mm at 81 % of SCM, a 466.2 % increase compared to the 
14.8 mm of the control mix.).  
 

Table 1: Performance of CEM III, IV, V type of cements 

Cement Type 
CEM I 

(control) 
CEM  
III/A 

CEM 
III/B 

CEM 
IV/A 

CEM 
IV/B 

CEM 
V/A 

SCM (%) 0 36 43 51 66 11 20 30 36 40 45 
xc (mm) *  14.8 18.4 19.1 22.3 42.2 17.7 20.3 25.6 26.4 30.1 34.0 

c50 (mm) *  45 21 15 17 75 39 33 41 43 53 63 
c50 (%) - -53.3 -66.7 -62.2 8.9 -13.3 -26.7 -8.9 -4.4 17.8 40.0 

* xc is the carbonation depth (mm), c50 the adequate concrete cover needed, for a service life of 50 years to be 
sustained under chloride exposure  
 
Considering the concrete cover needed to sustain a service life of 50 years under chloride ingress, up 
to 43 % of slag, the cover values were reduced (maximum reduction of 66.7 %). Comparing the best 
behavior of CEM II and CEM III type of cements it was found out that cement type CEM III with 43 
% of slag produced the best performance in designing for chloride exposure (at 50 years) than any 
other CEM II type of cement (Figure 6). 
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Figure 6. Comparative performance of SCMs in chloride diffusion 

 
As far as CEM IV type of cements is concerned, carbonation depth kept increasing with an increasing 
percentage of SCM. However, smaller values compared to CEM III type of cements were noticed. Up 



to 20 % of SCM, the concrete covers (for chloride exposure) reduced by 26.7 %. Increasing the 
content of slag, up to 40 %, the concrete cover values started to increase but they still remained 4.4 % 
bellow the control value. Incorporation of slag at higher quantities, increased concrete cover 
considerably. Finally for CEM V type of cements considerable increases in carbonation depth were 
noticed, in addition to a very poor performance in chloride diffusion.   
 
3. DISCUSSION  
 
The aim of this study is to evaluate in terms of service life for carbonation and chloride exposure, the 
effect of each different cement type (different SCM) as categorized in EN 197-1. A software package 
based on proven, verified predictive models was used for the evaluation (Papadakis et al. 2007). As far 
as carbonation exposure is concerned, carbonation depth was estimated for a period of 50 years, in 
addition to the critical time for initiation of corrosion for a given concrete cover of 30 mm. In terms of 
chloride ingress, the adequate concrete cover needed to sustain that ingress for a period of 50 years 
was estimated. In general, the resistance to chloride penetration is mainly governed by the porosity 
and permeability of concrete but also by the chloride ion binding capacity of the cementitious paste. 
The results of this study showed that silica fume and fly ash reduced considerably the carbonation 
depth values, compared to control (CEM I) when used as additives. On observation also reached by 
other researchers (Khunthongkeaw et al. 2006; Valcuende and Parra, 2010). However, when the above 
mentioned materials were used as cement replacements (CEM II/A-S, A-V, A-W) marginally (5 %) 
larger carbonation depths and smaller times for the initiation of corrosion, were produced compared to 
control. The explanation for such a behavior lays in the way these materials were incorporated into the 
mix. In the first case, by keeping constant the w/c ratio and the cement content, addition of these 
materials acts as aggregate replacement, where the total amount of carbonatable constituents remains 
almost the same, resulting in decreased porosity and lower carbonation rates (Papadakis, 2000). While 
in the second case, the cement and clinker content is reduced, hence the amount of carbonatable 
materials is also reduced (due to the decrease in total CaO), resulting in higher carbonation rates 
(Valcuende and Parra, 2010). In general SCM materials (as cement replacements) proved to be less 
resistant to carbonation, mainly due to their low binding capacity of CO2, caused by their smaller 
concentrations of Ca(OH)2, compared to CEM I type of cements (due to the consumption by 
pozzolanic reaction, and lower cement content). However, considering that for reasons of comparison 
certain parameters were kept unchanged (w/c ratio, cement content) better performances in 
carbonation exposure (than control) can be achieved by altering these parameters. Under chloride 
exposure they all behaved much better than control. It has been noticed that specimens incorporating 
an SCM, whether it substitutes aggregate or cement, exhibit significantly lower total chloride content 
for all depths from the surface (Chalee at al. 2010; Hosam et al. 2010, Antiohos and Tsimas 2003). 
Silica fume, when used as additive, proved to be most efficient in inhibiting chloride ingress, followed 
by calcareous and siliceous fly ash. Silica fume, composed by very small spherical particles, due to its 
ultra fineness and activity led to the formation of intense pozzolanic reaction products (with increased 
chloride ion binding capacity than fly ash) within the capillary pore spaces and as a consequence, a 
finer and more segmented pore system is produced (Hosam et al 2010, Nochaiya et al. 2010). 
Calcareous fly ash, apart of being pozzolonic active, reacting faster than the siliceous one, it contains 
higher amounts of aluminate-cementitious compounds (C3A, C4AF), leading to a more increased 
chloride ion binding capacity (Antiohos and Tsimas, 2003). While utilization of artificial pozzolana 
(CEM II/A-Q) produced the best behavior in chloride exposure, limestone did not behave at an 
adequate manner, probably due to its very low aluminum concentration compared to CEM I (hence 
less chloride ions binding capacity). In other studies (Loser et al; 2010, Selih et al 2003) a limestone 
containing binder proved to increase considerably the risk of corrosion. However, when combined 
with blast furnace slag, much better results have been noted (Lang, 2005). An increase in pozzolan 
content proved to lead to a higher resistance of concrete in chloride exposure (Kaid et al. 2009), as it 
was observed in this study for a level of concentration from 6% to 15%. Considering the results of 
CEM II and CEM III type of cements overall, blast furnace slag, proved to be the most beneficiary 



SCM (a decrease of 66.7 % on adequate concrete cover values was noticed for a 43% CEM III type of 
cement) in ihibiting chloride ingress. Slag replacements of up to 40% have been known to reduce 
drastically the chloride penetrability of concrete (Tamimi et al. 2008), mainly due to the binding 
characteristics of the SCM. Its increasing pozzolanic effect with time, results in more hydration 
products and lower diffusivity, as well as in more improved interfacial zone and a better bond between 
the paste and the aggregate (denser structure).   
 
4. CONCLUSIONS 
 
A comparative assessment of all the cement types, categorized according to the European standard for 
Cement, based on proven predictive models for the estimation of service life under harsh 
environments took place in this study. Overall the CEM II type of cements produced an effective 
performance in terms of chloride exposure. Utilization of blast furnace slag, artificial pozzolana and 
silica fume proved to be the most effective SCMs. Taking into account the reduction in clinker 
achieved when a SCM is utilized and the overall performance of these materials presented in this 
study, utilization of these types of cement not only can guarantee a durable solution (under harmful 
environmental agents) but they also provide a sustainable solution, by reducing the CO2 emissions 
associated with the clinker burning process during cement manufacturing. It is hoped that the results of 
this study will pave the way for more thorough research attempts on the durability of SCM aiding in 
this way on the future utilization, in large scale, of these types of materials from cement manufacturing 
companies. 
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Abstract 

Several types of waste from different industrial sectors have been studied; namely fly ashes, thermal 

processing wastes from the ceramic industry, siliceous slags, aluminium hydroxide dry sludge and glass 

residues.  

The recovery process of these wastes is difficult and has no clear market alternative. Therefore, based on 

their composition, it is interesting to investigate the recycling of these materials by means of new 

techniques such as alkaline activation.  

In view of the above, this research is based on eco-efficient processing, for which different mixtures were 

tested, both at room temperature and 60 ºC, focussing on the influence of this variable on the curing 

reaction and the resulting mechanical and structural properties.  

The particle size tested was always smaller than 200 microns in every case, and a physicochemical 

characterization of the different raw materials was carried out by setting up a series of experiments and 

determining features such as degree of activation, the influence of curing time or the importance of the 

activation solution for each mixture. 

Finally, the cylindrical pieces obtained were tested applying compressive stress in order to analyze the 

mechanical performance of the proposed cement systems. 

 

Originality:  

 

The novelty of this work lies in the nature of the siliceous raw materials used in the alkaline activation 

process. The research conducted has provided an alternative that avoids the use of Portland cement (the 

predominant source of CO2 in the construction industry) and it has also defined the compositions of the 

alkaline dispersions and the curing conditions to achieve improved mechanical properties.  

Similarly, it is worth mentioning the application of eco-efficiency criteria throughout the different trials, 

which use minimum quantities of reagents in each case, thus improving process economics. 

Main contributions: 

 - An alternative strategy to enhance the value of mineral wastes or by-products with difficult commodity 

viability.  

- This research deals with the composition of the alkaline dispersions suitable for fast curing based on 

environmental criteria; it also looks into the direct influence on the mechanical behaviour of the solid 

cement pieces obtained, engaging in key variables like temperature, particle size, specific surface or the 

chemical nature of the raw materials. 

 

Keywords: Industrial wastes, aluminosilicates, geopolymers, structure and mechanical properties 
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1. Introduction: 

Geopolymers have a similar origin to those of many minerals and rocks that make up the 

Earth’s crust, consisting of compounds of alkaline metals (group I and II), in conjunction with 

aluminosilicate systems as is the case of zeolites, micas or feldspars. 

Therefore, these are systems rich in SiO2 and Al2O3 containing positive alkaline metals with a 

generic composition: 

Type I: ((NNaa22OO))nn··((AAll22OO33))xx··((SSiiOO22))yy··((HH22OO))zz 

Or  

 

Systems made up by alkaline earth metals that have high calcium content with a typical 

composition: 

 Type II:   ((NNaa22OO))nn··((CCaaOO))mm··((AAll22OO33))xx··((SSiiOO22))yy··((HH22OO))zz 

 

Geopolymeric materials are synthesized by the alkaline activation of an aluminosilicate source 

(Type I or Type II, even both) forming a gel phase with binder properties. This 

geopolymerization is originated by the inorganic three-dimensional polycondensation in a 

strongly alkaline environment (Komnitsas, 2007; Duxson, 2007). 

The breakdown of Si-O-Si bonds allows the penetration of the Al atoms into the amorphous 

structure of the raw materials, therefore the original composition of the aluminosilicates 

employed, their entropic state, the surface phenomena, the kinetics of the reaction, and the 

conditions of the curing stage are some of the multiple factors which play a decisive role in the 

development of the microstructure and, consequently, in the properties of the geopolymers. 

In recent years there has been an enormous interest in these kinds of materials (Fernández-

Jiménez, 2009; Allahverdi, 2009; Khoury, 2009) especially because of their potential 

application properties and, above all, due to their environmental benefits, although many issues 

remain unresolved regarding the mechanisms that control the activation process (Duxson, 2005; 

Zivica, 2005; Chao, 2010). 

This research aims to provide a brief report of the understanding of the early stage of the 

geopolimeration process based on four different industrial wastes as precursors, highlighting 

several worthy alternatives for their recovery and opening up eco-friendly opportunities for their 

management. 

The suitability of fly ashes (FLA), ferroalloy slags (SiMn), clay brick wastes (ARF) and glass 

wastes (PV) was studied using specific protocols depending on their mineralogical and chemical 

composition, fineness, water content, etc (…) and employing, as far as possible, other suitable 

by-products as reagents in the process of geopolymeration. This approach looks to enhance the 

advantages of geopolymeration using cheaper raw materials throughout the treatment process.  

In line with this, waste from the aluminium processing industry, mainly composed by Al2O3 was 

used to supply a reactive source of four coordinated Al to balance the deficiencies of some of 

the mentioned raw materials. 

Other authors (Shi, 2006; Temuujin, 2009) have reported that temperatures ranging from 600 to 

900 °C are absolutely necessary in the pretreatment of most of the aluminosilicates; nevertheless 

the experiments presented below do not resort to the thermal treatment of the raw materials, 

with the corresponding reduction in energy costs. 

In essence, the present work details findings on the manufacturing process for novel kinds of 

concretes which are candidates to replace standard Portland cement, thus reducing CO2 

emissions and providing new alternatives to other expensive materials. 
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2. Materials and methods: 

The raw materias studied in this paper are the following: 

a) Fly ashes (FLA) 

Fly ashes are collected during the pulverized coal burning process. The original sample 

provided by ENDESA As Pontes (NW, Spain) was sieved to obtain a particle size lower than 

125 microns. 

b) Ferroalloy slags (SiMn) 

Slags from the silico-manganese industry are usually deposited in landfills. This 

material from FERROATLÁNTICA S.L. (NW, Spain) was received as gravels with a variable 

particle size inferior to 25 mm. Therefore, in the pretreatment stage, it was crushed using a 

Retsch mill and then micronized to achieve a particle size smaller than 125 microns. 

c) Clay brick wastes (ARF) 

Clay bricks are wastes from the manufacture of ceramic products; in this case from 

PRODUCTOS ULLA S.L. (NW, Spain). In particular, refractory bricks, tiles, or ornamental 

ceramic products. A dry ball milling method of pre-screened crushed material was used to 

produce ground ARF, with a particle size distribution lower than 125 microns. 

d) Glass powder wastes (PV) 

This material consists mainly of used green glass bottles collected from an urban bottle 

bank that were crushed by rollers and then pulverized using a ball mill, to obtain a powder with 

a particle size smaller than 125 microns. 

2.1. Characterization 

The chemical composition of the four samples was obtained by quantitative chemical analysis 

and Figure 1 depicts the percentages of each of them.  

 

Figure 1. Chemical composition of the four samples. 

It is worth mentioning that the 

category alkalis include the species 

Na2O, K2O, MgO and CaO. These 

substances can be included in the 

same group because they compensate 

the negative charge of the network 

described by SiO4 and AlO4 during 

the poly-condensation reaction.  

Based on the SiO2 content we can 

further establish two different groups:  

- High SiO2 content: 

ARF, PV 

- Medium SiO2 content:  

FLA, SiMn 
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Regarding physical characterization, Figure 2 displays the bulk density as a whole with the 

average particle size (d50) and the specific surface area, the latter determined using a 

Micromeritics Gemini 2360 Surface Area Analyzer for each sample. The measurement of the 

particle size distribution for the raw materials (on the right) was carried out using a Sedigraph 

5100 obtaining the equivalent spherical diameter of the samples over a size range from 125 to 

0,50 µm (repeated three times for each sample). 

 
Figure 2. Physical characterization of the raw pulverized materials. 

 

The mineralogical composition (Figure 3) was determined by the X-ray diffraction method 

(Siemens D5000 Diffractometer) revealing that the fly ashes (FLA) are mainly formed by 

crystalline phases such as SiO2, the mineral form of Fe2O3 (hematite), Al2[Al2+2x·Si2-2x ]O10-x 

(mullite) and FeAl2O4 (hercynite). Regarding the SiMn sample, the XRD peaks reveal the 

presence of mineral phases corresponding to a hydrated aluminum silicate Al2O3·SiO2·3H2O 

(allophane) and to Ca6Si6O17(OH)2 (xonotlite).   

With regard to ARF, it is constituted by SiO2, by an aluminum silicate mineral KAlSi3O8 

(microcline), by Fe2O3 (hematite) and by a layered structure of another aluminum silicate 

(muscovite). Finally, the PV specimen is typically an amorphous solid and crystalline planes are 

not detectable. 

 
Figure 3. X-ray diffraction patterns of solids: FLA, SiMn, ARF and PV. 

http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Hydrogen
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2.2. Geopolymers preparation 

The first stage of the geopolymer preparation involved mixing each pulverized raw material 

with an aluminium sludge (ALO) which contains 43 % of Al2O3, 19 % of sodium calcium 

hydrogen carbonate, 37 % H2O and traces of aluminium silicate. This sludge was dried in an 

oven at 120 ° C for 24 h and then crushed and sieved. The particle size of the supplement ALO 

was always lower than 200 µm. 

The mixture of the supplement with each raw material was activated using a solution prepared 

by dissolving the slurry obtained from the calcinated mix of sodium hydroxide pellets, silica 

sand and an adjuvant, in the appropriate quantity of boiling water, forming the silicic acid 

sodium salt composed by 13,8 % SiO2,  24,8 % Na2O, 61,4 % H2O (density=1,286 g/cm
3
). 

After putting the original powders and the activation solution together and mixing them 

intensively, an optimum amount of fresh water was added to elaborate the fresh pastes, which 

were in turn vibrated and then moulded in triplicate in covered cylindrical polipropilene 

containers. The liquid/solid ratios of the pastes varied from 0,38 to 0,44 and the molar ratio 

SiO2/Al2O3 ranged from 3,70 to 6,10. 

 
2.3. Curing conditions 

 

All the specimens were cured for 7 days at room temperature and at 60 ºC and after that, the 

solid pieces obtained were dried for 72 hours at 40 ºC. 

 

3.  Results and discussion: 

After ten days, a wide variety of solid structures was observed after the drying stage. These 

results were strongly influenced by the raw material and by the processing variables. Figure 4 

shows the results obtained when comparing the effect of curing temperature on 7-day 

compressive strength for the different geopolymer mixtures establishing differences between the 

samples cured at room temperature (rt) and those produced by heating (60 degrees). 

 
Figure 4. Effect of curing temperature on 7-day compressive strength for the 4 geopolymers. 
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All the products were analyzed by means of Field Emission Scanning Electron Microscopy and 

by X-Ray Diffraction in order to investigate the structural characteristics and the phase 

compositions of the geopolymers. Figure 5 shows the SEM micrographs of the cross sections of 

the solid structures after the resistance test (uniaxial compressive strength). These SEM images 

clearly show the presence of continuous pores, especially in the samples obtained from SiMn 

and PV.  

 
         Figure 5. SEM micrographs of cross section of: FLA, SiMn, ARF and PV. 

 

This observation was confirmed by measuring the pore size distribution listed in Table 1 

(MICROMERITICS 9305 PORESIZER). In the case of the cellular solid obtained from SiMn, 

the presence of big pores is attributed to the action of an air entrainment agent (surfactants or 

water soluble groups like SO4 or SO3) which causes air bubbles during the preparation of the 

mixture.   

Table 1. Mercury Intrusion Porosimetry results for the porous samples. 

 

X-ray diffraction studies proved that there is a partial dissolution of the original crystalline 

phases in the activator solution, due to the presence of new crystalline species and the presence 

of the original matter with an amorphous portion.  These observations are demonstrated when 

studying in detail the results for each of them in terms of compressive strength, since the higher 

the amorphous content in the matrix, the greater the resistance to compression. However, 

resistance is not the only desirable property of this type of inorganic polymers, because there are 

other potential applications such fireproof composite panels, coatings, waste encapsulation as 

well as membrane sieving. 
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4. Conclusions 

 

 This work has successfully accomplished the development of geopolymers for industrial 

applications using inorganic waste materials as the main constituent. 

 A supplementary source of aluminium was employed in order to provide a low-cost 

reagent. The method of preparation of the activator solution also makes the process 

economically viable since the added quantity is fixed for each type of raw material in 

terms of their SiO2, Al2O3 and alkali content in order to specifically adjust the molar 

ratios of the pastes. 
 In certain cases porous materials were obtained and they must be studied in depth for 

the sake of make them practical as insulating refractory materials (SiMn) or membrane 

filters (PV). 

 With this information, it is imperative to fully understand the complexities of the 

geopolymeration process of these waste materials; it is necessary to carry out further 

research into the process of preparation, focussing on aspects like setting time, 

amorphous phase content, role of alkali metals and also into the resulting properties 

such as compressive strength, low shrinkage, fire resistance or permeability and their 

derived applications. 

 

Acknowledgments 

The authors would like to thank Professor F. Guitian (Instituto de Cerámica de Galicia) for 

helping during the experimental work.  

 

References 

 

-Allahverdi A., Najafi Kani E. 2009. Construction Wastes as Raw Materials for 

Geopolymer Binders. International Journal of Civil Engineerng. 7, (3), 154-160. 

-Chao Li, Henghu Sun, Longtu Li. 2010. A review: The comparison between alkali-

activated slag (Si+Ca) and metakaolin (Si+Al) cements. Cement and Concrete Research. 

40, 1341–1349. 

-Duxson P., Fernández-Jimenez A., Provis J.L. et al. 2007. Geopolymer technology: the 

current state of the art. J. Mater. Sci. 42, 2917–2933. 

-Duxson P., Provis J.L., Grant C. Lukey et al. 2005. Understanding the relationship 

between geopolymer composition, microstructure and mechanical properties. Colloids and 

Surfaces A:Physicochem. Eng. Aspects. 269,  47–58. 

-Fernández-Jiménez A., Palomo A., Revuelta D. 2009. Alkali activation of industrial by-

products to develop new earth-friendly cements. Proceeding of the 11th International 

Conference on Non-Conventional Materials and Technologies (NOMAT 2009; Bath, UK). 

-Khoury, H., Alshaaer, M. 2009. Production of Building Products through 

Geopolymerization. Proceeding of the Global Conference on Renewable and Energy 

Efficiency for Desert Regions (GCREEDER 2009, Amman-Jordan). 

-Komnitsas K.,  Zaharaki D. 2007. Geopolymerisation: A review and prospects for the 

minerals industry. Minerals Engineering, 20, 1261–1277. 

-Shi C., Krivenko P.V., Roy D.M. 2006. Alkali-Activated Cements and Concretes. Taylor 

& Francis, Abingdon, UK. 

-Temuujin J., van Riessen A.. 2009. Effect of fly ash preliminary calcination on the 

properties of geopolymer. Journal of Hazardous Materials. 164, 634–639. 

-Zivica V. 2005. Effects of type and dosage of alkaline activator and temperature on the 

properties of alkali-activated slag mixtures.Construction and Building Materials. 21, 1463–

1469. 

 



Particle Aggregation Phenomena During the Early Hydration Stages, Studied by 
Small Amplitude Rheological Measurements 
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Abstract 
In cement paste particles are subject to an attractive interaction which constitutes the origin of the cohesive properties 
which are macroscopically observed. From a practical point of view these forces control the resistance of early age 
cement paste to deformation and flow, and determine the consistence of concrete. It has to be stressed that these forces 
are due to the surface modification of cement particles subsequent to hydroxylation and early hydration, but 
quantitatively hydration proceeds to a very limited extent during the first hours. 
The microstructural evolution of cement paste has been studied at later age by nanoidentation measurements, by 
ultrasound wave propagation and more recently by synchrotron X-ray tomography. The micro-mechanical and elastic 
properties have been modelled by assuming a multi-scale composite material, where the evolution is connected with a 
refinement of the capillary pore structure. However a similar investigation is still lacking for the early hydration 
period, where fluid properties dominate the paste behaviour. 
Aim of the present paper is to show how it is possible to study the microstructural evolution of cement paste in the time 
period immediately after mixing by means of small amplitude oscillation rheological measurements. It is shown that the 
structure development of cement paste, responsible for the increase of elastic modulus, can be destroyed by the 
application of large deformations, outside the linear domain, and rebuilds reversibly with the same kinetics before 
macroscopic setting occurs. The microstructure of cement paste can be modelled by a fractal aggregation of individual 
particles. During flow the fractal aggregates interact with the hydrodynamic field, and are fractured by shear forces. 
When motion stops the aggregates fill the space through a depercolation scheme and elastic properties arise. The 
increase of elastic modulus in stationary conditions is related to a refinement of the structure and to a decrease of the 
size of the aggregates. 
The presence of admixtures affects the particle-particle interactions, which remain however always attractive. At a 
similar depercolation threshold superplasticizers decrease the average aggregate dimensions, and consequently 
increase – not reduce! – the elastic modulus of the paste. Retarding admixtures show an irreversible poisoning of the 
surface of cement particles, and the microstructural evolution loses its reversibility after disruption by large amplitude 
deformations. This behaviour agrees with the adsorption isotherm which shows a surface precipitation of the admixture 
onto the grains’ surface. 
 
Originality 
The present paper shows for the first time how the microstructural development in cement paste can be studied by 
means of rheological methods. The microstructure of cement paste can be described by a fractal aggregation of 
individual particles. The aggregates shield the interior fluid from interactions with the exterior, and behave as rigid 
objects. The development of elastic properties can be visualised through a depercolation mechanism and the formation 
of a continuous network of rigid contorted chains showing elastic properties. 
The presence of chemical admixtures modifies the surface properties of the cement particles, and affects the 
macroscopic behaviour of the mix. The particle-particle interactions remain however always attractive. 
 
Chief contributions 
We used for the first time a micro-rheological approach to model the viscoelastic properties of cement paste. The model 
which has been developed accounts for the presence of attractive forces between cement particles, and for the 
modification of such forces with the addition of chemical admixtures. We have shown how the microstructural 
development is reversible before the onset of setting, and rebuilds with an identical kinetics after disruption by shear 
forces. The presence of admixtures modifies both the rate of the elastic modulus growth and its reversibility. 
This contributes to two areas of interest: 1) the comprehension of microstructural development within cement paste and 
its relation to interparticle forces, 2) the comprehension and prediction of the behaviour of chemical admixtures to 
modify the technological properties of concrete. 
 
Keywords: cement paste rheology, interparticle attractive forces, micro-rheological model 
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1. Introduction 
 
When Portland cement is mixed with water anhydrous oxides it begins to hydrate and the contact 
solution is enriched with Ca2+, OH-, SO4

2- and silicate ions (Jiang et al., 1995). As the pH rises above 
10, and the Ca2+ concentration exceeds 1 mM, the solution becomes supersaturated with respect to the 
precipitation of calcium-silicate-hydrate (C-S-H). The rate of hydrates precipitation is rapidly 
decreasing, and the cement paste enters the state defined as “dormant”. The decrease of the hydrate 
precipitation rate is due to the decreasing anhydrous phases dissolution rate brought about by the high 
Ca2+ and OH- concentration in solution (Nicoleau, 2004; Juilland et al., 2010).  
The macroscopic behaviour of fresh cement paste, and its application properties, are entirely defined 
by the characteristics of the “dormant” paste. In particular the rheological behaviour and the cohesive 
properties are determined by the particle-particle interactions within the hydrating paste. Even though 
hydration is essential in determining the material’s properties, quantitatively hydration proceeds to a 
very limited extent in this time span (Zajac et al., 2007). Thus the evolution of the paste – e.g. the 
observed elastic modulus increase by 3 orders of magnitude – cannot be related to the volume of 
newly-formed hydrates, but rather to the structural modification of the hydrating particles’ network.  
The nature of the attractive forces between hydrating cement particles can be described by a dielectric 
continuum model, accounting for all ionic interactions in a dispersion of C-S-H covered particles 
(Jönsson et al., 2004). The attractive forces persist in the presence of dispersing agents or 
“superplasticizers”, and cement paste does maintain its cohesive properties. 
 
 
2. Experimental 
 
Two different kinds of rheological experiments have been carried out: flow curves and small 
amplitude oscillation measurements. The flow curves shed light on the particle aggregate structure and 
on the interaction energy, while the small amplitude oscillation experiments measure the evolution 
over time of the storage (elastic) modulus and of the loss (viscous) modulus. Experiments have been 
carried out with 5 different cements: CEM I 52,5 R, CEM II/A-LL 42,5R, CEM II/B-LL 32,5 R – the 
last two issued from the same clinker as the first one – CEM III/A 32,5 N and CEM IV/A-P 42,5 R. 
Two different admixtures have been used with CEM I 52,5 R: glycerine carbonate acting as an 
accelerator and C-S-H precipitation enhancer (Magniont et al., 2010) at a dosage of 0,25% by weight 
of cement (BWOC), and a PCE superplasticizer at a dosage of 0,30% dry matter BWOC. This PCE 
superplasticizer has MW 12500 Da and charge density 2,58 meq/g. On the average each molecule has 
32 carboxylic groups and 9 EO side chains. The measurements have been performed with a Physica 
MCR 301 strain controlled rheometer, with profiled 25 mm plate-plate measuring systems. The gap 
has been set to 1 mm. The cement paste has been mixed with water and the additives when relevant in 
a micro-mixer by IKA for 3 min at 2000 rpm. Then the paste has been introduced in the measuring 
system placed in thermostatic chamber at 23°C and in an environment saturated with humidity.  
 
2.1. Flow curves 
 
The flow curves are measured with a triangular procedure with a logarithmic shear rate ramp  from  
10-3 s-1 to 10 s-1 after de-structuring the sample for 30 s with a large amplitude 10% oscillation of 10 
Hz frequency. The de-structuring procedure and the maximum shear rate have been chosen so not to 
fracture the sample due to the normal stresses arising at high shear rates. So, the sample is not 
degraded and the measurements are reproducible. During both the de-structuring and the measurement 
the normal force is kept constant, so to allow the measuring system to follow the sample deformation. 
 
2.2. Oscillating measurements 
 
The measurements in oscillatory mode are preformed within the linear viscoelastic domain which 
extends up to deformations of about 0,05%.  The sample is prepared, introduced in the measuring 



system and de-structured as described for the flow curves. Then an amplitude sweep from 0,001% to 
10% and frequency 10 Hz is performed, followed by a time scan lasting for 30 min with amplitude 
0,01% and frequency 10 Hz. After that the sample is de-structured again and the measurement cycle of 
amplitude sweep and time scan is repeated. It has been verified for the CEM I 52,5 R paste that the 
evolution of the storage and loss moduli do not change with an oscillation frequency of 1 Hz and of 
100 Hz. As for the flow curves, the normal force is kept constant so to enable the measuring system to 
follow the sample relaxation. 
 
 
3. Results and discussion 
 
The flow curve of the CEM I 52,5 R paste with 0,4 water/cement (w/c) ratio is shown in Fig. 1.  
 

 
 

Figure 1: Flow curve of the CEM I 52,5 R paste at w/c = 0,40. 

 
A first qualitative assessment shows that in the ramp-up branch the flow curve initially has a dilatant – 
almost Newtonian – behaviour characteristic of order-disorder transitions in which it is progressively 
destroyed the 3-dimensional particle network generated by the attractive interparticle interactions 
(Hoffman, 1972; Hoffman, 1974). The ramp-down branch shows a strongly shear thinning behaviour 
where viscosity changes over 4 decades. A micro-rheological model has been applied to account for 
such a behaviour, based on weakly flocculated suspensions of rigid particles, which behave like hard 
spheres in purely hydrodynamic interaction (Snabre and Mills, 1996).  
 
3.1. The micro-rheological model 
 
For concentrated suspensions of hard spheres in a viscous fluid viscosity comes up to the relation 
between the micro-structural configuration and the many-body hydrodynamic interactions. A mean 
field theory leads to: 

µr(φ,φ0
∗) = µ(φ,φ0

∗)/ µ0 = (1- φ)/(1‐ φ/ φ0
∗)    (1) 

where φ0
∗ is the critical volume fraction relative to the transition threshold between the fluid and solid 

states. In the case of cement paste φ is the volume fraction of the flocs formed by particle aggregation. 
We may assume fractal clusters to behave hydrodynamically like compact spheres with an 
hydrodynamic radius equal to the radius of gyration, i.e. the flocs screen the interior fluid from the 
exterior. The mean solids volume fraction in a fractal cluster, φF(N), decreases with the number of 
particles belonging to the cluster: 

φF(N) = φ/φp = N·a3/RF ≈ N(D-3)/D ≈ (RF/a)(D-3)    (2) 
where φp is the primary particle volume fraction, related to w/c, RF is the aggregate gyration radius 
and a is the radius of the primary particles. The non-Newtonian character of the suspension is 
originated by the change of φ related to a change of RF. On increasing shear rate the cluster dimension 



is reduced by fracturing, the cluster density increases and the related cluster volume fraction decrease 
brings about a decrease of viscosity. Non fractal, dense clusters would show a Newtonian behaviour. 
Thus finally the rheological model reduces to the relation of fractal aggregate dimensions and shear 
stress (Potanin, 1991). At medium/high shear rate the prevailing mechanism is the breakup of the 
aggregates, leading to the relation: 

RF(τ)/a ≈ 1+ (τ∗/τ)m      (3) 
with 0,3 ≤ m ≤ 0,5 (m = 1/3 for rigid clusters and m = 1/2 for soft clusters). At low shear rates another 
mechanism of aggregates instability arises, linked to their contraction. The number of primary 
particles N remains constant while the fractal dimension D is increased. This leads to the relation: 

RF(τ)/a ≈ (Nb·τ∗/τ)1/6      (4) 
Where b = 2 – 1/Dc with Dc being the “chemical dimension” of the aggregate, i.e. its connectivity. In 
our case we assume it to be close to 1 with particles aggregating in monodimensional chains. In the 
above relations τ∗ is the characteristic stress required to break up the aggregates, or to induce their 
contraction, and it is related to the interparticle energy or surface adhesive energy Γ: τ∗ = Γ/a. 
 
3.2. Yield stress and the fractal dimension. 
 
On decreasing the shear rate the cluster dimensions increase. However the clusters cannot grow 
indefinitely without interpenetration. Above the percolation concentration φg an infinite spanning 
structure arises. Fractal structures fill the space and reach a maximum radius which decreases with 
particle volume fraction φp. Corresponding to gelation the shear stress reaches its minimum value τy, 
as indicated in Fig. 2 for the paste of CEM I 52,5 R at w/c 0,40. 
 

 
Figure 2: Ramp-down branch of the flow curve of the CEM I 52,5 R paste at w/c = 0,40. 

The minimum shear stress can be viewed as the stress which must be imparted to the system to set it 
into motion, and thus as a yield stress.  This yield stress scales to the particle volume fraction φp 
through the fractal dimension D (Wessel and Ball, 1992): 

Τy ~ φp
2/(3-D)       (5) 

By measuring the paste of the same cement at several w/c it is thus possible to deduce the fractal 
dimension D, as it is shown in Fig. 3 for CEM I 52,5 R. 
  

 
Figure 3: Relation between yield stress and particle volume fraction, to determine the fractal dimension D. 



The fractal dimension D is related to the aggregate growth mechanism. Diffusion limited particle-
cluster aggregation – typically driven by Brownian motion – gives fractal dimensions of 2,5, while a 
ballistic growth – more likely in the present case – yields larger D values. Also a low sticking 
coefficient increases the fractal dimension as it is show pictorially in Fig. 4. 
 

 
Figure 4: Influence of the sticking coefficient (respectively 0,5; 0,1; 0,01) on the aggregate structure. 

 
The values of the fractal dimension obtained for the different cements is reported in Fig. 5 below. 
It can be seen that the fractal dimension is always higher than 2,8 and that it decreases on increasing 
the C-S-H precipitation potential driven by the decrease of clinker in the CEM I – CEM II/A-LL – 
CEM II/B-LL serie, by the pozzolanic material in CEM IV/A and by the glycerine carbonate. On the 
other hand the PCE superplasticizer increases the fractal dimension likely due to the decrease of 
sticking coefficient linked to the decrease of interparticle attractive force which will be shown below. 
  

 
Figure 5: Fractal dimensions of the different cement pastes. 

3.3. Interparticle attraction. 
 
The value of τ∗ has been obtained for each cement and each w/c value by fitting the fractal aggregate 
dimension model discussed above against the measured flow curves.  

 
Figure 6: Characteristic stress τ∗ for aggregate size reduction. 



The results are reported in Fig. 6 for all cement pastes measured. Most of the points cluster between 
106 and 108 Pa while the presence of the PCE superplasticizer strongly reduces the interparticle 
attractive forces. A value of interparticle force of about 107 Pa has been determined by AFM 
measurements (Plassard et al., 2005). The reduction of interparticle interactions brought about by the 
PCE superplasticizer determines denser aggregates – with higher fractal dimension – and smaller 
aggregates resulting in a more fluid cement paste. However the interaction always remains attractive. 
 
3.4. Evolution over time. 
 
The measurements in small amplitude oscillatory mode determine the storage and loss moduli 
evolution over time. In Fig. 7 are reported the curves for CEM I 52,5 R neat paste and with the PCE 
superplasticizer. The w/c ratio of these measurements has been chosen in order to have similar elastic 
modulus at time t = 0, which reverts to similar viscosity in the high shear rate region. 
 

 
Figure 7: Elastic modulus evolution for CEM I 52,5 R with and without PCE superplasticizer. 

 
The kinetics of elastic modulus growth is equal initially and after 30 min when the structure was 
disrupted by high amplitude oscillations. In spite of the lower particle-particle attractive energy, when 
a PCE superplasticizer is present the elastic modulus has a faster growth kinetics and attains a higher 
value. The elastic constant of the space-filling floc network is determined by the elastic constant of the 
base unit – contact between flocs – multiplied by the number density of contacts (Potanin et al.,1995): 

G’ = Nrq3·(ke/q)      (6) 
where Nrq3 ≈ N2·(q/a)-4-dl is the number of elastically active chains linking a pair of flocs and ke ≈ const 
is the elastic constant of the chain of particles. Thus it turns out to be: 

G’ ≈ (q/a)-5-dl      (7) 
from which it appears how the increase of G’ corresponds to a decrease of the aggregate dimensions as 
indicated in Fig. 8 for the CEM I 52,5 R neat paste.  
 

 
Figure 8: Decrease in aggregate size associated to the elastic modulus increase. 



 
The decrease of aggregate size corresponds to a structural refinement and a reduction of capillary 
porosity. 
 
 
4. Conclusions 
 
The structure formation and evolution over time of cement paste can be monitored by rheological 
measurements. A micro-rheological model based on the aggregation of individual cement particles in 
flocs, which eventually fill up the space and are disrupted by shear forces, can be used to derive the 
particle-particle attractive force. The microstructure which forms is a function of the early C-S-H 
precipitation, in addition to the w/c as obvious.  
Under static conditions, sampled by small amplitude oscillation measurements, the observed increase 
of elastic modulus is related to the refinement of the floc structure and to a reduction of capillary 
porosity. The structural evolution is reversible and the kinetics of the elastic modulus increase is equal 
after structural disruption by shear forces. 
The presence of chemical admixtures modifies the particle-particle interactions and affects both the 
microstructure and the kinetics of evolution. 
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Abstract 
Polycarboxylate polymers with polyethylene oxide non-ionic side chains constitute one of the most widespread classes 
of concrete superplasticizers. They are appreciated for their high efficiency and the ease with which their properties 
can be tailored to the specific application by changing the molecular structure. However they suffer from one major 
drawback which is constituted by their large performance fluctuations with different cements and even with different 
batches of the same cement quality. These performance fluctuations depend on the specific polymer-cement interactions 
which are driven by the polymer conformation in the cement interstitial solution. We present in the following how minor 
structural details may affect their conformation and thus their performance. 
We compare two polymers which are equal in all aspects except two minor and easily overlooked details. They are 
comb-like copolymers with a sodium polymethacrilate backbone and grafted side chains of polyethylene oxide. The link 
between the backbone and the side chains is an ester bond in both cases. The molecular weight distribution of the 
polymer and of the side chains are equal, as well as the side chain density. They differ in the fact than one, which we 
will call Polymer A, has the PEO chains terminated with a methoxy group, while the other, which we will call Polymer 
B, has terminal hydroxyl groups. Moreover the latter Polymer B has the first three units attached to the backbone 
through the ester bond of propylene oxide instead of ethylene oxide, the rest being ethylene oxide. 
We have studied the monomer sequence in the backbone and the stereochemistry of the configurations considering the 
sequence of acid and ester units and the arrangement of the pseudo-asymmetric centre of each unit by profile fitting 
high resolution 13C NMR spectra. It results that polymer B has a larger portion of syndiotactic sequences – about 74% - 
than polymer A – about 59%. The different configuration reflects in a different behaviour in solution as evidenced by 
measurements of LCST (Lower Critical Solution Temperature) and potentiometric titration curves. The observed 
differences result in a significantly different water reduction efficiency, which is higher for polymer B. 
 
Originality 
We have used high resolution 13C NMR spectra to investigate the molecular configuration and the tacticity of 
polycarboxylate polymers with polyethylene oxide non-ionic side chains currently used as superplasticizers. We have 
shown that minor structural differences may have an important influence on the configuration of the polymer, on its 
conformation in solution and on its efficiency. These aspects have been overlooked in the past when discussing the 
relative efficiency of the polymers and their fluctuating performances in different conditions. A deeper understanding of 
the polymer architecture will help in producing more robust superplasticizers. 
 
Chief contributions 
Our work addresses the microstructure of polycarboxylate polymers with polyethylene oxide non-ionic side chains, 
studied by profile fitting high resolution 13C NMR spectra. We have shown how minor details may prove important to 
favour a specific conformation in solution which turns out to be more effective during the application. This contributes 
to the understanding of the mechanism of action of concrete superplasticizers, and gives a new perspective to the 
discussion about their robustness. It also pushes for the development of new products and new synthetic routes less 
prone to such a variability. 
 
Keywords: PCE superplasticizers, 13C high resolution NMR, polymer configuration. 
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1. Introduction 
 
The formulation of today’s concretes requires the use of chemical admixtures. Among them the 
dispersing agents in charge of controlling the rheological properties of the fresh material are the most 
used and the most crucial for obtaining the required performance. And that is true not only for high 
performance concrete where the technological requirements necessitate the use of performing 
admixtures, but also for everyday concrete in order to reach the best cost-performance compromise. 
But it is specifically in these “low tech” applications that the last generation PCE-based 
superplasticizers fails to give satisfaction. And this for the extreme variability of their performances 
when varying any of the concrete’s ingredients, either cement, sand or aggregates. 
The performance of PCE-based superplasticizers is crucially dependent on their structure. This has 
been exploited in the past by developing products with different application properties, from products 
with good workability retention for longer than 1 hour, to products with virtually no setting and 
hardening retardation. However little is known on the structure of such polymers in terms of actual 
monomer composition – which may be, and usually is, different from the feed composition – 
monomer sequence and local configuration. These aspects, largely overlooked up to now, control the 
macroscopic behaviour of the polymers, like the lower critical solution temperature (LCST or cloud 
point) and the potentiometric titration curve. And of course they control the conformation in solution, 
the hydration sphere and,  which is more important to application, their performance. 
A number of papers describe the use of 1H and 13C NMR spectroscopy to characterize the 
compositions and microstructures of acrylate and methacrylate polymers. To overcome bad overlaps 
in the 1H NMR signal, most investigators have employed 13C NMR to characterize acrylate-
methacrylate copolymers (Goñi et al., 1992; Gallardo and San Román, 1994; Elvira and San Román, 
1997; Nguyen et al., 1997; Kim and Harwood, 2002). Mostly the carbonyl and quaternary carbon 
resonance have been investigated, but the α–methyl carbon resonances have also been studied in a few 
instances. We have used all of the above resonances, the α–methyl and quaternary carbon giving 
information about the arrangement of the pseudo-asymmetric centre, the carbonyl giving information 
about the acid-ester sequence. 
To complement these measurements we have measured LCST and potentiometric titration curves for 
the different polymers. These data give a macroscopic confirmation of the differences observed with 
NMR and indicate how the different microstructure affect the solution behaviour of the products. 
Finally rheological measurements on mortars show the difference in performance stemming out from 
the different microstructure observed. 
 
 
2. Experimental 
 
Two different polymers have been synthesized, both copolymers of methacrylic acid (MAA) and 
poly(ethylene/propylene glycol)monomethacrylate (PEGMA). The monomer ratio and the 
polymerization conditions have been kept equal for both. The free radical polymerization has been 
performed in batch and in solution, with ammonium persulfate initiator. Under such conditions the 
reactivity ratios of MAA and PEGMA are likely to be similar and close to 1 (Smith and Klier, 1998), 
resulting in a random monomer distribution. The difference between the two polymers lies in the  
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Figure 1: Structural formula of Polymer A and Polymer B. 
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PEGMA:for Polymer A it comes from the esterification of MAA with a methyl ether poly ethylene 
glycol (MPEG) and so the EO chain is terminated with a methyl group, while for Polymer B it comes 
from a different process yielding an hydroxyl terminated EO chain. Moreover in the latter case the 
first 3 units attached to the MAA by the ester linkage are constituted by propylene oxide, the rest 
being ethylene oxide. The structural formula of Polymer A and Polymer B is shown in Fig. 1. 
 
 
2.1. NMR measurements 
 
The spectra were recorded at 30°C in 20% w/v solutions in deuterated water with a Bruker Avance III 
spectrometer operating at 400 MHz. In order to have a quantitative response the 13C NMR spectra 
were recorded by using a flip angle of 30° (pulse width of 8,2 µs) and a relaxation delay of 4 s, with 
power gated decoupling in the acquisition and a spectral width of 64 K data points. The relative peak 
intensities were measured from peak areas calculated through a profile fitting procedure with 
Lorentian peak shape. 
 
2.2. LCST measurements 
 
The values of LCST for the different polymers have been measured on 1% polymer solutions in 
K2SO4 0,6 M at different pH. These measurements reflect the polymer solubility, and the influence of 
the backbone conformation over solubility itself. 
 
2.3. Potentiometric titration 
 
The potentiometric titration curves of polyelectrolytes give information about the conformational 
transitions occurring on changing the ionization degree (Leite and Mandel, 1964). These transitions 
are a function of the local stereochemical configuration of the polymers (Nagasawa et al., 1965) and 
may thus give an indirect support to the NMR structural findings. The titration curves have been 
obtained by dissolving 1 g/l of the acid polymer in a NaCl 0,05 M solution and titrating with NaOH 
0,5 M. The data have been expressed as pKa vs. the ionization degree α. 
 
2.4. Rheological measurements on mortar 
 
The relative performance of the polymers has been determined by measuring the rheological 
behaviour of standard CEN mortar with 0,22% of each polymer, as dry matter over cement weight. It 
has been used a CEM II/A-LL 42,5 R cement. The measurements have been conducted in an empirical 
viscometer, where the measuring element was an anchor shaped stirring device. The flow curves have 
been measured after mixing, after 30 min and after 60 min. The evolution of viscosity at constant 
stirring speed for up to 75 minutes has been measured as well. 
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Figure 2: 13C NMR spectra of Polymer A and Polymer B.



3. Results and discussion 
 
In Fig. 2 are reported the 13C NMR spectra of Polymer A and Polymer B, where are indicated the 
regions which have been exploited to derive the structural information.  The resonances of various 
carbons in the copolymers are influenced by the monomer unit itself, either MAA (A) or PEGMA (E), 
and by the monomer units present as nearest and next nearest neighbours. Moreover the repeating A 
and E units of the copolymer chains have a quaternary carbon which can be considered as a 
pseudoasymmetric centre sensitive to the stereochemical configuration of the corresponding side 
substituents, α-CH3 and carboxylic functions. Therefore, for a complete description of the monomer 
sequence distribution and relative stereochemical configuration in terms of A-centered sequences, it is 
necessary to take into consideration as many as 10 different triads with a central MAA unit, 
magnetically distinguishable, as shown in the scheme of Fig. 3. Similarly 10 triads with a central E 
unit must also be considered. 

 
Figure 3: Schematic arrangement of side groups in A-centered sequences of triads, considering the chemical 
composition and the stereochemical configuration of neighbouring units.  = ‐COOH,  = ‐COOR,  = ‐CH3. 

 
In order to extract the information from the complex and overlapped signals of the NMR spectra, a 
profile fitting routine has been used to attribute the intensities to the individual contributions. A 
Lorentian peak shape has been found to best describe the experimental signals. To limit correlations 
from overlapping peaks the peak width has been kept equal for all peaks.  It is thus possible to derive 
information on both the monomer sequence and the stereochemistry.  
The carboxyl resonance signal, either –COOH and –COOR from 188 to 175 ppm, is not or minimally 
split from tacticity (Borget, 2005) and the observed complex patterns are only characteristic of the 
vicinity of the comonomers. As an example in Fig. 4 it is reported the region of the –COOH 
resonances for the Polymer A. The spectrum is sufficiently resolved to be sensitive not only to triads 

 

AAA 

AAE 

EAE 

 

Figure 4: -COOH resonances for Polymer A. The AAA sequences are indicated in blue, in green the AAE 
and in red the EAE. On the bottom are reported the differences between the experimental and fitted profiles. 



but also to pentads, and in blue, green and red are indicated the AAA, AAE and EAE sequences 
respectively. The –CH3 region of Polymer B shows the contribution of the methyl groups belonging to 
the propylene oxide units in addition to the methacrylic α-CH3. However this contribution can be 
accounted for by knowing the number of propylene oxide units which may also be experimentally 
determined by integration of the –CH and –CH2 signals in the range from 76 to 66 ppm. The –CH and 
–CH2 contribution are resolved in the DEPT135 signal making the attribution unambiguous. In 
Polymer B it turned out that there are 3 propyplene oxide units each PEGMA monomer. 
The –CH3 and the quaternary carbon signals are split by local tacticity (Gallardo and San Román, 
1994) as it is shown in Fig. 5 where it is reported the quaternary carbon resonance region of Polymer 
B. In blue, green and red are indicated the isotactic, eterotactic and syndiotactic contributions 
respectively. 

 
 
 
The summary of the attributions is reported in Table 1. The numbers in parenthesis represent the 
standard  deviation  on  the  last   significative   digit,   as   derived   from  the   fitting   routine.   The 
% configuration values are the averages of the determinations from the –CH3 region and from the 
quaternary carbon region, whose differences lie within the measured standard deviation. 
 

Table 1: Attributions derived from 13C NMR spectra. 

 % sequences % configuration 
 AAA AAE EAE syndio- etero- iso- 

Polymer A 51(3) 39(2) 10(1) 59(3) 34(2) 7(1) 
Polymer B 54(3) 36(2) 10(1) 74(4) 22(1) 4,0(5) 

 
 
It can be seen that, while the monomer sequences do not differ for the two polymers, there is a 
significative difference in the tacticity. 
 
3.1. LCTS measurements 
 
The results of the LCST measurements at the different pH values are reported in Table 2. Both 
polymers are insoluble under acidic conditions possibly because of the aggregation induced by 
hydrogen bonding between the PEO units and the undissociated MAA units (e.g. Khousakoun et al., 
2004). When the carboxylic groups begin to dissociate the polymers extend and become soluble, and 
at the highest pH the screening of the charges along the backbone decreases slightly the LCST. 
 

 

Figure 5: Quaternary 13C resonances for Polymer B. The isotactic sequences are indicated in blue, in green the 
atactic and in red the syndiotactic. At bottom are the differences between the experimental and fitted profiles. 



Table 2: LCST measured on 1% polymer solution in 0,6M K2SO4 solution. 

 pH 3,0 pH 5,0 pH 6,6 pH 9,0 pH 12,0 
Polymer A turbid at RT turbid at RT 82-83 °C 89-90 °C 86°C 
Polymer B turbid at RT turbid at RT 78 °C 77-78 °C 69-70 °C 

 
 
Polymer A always exhibits a higher LCST than polymer B. This macroscopic evidence points to a 
difference in the mechanism by which the polymer is solvated (Sindel et al., 1999), and in particular to 
a difference in the entropic contribution to solvation, the entropy increase during de-solvation and 
polymer precipitation being larger for Polymer B. This conclusion is consistent with a more uniform 
spatial distribution of the PEO chains in a more syndiotactic  polymer. As discussed in (Holappa et al., 
2004) a polymer with a more block-like structure undergoes association forming rather micellar than 
randomly aggregated particles. 
 
3.2. Potentiometric titration 
 
The potentiometric titration curves for Polymer A and Polymer B are reported in Fig. 6.  

 
Figure 6: Titration curves for Polymer A and Polymer B expressed as pKa against α. 

 
The ionization energy of the two polymers increases with increasing degree of ionization. Therefore 
the dissociation constant pKa is not constant throughout the range of ionisation degree. Polymer B 
shows a higher pKa at low ionization degree, indicating that the electrostatic repulsion exerted on the 
chain segments of the molecule are counteracted by contractive forces (Leyte and Mandel, 1964). 
Consequently the dimensions of the molecule will change slowly and the charge density in the 
polymeric regions, and as a consequence the pKa, will change steeply. When a certain expansion is 
achieved the short-range interactions between elements situated far apart along the chain stop to 
influence the polymer coil dimension. As a result an expansion of the polymer chain will occur in the 
second part of the titration curve. An increase of charge is immediately followed by an expansion of 
the polymer coil and no appreciable change of the charge density and of the electrostatic potential will 
occur. On the contrary Polymer B shows a more uniform expansion on increasing the dissociation 
degree. These differences are likely to be caused by the difference in tacticity which affect the 
intramolecular attractive forces. 
 
3.3. Rheological measurements 
 
The results of the rheological measurements are reported in Table 3 both as static flow values, and as 
pseudo-yield stress values obtained by fitting the experimental torque-stirring speed curve with the 
Hershel-Bulkley model. The values are only pseudo-yield stress results because the velocity field in 



the experiment is not known – an anchor shaped stirring element is used – and consequently the shear 
rate is not known. This explains why the results are expressed in N·cm instead of Pa. The pseudo-yield 
stress values have been measured after 10 min from mixing, after 30 min and after 1 hour. It can be 
seen that the different polymer structures result in significative performance differences. 
 

Table 3: LCST measured on 1% polymer solution in 0,6M K2SO4 solution. 

 static flow pseudo-yield 10’ pseudo-yield 30’ pseudo-yield 60’ 
Polymer A 148 mm 2,29 N·cm 3,94 N·cm 5,75 N·cm 
Polymer B 170 mm 1,71 N·cm 2,91 N·cm 5,68 N·cm 

 
 
4. Conclusions 
 
The microstructure and tacticity of polymethacrylate-g-PEO comb polymers affects their solution 
behaviour, and has profound influences on their performance as dispersing agents in cementitious 
materials. The complete determination of polymer composition, monomer sequence and polymer 
configuration can be achieved by high resolution 13C NMR spectroscopy. However macroscopic tests 
like the measurement of LCST or titration curves are able to evidence differences between polymers. 
The widely used synthetic routes of free radical polymerization or grafting of pre-formed polymers do 
not give a sufficient control over polymer structure to assure a constant behaviour of the polymers, 
especially in the presence of minor variations in the binder chemistry. Thus it appears that new 
synthetic routes capable of yielding more regular polymers are needed, or alternatively the time has 
come for the development of entirely new and different dispersants. 
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Abstract 

Knowledge of the microstructure of hydrated cement paste is essential for forecasting their performance. 
“Inert” mineral admixtures such as quartz or titanium dioxide are considered to influence the rate of 
dissolution mainly due to heterogeneous nucleation. They may have an influence on the calorimetry curve 
during the first days and particularly on the peak associated with C3A hydration products. It may be related to 
the nucleation of hydrates on foreign minerals particles which catalyzes the nucleation process. However, the 
relation between the effect on calorimetry curve and the C3A consumption and /or nature of hydrates formed is 
not clearly established. 
The X-Ray Diffraction (XRD)/ Rietveld method has been used to follow quantitatively the reaction of cement 
phases as a function of time for cement with and without titanium dioxide (TiO2) in the anatase form. We can 
observe a quicker consumption of C3A due to the filler effect, associated with the peak intensity enhancement in 
the calorimetry curve. As the hydrated products of C3A were difficult to study by XRD as AFm is an ill-
crystallized phase, 27Al Nuclear Magnetic Resonance (NMR) was employed to follow the variation of ettringite 
and AFm as a function of hydration time in the presence and absence of TiO2. The consumption of C3A can be 
clearly related to the formation of AFm phase. Scanning electron microscopy (SEM) with Ti, Si and Al mapping 
were applied on hydrated samples using backscattered electron images to show the location of hydrated 
products containing Al around TiO2 particles. 
 
ORIGINALITY 
 
The originality of the present research is to establish a link between the observed calorimetry curve and XRD, 
NMR techniques. 
 
CHIEF CONTRIBUTIONS 
 
The research permits to follow the impact of "inert filler" on the hydration mechanism. The presence of anatase 
in the studied system accelerates the C3A to AFm reaction as evidenced by calorimetry, XRD and 27Al NMR. 
 
Keywords: Cement, NMR, XRD, calorimetry 
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1. Introduction 
 
One of the most important techniques to follow the early age hydration of cement is the isothermal 
(heat conduction) calorimetry (Wadsö, 2005). However the relation between the heat rate deduced 
from the calorimetric experiment and the progress of hydration is not straightforward. As reported in a 
recent review paper (Bullard et al. 2011), in a properly sulphated Portland cement the second 
aluminate peak in a calorimetric curve usually occurs as a shoulder after the main alite hydration 
peak. This shoulder peak occurs when the sulphate phases have been dissolved and corresponds to a 
significant acceleration of the aluminate phase hydration. The scenario is well supported by X-ray 
diffraction/ Rietveld analysis (Hesse et al. 2011, Jansen et al. 2011). The main hydration product 
observed by XRD at this time appears to be ettringite (Hesse et al. 2011) however we cannot exclude 
the presence of other aluminate phases as AFm that may be ill crystallised and difficult to observe by 
XRD (Lothenbach et al. 2008). 27Al nuclear magnetic resonance (NMR) may be helpful to interpret the 
heat rate curve as both ettringite and AFm can be investigated (Skibsted et al, 1998). 
Previous study performed on the effect of corundum on the cement hydration shows that the 
incorporation of filler to Portland cements with high amount of C3A clearly enhanced the thermal 
power for the peak associated with C3A reaction but no clear correlation has been found between 
XRD and calorimetric curve in regards with hydrated products (Le Saout et al., 2006). 
In this study, XRD, 27Al NMR, scanning electron microscopy (SEM) and isothermal hydration 
experiments are carried out in order to evaluate the effect that produces the incorporation of anatase 
on the hydration of Portland cement with a high C3A content (approximately 11%wt). The 
introduction of the anatase (TiO2) particles in cement for its photocatalytic properties (Cassar et al. 
2003) could also significantly affect the rate of hydration reaction especially in the early stages 
(Jayapalan et al., 2009). 
 
 
2. Experimental details 
 
The chemical and mineralogical compositions of the Portland cement as given in Table 1 were 
determined respectively by X-ray fluorescence and X-ray diffraction/Rietveld analysis (Le Saout et 
al., 2011). 
 

chemical analysis %wt phase composition % wt 
Na2O 0.2 alite 63.9 
MgO 1.55 belite 12.1 
Al2O3 5.5 aluminate 10.7 
SiO2 20.6 ferrite 7.4 
P2O5 0.11 periclase 1.0 
SO3 2.59 calcite 1.1 
K2O 0.63 quartz 0.4 
CaO 64.24 anhydrite 1.8 
TiO2 0.27 bassanite 1.7 
Mn2O3 0.07   
Fe2O3 2.59 Blaine surface (m2/kg) 1098 
ignition loss (950°C) 1.21   

Table 1: Composition of the cement. 
 

A part of the cement was blended with TiO2 powder in anatase form (Aldrich, purity>99%, Blaine 
surface 9 m2/g) at 10% replacement by mass (blended cement labelled CT in the text), while the other 
part was used without TiO2 addition (cement labelled C in the text). Cement pastes were prepared at a 
water to cement weight ratio of 0.4. The samples based on 140g of blended cement were mixed for 
three minutes using a VWR VOS 14 overhead stirrer. 



About 5 g of paste were poured in glass vial sealed and loaded in the isothermal heat conduction 
calorimeter TAM Air from Thermometric AB, Sweden operating at 20°C. The glass vials were placed 
inside the calorimeter after 4 minutes after addition of cement to water. The time of addition of 
cement to water is considered in all experiments as the starting time. 
For X-ray diffraction (XRD) experiments, cement paste was cast into cylindrical vials. Slices were 
sawn from the cylinder and placed in the diffractometer for XRD pattern acquisition. XRD data were 
collected using a PANalytical X’Pert Pro MPD diffractometer in a -2 configuration employing the 
CuK radiation (= 1.54Å). The samples were scanned between 7 and 60° with an X’Celerator 
detector. All Rietveld refinement were done using the X’Pert High Score Plus program from 
PANalytical. The amorphous amount was deduced using an external standard (Le Saout et al., 2007). 
The 27Al NMR spectra were carried out on a Bruker ASX 400 spectrometer (9.39T magnetic field) at 
104.2 MHz. 27Al spectra were recorded at 20 kHz spinning rate in a 2.5mm ZrO2 rotor. Single pulse 
experiments were carried out by applying single pulse (/12) excitation width pulse of 0.5 s and a 1s 
relaxation delay. The 27Al chemical shift was referenced relative to a 1.0M AlCl3-6H2O solution. The 
deconvolutions of the spectra were done using the dmfit program (Massiot et al., 2002). 
For the SEM experiment, a slice of hydrated cement paste was impregnated with epoxy resin, 
polished and coated with a thin film of carbon (around 5nm) to avoid the charging effect. A Philips 
FEG-XL 30 scanning electron microscope coupled with energy dispersive X-ray analyzer was used. 
The accelerating voltage was 15KV in order to provide a good compromise between spatial resolution 
and adequate excitation of the FeKα. The spot size was chosen in order to generate the desired 
mapping X-ray results. A mapping of the elements present in the matrix wax performed. 
 
 
3. Results and discussion 
 
3.1. Calorimetric experiments 
 
Figure 1 shows the thermal power relative to the amount of cement C as a function of time for blends 
with and without titanium oxide as obtained experimentally in the isothermal tests at 20°C.  
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Figure 1: Rate of heat release (a) and cumulative heat (b) of mixtures with Portland cement with (CT) and 

without (C) titanium oxide filler. 
 
We can observe in both samples a main peak (labelled a) of heat release at about 11h that corresponds 
to the silicate hydration. This main peak is followed by a secondary peak (labelled b) respectively at 
33h and 19h for samples C and CT. The origin of the second peak is still unclear and may be related 
to the transformation of AFt to AFm phases, the renewed formation of ettringite (Taylor, 1997) or the 
C3A to AFm reaction (Bullard et al., 2011). We can observe that the peak b is accelerated by about 
14h when TiO2 was added to the cement. This effect was previously observed with different inert 



filler as corundum (Le Saout et al., 2006), rutile (Gutteridge et al., 1990, Le Saout et al., 2006) or 
anatase (Jayapalan et al., 2009). This effect may be related to the heterogeneous nucleation of 
hydrates on inert minerals particles, which catalyzes the nucleation process by reducing the energy 
barrier (Lawrence et al., 2003). Consequently this effect depends on the affinity of the mineral 
powder for cement hydrates and the specific area of the added minerals. 
 
 
3.2. XRD experiments 
 
Figure 2 shows the XRD patterns of samples C and CT with different hydration time. The hydration 
of alite is slightly accelerated by the addition of anatase as previously observed (Jayapalan et al., 
2009). As previously reported (Hesse et al, 2011), the aluminate phase strongly decreases (Figure 4.a) 
after complete dissolution of the anhydrite at around 25h and 15h for C and CT samples respectively. 
The ettringite is present within the first minutes and in the time range of experiments (between ten 
and 100 hours), similar kinetics and amounts are observed for ettringite in both cases. The main 
difference between the two set of XRD patterns was found in the AFm phases where the 
hemicarbonate is clearly present after 20h in the CT samples whereas it is still not present after 30h in 
the C samples. This behavior follows the trends observed for the peak labeled b in the calorimetry 
curve. As previously noticed (Matschei et al., 2007; Lothenbach et al., 2008), AFm phases have 
generally low crystallinity and variations in composition that lead to changes in positions and 
intensity reflections in the XRD patterns. Their quantification by Rietveld analysis is therefore not 
reliable and requires the use of 27Al NMR. 
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Figure 2: Observed diffraction pattern between 8 and 13° 2 degrees (CuK) for hydrated Portland cement with 

(CT, dotted line) and without titanium oxide (C, full line). 
 
 
3.3. 27Al NMR experiments 
 
The 27Al NMR spectra of cements are displayed on Figure 3. On reaction with water, anhydrous 
cement forms ettringite and latter AFm phases which both contain exclusively octahedrally 
coordinated Al and lead to peaks respectively near 13.3 and 10.0 ppm as previously observed 
(Skibsted et al., 1998). The relative proportion of ettringite to AFm was determined by the 
deconvolution of the spectra measurement of the area associated with each peak using the dmfit 
program (Massiot et al., 2002). An example of the deconvolution is presented in Figure 4. The 
lineshape of the peaks associated with ettringite and AFm were described respectively by a lorentzian 
function and the Czjzek model (Czjzek et al., 1981). The Lorentz lineshape for ettringite peak is due 



to the highly symmetrical sixfold coordination of aluminium sites (Goetz- Neunhoeffer et al., 2006) 
that lead to no or weak quadrupolar effects. Hemicarbonate on the other hand is poorly crystallized 
and the quadrupolar interaction leads to asymmetry in the line shape that can be well described by the 
Czjzek model (d’Espinose de la Caillerie et al., 2008) with a quadrupolar coupling Cq around 
1.3MHz. 
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Figure 3: Octahedral frequency range of the 27MAS NMR spectra (9.4T, r= 20kHz) of hydrated cement without 

(a) and with TiO2 (b). A simulation is presented in (a) where the solid line in red is the simulation of the 
experimental spectrum and the dotted lines the fitted models of ettringite (Lorentz model, =13.3ppm), and 

AFm (Czjzek model, = 10.0ppm, Cq= 1.3MHz). 
 

The deconvolution permits to obtain the AFm to ettringite molar ratio and knowing the amount of 
ettringite by XRD/ Rietveld analysis to deduce the variation of weight percent of AFm as a function 
of hydration time (Figure 4, b). 
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Figure 4: Amounts of aluminate (a) and hemicarbonate (b) in samples with (CT) and without anatase (C) 

deduced by XRD/ Rietveld analysis and 29Si NMR. 
 



We can observe a good correlation between the presence of the peak b in the calorimetric curve for 
the CT sample (Figure 1) around 20h and the reaction of aluminate (around 2%wt) that lead to the 
formation of hemicarbonate (around 4%wt) whereas both NMR and XRD do not show a clear 
renewed formation of ettringite at this time. 
 
 
3.4. SEM experiments 
 

(a)

CT – BSE ‐ 1d 20 µmCT – BSE ‐ 1d 20 µmCT – BSE ‐ 1d 20 µm
 

(b)

CT – Ti ‐ 1d 20 µmCT – Ti ‐ 1d 20 µmCT – Ti ‐ 1d 20 µm
 

(c)

CT – Al ‐ 1d 20 µmCT – Al ‐ 1d 20 µmCT – Al ‐ 1d 20 µm

(d)

CT – Si ‐ 1d 20 µmCT – Si ‐ 1d 20 µmCT – Si ‐ 1d 20 µm
  

Figure 5: Mapping of Ti, Al and Si of hydrated CT sample at 1d. (a) Original image, (b) Titanium mapping, (c) 
Aluminum mapping and (d) Silica mapping 

 
In order to check the distribution of aluminium phases in the CT samples, SEM analysis with Ti, Si 
and Al mapping have been done for the sample hydrated for one day (Figure 5). We can observe less 
Ca and Si and more Al around the anatase particles whereas the Al is not observed near the anhydrous 
silicate cement particles. 
 
 
Conclusions 
 
The calorimetric measurements show that the incorporation of anatase to Portland cements leads to a 
faster hydration of the C3A after alite hydration. XRD and NMR data show that the main hydration 
product associated with the C3A reaction was hemicarbonate whereas no clear renewed formation of 
ettringite is observed. According to the SEM data, the presence of anatase particles favours the 
formation of ettringite around the particles. As previously reported, the C3A hydration is controlled by 
the availability of sulphate phases (Minard et al., 2007 and Hesse et al. 2011) and we may assume that 
the anatase particles play a role in the consumption of sulphate by adsorption and act as nucleation 
site for ettringite formation. Further work is planned on the investigation of this system using 
thermodynamic modelling in order to compare the experimental calorimetric curve with the calculated 
one using XRD/ Rietveld and NMR data as input. 
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Abstract 

Samples were taken from zones of the shotcrete lining in a tunnel where the shotcrete had completely lost its 

strength and could easily be removed by hand. In addition, drilling cores without obvious damage at the visible surface 

(Ø 50 mm and 200 mm) were taken. Furthermore a needle-like efflorescence from the inner shotcrete lining and ground 

water samples were collected. Interstitial solutions were pressed out from the completely damaged material. In 

addition, sections of 10 mm thickness were cut off from the 200 mm core, beginning from the back of the core in order 

to investigate possible chemical and mineralogical variations.  

X-ray diffractometry (XRD) analyses indicated that thaumasite formation was the main reason for the damage 

and the needle-like efflorescence was identified as sodium sulphate (Na2SO4). Wet chemical and XRD analysis of non-

altered shotcrete showed that the natural concrete aggregates consisted mainly of calcite, dolomite and quartz. 

Regarding the drilling core discs, the total sulphate content decreased with increasing distance from the damaged zone 

from 1.9 w% SO3 (0-10 mm) to 0.6 w% SO3 (35-45 mm). Acid-soluble SiO2 was generally high throughout the outer 

sections at about 6.0 wt% (0-30 mm) but amounted “only” to 4.7wt% in the innermost section (35-45 mm zone). The 

pH-value of the pore solution increased with increasing depth from 12.8 (0-10 mm depth) to 13.2 (35-45 mm depth). 

The sulphate concentration of the pore solution was 700 mg/l in the disc closest to the thaumasite-damaged zone and 

250-300 mg/l in the other discs. Measured pH-values of the local ground water and solutions pressed out of damage 

zone material were alkalescent (~8). Interstitial solutions were mainly dominated by Na
+
 and SO4

2-
 and values of up to 

7400 and 17200 mg/l, respectively, were measured. In contrary, SO4
2- 

concentrations of the local ground waters were in 

the range of 450 to 550 mg/l,  and the Na
+ 

concentrations were as low as 0.5 - 4.0 mg/l. It is believed that Na
+
 and 

soluble SiO2 originate from water glass, which presumably had been used as setting accelerator for the shotcrete. 

Furthermore, the extremely high SO4
2-- 

concentrations in the expressed solutions of up to 17000 mg/l have been caused 

by water evaporation [18].  

 

It is assumed that the presence of water glass, a very reactive silicate and/or the relatively poor quality of the shotcrete 

(from ~50 years ago) had enhanced the damage formation. As an outlook we are planning to sample another tunnel 

which passes through the same geological units, but was constructed about 20 years later.  The concrete quality is 

expected to be higher and shotcrete was applied without the addition of water glass. A comparison of the results will 

provide a better understanding of the factors influencing the speed of damage formation.  

 

Originality 

 

In this paper present new insights of specific damage features that have occurred in an Austrian tunnel due to sulphate 

attack are presented. Based on various chemical and mineralogical analyses of concrete, efflorescence on the tunnel 

walls and hydro-chemical analyses of porous and interstitial solutions and groundwater, conclusions can be drawn 

towards a better understanding of the processes and rate that lead to the destruction of concrete. More detailed aspects 

of this and further case studies concerning sulphate attack will be discussed in additional contributions presented at 

this conference [18, 19].  

 

Chief contributions 

The main contributions made by the investigation of this case study are to evaluate aspects that have hardly been 

considered to have a strong impact on thaumasite formation. We believe the usage of water-glass which was widely 

spread used as hardening accelerator for shotcrete is playing a crucial role. Furthermore elevated soluble SiO2 

contents and changeable groundwater conditions are to be taken into account. By producing profiles of the concrete 

and expressed porous solutions from altered to non altered concrete we are able to visualize the occurring chemical 

variation dependent from the distance of the main damage zone.  
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1. INTRODUCTION 
 

Many reports have been published concerning the thaumasite form of sulphate attack (TSA) in 

concrete structures [1-9]. To gain a better understanding of the deterioration caused by TSA, a large 

number of laboratory experiments and theoretical modelling was performed [10-16]. The present study 

belongs to the same research project as the papers [18, 19] presented at this congress.  

 

In this paper new insights in the formation of thaumasite are presented by highlighting the results 

based on a case study in an Austrian tunnel which passes through a mountain of which some 

geological units contain gypsum and anhydrite. The maximum sulphate concentration of the mountain 

water was 550 mg/l SO4
2-

. However, it is safe to assume that the SO4
2-

-concentration increased up to 

the gypsum saturation concentration of about ~1500 mg/l SO4
2- 

due to the dissolution of gypsum, e.g. 

at places with dripping water. The tunnel is about 100 years old and several shotcrete linings were 

applied since the early 1960`s as renovation measures. An inspection revealed that the shotcrete lining 

in the tunnel had completely lost its strength at several places beginning from the transition zone of the 

shotcrete and the old tunnel wall. The aim of this study was to clarify the reason of the concrete 

damage by analyzing deteriorated and non-deteriorated shotcrete, the pore solution pressed out of the 

shotcrete, etc. The tests which were performed and their results are reported below. 
 

 

2. DAMAGE PATTERN, SAMPLING AND TESTS PERFORMED 

 

 

 

 

 

 

 
Figure 2: Efflorescence on the concrete surface 

 

 

Figure 1: Concrete destroyed by thaumasite 

formation 

 

 

Figure 1 shows a spot where the concrete has suffered visible damage and lost its strength all over the 

cross-section. Such spots appeared in some individual zones only, while most of the surface of the 

lining seemed to be intact on external inspection. Apparently, the damage of the concrete had started 

from the mountain side where the sulphate-containing mountain water was able to contact the 

concrete. Furthermore, efflorescence was observed along cracks (Figure 2). These were clearly 

different from limestone efflorescence. They were not intergrown with the concrete and could be 

removed easily with a brush. Samples of the efflorescence and of the damaged - apparently wet – 

concrete were taken at several places and packed into plastic bags immediately.  From a zone where 

the visible surface did not show any damage, bore cores were extracted (Ø 200 mm). The sampling 



spot was located not far away from a zone of damaged concrete and a layer of white reaction products 

was found on the rear surface of the drill cores.  

 

All solid samples were examined both via wet-chemical and XRD (X´Pert Pro Co-Tube) analyses. 

Prior to analyzing the solids of samples taken from the damaged concrete, the water contained in them 

was expressed using a device built similar to the one described by Barneyback et al. [17]. The drill 

cores of Ø 50 mm were used for morphological investigations as well as for phase determination via 

XRD. Sections of 10 mm thickness were cut off from the 200 mm core, beginning from the back of 

the core in order to investigate possible chemical and mineralogical variations. The discs were first 

saturated with distilled water, sealed in plastic containers and stored at 20 °C for two months for 

equilibration. After their removal, pore solutions were pressed out and analyzed, and so were the 

solids. The concentration of the components contained in the expressed solutions was determined by 

ion chromatography (Dionex DX-120) or atomic absorption (Perkin Elmer; AAS 400), except for the 

OH
-
concentration. The latter was determined by titration with 0.1 molar HCl using “m-Cresol purple” 

(Messrs. Merck) as an indicator. Temperature and pH-values of ground water samples were measured 

during fieldwork. Elemental contents of ground water and expressed interstitial solutions were 

measured by IC (Dionex ICS-3000) and inductively coupled plasma mass spectrometry (ICP-MS 

Agilent 7500). 
 

 

3. RESULTS AND DISCUSSION 

 

3.1 EFFLORESCENCE AND WATER CONTAINED IN THE DAMAGED CONCRETE 

 

The efflorescence which had developed on the concrete surface along cracks was water-soluble and 

melted already at temperatures below 100°C. The analysis revealed that more than 90 mass% was 

Na2SO4 , which could only have been formed by sulphate-containing water passing through the 

concrete - due to capillary action – to the surface where the water and the dissolved components 

remained as efflorescence. 

  

The water contained in the samples of the degenerated concrete had a pH-value between approx. 8 and 

9. Its sulphate concentration was between approx. 1600 and 17000 mg/l SO4
2-

. Thus, the sulphate 

concentration was in all samples above the concentration of a saturated gypsum solution and 

considerably above that of the mountain water. As the sodium concentration of the expressed water 

samples was in good agreement with the sulphate concentration, the sulphate in the degenerated 

concrete was mainly present in the form of Na2SO4 and not as CaSO4.2H2O, which was the case in the 

mountain water. Therefore, the question suggests itself where the sodium came from and why the 

sulphate concentration was able to reach such high levels. The source of the sodium could be 

identified from the test results obtained from the bore core sections (Ø 200 mm) and the pore solution 

contained therein (see chapters 3.2 and 3.3).  

 

The high Na2SO4 concentration in the water contained in the degenerated concrete, which was chiefly 

due to the evaporation of water, also explains why Na2SO4 efflorescence was able to develop along 

cracks without the simultaneous transport of Ca(OH)2 from the binding agent matrix. Further detail 

will be given in additional studies presented at this conference [18, 19]. 

 

 

3.2 DAMAGED CONCRETE AND REACTION PRODUCTS ADHERING TO THE BORE 

CORE 

  

Table 1 shows the percentages of components present in the reaction products adhering to the drill 

core and that of the relevant sulphate. As can be inferred from the table, both the reaction products 



which had been removed from the bore core and the degenerated concrete contained high amounts of 

sulphate. The two analyzed materials contained all components which were present in ettringite, 

thaumasite and gypsum, respectively. Unfortunately, it was not possible to tell from the wet-chemical 

analysis which of the sulphate compounds was present. 

 

Table 1: Composition of the sulphate phases (theoretical) and results of the solids samples analyses 

 Content in mass% 

 calculated from formula analytical value 

 Ettringite Thaumasite 

 

Gypsum 

 

Reaction products 

adhering to the 

bore core  

Degenerated 

concrete 

bound H2O (LOI; 

1000°C) 
45.93 43.40 20.92 25.4 32.2 

insoluble R. -- -- -- 4.4 3.8 

soluble SiO2 -- 9.66 -- 7.6 6.0 

Al2O3 8.13 -- -- 4.4 3.8 

CaO 26.79 27.0 32.55 36.0 32.2 

MgO -- -- -- 4.0 7.4 

SO3 19.15 12.87 46.53 17.9 12.6 

Na2O -- - -- n. d.*) 0.7 

K2O -- -- -- n. d.*) 0.1 

CO2 (in LOI incl.) -- 7.07 -- n. d*) 10.0 

Sum total 100 99.8 98.8 

*) n. d.: could not be determined because not enough material available 

 

Thermo gravimetric investigations provided similar results. Unfortunately, the mass changes in the 

temperature range of up to approx. 200°C, in which the biggest changes were noted, occurred at quite 

similar temperatures. Thus, it was only possible to a very limited extent to find out which of the 

possible sulphate compounds were involved. The same applied to the DTA measurement for ettringite 

and thaumasite (both showed an individual peak). Gypsum, on the other hand, can be distinguished 

from ettringite and thaumasite on account of a double peak. Both the degenerated concrete and the 

material which had been removed from the bore core contained gypsum. In order to provide evidence 

of the presence of ettringite and thaumasite XRD measurements are required.  
 

 

3.3 BORE CORE (Ø 200 MM) 
 

Results of the analysis of the pore water expressed from the bore core sections is shown in Figure 3. 

As can be seen from the graphs, the OH
-
-concentration was the highest one at all depths and – like the 

concentration of Na
+
 and K

+
 - it increased from the outside to the inside. The pH-value of the OH

- 

concentration was calculated to be 12.83 at a depth of 0-1 cm and of 13.24 at a depth of 4.5-5.5 cm, 



i.e. it was within a range at the largest depth which is typical of non-carbonated concrete. What was 

striking was that the Na
+
 concentration was significantly higher than the K

+
 concentration, while 

normally the reverse is the case. The Ca
2+

 and the SO4
2-

 concentrations decreased from the outside to 

the inside and became negligibly from a depth of 3 cm onward. This has to do with the OH
-
 

concentration. In carbonated or partly carbonated concrete the solubility of both ions increases. 

Whether the low OH
--concentration in the peripheral zone of the shotcrete facing the mounting is due 

to carbonation and/or leaching or due to the formation of ettringite/thaumasite is not known.  
 

 
 

Figure 3: Concentration of the components in the pore solution depending on the distance from the rear 

concrete surface facing to the mountain 

 

Table 2: Oxide analysis of the bore core section 

 

 Concrete depth (cm from the rear surface) 

 ~0-1 ~1.5-2.5 ~3-4 ~4.5-5.5 

Loss on ignition 33.5 32.8 33.1 35.4 

Insoluble residue  6.0 5.4 5.7 6.2 

soluble SiO
2
  5.6 6.4 6.2 4.7 

Al2O3 1.7 1.8 1.8 1.7 

Fe2O3 1.7 1.8 1.8 1.4 

CaO  41.4 43.5 43.5 41.9 

MgO  8.0 6.6 7.1 7.8 

SO
3
 1.9 1.2 0.80 0.60 

Na
2
O  0.08 0.09 0.13 0.15 

K
2
O  0.05 0.05 0.09 0.10 

CO
2
 28.3 22.7 27.2 30.5 

Sum total 99.93 99.64 100.22 99.95 



The results of the wet-chemical analyses of the bore core sections are summarized in Table 2. The low 

content of acid-insoluble components and the high content of CO2 show that the concrete contained 

carbonate aggregates. The SO3 content decreased from the outside to the inside. Assuming that the 

concrete contained  ~15 wt% cement (i.e. ~360 kg cement / m³) the permissible SO3 content of the 

concrete is calculated to be approx. 0.5 m%. Hence, the SO3 content was excessively high at least 

down to a depth of about 4 cm. XRD analyses identified thaumasite as the damaging sulphate mineral 

both for the degenerated lining and the white reaction product obtained from the bore core [18, 19]. 

This is in agreement with the damage pattern (loss of strength without preceding conspicuous 

expansion).  

 

The fact that the sulphate content reached the highest SO3 level in the peripheral zone and that it 

decreased rapidly at increasing depth demonstrates that the attack started from the rear surface which 

was in contact with the sulphate-containing mountain water and propagated into the concrete. Why the 

damaging reaction was able to penetrate the entire shotcrete layer at some places while it progressed to 

comparatively low depths only at other places, such as at the sampling site of the bore core, is not 

known. It is presumably due to the amount of mountain water present at a given site, the local 

specificities in the composition of the mountain water as well as to other influences, such as the 

development of cracks (caused by crystallization pressure and mountain pressure, respectively) and 

the damage reaction triggered at deeper concrete layers by the ingress of water.  

 

What was also striking about the results was that much more soluble SiO2 was contained in all sections 

than could possibly have originated from the cement. The SiO2 content in Portland cement clinker is 

about 20 mass% and it is completely soluble in acid. At a ratio of 15 wt% of cement relative to the 

concrete mass, the concrete ought to contain not more than ~3 wt% of soluble SiO2. Since it actually 

contains almost twice as much suggests that water glass was added to the fresh concrete as a 

solidification enhancer (“injection aid”), which was common practice at the time when the lining was 

constructed. That water glass had been added, indeed, seems to be proven by the fact that the concrete 

contained more sodium than potassium while, normally, the contrary is the case. That relatively little 

Na2O was found in the sections compared to soluble SiO2 can be attributed to “leaching effects”. The 

easily soluble sodium apparently diffused from the concrete into the mountain water. This explains 

why, in combination with water evaporation, such high concentrations of sodium and sulphate were 

able to build up in the water present in the degenerated concrete, and why efflorescence of Na2SO4 

occurred along cracks even though only moderately sulphate and hardly any sodium was contained in 

the mountain water.  

 

 
4. SUMMARY AND OUTLOOK 

 

The tests revealed that the concrete which suffered damage from thaumasite had been produced with 

the addition of water glass as a solidification enhancer, so that, save for sulphate, all substances 

required for the formation of thaumasite were abundantly available. The sulphate - in the mountain 

water present as CaSO4.2H2O - was converted in easily soluble Na2SO4 due to the sodium in the water 

glass, so that the SO4
2-

concentration of the mountain water contacting the shotcrete had risen 

significantly due to evaporation. This has certainly encouraged the formation of thaumasite in the 

adjacent concrete. Moreover, it was due to the concentration of sulphate that Na2SO4 efflorescence 

was able to develop on the concrete surface (see chapter 3.1). Since the concrete contained – except of 

sulphate - all components which are required for the formation of thaumasite (carbonate and silicate), 

it is actually not surprising that the damage occurred. However, what was astonishing was the locally 

very different speed at which the damage progressed. It is believed that this is in connection with the 

sulphate concentration of the water being in contact to the concrete. Another question which still 

remains to be clarified is whether the formation of damage had been accelerated by the presence of 

(reactive) SiO2 contained in the water glass.  
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Abstract 
  
Blended cements type CEM II/A-LL and CEM II/B-LL were produced using the limestone additives from 
different sources. The following parameters of hydrating pastes or mortars were determined: water demand, 
initial and final setting time, compressive strength up to 56 day. The effect of limestone powder materials mixed 
with basic Portland cement is pronounced particularly as the compressive strength of cement mortars at later 
age and higher percentage of additive is concerned.    
Hydration process of cement mixtures with limestone additives was followed using calorimetry and other 
methods with aim to evaluate the scope of heat effect lowering, modification of microstructure, as well as the 
processes occurring in the liquid phase. The hydration products were characterized by means of different 
techniques (SEM, EDS).  
It has been found that the 30% limit of additive results in the production of CEM II/B-L 32,5N. The lower water 
demand and better workability should be underlined. The bright colour of mortars with limestone is important 
as the use of this materials for masonry works and “small prefabrication” is considered . 
The effect of limestone additive will be discussed from the point of view of the percentage and the geological 
origin of limestone component. The soft limestone (Jurassic) seems to be more “active” than the harder 
(Devonian) one. It is possible to produce even blended cement type CEM II/B-L class 42,5R (according to the 
EN 197-1), however some limestone products - particularly those from Devonian deposits, appear to be 
insufficiently active when mixed, not interground, with cement.  
  
ORIGINALITY This work  relates to the use of limestone component in cement production (“reduction in 
clinker content”), as well as the use of limestone powder in concrete technology. Limestone powder is delivered 
as a by-product in the lime industry in Poland where the technology is based on the process in shaft and Maertz 
kilns for limestone feed of large size. There are many deposites of limestone of different geological origin 
differing with chemical composition and structural properties; this influences the applicability of limestone as a 
component of cementitious materials and the details should be highlighted. 
 
CHIEF CONTRIBUTIONS The results indicate that different  sources of limestone give the material differing 
with chemical composition and physical properties (hardness, structural defects, crystal size). Therefore even 
the finely ground limestone powders, when used as an additive to cement, result in a little different water 
demand and, lower or higher early and final strength. It should be underlined that the level 15% is critical when 
the production of Portland limestone type CEM II 42,5R is considered and the level 30% limestone, as related 
to the possible cement CEM II 32,5N  manufacturing. 
 
Keywords: Lime cement blend, limestone powder, heat of hydration, water demand, strength  
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1. Introduction 
 
The increasing amounts of limestone are used in the production of lime Portland cements, usually 
together with the other components to produce blended, multicomponent cements, because of 
economical and ecological reasons (Poppe et al. 2005, Ghrici et al.2007, Lothenbach et al. 2008). 
According to the standards, in the commercially available blended cements it is possible to replace up 
to 35 wt.% Portland cement clinker. At 5% or less limestone powder interground or mixed with 
cement, the properties of fresh and hardened mortars are very similar those of the reference material. 
The increased hydration and strength could be attributed to the limestone powder providing nucleation 
sites and improving the microstructure (Uchikawa et al.1996, Vuk et al. 2001). The grindability of 
this component is much higher than the grindability of clinker and therefore the limestone is present 
in the fraction below 10µm; in this case not only the strengthtening of microstructure can be observed 
but also the reduction of water demand. One should take in mind that limestone is almost inert and 
only certain amount of the limestone (up to around 5%) reacts to give calcium carboaluminate phases. 
Higher additions of limestone led always to a decrease of compressive strength and an increase of 
porosity. In the presence of limestone the stabilization of  ettringite at the expense of monosulfate 
takes place (Feldman et al.1965, Bensted 1980, Bonavetti et al.2001, Schmidt et al.2008).  
Limestone components from deposits of different geological origin reveal specific minor components 
and structural properties. In this work the hard Devonian limestone and two soft “younger” Jurassic 
ones were used. Among the two Jurassic limestones there are further substantial differences as the 
chemical composition (percentage of minor components) is concerned.  
  
2. Experimental 
 
2.1. Materials 
  
Blended cements type CEM I (5% additive), CEM II/A-LL (10%, 15%, 20%) and CEM II/B-LL 
(25%, 30%, 35%) were produced using the portland cement clinker (chemical and phase composition 
- see table 1) gypsum and limestone powder additives from different sources, denoted as M (Jurassic), 
T (Devonian) and K (Jurasic) respectively (table 2). These limestone powders are the by-products 
from limestone quarries associated with cement plants, commercially available. The total organic 
carbon was on the level below 0,020%. The reference cement CEM I 42,5R was ground as a basic 
component to the fineness 3850 cm2/g; the lime cements were produced by mixing this cement with 
relevant amount of limestone powder (specific surface in the range 4200 to 4500 cm2/g), to avoid the 
“over grinding”, for better comparable results.  
 

Table 1: Composition of portland cement clinker 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Na2Oeq CaOf C3S C2S C3A C4AF  

% 20,21 5,72 3,30 65,31 1,66 0,84 0,17 0,91 0,77 1,21 61,83 11,31 9,58 10,04 
C=CaO, S= SiO2, A= Al2O3, F= Fe2O3 
 
2.2. Methods 
 
The following properties of cement/pastes/cement mortars: water demand, initial and final setting 
time, compressive strength up to 56 days were determined according to the relevant standard methods 
from the series PN-EN 196.  
Heat evolution measurements were carried out by use of a differential microcalorimeter type BMR 
(constructed in the Institute of Physical Chemistry, Polish Academy of Science in Warsaw). For this 
purpose the pastes of 0.5 liquid-to-solid ratio were mixed. The starting temperature was kept constant 
at 25°C. Some selected suspensions (water to solid ratio = 10) were subjected to the conductometric 
measurements, which reflect the concentration of ions in the liquid phase of hydrating material, with 
help of special installation (suspension stirred with a magnetic stirrer, sensor of conductance and 



measuring device). Analysis of microstructure of the hardened cement pastes and their documentation 
were performed with the help of the scanning electron microscope FEI Nova Nano SEM 200. 
 

Table 2: Composition of limestone powders 
Percentage  

Component limestone  
powder MJ 

limestone  
powder TD 

limestone  
powder KJ 

SiO2 5,45 3,19 1,79 
Al 2O3 1,58 0,76 0,64 
Fe2O3 0,73 0,41 0,25 
CaO 50,45 52,26 53,96 
MgO 0,67 0,46 0,43 
SO3 0,50 0,31 0,16 

Na2O 0,05 0,04 0,05 
K2O 0,38 0,14 0,03 

Na2Oeq 0,29 0,13 0,06 
Cl 0,010 0,007 0,010 

“impurities” 9,37 5,44 3,42 
 
 
3. Results and discussion 
 
The results of standard measurements are given in Tables 3 - 4. 

Table 3: Water demand, initial and final setting time 
Setting time 

Sample Water demand [%] 
initial final 

CEM I 29,0 2h50’ 4h15’ 
5% MJ 28,0 2h50’ 4h55’ 
10% MJ 28,4 2h55’ 4h50’ 
15% MJ 28,1 2h45’ 4h40’ 
20% MJ 27,7 2h40’ 4h25’ 
25% MJ 28,5 2h50’ 4h30’ 
30% MJ 28,0 2h45’ 4h15’ 
35% MJ 28,0 2h50’ 4h25’ 
5% TD 28,2 2h40’ 4h25’ 
10% TD 27,8 2h50’ 4h20’ 
15% TD 27,4 2h40’ 4h25’ 
20% TD 26,8 2h55’ 4h20’ 
25% TD 26,4 2h30’ 4h30’ 
30% TD 26,2 2h25’ 4h20’ 
35% TD 26,6 2h20’ 4h25’ 
5% KJ 29,4 3h05’ 4h30’ 
10% KJ 29,0 3h 4h40’ 
15% KJ  28,6 3h 4h35’ 
20% KJ 28,9 2h55’ 4h20’ 
25% KJ 28,5 2h55’ 4h15’ 
30% KJ 28,2 2h50’ 4h05’ 
35% KJ 27,8 2h50’ 4h25’ 

 
 



Table 4: Compressive strength of cement mortars 
Compressive strength [MPa] at age 

Sample 
2 days 7 days 28 days 56 days 

CEM I 28,8 44,5 55,4 56,7 
5% MJ 27,3 40,6 47,4 53,2 
10% MJ 26,3 41,6 45,8 50,2 
15% MJ 23,1 38,4 43,6 46,2 
20% MJ 22,6 36,8 41,4 43,2 
25% MJ 21,1 35,5 40,2 41,3 
30% MJ 20,4 33,0 35,9 37,7 
35% MJ 16,9 28,9 32,0 33,4 
5% TD 26,9 41,3  49,8 53,0 
10% TD 25,9 40,9 46,7 49,1 
15% TD 24,5 36,8 41,8 43,1 
20% TD 23,0 37,2 41,9 45,3 
25% TD 20,6 33,5 36,5 38,3 
30% TD 18,5 32,3 35,3 37,5 
35% TD 15,7 25,7 29 31,9 
5% KJ 25,0 38,7 47,7 49,7 
10% KJ 23,9 38,2 46,6 47,2 
15% KJ  22,3 35,9 43,2 44,8 
20% KJ 21,0 35,1 42,8 43,8 
25% KJ 18,7 33,3 39,9 41,2 
30% KJ 17,1 31,8 36,1 37,8 
35% KJ 16,3 27,6 32,2 33,6 

 
As one can see, at the presence of limestone powder of uniform fineness the water demand is not 
specially altered; the values are a little lowered because of the dilution of active component (clinker). 
Therefore the amount of water at highest limestone level is the lowest. In one case (sample KJ) a little 
higher value can be related to the surface properties of ground additive (presumably nucleating 
effect). The initial and final setting time does not specially decline from the values for reference 
cement CEM I, however in most cases the initial setting takes place earlier and the final one is 
retarded. 
The additions of limestone, even low (5%), lead to a decrease of compressive strength. At the 5%  to 
20% additions of limestone powders of different origin the same class 42,5 is maintained except of 
one case (sample with 10% TD).  These cements show in most cases rapid strength development (see 
table 4). The sample doped with KJ limestone (Jurassic - soft) gives the material which can be 
attributed to the class 42,5 for 20% additive. At higher limestone content the compressive strength 
becomes lower and lower. However, at 20% to 30% additive the cements comply with the standard 
requirements for common cements class 32,5 but the latter content level is close to the limit value. At 
35% additive content the standard 28 day strength (32,5MPa) is not achieved. 
The selected sets of results of calorimetric measurements are given in figs 1 - 3 and listed in Table 4. 
 

Table 4 Heat evolved values for cement admixtured with limestone powder MJ 

sample Q evolved after 24h 
Q 24h calculated per 1g 

of reference cement in sample 
CEM I 42,5R 284 284 
5% limestone 282 297 
15% limestone 259 288 
25% limestone 243 304 
35% limestone 214 357 



 
They are well consistent with those reported earlier (e.g. Pera et al. 1999, Lothenbach et al. 2008). 
As one see (table 4) only at 5% limestone the heat evolved value is close to that for reference cement; 
it means that limestone plays a role of cement replacement. further dilution of cement with limestone 
led to the reduced heat effect, however the heat calculated per 1g of cement is rather high, particularly 
at high level of limestone. This could result from the intensive nucleation on small  grains of additive 
and, as it results from some reports, from the promoted crystallization of ettringite (which gives a 
highest heat among the hydration products. The similar dependence was found for the two other 
limestone materials; the examples of heat evolution curves are plotted as figs 1 and 2. 
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Fig. 1: Heat evolution of cement pastes hydrated in the presence of limestone powder TD 
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Fig. 2: Heat evolution of cement pastes hydrated in the presence of limestone powder KJ and TD 

 
The rate of heat evolution curves for reference and for cement with 5% limestone powder almost 
interfere (fig. 1); the course for the other limestone sample is very similar (fig.2; the comparison of 
heat evolution curves for different limestone powders, added as 5% and 30% cement replacement). 
Higher amount of limestone (15%, 30%) gives no longer induction period (it means that the setting is 
not retarded) but leads to the appearance of the second “shoulder”. This could be attributed to the 
formation of calcium mono carbonate hydrate on the limestone fine particles within the time range 12 
- 17h.  
The measurements of conductivity reveal that the dissolution/precipitation processes in the hydrating 
suspensions with 5% - 25% limestone powder replacement give very similar effects, as the 
concentrations of electrically charged species are concerned; therefore the composition of the liquid 
phase is almost identical. At higher limestone content the equilibrium concentration is slightly 



reduced and the maximum value is shifted - it seems that the intensive precipitation together with a 
little slower dissolution occur. 
The microscopic observations (see micrographs presented as fig. 4) prove the presence of very 
abundant fibrous (rod-like) hydration product. The EDS analysis does not enable to distinguish 
between the calcium carboaluminate hydrate and ettringite, however very high peaks of carbon from 
the fibrous clusters seem to supply this assumption. 
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Fig. 3. Conductometric curves of hydrating cement - limestone suspensions (w/c=10). 

 
 

  

  
 
 

Fig.4 SEM microstructure of hardened cement paste with limestone powder (30%). See the ettringite and 
carboaluminate needles grown up from the limestone grains (the chemical analysis by EDS gives the excess of 
carbon both from the “fibrous” and “grainy” areas, as compared to the reference). 
 



4. Concluding remarks 
 
Limestone powder materials of different origin, of fineness > 4000 cm2/g can be used in the 
production of cement by mixing with the basing CEM I 42,5R type portland cement.  Water demand, 
as well as the initial and final setting time does not specially decline from the values for reference 
basic cement.  
At early age (24h) the rate of heat evolution as well as total heat flows are similar in the cement 
sample containing no calcite and in the samples with limestone powder. At growing additive content 
the cumulative heat after 24h decreases due to the effect of clinker dilution, however the calculated 
heat value, expressed per g of basic cement, is higher for the limestone cement than for the portland 
cement illustrating the accelerating effect of limestone fine fraction. These effects vary for higher 
percentage of particular limestone powder materials used in this work, due to the microstructure, 
impurities, grain size distribution. 
The additions of limestone, even low (5%) as cement additive mixed with basic cement, lead to a 
decrease of compressive strength, however the same strength class is maintained. 
The effect of limestone powder materials mixed with basic portland cement is pronounced particularly 
as the compressive strength of cement mortars at later age and higher percentage of additive is 
concerned. It is possible to produce even blended cement type CEM II/B-LL class 42,5R (according 
to the EN 197-1), however some limestone products - particularly those from Devonian deposits, 
appear to be insufficiently active when mixed, not interground, with cement. 
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Abstract 
 In general, the cement paste constitutes the only active phase of hydraulic mixture. The deformation at very 
young ages may, under certain conditions, cause premature cracking of the material. This can compromise 
performance and durability of structures in service 
One of the factors through which the premature cracking can be analyzed is the deformation of the endogenous 
cement matrix 
The evolution of shrinkage occurs in two phases governed by two different mechanisms. The first phase, more 
important, is of chemical origin. It is due mainly to the phenomenon named Le Chatelier contraction. The second 
phase is counted from when the material becomes rigid enough to oppose resistance to the contraction due to the 
phenomenon of capillary depression. The separation between the two phases is not exact. 
In general, the shrinkage is caused by forced movement of water caused by water imbalance. 
Other competing phenomena affect the evolution of endogenous shrinkage..  
 In this study we are interested in endogenous shrinkage of cement pastes. A statistical prediction model was 
developed. It involves the most influencing parameters on endogenous shrinkage of cement pastes. 

 
Keywords: cement pastes; endogenous shrinkage; chemical shrinkage; modeling  

  

Originality: In the various fields of science, one often has to explain and / or analyze phenomena which we do 
know that from the behavior of experimental measurements. For this reason, it is interesting to synthesize a 
mathematical model whose behavior is similar to the real phenomenon. 
In some cases, knowledge of model parameters and conditions of the experiment phenomena can propose a 
mathematical model called deterministic. But in most cases, it is unclear the precise mechanism of the 
phenomenon. We can then design a statistical model which we estimate the parameters from the measurement 
samples. Given the ignorance of the precise mechanism of endogenous shrinkage we propose a statistical model 
which we estimate the parameters from the measurement samples. Therefore, this work is original by the 
approach used for the modeling of the shrinkage at the young ages of cement pastes. 

  

Chief contributions: The main contribution focuses on the behavior of hydraulic materials. Several studies 
concerning the mix design of hydraulic mixtures, their spontaneous dimensional variations and their behavior 
under sustained loads were studied. 
Other topics were discussed which include: the optimization of the geometric dimensions of reinforced concrete 
beams, the potential strength of concrete under sustained load, the long-term behavior of reinforced concrete 
structures and pre-stressed concrete. 
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Introduction  

 
At very young ages, cement pastes exhibit large dimensional changes which can lead to premature 
cracking of cement matrix. During the first hours of hydration, shrinkage mainly corresponds to a 
chemical shrinkage also called "Le Chatelier contraction". It is the consequence of a negative volume 
balance overall chemical reactions of hydration. 
After setting, the stiffness of the cement matrix gradually increases and the deformation caused by 
chemicals is hampered by the solid skeleton of material. Subsequently endogenous shrinkage evolves 
differently. 
In this work we are interested in shrinkage at early age called chemical shrinkage. 
In what follows we present, firstly, a predictive model showing the rate of evolution of the 
Le Chatelier contraction. Then, in a second step, we compare the model predictions and the evolution 
of chemical shrinkage gotten experimentally by other authors. 
 
 
Modeling 
 
Many experimental results show that the evolution of the chemical withdrawal called" contraction Le 
Chatelier is represented by curves in the shape of S (Figure 1). 
 In mathematics, this type of curves is represented by the following differential equation: 
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y
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Whose functions f solutions of this equation are positive definite on [0; + ∞ [   satisfying the following 
two conditions: 

 •                          y (0) = y0 
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 With   r> 0   and K> 0 
Where  "K" and "r" are positive real. 
 

 
Figure 1: Sigmoid 

 
To solve this equation one makes a change of variable. 
Let:     y = 1 / z 
 
       

 
The expression (1), which is valid for y> 0, leads to the differential equation: 
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This equation admits a general solution g (t) is the sum of the homogeneous solution and particular. 
The homogeneous solution defined by: 
 

(                                                  Z-1/K) = 0   ⇒     z = 1 / K 
 



The particular solution: 
                          z`+ rz = 0     ⇒       z'/ z = - r 
By integrating both sides yields we obtain: 

                                                                      Z = e-rt.ect                                             (3)      
 
Let ect = λ           we obtain:    Z = λ. e-rt 
 
So the solution is: 
                              g(t) = λ. e-rt +1/K                                                                        (4) 
  
The function f  must verify: 
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The initial condition y (0) = y0 led to the unique solution: 
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It is easy to verify that this function is well defined and positive on [0; + ∞ [ 
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It is easy to verify that it meets the two conditions. 
Depending on the values of y0, the function is either constant (for y0 = K) or increasing (for y0 <K) or 
decreasing (for y0> K) 
 

Let    )1(
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y

K
a                                                                                                       (9) 

 
For a> 0 
 
The curve is the image by an affine transformation of the sigmoid. 
 
The evolution of the Le Chatelier contraction can be easily represented a function f of the form: 
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Where: k, a, r - model parameters depending on the temperature and E/C 

           t -time 
 
The parameter K is determined by the study of the asymptote. 
Applying the inverse logit: 
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The adjustment affine Logit (y) then determines "r" and ln(a) and to infer "a". 
 
 
Validation 

  

A comparison of model predictions with experimental results obtained by (P.Mounanga ) is reported 
in Figures 2. There is good correlation between model predictions and experimental results. 
 

  

 
 
 
 
 

 
 

 
 
 
 
 
  

  

  

  

Figure 2a 
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Figure 2b 
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Figure 2c 
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Figure 2d  
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Figure 2e  
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Figure 2f 
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Figure 2g 
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Figure 2h 

  



Conclusions 
 
 The results obtained show that the model can predict the progress of the Le Chatelier contraction (the 
evolution of chemical shrinkage) very satisfactorily.  
In addition, the conceived model can be adapted to the total prediction of the evolution of the 
endogenous shrinkage. 
Indeed, the deformation of cementitious materials has different origins. In the absence of mass 
exchange between the material and the external environment, then they are classified as endogenous. 
They are intimately related to the state of water in the porosity and the progress of hydration reactions. 
In general, the endogenous shrinkage is caused by an imbalance in water and / or movement 
of water within the material. 
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Abstract 
Calcium sulfoaluminate (CSA) cements are attracting increasing attention because of their lower energy and CO2 

emissions during clinkering compared to portland cement.  However, CSA cements do not have a standard phase 

assemblage, which makes it difficult to compare results across experimental studies.  Hydration behavior and property 

development are highly dependent on phase composition, yet these relationships are poorly defined in the literature.  In 

this study, the effect of phase composition on hydration and properties of laboratory-synthesized CSA cements was 

explored.  Specifically, the ratio of C4A3Ŝ to C2S was varied, while C4AF and CŜ contents were held constant. Clinkers 

were synthesized from reagent-grade chemicals as well as combinations of natural raw materials and wastes.  Gypsum 

content was optimized and the resulting cements were analyzed for hydration rate, compressive strength development, 

and dimensional stability.  A clinker composition was optimized with performance characteristics similar to portland 

cement, with the idea that similar performance will facilitate acceptance and use.   

 

Originality 
Many studies on CSA cements examine only one clinker composition or examine clinkers whose compositions are 

incompletely or only qualitatively characterized.  In this work, the composition-property relationship is specifically, 

systematically, and quantitatively investigated leading to a more rigorous examination.    

 

Chief contributions 
The chief contributions of this work lie in the development of a clinker composition optimized for performance and the 

refinement of composition-property relationships.  Both of these are important contributions to the research community 

to serve as a starting point for further work, but also to future efforts at standardizing and implementing these cements. 
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Introduction 
 

Calcium sulfoaluminate (CSA) cements have been industrially produced for almost 40 years in China, 

but they have only recently attracted widespread attention because of their potential as lower-energy, 

lower-CO2 alternatives to portland cement (Gartner 2004, Li et al. 2007).  While the composition of 

portland cement is defined by long-standing codes and standards, there is no corresponding 

compositional framework for CSA cements.  Therefore, cements with a wide range of compositions 

and corresponding properties fall under the CSA umbrella.  An understood criterion for a cement to be 

included in this group is the presence of calcium sulfoaluminate (C4A3Ŝ), also known as ye’elimite or 

Klein’s compound, the presence of belite (C2S), and the absence of alite (C3S).  CSA cements also 

may (or may not) contain a variety of secondary phases such as C4AF, C2AS, CA, and CŜ.  As in 

portland cement, gypsum is interground for hydration control.   

 

A lack of standard phase composition complicates comparisons of published data between research 

groups since almost every published study examines a unique cement.  Nevertheless, there are some 

general composition-property relationships that are understood.  Increasing the content of C4A3Ŝ 

relative to the other phases present increases early hydration rate and compressive strength because of 

the relative increase in the amount of ettringite formed (Beretka et al. 1996).  However, the timing of 

ettringite formation is important to manage expansion in these systems; like in portland cement 

systems, late formation of ettringite may lead to expansion (Ogawa and Roy 1982).  Also similar to 

portland cement is the role gypsum plays in hydration; gypsum is necessary to manage the hydration 

and expansion of C4A3Ŝ (Glasser and Zhang 2001). 

 

In this study a systematic approach was taken to examine the effects of phase composition on reaction 

rate, compressive strength, and expansion using clinkers synthesized in the laboratory from reagent-

grade materials.  Since the clinkers were made from the same materials, the results from performance 

testing can be directly compared.  One goal of this testing was to determine a cement with property 

development similar to portland cement so as to directly replace it as a binder in concrete. 
 

 

Materials and Methods 
 

In this study, for the purposes of examining composition-property relationships in a CSA cement 

system and determining a phase composition that shows similar mechanical properties and 

dimensional stability to portland cement, a phase assemblage of C4A3Ŝ-C2S-C4AF-CŜ was used. C4AF 

was included because most natural and waste materials suitable for cement manufacturing contain 

some iron.  CŜ was kept constant because the amount of added gypsum needed to control hydration 

was an experimental variable. Seven target clinker phase assemblages were studied to encompass a 

wide spectrum of compositions; these are shown in Table 1.    

 

Details on the clinker synthesis process are presented elsewhere (Chen 2009; Chen and Juenger 2011), 

and only a brief summary is included here.  The clinkers in Table 1 were synthesized from reagent-

grade chemicals including calcium oxide (96%+ CaO; Arcos), silica gel (100% SiO2; Fisher), 

aluminum oxide (100% Al2O3; Fisher), ferric oxide (100% Fe2O3; Fisher), and calcium sulfate 

dihydrate (99% CaSO4•2H2O; Arcos).  Materials were proportioned using an adaptation of the Bogue 

method used for portland cement (Chen and Juenger 2011). The proportioned raw ingredients were 

dispersed in ultra-pure water and mixed using a rotary jar mill, then dried at 105°C.  The resulting 

product was hand-crushed and then fired in two cycles in alumina crucibles in an electric muffle 

furnace.  In the first cycle, the raw ingredients were fired at 850°C for 4 h to dehydrate and calcine the 

raw ingredients.  Intermediate grinding by hand was performed between cycles to homogenize the raw 

ingredients.  In the second cycle, covers were applied to the alumina crucibles to prevent sulfur 

emissions and the raw ingredients were fired at 1250°C for 12 h.  The resulting clinker was ground 



into a fine powder using a micro mill grinder.  The Blaine specific surface areas of the ground clinkers 

were similar to that of a portland cement. 

 
Table 1: Target Clinker Compositions 

Clinker C4A3Ŝ (%) C2S (%) C4AF (%) CŜ (%) 

1 60 20 10 10 

2 40 40 10 10 

3 20 60 10 10 

4 50 20 20 10 

5 40 30 20 10 

6 30 40 20 10 

7 20 50 20 10 

 

X-ray diffraction was used to compare the actual phase composition of the clinkers to the target phase 

compositions in Table 1.  The instrument was operated under 40 keV and 30 mA, the step size used 

was 0.02°/6 sec, and the scan range used was 10°–80° 2θ.  Quantitative information was collected 

using Rietveld analysis (accuracy about 1%) by fitting the lattice parameters of the phases present in 

the synthetic clinkers to their X-ray diffraction patterns, which was performed with TOPAS-Academic 

software (Bruker AXS). 

 

Isothermal conduction calorimetry (Thermometric TAM Air) was used to examine the hydration 

reactions of the cements made from the clinkers and added gypsum.  Hydration was evaluated for 3 

days at 23°C using a water-to-cement ratio by mass of 0.45.  The results were compared to a 

commercially-produced Type I/II portland cement (TXI Hunter Cement). 

 

Compressive strength was evaluated using 50 mm x 50 mm mortar specimens made and tested 

according to ASTM C 109.  Dimensional stability was evaluated using 40 mm x 40 mm x 10 mm 

prisms of cement paste with w/c=0.45. The prisms were cured at 23°C in the molds for 24 hours then 

immersed in deionized water for three days, during which time expansion was monitored. 

 

In order to verify that similar behavior would be obtained from a CSA cement using realistic raw 

materials, two clinkers were synthesized from natural and waste raw materials, including limestone, 

bauxite, fly ash, flue gas desulfurization sludge and fluidized bed ash.  Details on the compositions 

and sources of the raw materials, as well as the proportioning of these materials to make clinkers are 

given elsewhere (Chen 2009). 

 

Results and Discussion 

 

Table 2 shows the actual (and target) phase compositions of the seven clinkers examined in this study; 

due to the presence of impurities such as lime and periclase, the values shown in Table 2 may not sum 

to 100. Clinkers 4-7 were synthesized without careful attention to sulfur loss during heating and 

therefore have lower amounts of anhydrite than targeted.  These clinkers were not re-fired with 

crucible covers because it was decided that a target of 20% C4AF was too high given the amount of 

iron in natural raw materials used for cement manufacturing and work on these clinkers was 

terminated.  Clinkers 1-3 were fired with crucible covers, and the closer match between target and 



actual anhydrite contents reflects this difference.

the target phase contents are due to the substitution of Fe

(Strigac et al. 1997; Chen and Juenger 2011).

 
Table 2: Actual Clinker Compositions Determined through Rietveld Analysis of 

X-ray Diffraction 

Experimentally (and Stoichiometrically) Determined Optimum Gypsum Contents 

 

Clinker C4A3Ŝ (%) 

1 65 (60) 

2 42 (40) 

3 15 (20) 

4 60 (50) 

5 51 (40) 

6 41 (30) 

7 32 (20) 

 

The amount of gypsum needed to make cement with predictable and repeatable hydration behavior 

from the clinkers was determined in two ways, experimentally and stoichiometrically.  The 

experimental method involved adding gypsum to the clinkers in increments

water (w/c=0.45), and measuring the rate of heat evolution using isothermal calorimetry at 23°C.  The 

optimum amount of gypsum was the 

changed in the first 30 hours with inc

that used by Lerch for portland cement (Lerch 194

reaction of the aluminate phases was also calculated.  Both results are given in Table 2.  The 

isothermal calorimetry results for the seven clinkers with their 

gypsum contents are shown in Figure 1, along with that 

 

Figure 1: Isothermal calorimetry results for portland

determined optimum gypsum contents

actual anhydrite contents reflects this difference.  Other deviations of the actual phase contents from 

the target phase contents are due to the substitution of Fe2O3 into C4A3Ŝ at the expense of C

; Chen and Juenger 2011). 

Actual Clinker Compositions Determined through Rietveld Analysis of 

ray Diffraction Data (Target Values Shown in Parentheses);  

Experimentally (and Stoichiometrically) Determined Optimum Gypsum Contents 

C2S (%) C4AF (%) CŜ (%) Added CŜH2 (%)

22 (20) 3  (10) 9 (10) 25 (23) 

45 (40) 6 (10) 7 (10) 15 (19) 

71 (60) 7 (10) 7 (10) 8 (10) 

18 (20) 12 (20) 4 (10) 25 (31) 

27 (30) 12 (20) 4 (10) 20 (28) 

34 (40) 15 (20) 5 (10) 15 (28) 

44 (50) 16 (20) 5 (10) 12 (26) 

The amount of gypsum needed to make cement with predictable and repeatable hydration behavior 

from the clinkers was determined in two ways, experimentally and stoichiometrically.  The 

experimental method involved adding gypsum to the clinkers in increments of 2-5%, mixing with 

water (w/c=0.45), and measuring the rate of heat evolution using isothermal calorimetry at 23°C.  The 

the minimum for which the shape of the heat flow curve no longer 

changed in the first 30 hours with increasing amounts of gypsum added.  This approach is 

for portland cement (Lerch 1946).  The amount of gypsum needed for complete 

reaction of the aluminate phases was also calculated.  Both results are given in Table 2.  The 

thermal calorimetry results for the seven clinkers with their experimentally-determined 

gypsum contents are shown in Figure 1, along with that for portland cement. 

 
 

Isothermal calorimetry results for portland cement (OPC) and CSA cements with experimentally

determined optimum gypsum contents 

e contents from 

at the expense of C4AF 

Actual Clinker Compositions Determined through Rietveld Analysis of  

Experimentally (and Stoichiometrically) Determined Optimum Gypsum Contents  

(%) 

The amount of gypsum needed to make cement with predictable and repeatable hydration behavior 

from the clinkers was determined in two ways, experimentally and stoichiometrically.  The 

5%, mixing with 

water (w/c=0.45), and measuring the rate of heat evolution using isothermal calorimetry at 23°C.  The 

which the shape of the heat flow curve no longer 

reasing amounts of gypsum added.  This approach is the same as 

).  The amount of gypsum needed for complete 

reaction of the aluminate phases was also calculated.  Both results are given in Table 2.  The 

determined optimum 

cement (OPC) and CSA cements with experimentally-



As mentioned earlier, further testing was restricted to those 

namely CSA cements 1-3.  These cements represent a wide 

C4A3Ŝ/C2S ratio, with CSA 1 at the high end and CSA 3 at the low end.  

Figure 1, CSA 1 reacts much more quickly and produces more heat than CSA 2 or CSA 3.  

cement would not be appropriate f

Compressive strength results, shown in Figure 2, concur 

measurements, with CSA 1 mortars showing the highest strength.  However, the 

gained very little strength after the first day, 

development quite similar to portland cement.

 

A primary reason why the CSA 1 mortars experience

had problems with dimensional stability. The mortar cubes used for compressive strength testing were 

stored in water at 23°C.   Dimensional stability tests 

conditions are shown in Figure 3.  CSA 1 cements experience

in water, undermining their strength development

similar to OPC. 

 

Figure 2: Compressive strength results for portland

determined optimum gypsum contents

 
Figure 3: Dimensional stability results for portland cement (OPC) and CSA cements with experimentally

determined optimum gypsum contents

 

 

As mentioned earlier, further testing was restricted to those clinkers with a 10% target C

3.  These cements represent a wide compositional range with respect to 

S ratio, with CSA 1 at the high end and CSA 3 at the low end.  Accordingly, as shown in 

Figure 1, CSA 1 reacts much more quickly and produces more heat than CSA 2 or CSA 3.  

cement would not be appropriate for use in the field in the absence of a set-retarding admixture.  

Compressive strength results, shown in Figure 2, concur with the calorimetry results 

CSA 1 mortars showing the highest strength.  However, the CSA 1 mortars 

very little strength after the first day, while the CSA 2 mortars have compressive strength 

development quite similar to portland cement. 

A primary reason why the CSA 1 mortars experienced slow strength gain after the first day is that they 

problems with dimensional stability. The mortar cubes used for compressive strength testing were 

Dimensional stability tests for cement pastes stored under the same 

CSA 1 cements experienced significant expansion when submerged 

strength development.  CSA cements 2 and 3 did not expand significantly, 
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The results of these tests suggest that an appropriate composition for CSA cement to be competitive 

mechanically with portland cement would be similar to CSA 2 examined in this study.  

balances performance with availability of raw materials for production.  

feasibility of cement with this composition,

were made from readily available natural and waste materials

are presented here for brevity.  The cements, named C and F for the presence of ASTM C 618 Class C 

fly ash (C) or fluidized bed ash (F) in the raw materials, were much more reactive and expansive than 

CSA 2 in isothermal calorimetry and dimensional stability testing (Chen 2009).  It was determined 

that this was a result of alkalis present in the raw materials

citric acid) was added to the mixing water 

dimensional stability results for these cements 

Figures 4 and 5; the cements demonstrat

suggest that CSA cements with composition 2 are an industrially feasible alternative to portland 

cement. 

 

 
Figure 4: Compressive strength results for portland cement (OPC) and CSA cements with experimentally

determined optimum gypsum contents

 

Figure 5: Dimensional stability results for portland cement (OPC) and CSA cements with experimentally

determined optimum gypsum contents
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Conclusions 
 

Seven CSA cement clinkers with varying compositions were synthesized in the laboratory from 

reagent-grade materials in order to directly examine the effects of composition on hydration, 

compressive strength, and dimensional stability.  It was concluded that a cement with the following 

target phase composition has similar performance to portland cement: 40% C4A3Ŝ, 40% C2S, 10% 

C4AF, and 10% CŜ, with 25% gypsum addition.  Cements with this composition were made from 

natural and waste raw materials and showed similar performance when a 1% citric acid retarder was 

used. 
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Abstract 

Annual rice production exceeds 660 Mtonnes globally. The processing by-products, rice husks (120 

Mtonnes), are mainly used in energy production, providing around 25 Mtonnes of rice husk ash (RHA) 

each year. RHA is an important silica source and its use as an SCM is not new but the variability of its 

reactivity has limited its widespread use in cementiteous binders. If its properties and performance can 

be better predicted, it offers real opportunities for infrastructure development as a construction 

material. Its efficiency as a pozzolan is impaired by the variability in the burning process, leading to 

silica deactivation (overburning) or insufficient removal of carbon. The optimum conditions are met 

when there is sufficient removal of the organic constituents of the rice husk, but minimal removal of 

surface hydroxyl groups on the silica. Conventional furnaces tend to operate at excessive temperatures 

and with long residence times for optimal RHA performance. Fluidised bed reactor (FBR) technology 

offers potential solutions.  

 

The FBR provides efficient energy recovery and, through control of gas flow and fuel content, short 

residence times at high temperature. Within limits of operating parameters, a range of products have 

been obtained and their properties and reactivity are reported in this paper. Characterisation data 

from TGA, FTIR and XRD are correlated with FBR burning conditions and pozzolanicity is expressed 

in terms of Ca(OH)2 consumption. It is shown that reactivity and strength development of OPC/RHA 

are lower compared with trials made in static furnace conditions at comparable temperatures. 

 

 
Originality 

This is the first time that FBR technology has been applied to the production of RHA for cement 

applications. Consequently, the opportunities of such a technology are highlighted and the methods 

utilised in identifying optimum RHA performance are identified. 

 
Chief contributions 

The paper raises the importance of utilising local materials in construction by addressing the 

widespread availability of rice husks in countries currently experiencing economic growth and 

highlights the parameters important in optimising RHA performance in systems activated with 

Ca(OH)2 as well as cement. 

 
Keywords: Rice husk ash, Fluidised bed, Pozzolanic reactivity, Strength 
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1. Introduction 

 

Although concrete is one of the world’s most widely used manufactured materials, the 

production of cement is responsible for around 5% of global CO2 emissions. With global 

cement production growing annually to meet the infrastructure of developing countries, the 

need for more sustainable approaches to concrete manufacture are pressing. The most 

promising approach is to replace Portland cement with supplementary cementiteous materials 

(SCMs) such as the industrial by-products, pulverized fly ash (PFA) and blastfurnace slag 

(BFS). However, rising cement consumption and environmental concerns increase demand of 

supplementary cementiteous materials and the supply of quality PFA and BFS is limited.  

 

An alternative SCM source is rice husk ash (RHA), the by-product of rice husk processing. 

Rice production worldwide exceeds 660 Mtonnes annually and it produces 120 Mtonnes of 

rice husks. Rice husks are mainly used in energy production, providing around 25 Mtonnes of 

rice husk ash. As sustainable development in the area of energy production will require 

increased use of biomass fuels to replace fossil fuels, the availability of RHA will be growing 

in the future. 

 

RHA has been extensively studied as an extender for Portland cements and has been proven 

as a highly reactive pozzolan (James, Rao, 1986, Yu et al., 1999).  The limitations of RHA 

however, and its use in the construction industry, are due to its variability in reactivity. In 

common with other SCMs, RHA is a by-product from other industrial processes. As RHA is 

derived from energy generation, energy efficiency is the main concern rather than RHA 

quality. Consequently, variable burning conditions lead to the variation of RHA quality, 

expressed as variation in the degree of silica deactivation or removal of carbon. The most 

efficient energy process for burning rice husk is fluidised bed furnace (Natarajan, 1998). The 

advantages of fluidised bed technology are the excellent mixing characteristics and high 

reaction rate. High air flow rate is required to fluidise rice husk in the reactor. High gas-solid 

reaction rates mean rapid energy conversion and short residence time. These characteristics 

also have a benefit on RHA quality compared with the conventional systems such as grate 

processes which operate at excessive temperatures and long residence times.  

 

The quality of RHA depends on processing conditions such as temperature and residence 

time. Overburning causes the transformation of amorphous silica to cristobalite which lowers 

its reactivity. The most reactive RHA produced in static furnace were shown to be at 500 
o
C 

for 12 h (Nair et al., 2008). This was correlated with a compromise between the removal of 

carbon and the retention of sufficient surface hydroxyl groups on the silica to promote 

reactivity.  

 

The present study describes a comparison of fluidised bed reactor (FBR) technology with 

conventional static furnace conditions. RHA samples burnt in a fluidised bed reactor at 

different temperatures have been obtained and their properties and reactivity are reported in 

this paper. 

 

2. Experiments 

 

2.1 Rice husk ash preparation 

 

RHA samples were obtained from a pilot fluidised bed reactor (FBR) of diameter and height 

0.9 and 2.5 m respectively.  A static bed (30 cm) of quartz sand (particle size 0.5–0.6 mm) 

was used as the inert bed material. Target burning temperatures of 600, 700, 800 and 1,000 
o
C 

were obtained by control of fuel (rice husk) feed and air flow rates. In order to get high 

temperature, rice husk feed rate was increased. Air flow rate was adjusted to achieve 

complete combustion. RHA samples were collected from the reactor by cyclone and ground 

in a laboratory ball mill to an average particle size of 10 um.  



2.2 Characterisation of rice husk ash 

 

Chemical and mineralogical composition of RHA samples were analysed by XRF and XRD 

respectively. Loss on ignition (LOI) was determined according to ASTM C311. 

Thermogravimetric analyses (NETSCH STA 409 PC/PG) were carried out to measure the 

degree of surface hydrolysis of the RHA. The analyses were performed at heating rate 

10
o
C/min in a N2 atmosphere. The FT-IR spectra were performed on a Spectrum Spotlight 

300 FT-IR spectrometer over the region from 400 to 4000 cm
–1

. 

 

2.3 Pozzolanic reactivity measurement 

 

Pozzolanic reactivity of RHA samples were examined as Ca(OH)2 consumption by loss of 

electrical conductivity measurement using a method adapted from that reported by Luxan 

(Luxan, Madruga, Saavedra, 1989). A Ca(OH)2 solution was prepared by dissolving 200 mg 

of Ca(OH)2 in 250 ml of deionised water. The initial electrical conductivity of Ca(OH)2 

solution was measured at 40±1 °C. Then 5 g of RHA samples was added and electrical 

conductivity was measured after 5, 15, 30 and 120 minutes.  

 

2.4 Compressive strength 

Compressive strengths of blended cements consisting of 90 wt% OPC (ASTM Type I) with 

10% of RHA was tested according to ASTM 109M. The water/cement (w/c) ratio of each 

sample was determined by the amount of water needed to obtain standard flowability of 

mortar according to ASTM 109M. 

 

3. Results and discussions 

 

3.1 Phase composition 

 

Main compositions of RHA are amorphous SiO2, crystalline SiO2 and unburned carbon. The 

amount of unburned carbon was measured by loss on ignition (LOI). The crystalline SiO2 

content was determined by Rietveld quantitative XRD. The amorphous SiO2 was obtained by 

difference. The results (Table 1) show that optimum burning temperature was between 700 

and 800 
o
C as this range provided that highest amorphous SiO2. The high LOI indicates that 

burning temperature at 600 
o
C was too low to completely decompose organic material. 

However, the transformation of amorphous SiO2 to cristobalite increases with increasing 

temperature as is evidenced by the results for a burning temperature of 1000
o
C which show a 

significant increase in cristobalite content. Comparison of the data for a burning temperature 

of 800
o
C show that the shorter residence time (< 1 min) of the FBR compared with the static 

furnace (30 mins) was sufficient to remove most of the organic carbon. However, the 

amorphous SiO2 of RHA samples from FBR was lower than static furnace due to the presence 

of quartz which was used as bed materials in FBR. Fine particle of quartz was swept by the 

air out of the reactor with RHA. Another interesting observation is that there was a fraction of 

cristobalite in all FBR samples even in burning temperature at 600 
o
C. Because large amount 

of rice husks were burned in FBR in which combustion rate was fast, some fractions of rice 

husks might be locally overburnt.  
 

 

 

 

 

 

 

 

 

 

 



Table 1: Phase composition of SiO2 in RHA samples burnt in FBR at different temperature 

 
Burning Temp. 

(
o
C) 

Total SiO2 

(%) 

Cristobalite 

(%) 

Quartz 

(%) 

Amorphous SiO2 

(%) 

LOI  

(%) 

600 65.86 2.50 5.33 58.03 27.44 

700 88.59 3.62 6.12 78.85 3.93 

800 87.90 4.70 4.84 78.36 4.98 

1000 88.67 9.50 6.98 72.19 3.01 

Static Furnace * 94.27 0 1.09 93.16 3.45 

* The burning temperature in static furnace is 800 
o
C for 30 minutes. 

 
3.2 Hydrolysed Surface 

 

The concentration of silanol sites on RHA surfaces is expected to relate to RHA’s pozzolanic 

reactivity (Nair et al., 2008). Thermogravimetry (TG) techniques have previously been used 

to quantify hydroxyl groups on silica surfaces (Ek et al., 2001) and Figure 1 shows TG curves 

of RHA samples burned at different temperatures in the FBR. All TG analyses were 

conducted under N2 atmosphere.  

 

The first mass loss below 250 
o
C is from physisorbed water. The mass loss at higher 

temperature is due to gradual loss of water from surface silanol groups and these are reported 

in Figure 2 as percentages of dry weight. As anticipated, higher burning temperatures reduced 

the concentration of surface hydroxyl groups on the RHA.  

 

 
Figure 1: Comparison of TG curves of RHA samples burnt in FBR at different temperature 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Relationship between RHA burning temperature and weight loss between 250 – 850 

o
C 



The FT-IR spectra of RHA samples from the FBR are shown in Figure 3. RHA samples burnt 

at different temperature consist of similar functional groups including the strong band of Si-O 

asymmetric stretching vibration at 1100 cm
-1

, symmetric stretching vibration of Si-O at       

795 cm
-1

, strong band of Si-O bending vibration at 479 cm
-1

 and broad band of Si-OH at    

3400 cm
-1

 (Ibrahim, 1980,  Prasetyoko et al., 2006). Differences in the spectra are mainly due 

to the intensity at 3400 cm
-1

, corresponding to the reduction of hydroxyl at higher burning 

temperature. These results are in accordance with thermogravimetry technique. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Comparison of FT-IR spectrums of RHA samples burnt at different temperatures 

 
3.3 Pozzolanicity 

 

Pozzolanicity was determined from Ca(OH)2 consumption rate as determined by conductivity 

changes in a Ca(OH)2 solution; the removal of Ca
2+

 and OH
-
 ions in their reaction with RHA 

to form C-S-H (Feng et al., 2004). Figure 4 shows the electrical conductivity loss 

measurements as a function of RHA burning temperatures. The difference in conductivity loss 

can be seen after only 5 minutes of reaction. The largest conductivity loss, and consequently 

the highest reactivity was observed for the RHA sample burnt at 700 
o
C and correlates well 

with the predictions from the TG and FT-IR study. However, the conductivity loss of FBR 

sample is lower than for the static furnace sample (800 
o
C) but it must be noted that both the 

residence time and temperature were lower in the FBR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Electrical conductivity loss of RHA samples burnt in FBR at different temperature 

 



3.4 Compressive Strength 

 

Compressive strength results for RHA blended cement mortars are presented in Table 2. 

Although RHA blended cement samples required more water than OPC, all RHA mortar 

samples had higher compressive strengths than the reference OPC. Table 2 shows that RHA 

burnt at 700 
o
C gave the mortar with the highest compressive strength at 3 and 7 days. 

Compressive strength decreased as burning temperature increased further. At 28 days, the 

maximum compressive strength shifted to the 800 
o
C sample.  

 

The early strength development at 3 and 7 days correlates well with the pozzolanicity and TG 

trends which supports the hydraulicity model based on surface hydroxyl concentration on the 

silica. The longer term strength may be due to other factors, notably development of 

microstructure, strongly related to water content (different for each sample). Higher 

pozzolanicity RHA consumes Ca(OH)2 more rapidly resulting in more C-S-H formation at the 

early ages.  

 

By comparing with RHA samples from the static furnace, compressive strength at 7 and 28 

days of FBR samples were lower. Again, the lower reactivity may be a consequence of the 

short residence times in the FBR but the trends observed remain consistent with the 

correlation between reactivity and surface hydroxide content. 

 
Table 2: Compressive strength of RHA blended cement mortars 

 
Burning 

Temperature  

(
o
C) 

w/c Compressive Strength (MPa) 

3 Days 7 Days 28 Days 

OPC (Control) 0.485 23.34 33.05 40.70 

600 0.50 28.05 38.15 42.36 

700 0.50 29.32 38.83 46.78 

800 0.50 27.85 37.66 49.92 

1000 0.50 27.56 36.28 44.03 

Static Furnace 0.51 28.08 41.45 52.03 

 

4. Conclusions 

 

This study has confirmed that RHA processing conditions have a significant influence on 

RHA reactivity. Using FBR technology, the correlations previously shown using static 

furnace conditions between the amorphous SiO2 content, degree of surface hydrolysis and 

consequently, pozzolanicity of the product have been confirmed. It has been shown that FBR 

technology is a promising route to the efficient delivery of reactive RHA with temperatures in 

the range 700 – 800 
o
C being sufficient to remove carbon and retain a high amorphous SiO2 

content in less than a minute. This is not possible in a static furnace. The hydrolysed surface 

and pozzolanicity decrease as temperature increases. This paper also reports on the 

performance of mortars made using FBR RHA in blends with OPC. 

 

Although the optimum burning temperature in FBR is higher than for the static furnace study 

of Nair et al (Nair et al., 2008), it is necessary to recall that the residence times are 

considerably shorter. 
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Abstract 

 

Blast-furnace slag blended cement (BSC) had been used for massive concrete structure because of its low heat of 

hydration and superior strength at long term age. Since 1980s of oil crisis, utilization of blast-furnace slag blended 

cement was promoted and increased from the points of view of saving energy and resources. Characteristic of Japanese 

blast-furnace slag blended cement has almost the same after 28 days as ordinary Portland cement (OPC) and specific 

surface area of slag is high and amount of slag is 40% in slag cement.Utilization of BSC is replaced to that of OPC in 

recent 10 years.Although heat of hydration of cement determined by JIS R 5203 Testing method (resolving method) for 

heat of hydration of cement of BSC is recently lower than that of OPC, adiabatic temperature rise of BSC is equal or 

higher than that of OPC. BSC is not useful for massive concrete structure for the reason of appearance of thermal 

stress clacks in concrete. In this study, combined water, heat of hydration by resolving method, reacted ration of slag in 

cement paste cured at 20, 40 or 60 degree centigrade were determined By the summarizing these results obtained, BSC 

has higher tendency of temperature than OPC.In other words, blast-furnace slag in BSC significantly seems to react at 

higher temperature such as 60 degree centigrade Therefore, the adiabatic temperature rise of BSC becomes equal or 

higher than that of OPC. Increase of portion of slag in BSC, decrease of specific surface area of blast-furnace slag and 

addition of calcium sulfate anhydrite is effective to depress the temperature dependency of slag in BSC. New type of low 

heat BSC can be manufactured by this result. 

  

 

Originality 

There is a phenomenon that adiabatic temperature rise of blast-furnace slag cement is higher than that of ordinary 

Portland cement in spite of hydration heat of blast-furnace slag cement being lower than that of ordinary Portland 

cement. Here, this paper found that this phenomenon was related to temperature dependence of the hydration reaction 

of the blast furnace slag by analyzing the reaction of the blast furnace slag. It is extremely effective analysis to perform 

the materials design of blast-furnace slag cement.  

 

Chief contributions 

The knowledge provided in this paper is an extremely effective result to perform the materials design of blast-furnace 

slag cement. Temperature dependence is high in the hydration reaction of ground granulated blast furnace slag, and 

hydration is accelerated at high temperature. It is necessary to pay attention to use under such an environment.  

 

Keywords: Blast-furnace slag blended cement, blast-furnace slag, high temperature curing, combined water, heat of 

hydration, specific surface area, content of sulfate. 
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Introduction 

 

Blast-furnace slag blended cement, which is cement that uses ground granulated blast-furnace slag, 

has a number of distinguishing characteristics compared to ordinary Portland cement, including 

reduced hydration heat reduction, promotion of long-term strength, and improved chemical resistance. 

On the strength of these characteristics, it has achieved differentiation from ordinary Portland cement 

and come into wide use, mainly for mass concrete applications. The oil shocks of the 1970s led to the 

promotion of the effective utilization of blast-furnace slag, and in the year 2000, blast-furnace slag 

blended cement accounted for more than 20% of all cement.  

Efforts in recent years to enhance the early strength of blast-furnace slag blended cement through the 

use of finer ground granulated blast-furnace slag and the reduction of slag content in cement have 

yielded positive results, opening up the use of blast-furnace slag blended cement instead of ordinary 

Portland cement. As a result, unlike conventional blast-furnace slag blended cement, the hydration 

exothermic reaction of the new types of cement has increased through the promotion of early strength. 

With regard to adiabatic temperature rise, etc., comparisons with ordinary Portland cement with mixes 

designed to obtain the same strength under standard curing for 28 days found that in some cases mixes 

using type B blast-furnace slag cement surpass mixes using ordinary Portland cement 
Miyazawa S, Ohtomo T

. 

Therefore, the merit of low heat generation, which is one of the characteristics of blast-furnace slag 

blended cement that makes it suitable for traditional mass concrete, is in the process of being lost. 

Recently, blast-furnace slag blended cements whose particle size distribution is controlled and whose 

chemical composition is adjusted to reduce heat generation and shrinkage are being used.  

The reason why the adiabatic temperature rise of blast-furnace slag blended cement exceeds that of 

ordinary Portland cement in some cases although the hydration heat of blast-furnace slag blended 

cement is lower than that of ordinary Portland cement has been pointed out
Uchikawa H

 to be that the 

hydration reaction of ground granulated blast-furnace slag accelerates under high temperatures.  

This study examined the temperature dependence of the hydration reaction of blast-furnace slag 

blended cement by measuring the bound water and hydration heat of cement paste obtained by varying 

the curing temperature of ordinary Portland cement and blast-furnace slag blended cement, and the 

reaction rate of the ground granulated blast-furnace slag. Further, suppression of temperature 

dependence through the reduction of the fineness of ground granulated blast-furnace slag and the 

increase of SO3 through the addition of anhydrite were also studied.  

 

Materials and Experimental Methods 

Materials  

The materials that were used consisted of ordinary Portland cement, ground granulated blast-furnace 

slag, and anhydrite, as listed in Table 1. The ordinary Portland cement used in this study was ordinary 

Portland cement manufactured in a mixer free of blending components. Two types of ground 

granulated blast-furnace slag, differing in their fineness (3090, 4300 cm
2
/g) were used. The ground 

granulated blast-furnace slag of highest fineness, 4300 cm
2
/g, was used for the type B blast-furnace 

slag cement. Anhydrite powder obtained by grinding natural anhydrite was used.  

 
Table 1 Chemical composition 

 Fineness 
(cm2/g) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O 

Cement 3240 21.00 5.28 3.14 63.75 1.92 2.15 0.36 0.40 

Slag1 4300 34.17 14.31 0.39 42.87 5.83  0.20 0.34 

Slag2 3090 33.69 14.05 0.39 43.24 6.13  0.22 0.34 

Anhydrite 3430 0.40 0.10 0.00 36.90 0.00 57.10   

 

Five kinds of cements were experimentally manufactured using the materials listed in Table 1. The test 

levels of these cements are listed in Table 2. Sample No. 1 in Table 2 consisted only of the ordinary 

Portland cement listed in Table 1. Sample No. 2 was manufactured using 4300cm
2
/g ground 



granulated blast-furnace slag to achieve a slag content of 40% and SO3 content of 2.2%. Sample No. 2 

corresponds to conventional blast-furnace slag cement (Type B: JIS R 5211). Sample No. 3 was 

manufactured using 3090cm
2
/g ground granulated blast-furnace slag to achieve a slag content of 40% 

and SO3 content of 2.2%. Samples No. 2 and No. 3 differed only in the fineness of the ground 

granulated blast-furnace slag that was used. Sample No. 4 was manufactured using 3090 cm2/g ground 

granulated blast-furnace slag to achieve a slag content of 60%, without anhydrite admixture. Sample 

No. 5 was manufactured using 3090 cm
2
/g ground granulated blast-furnace slag to achieve a slag 

content of 60% and SO3 content of 4%, which is the upper limit of the JIS standard for Type B blast-

furnace slag cement. Samples No. 4 and No. 5 had the same slag content but different SO3 content.  

 
Table 2 Sample of blended cement  

 Slag fineness 

(cm
2
/g) 

Slag content 

(%) 

SO3 content (%) 

No1 － － 2.2 

No2 4300 40 2.2 

No3 3090 40 2.2 

No4 3090 60 0.9 

No5 3090 60 4.0 

 

 

Experimental Methods 

Preparation of cement paste  

The cement paste was mixed at W/C = 50%. Three curing temperature levels, 20℃, 40℃, and 60℃, 

were used. Curing at 40℃ and 60℃ started 6 hours after the paste was mixed. All the cement paste 
curing was done in a sealed condition with the cement paste cast in a tube-shaped styrene enclosure 

created for this purpose. The various samples were cured to the material ages of 7, 28, and 91 days, 

respectively, and upon reaching the set material age (7, 28, or 91 days), they were removed and dried 

at 105℃ to stop the hydration reaction. They were then ground into a fine powder using a mortar.  

The bound water of the cement paste was obtained through the ignition loss at 950℃. The reaction 
rate of blast-furnace slag was obtained through the quantitative determination of unreacted blast-

furnace slag in cement paste using a method combining two selective resolving methods, namely the 

salicylic acid-methanol method, used to resolve the silicate phases in cement minerals, followed by the 

KOH-saccharose method, used to resolve the interstitial phases and gypsum in the cement 
Ogawawara K.

.  

Measurement of hydration heat 

The hydration heat was measured in accordance with JIS R 5203, "Testing Method for Heat of 

Hydration of Cement." Measurement was done at the material ages of 1, 3, 7, 28, and 91 days, and 

curing was done at 20℃ and 60℃. Curing at 60℃ was begun 6 hours after mixing of the cement paste, 
in consideration of the time until the internal temperature of mass concrete structures begins to rise.  

Measurement of adiabatic temperature rise 

Mortar was prepared in accordance with JIS R 5201 "Physical Testing Methods for Cement," and the 

adiabatic temperature rise was measured in an air-circulating type adiabatic temperature rise apparatus 

until the material age of 7 days.  

   

Results and Considerations 

Effect of Curing Temperature on Bound Water  
The effect of curing temperature on bound water content in type B blast-furnace slag cement was 

investigated. The bound water content of ordinary Portland cement paste and type B blast-furnace slag 

cement paste are shown in Figure 1 and Figure 2. In the case of ordinary Portland cement paste, the 

bound water content value stayed in the 18% to 19% range regardless of the curing temperature. In the 

case of the type B blast-furnace slag cement paste, the bound water content for the curing temperature 

of 20℃ was 15.9%, thus a low value compared to that of ordinary Portland cement paste. However, 



for the curing temperatures of 40℃ and 60℃, 
the bound water content was in the range of 18% 

to 19%, equivalent to that of ordinary Portland 

cement paste. The fact that the bound water 

content did not vary with curing temperature in 

the case of ordinary Portland cement paste and 

the fact that the bound water content of type B 

blast-furnace slag cement paste at the curing 

temperatures of 40℃ and 60℃ was higher than 

at 20℃ suggest that the hydration reaction of 
type B blast-furnace slag cement is stronger than 

that of ordinary Portland cement at high 

temperature curing.  

Next, the reaction rate of ground granulated 

blast-furnace slag in type B blast-furnace slag 

cement at the curing temperature of 20℃ was on 
the order of 42% at the material age of 7 days, 

47% at 28 days, and 70% at 91 days (Figure 3). 

At the curing temperatures of 40℃C and 60℃C, 
the reaction rate was higher than at the curing 

temperature of 20℃, but the reaction rate at the 

curing temperatures of 40℃ and 60℃ remained 
unchanged from the material age of 28 days and 

was around 85% at the material age of 90 days. 

This value is high compared with the reaction 

rate of about 50%
Ishikawa M

 of blast-furnace slag at 

the material age of 91 days obtained with the 

salicylic acid-acetone-methanol method.  

In this way, the hydration reaction of ground 

granulated blast-furnace slag was more active at 

40℃ and 60℃ than at 20℃. The temperature 
dependence of the hydration reaction of blast-

furnace slag cement was greater than that of 

ordinary Portland cement owing to the fact that 

the hydration reaction of ground granulated 

blast-furnace slag becomes more active at high 

temperatures. The hydration activation of 

ground granulated blast-furnace slag may have 

been further promoted by the continuous 

temperature rise caused by the adiabatic 

temperature rise. Therefore, as seen from Figure 

4, the adiabatic temperature rise of type B blast-

furnace slag cement was greater than that of 

ordinary Portland cement.  

 

Effect of Curing Temperature on Hydration 

Heat 

Hydration temperature was investigated by 

varying the curing temperature of type B blast-

furnace slag cement and ordinary Portland 

cement. Figure 5 shows the hydration heat at 
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Figure 1 Loss on ignition of cement paste (No1) 
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Figure 2 Loss on ignition of cement paste (No2) 
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Figure 3 Ratio of hydration of blast-furnace slag 
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Figure 4 Adiabatic temperature rise of mortar 



20℃ and 60℃ curing of ordinary Portland 
cement and type B blast-furnace slag cement. 

Hydration heat at 20℃  was higher for 
ordinary Portland cement than for type B 

blast-furnace slag cement regardless of 

material age. However, hydration heat at 

60 ℃  curing was higher for ordinary 

Portland cement than for type B blast-

furnace slag cement up to the material age of 

3 days, but from the material age of 28 days, 

the relation inverted, with the hydration heat 

of type B blast-furnace slag cement a little 

higher than that of ordinary Portland cement.  

Since the difference in hydration heat at 

20℃ and 60℃ curing at the material ages of 28 days and 91 days for ordinary Portland cement is 
negligible, the hydration reaction of ordinary Portland cement can be considered to have almost 

completely ended from the material age of 28 days. Therefore, the temperature dependence of 

hydration heat of type B blast-furnace slag cement is thought to rise as the hydration reaction of 

ground granulated blast-furnace slag becomes more active.  

At this point, the authors attempted to break down the hydration heat of type B blast-furnace slag 

cement into that from ordinary Portland cement and that from ground granulated blast-furnace slag, 

based on the assumption that the reactivity of cement does not change owing to the presence of blast-

furnace slag. The hydration heat from ordinary Portland cement was estimated by factoring the 

hydration heat of ordinary Portland cement with the percentage of ordinary Portland cement in the 

type B blast-furnace slag cement. The hydration heat from the ground granulated blast-furnace slag 

was obtained by subtracting this value from the hydration heat of the type B blast-furnace slag cement. 

However, it has been reported
 Ishikawa M

 that the reaction of belite is delayed by blast-furnace slag
 Ishikawa 

M
, so that precise calculation remains to be done in the future. From the hydration heat results, the 

large temperature dependence of ground granulated blast-furnace slag caused the large temperature 

dependence of blast-furnace slag cement compared to ordinary Portland cement. As shown in Figure 4, 

this led to the high adiabatic temperature rise exhibited by type B blast-furnace slag cement compared 

to ordinary Portland cement.  

 

Temperature Dependence of Blast-furnace Slag Cement through Reduction of Fineness of Blast-

furnace Slag and Addition of Anhydrite  

Figures 8 through 10 show the reaction rate of ground granulated blast-furnace slag of samples No. 2 

to No. 5, by curing temperature. In the case of samples No. 2 and No. 3, which differed in the fineness 

of the ground granulated blast-furnace slag, the reaction rate of sample No. 3, which had less fine 

ground granulated blast-furnace slag, was smaller regardless of the curing temperature. In the case of 

samples No. 3 and No. 4, which had the same fineness of ground granulated blast-furnace slag but 

differed in the slag content, the reaction rate of sample No. 4, which had a larger slag content, was 

smaller. Furthermore, sample No. 5, which had a larger SO3 content than sample No. 4, had a smaller 

reaction rate at an advanced material age at the curing temperatures of 20℃ and 40℃ compared to 
sample No. 4. Thus reducing the fineness of the ground granulated blast-furnace slag and adding 

anhydrite to increase the SO3 content has the effect of checking the hydration reaction of the ground 

granulated blast-furnace slag, particularly at advanced material ages. The structure of the hardened 

cement pastes, among other things, is also thought to be an influencing factor, and the detailed 

mechanism whereby the reaction rate is suppressed will require further study in the future.  

The hydration heat of the various blast-furnace slag cements was studied by varying the curing 

temperature. Figures 11 and 12 show the hydration heat measurement results for 20℃ curing and 

60℃ curing, respectively. The hydration heat rankings for 20℃ curing at 28 days and 91 days were 
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Figure 5 Hydration heat at curing temperature 



No. 1 > No. 2 > No. 3 > No. 4 > No. 5. The hydration heat of blast-furnace slag cement was smaller 

than that of ordinary Portland cement. From the results of samples No. 2 and No. 3, the hydration 

temperature was suppressed by reducing the fineness of the blast-furnace slag. From samples No. 2 

and No. 3, and samples No. 4 and No. 5, the hydration heat was suppressed by increasing the blast-

furnace slag replacement ratio. Moreover, sample No. 5 had hydration heat equivalent to that of 

sample No. 4 up to the material age of 7 days.  

From Figure 12, it can be seen that the hydration heat value is higher at 60℃ curing than at 20℃ 

curing. The hydration heat at 60℃ curing was higher for sample No. 2 than for sample No. 1, which 
consisted of ordinary Portland cement, from the material age of 28 days. This may be due to the fact 

that at 60℃ curing, the reaction of the blast-furnace slag is stimulated and there is a high temperature 
dependence. In the case of sample No. 3, whose blast-furnace slag is less fine that that of sample No. 2, 

the hydration heat at 60℃ curing was smaller than that of sample No. 2, regardless of the curing 
temperature and material age. Samples No. 4 and No. 5, which have a blast-furnace slag replacement 
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Figure 8 Reaction rate of ground granulated  

blast-furnace slag at 20℃ curing 
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Figure 9 Reaction rate of ground granulated blast-

furnace slag at 40℃ curing 
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Figure 10 Reaction rate of ground granulated  

blast-furnace slag at 60℃ curing 
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Figure 11 Hydration heat of samples at 20℃ 
curing 

60℃ curing

0

50

100

150

200

250

300

350

400

450

1 10 100

Age (days)

H
yd

ra
ti
o
n
 h

e
at

 (
J
/
g)

No1

No2

No3

No4

No5

 
Figure 12 Hydration heat of samples at 60℃ 
curing 
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Figure 13 Adiabatic temperature rise of mortar 

samples No. 1 to No. 5 



ratio of 60%, had a hydration heat at 60℃ curing that was smaller than that of samples No. 2 and No. 
3, which have a blast-furnace slag replacement ratio of 40%. In sample No. 5, which has a large SO3 

content, in particular, the hydration heat was suppressed from the material age of 1 day even at 60℃ 
curing. The role of anhydrite is to restrain hydration reaction of blast furnace slag at high temperature. 

Thus the exact influence on the hydration reaction of cement minerals when the fineness of the ground 

granulated blast-furnace slag is reduced and anhydrite is added to increase the SO3 content is a topic of 

future research.  

From the adiabatic temperature rise results shown in Figure 13, sample No. 3 presents a smaller 

adiabatic temperature rise than sample No. 2, and so does sample No. 5 in relation to sample No. 3. In 

particular, sample No. 4, which does not contain anhydrite, had a larger adiabatic temperature rise than 

sample No. 3 with 40% slag content.  

Therefore, reducing the fineness of ground granulated blast-furnace slag, increasing the SO3 content 

by adding anhydrite, and increasing the blast-furnace slag content have the effect of suppressing 

bound water in the cement paste, the reaction rate of the ground granulated blast-furnace slag, and the 

hydration heat, regardless of the curing temperature. Moreover, the temperature dependence of the 

hydration reaction of blast-furnace slag cement was suppressed.  

 

Conclusions 
This study investigated the bound water, hydration heat, and reaction rate of blast-furnace slag in 

cement pastes made either of ordinary Portland cement or blast-furnace slag cement and cured at 

different temperatures. It examined also the effect of reducing the fineness of the blast-furnace slag 

and increasing the SO3 content through the addition of anhydrite.  

(1) The differences in bound water content of cement paste at different curing temperatures was 

greater for blast-furnace slag cement than for ordinary Portland cement.  

(2) The differences in hydration heat of cement paste at different curing temperatures was greater for 

blast-furnace slag cement than for ordinary Portland cement. After the material age of 28 days, the 

hydration heat of blast-furnace slag cement was greater than that of ordinary Portland cement at 60℃ 
curing.  

(3) The reaction rate of blast-furnace slag at the same material age was greater at 40℃ and 60℃ 

curing than at 20C curing. As the reaction of the blast-furnace slag was boosted at 40℃ and 60℃ 
curing, the bound water and hydration heat of the blast-furnace slag cement increased accordingly.  

(4) The bound water and hydration heat of blast-furnace slag cement under high temperature curing 

was suppressed by reducing the fineness of the blast-furnace slag and increasing the SO3 content 

through the addition of anhydrite. Reducing the fineness of the blast-furnace slag and adding anhydrite 

also contributed to suppress the temperature dependence of the hydration reaction.  
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Abstract 

The authors propose plasma practice of clinker obtaining. This study presents good results of studies of clinker ob-
taining by plasma practice. Using different raw materials Portland cement clinkers were obtained having various 
modulus and lime saturation factor. The results of SEM, optical microscopy, XRD and other techniques showed the 
peculiarities of melted clinkers, obtained by plasma method, in comparison with sintered clinkers. The results 
showed that it is possible to obtain cements on the basis of melted clinkers, having compressive strength equal to 50-
80 MPa and higher. The bending strength was 5-8 MPa after 28 days of hardening. The cements therewith can be 
classified as fast-hardening ones. Thus it is possible to obtain clinkers using unconditional raw materials and indus-
trial waste for production of fast-hardening, high strength, sulphure resistant, high alumina cements and other types 
of cements. 
Originality: 
 The authors suggested the new method synthesis of clinker. For this aim arc plazma kiln was created. Its using al-
lows to synthesize the different cement  minerals follows as: alite, belite, calcium aluminate (CA,CA2, C12A7,C3A), 
ferrite phases, etc. Method is effectiveness for synthesis of clinker for production of special cements. Using men-
tioned kiln and waste it is possible to production clinker for special cement simultaneously  the different ligature. 
 
Chief contributions: 
It is shown experimental procedures on production of special Portland cements and aluminate cements using waste 
and low grate quality row materials. 
 
Keywords: Plasma kiln,sintering, melting clinker, sulphoresistance cement, fast hardened cement, aluminate ce-
ment, chemical and mineral composition, monomineral cements 
 
 
Introduction 

A gradual decline in the capacity of the traditional sources of row materials necessitates that a substitution 
be devised and introduced on fractional basis. In the same time the amount of industrial wastes piles up at 
catastrophic rate. Among them there are the ferroalloy and steel making slags, waste of  petroleum 
chemical process, spend catalysts, etc. Significant amount of environmentally deleterious fly ash, for-
merly rejected into the air by the thermal power plants, is  also utilized in cement industry. However all 
listed waste are used very little. It can be explained by the imperfect of exist cement technology. The 
wet processes is characterized by high power consumption on production of clinker, in base, mainly asso-
ciated with vaporization of a moisture and high capital investments; the dry processes is characterized by 
complication of preparation of a raw mixture, running of a production process, associated with necessity 
of separation of heat treatment of materials in stationary heat exchangers and rotary kiln and, accordingly, 
high metal consumption and considerable investment cost. 
In this connection the major attention of the scientists and specialists is given to the development of other 
experiments of cement production. It can be note two principal ways investigation: (1) hardware modifi-
cation keeping traditional sources of energy and (2) search for use of new sources of energy. The earlier 
suggestion to alter the traditional clinkering technology was connected with  the production of melted 
clinker in converter (Serov, 1958). Later, in attempts to overcome technical difficulties, burning process 
was carried out in blast furnaces, electric furnaces, etc. 
Having been proposed in the some last decade new experiments of clinker production: a burning in "fluid-
ized" bed, melting process (Khadilkar, 1997) treatment of a material in a microwave oven (Fang, 1997).  
In our work we used plasma kiln to produce the special cements. 
 



 Experimental 
 
Initial materials and experimental procedure 
Lime stone, fly ash, the different chemical composition bauxites, the spent catalyst, aluminothermy slag, 
pyrite waste were used. Their chemical compositions are shown in Table 1. 
 

Table 1: Chemical composition of initial materials, wt. % 
 

Material L.o.i. SiO2 Al2O3 Fe2O3 CaO MgO SO3 Others 
Lime stone 40.6 2.3 1.7 0.5 51.7 2.0 0.2 1.0 

fly ash 1.2 54.0 18.6 14.2 8.2 1.0 2.0 0.8 
Bauxite -1 16.4 10.5 64.7 4.7 2.4 0.5 - 0.8 
Bauxite -2 12.5 6.9 60.3 13.4 3.5 0.9 1.3 0.2 

Spent catalyst - 2.5 95.3 0.4 0.5 0.2 - 1.1 
Aluminothermy slag 1.8 1.6 64.4 1.9 15.9 11.5 - 2.9 

                       
To produce Portland Cement, ordinary aluminate cement and high aluminate cement materials were 
mixed in calculated proportions. Two type of Portland cement  clinker were prodused using lime stone, 
fly ash and pyrite waste. One of them was sulphoresistance (SR-clinker 1), the other – for fast hardened 
cement (FH-clinker 2). The weight proportion of raw mixtures calculated to have necessary  factors (Tay-
lor,1990). For SR-clinker 1 lime saturation factors (LSF)=0.88; silica modulus SM= 2.1; aluminate mod-
ulus AM=1.0; for FH-clinker 2 the same modulus were as follows: LSF = 0.92; AM = 1.5 ; SM = 1.9. 
Using lime stone, above mentioned two bauxites aluminate cement clinkers were prepared. To obtain 
high aluminate cement clinker row mixtures were prepared using spent catalyst, aluminothermy slag and 
lime stone. The weight proportions of initial materials were calculated according data published in mono-
graph (Kouznetsova, 1989). Beside that  mixes were prepared to produce mono mineral clinkers consist-
ing of C12A7 or C4AF only. Each of mixtures melted in plasma kiln which shown at Fig.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                          
 

Figer 1: Scheme of experimental installation for melting of clinker 
 
Techniques of analysis 
All samples were analyzed using common chemical analysis, X-pay diffraction (XRD), scanning electron 
microscopy (SEM), optical microscopy (OM), infrared spectroscopy (IRS). Strength and other properties 
were tested by standard methods and others used in experimental practice. 
 
Results and discussion 
The trials on the experimental plasma installation at the production of monomineral, Portland cement and 
high alumina cement clinker and other materials fix an opportunity of production of materials high qual-
ity. It is associated, first of all, with the follow facts: at the sintering synthesis of cement clinkers of react-



ing mineral formation are completed only at a multiple roasting of raw mixtures, and the presence of a 
melt in system speeds up sharply processes of chemical interplay of magnesia, and the synthesizing of 
minerals, in this case, takes place in a few minutes. Thus the considerable extent of completeness of react-
ing of formation of minerals is reached, almost on 100% are extracted and covered rare and non-ferrous 
metals. In this case economic feasibility of process is doubtless and is obvious. 
It is fixed, that the optimum cooling conditions are achieved at vapor and air conditions of a granulation 
of clinker. Thus the indispensable time for a crystallization of the base phases and intense - defect pattern 
clinker is achieved, that improves of a milling ability of a material. The grindability of melted clinkers is 
a little bit higher in comparison with materials obtained on traditional know-how. The other, very rele-
vant, advantage of new know-how is the opportunity of all-up waste-handling waste in particular, collat-
eral reception of nonferrous alloys and clinker. The studies held on trial board, have affirmed a key op-
portunity of collateral reception of a cement clinker and nonferrous alloys. As materials were chosen 
waste of tungsten the catalyst and chalk. A basis of the catalyze is the adamant (80 % on mass) .In it also 
contains: tungsten - 17 % and nickel - 3 %. 
Mineralogical compositions of clinkers are shown in Table 2. It can be seen that composition of clinkers 
corresponds to calculated data. 
 

Table 2: Mineralogical composition of clinker, % 
 

Mineral content, % 
№№ Clinker 

C3S C2S C3A С4AF CA CA2 

1 SR-clinker l 44 27 10 19 - - 
2 FH-clinker 2 72 6 6 16 - - 

3 HAC on base of 
spent catalyst - - - - 15 85 

4 HAC on base alumi-
nothermy slag - - - - 35 50* 

                        * there is 15%  MgO·Al O   2 3
 
It fixed that at a high lapse rate of a crystallization point of a melt the minerals are formed simultaneously 
without relative mutual crystalline modification. The accelerate formation of minerals causes as well es-
sential zonality a constitution of large crystals, that institutes their major defectiveness and, thus, high 
hydraulic activity (Table 3). Other relevant advantage of new know-how is that at feeding a raw mixture 
through the internal channel of a plasma generator there is a thermal crushing of a material and intensifi-
cation of process of heat change, that provides an opportunity of exception from a master schedule of op-
eration of pulverizing of a raw mixture. 
 

Table 4: Strength of cements on melting clinker                             

Strength, MPa, days 
bending strength compressive strength №№ Cement on base of clinker 

3 7 28 3 7 28 
1 SR - clinker 1 2 3,4 4,2 10 34 51 
2 FH- clinker 2 3 5,6 6,2 30 45 54 

3 HAC on base of spent cata-
lyst 5 6 6,6 32 50 80 

4 HAC on base alumino-
thermy slag** 6.0 6.5 6.6 51 55 62 

         ** Samples № 4 have strength equal to 42 MPa after 1 day hardening. 
  
Using above shown in Table 1 bauxites two clinkers of different composition were obtained by melting in 
plasma installation ( see Table 4). Microscopic investigation of clinker 1 consists of gehlenite C2AS, cal-
cium monoaluminate CA and C12A7. Determination of crystal characteristics shows that CA have 
Ng=1,65 



and Np= 1,639. It is known that usually CA is characterized by  Ng=1,653 and Np= 1,639. The fixed dis-
tinction of  values can be explained by the formation of solid solution CA and SiO2. According to micro-
scopic analysis C12A7 also forms the same solid solution. 
XRD and  OM analysis showed that aluminate cement clinker 2 consists of CA, C6A2F and C2S. Beside 
that part of Fe3+ introduces into CA forming solid solution. 
   

Table 4: Chemical composition of row mixture and aluminate clinkers 
 

Oxide content, % 
№№ Bouxite Clinker 

L.o.i. SiO2 Al2O3 Fe2O3 СаО MgO SO3 Oth. 

1 Row mix 30.4 7.45 26.6 2.27 30.26 0.54 0.1 2.53 
1-C 

Boxite-1 
Clinker – 1 - 10.7 38.22 3.26 43.4 0.78 0.15 3.50 

2 Row mix 27.2 4.5 26.7 9.97 28.13 0.63 0.82 2.03 

2-C 
Boxite- 2 

Clinker– 2 - 6.5 38.73 14.44 40.74 0.9 1.12 2.8 
 

It is known that monomineral clinker consisting only C12A7 or C4AF was not possible to obtain by sinter-
ing in the rotary kiln because of very small temperature interval between sintering and melting. Such 
clinkers were obtained in plasma process. Lower it is given microphotography of monomoneral clinkers 
 
  
 

 
 
 
 
 
 
 
 

                                              
                                              a)                                                                b) 

Figer 2 : Microstructure of  monomineral clinkers  C12A7 (a) and C4AF (b) 
 

These clinkers are used to improve the properties of Portland cement and aluminate cement if it is neces-
sary. 

 
Conclusion 
Thus, the obtained results of experimental improvement of new know-how allow to design mobile, pli-
able and ecologically clean production with low expenses for capital building. It is necessary still to note, 
that applying of plasma installation allowed to make production mobile, ecologically clean, to utilize un-
conventional raw materials. 
Plasma melting process of cement clinker based on the use different waste appears very promising. It al-
lows to produce special cements which can not produce in the rotary kiln. 
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Abstract 
Cement is one of the main construction materials which plays a very important role in economic development of 
stated but however it is consumer of high energy and emits greenhouse gases during manufacture. The main reason 
of  these conditions lies in the fact of  high  burning temperature and high CaCO3 in the row materials to produce 
the ordinary Portland Cement. To reduce energy consumption and CO2 emissions it was necessary to working out 
new type of clinker. 

 In Russia and in different countries a lot of researchers have undertaken a number of studies of the 

sulphoaluminate cements. These cements consist of several phases, mainly such as C 34A s , C2S, CA or C12A7, 
C4AF or C6A2F. Cements are characterized by excellent properties, thus they have been the subject of numerous 
studies. The authors have determined the composition of sulphoaluminate clinker produced from various raw 
materials, the temperature of clinker formation. 

 water. 

In this paper some investigations of cements based on sulphoaluminate clinker are overviewed. For many years 
Russian sulphoaluminate clinker was manufactured using bauxite, aluminate slug, clay and fly ash. It has allowed to 
obtain sulphoaluminate cements, having different properties. 

Clinker composition, containing mineral phases as follow as C4A3S, C2S, CA or C12A7, C4AF, CaSO4 can be used 
for obtaining the different cements such as fast-setting cement, self-stressing one, oil-well one, colored cement, 
cements hardening at low temperature, etc. All of these cements have a high resistance to attack by magnesium 
solution and sea

The use of sulphoaluminate clinker to produce the different special cements allows increase improvement of cement 
quality and simultaneously to decrease fuel consumption on clinker sintering. 
 
Originality 
At last Congress (12 ICCC, Canada) it was recommended to study special cements as the perspective one. In this 
paper it is presented the use of  sulphoaluminate clinker to produce the different types of cement. 
 
Chief contributions 
The authors studied possibility of  production sulphoaluminate clinker  using the different row materials, created 
optimal composition of clinker and cements. The use of sulpholuminate clinker to produce the different special 
cements allows increase improvement of cement quality and simultaneously to decrease fuel consumption in clinker 
sintering and  quantity of CO2 emissions. 
 
Keywords: sulphoaluminate clinker, clinker phase, hydration, expansion, corrosion, strength development. 
 
 
 
 
 
 
 
 
 
 
 



INTRODUCTION 
 
A lot of researchers in different countries have undertaken a number of studies of the sulphoaluminate 
cements (Dmitrieva et al, 1980; Klusov et al, 1997; Kouznetsova, 1986; Kouznetsova et al, 1988; Osokin 
et al,1992; Taylor, 1990). These cements consist of several phases, mainly such as C4A3S, C2S, CA or 
C12A7, C4AF or C6A2F. Cements are characterized by excellent properties, thus they have been the 
subject of numerous studies. The authors have determined the composition of sulphoaluminate clinker 
produced from various raw materials, the temperature of clinker formation. 
In this paper some investigations of cements based on sulphoaluminate clinker are overviewed. For many 
years Russian sulphoaluminate clinker was manufactured using bauxite, aluminate slug, clay and fly ash. 
It has allowed to obtain sulphoaluminate cements, having different properties. 
 
EXPERIMENTAL 
 
It known that the formation of C3S requires  more energy than for belite formation. Manufacture of 
calcium sulphoaluminate requires  yet less energy than C2S (Table 1). 
 

Table 1. Characteristic data of cement minerals 
 

Mineral Burning 
temperature, 0C 

Energy consumption, 
kDJ/kg 

CaO, % in row 
mix 

CO2 per unit 
mass 

C3S 1450 1850 73,7 0,578 
C2S 1200 1330 65,1 0,511 

C4A3Š 1300 740 37,0 0,220 
 
Besides low energy consumption and low quantity of  CO2 emission  sulfoaluminate clinker  allows to 
produce different high quality cements. 
 
Fast-setting and high-early-strength cements. 
 
Sulphoaluminate cements, consisting of C4A3Š = 54%, C2S = 20%, CA = 6%, C12A7 = 10%, C4AF = 10 
%, have been prepared. Cement was ground in a ball mill to achieve a fineness equal to 3500 cm2/g. The 
samples were prepared with w/c ratio = 0.5 and cement/standard sand ratio = 1:3 by weight. An impact of 
hardening conditions has been studied by curing of samples for 1, 3, 28, 180 and 360 days in water, air 
and combined conditions. Figure 1 presents the obtained results. 
High strength of the samples, hardened in air conditions, can be explained by their high density. It 
reduces the evaporation and migration of moisture from within the samples that provides hydration and 
the strength development up to 28 days.  

 
Figure 1. The strength of sulphoaluminate cement 



The tests of samples, hardened for 2, 6, have also showed high strength. they had 12 and 20 MPa, 
respectively. The addition of gypsum to sulphoaluminate cement increases its strength. Cement was given 
the name “besalit” and was used for the production of reinforced concrete without preliminary steam 
curing. 
The samples were subjected to frost resistance. Besides, their water-permeability, porosity and pore size 
distribution were determined. The samples were frozen at - 250C and thawed in water at 200C for hours. 
After every 25 of freeze-thawing cycles the samples were weighted and tested for determination of 
compressive and flexile strengths. The study of sulphoaluminate cement (SAC) showed that SAC had 
higher durability factor up to 350 cycles. There were no mass losses and any visible evidence of 
deterioration. 
 
Corrosion resistance 
 
Corrosion resistance of the samples was determined by impact to the aggressive media: 1% solution of 
Mg(OH)2, 5% solution of Na2SO4 and sea water (Table 2). 
 

Table 2. Resistance of sulphoaluminate cement under impact of to the aggressive media. 
 

Kc of the samples after hardening, month 
Solution 

2 3 4 5 18 24 30 36 
1% MgSO4 1,2 1,15 1,25 1,16 0,92 0,96 0,8 0,8 
5% Na2SO4 1,12 1,06 1,18 1,2 1 0,9 0,95 0,95 
Sea water 1,08 0,9 1,05 1 0,95 0,89 0,86 0,84 

 
Heat evolution of SAC is rather high and in the process is no uniform. Especially sharp process 
development is observed at the initial period. Exothermic reactions and, as a result, heat evolution start 
after 1 h and reach maximum after 2 h of mixing. 80% of heat evolution is observed after 1 day of 
hardening (fig.2), whereas for high alumina cement (HAG) this value comprises 70% and for OPC one - 
20%. 

 
Figure 2. Heat evolution of cements 

Hydration calcium sulphoaluminate under carbonate corrosion 

For the investigation of hydration of calcium sulphoaluminate (CSA) suspensions were prepared. Mineral 
/ water ratio was equal 1:50. Suspensions were mixed during 24 h. After that through part of suspensions 
CO2 was passed, and the other part of suspensions was as control one. At first stage calcium 
sulphoaluminate reacts with water and it is dissolved. Concentration of SO3 reduces rapidly in liquid 
phase and after 24 h it equal to 38 mg/l. CaO/Al2O3 ratio equal to 1 and concentrations of Ca-ions and 
Al-ions reduce quickly. In the samples of suspensions consisting of CO2 concentration of Ca-ions and Al-
ions reduces rapidly and C/A=2. Concentration SO3 is changed less during 6 h. Gibbsite, calcium 
carbonate and calcium hydrocarboaluminate are fixed in solid phase. In the presence of CO2 hydration of 
calcium sulphoaluminate is going intensively. Ettringite is fixed by XR-analyses on peaks with d= 0.971, 



0.557, 0.494, 0.254 nm. It is noticed that ettringite peaks is more intensive in control samples. The 
reduction of amounts of Ca-ions in liquid phase consisting of CO2 during 6-18 h is the result of its ability 
to contact into CaCO3 and Ca(HCO3)2  which are fixed by XRD on peaks with d= 0.303, 0.206, 0.187 
nm (CaCO3)  and d= 0.433, 0.284, 0.248 nm  (Ca(HCO3)2). Infrared spectra show the bands in regions 
1420 and 1480 cm-1 due to CO2 (Fig.8). Liquid phase at hydration of calcium sulphoaluminate in the 
presence of CO2 has a small amount Al-ions because calcium carboaluminates are formatted. The final 
products are: carboaluminate, gibbsite and calcium carbonate. Calcium carbonate can react with sulphate-
ions and form ettrinfite in the late period.     

gite. 

                                                                                                              
So, at the presence of CO2 the formation of calcium carboaluminate inhibits the growth of ettringite. 
After AFt phase formation hydrocarbonate and CO2  do not influence on stability of ettrin
 
Cement for low temperatures 
 
Hardening of cement stone under low temperatures is of great importance for conduction of concrete 
operations at cool whether and for oil-welling of oil and gas holes in permafrost. In this connection and 
taking into account the above data of heat evolution of SAC, hydration and hardening of cement stone 
were studied under low positive temperatures and negative ones as well. 
Cement “besalit”, self-stressing one on the basis of SAC and OPC were chosen for investigations. The 
prisms 4x4x16 cm were prepared. The samples, having W/S = 1:1 were prepared for testing oil-well 
cement. The samples were cured at -50C just after mixing. Figure 3 shows that the strength of cement 
stone on the basis of cement with SAC is considerably higher than that of cement stone on the basis of 
Portland cement. 
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Figure 3. Strength of cement stone 

 
Rapid-setting water resistance cement 
 
Rapid-setting water resistance cement on the basis of SAC was obtained by joint milling of gypsum, high 
alumina cement and sulphoaluminate clinker (Table.3). 
 
Separate samples of HAC  (N 1) and sulphoaluminate cement (N 2) have comparatively high strength, but 
their density at initial 2 h of hardening is insufficient high. Water passes through the samples by 
subatmospheric pressure. During hardening their joint compositions (NN 3, 4, 5) exhibit both higher 
strength and higher density, providing a total absence of water filtration after 2 h of hardening. The 
obtained data confirm once again the importance of crystal/gel phases ratio in the strength formation of 
hydration structure. 
 
 



Table 3. Tests data 
 

NN Setting, 
h-min 

Compressive strength, MPa, hours, days, Penetration after 2 
hours 

1 init. end 2 5 6 1 3 7 28 90 Filtrated 

2 0-40 1-05 0.9 1.2 3.6 21.3 31 34.2 53.9 53.5 ________”_______ 

3 0-06 0-10 6.5 8.5 9.6 20.6 40.9 55.3 58.6 68.7 No filtrated 

3 0-06 0-22 0.9 1.8 7.2 40 44 61.5 67.2 62 ________”_______ 

4 0-06 0-16 2.8 3.3 8.9 41.9 42 42.5 52.1 - ________”_______ 

5 0-06 0-21 1.2 1.9 9.2 30 31.9 36.9 56.1 - ________”_______ 

 
Coloured cement 
 
Presently the obtaining of colored cement is based on the usage of clinkers, containing colored materials 
as well as on the usage of coloring agents as additions to a white cement. 
During hydration of such type of cements gel-like and subcrystalline hydrates appear on the surface of 
cement grains, thus reducing a depth of hue. Sometimes they even changes fully color of a cement stone. 
Besides, released calcium hydroxide causes the appearance of spots, thus adversely affected on the color 
of cement surface and reducing the durability of structure based on color cement. Due to high density of 
SAC it has been assumed that its addition to colored cement may lead to the reducing of salt formation on 
surfaces of articles. 
The colored cements with addition of SAC were prepared for laboratory use. For comparison colored 
cements were prepared with any addition and with addition of flask (Table 4). 
 

Table 4. Tests data of colored cements 
 

Composition, % Expansion, %, 
days 

Compressive 
strength, MPa, 

days NN 
white 
clinker addition pigment gypsum 

Residue 
on sieve 
008, % 

3 28 3 28 

1 85 - 10 5 6 0 0 25 44 
2 70 15* 10 5 6 0 0 16 39 
3 70 15** 10 5 6 0.15 0.2 28.2 45.5 

 
During hardening the strength of cement stone with addition of SAC is somewhat higher than that of 
ordinary colored cement for reference. The addition of SAC reduces porosity of cement stone. After 7 
days of hardening the porosity of the sample N 1 is equal to 25%, of the sample N 2 - 18%, while the 
porosity of the sample N 3 is equal to 3 - 10%. Frost resistance of cement with addition of SAC is 
correspondingly equal to 100 freeze-thawing cycles in turn. This value for cement with addition of flask 
is equal to 30 cycles, while for cement without addition - 25 cycles. Cement without additions is 
characterized  by the presence of Ca(OH)2 in hardening cement stone. Especially significant reduction of 
Ca(OH)2 is observed in the cement stone with addition of SAC. Moreover, the addition of SAC hastens 
cement hydration. As indicated above, both higher hydration degree and higher cement stone density 
provide high frost resistance of  samples. 
Atmospheric durability of colored cement was determined by the apparatus designated as “artificial 
whether” IP-1-3. It permits to ray a sample by ultraviolet radiation and spray according application 
program. Cement with addition of SAC has withstood 500 cycles of radiation without visible scaling on 
its surface, while scaling have appeared after 100 cycles of radiation and irrigation in turn for samples 
based on OPC. 



Thus the conducted study has shown the utility of the addition of SAC to colored for improving of its 
decorative properties. 
 
CONCLUSIONS 
 
The use of sulphoaluminate clinker to produce the different special cements allows increase improvement 
of cement quality and simultaneously to decrease fuel consumption in clinker sintering and quantity of 
CO2 emissions. 
High effectiveness of usage sulphoaluminate clinker is associate with the close packing of structure as a 
result of filling of pores and capillaries by Al(OH)3 gel. It is forming under pressure of crystals of 
ettringite during hydration of C3A3CaSO4 (self-packing effect). Correspondingly, high density of cement 
stone provides higher frost resistance and resistance of cements with addition of SAC to corrosive 
medium. 
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Abstract 
The contribution is devoted to the research of clinker high in chemically activated belite. The essence of the activation 
is the preparation of belite clinker with increased CaO : SiO2 ratio in dicalcium silicate, achieved by substitution of 
SiO4

4- by SO4
2-. Belite clinkers were prepared from common cement-making raw materials; SO3 was introduced as 

FGD gypsum. The clinkers were burned at 1350°C. The raw meals had lime saturation by about 10% lower than 
commonly used industrial raw meals. The phase composition and microchemistry of individual clinker phases were 
studied by optical microscopy and electron microanalysis. Belite clinkers doped with SO3 consisted of belite, up to 20 
wt. % alite, C3A, C4AF, and a small portion of anhydrite II; the content of 4CaO.3Al2O3.SO3, characteristic for 
sulfoaluminate-belite cements, was negligible. The bulk SO3 in the clinker did not exceed 8 wt. %. The entry of SO3 into 
the belite structure, where it replaces SiO2, enables to extend the substitution to other oxides, especially Al2O3 and 
Fe2O3. This markedly increases the CaO : SiO2 ratio in belite, when compared with belite without SO3 addition. The 
results show that sulfur-doped belite clinker is distinctly more hydraulically active than reference belite clinker without 
sulfate activation. The technological parameters of cements prepared from such clinkers are comparable with those of 
the OPC with prevalent alite – even as concerns their short-term strengths. Hydraulic activation of these clinkers was 
caused on one side by the disturbance and “contamination” of the crystal lattice of belite (β-C2S in our case), on the 
other side by the relatively high content of CaO in the clinker, and also by certain small proportion of monoclinic M1 
modification of alite, stabilized by SO3, as it has higher hydraulic activity than M3, and probably also by a small 
content of anhydrite II. Thanks to its good hydraulic properties, belite clinker activated in such a way could be used for 
cement production either alone, or mixed with OPC. In practice, the existing rotary kilns could advantageously produce 
by turns activated belite clinker and classical alite clinker. The lower burning temperature and short clinkering zone in 
burning of belite clinker would enable to utilize the mid-kiln ring from preceding alite clinker burning, as that from 
belite clinker burning is not stable. The production of such S-doped belite clinker can have considerable positive impact 
on the economy of cement production and reduction of the CO2 emissions. 
 
Originality 
The efforts for mass production of high belite clinkers are still provoked by the lasting necessity to reduce CO2 
emissions and decrease of energy consumption in the cement production. Purely belite clinkers with interstitial 
substance composed of C3A and C4AF are not produced, as they do not have sufficient strengths. Currently, 
sulfoaluminate-belite cements, low-energy cements doped with fluorine and chlorine as well as undoped high belite 
cements are produced in limited volumes in China; few other countries tried the same on pilot-plant scale, e.g. in 
Romania. The principal problem is to produce, utilizing the current technological lines, active belite cement, which 
would by its properties, especially by initial strengths similar to OPC. Known methods of activation are out of 
possibilities of existing kilns. Our work presents the production of low-energy belite cements prepared from sulfur-
doped clinkers not containing 4CaO.3Al2O3.SO3, having in spite of that high quality. Cements prepared from pure 
belite clinkers doped with SO3 showed compression strengths higher than 5 MPa after 2 days hydration, those 
containing besides belite up to 10 wt. % of alite have strengths higher than 10 MPa and cements with alite content up to 
20 wt. % strengths higher than 20 MPa. 
 
Chief contributions 
Hydraulically active belite clinkers doped with sulfur were prepared in laboratory. Their industrial production offers 
the possibility to utilize waste materials - gypsum from flue-gas desulfurization and fluidized-bed combustion ashes. 
Such special „S-doped belite clinker“, which would – like sulfoaluminate clinker – be burned at lower temperatures, 
differs from the latter by the absence of 4CaO.3Al2O3.SO3. The presented results extend the knowledge in the field of 
heterogenous reactions in clinker minerals formation and its introduction to large-scale cement production would 
decrease the limestone consumption and lower the CO2 emissions in cement industry. 
 
Keywords: belite clinker, hydraulic activation, sulfate anion, low-energy cement 
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Introduction 
 
The research and the production of hydraulically active low-energy cements, especially of those based on high 
belite clinkers, is again highly topical and for the future of cementitious binders highly prospective. It is 
expected to be one of the possible main directions of the development of world cement industry. 
Mass production of low-energy cements would mean considerable decrease in total expenses on their production 
in comparison to the currently common Portland cement with high alite content, along with overall decrease of 
the environmental impact of cement production. The production of low-energy cements allows to decrease the 
temperature of burning by 100 – 300°C, what along with economical benefits brings also lowering of CO2 and 
NOx emissions. Further decrease of CO2 emissions is brought by the composition of the raw meal for the 
production of low-energy clinkers, as they require less CaO and thus lesser consumption of CaCO3. This 
approach also means high quality raw materials resources saving, above all pure limestones, and utilization of 
less valuable natural materials with lower CaCO3 content, and especially of various secondary and waste 
products from other industrial productions. 
Belite in common Portland clinker has considerably lower hydraulic activity than alite (Sharara et al., 1994) and 
contributes significantly only to strengths after 28 days of hydration. This led to efforts to stabilize hydraulically 
active forms of belite, above all its high-temperature modifications. A chemical stabilization by suitable 
admixtures, usually complemented by extremely fast cooling (Chatterjee, 1996, Emanuelson et al., 2003, Gies 
and Knöfel, 1986, Jost et al.,, 1988) is one of possibilities. Newer method of belite hydraulic activation is a 
utilization of the so called remelting reaction (Fukuda et al., 1992, 2001) or sol-gel method (Chrysafi et al., 
2007, Kurdowski et al., 1997). Such methods can be realized only under conditions outside the possibilities of 
currently used industrial technologies. The research of the mechanism and kinetics of belite clinker formation 
has shown, that quickly formed belite clinker has (in contrary to original expectations) lower hydraulic activity 
than longer burned, recrystallized belite clinker (Staněk, 2009). 
Production of sulfoaluminate-belite (SAB) cements is performed in limited extent, as these cements show 
appopriate properties (Brown, 1998, Mojumdar and Janotka, 2002). Experiments with industrial production of 
sulfo-aluminate-ferrite belite clinker (SAFB) and high-Fe belite clinker (HFBC) were realized. which yielded 
satisfactory strengths after 28 days of hydration, but low short-term strengths (Popescu et al., 2003). 
China makes great progress in testing such technologies with industrial production of SAB and also 
fluoraluminate belite cements and highly belite Portland cements with 20-30 wt. % alite (Sui et al., 2005).  
The main problem to be solved is the production of hydraulically active belite cement, with properties like those 
of standard “alite” Portland cement, using the existing technological lines.  
The principle of activation is a formation of belite clinker with increased ratio of CaO : SiO2 in the structure of 
dicalcium silicate by substitution of SiO4

2- anions by SO4
2- anions. SO3 considerably decreases the viscosity and 

surface tension of the clinker melt (Osokin and Potapova, 1986, 1989). It postpones the start of alite formation, 
decreases its nucleation and its overall content in clinker, or it can even completely block alite formation (Maki 
and Goto, 1982, Staněk, 2002, Staněk and Sulovský, 2002). Beyond it supports the formation of belite and 
enters in quantities into the belite structure. This fact can be used in preparation of relatively highly saturated 
belite clinkers. Relatively high saturation of belite clinker, i.e. high content of CaO in the belite structure 
ensures in ensuing reaction with water formation of increased portlandite (Ca(OH)2) amount and of overall 
alkalinity, accelerating thus the course of its hydration. 
In practice waste desulfurization products and fluidized bed fly ashes can be used in the burning of  
„sulfobelite“ clinker. This clinker burnt at lower temperatures would not contain to a greater extent 
calciumsulfoaluminate (Klein´s complex, yeelimite) – C4A3S  in comparison with SAB cement. 
 
 
Preparation and methods 
 
The raw materials used for the preparation of experimental raw meals were pure limestone (L1), limestone with 
increased SiO2 content (L2), clay shale (CS), iron correction (Fe) and FGD gypsum (EG). The composition and 
expected chemical parameters of the raw meals are given in table 1. The planned experiments involved burning 
of two belite clinkers with about 4 wt. % of SO3 and different lime saturation index, the reference low-saturation 
belite clinker, and reference alite clinker without SO3 addition.  
6 kg of each raw meal were ground to fineness characterized by - 0.09 mm fraction of about 12 wt. %. The raw 
meals were pressed into tablets 4 cm in diameter, weighing about 80 g. All belite clinkers were burned in a 
superkantal oven in the following regime: rate of temperature rise 15°C/min, final temperature 1400°C, 
isothermal dwell 40 min. The alite clinker was burned at 1450°C for 120 min. 



Table 1: The composition of raw meals in wt. % and expected basic chemical parameters 

Raw meal RM-B RM-B80S4 RM-B90S4 RM-A 
L1 55.27 48.82 52.74 64.41 
L2 19.59 18.92 17.51 14.1 
CS 23.72 22.96 20.57 20.62 
Fe 1.42 1.37 1.26 0.87 
EG - 7.92 7.92 - 
LSF 80 80 90 96 
SR 2.6 2.6 2.6 2.6 
AR 1.4 1.4 1.4 1.6 

 

Where: LSF – lime saturation factor after Lea - Parker, SR – silica ratio, AR – alumina-iron ratio 
 
The representative portion of clinker needed for the determination of phase composition was crushed and sieved 
to obtain 0.045 – 1 mm grain size fraction, which was then mounted in epoxy resin and polished for observation 
in optical microscope. To enable the perfect distinction of clinker phases, the polished section was etched in 
acetic acid fumes (Chromý, 1974). Thus prepared polished and etched sections were point counted (Chromý, 
1978). To obtain accurate volume proportions of clinker phases, 2000 points were registered. For the 
recalculation from volume to weight percentages, following densities were used: C3S – 3.15, C2S – 3.28, C3A – 
3.03, C4AF – 3.77, free CaO – 3.35 g.cm-3. 
After repolishing, the sections were analyzed with electron microprobe (CAMECA SX100 with 5 crystal 
spectrometers) to determine the chemical composition of clinker minerals. The quantitative spot analyses were 
performed under the following analytical conditions: accelerating voltage 15 kV, probe current 20 nA, spot size 
2 microns; all elements were analyzed on Kα lines. 
The qualitative determination of SO3-phases in clinkers was performed by X-ray diffraction. XRD analysis was 
performed with diffractometer Bruker D8 Advance, using Cu anode in the range 6-80° of 2 Θ angle. β-C2S unit 
cell parameters were refined by the Rietveld method using the Topas 3 software. 
Subsequently, cements with approximately the same specific surface were prepared from all clinkers, to which 4 
wt. % of natural gypsum were added as controller of setting. The cements were subjected to technological tests 
according the European standards of the EN 196 series. The determination of the released hydration heat was 
done by the dissolution method according to EN 196-8 after 2, 7, 28, 56 and 90 days of cement paste hydration, 
compressive strengths according to EN 196-1 after the same times of cement mortar hydration. 
 
 
Results 
 
Composition of clinkers 
 
The results of quantitative phase composition of all clinkers are given in Table 2, total content of SO3 and real 
LSF in Table 3. An example of diffractogram of belite clinker doped with SO3 is shown on Fig. 1 and the 
comparison of unit cell parameters of belite without and with SO3 doping is demonstrated in Table 4.  
The chemistry of belite grains were determined by electron microanalysis. The results are given in Table 5. 
Calculations of atomic ratios of elements filling the Ca site (i.e. Ca, Mg, Na, K) versus elements filling the Si 
site (Si, S, P, Al, Fe3+, Ti) have shown that they are close to stoichiometric 2 : 1. 
 

Table 2: Phase composition of clinkers in wt. % 

Clinker S-B S-B80S4 S-B90S4 S-A 
C3S 0.2 0.0 8.3 66.7 
C2S 79.3 81,3 71.5 12.2 
C3A 4.0 2.6 4.1 12.3 
C4AF 16.5 14.6 13.6 7.8 
Cfree 0.0 0.0 0.0 0.9 
CS  0.0 1.5 2.5 0.0 
C4A3S  0.0 trace trace 0.0 



Table 3: Total content of SO3 in wt. % and real lime saturation factor in clinkers 

Clinker S-B S-B80S4 S-B90S4 S-A 
SO3 tot 0.06 4.44 4.43 0.03 
LSF 70.4 77.0 82.7 93.5 
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Figure 1: Diffractogram of clinker S-B90S4 (B=β-C2S, A=C3S, R=C4AF, C=C3A, L=free lime, N=anhydrite II, 
Y=yeelimite) 

 
Table 4: Unit cell parameters of belite 

Clinker S-B S-B90S4 
a (Ǻ) 5.5034 5.5215 
b (Ǻ) 6.7622 6.7747 
c (Ǻ) 9.3306 9.3492 
beta (°) 94.085 94.331 
Volume (Ǻ3) 346.36 348.72 

 
Table 5: Average chemical composition of belite grains determined by electron microprobe (in wt. %) 

Clinker S-B S-B80S4 S-B90S4 S-A 
SiO2 32.01 30.56 28.80 31.01 
TiO 2 0.21 0.22 0.22 0.28 
Al 2O3 0.96 1.81 2.76 1.62 
Fe2O3 1.14 1.17 1.76 1.48 
P2O5 0.09 0.10 0.09 0.07 
MnO 0.05 0.06 0.07 0.07 
MgO 0.38 0.25 0.61 0.32 
CaO 63.23 63.74 65.36 63.72 
Na2O 0.26 0.11 0.15 0.37 
K 2O 0.79 0.10 0.14 0.93 
SO3 0.06 1.61 3.09 0.07 
CaO:SiO2 (atomic) 2.12 2.24 2.43 2.20 
(Ca+K+Na+Mg):(Si+S+P 

+Al+Fe+Ti) (atomic) 
2.04 1.97 1.99 2.06 

 



Cements properties 
 
The specific surface (Blaine) and density of prepared cements are given in Table 6. The principal technological 
property of cements is their strength; that was measured according to EN 196-1 and results are given on Fig. 2. 
The released hydration heat, determined by the dissolution method (according to EN 196-8) is given on Fig. 2.  
 

Table 6: Density (in kg/m3) and specific surface (in m2/kg) of prepared cements 

Cement C-B C-B80S4 C-B90S4 C-A 
Density 3230 3261 3191 3179 
Specific surface 435 436 438 437 

 

 
 

Figure 2: The development of compressive strength and hydration heat in prepared cements 
 
 

Optimization of “sulfobelite” cements 
 

Table 7: Properties of cements prepared from belite clinkers doped with SO3 and reference cements 

Cement B B81S0 A97S0 B80S4 B92S8 II B89S6 B92S6 
Phase Phase composition of used clinker (wt. %) 
C3S 0.2 24.5 75.8 0.0 10.0 17.0 33.6 
C2S 79.3 58.4 6.9 81.3 71.5 65.0 50.8 
C3A 4.0 6.5 11.0 2.6 3.7 3.5 4.0 
C4AF 16.5 10.0 5.8 14.6 11.4 10.1 8.8 
Cvol 0.0 0.5 0.5 0.0 1.9 1.6 0.8 
C4A3S  0.0 0.0 0.0 trace 0.0 0.0 0.0 
CS  0.0 0.0 0.0 1.5 1.5 2.8 2.0 
Parameter Chemical parameters of used clinker (wt. %) 
SO3 (wt. %) 0.06 0.07 0.02 4.44 6.77 4.18 5.48 
LSF (%) 70.4 79.9 96.2 77.0 89.4 88.6 92.1 
SR 2.88 3.00 2.57 2.63 3.12 3.09 3.31 
AR 1.41 1.28 1.41 1.49 1.45 1.57 1.33 
Parameter Clinker burning parameters (°C, min) 
Temperature 1400 1350 1450 1400 1350 1350 1350 
Burning time 40 50 120 40 30 50 60 
Parameter Cement parameters (wt. %, kg/m3, m2/kg) 
Gypsum addition 4.0 3.0 4.0 4.0 3.0 3.0 3.0 
Density 3230 3225 3172 3261 3231 3201 3191 
Specific surface 435 397 398 436 402 406 410 
Hydration time Compressive strength (MPa) 
2 days 2.0 4.5 21.6 1.8 16.9 20.1 31.7 
7 days 2.3 12.8 49.3 12.2 26.1 39.4 51.6 
28 days 14.6 63.5 66.9 47.4 36.4 59.1 64.7 
90 days 38.3 81,1 72,7 60.6 64.9 67.6 76.2 



The optimization of “sulfobelite” cements was done through a series of experiments, varying the chemical 
composition of raw meals, the burning regime with the aim of achieving as high as possible strengths in all 
hydration times. To prepare the raw meals, common cement-making raw materials were used; the source of SO3 
was industrial FGD gypsum. The fundamental characteristics of chosen clinkers and belite cements prepared 
from them are given in Table 7, together with reference cements. For comparison, the first three columns give 
parameters of clinkers prepared without SO3 addition (B – purely belite, B81S0 – belite with 25 % alite content 
and A97S0 – high alite clinker). 
 
 
Conclusions 
 
Chemical activation of belite by sulfate anions has significant impact on its hydraulic activity. The incorporation 
of SO3 into the belite structure, where it substitutes SiO2 enables to widen this substitution also for other oxides, 
above all Al2O3 a Fe2O3. In this way, the CaO : SiO2 ratio in belite is distinctly higher than in belite without the 
SO3 incorporation. This phenomenon is more pronounced in belite clinker with higher lime saturation factor. 
Unit cell volume of belite doped with SO3 is slightly larger than that of belite without doping of SO3, which is in 
accordance with earlier findings of Morsli et al. (2007). 
This „sulfobelite“ clinker burned at temperature by 100°C lower than in common Portland clinker has at the 
content of alite around 20 wt. % and technological parameters similar to that of highly alite clinker. Moreover, it 
develops much less hydration heat, what can be very favorable in certain applications.  
In contrast to purely belite clinker doped with SO3, a small amount of alite distinctly supports the growth of 
early strengths, because this alite is present in its more hydraulically active M1 modification (Staněk and 
Sulovský, 2002), which is stabilized just by SO3. 
The relatively high lime saturation (yet still about 10 % lower than in common Portland clinker) in this belite 
clinker ensures at the reaction with water formation of higher amounts of portlandite (Ca(OH)2) and increases 
the overall alkalinity, accelerating thus the course of hydration. 
Hydraulic activation of this „sulfobelite“clinker is therefore caused on one hand by the disturbance of the belite 
crystal structure and its “contamination” by foreign ions, on the other hand by relatively high CaO content in 
clinker and probably also by the presence of small amounts of anhydrite II, which, as was found, has positive 
impact on the development of cement strength (Staněk and Tomancová, 2008). 
This activated belite clinker could be used with regard to its good hydraulic properties for the production of self-
contained sulfobelite cement, or for blending with OPC for production of special cements. In working practice it 
would be advantageous to use the existing kiln lines for alternating production of “sulfobelite” and classical alite 
clinker. The lower burning temperature and very short clinkering zone during the belite clinker burning would 
enable to use the sticking from the preceding burning of the alite clinker, because the sticking from belite 
burning is probably insufficiently stable.  
The increase in lime saturation causing formation of up to 20 – 30 wt. % alite would contribute to the increase 
of hydraulic activity as well as to improvement of parameters of burning and grindability. 
The obtained results indicate the possibility of separate industrial production of special low-energy active belite 
clinker alongside with the production of common alite clinker and the production of economically and 
ecologically expedient blended Portland cements, possessing suitable technological properties, or goal-directed 
preparation of special cements with properties tailored according to the intended use. Introduction of this cement 
into the cement making industry would lead to a decrease of energy consumption, saving of high quality 
limestone and at the same time lowering of CO2 emissions. 
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Abstract 
The accumulation of scrap tires is a potential source of major environmental and economic problems. To 
preserve the environment, several recovery actions have been made, particularly in the field of construction 
materials. Studies in this regard have been focused on the recovery of rubber granules ridded of metal and 
textiles. Most publications dealt with the use of rubber in concrete and mortar made from Portland cement and 
reported problems related to the adhesion between rubber particles and mortar.  
The aim of this paper was to study the behaviour of rubber particles added to mortars made with calcium 
sulfoaluminate cement compared to similar mortars obtained with Portland cement. The preparation of mortars 
was made by adding various sand replacements by rubber particles. The compressive and flexural strengths 
were carried out at 28 days. The shrinkage and swelling tests were also performed in this study. X-rays 
diffraction and environmental scanning electronic microscopy equipped with EDAX analysis were used to 
determine the microstructure. 
Measurements of dimensional changes showed that the addition of rubber particles contributed to the reduction 
of the shrinkage in mortars containing calcium sulfoaluminate cement. The mechanical tests showed a lower 
compressive strength but presented a higher flexural strength for mortars made with calcium sulfoaluminate 
cement. The microscopic observations revealed clearly a better adhesion of rubber particles with the calcium 
sulfoaluminate cement paste. 
 
Originality 
Calcium sulfoaluminate (CSA) cements are requiring less energy and produce less CO2 than Portland cement 
during their manufacturing and thus are receiving increasing attention in the context of sustainable 
development. The valuation of rubber particles is also important in some applications in order to avoid the use 
of rocks as aggregate. 
The idea of using calcium sulfoaluminate cement instead of Portland cement to design mortars containing 
rubber aggregate with better properties is original and is based on previous studies made on macro defect free 
mortars that reported a good compatibility between organic materials and a cement paste containing more 
calcium aluminate than calcium silicate phases. 
 
Chief contributions 
This work is the result of several studies on the valorization of waste of different origins in cementitious 
materials. Collaboration between three research laboratories in Morocco, France, Tunisia and their long 
experience has led to the realization of this work.  
 
Keywords: sulfoaluminate cement, wastes, rubber, adhesion, flexural strength, compressive strength. 
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Introduction 
 
The volumes of waste rubber from scrap tires are still growing and cause more environmental 
problems, large amounts of rubbers are used as tires for aircrafts, trucks, cars, two-wheelers etc. But 
after a long run only a few grams or kilograms of rubber (<1%) are abraded out from the tire [1, 2]. 
These wastes are not readily biodegradable, they often abandoned in landfill sites or burned under 
controlled conditions or not and therefore cause considerable air pollution. The reuse of rubber in 
cement plants as a fuel is yet a way to enhance this type of waste [3-8]. In the United States, the reuse 
of tire rubber powder constitutes a considerable activity. Various references have been found about the 
reuse of worn tires in the fields of civil engineering, such as for concrete road bases [9], soil packing, 
or asphalt pavement [10]. These solutions imply many advantages compared to the traditional systems 
and could absorb a part of waste generated by worn tires. The possibility to incorporate the rubber in 
the bituminous concretes was investigated in the United States and Canada [11]. These studies 
indicated that the addition of crumb tire rubber in the mixture of cement improved its fatigue 
characteristics and increased the resistance against cracking. Unfortunately, most research on using 
untreated tire rubber in cement materials showed that the adhesion between cement paste and rubber 
particles is poor [12-14]. Most studies published on the rubber aggregates focused on their use and 
their properties in Portland cement, while their use in calcium sulfoaluminate cements remain 
relatively rare [15].  
The aim of this paper was to study the behaviour of rubber particles added to mortars made with 
calcium sulfoaluminate cement compared to similar mortars obtained with Portland cement. The effect 
on the mechanical properties and length change were studied first and then X-rays diffraction and 
environmental scanning electronic microscopy equipped with EDAX analysis were used to 
characterize the interface between the cement paste and the rubber aggregate. 
 
Materials and experimental testing 
 
1. Characterisation of starting materials 

 
The used sand is in conformity with the norm NT 47.30, having an absolute density in order of 
2,65g/cm3 and particles less than 2 mm in size. The rubber used for this study comes from the grinding 
tires with an absolute density in order of 1,2g/cm3 as well as the corresponding granulates are smaller 
than 1,6 mm. The mineralogical composition of the used calcium sulfoaluminate cement (CSA) was 
determined by X-ray diffraction (Table 1). The particle size distribution had a maximum grain size 
around 100 µm.  
 

Table.1: Mineralogical composition of the CSA cement.  
C4A3S C2S C3FT C12A7 Periclase CS Quartz 
+++ ++ + + + + - 

+++: high quantity, ++: average quantity,+: little quantity,−: trace. 
C4A3S: Ca4Al 6SO16, C2S=Ca2SiO4, C3FT= Ca3Fe2TiO8, C12A7=Ca12Al 14O33, Periclase= MgO, CS= CaSO4, 
Quartz= SiO2. 
 
The Portland cement mortars were prepared from hydraulic binder of artificial CPA CEM I 42.5 (EN 
196-1) with a bulk density of 3100 kg/m3. 
 
2. Experimental testing 
 
The mortars with rubber aggregates were prepared with replacing a fraction of the sand volume by a 
similar volume of rubber aggregates in proportions of 0%, 20%, 30% as shown in table 2. The 
prismatic specimens (40 mm*40 mm*160 mm) were prepared and after one day cured for 28 days 
either in 98% relative humidity (RH) or in the laboratory (RH < 60% named “air) at 20°C. The ratio 
W/C has been varied to insure the same workability with varied proportions of rubber aggregates. The 



 

tests of swelling and shrinkage were carried out in accordance to European Standard NFP 15-433 [16]. 
The compressive and flexural tests were carried out in accordance to European Standard EN 196-1 
[17]. The mineralogical analysis of cements and mortars was made by X-ray diffraction using Siemens 
D5000 diffractometer with Cu Kα radiation (1.54Å).  
 

Table.2: Composition of mortar samples (40 mm*40 mm*160 mm). 
Volume of rubber particles (%) Cement (g) Sand (g) Water (g) W/C Rubber (g) 

0 450 1350 225 0.5 0 
20 450 1080 207 0.5 122.26 
30 450 945 279.2 0.65 183.4 

 
Results and discussions   
 
1. X-ray Diffraction 
 
Figure 1 shows the XRD patterns of CSA mortar presenting 30% of rubber placed in different curing 
conditions (air and 98%RH). We observe the presence of calcite (CaCO3) peaks known as (d= 
3.028Å), quartz, (SiO2), identified in d= 4.248Å, 3.341Å, 2.45Å and 1.815 Å; and yeelimite known as 
C4A3S (d= 3.75Å, 2.65Å and 1.815Å). This phase disappears when the mortar is placed in 98% 
relative humidity which explains its transformation to ettringite (C6AS3H32) [21] (d= 9.748Å).  
The mortar containing rubber aggregates shows the predominance of calcite (CaCO3) and quartz [22].  
   

 
 

Figure.1: X-ray powder diffraction patterns of CSA mortar presenting 30% of rubber 
 placed in air and relative humidity 98%. 

 
 
2. Length change tests  
 
The results of shrinkage and swelling tests are represented in figures 2 and 3. The tests were realised 
in different conditions (air and at 98% RH). The conservation in 98% RH of the CSA reference mortar 
without rubber indicated at 12 days shrinkage around 400µm/m whereas the sample with 30% of 
rubber inclusion gave approximately 270µm/m of shrinkage. The same observations were shown in air 
with greater length changes. The mortar without rubber displayed more pronounced shrinkage, 
compared to mortars containing rubber aggregates that showed a shrinkage value near 250µm/m. This 
difference could be due to the suppleness of the matrix in presence of rubber because of its elastic 
character. Mortars made with calcium sulfoaluminate cement also displayed a smaller shrinkage in the 



 

presence of rubber aggregate. Moreover mortars made with Portland cement had a higher shrinkage 
than mortars made with calcium sulfoaluminate cement (Figure.3). 
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Figure.2: Length changes of CSA-rubber  mortars 
cured at 98% relative humidity  

Figure.3: Comparison of Length changes between 
Portland and sulfoaluminate rubber-mortars cured in 
air. 

 
 
3. Mechanical strength 
 
The compressive and flexural strengths of the samples at 28 days were measured (Table 3).The results 
showed a diminution of the compressive strength for mortars containing rubber granulate. For calcium 
sulfoaluminate cement, it can be observed that the compressive strength loss due to 30% of rubber 
aggregate substitution is about 75%, whereas the flexural strength loss is about 50%. These results are 
in good agreement with previous study findings by Toutandji and al. [19] using rubber tire chips as a 
replacement for mineral coarse aggregate in Portland cement concrete. They have shown that the 
decrease in compressive strength, as a function of the increase in rubber volume, is not linear and that 
compressive strength decreases more rapidly than flexural strength. Goulias et al. [20] attributed the 
observed detrimental effect of rubber aggregates to the high compressibility of rubber particles, 
generating a local stresses and bonding problems between the rubber and the cement matrix. 
The comparison of the results obtained with different Portland cements (Table 3 using data of 
references 18 and 23) indicates that the decrease of the flexural strength is at the most of 50% that is 
comparable with the mortars made with calcium sulfoaluminate cement. However the absolute value 
of the flexural strength remains higher in the case of calcium sulfoaluminate cement compared to 
Portland cement. On the other hand, the relative decrease of the compressive strength is greater for 
mortars made with calcium sulfoaluminate cement and in this case, the absolute value of the 
compressive strength for the mortar containing 30% of rubber aggregate is lower compared to the 
similar mortar made with Portland cement. 
 

Table.3: comparative results of compressive and flexural strengths at 28 days of studied CSA mortars to the 
literature results 

Flexural strength (Mpa) Compressive strength (Mpa) 
(CSA rubber mortars) (Portland rubber mortars) (CSA rubber mortars) (Portland rubber mortars) 

Volume of rubber % 

This work [18] [23] This work [18] [23] 
0 6.63 3.1 3.38 51.54 33.62 82.5 
20 4.04 1.91 3.67 20.46 25.43 34 
30 3.38 1.45 3.42 12.09 19.25 19 



 

4. Scanning Electron Microscopy (SEM) 
 
The scanning electron micrograph examination was carried on 30% mortar-rubber of calcium 
sulfoaluminate cement cured at 98% relative humidity after 28 days, using FEI Quanta 200 SEM. As 
presented in figure 4, both calcium sulfoaluminate cement and Portland cement [18] mortars 
containing 30% of rubber aggregate prepared in same condition, showed the formation of the hydrated 
cement phases around the rubber aggregate. However it seems that in the case of Portland cement, the 
rubber aggregates had a poor adhesion induced by the appearance of a pronounced alveolar space 
between the cement paste and the rubber aggregates. On the other hand, the rubber aggregates seemed 
to exhibit a better adherence to the calcium sulfoaluminate cement paste. This could explain why the 
value of flexural strength of rubber mortars made with calcium sulfoaluminate cement remained high 
compared to Portland cement mortars.  
 
 
 
 
 

 
 
 
 
 

Figure.4: Scanning 
electron micrographs of CSA and Portland cement [18] mortars containing 30% of rubber. at 700. x of 
magnification. 

 
The micrograph and EDAX analysis of the mortar made with calcium sulfoaluminate cement and 30% 

of rubber observed at 2756x of magnification. (figure 5) showed a strong adhesion of hydrates phases, 

especially of ettringite needles, with the rubber aggregate. We may attribute this result to a better 

affinity between the hydrates and rubber aggregate as a similar trend was previously reported for 

macro defect free mortars [24]. 

 

 

  

 
 
 
 
 

Figure.5: Micrograph and EDAX analysis of CSA rubber mortar (30% rubber aggregate) observed at 2756.x of 
magnification.  
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Conclusion  
 
In this work we have compared the behaviour of two types of mortars containing rubber aggregates 
and made either with calcium sulfoaluminate cement or Portland cement. In both cases, rubber 
aggregates reduce the compressive and flexural strengths. The relative decrease of compressive and 
flexural strengths appeared to be equivalent or higher with calcium sulfoaluminate cement. The 
shrinkage was less for mortars containing rubber aggregate for both cements. SEM observations 
seemed to indicate that it exist a better adhesion between rubber aggregate and the calcium 
sulfoaluminate cement paste. This could explain that the flexural strength of mortars made with 
calcium sulfoaluminate cement remains higher than those made with Portland cement.  
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Abstract 
Quantitative characterization of the microstructure of cementitious materials is crucial to the prediction of their 
mechanical and transport properties, and to the assessment of their performance and durability. However, 
accessing the 3D micro-structural information of cement-based material is not a trivial task. Experimental 
methods based on electron beams are intrinsically limited to 2D cross-sections of the real 3D structure. 
Moreover, a number of artefacts can be introduced during sample preparation and measurement. On the 
modelling side, the recent development of numerical simulation models provide powerful techniques for the 
prediction and quantification of the temporal evolution of the 3D micro-structure, though experimental 
validation is needed in order to test the reliability of underlying assumptions and numerical models.  
Here a novel experimental technique is presented, based on X-ray diffraction computed micro-tomography 
(XRD-µCT) enhanced by an “ad hoc” post-processing of the reconstructed image based on quantitative 
information. The use of XRD-µCT allows to reconstruct a phase-resolved 3D map of the cement material 
without perturbing the original microstructure. The output of the tomographic scans consists of a stack of 2D 
slices in which the relative amount of a selected phase, within each voxel, is encoded as a greyscale intensity 
value. Conversion of the greyscale intensity values into volume fractions is obtained by a multi-step process 
encompassing: a) evaluation of the nano-crystalline/semi-amorphous (C-S-H) and amorphous fraction 
(capillary H20); b) calibration with the fraction of the selected phase within the whole 2D slice, as obtained by 
full-profile Rietveld-type refinement. Finally, analysis of the tomographic reconstructions by a multifractal 
technique provides a tool for the quantitative comparison of the phase distribution patterns: a) between 
different measurements; b) between analogue samples and simulated micro-structures. The results of the 
multifractal analysis may also provide information about the modes of growth and aggregation of the phases 
formed during the hydration process.  
 
Originality 
In this work, XRD-µCT was applied for the first time to cementitious materials. Although in recent years both 
micro-tomography and Rietveld analysis have been successfully used to investigate cement-based materials, we 
illustrate how the coupling of these techniques has an enormous potential in providing a quantitative 
description of the 3D micro-structural features of the studied samples in situ, using a non-invasive approach. 
Moreover the potential of multifractal analysis, combined with a simple numerical scheme, to discriminate 
different types of phase distribution and modes of precipitation, hardly detectable by visual inspection of 
experimental images, is illustrated. 
 
Chief contributions 
This research represents an important contribution to the quantitative non-invasive assessment of the 
microstructure of cementitious materials. It provides the concrete and cement modelling community with a novel 
experimental tool for construction of 3D phase distributions in cement-based material and quantification of  
local abundances. It also provides a method for quantitative comparison between real-world and simulated 
samples. Application of these technique helps to better understand the development of cement micro-structures 
and the implications for the performance and durability properties of the final products. In particular, we used 
this method to construct and quantitatively analyze ettringite distribution maps. Such a quantitative 
characterization is relevant to understanding mechanisms such as delayed ettringite formation and expansion in 
expansive cements. 
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Introduction 
 
The development of quantitative microstructural models is of fundamental importance for assessing 
the performance and durability of cement-based materials. Experimental methods for the study of the 
microstructural arrangement of cement pastes, along with its temporal evolution, comprise imaging by 
scanning electron microscopy (SEM) and computed micro-tomography (µCT). Backscattered electron 
images obtained by SEM provide good compositional contrast at excellent sub-micron resolution. The 
main limitations of this method are its invasive nature and the impossibility of accessing the third 
dimension. Advance in the 3D non-invasive investigation of cement micro-structure has been 
achieved by implementing X-ray µCT imaging (e.g. Gallucci et al., 2007). µCT allows to reconstruct 
the 3D distribution of the electron density heterogeneities within a volume, such that features 
characterized by large differences in mean electron densities (e.g. anhydrous grains, hydration 
products, pore space) can be promptly discriminated. However, phases characterized by a similar 
mean atomic number cannot be distinguished by conventional tomography. In order to reconstruct the 
3D distribution of the various phases within a given volume, a method that couples tomography with 
X-ray powder diffraction (XRD-µCT) has been recently applied to the study of microstructural 
development  during the hydration of cement (Artioli et al., 2010). This method allows selective phase 
mapping at various stages of the hydration process without perturbation of the microstructure. In this 
study, XRD-µCT scans were performed on OPC samples at w/c = 0.5 and selective 3D maps 
displaying the spatial distribution and local concentration of ettringite were constructed. Such maps 
were compared with the output of a simple numerical scheme that simulates different modes of 
ettringite precipitation.    
 
 
Experimental methods 
 
XRD-µCT scans (performed at the European Synchrotron Radiation Facility, Grenoble, ID22 beam-
line) are carried out on a CEM I 52.5 R powder mixed with deionized water and inserted in 
borosilicate glass capillary tubes (~ 0.5 mm diameter). The sample, positioned at different orientations 
along a horizontal translation axis y and a vertical rotation axis ω, is irradiated by a focussed 
monochromatic beam of 2x4 (vertical x horizontal) µm2 size and 18 KeV energy. During the measure 
(approximately 8 hours per scan), the sample translates by a 4 µm step along y and rotates by a 3° step 
around ω. A CCD camera records a 2D diffraction pattern for every combination of translation and 
rotation steps. Azimuthal integration of such diffraction patterns returns an output signal in which the 
scattering intensity depends on y, ω and the diffraction angle 2θ. Successive integration over a 
selected 2θ range returns a “selective sinogram” that maps the scattering intensity relative to a region 
of interest (ROI) as a function of y and ω. The ROI is centred at 9.72 Å, corresponding to the (100) 
Bragg peak for ettringite.  Tomographic reconstruction by a MLEM algorithm returns a tomogram in 
Cartesian space (x,y) displaying a distribution map of ettringite over the irradiated 2 µm thick plane. 
The tomogram consists of a digitized image in which the greyscale intensity of each 4x4x2 (horizontal 
x horizontal x vertical) µm3 voxel is proportional to the local amount of ettringite. 
 
 
Quantitative phase mapping 
 
Qualitative information about the spatial distribution of ettringite and its temporal evolution can be 
inferred from visual inspection of the reconstructed phase maps. However, encoding of ettringite 
concentration to an 8-bit greyscale possess no physical meaning, as the greyscale values are 
normalized to the maximum and minimum scattering intensity recorded, independently from the 
absolute values. In order to extract quantitative information from the tomograms, it is necessary to 
rescale the grey intensity to the absolute local  concentration of the mapped phase. The relationship 



between greyscale intensity value and local volume fraction can be expressed by the following 
equation: 
 

ipip Ikf =,                                    (1)

         
Where f is the volume fraction of the phase p within the i-th voxel, I is the greyscale value of the i-th 
voxel and k is the constant of proportionality that relates the two quantities for the phase p. This is a 
semi-quantitative expression that ignores any contribution due to self-absorption within the sample. 
However, for the energy adopted for the incident beam, self-absorption of the elastically scattered 
radiation can be assumed to be negligible. 
By summing over all voxels and dividing by the total number of voxels N, eq. (1) can be recast as: 
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where the term on the left-hand side of the equation represents the volume fraction of the phase p 
within the tomographic plane, and the value of the constant of proportionality is: 
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The value of Fp can be obtained by combining Rietveld analysis and mass balance calculations. The 
method consists of the two following steps: 
a) Rietveld refinement of the sum diffraction pattern, obtained by integrating the measured 2D 
patterns over y and ω, to calculate the proportion of crystalline phases present within the tomographic 
plane. 
b) Mass balance calculation based on reaction stoichiometry, to obtain the proportion of amorphous 
(or poorly crystalline) phases, i.e. C-S-H and capillary water. 
The variation in phase vol.% at 17 and 64 hours since beginning of hydration, obtained by applying 
the above method to the representative analysed volume (2 µm thickness) is shown in Table 1. 
Rescaling of the greyscale intensity values relative to this volume by application of Eq. (1) returns a 
normalized tomogram that displays the local concentration of ettringite within each 4x4x2 µm voxel 
(Fig. 1).  
 

Table 1: Phase composition (vol.%) 
 

Time 
(hours) 

C3S C2S C3A C4AF Gyp CH Ettr C-S-H H2O 

17 17.5 8.1 4.1 1.7 0 1.9 10.2 4.6 51.9 
64 11.4 7.2 1.5 1.5 0 6.8 15.1 16.9 39.6 

 
 
Numerical modelling 
 
A simple numerical scheme was developed with the aim of inferring information about the modes of 
ettringite precipitation from the reconstructed distribution maps. Two mechanisms for ettringite 
precipitation have been proposed in the literature: a) topochemical, i.e. within the space formed by 



dissolution of the Al-bearing phases, or in its immediate vicinity; b) through-solution, i.e. randomly 
from the saturated pore solution (e.g. Skalny et al., 2002).  
 

 
Figure 1: Rescaled tomograms displaying ettringite local concentration 

 
The numerical model simulates the above mentioned mechanisms on a discretized domain, consisting 
of a 3D matrix in which an initial amount of particles are randomly distributed. Such particles are 
assigned different labels depending on whether they do or do not contain Al. Subsequently, ettringite 
particles are allowed to precipitate: a) randomly throughout the available empty space, based on a 
precipitation probability p; b) in the pore space adjacent to Al-bearing phases, based on a precipitation 
probability q. By tuning the ratio π = p/q it is possible to constrain the mode of ettringite precipitation, 
changing from a totally random through-solution mechanism (π →∞) to a topochemical-like 
mechanism in which ettringite precipitates in the neighbourhood of Al-bearing phases (π →0). 
Numerical simulations were performed on a 2D domain of 1408x1408 pixels, with a resolution of 
0.25 µm per pixel. 2D slices obtained from simulated 3D volumes display statistically equivalent 
features compared to the surfaces obtained from the 2D simulations. Therefore the simulations were 
performed in 2D in order to minimize computational time. Two different runs were performed in 
order to simulate ettringite distribution maps observed by XRD-mCT at 17 and 64 hours. The initial 
configuration consists of an initial dispersion of 25 vol.% Al-free and 5 vol.% Al-bearing particles for 
the first run, and 18 vol.% Al-free and 3 vol.% Al-bearing particles for the second run. The amount of 
ettringite allowed to precipitate is 10 vol% for the first run and 15 vol% for the second run. Figure 2 
displays binary distribution maps for different values of the parameter π along with 8-bit maps 
obtained by image convolution, performed with the aim of matching the 4x4 µm horizontal resolution 
of the instrument . Comparison with the experimental maps suggests that pure topochemical growth 
(π = 0) can be excluded as a mechanism capable of generating the observed ettringite distribution.  
In order to characterize the simulated and experimental distribution maps more quantitatively, we 
adopt a formalism from multifractal geometry. Several studies had previously suggested that diverse 
features of cement-based materials, including micro- and nano-structure, porosity and fracture 
patterns, possess features characteristic of fractals (e.g. Ji et al., 1997; Ficker et al., 2007; Carpinteri et 
al., 2010). 
 
 
Multifractal spectra 
 
Multifractal measures quantitatively describe how the distribution of a variable fluctuates on a spatial 
domain (e.g. Feder, 1989). The domain can be a Euclidean surface, or a more complex fractal space.  
In order to analyze the multifractal structure of the ettringite distribution maps, the domain is 
subdivided in a series of squared sub-domains of size δ. The “probability” P for the ith sub-domain of 
size δ is defined as: 
 



 
 

Figure 2: Simulated ettringite distributions for different precipitation modes (see text for details). Upper row: 
binary maps with 0.25 µm/pixel resolution. Lower row: convolution to 4 µm/pixel 
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where Vi is the volume of ettringite within the ith sub-domain and V the volume in the whole sampled 
space. The contribution of regions characterized by different ettringite concentrations can be enhanced 
by assigning a weight -∞<q<∞ with negative values of q enhancing the denser regions and positive 
values enhancing the regions with smaller ettringite concentrations. Hence, a set of normalized 
measures  are defined as a function of δ and q: 
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Finally, the multifractal spectrum can be constructed as a plot of the variables α and f(α), defined as: 
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where the Lipschitz-Hölder exponent α is proportional to the strength of the singularity of P, with Pi ~ 
δαi, and the parameter f(α) is the Hausdorff fractal dimension of the set of sub-domains with 
singularity strength α. 



The plot f(α) vs. α (multifractal spectrum) defines a bell-shaped curve, whose width ∆α = (αmax - 
αmin) is proportional to the clustering of the distribution. A highly clustered distribution is 
characterized by a higher value of ∆α compared to a randomly dispersed distribution. A totally 
homogeneous distribution that fills the whole domain reduces to a point (∆α = 0) with f(α) equal to 
the Hausdorff dimension of the domain itself. 
The multifractal spectra of the experimental and simulated ettringite distribution maps are displayed 
in Fig.3. 
 

 
 

Figure 3: Multifractal spectra for experimental and simulated ettringite maps 
 
Comparison of the ∆α value confirms that the mechanism of ettringite precipitation is predominantly 
random. In particular, good agreement to the experimental results is obtained when the probability for 



random precipitation is approximately twice the probability of precipitation in proximity of Al sources 
(π = 0.4). Such a contribution can account for local clustering of ettringite crystals, in analogy to 
experimentally observed spherulitic textures (e.g. Komatsu, 2009). 
 
 
Conclusions  
 
The method outlined in this contribution provides a means for constructing phase distribution maps, 
using a non-invasive approach. The study of the 3D spatial distribution of the phases that constitute 
cement pastes is of fundamental importance for assessing how the mechanical and transport properties 
of the final products are influenced by its micro-structural arrangement. 
In particular, ettringite distribution maps have been constructed for an OPC sample at different times 
since beginning of hydration. Quantitative comparison with simulated ettringite maps, by means of 
multifractal analyisis, suggests a predominantly random through-solution precipitation mechanism. 
Study of ettringite distribution and modes of precipitation is relevant to predicting the behaviour of 
hardened cement pastes and concrete. For instance, quantitative models of ettringite precipitation and 
3D distribution can be of fundamental importance for understanding processes such as delayed 
ettringite formation, which can cause severe deterioration of concrete, and expansion in expansive 
cements. 
At present, the main limitation of XRD-µCT is represented by the poor time resolution, which 
prevents application of the method at early hydration stages. Moreover, the long acquisition times 
restrict the vertical extension of the 3D distribution maps. Such limitations could be overcome by 
analysing significantly smaller samples. Despite the above limitations we argue that XRD-µCT 
combined with multifractal analysis is a promising technique for non-invasive assessment of cement 
micro-structure development. 
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Abstract 
Performance of cementitious materials at the macroscopic level is controlled by physical and chemical processes 
occurring at the molecular scale. Detailed knowledge of the phase composition of cement and the microstructure of 
cement paste during the course of cement hydration is essential to understanding material properties, such as strength 
development and durability. The current understanding of the microstructure and chemical properties of hardened 
cement paste (HCP) has been achieved using standard laboratory techniques, in particular X-ray diffraction (XRD) in 
combination with Rietveld refinement, thermogravimetry, solid-state nuclear magnetic resonance methods etc. 
Scanning electron and transmission electron microscopy coupled with microanalysis (SEM/EDS, TEM/EDS) have been 
used to provide spatially resolved information on the microstructure and the chemical composition in hydrated cement 
at the micro-scale. Nevertheless, the above techniques provide little spatially resolved information on the local 
coordination environment of elements of interest in HCP.  
In this study the potential of synchrotron-based techniques to determine the coordination environment of Al, S, and Fe 
in crushed and intact cement paste is described and discussed. Micro-X-ray fluorescence (micro-XRF) can be used to 
determine the spatial distribution of the above elements in intact HCP samples. It is shown that K-edge micro-X-ray 
absorption near edge spectroscopy (micro-XANES), in combination with iterative target factor analysis and least-
square fitting, can be utilized to estimate the contributions of the different Al- and S-bearing cement minerals to the 
composite XANES spectra determined in the cement matrix. Requirements and limitations in conjunction with the 
proposed approach will be discussed. The approach is currently being applied to identify the main Fe-bearing cement 
minerals in crushed and intact HCP samples.  
 
Originality 
Synchrotron-based spectroscopic techniques may provide complementary information in connection with phase 
identification and quantification of cement minerals in complex cementitious matrices. For example, micro-X-ray 
absorption spectroscopy (micro-XAS) is element-specific and therefore can give very specific structural information on 
the local coordination environment of an element of interest. The use of micro-XAS in combination with micro-XRF, 
micro-diffraction (micro-XRD) and standard techniques enables us to tackle important questions in conjunction with 
phase characterisation during the course of cement hydration and the immobilization of toxic and radioactive waste 
ions with respect to the length scale of the spatial heterogeneity in the cement matrix. 
  
Chief contributions 
The use of XAS for studying sorption processes in cementitious systems has grown in importance in the last years. 
Extended X-ray absorption fine structure (EXAFS) spectroscopy has successfully been applied to develop a molecular-
level understanding of the interaction of Ni, Zn, Sn, Se, I and U with HCP and cement minerals, e.g. C-S-H. Over the 
past years a novel approach has been developed by combining conventional spectroscopic and microscopic techniques, 
e.g., SEM/EDS, with synchrotron-based micro-spectroscopic techniques with the aim of investigating the coordination 
environment of contaminants in intact HCP. The use of micro-XAS, in combination with micro-XRF or micro-XRD, 
respectively, was found to be a versatile tool for spatially resolved investigations on retention processes in 
heterogeneous cement-based waste matrices. The approach is currently being extended to molecular-level descriptions 
of the local coordination environment of cement-derived elements, such as Al, S, and Fe. These studies suggest that 
synchrotron-based micro-XAS/XRF/XRD allows elemental speciation to be studied on a length scale relevant to 
cementitious materials. 
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1. Introduction 
 
Hardened cement paste (HCP) is a mineral assemblage with discrete particles in the nano- to 
micrometer size range. This highly heterogeneous matrix can be analyzed by a variety of analytical 
techniques using both crushed and intact samples. The current understanding of the structure and 
chemical properties of this complex material has mainly been achieved using well-established 
techniques, such as X-ray diffraction (XRD), thermogravimetric analysis/differential thermo-
gravimetry (TGA/DTA), and solid-state nuclear magnetic resonance and samples prepared from 
crushed materials (Skibsted and Hall, 2008).  Scanning electron and transmission electron microscopy 
coupled with microanalysis (SEM/EDS, TEM/EDS) have been used to provide spatially resolved 
information on the microstructure and the chemical composition of HCP (e.g., Scrivener, 2004).  
Hence, SEM-based backscattered electron (BSE) imaging and EDS are indeed versatile tools for 
studying the microstructure of HCP, the spatial distribution of elements and their correlations in the 
cement matrix. However, the main limitation of these techniques is that little information on the 
chemical speciation of an element of interest is provided. For example, the techniques are of limited 
use if spatially resolved information on the local coordination environment of an element of interest in 
the complex cement matrix is required. 
It was recognized that spatially resolved information is particularly important in conjunction with 
reactions occurring at interfaces. For example, it was observed that contaminants immobilized in the 
cement matrix, such as Ni(II), Co(II), Nd(III) and U(VI), are selectively accumulated in the reactive 
zones around clinker minerals (e.g., Vespa et al., 2006; Vespa et al., 2007a; Mandaliev et al., 2009; 
Wieland et al., 2010a).  Furthermore, micro-XAS showed that the local coordination environments of 
the above elements are different. Ni was found to form rims around alite grains (Vespa et al., 2006) 
while Co accumulated in spot-like structures consisting of Co(II) compounds and ring-like structures 
where mixed Co(II)/Co(III) oxidation states were detected. The Co(II) species predominantly 
consisted of Co-hydroxide and/or Co-phyllosilicate, mostly in mixed forms, while Co(III) was present 
either as CoOOH and/or Co-phyllomanganate. In contrast, investigations on Nd(III)- and U(VI)-doped 
intact HCP samples revealed chemical environments of these elements, which are distinctly different 
from those of either Ni or Co, respectively (Mandaliev et al., 2009; Wieland et al., 2010a). In intact 
samples both Nd(III) and U(VI) were found to accumulate in rims around “inner”- calcium silicate 
hydrate (C-S-H) phases. While the latter observation was already made on Ni- and Co-doped HCP 
samples, micro-XAS measurements further revealed that the local coordination environments of 
Nd(III) and U(VI) in HCP differ from those of either Ni(II) or Co(II/III), respectively. Nd(III) was 
found to replace Ca in the interlayer of C-S-H and further, it was found to be capable of substituting 
Ca in the Ca sheets of C-S-H phases. Nd-Ca substitution was attributed to similarities in the ionic radii 
of the two elements in sixfold coordination, i.e. 0.983 Å and 1.00 Å (Mandaliev et al., 2009). U(VI) 
was found to be accommodated in the interlayer of C-S-H phases in a coordination environment, 
which was similar to that of U(VI) in uranyl silicates (Wieland et al., 2010a; Macé et al., 2010).  
The afore-mentioned studies illustrate that synchrotron-based micro-XRF/XAS provides specific 
information on the coordination environment of an element of interest with micro-scale resolution. 
This was the main reason why micro-XRF/XAS was considered for determining the local 
arrangements of the cement-derived elements Al, S and Fe in intact HCP samples with the aim of 
complementing structural information obtained from standard techniques. For example, identification 
of the Fe-bearing hydrates in HCP using standard techniques is difficult as their signals significantly 
overlap with those of the corresponding Al-bearing phases. 
 
2. Materials and methods 
  
2.1 Preparation of HCP sample 

Intact HCP samples were prepared from a commercial sulphate-resisting Portland cement (CEM I 52.5 
N HTS, Lafarge, France). The cement used is a “modern” cement, which contains ~4 weight (wt) % 
CaCO3 (Lothenbach and Wieland, 2006). Details of sample preparation are given elsewhere 



(Lothenbach and Wieland, 2006; Lothenbach et al., 2007). Briefly, cement pastes at w/c of 0.4 were 
prepared according to EN 196-3. The pastes were cast in 0.5 L PE bottles, sealed tightly to exclude 
ingression of CO2 and stored at 5º C, 20º C and 50º C. After curing for 28 days ~ 1 cm thick slices 
were removed of the cement paste specimens, immersed in acetone for 24 hours to stop the hydration 
process and dried in the vacuum oven at 40º C. For this study a thin section was prepared from the 
paste hydrated at 20º C as described earlier (Wieland et al., 2010b) and marked with a silver spot.   
 
2.2 Micro-XRF/XAS data collection and reduction 

In the case of Al and S the micro-XRF/XAS investigations were carried out at the LUCIA beamline at 
the Swiss Light Source (SLS), Switzerland (Flank et al., 2006) while the corresponding studies with 
Fe were carried out at beamline 10.3.2 at the Advanced Light Source (ALS), Berkeley, USA (Marcus 
et al., 2004). The micro-XRF maps at Lucia/SLS were obtained by scanning the sample in a tender 
vacuum under the monochromatic beam at 3900 eV (below the Ca K-edge) and a beam size of  
~3×3 µm2. The emitted fluorescence X-rays were detected using a single-element silicon drift diode 
detector. At 10.3.2 the micro-XRF maps were obtained by scanning the sample under the 
monochromatic beam at the energy of 10 keV with a beam size of ~5×5 µm2 using a seven-element 
Ge-solid-state detector. 
The Al K-edge (1559.6 eV) XANES measurements at Lucia/SLS were carried out using the YB66 
(yittrium 66 boride) crystal, whereas the Si(111) monochromator was used for the S K-edge (2472 eV) 
measurements. The monochromator angles were calibrated by assigning the energy of 1559.6 eV to 
the first inflection point of the K-edge absorption spectrum of Al metal foil and to 2472 eV to the first 
inflection point of the K-edge absorption spectrum of crystalline sulfur. All XANES spectra were 
recorded in fluorescence-yield mode (energy range: ~30 eV below to ~170 eV above the edge). 
Beamline 10.3.2. at ALS is equipped with a Si(111) crystal monochromator, which was calibrated by 
assigning the energy of 7110.75 eV to the first inflection point of the K-edge absorption spectrum of 
Fe metal foil. The Fe K-edge XANES spectra covered the energy range ~30 eV below to ~200 eV 
above the absorption edge, while the Fe EXAFS spectra were collected up to a k range of ~12 Å-1. 
Identification of the species contributing to the composite XANES (Al, S, Fe) and EXAFS (Fe) 
spectra requires comparison with the spectra of Al-, S- and Fe-bearing cement minerals forming in 
HCP (reference compounds). These reference compounds were synthesized and characterized as 
described elsewhere (Wieland et al., 2010b; Dilnesa et al., in prep.). The Al- and S-bearing reference 
materials were investigated as described earlier (Wieland et al., 2010b). The spectra of the Fe-bearing 
materials were measured at beamline BM26A (DUBBLE) at the European Synchrotron Radiation 
Facility (ESRF), Grenoble, France, using a large beam (~500×1500 µm2) (Nikitenko et al., 2008). 
The micro-XRF maps were processed using the Labview software package available from beamline 
10.3.2/ALS (Marcus et al., 2004) and MATLAB. XANES and EXAFS data reduction was performed 
using the IFEFFIT software package (ATHENA) following standard procedures (Neville, 2005; Ravel 
and Neville, 2005). The Al and S K-edge XANES spectra of the reference samples were corrected for 
self-absorption (Tröger et al., 1992) as implemented in ATHENA. 
 
2.3 Data analysis and fitting 

Data analysis was based on iterative target factor analysis. The latter approach is a rational self-
modelling curve resolution technique, which allows a series of related spectroscopic data to be 
decomposed into its principal components without a priori knowledge on the systems studied. Thus, 
analysis of the data is based on the concept that the XANES or EXAFS spectra, respectively, collected 
with the micro beam in a region of interest (ROI) in HCP is the average signal containing 
contributions from different species, which have Al, S and Fe coordination environments similar to 
those in the Al-, S- and Fe-bearing cement minerals. Identification of the contributing minerals and 
quantification of their contributions was achieved by combining principal component analysis (PCA) 
with iterative target tests (ITT), and linear combination (LC). Several studies have shown that the 
approach can successfully be applied to identify single species in complex systems (e.g., Ressler et al., 



2000; Manceau et al., 2002; Breynaert et al., 2010). The normalized XANES and EXAFS spectra 
collected in selected ROIs were analyzed as described elsewhere (Ressler et al., 2000; Manceau et al., 
2002; Wieland et al., 2010b). PCA/ITT was applied to gain information on the number and type of 
constituent (reference) species whilst LC fitting was carried out as implemented in the IFEFFIT 
software package (ATHENA) with the aim of quantifying the proportion of each reference XANES or 
EXAFS spectra to the experimental XANES or EXAFS spectra of the unknown mixture, respectively. 
 
3. Results 
 
3.1 Reference compounds 

Successful application of the combined PCA/ITT/LC approach depends on the quality of the 
experimental and reference data (e.g., signal-to-noise ratio; position of absorption edge, near-edge 
features in the XANES spectra etc.). In general it was noticed that unequivocal identification of single 
species from composite spectra can be achieved if the spectra of the reference compounds under 
consideration significantly differ from each other. For most Al-, S- and Fe-species present in HCP this 
requirement is, in principle, met. For example, the spectra of reduced and oxidized sulfur species are 
clearly different as shown in the earlier studies of Pattanaik et al. (2004) and Vespa et al. (2007b), and 
recently by Roy (2009) and Wieland et al. (2010b). This particularly concerns the position of 
maximum absorption intensity (white line). The position of the white line of S0 was determined at 
2472 eV while the position of the white line of the oxidized sulfur species (S+6), such as gypsum, 
ettringite and calcium monosulfoaluminate, was observed at significantly higher energies (~2482 eV). 
This indicates that, in cementitious materials, oxidized (S+6) and reduced (S0, S2-) sulfur species can be 
readily distinguished. Furthermore, the characteristic features observed in the XANES spectra of 
gypsum, ettringite and calcium monosulfoaluminate allows reliable quantification of the contributions 
of the XANES spectra of these species to the composite XANES spectra (Wieland et al., 2010b).  
Doyle et al. (1999) showed that the Al K-edge XANES spectra of Al-bearing natural minerals are very 
different. Fig. 1a further illustrates that the Al K-edge XANES spectra of Al-bearing cement minerals 
allow different groups of cement minerals to be distinguished from each other. For example, the 
energy positions of the absorption edge of the clinker minerals (C3A and C4AF) and the Al-bearing 
cement minerals of the hydrate assemblage are shifted towards lower energy (~ 0.5 - 4 eV) compared 
to that of hydrotalcite (Fig. 1a). The edge position of the latter mineral was verified using the data 
reported in Doyle et al. (1999). However, the XANES spectra of the AFm-type compounds, i.e., 
calcium monosulfoaluminate, calcium monocarboaluminate and tetra-calcium aluminate hydrate, were 
found to be nearly identical. This finding implies that the coordination environment of Al is very 
similar in all AFm structures (Fig. 1b). Furthermore, the spectra of ettringite and Fe substituted 
ettringite (Al/Fe solid solution) were identical (Fig. 1c). Therefore, it is evident that the contributions 
of the different AFm-type phases and Al/Fe ettringite solid solutions to the composite Al K-edge 
spectra determined in intact HCP cannot be quantified. In contrast, it should be possible to quantify 
the contributions of hydrogarnet and silicious hydrogarnet due to the very different intensities of their 
white lines (Fig. 1d). The PCA/ITT/LC approach further requires that the spectra are reproducible. 
This requirement is met as, for example, the XANES spectra of C3A materials, which were 
synthesized by two different groups were identical (Fig 1e). Furthermore, the spectra of silicious 
hydrogarnet recorded at Lucia in the course of two subsequent campaigns were identical (Fig. 1f). 
The approach followed to determine the Al and S speciation in cementitious materials is currently 
being applied with the aim of investigating the Fe speciation in the complex cement matrix. Wilke et 
al. (2001) demonstrated that the Fe K-edge XANES spectra of natural Fe-bearing minerals are very 
different. In particular characteristic pre-edge features can be used to determine the oxidation state and 
local coordination environment of Fe in crystalline Fe2+ and Fe3+-bearing minerals. Rose et al. (2006) 
further showed that EXAFS spectroscopy is a versatile tool for studying the fate of Fe in cementitious 
systems. Preliminary EXAFS measurements indicate that the spectra of Fe3+-bearing cement minerals 
are indeed different, which, in principle, should allow quantification of the individual contributions of 
single species to the composite Fe K-edge spectra (Dilnesa et al., in prep.). 
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Figure 1: Al K-edge XANES spectra a) important Al-bearing cement minerals (solid line: position of the 
absorption maximum; broken lines: position of characteristic pre-edge and post-edge features), b) AFm phases, 
c) ettringite and Al/Fe ettringite solid solution, d) hydrogarnet and silicious hydrogarnet, e) C3A synthesized at 
Empa or PSI, respectively, f) silicious hydrogarnet spectra recorded at Lucia in June 2007 and April 2008. 
 
3.2 Speciation studies in the complex matrix 

Micro-XRF elemental maps are usually recorded in the first step of speciation studies in order to 
determine the distribution of cement-derived elements of interest, e.g., Al, S, Fe, Si and Mg. The XRF 
map displayed in Fig. 2a illustrates that the main features of the cement matrix were reproduced, for 
example, the heterogeneous distribution of Al. Heterogeneous distributions were also observed for the 
other cement-derived elements S and Fe, which were subject to detailed spectroscopic investigations 
(Wieland et al. 2010b; Dilnesa et al., in prep.). Regions of interest for the spectroscopic studies were 
selected based on the signal of fluorescence emission with the aim of allowing a good signal-to-noise 
ratio. Thus, ROIs were analysed, which showed high concentrations of the element of interest. 
Therefore, the number of suitable spots is usually limited, which limits the application of the outlined 
approach. In the case of Al, for example, it was expected that the Al “hot spots” mainly consist of C3A 
and therefore, the speciation of Al as revealed from micro-XAS would correspond to that in areas of 
reacting C3A (Fig. 2a). The shape of the Al K-edge XANES spectra already allows preliminary 
conclusions regarding the Al speciation to be drawn. The broad pre-edge shoulder indicates the 
presence of C3A, for example in ROIs 2, 4 and 5. Nevertheless, determination of the portion of each 
Al species contributing to the composite spectra has to involve data treatment based on the 
PCA/ITT/LC approach. The latter approach was previously used to determine the Al and S speciation 
in intact HCP hydrated at 50°C (Wieland et al. 2010b). Data analysis revealed that, in HCP hydrated 
for 28 days at 20°C, C3A is the main contributor to the composite XANES spectra (range 50 – 80 %). 
Al in ettringite is the most important secondary Al species forming during hydration (range 20 – 50 %) 
whilst AFm and hydrotalcite are minor Al-bearing phases (typically < 10 %).  
In the case of S it was observed that ROIs enriched in sulfur mainly consisted of ettringite and calcium 
monosulfoaluminate (Wieland et al. 2010b). In the case of Fe, however, preliminary data analysis 



suggests that C4AF, Fe(OH)3 and Fe-bearing silicious hydrogarnet might be the main contributors to 
the composite Fe XANES spectra determined in selected ROIs of intact HCP (Dilnesa et al., in prep.). 
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Figure 2: a) Micro-XRF elemental distribution maps of Al in intact HCP hydrated at 20°C. b) Al K-edge micro-
XANES experimental spectra collected in five ROIs of intact HCP (ROIs indicated in Fig. 2a) along with the 
spectra of selected cement minerals. 
 
4. Conclusions 
 
Synchrotron micro-XRF/XAS is capable of providing information on the speciation of cement-related 
elements such as Al, S and Fe, in intact HCP with micro-scale resolution. Micro-XRF maps revealing 
heterogeneous distribution of these elements in the cement matrix allow target spots (ROIs) to be 
identified for detailed XANES or EXAFS investigations. XANES and EXAFS spectra are composite 
spectra due to the inherent heterogeneity of the cement matrix. This implies the presence of different 
species under the beam (beam size ~3×3 µm2 - ~5×5 µm2). A rational self-modelling curve resolution 
technique based on PCA/ITT/LC allows the spectroscopic data to be decomposed into the main 
contributors to the signal. Application of this approach requires that the spectra of the contribution 
reference compounds are different and further, that the data quality is sufficiently good (high signal-
to-noise ratio). 
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Development of photocatalytic cement-based materials: 
situation and perspectives 
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Abstract 
In this paper, a brief review of the situation is made dealing with the photocatalytic cement-based materials and 
their current applications in the building sector. 
Starting from the pioneer application of the Church “Dives in Misericordia” in Rome, where a new type of 
cement was used with the aim of providing an innovative property (maintenance of white colour along time), it 
can be said that these materials are now a valid solution which is frequently chosen by architects, designers and 
stakeholders for the achievement of structures, buildings and large works which are environmentally friendly 
and distinctive in terms of quality and durability. 
Considerable costs have been sustained in “pilot” projects, in order to validate the solutions which were 
certified by means of laboratory tests specifically developed for the assessment of photocatalytic properties. 
However, photocatalytic cement-based applications are by now widely recognized as effective and 
environmentally friendly. 
 
ORIGINALITY 
The development of innovative, sustainable technologies for the improvement of environment is an absolute 
need. In this sense, photocatalytic cements represent a significant contribution which can be widely 
implemented in the construction industry. 
Italcementi Group has developed a range of products based on the TX Active® concept, demonstrating the 
possibility of exploiting the photocatalytic performances for the air quality improvement and for high level 
architectural solutions. Several patents have been applied on these technologies and related applications. A 
license agreement was also signed with Heidelberg Cement Group, aiming to a widening of the market for a 
broader implementation of the solutions. 
This research approach also represents an innovation in terms of multidisciplinary approach (Engineering, 
Architecture, Chemistry, Physics, Biology, …) for cement industry, with the involvement of several academic 
groups and research centres which can make their scientific contribution for developing new solutions. 
 
CHIEF CONTRIBUTIONS 
Innovative solutions for air purification and for the improvement of technology in concrete industry have been 
developed in these recent years and are currently on the market: paints, renderings, precast panels for vertical 
applications; paving blocks, roofing tiles, concrete pavements for horizontal applications. 
Many research activities are currently conducted on photocatalysis applied to the building industry and cement-
based solutions represents the largest market in terms of volumes already applied. Indeed, photocatalysis 
represents a very exciting topic in order to make innovation in cement industry with sustainable solutions. 
This industrial research is still in the early stage of development and results obtained till now are very 
promising, but they require a large effort in terms of research and innovation, aiming to the best compromise 
between material costs and photocatalytic performances. 
 
Keywords: depollution, photocatalysis, roads,  self-cleaning, white concrete 
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1. A SHORT HISTORY OF PHOTOCATALYTIC CEMENT-BASED MATERIALS 
 
An innovative approach to the material science has demonstrated that photocatalytic activity may be 
conferred to cement-based construction materials, such as concrete, mortars, paints, etc. (Cassar, 
2004), (Cassar et al., 2007), (Guerrini, 2010). 
Among the various semiconductor materials, TiO2 (Titanium dioxide) in the form of anatase has 
attracted wide interest, due to its strong oxidizing power under near-UV radiation, its chemical 
stability when exposed to acidic and basic compounds, its chemical inertness in the absence of UV 
light, and its relatively low cost (in comparison with other photocatalysts). TiO2 has proved to be very 
effective in the reduction of pollutants such as NOx, aromatics, ammonia, and aldehydes. The use of 
TiO2 in combination with cementitious materials has shown a favourable synergistic effect in the 
reduction of pollutants. Indeed, in comparison with other photocatalytic building materials, these 
special binders (and their corresponding products) are able to absorb the NOx on the surface, to 
transform them in non-noxious ions and to block them in form of salts (nitrates). These substances 
can be easily removed form the surface by means of rain (lixiviation) or of washing actions. A similar 
mechanism can be observed for other pollutants (e.g. SOx). In the particular case of NOx reduction, as 
an indirect consequence, it is possible to demonstrate that the production of ozone is inhibited in the 
atmosphere and a further environmental advantage is evident. 
Photocatalysis of cement-based materials is a recent matter (mid-90’s): first developments were made 
by Italcementi and Mitsubishi Companies, and several patents have been filed until now, with a 
progressive development of new products which are commercially available. 
Photocatalysis was firstly applied to building materials (ceramics and glasses), to obtain self-cleaning 
and anti-bacterial surfaces and had its best moment in Japan in the ‘90s. Just in Japan, numerous 
scientific conferences and national expositions were organized on this innovative topic, considering 
titanium dioxide as the most common (and cheap) catalyst. 
The first official publication on such products was presented by L. Cassar et al. in 1997. Since that 
period, the development of photocatalytic cements has been carried out with increasing innovative 
solutions, passing from the self-cleaning performance to depolluting effect. 
The first meaningful application of the photocatalytic cement-based materials has certainly been the 
church "Dives in Misericordia" in Rome for which, on demand of arch. Richard Meier, Italcementi 
Laboratories developed a white concrete possessing a prolonged maintenance of color along the time. 
First concrete trials were carried out in 1997 and the church was inaugurated in 2002. 
One of the first construction in France is the Music and Art City Hall in Chambéry. This building is 
regularly monitored, in order to measure the maintenance of original colour along the time., the 
luminance L* - measured using the CIELAB method – is shown in Figure 1, for the building “B” 
(secondary) of this complex – results updated at 101 months. 
Another breakthrough for this innovation consists in the funded European research project PICADA  
(“Photocatalytic Innovative Coverings Applications for Depollution Assessment”, 2002-2005), 
through which a pilot scale experience (street canyon) was carried out for the evaluation of 
depolluting performances of coating materials in real conditions (Picada Consortium, 2006). 
 

  
 

Figure 1: Music and Art City Hall in Chambéry. Luminance values (L*) 



Afterwards, the research was aimed to develop products capable to obtain a surface degradation of 
gaseous polluting agents (NOx, SOx, …), so that several commercial solutions (pavements, roofing 
and coatings) are now available  on the market. 
Figure 2 summarizes the Italian consumptions of TX Active® cements by Italcementi, for type of end 
product (2006-2009). The trend in volume consumptions show a shift from paving blocks plus paints, 
to ready mix and precast concrete manufacts. This means that there has been a breakthrough in 
consumptions which does not correspond to a proportional increase in the surfaces covered. Indeed, 
photocatalytic surface in paving blocks is only the upper layer. Paints and coatings represent a small 
amount of the product (cement) used, but in terms of photocatalytic surfaces they represent more than 
50% of the total. According to a reliable estimation, the photocatalytic surfaces produced in Europe 
with cement-based materials until 2010 result to be next to 2.000.000 m2. As shown later, 
photocatalytic concrete is strongly increasing in volumes. 
Further than Italy, the most relevant applications of cement-based materials have been carried out in 
France, Belgium, United States, Spain, Germany and Morocco. 
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Figure 2: Segmentation of the Italian market (volumes), for photocatalytic cement-based products (2006-2009) 

 
 
2. SUSTAINABLE ARCHITECTURE 
 
 
These innovative products have been developed in order to provide an environmentally friendly 
solution in the building market and are becoming more and more widely recognized for green 
building constructions. By virtue of its aesthetic qualities and environmental benefits, TX Active has 
become the best choice for all the architects wishing to meeting a variety of objectives, first of all 
sustainability.  
These materials can be adopted to promote a whole-building approach to sustainable development by 
recognizing performance in areas of human and environmental health, such as in the case of the 
LEED (Leadership in Energy and Environmental Design) worldwide certification. Indeed in LEED, 
points are awarded for environmentally friendly actions taken during design, construction, and use 
phases and the use of photocatalytic cements will obtain a variety of credit points in the “New 
Construction and Major Renovation” categories LEED rating system, promoted by the U.S. Green 
Building Council (USGBC). In particular, TX Active® photocatalytic cements can help earn from 9 
to 15 points, with reference to 69 points of total: heat island effect (sustainable sites category), 
optimization of energy performance (energy and atmosphere), recycled content and regional materials 
(materials and resources) and innovation are the outstanding characteristics. 
Using these materials, the new i.lab (Innovation and Technology Center Laboratories) of Italcementi 
Group designed by Richard Meier (Figure 13), is to be completed in Bergamo (Italy) within 2011 
year, aiming to the highest levels of LEED certification (gold/platinum). 
 
 

 
 



 
 
 

    
 

Figure 3: i.lab : the new Italcementi’s Innovation and Research Center in Bergamo, Italy 
 
 
Another impressive project (work in progress) is the Vodafone Village in Milan. 
This is a complex of 67.000 m2, with four buildings which will host about 3000 people, since 2012 
year. 
This outstanding example of sustainable construction with a total of about 11.000 m2 of 
photocatalytic white precast panels represents a future reference point for precast industry in terms of 
high quality, sustainability, self-cleaning and shape complexity of manufacts. Indeed, several kinds of 
shapes and geometry have been developed for obtaining the desired profiles of buildings, Figures 4-5. 
 
 

 
 

 

 
 

Figure 4 – Vodafone Village in Milan, Italy 
 
 



    
 

Figure 5: Project in Milan - Details of precast elements for façades 
 
 
3. ROADS AND PAVEMENTS 
 
Photocatalytic cementitious road materials represent a new frontier in air quality improvement 
research, thanks to photocatalysts ability to accelerate natural reaction of oxidation, favouring the 
pollutants decay. Indeed, they represents the most promising sector in terms of surfaces to be applied 
for reducing air pollutant concentrations in urban area, guaranteeing, at the same time, the surface 
characteristics usually required by a road pavement wearing course. 
Till now, the commonest examples of photocatalytic pavement applications are represented by paving 
blocks and slabs: using these precast manufacts, several parking lots, local roads, sidewalks, shopping 
centers, pedestrian areas have been completed in Italy, Germany and Spain. 
However, other solutions for roads and pavements are now available (Figure X), suitable for medium 
and heavy load traffic road projects: 
 
- Thin-layer whitetopping applications 
- One lift or two-lift paving applications, using dedicated equipment (slipforming machines) – 

Figures 6 and 7 
- Open grade asphalts fully percolated with photocatalytic slurries, Figure 8 
- Pervious concrete, for draining pavements, Figure 9 
- Rolled compacted concrete (RCC). 
 
In the specific case of percolated asphalt applications, two recent pilot projects were completed in 
Italy: the first one near Ancona, in the A14 highway (Figure 8), the second one in Carpiano – Milan in 
a high load (trucks) traffic road. This technology is particularly interesting as allows to construct 
roads and pavements without joints, able to support high traffic loads. 
 
Another important project was launched in September 2009 in U.S.A., with an “open house event” 
(Figure 7): as part of the reconstruction of Route 141 near St. Louis, the Missouri Department of 
Transportation (MoDOT) has decided to incorporate an innovative section of two-lift concrete paving 
highlighting sustainable engineering practices. The upper lift will be constructed using photocatalytic 
cement and will also include a pervious concrete shoulder section using the same cement. Pervious 
concrete is one of the most promising concrete solution which could be a valid alternative to open 
grade bituminous asphalt, possessing high water draining properties and sound-absorbing properties. 
It is a no-sand concrete (Figure 9) which can be also produced using recycled concrete aggregates. 
 



  
 

Figure 6: one-lift paving project in Paris 
 

Figure 7: two-lift concrete paving  
 

  
 

Figure 8: percolation of an open grade asphalt 
 

Figure 9: pervious concrete 
 
 
3. URBAN HEAT ISLAND MITIGATION 
 
Photocatalytic cement-based materials could represent one of the most efficient solutions for the 
mitigation of urban heat island effect, a phenomenon that causes urban areas to be 2 to 4°C warmer 
than their surrounding areas (Akbari et al., 1995), (Akbari et al., 2010). Indeed, the increase of 
temperature in cities is dramatically influenced by the presence of large percentages of black or dark 
surfaces, and this condition could be limited by the use of lighter roofs and pavements. The 
photocatalytic properties of this “cool” materials are a further added value, from the environmental 
point of view. For example, paved surfaces (such as highways, roads, runways, parking areas, 
sidewalks, and driveways) typically represent from 30 to 60% of developed urban areas (Cambridge 
Systematics, 2005), and could be transformed – in occasion of periodical maintenance or renovation 
works – into more environmental surfaces. In pavement structures, the topmost surface is the only 
layer which affects the solar reflectance (commonly known as “albedo”). Therefore, pavement type 
selection should also include a consideration of albedo, where heat generation is a concern. 
As widely explained in literature (Akbari et al., 2010), urban heat islands are not inevitable, however 
an effective use of white or light-colored pavements (roads, sidewalks, roofs and paints) could 
significantly contribute to temperature mitigation during sunny periods. Some examples of typical 
reflectance values of pavements are summarized in Table 1 (ACPA, 2002). 
 
 
 



Table 1: Albedos (reflectance) of pavement surfaces.  
 
 

Pavement Type Albedo 
Asphalt 0.05 – 0.10 (new) 

0.10 – 0.15 (weathered) 
gray Portland cement concrete 0.35 – 0.40 (new) 

0.20 – 0.30 (weathered) 
white Portland cement concrete 0.70 – 0.80 (new) 

0.40 – 0.60 (weathered) 
 

 
A broad utilization of white photocatalytic materials in the cities could give a relevant support in the 
reduction of temperature, thereby saving energy for cooling buildings, keeping parking lots and roads 
cool and improving air quality. 
Further, if we consider that the formation of smog is highly sensitive to temperatures, a reduction of 
ozone formation during summer period is also possible (ozone is a highly oxidizing and irritating gas 
and is the main ingredient of urban smog). Besides, the kinetics rate for photochemical pollution 
reactions could be decreased, with a subsequently lower production of noxious substances. 
 
4. CONCLUSIONS 
 
Photocatalysis has perhaps represented one of the most innovative solutions in cement industry over 
the last twenty years, thanks to the active research carried out by Italcementi Group. 
After the first encouraging experiences aimed to assess both architectural and environmental 
performances of photocatalytic cement-based products in pilot projects, this class of building 
materials is by now a certainty, with increasing quantities of TX Active cements being consumed for 
structural, architectural and environmental purposes. 
A series of new projects is currently developed, by which photocatalytic cement-based materials will 
be widely used, maintaining their properties for the expected service life. By contrast, the other 
products which are currently proposed on the market for surface coating of concrete manufacts (sol-
gels and TiO2 solutions) are capable to guarantee a photocatalytic performance only for a limited 
period of time. 
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Abstract 
The reuse of ornamental quarry stone by-products as aggregates in concrete mixtures, represents an opportunity to 
develop sustainable concretes by reducing the demand of primary aggregates and encouraging the use of alternative 
“waste” material sources. Granite and gneissic by-products from ornamental stone in the Piedmont areas, NW Italy, 
were employed in the typical size-classes, in order to evaluate their suitability for concrete applications. Measurements 
of geometrical shape, chemical and physical characterization, and X-Ray Diffraction Quantitative Phase Analysis 
(XRD-QPA) were obtained to describe the total amount of phyllosilicates, micas and chlorites, which could be 
potentially a critical factor for casting the concretes. In particular the relationship between phyllosilicate abundance 
and the workability of cement pastes was studied with slump flow tests on mortars, prepared according to the Concrete 
Equivalent Mortar (CEM) method. The rheological behaviour of the same mixes was also investigated with of a 
rotational rheometer with a selected rotational rate program. Adsorption tests on sands with the same particle size 
distributions were performed, as well in order to assess interactions with specific polycarboxylate superplasticizers 
(PCP). This paper aims to give some preliminary practical indications for optimizing mix-designs  gneissic stone by-
products as aggregates in concrete.  
 
Originality 
This study presents innovative methods and results for describing the impact of phyllosilicate content of aggregate on 
concrete rheological performances. Slump flow tests on mortars prepared according to the Concrete Equivalent Mortar 
(CEM) method and PCP-phyllosilicates interaction tests were performed to predict optimized mix-designs for mortars 
and concrete. This study also identifies the relationship between phyllosilicates abundance in aggregate and the 
workability loss of fresh concrete.  
 
Chief contributions 
The retrieval of alternative materials with suitable technical characteristics to be used as aggregates in sustainable 
concrete constructions is the chief contribution. This research describes the reuse of natural stone by-products, granite 
and gneisses from the Piedmont Region, of the North-Western Alps. Large volumes of quarried material, that is not 
used for dimension stone, processing, or other commercial uses, are normally destined to dumps.  
 
Keywords: concrete aggregates, gneissic stone by-products, PCP/Phyllosilicates interaction, Rheological analysis, 
Rietveld method.  
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1. INTRODUCTION 
 
This paper describes several aspects of the use of concrete aggregates derived from processing of 
several different natural stone “wastes” from the Verbano-Cusio-Ossola (VCO) Province in the 
Piedmont area of north-western Italy. The stone materials selected for this study are the granite from 
Baveno, commercially known as Rosa Baveno, and two different orthogneisses, from Val Formazza, 
the Serizzo Formazza, and Beura, the Beola Bianca (Cavallo et al., 2004a; 2004b). Recently the CTG 
Italcementi Group developed a technical-economic assessment for the production of concrete 
aggregates from gneissic by-products of the Luserna Stone, the Pietra di Luserna, which is also 
located in the Piedmont area (Vola et al., 2010). The VCO district is one of the most important areas 
in Italy for the quarrying of ornamental stone, and it produced 193.000 m3/y of «workable stone» in 
2002 (Sandrone et al., 2004). Problems related to the management and disposal of large volumes of 
quarry “wastes”, estimated to be approximately 300.000 m3/y, have developed over the past 25 years 
(Badino et al., 1989). The reuse of this material as concrete aggregate may represent an interesting 
possibility for sustainable concrete production (Dino & Fornaro, 2005). However the anisotropic 
textures of gneissic stone by-products, may present a critical factor, because controls the formation of 
elongated grains while crushing in the mill-plant. The detailed mineralogical-petrographic 
characterization presented here, along with geometrical shape and physico-chemical requirements in 
compliance with EN 12620:2008 “Aggregates for Concrete”, assesses the material properties of the 
granite and orthogneiss materials. X-Ray Diffraction analysis (XRD) identifies mineral compositions, 
and Quantitative Phase Analysis (QPA) with the Rietveld method evaluates the content of layer 
silicates (phyllosilicates), which is considered a critical factor for successful casting of concrete (Vola 
& Marchi, 2010). This compositional parameter, which is directly related to the textural anisotropy of 
gneissic by-products, can be also related to some important technological parameters, such as the 
rheological properties that are commonly used in the characterization of fresh mortars and concretes. 
Experimental data show that phyllosilicates content increases from the Rosa Baveno granite to Serizzo 
Formazza and Beola Bianca gneisses. Indeed, in terms of microstructural fabrics, granite is an 
equigranular hypidiomorphic rock, while the gneisses are both anisotropic rocks, characterized by a 
marked foliation associated with a visible lineation due to the alignment of micas, chlorites and 
tourmaline crystals, developed during metamorphic processes, and to the stretching of the K-feldspar 
porphyroclasts (Sandrone et al., 2004). Rheological tests and slump flow tests on mortars, prepared 
according to the Concrete Equivalent Mortar (CEM) method (Schwartzentruber & Catherine, 1999), 
show that a high content of phyllosilicates leads to a loss of workability of cement mixtures. PCP 
adsorption tests on fine-fractions of the stone materials, are in progress in order to evaluate the 
negative or positive interaction with phyllosilicates. Further tests on experimental concretes are in 
progress at CTG lab in Guerville. 
 
 
2. GEOLOGICAL SETTING OF AGGREGATES 
 
2.1 VERBANO-CUSIO-OSSOLA (VCO) DISTRICT 
 
The Verbano-Cusio-Ossola (VCO) district has 81 ornamental stone quarries with the authorization to 
operate in 2003. According current legislation, the rock types include granite (5 quarries), marble (4 
quarries) and two types of orthogneiss which are locally and commercially known as Beola (17 
quarries) and Serizzo (55 quarries) (Cavallo et al., 2004a; Sandrone et al., 2004). Granite is extracted 
in two varieties known as Rosa di Baveno (2 quarries) and Bianco di Montorfano. At present, the 
largest quarry dumps are the sites of operations for the recuperation of industrial minerals and concrete 
aggregates. From a geological perspective the granites belong to a complex of plutonic bodies that are 
Lower Permian in age, which intruded the Southern Alps basement of the Serie dei Laghi. Beola and 
Serizzo are the most important ornamental stones from the Ossola district. Color, structural features, 
and/or geographical provenance, distinguish the main varieties of Beola and Serizzo: Beola Bianca, 
Grigia, Ghiandonata, Favalle; Serizzo Formazza, Antigorio, Sempione, Monte Rosa (Regione 



Piemonte, 2000). Most of these rocks are orthogneisses derived from Permian granites (270-280 Ma), 
which are similar to the Graniti dei Laghi, but which have been overprinted by alpine structural and 
metamorphic events (Sandrone et al., 2004). 
 
 
2.2 QUARRY “WASTES” AND AGGREGATES SUPPLY 
 
According to current legislation, large volumes of quarry “wastes” are by-products that can be 
considered as raw materials for further processing. Recently they have been used for hydro-geological 
stabilization, as shapeless blocks, or as aggregates for road sub-bases, as small-size “wastes”, the so-
called “cocciame”. By-products derived from granites, are generally adopted in the production of 
feldspathic minerals for the ceramic industry, while gneissic by-products are generally dumped, 
although they have been occasionally used for civil engineering projects, such as the final stretch of 
the Genova Voltri-Gravellona Toce highway (Dario Marchetti, comm. pers.). Two main factors have 
been considered in the selection of materials for this study: simple logistics and the availability of 
large volumes. We connected with Giacomini Group Spa, a local company with authorized 
concessions for mining and ornamental stone exploitations, and plants for aggregate production, to 
supply 2,5 tons of aggregates from by-products of Rosa Baveno, Serizzo Formazza and Beola Bianca, 
in the following size-classes: 0-4, 4-8, and 8-16 mm. 
 
Table 1: Geo-petrographic features of aggregates from Sandrone et al., 2004. Legend for mineral abbreviations: 

Qtz: quartz; Kfs: K-feldspar; Pl: plagioclase; Bt: biotite; Ms: muscovite; Chl: chlorite; Trm: tourmaline 

Commercial name Rosa Baveno Serizzo Formazza Beola Bianca 

Quarry location Baveno 
(Verbania)

Formazza 
(Verbania)

Beura  
(Verbania)

Aggregate Type Crushed rock Crushed rock Crushed rock 

Petrographic name Granite 
(igneous intrusive rock)

Orthogneiss 
(metamorphic rock)

Orthogneiss 
(metamorphic rock)

Fabric (texture) hypidiomorphic  
equigranular

micro-Augen 
(foliation and lineation)

micro-Augen 
(foliation and lineation)

Geological provenance Serie dei Laghi  
 (Permian age)

Antigorio nappe  
(Lower Penninic Unit)

Monte Rosa zone 
(Upper Penninic Unit)

Mineralogical Association Qtz + Pl + Kfs + Bt  
± Chl

Qtz + Pl + Kfs +Bt  
± Chl

Qtz + Pl + Kfs + Ms  
± Bt ± Chl ± Trm

 
 
2.3 AGGREGATE SAMPLING AND ANALYTICAL METHODS 
 
Representative specimens for each size fraction were prepared at the CTG lab in Guerville. The 
mineralogical-petrographic characterization was performed with X-Ray Diffraction (XRD) analysis 
coupled with optical microscopy examination at the CTG lab in Bergamo. The XRD data were 
obtained on powdered samples with a Bruker D8 diffractometer. After the identification of mineral 
phases, crystallographic structural models for the Rietveld refinement (Young, 1993) were selected 
from literature data. The collected data were treated to obtain Quantitative Phase Analysis (QPA) 
using the Topas software (Bruker AXS). The experimental mortar preparations was done according to 
the Concrete Equivalent Mortar (CEM) method (Schwartzentruber & Catherine, 1999) developed at 
the CTG lab in Guerville. Particle size distributions of fine-fractions of Rosa Baveno, Serizzo 
Formazza and Beola Bianca, were modified according to the curve defined by the same Authors as the 
reference sand. Specimens were ground, sieved and collected in different proportions to optimise 
distributions, subsequently controlled by the Haver particle-size analyser at the CTG lab in Bergamo. 
The rheological characterization of the mortars was performed by the rotational rheometer Viskomat 
NT (Schleibinger Geräte), adapted with an anchor paddle, and with the slump flow test. The rheometer 



Viskomat NT measures directly the torque (N mm) of the paddle dipped in a rotating cup containing 
the cement mix. The rotational speed of the cup follows an imposed specific rate program with 
stationary steps. The Plastic Viscosity (Pa s) and the Yield value (Pa) of the cement mixes were 
determined considering the apparatus similar to a coaxial cylinder rheometer (Tattersall, 1983) and 
adopting the Bingham equation (Tattersall, 1991). PCP adsorption tests and technological tests on 
fresh and hardened concretes are currently in progress at CTG lab in Guerville.  
 
 
3. AGGREGATES CHARACTERIZATION 
 
3.1  GEO-PETROGRAPHIC FEATURES 
 
The Rosa Baveno granite is a medium to fine-grained hypidiomorphic and equigranular holocrystalline 
intrusive rock, consisting mainly of quartz and light-coloured feldspars, with relatively low amount of 
randomly-oriented phyllosilicates, mostly biotite. The Serizzo Formazza gneiss is a medium-grained 
metamorphic rock, quartzo-feldspathic in composition, and characterized by a marked foliation 
associated with a visible lineation, or micro-Augen texture, with a relatively high content of 
phyllosilicates, mostly biotite. The Beola Bianca gneiss is a medium to fine-grained metamorphic 
rock, quartzo-feldspathic in composition, characterized by a micro-Augen fabric, also with a relatively 
high content of phyllosilicates, mostly muscovite, plus biotite, chlorite and tourmaline. The textural 
features of each aggregate type is strongly dependent on its geological setting (Cavallo et al., 2004a; 
2004b; Sandrone et al., 2004). A synthesis of geological and petrographic features from the previous 
studies is reported in Table 1. 
 
3.2 MINERALOGICAL COMPOSITION WITH THE RIETVELD METHOD 
 
QPA results by the Rietveld method are reported in the Table 2. The experimental data are in 
agreement with previous investigations (Table 1): quartz (Qtz) is the main phase for all the fractions of 
Rosa Baveno, between 37.2 and 38.5 % by weight, and for two fractions (0-4 and 4-8 mm) of Beola 
Bianca, between 36.8 and 40.1 % by weight. Plagioclase (Pl), consisting of albite/oligoclase solid-
solution in the granite, and albite/andesine in the gneisses, is the main phase for all the fractions of 
Serizzo Formazza, between 41.0 and 44.1 % by weight, and also for the fraction (8-16 mm) 38.5 % by 
weight of the Beola Bianca.  

 
Table 2: Mineral composition of aggregates determined by the Rietveld method (XRD-QPA). Legend for 

mineral abbreviations, Qtz: quartz; Kfs: K-feldspar; Pl: plagioclase; Bt: biotite; Ms: muscovite; Clc: clinochlore. 
 

Aggregates Rosa Baveno Serizzo Formazza Beola Bianca 

Phases (%Wt.)  0-4  4-8  8-16 0-4  4-8  8-16 0-4  4-8  8-16 

Qtz 37,6 38,5 37,2 35,5 30,2 33,4 40,1 36,8 36,1 

Pl  33,6 34,4 34,9 42,3 44,1 41,0 36,1 33,8 38,5 

Kfs  25,9 24,3 24,5 9,8 13,0 13,2 12,7 18,4 14,6 
Ms  0 0 0 0 0 0 6,6 6,4 6,7 
Bt  1,3 1,8 1,8 9,6 8,4 9,9 4,3 4,3 4,0 
Clc  1,5 1,1 1,7 1,2 2,1 1,4 0,3 0,2 0,1 
Rt 0 0 0 0,4 0,3 0,4 0 0 0 

Clz 0 0 0 1,2 2,0 0,8 0 0 0 

Phyllosilicates (Ms+Bt+Clc)  2,8 2,9 3,5 10,8 10,5 11,2 11,2 10,9 10,8 
 



The second phase in order of abundance is quartz for Serizzo Formazza and the 8-16 mm fraction of 
Beola Bianca, or plagioclase for Rosa Baveno and two fractions (0-4 and 4-8 mm) of Beola Bianca. 
The third phase in order of abundance is always the K-feldspar (Kfs), consisting of 
sanidine/microcline solid-solutions in all specimens. As far as the content of phyllosilicates 
(Ms+Bt+Clc) increases from the granite, between 2.8 and 3.5 % by weight, to the gneisses, between 
10.5 to 11.2 % by weight, in agreement with microstructural fabrics of each aggregate type. The 
concentration and distribution of these mineral phases differ according to aggregate composition, as 
follows: 1) Rosa Baveno contains a low amount of biotite (Bt) and clinochlore (Clc), and no muscovite 
(Ms); 2) Serizzo Formazza also contains biotite (Bt) and clinochlore (Clc), and no muscovite (Ms), but 
the concentration of biotite is the highest of all the specimens, between 8.4 and 9.9 % by weight; 3) 
Beola Bianca contains muscovite, between 6.4 to 6.7 % by weight, biotite, between 4.0 to 4.3 % by 
weight, and also some clinochlore. Finally for the Serizzo Formazza specimens, two accessory phases, 
clinozoisite and rutile, have been detected at less than 2 % by weight. 
 
3.3 GEOMETRICAL AND PHYSICO-CHEMICAL REQUIREMENTS IN COMPLIANCE WITH EN 12620 
 
Granulates were screened according to the size-classes and evaluated according to geometrical shape, 
physico-chemical standards, in compliance with the EN 12620 “Aggregates for concrete” (Table 3). 
The content of fines, that is weight percent passing the 63 micron sieve, is lower than the limit of 3%, 
and the fineness modulus of the fine-aggregate is consistent with standard crushed aggregates. The 
flakiness index for the 4-8 mm fraction increases from Rosa Baveno (7) to Beola Bianca (9) and 
Serizzo Formazza (14). The same index for the 8-16 mm fraction increases from Rosa Baveno (13) to 
Serizzo Formazza (14), but it somewhat inexplicably stranger lower in Beola Bianca (10). All physical 
parameters - water absorption, densities, sand equivalent and methylene blue tests - are within the 
limits in compliance with the standard EN 12620. Los Angeles and micro-Deval coefficients, mercury 
intrusion porosimetry and BET surface area are currently in progress. Finally the bulk chemical 
analyses confirm the absence of deleterious constituents such as sulphates and chlorides. 
 

Table 3: Aggregates characterization in compliance with EN 12620 (geometrical and physical requirements) 
 
Aggregates Standard Rosa Baveno Serizzo Formazza Beola Bianca 

Fractions mm 0-4  4-8  8-16 0-4  4-8 8-16 0-4  4-8 8-16 

Fines content (%) EN 12620 1,6 0,1 0,2 2 0,3 0,2 1,6 0,2 0,2 

Fineness modulus (%) EN 12620 3,22 - - 2,35 - - 2,44 n.d. n.d. 

Flakiness index (%) EN 933-3 - 7 13 - 14 11 - 9 10 

Water absorption (%) EN 1097-6 0,5 1,1 1,1 0,4 1,9 1,2 0,5 1,2 0,9 

Real density (g/cm³) EN 1097-3 2,65 2,66 2,63 2,67 2,67 2,67 2,7 2,69 2,7 

Particle density s.s.d.  EN 1097-3 2,62 2,61 2,58 2,65 2,59 2,62 2,67 2,64 2,65 

Sand Equivalent (%) EN 933-8 84 - - 72 - - 84 - - 

Methylene Blue (g/kg)  EN 933-9 0,2 - - 0,2 - - 0,2 - - 

SO3 (% Wt.) EN 196-2 0,03 0,02 0,02 0,04 0,04 0,02 0,03 0,01 0,02 

Chlorides (% Wt.) EN 196-2 0,008 0,008 0,008 0,009 0,008 0,008 0,009 0,008 0,009 
 
4. TECHNOLOGICAL TESTS ON MORTARS 
 
Rheological studies were performed on mortars cast with fine-grained fractions of Rosa Baveno, 
Serizzo Formazza and Beola Bianca, according to the particle size distribution defined by the 



reference sand developed at the CTG lab for the CEM method (Schwartzentruber & Catherine, 1999). 
The following mix-design was used: W/C = 0.44; A/C = 2; commercial PCP for Ready Mix Concrete 
(SP2) dosage in active matter = 0,1 (on w/w cement), CEM I 52,5 N from Ciments Calcia in 
conformity with EN 197-1. Shear stress vs Shear Rate data are plotted in Figure 1A, and relative 
rheological parameters are reported in Table 4.The mortar casts with Rosa Baveno shows the lowest 
Plastic Viscosity (12.5 Pa s) and Yield value (228 Pa), while Serizzo Formazza mortar shows the 
highest Plastic Viscosity (19.8 Pa s), and Beola Bianca mortar the highest Yield value (384 Pa). These 
results correlate well with the weight percent abundance of phyllosilicates, which increases from 2.8 to 
11.2. Spread tests were conducted using a modified cone (Φmax=100mm, Φmin=50mm, h=150mm) at 
different times after mixing (15, 30, 45, 60 minutes) as shown by Figure 1B. The spread confirms 
previously results and, in fact, the flowability of the mortar cast with Beola Bianca, which has the 
highest content of phyllosilicates, is the worst. Conversely the mortar cast with Rosa Baveno, which 
has the lowest content of phyllosilicates, shows the best flowability. 

 
Figure 1: A) Rheological tests with the viscosimeter: the Shear stress is reported vs the Shear Rate. Plastic 

viscosity (slope) and yield value (intercept) have been determined with the linear regression of the data. Trend of 
the mixes is maintained up to 60 minutes after mixing. B) Slump flow tests. 

 
 
 
 

 
 
 
 
 
 

Table 4: Rheological parameters from Viskomat NT 
 

 
 

Table 4: Rheological parameters from Viskomat NT 
 

Mortar cast with  
fine-aggregate: 

Plastic Viscosity 
[Pa s]

Yield value 
[Pa]

Phyllosilcates  
[%] 

Rosa Baveno 12.5 228 2,8 

Serizzo Formazza 19.8 265 10,8 

Beola Bianca 15.2 384 11,2 
 
 
5. TECHNOLOGICAL TESTS ON CONCRETES 
 
The second part of this study evaluate the impact of granite and gneissic by-products containing 
phyllosilicates on concrete properties, in particular we are already investigating the effect of 
phyllosilicates on cement/admixture interactions. The goal of this work is to optimize concrete mix-
designs for the reuse of stone by-products as aggregates for concrete. This work is currently in 
progress at the CTG lab in Guerville. Three different experimental mixes were designed for: 1) 
building concrete, plasticized with commercial PCP for Precast application (SP1), 2) civil engineering 
concrete, superplasticized with commercial PCP for Ready Mix Concrete (SP2), and 3) Self-
Compacting Concrete (SCC), superplasticized with SP2. The following materials were used: 1) 
aggregate by-products of Rosa Baveno, Serizzo Formazza, Beola Bianca, and French reference 
aggregate, Boulonnais limestone; 2) CEM I 52.5 N from Ciments Calcia in conformity with EN 197-1. 
Main characteristics of concrete mix-designs are reported in Table 5. Admixtures amount were 

y = 15,229x + 383,86
R2 = 0,9769
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R2 = 0,9735
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determined in order to reach the targeted workability class. The characterization of experimental fresh 
and hardened concretes, according to EN 206-1, is currently in progress, and consists of following 
tests: 1) initial slump and slump loss after one hour (EN 12350-2); 2) bulk mass on fresh concrete (EN 
12350-6); 3) water content and air content (EN 12350-7); 4) compressive strength at 7 and 28 days 
(EN 12390-3); 5) shrinkage over one year (UNI 11307); 6) dynamic elastic modulus (UNI 9771). 
 

Table 5: Main characteristics of concrete mix designs 
 

 Building Application Civil Engineering SCC 

Weff/C ratio 0.62 0.45 0.60 

Cement dosage 310 kg/m3 400 kg/m3 277 kg/m3 + limestone  
filler (LE = 300 kg/m3)

Targeted workability class S2 S4 SF2 
 
 
6. PRELIMINARY CONCLUSIONS 
 
Experimental data show that the behaviour of wet mortars is negatively affected by a high content of 
phyllosilicates in the fine-grained aggregate. In particular the workability of cement-based 
formulations progressively worsens from mortars cast with Rosa Baveno granite, which contains 2.8 
% by weight phyllosilicates, to Serizzo Formazza gneiss, 10.8 % by weight, and Beola Bianca gneiss, 
11.2 % by weight. This fact is evident, by the way, for the progressive increase of important 
rheological parameters, such as Plastic Viscosity and the Yield value, and also the loss of flowability, 
determined with spread test.  
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Abstract 
On the stage of concrete designing a relatively little attention is paid to chemical and mineralogical composition of 

aggregate. However, the mineralogical composition of aggregate can be very differentiated and simultaneously these 

minerals have relatively big dimensions in comparison with cement particles. In this contexts the ITZ in concrete is also 

very changeable. In our experiments we have shown that even the minerals present in small quantity in aggregate can 

have strong influence on concrete durability. An example is anthophyllite, which causes concrete expansion. Also albite 

can be easily transformed in C-S-H phase, which has positive influence on concrete strength and durability. Cements 

with siliceous fly ash addition has favourable  effect on ITZ structure as well as on concrete durability 

 

Originality 
The reactions of aggregate with pore solution in concrete is limited practically to reactive silica and dolomite. In our 
paper we have shown the the question is much more complicated and can embrasse many other minerals, particularly 

containing in their structure magnesium ions. Additionaly these reaction can have destructive influence on concrete, but 

simultaneously some of them can cause strengthening of ITZ thus having advantageous effect on concrete properties.  

 
Chief contributions 
The experiments presented in the paper give the examples of harmful and of advantegeous reactions of aggregate 

minerals with concrete pore solution. The example of harmful one is the reaction of anthophyllite giving the expansive 
gel of hydrated potassium silicate, which has destructive influence on concrete. The example of advantageous one is the 

reaction of albite with formation of C-S-H gel. C-S-H phase formed on the surface of aggregate grains causes the 

strong bond between cement matrix and aggregate. Simultaneously the use of fly ash Portland cement give much better 

microstructure of ITZ with higher content of C-S-H, restraining the cracks formation in this zone. 

 
Keywords: ITZ, anthophyllite, albite, C-S-H 
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1. Introduction 

 
On the stage of concrete designing a relatively little attention is paid to chemical and mineralogical 
composition of aggregate. The main importance has granulometry and physical properties, chiefly 
compressive strength, porosity and resistance to freezing and thawing [1,2]. Only in the case of the 
possibility of reactive silica occurrence in aggregate analysis of its mineral composition under the 
microscope or chemical examination,  according to ASTM-C289, are executed. There is a very vast 
technical literature devoted to the reaction of reactive silica and dolomite with sodium and potassium 

hydroxis and in the paper these problems will be not touched. 
Simultaneously, it is frequently forgotten that the high strength concrete and especially HPC have 
high cement content and low w/c ratio. It causes the significant increase of ionic strength of the pore 
solution in concrete, which was stressed by Glasser [3], during the plenary session in Durban’s ICCC. 
This pore solution can have a strong chemical action upon some minerals in aggregate which in 
traditional concrete were regarded as nonreactive. In this context the type of cement applied in the 
concrete production, especially cements with mineral additions, which even in the case of aggregates 
with reactive silica protect concrete against harmful expansion, became more and more important [4-

7].Summarizing the papers concerning the mineralogy of aggregates, it can be concluded that they put 
an accent principally on the reaction of silica with alkalis, and enumerate dolomite as the second 
mineral which became decomposed under the influence of potassium and sodium hydroxides. 
However, the decomposition of dolomite does not develop the expansion with  destruction of concrete 
[11-18]. Only the dolomite containing the clay minerals inclusions can cause the expansion of 
concrete. 
The goal of this paper is to present two aspects of this problem: 1) the reactions of aggregate minerals 

with the pore solution having harmful influence on concrete, 2) the reactions of these minerals with 
the pore strengthening strengthening the ITZ.  
 
2. The reactions of aggregate with the pore solution in concrete having harmful influence on its 

properties 

 

The mineralogical composition of aggregates can be very differentiated, especially in the case of 
natural, river aggregates. More stable is the mineral composition of aggregates, produced from 

crushed  rocks  For example, the main minerals forming granite are: quartz, orthoclase, albite and 
anorthite. 
The possibility of appearance of harmful expansion was examined using the concrete prepared from 
natural river aggregates from the North of Poland, because among these aggregates there are some 
which can be reactive. Four aggregates were used and their mineralogical composition was examined 
using the optical microscope and X-ray. This examination  showed that mineralogical compositions of 
these aggregates were very complicated. They are composed of pieces of different rocks, namely 

sandstone, limestone and feldspar rocks.  
Reactivity of aggregates was tested using the chemical method, according to ASTM C 289-94. The 
aggregates 1,3 and 4 were innocuous, but 2 was considered deleterious (Fig. 1). The modified 
chemical method according to Sorrentino’s suggestion [19], has shown that also aggregate 1 can be 
considered as potentially deleterious. 
The test in 1 N NaOH solution has shown that the mortar with aggregate 2 has the expansion larger 
than the threshold  value according to ASTM C1260, already after 1 day and aggregate 1 after 8 days.  

Thus it was the full confirmation of the chemical method, modified by Sorrentino [19]. Also the test 
according to ASTM C227 (mortar cured in the air at 38oC and 100% relative humidity) confirmed the 
deleterious character of aggregate 2. The concrete with this aggregate reached the expansion 
overpassing 0.4% after 180 days. 
In order to verify which mineral component of aggregate 2  reacts with alkalis in concrete the X-ray  
examination of the concrete samples after 330 days of curing in the air at 38oC and 100% R H was 
executed. The X-ray patterns of original aggregate and concrete after 330 days of curing were 



 

 

 

 

compared (Fig. 2). A very significant decrease of anthophyllite peak intensity and disappearance of 

dolomite peak were found. Some decrease of  intensity of quartz, calcite and orthoclase peaks was 
also observed. These results show that the minerals reacting quickly with alkalis in the pore fluid are 
dolomite and anthophyllite. It is probably caused by the presence of magnesium ions in the lattice of 
both minerals, which are decomposed with the formation of brucite and hydrated calcium-potassium 
silicate. The following reaction can be written: 
 

(Mg, Fe)7 [OH]2 [Si4O11]2  +  xKOH    +   xCa(OH)2   →   (Mg, Fe)7-x· [OH]2 · [Si4-x  O11-x]  +  

xMg[OH]2 + +  x(K,Ca)SiO3 aq 

 
 

Fig.1. Chemical test of aggregates, according to ASTM C289  

 
 

 
Fig. 2. Segment of X-ray patterns of aggregate 2 and the same aggregate in mortar cured for 330 days in the air 

of high humidity  

 

The quantity of potassium silica gel formed will be increased by embracing also partially quartz. 
Normally this mineral presents low reactivity, but the occurrence in the aggregates quartz of mosaic 

structure, which was found under microscope, testifies that this possibility can not be rejected. It is 
confirmed by the decrease of quartz peaks intensity in the mortar after 330 days of curing. Similarly  
orthoclase will probably behave which contains both gel components, e.g. potassium, and silica.  
The decrease of the intensity of calcite peaks is, however, linked with carboaluminate hydrate 
formation, but this process has rather a favourable influence upon concrete properties. Parallel to the 
first series of experiments to this aggregate 2 the second series was undertaken, but to CEM I 25% of 
siliceous fly ash was added. The mortar from this cement was cured in the air at 38oC and 100% RH 



 

 

 

 

(ASTM-C227) for 330 days. In this case the mortar had only very low expansion, equal 0.027%, 

which confirms that in this case the aggregate was not deleterious. In the first series the mortar from 
CEM I and aggregate 2  showed the expansion equal 0.059% after 364 days of curing which means 
that the aggregate was deleterious. In the case of mortar with the same aggregate 2, but with the 
cement corresponding to CEM II/B-V, i.e. CEM I with siliceous fly ash X-ray pattern of mortar with 
CEM II was quite different. The peaks of anthophyllite and dolomite have much higher intensity 
which  correlates well with a very small expansion of the mortar.  
The examination of the mortar from CEM II/B-V under SEM revealed the low anthophyllite 

transformation, but without a detectable gel of potassium silicate. Anthophyllite grains with limited 
corrosion phenomena were in turn covered by C-S-H, with a low content of magnesium. It is probably 
the nanometric mixture of C-S-H with brucite gel.  
To follow the anthophyllite  transformation in cement paste matrix the specimens were prepared 
which contained 5% of this mineral to cement mass. The paste was prepared from Portland cement 
CEM I which had 0.8% of K2SO4 and 0.3% of Na2SO4 and to which  1%  K2SO4 was  added, in order 
to increase the alkalis content. Anthophyllite was composed of grains not exceeding 100 μm.  The 
small cubes of 20 mm  were cast  of this paste and  cured in lime water at 38oC.  First examination 

under SEM took place after 180 days of curing. The observation of this paste under SEM  has reviled 
 

 
 

Fig. 3. SEM  picture of anthophyllite grains in the paste  

 

that the beginning of anthophyllite corrosion proceeds through the splitting of very thin  lathes  along 
the cleavage plane  of the mineral (Fig. 2). This process embraces not only the part of grains, close to 
the surface  but also deeper regions of the  mineral (Fig. 3). Then the lathes are  decomposed to short 
segments  and transformed into gel.  The decomposition is associated with the diffusion of calcium 
ions into the defects of  anthophillite  structure and slow transformation of  this mineral into the  gel. 
Simultaneously  the C-S-H phase shows high content of magnesium, probably  under the form of the 
nanomixture of  this silicate with brucite gel (Fig. 4). 

           
Fig. 4. Microanalysis in point 3 and 5  



 

 

 

 

 

To verify the hypothesis of anthophyllite reaction with pore solution  the calculation of Gibbs free 
energy changes of the reaction of this mineral with  Ca(OH)2 was calculated. The Gibbs free energy 
for anthophyllite according to Zen and Chernosky [20] is -11.343 kJ/mol and of 1.7CaO·SiO2·nH2O is 
-2630 [21] and other thermodynamics data are from [22]. The following   reaction was assumed: 
 

Mg7Si8(OH)2(s) + 13.6 Ca2+
aq +13 OH-

aq + 32 H2Oaq → 7 Mg(OH)2(s) + 8[1.7CaO SiO2 4H2O ](s) 

 
Using  the aforementioned data of Gibbs free energy  the calculated value of this reaction at  298 K  is 
about -808,38 kJ/mol of C-S-H. Thus it is evident  that the mineral anthophyllite will be not stable in 
concrete pore solution i.e.in pH about 12.5.  
This part of experiments can be summarised by concluding  that mineral anthophyllite will react with 
concrete pore solution causing its expansion. The reason of this behaviour of anthophyllite is probably 
the presence of magnesium ions in their structure, because these ions have strong tendency to 

transform in hydroxide of very low solubility in the concrete pore solution. However, the application 
of cement with the siliceous fly ash addition protects concrete against this harmful expansion. 
 

 

3. The reactions of the pore solution with concrete minerals having favourable influence on ITZ 

properties 

 
There is little information about the influence of the cement type on the properties of ITZ. Grzeszczyk 

and Starzyk [10] examined this zone under SEM. Two types of cement were used: CEM I and CEM 
II/B-V. As it is known, the last cement has high addition of siliceous fly ash which has the relatively 
high content of small spherical particles which can play a role of silica fume, filling the pores in ITZ. 
The produced concrete contained thus CEM II/B-V and crushed basalt aggregate. The microscopical 
examination of basalt revealed that its principal mineral constituents are: plagioclases, pyroxenes and 
olivines. The content of these minerals is the following: albite 20%, diopside 20%, anorthite 18% 
[10]. 

The observation under SEM  showed  in several places the gradual transformation of the surfaces of 
some aggregate minerals into C-S-H phase. The example of this process is shown in Fig. 5. Five 
points in which the microanalyses were done are extended from the surface of albite crystal on the 
aggregate surface -  through ITZ – and far into the cement matrix. The total distance covered by these 
five points is about 5 µm long. The analysis shows a typical albite composition (Fig. 5a, point 1), 
gradual increase of calcium content with sodium decrease (Fig. 5a, point 2 and 5b, point 3) and C-S-H 
phase (Fig. 5b, point 5), rich in silica. 
 

 
 

Fig. 5. SEM pictures of concrete with microanalysis points, 1 in albite crystal  



 

 

 

 

 

                 
Fig. 5a. Microanalysis of points  1 and 2  

              
Fig. 5b. Microanalysis of points  3 and 5 

 
The relatively easy diffusion of Ca2+ ions into surface layers of albite is confirmed by the fact that the 

solid solution in the case of plagioclase is well known. It is the series albite – anorthite: Na[Al Si3O8] 
– Ca[Al2Si2O8]. In these solid solutions the calcium ions replace sodium ions in the structure of albite. 
In concrete it facilitates the occupation of active centres on the surface of albite by calcium ions from 
pore solution and a further diffusion to its lattice. As we mentioned earlier in the case of HPC, the low 
w/c ratio causes the increase of ionic strength of the pore solution, which is more aggressive towards 
the aggregate minerals. We must remind also the relatively old, but always valid statement of Mather 
[23]: “All aggregates are alkali reactive; they differ only in kind of reaction and the degree and rate”.  

It is also known from Goldich’s durability scale [24] that plagioclases are situated low on this list, 
which also supports this relatively quick transformation of albite surface in HPC. To support this 

hypothesis the thermodynamics calculation of Gibbs free energy for the reaction of albite with ions 

in concrete pore solution was calculated.  
 
The supposed reaction was as follows: 

 

2NaAlSi3O8 + 2.7Ca
2+

 + SO4
2-

 + 2OH
-
 + 16H2O → Ca1.7SiO2·4H2O + C3ACaSO4·12H2O + 

2NaOH 
 
The Gibbs free energy of his reaction is – 384,45/mol of C-S-H so this reaction is thermodynamicaly 

spontaneous at 298 K. 
In HPC produced from CEM II/B-V the formation of C-S-H layer on quartz surface was also 
observed which confirms very favourable influence of small fly ash particles on ITZ.  
 
 



 

 

 

 

4. Conclusions  

 
The results of experiments have shown that different minerals can be reactive in HPC, not only silica 
and dolomite. Especially silicates containing magnesium ions in their structure can present harmful 
reaction with the expansion of concrete, for example anthophyllite. Plagioclases belong also to the 
reactive group. However, the reaction of albite with the pore solution gives the positive 
transformation into C-S-H phase, without noxious phenomena. The use of cement with siliceous fly 
ash has very positive influence, increasing the durability of HPC and changing favourably the 

properties of ITZ. 
Generally, it must be underlined that it is a great simplification to treat the ITZ as something typical 
for the defined aggregate and one type of cement and one type of powder. From the experiments 
presented in this paper it is evident that it will appear in this zone segments of very differentiated 
behaviour. Each segment composed of different minerals will give quite a different chemical situation 
as regarding pore solution. Simultaneously, it must be remembered that rock minerals are of much 
larger dimensions than cement grains. In this situation our general view on ITZ is not fully valid, but 
probably excused in the case of ordinary concrete, but cannot be adopted for HPC. It is evident that 

the further detailed studies of ITZ are essential. 
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Abstract 
Fluoride mineralizers such as CaF2 are increasingly used in modern Portland cement (Pc) production. 
Although the bulk fluoride content in the kiln feed is typically only about 0.2 %w, it has an important impact on 
the formation as well as the hydration properties of the calcium silicates in Pc. The present structural 
investigation of F, Al3+ and Fe3+ guest ions in the calcium silicate phases reveals that the fluoride ions are 
incorporated only in the interstitial oxygen sites of alite. The F ions take part in a coupled substitution of Si4+ + 
(Ointerstitial)2 → Al3+ + F, where the Al3+ guest ions are located in the tetrahedral sites in close proximity to the 
F ions, thus preserving local charge balance. Fe3+ ions on the other hand do not seem  to be involved in the 
fluoride mineralization, and are more likely to be incorporated in alite by substitution for Ca2+ ions on 
octahedral sites, i.e., a Ca2+  Fe3+ substitution. This work also demonstrates the unique potential of solid-
state NMR in obtaining structural information about guest ions in the calcium silicate phases of industrial 
Portland clinkers, which can have important implications for thermodynamic stability of the host phases. 
 
Originality 
Fluoride mineralization plays an important role in modern Portland cement production. In contrast to other 
minor components in Portland cement, it is shown that the fluoride ions are almost exclusively incorporated in 
the alite structure, thereby modifying the thermodynamic properties for this phase. This facilitates the formation 
of alite from belite and calcium oxide according to the reaction CaO + Ca2SiO4  Ca3SiO5. The presence of 
other guest-ions in the alite structure such as Al3+ ions plays an essential role in the fluoride mineralization, 
since, as reported elsewhere in the literature, only very small amounts of fluoride can be incorporated in alite 
when Al3+ ions are absent. Until now, it has not been possible to obtain direct structural information about the 
fluoride ions and their coupling to other guest ions in alite because the fluoride content in Portland cement 
(approx. 0.2 %w) is too low to give sufficient resolution using conventional analytical tools such as X-ray 
diffraction and microprobe techniques. Therefore, despite the obvious benefits of fluoride ions on the clinker 
formation, most studies on fluoride mineralization to date have been empirical in nature. 
 
Chief contributions 
The mechanism for fluoride mineralization is described comprehensively using solid-state 19F, 27Al, and 29Si 
MAS NMR techniques. It is observed that the fluoride ions are only incorporated in the alite phase and 
facilitated by the coupled substitution of Si4+ and (Ointerstitial)2 by Al3+ and F. Extended studies of fluoride in 
combination with Al3+ and Fe3+ ions in modified Portland clinkers demonstrate that the Al3+ ions are essential 
for the fluoride mineralization whilst the bulk Fe2O3 content has only a marginal effect. Furthermore, our 
results indicate that the Fe3+ ions are preferentially incorporated on the octahedral Ca2+ sites rather than being 
located in tetrahedrally coordinated environments achieved by substitution for silicon. The experimental NMR 
results represent a major contribution to the understanding of fluoride mineralization and how this process can 
be utilized to optimize Portland cement production. Another major contribution of the present work is the 
demonstrated applicability of double-resonance NMR experiments such as REDOR and CP to obtain 
unambiguous information about the connectivities of different spin pairs in cementitious systems. Moreover, the 
present work illustrates the feasibility of NMR for studying specific minor components (or impurities) in 
Portland clinkers. 
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Introduction 
Although minor components such as S6+, Mg2+, P5+, F only account for a few weight percent 
(typically ~3 %w) of the composition of Portland cement, they can have several important effects on 
the formation of the principal clinker phases (i.e. alite, belite, tricalcium aluminate and ferrite) as well 
as their hydration properties (Moir and Glasser, 1992). Among these minor constituent ions, fluoride 
has achieved special attention in modern Portland cement production owing to its strong mineralizing 
effect on the formation of the alite (Ca3SiO5) phase. It has been demonstrated in previous studies 
(Shame and Glasser, 1987; Borgholm et al., 1995; Kleem and Jawed, 1992) that the burning-zone 
temperature needed for an effective conversion of calcium silicates into alite can be reduced from 
1450 C to as low as ~1050 C using CaF2 as a mineralizer. Thus, this process may provide an 
important contribution on today’s efforts to reduce CO2 emission from Portland cement production, 
mainly by reducing the fuel consumption. Fluoride has also been shown to have important 
implications for the hydration of Portland cement. It seems that these ions prolong the setting time 
(Rasmusen and Herfort, 1999; Odler and Abdul-Maula, 1980). Fluoride and SO3 are often used in 
combination with fluorine effectively canceling the negative effect of SO3 on the thermodynamic 
stability of alite (Moir, 1983). However, despite the widespread use of CaF2, the mechanism of 
fluoride mineralization and its effect on the structure of alite in Portland clinkers are still poorly 
understood. Furthermore, the presence of other guest ions may also have an effect on the fluoride 
mineralization. For example, it has been demonstrated that for laboratory synthesized alite, only a 
small amount of fluoride could enter the alite structure in the absence of an aluminum source (Shame 
and Glasser, 1987). That study suggests a coupled incorporation of F and Al3+ ions into the oxygen 
and silicon sites of alite, which is necessary to preserve charge balance. Alternatively, Fe3+ ions in 
Portland cement may be involved in fluoride mineralization. The iron content in ordinary Portland 
cement is typically around 3 %w Fe2O3, thereby forming the ferrite phase; however, a small amount 
of Fe3+ may also be present in the calcium silicate phases (Crumbie et al., 2006; Harrisson et al., 
1985; Poulsen et al., 2009).  
This work considers the site preferences for the F, Al3+ and Fe3+ guest ions and their coupled 
substitution mechanisms in the calcium silicate phases of Portland clinkers. Solid-state NMR 
techniques, including standard single-pulse, Cross-Polarization (CP), Rotational-Echo Double-
Resonance (REDOR) and Inversion-Recovery (IR) experiments, have been employed to achieve 
structural information on the guest ions. In some cases, powder diffraction (XRD) was also applied to 
obtain supplementary information about the principal phases. The chemical composition and the free 
CaO content have been measured for all samples using X-ray fluorescence (XRF) and the standard 
titration method, respectively. Two series of fluoride-mineralized Portland clinkers have been 
prepared using an industrial white Portland cement clinker from Aalborg Portland A/S. The first series 
of clinkers contains 0.3 %w Fe2O3, 4.3 %w Al2O3 and fluorine contents in the range 0.04  0.8 %w F, 
whilst the second series includes 0.9 %w F and an aluminate content (4.3 %w) which is partly 
replaced by additional Fe2O3, giving Fe/Al molar ratios in the range 0.05  0.8. A lime saturation 
factor (LSF) of approximately 0.9 was used in both series of clinkers.  
 
Coupled substitution of F and Al3+ guest ions and their site preferences in alite 
19F, 27Al, and 29Si MAS NMR spectra for selected samples from the first series of clinkers are shown 
in Figure 1. The asymmetric line shape for the 19F resonance centered at 114.9 ppm (Figure 1a-b) 
indicates an overlap of 19F resonances from fluoride ions in slightly different environments while its 
frequency is in agreement with 19F MAS NMR spectra reported recently for Portland cements 
(Skibsted et al., 2007; Tran et al., 2009). The 27Al MAS NMR spectra (14.1 T, Figure 1c-d) clearly 
reveal that an increased fluorine content results in an increased amount of tetrahedrally coordinated 
Al3+ guest ions in alite (~82 ppm) formed at the expense of the tricalcium aluminate phase 
(resonances in the range 30 – 85 ppm). The increased fluorine content also results in an increase in the 
belite content, as reflected by the increased 29Si intensity for the belite resonance, (29Si) =  –71.33 
ppm (Figure 1e-f), while XRF analyses show that the free CaO content is ~0.4 %w for all clinkers.  



    
Figure 1. 19F MAS NMR spectra of (a) a modified clinker (4.3 %w Al2O3, 0.77 %w F) and (b) the original 
white Portland clinker (0.04 %w F). The spectra were recorded on a Varian Unity INOVA-300 spectrometer 
(7.05 T) using the spinning speed R = 10.0 kHz. The 27Al (14.1 T, R = 13.0 kHz) and 29Si MAS NMR (7.05 T, 
R = 7.0 kHz) spectra were recorded for selected clinkers containing (d, f) 0.04 %w and (c, e) 0.77 %w F. The 
asterisks (*) and diamonds () indicate spinning sidebands and an impurity, respectively.  

 
Structural information on 19F29Si and 19F27Al spin-pair connectivities were achieved from 29Si{19F} 
and 27Al{19F} CP/MAS NMR. Since the CP experiment only allows 29Si resonances from dipolar-
coupled 29Si19F spins to be detected, the absence of the sharp 29Si resonance from belite ((29Si) = 
71.3 ppm) in the 29Si{19F} CP/MAS spectrum (Figure 2b) clearly demonstrates that the fluoride ions 
are only incorporated in the alite phase of the Portland clinker. Moreover, as the dipolar coupling 
depends strongly on the internuclear distance (1/r3), the observation of the 27Al centerband resonance 
at ~75 ppm in the 27Al{19F} CP/MAS spectrum (7.05 T, Figure 2d) reveals that the fluoride ions are 
located in the near vicinity of the Al3+ guest ions in the tetrahedral sites of alite. The assignment of the 
27Al resonance at 75 ppm follows an earlier study of Al3+ guest ions in the calcium silicate phases of 
Portland cement (Skibsted et al., 1994). The detection of fluoride ions in the near vicinity of Al 
clarifies the essential role of Al3+ ions in fluoride mineralization since charge balance is achieved 
locally by the coupled incorporation of F and Al3+ in alite. The Si4+  Al3+ substitution effectively 
releases silicon from alite, corresponding to an increase in the bulk SiO2, which for a fixed CaO/SiO2 
ratio will result in an increase in the content of belite and a decrease in the amount of silicon in alite in 
accordance with the 29Si MAS NMR spectra in Figure 1e-f.  

           
Figure 2. NMR spectra (7.05 T) of a fluoride-mineralized clinker containing 0.77 %w F, 4.3 %w Al2O3 and a 
LSF of approx. 0.9: (a) 29Si MAS, (b) 29Si{19F} CP/MAS, (c) 27Al MAS and (d) 27Al{19F} CP/MAS. The spectra 
were recorded using spinning speeds R in (a) R = 7.0 kHz, (b) R = 3.0 kHz and (c, d) R = 5.0 kHz. The 
29Si{19F} and 27Al{19F} CP/MAS NMR experiments employed CP contact times of 2.0 and 1.5 ms, respectively. 
The asterisks (*) in (c) indicate spinning sidebands. 
 
The alite structure includes two different types of oxygen sites, corresponding to covalently bonded 
oxygen in SiO4 units and “interstitial” oxygens coordinated to Ca2+ ions only. A graphical illustration 
of the triclinic form of alite (Golovastikov et al., 1975), which is determined by X-ray diffraction with 
highest precision, is shown in Figure 3a. For the monoclinic MIII structure of alite (Nishi et al., 1985), 
which is the most common form of alite in Portland cements, the average SiO internuclear distances 
(rSiO) to the covalently bonded and interstitial oxygens atoms are 1.63 and 4.32 Å, respectively. The 



fluoride mineralization in terms of optimizing the entropy of mixing may depend strongly on which 
type of oxygen sites is accessible for O2  F substitution. The site preference of fluoride guest ions 
in alite has been unambiguously determined employing the 29Si{19F} CPREDOR experiment which 
allows determination of average SiF distances for 29Si19F spin pairs (Tran et al., 2009). As usual, 
only 29Si resonances from the dipolar-coupled 29Si19F spin pairs survive the CP period. Thus, 
29Si{19F} CP is used prior to the REDOR sequence (Gullion and Schaefer, 1989) to selectively 
observe 29Si spins which are dipolar coupled to 19F. Basically, the REDOR experiment consists of two 
series of experiments where dephasing of the 29Si NMR intensity as a result of 29Si19F dipolar 
couplings is monitored by systematically increasing the evolution time in steps of 4 rotor periods 
(Figure 3b). In the first series of experiments (S0), where the 19F spins are not radiated during the 
REDOR period, the 29Si19F dipolar coupling is averaged out by the magic-angle spinning, while it is 
retained in the second series (S) by the 180-pulse train on the 19F channel. The 29Si19F dipolar 
coupling, which includes information about the internuclear distance (rSiF), has been obtained from a 
curve fit of the REDOR fraction (S/S0 = (S – S0)/S0) as a function of the evolution time, using an 
earlier described numerical procedure (Mueller, 1995). The curve fit to the REDOR fractions for a 
fluoride-mineralized wPc containing 0.77 %w F is shown in Figure 3c, which results in an 
internuclear distance of rSiF = 4.29 Å. This value is very close to the average SiO distance for 
interstitial oxygen sites. Thus, this experiment demonstrates that the fluoride ions are exclusively 
incorporated into alite by substitution for the interstitial oxygen sites. 

     

(a) 

(b) 

(c) 

Figure 3. Results for the 29Si{19F} CP-REDOR NMR experiment (7.05 T) on a fluoride-mineralized clinker 
(0.77 %w F), revealing the site preference of fluoride in the structure for alite (a). In this representation (a), the 
interstitial oxygen and calcium sites are shown by () and (), respectively, while the blue tetrahedra are the SiO4 
units. The experiment employed the pulse scheme shown in (b) with the spinning speed R = 10.0 kHz (i.e. Tr = 
0.1 ms) and a CP contact time of 3.0 ms. (c) The numerical fitting of the experimental data () is shown by the 
solid line while simulations for rSi-F = 1.63 Å and and rSi-F = 4.32 Å (i.e., distances matching the average SiO 
covalent bond length and the average distance from the interstitial oxygens to its nearest Si atoms for the MIII 
form of alite) are shown by dash lines. More details can be found elsewhere (Tran et al., 2009).  
 
 
Incorporation of Fe3+ ions into the calcium silicate phases of Portland clinker 
The presence of paramagnetic Fe3+ guest ions in Portland cement can be investigated indirectly by 
NMR since the detectable spin nuclei will couple strongly to the paramagnetic electron spin of the 
Fe3+ ions, resulting in line-broadening, intensity loss and associated increased relaxation rates. For 
example, it has been demonstrated recently that the spin-lattice relaxation process for the 29Si spins in 
the calcium silicate phases of ordinary Portland cements is predominantly affected by the Fe3+ ions 
incorporated as guest ions in these phases (Poulsen et al., 2009), rather than by the Fe3+ ions present 
in the separate ferrite phase as proposed earlier (Edwards et al., 2007). For dilute spin systems, the 



spin-lattice relaxation time constant (T´1), characterizing the direct relaxation of the 29Si spins caused 
by strong dipolar interactions to the electron spins (S), is related to the Fe3+ concentration (NP) by 
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where e and Si are the gyromagnetic ratios for the electron and 29Si spins, Si is the 29Si Larmor 
frequency, and e is the relaxation time for the electron spins (McHenry et al., 1972). In this work, the 
Fe3+ guest-ion incorporation in the calcium silicate phases of Portland clinkers has been monitored 
using the 29Si inversion-recovery (IR) NMR experiment (Vold et al., 1968), which allows 
determination of the T´1 spin-lattice relaxation times (the pulse scheme is illustrated in Figure 4a). A 
systematic increase of the recovery time ( results in a series of 29Si NMR spectra (Figure 4b) from 
which the relative intensities for alite and belite can be extracted by spectral deconvolutions as 
demonstrated earlier (Skibsted et al., 1995). The resulting 29Si intensities Mz() are fitted to the  
‘stretched exponential’ relationship  
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(Hayashi & Akiba, 1995) where M0 is the equilibrium longitudinal magnetization and  is a constant 
related to pulse imperfections ( = 1 for ideal pulses).  

                                                                                 

 (a)  (b) 

Figure 4. (a) Pulse scheme for the 
Inversion Recovery experiment used in the 
determination of the spin-lattice relaxation 
times (T´1) for the 29Si spins in alite and 
belite. The systematic increase of the 
recovery time  results in a series of 29Si IR 
NMR spectra as illustrated in (b) for a 
modified clinker containing 0.5 %w Fe2O3.



 
The effect of paramagnetic Fe3+ ions on the spin-lattice relaxation for 29Si spins in alite and belite has 
been reexamined for a modified Portland clinker containing 4.3 %w Al2O3, ~2.0 %w Fe2O3 and a LSF 
of approximately 1.0. The aluminate and ferrite phases were removed from the clinkers, employing a 
selective dissolution method (Gutteridge, 1979). The validity of this method is supported by the 
absence of 2reflexions at ~33.2 and ~33.8 in the XRD pattern of the clinkers (Figure 5a) after 
selective dissolution. On the other hand, the 29Si IR NMR spectra (Figure 5b and c) for the same 
clinkers before and after selective dissolution show no significant differences, demonstrating that the 
ferrite and aluminate phases only have a small effect on the 29Si relaxation. Thus, the 29Si spin-lattice 
relaxation for the calcium silicate phases is mainly affected by the Fe3+ guest ions, incorporated in 
these phases. The 29Si relaxation times (T´1) for alite and belite can be determined by fitting the 
experimental data to equation (2). However, this has not been conducted in this work since a 
comprehensive study on this subject for Portland cements has been reported by Poulsen et al. (2009). 
Considering the 27Al MAS NMR spectrum for the modified clinkers (0.3 %w Fe2O3, 4.3 %w Al2O3, 
0.8 %w F and LSF of approx. 0.9) shown in Figure 1c, the absence of the broadened 27Al resonance 
from tricalcium aluminate indicates that a major part of the aluminum must be present as guest ions in 
alite, partly associated with the fluoride mineralization. This clinker was considered as the reference 
sample in a new series of modified clinkers where the bulk Al2O3 content was partly replaced by 
Fe2O3 in targeting Fe/Al molar ratios in the range of 0.05  0.8, which correspond to Fe2O3 contents in 



the range of 0.3  4.0 %w, with the contents of the other components being held constant. Thus, Fe3+ 
ions may be preferentially incorporated into alite if they are involved in fluoride mineralization in a 
similar way to the Al3+ ions. The impact of an increased incorporation of Fe3+ ions into alite and belite 
was investigated for this series of modified clinkers using 29Si MAS NMR, 29Si IR NMR and XRD 
with the main findings presented below.   
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Figure 5.  XRD and 29Si IR NMR spectra (7.05 T, R = 5.0 kHz) are shown for a modified clinker (4.3 %w 
Al2O3, ~2.0 %w Fe2O3 and LSF ≈ 1.0). The XRD pattern for the original clinker shown by the solid line in (a) 
while the dashed line corresponds to the pattern after selective dissolution of the aluminate (C3A) and ferrite 
(C4AF) phases. The 29Si IR NMR spectra of the same sample before and after selective dissolution are shown in 
parts (b) and (c), respectively, where the recovery times (in seconds) are shown below the individual spectra. 
  
The 29Si spin-lattice relaxation times (T´1) were estimated from best fits of experimental intensities 
Mz() to equation (2) for alite and belite for each of the modified clinker. The values for Mz() were 
obtained from the 29Si IR NMR spectra, employing an earlier presented deconvolution procedure 
(Skibsted et al. 1995). A plot of the relaxation rate (1/T´1) as a function of the bulk Fe2O3 content is 
shown in Figure 6a, which reveals that the increase in the amount of Fe3+ ions (1/T´1  NP

2) 
incorporated into alite and belite is very similar for the two phases at low Fe2O3 concentrations (i.e. < 
0.8 %w Fe2O3). This indicates that the presence of F ions in alite has no significant impact on the 
Fe3+ guest-ion incorporation in the calcium silicate phases. Furthermore, the slight change in slope for 
1/T´1 for bulk Fe2O3 contents above 0.8 %w suggests that different amounts of Fe3+ ions are 
incorporated in alite and belite, potentially in different sites as mentioned by Taylor (1997) who 
suggests that the Fe3+ ions enter the tetrahedral sites in belite but occupy octahedrally coordinated 
sites in alite obtained by substitution for Ca2+ ions. 

       
Figure 6. (a) A plot of the relaxation rate (1/T´1) for 29Si spins in alite (■) and belite () versus the bulk Fe2O3 
content. (b) Plot of the relative amounts of alite and belite, represented by the molar ratio nSi(alite/belite) () of 
Si in alite relative to belite, as a function of the bulk Fe2O3 content. The nSi(alite/belite) ratios were obtained for 
each of the modified clinkers by deconvolution of the 29Si MAS NMR spectra. 



The proposed Ca2+  Fe3+ substitution is further supported by an evaluation of the alite and belite 
content for each of the studied modified clinkers as illustrated in Figure 6b by a plot of the molar ratio 
of silicon in alite and belite (nSi(alite/belite)) as a function of the bulk Fe2O3 content. For small 
concentrations (< 0.8 %w Fe2O3), the incorporation of Fe3+ ions in the calcium silicate phases results 
in an increase of the alite content (i.e. the nSi(alite/belite) ratio) for a fixed clinker composition apart 
from the variation in the Fe/Al molar ratio. Since the amount of free CaO is nearly constant (~0.4 
%w) for all clinkers, the increase of the alite content may result if the Fe3+ ions preferentially 
substitute for the Ca2+ sites in alite, corresponding to an effective increase in the bulk CaO content. 
When the bulk Fe2O3 content is further increased above ~0.8 %w, the alite content decreases as a 
result of the formation of the ferrite phase which reduces the amount of CaO available for alite 
formation. This is supported by the observation of the ferrite phase for the clinkers with bulk Fe2O3 
contents above 0.8 %w by the 2 reflection at 33.8 in the XRD diffractograms. 
 
Summary 
Site preferences for F and Al3+ guest ions in the calcium silicate phases of Portland clinkers have 
been investigated using 19F, 27Al, and 29Si MAS NMR combined with double-resonance experiments 
such as 27Al{19F} and 29Si{19F} CP/MAS, and 29Si{19F} CP-REDOR. It is demonstrated that fluoride 
mineralization can be represented by the coupled substitution Si4+ + O2  Al3+ + F in alite, where 
fluoride ions substitute for the oxygen on interstitial sites and Al3+ ions replace silicon in tetrahedral 
sites in the near vicinity of the F ions, thereby preserving charge balance locally. The incorporation 
of Fe3+ ions into the calcium silicate phases has been studied using 29Si IR NMR. It is evident that 
small amounts of Fe3+ ions are incorporated into the alite as well as belite structures. However, the 
Fe3+ ions do not appear to be involved in fluoride mineralization since the presence of a high F 
content in alite does not promote the incorporation of Fe3+ ions in alite in contrast to the increased 
incorporation of Al3+ ions described above. The study has also demonstrated that Fe3+ ions tend to be 
incorporated on the octahedral sites of alite effectively substituting Ca2+.  
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Abstract 
Controlling workability, fluidity, setting and strength development is a main challenge in concrete production. 
Up to now dispersing admixtures (superplasticizers) are added to the concrete mix to improve the fluidity. The 
disadvantage of superplasticizer addition is the delay in hydration progress. On the application site this leads to 
a decrease in early strength development of concrete, i.e. increased formwork periods in precast concrete 
production. 
For various other technical suspensions and colloids dispersion is not only achieved by addition of dispersing 
agents but also by applying power ultrasound. Thus the present study investigates if power ultrasound may 
serve as a novel method to increase the fluidity of cement suspensions and concretes. For this reason power 
ultrasound at a frequency of 20 kHz is applied to cement suspensions at varying compositions (superplasticizer 
content, water to solid ratio) and hydration times. Fluidity of cement suspensions in dependence of power 
ultrasound application is tested by standard methods (slump, mini slump) and by viscometric measurement 
(Viskomat NT, Schleibinger, Germany). Viscometric measurements are carried out with an experimental set up 
(basket probe) that allows us to discriminate between the influence of power ultrasound on yield strength and 
viscosity. Additionally, changes in microstructure of cement suspensions are detected by high resolution 
scanning electron microscopy and air void analysis. The dispersing effect of power ultrasound is determined by 
sedimentation experiments. 
The results of the present study show that power ultrasound is an effective method to increase fluidity of cement 
suspensions. Thus a significant reduction in superplasticizer dosage is achieved if optimum sonification 
conditions are applied. The technical implementation of power ultrasound in concrete production is discussed. 
 
Originality 
Power ultrasound was successfully tested as a novel method to increase fluidity of cement suspensions. In 
comparison to superplasticizers addition the advantage of power ultrasound is that liquefaction is achieved 
without retardation of hydration kinetics. The present study also discusses the ideal sonification characteristics 
and the mechanism of liquefaction in cement suspensions. Various analytical methods such as viscosimetric 
testing, SEM investigations, acoustic spectroscopy are combined to gain a basic understanding on the effect of 
power ultrasound on cement suspensions.  
 
Chief contributions of the authors 
Preliminary results of application of power ultrasound to accelerate strength development in concrete 
production were presented at the 17th international conference on Building Materials (ibausil) in 2009 in 
Weimar in German (Rößler, C. Einfluss von Power-Ultraschall auf das Fließ- und Erstarrungsverhalten von 
Zementsuspensionen in proceedings of: 17. Internationalen Baustofftagung ibausil, Hrsg. Finger-Institut für 
Baustoffkunde, Bauhaus-Universität Weimar, S. 1 – 0259 – 1 – 0264, in German).  
Latest results on the influence of power ultrasound on cement hydration reactions, kinetics and fluidity as well 
as a critical discussion of feasibility on application will be given at the ICCC 2011.  
 
Key words: power ultrasound, cement paste, rheology, cement hydration 
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1. INTRODUCTION 
 
Requirements to concrete performance and thus concrete production increase continuously. 
Controlling workability and strength development are in focus of concrete production. Admixtures 
such as superplasticizers were developed to improve the fluidity and strength of concrete. The 
drawback of superplasticizers addition in concrete is the retardation of cement hydration process. 
Thus the search for other methods to improve concrete fluidity is the consequence. 
Power ultrasound is applied for example for ceramics and other suspensions to homogenize and 
disperse particles. Ultrasound dispersion is caused by pressure fluctuation, i.e. cavitation. Imploding 
cavitation bubbles initiate so called (high speed) “jet streams” which are able to separate 
agglomerated particles (Suslick, 1988; Mason, 2002). 
In the present investigation the capability of power ultrasound as a method to increase fluidity of 
cement suspensions is studied. Fluidity of cement suspensions in dependence of power ultrasound 
application was determined by viscometer measurement and slump test. 
 
 
2. MATERIALS AND METHODS 
 
The cement used for investigation is type CEM I 42.5 R according to DIN EN 197-1:92. Chemical 
composition of the cement was determined by inductively coupled - optical emission spectroscopy 
(ICP-OES, Perkin Elmer Optima 3000) after dissolving the cement powder in hydrofluoric acid. Thus 
the following oxide content was determined (given in wt.-%): SiO2 (20.4), Al2O3 (4.7), Fe2O3 (2.4), 
CaO (63.1), MgO (1.2), MnO (0.03), TiO2 (0.18), K2O (1.22), Na2O(0.24), SO3 (3.2). Specific surface 
area of cement powder is 450 m² / kg (Blaine test). 
Polycarboxylate type superplasticizer (SP) is added to improve fluidity and to simulate self-
compacting performance. The density of superplasticizer solution is 1.06 g/cm³ with a solid content of 
30 wt.-%. This superplasticizer is usually used in precast production. 
Power ultrasound (PUS) was generated with a laboratory device (UIP 1000hd, Hielscher, Germany). 
The total ultrasound power applied by the experimental setup to the cement suspension was held 
constant at 75 Ws/ml (monitored with a power meter). Preliminary testing has shown that this power 
is appropriate for the investigated suspension. For the chosen sonotrode (front face diameter 9.0 cm²) 
and booster combination the power ultrasound amplitude is about 43 µm according to the 
manufacturer information. During sonication the cement paste was stirred. Samples were treated with 
power ultrasound five minutes after water addition. 
 
Mini slump of cement pastes was tested according to DIN EN 12 350-5 and DIN 1015-3. 
Measurements were made 15 minutes after water addition. Water to cement ratio of cement 
suspensions varied between 0.4 and 0.55. 
Viscometric measurements were carried out with a Viskomat NT (Schleibinger, Germany). For 
calculation of yield strength and viscosity an experimental setup with a basket probe (Vogel, 2007) 
was used. Within five minutes the full shear profile (down curve) was applied. Measurements on 
cement pastes (w/c = 0.4) started 15 minutes after water addition. During the viscometric 
measurement the sample temperature was held constant (20 °C). For calculation of dynamic yield 
stress and plastic viscosity the Bingham model was applied. Since cement pastes are shear thinning 
materials only the lower shear rates (< 10 s-1) and excellent linear regression (R² ≥ 0.97) were 
considered. 
 
Microstructure of cement pastes was investigated by Environmental Scanning Electron Microscopy 
(ESEM, XL 30; FEI) equipped with a field emission gun. Images were recorded at approximately 
11 mbar / 80 % humidity at sample surface (25kV). 
Air void content of cement suspension was determined according to DIN EN 12 350-7. Air void 
distribution was analysed by light optical microscopy on polished sections of hydrated samples. 



The dispersing effect of power ultrasound was evaluated by sedimentation experiments (Powers 1968, 
Aitcin, 1998). 
 
 
3. RESULTS AND DISCUSSIONS 
 
Figure 1 displays the influence of power ultrasound on spread diameter (mini slump test) of cement 
pastes at different water to cement ratios and 0.2 wt.-% (liq.) superplasticizer addition. 
 

The results in figure 1 show that mini slump increases with increasing w/c and due to addition of 
0.2 wt.-% (liq.) of superplasticizer. Furthermore it becomes obvious, that by power ultrasound 
application the slump of the superplasticizer containing paste further increases. Sonication achieved 
an improved fluidity comparable to water addition of approximately 10 wt.-%. At increased w/c the 
effect of power ultrasound on mini slump is more significant. Figure 2 also displays effect of 
sonication on mini slump during the first 60 minutes of hydration. After approximately 45 minutes of 
hydration the mini slump values of sonicated and reference cement suspension are similar. This 
indicates that fluidity improvement due to power ultrasound is a temporary limited effect. 
 
Viscometric measurements were carried out to evaluate the influence of power ultrasound on yield 
strength and viscosity of cement suspensions (w/c=0.4). The results prove the known fact, that 
superplasticizer reduce yield strength of cement pastes (figure 3). There are no substantial changes in 
viscosity due to superplasticizer addition. Due to sonication a reduction of yield strength was not 
observed (figure 3). But results in figure 4 show that power ultrasound decreases viscosity of cement 
pastes. This effect is more significant at higher shear rates. 
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Figure 1: Mini slump in dependence of w/c, 0.2 wt.% 
(liq.) superplasticizer and power ultrasound 
application 
 

Figure 2: Mini slump flow in dependence of hydration 
time and power ultrasound application (cement paste 
without superplasticizer) 
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Figure 3: Influence of power ultrasound on yield 
strength of cement suspensions (w/c=0.4; 0.2 wt.-% 
(liq.) superplasticizer)  
 

Figure 4: Influence of power ultrasound on viscosity 
of cement suspensions (w/c=0.4; 0.2 wt.-% (liq.) 
superplasticizer) 
 

For the first 25 minutes of hydration the microstructure of cement pastes was imaged by high 
resolution scanning electron microscopy. Due to power ultrasound application no significant 
variations in particle size of clinker, syngenite (figures 5 & 6) and ettringite (images not shown here) 
are observed in samples containing 0.2 wt.-% (liq.) superplasticizer. This indicates that the power 
ultrasound induced variation in fluidity is not a result of changes in hydrate morphology. 
 

Therefore the air void content in dependence of power ultrasound application was determined on 
cement pastes after 20 min and 7 d of hydration. Air void content of fresh cement pastes was 
determined according to DIN EN 12 350-6 by degassing of cement paste at low pressure. Results 
show a significant decrease in air content of fresh cement pastes due to power ultrasound application 
(reference: 2.0 V.% air void content, power ultrasound: less than 1.0 V.% air void content). Also after 
7 d of hydration the power ultrasound treated sample contains less air voids than the reference paste 
(images taken by light microscopy on polished sections). In reference sample air voids of 0.3 … 1.0 
mm diameter are visible (figure 7). In the sonicated sample less and smaller (< 0.2 mm) air voids are 
detected (figure 8). 
 

  
Figure 5: ESEM image (25 kV, 80 % humidity) 
of cement suspensions 25 minutes after water 
addition without power ultrasound 
 

 Figure 6: ESEM image (25 kV, 80 % humidity) 
of cement suspensions 25 minutes after water 
addition with power ultrasound application 
 

 



            
 

 
 
 
Sedimentation experiments (Powers 1968, Aitcin, 1998) were carried out to estimate the dispersing 
effect of power ultrasound. Results reveal that power ultrasound decreases the sedimentation rate of 
particles. This demonstrates that power ultrasound effectively disperses cement particles. However the 
observed effect is more significant in the sample without superplasticizer addition. 
Results of sedimentation experiments also reveal that the decreased sedimentation rate due to power 
ultrasound application is a temporary effect, i.e. after 20 min (= 30 min after water addition) the 
sedimentation of reference and power ultrasound treated suspension is similar. These findings are in 
good agreement with results obtained by mini slump test: after 45 minutes (figure 2) the flow 
behaviour of reference and power ultrasound treated pastes is similar. 
 
4. CONCLUSIONS 
 
Results of the present investigation have demonstrated that power ultrasound is able to increase 
fluidity of cement pastes. Viscometric measurements indicate that power ultrasound more affects the 
viscosity of cement pastes. This finding is in contrast to the effect of superplasticizer which is known 
to have a stronger impact on yield strength. Results of mini slump and viscometric measurements 
show that the increase in fluidity due to power ultrasound application is a temporary limited effect. 
Furthermore a certain water content of the suspension (w/c) is needed to achieve a maximum 
liquefying effect. During sonication of cement paste a degassing of air bubbles is observable. Results 
of air void analysis of fresh and hardened cement pastes verify that the air void content of sonicated 
cement pates is reduced. Also sedimentation experiments demonstrate that power ultrasound disperses 
cement particles. Both effects i.e. reduced air void content and dispersing effect are known effects of 
superplasticizers on cements pastes. Thus it can be stated that the liquefying effect of power 
ultrasound resembles the effect of superplasticizers. 
Furthermore a similarity to superplasticizers is that the dispersing / liquefying effect of power 
ultrasound is not generally occurring. Preliminary tests with various Portland cements have shown 
that the combination of superplasticizer and power ultrasound is a critical issue, i.e. in some cases the 
sonicated superplasticizer containing pastes were less fluid than the reference without sonication. 
Microstructural investigations on the cause of this effect are subject of on-going research.  
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Figure 7: Air void distribution in hardened cement 
paste (w/c = 0.4, 7 d hydration) without power 
ultrasound application 

Figure 8: Air void distribution in hardened cement 
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ultrasound application 
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Abstract 
The pyrometallurgical process (Waelz process) to which post-steelwork residues are subjected for zinc recovery 
produces an inert, eco-friendly slag mainly comprising iron oxide, lime, and silica. This by-product is used as a 
natural aggregate and filler in the construction industry. This work studies the inertization of this slag in the 
cement matrix and any alterations it may produce in the properties of the Portland cement to which it is added. 
The cement chosen for the study (CEM II / A-L 42,5 R) has had 3% of its lime filler replaced by the slag. We first 
determined the chemical, physical, and mechanical requirements for common cements in accordance with 
Spain's Instruction for Cement Acceptance RC-08: sulfate contents expressed as SO3, chloride contents, 
compressive strength at 2 and at 28 days, time of start and end of setting, and volume stability. In accordance 
with requirements for limiting chromium (VI) contents, as established by Order of the Ministry of the Presidency 
PRE/1954/2004, we analysed its contents as per the EN 196-10:2008 standard. In addition, we performed a 
series of non-mandatory quality-control tests on the cement, such as: grain size, the Blaine specific surface area, 
real density, loss on calcination, and additional compressive strength at 1, 7, and 56 days.  
In order to monitor the evolution of the microstructure, mineralogy, and inertization of the residue in the cement 
slurry, we analysed the samples by SEM and XRD at 1, 7, 14, and 28 days. Finally, whole and crushed cement 
specimens were subjected to leach assays at 28 days in accordance with standard 1311 of the U.S. 
Environmental Protection Agency. Leachate solutions of pH 4.9 and neutral pH were used to determine the 
amount of heavy-metal retention in the residue of the cement matrix. 
The results of this study demonstrate the technical feasibility of incorporating Waelz slag to CEM II / A-L 42,5 R 
cement as a viable alternative for re-use of these slags. 
 
Originality 
Current trends for industrial residues and by-products is to find novel techniques for their treatment and 
exploitation that not only comply with the goal of minimizing their toxicity, but also the goal of finding a use for 
them. Thereby, waste material can be reincorporated into the production cycle, with a resulting savings in costs 
for disposal, for raw materials, and a welcome decrease in environmental contamination.  
Within the topic of sustainable production, this team of scientists from the University of Sevilla presents a novel 
technique for the incorporation of zinc-recovery slags to Portland cement CEM II / A-L 42,5 R as a partial 
substitute for lime filler, with no disadvantages to the cement.  
 
Chief contributions 
The addition of 3% slag to these cements produces a cement that meets the chemical, physical, and mechanical 
requirements established in the Instruction for Cement Acceptance RC-08 currently in force in Spain and 
mandatory in compliance.  
The heavy metals from the residue are mechanically trapped in the cement matrix, with no leaching observed in 
the assays with neutral and acid pH. Consequently, the addition of this slag in the proportions tested is 
compatible with the legally established limits of the "Council Decision of 19 December 2002", which establishes 
the criteria and procedures for the admixture of residues in landfills in accordance with article 16 and appendix 
II of Directive 1999/31/CEE".  
 
Keywords: Waelz slag, inertization, addition, heavy metals,  cement matrix 
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1. Introduction 
 
Current trends for industrial residues and by-products is to find novel techniques for their treatment 
that not only comply with the goal of minimizing their toxicity, but also of finding a use for them. 
Waste material, for instance, can be reincorporated into the production cycle, with a resulting savings 
in costs for disposal and a welcome decrease in environmental contamination since many of these 
unwanted industrial materials contain heavy metals.  
In recent decades, in accordance with new sustainable development  policies, the cement industry has 
used various industrial by-products (mainly fly ash, silica fume, and slag from steel manufacturing) as 
active additives in commercial-grade cements. This practice primarily aims to combine environmental 
aspects inherent to clinker production (reduction of CO2 emissions and use of natural resources) with 
purely economic and market aspects (Horton, 2001). In addition, using additives has other scientific, 
engineering, and economic benefits such as improved compressive strength and durability in cements 
and the reduction of energy used in clinker production (Frías et al., 2005). 
Waelz slag derives from the recovery of zinc and lead from electric arc furnace steelworks dust 
through the Waelz pyrometallurgical process and the Double Leaching Waelz Oxide 
hydrometallurgical process (Fig. 2). Temperatures of 1200ºC in a furnace allow the necessary 
reactions for Zn and Pb to re-oxidize, forming Waelz oxide and a series of compounds such as Fe, 
CaO, and SiO2, which produce the inert non-ecotoxic slag (Befesa, 2008) used in this work (Fig. 1). 

  
             Figure 1: Waelz slag sample         Figure 2: Waelz  process flow diagram. (Befesa, 2010)   
 
There are two groups of Waelz slag, some silica rich and the others lime rich, depending on the 
composition of the furnace feed and its operating conditions as well as on the slag cooling process. 
This slag has good mechanical properties (the silica-rich ones being particularly stable), making it 
suitable for partially or completely substituting natural raw materials such as aggregates, additives, 
and so on used in making building materials or as fill in public works (Vega et al., 2008; Bae et al., 
2000). Along these lines, Sorlini et al. (2004) research the reuse of Waelz slag as an aggregate in 
making concrete, concluding that this by-product is feasible for use in making structural concrete. 
Environmental issues arising from heavy metals in pure Waelz slags were also considered (Bae et al., 
2000), finding significant differences according to the type of slag (silica or lime rich) and the pH of 
the leachate solution (acidic or aggressively alkaline). Other leaching tests carried out on concrete 
samples with a partial substitution of natural aggregate with Waelz slag after 28 days of curing (Sorlini 
et al., 2004) show that metal leaching is always lower than the limits allowed by Italian Decree 98/72. 
 
2. Type of cement, components, and proportions 
 
This research was undertaken in collaboration with the cement manufacturer Cebasa, using two 
cements they manufacture for Waelz slag addition: CEM II/A-L 42,5R and CEM I 52,5R. CEM II was 



chosen because it is the most popular type made by this manufacturer, and it also most easily allows 
the limestone additive to be partially replaced by Waelz slag. 
The components used in the CEM II/AL 42,5 R are: Portland clinker from China, micronized 
limestone from Estepa (Seville), gypsum supplied by Afimosa from Morón de la Frontera (Seville), 
and slag from the recovery of zinc and lead from steelworks electric arc furnace dust. 
It was decided that the amount of Waelz slag added to the cement should fall within the range intended 
for minor components, which for common cements is between 0% and 5% (RC-08). The percentage 
chosen was 3%, which partially replaces the limestone so as not to alter the corresponding percentage 
versus the clinker core and gypsum. The final proportions for the CEM II/AL 45.5R used as the 
control and the one incorporating the waste are shown in Table 1. 
 

Table 1: Composition of control cement and R1. 

NAME  CLINKER + GYPSUM LIMESTONE WAELZ SLAG 
Control CEM II/A-L 45,5R  77% + 5% = 82% 18% 0% 

R1 77% + 5% = 82% 15% 3% 
 
3. Methodology 
 
Major and minor chemical components of Portland clinker, gypsum, lime, and Waelz slag were 
analysed by X-ray fluorescence (XRF) using a Panalytical Axios spectrometer. The mineralogical 
composition of the raw materials and hydrated cement pastes (at 1, 7, 14, and 28 days) was established 
by X-ray diffraction (XRD) using a Bruker-AXS D8. The diffractograms were obtained using the 
powder technique, XRD patterns in the 2θ range of 3º to 70°. 
In the milling process, all the cement components are placed in a Los Angeles ball mill, Ibertest model 
IB40-430E/T, except the micronized limestone, which already has a suitable particle size. The 
components are then milled to ensure that between 91%–93% of cement particles, by volume, are 
45μm or smaller. Particle size was measured using a Malvern Mastersizer 2000 particle size analyser 
that determines the distribution of particle sizes within a sample. 
The chemical, physical, and mechanical requirements for common cements were determined in 
accordance with RC-08 and UNE-EN standards: sulfate contents expressed as SO3 (EN 196-2, 2006), 
chloride contents (UNE-EN 196-2, 2006), chromium (VI) contents (UNE-EN 196-10, 2008), 
compressive strength at 2 and at 28 days (UNE-EN 196-1, 2005), time of start and end of setting, and 
volume stability (UNE-EN 196-3, 2005). In addition, we performed a series of non-mandatory quality-
control tests on the cement, such as grain size, the Blaine specific surface area, real density, loss on 
calcination, and additional compressive strength at 1, 7, and 56 days.  
In order to monitor the evolution of the microstructure, besides XRD, we analysed the samples by 
SEM at 1, 7, 14, and 28 days, employing a Jeol JSM 6460-LV microscope equipped with an energy-
dispersive X-ray (EDX) microprobe, a beryllium ATW2 window, and specific software (Oxford 
INCA) for point semiquantitative chemical analyses. SEM images in both secondary electron mode 
(SE) and in back-scattered electron mode (BSE) were acquired using several gold-plated samples. 
Finally, whole and crushed (<2 mm) cement specimens of 1 cm3 aged 28 days were subjected to leach 
assays for 24 hours in accordance with standard 1311 of the U.S. Environmental Protection Agency. 
Leachate solutions of pH 4,9 (acidic aggression) and neutral pH at a 1:20 ratio (cement 
weight:leachate volume) were used to determine the amount of heavy-metal leached from the cement 
matrix by Inductively Coupled Plasma (ICP), using a Horiba Jovin Yvon 2000 device. 
 
4. Results 
 
4.1. Chemical composition 
 
The results for the chemical composition of the Portland clinker, gypsum, and micronized lime cement 
are shown in Table 2. It can be observed that this composition is within the typical ranges for each 



component. The Waelz slag (Table 3) is basically abundant in Fe and Ca, and is therefore classifiable 
as a lime-rich slag (Bae et al., 2000) due to its low silica contents. It should also be noted there are 
heavy metals such as Zn, Pb, Cr, Cu, and Ba, which are incorporated into the cement and whose 
inertization in the cementitious matrix is studied below. 
 

Table 2: Major and minor chemical components of clinker, gypsum and micronized lime  

 
Table 3: Major and minor chemical components (%) of Waelz slag 

 
4.2. Mineralogical  composition of components 
 
The diffractogram for the mineral composition of the Portland clinker reveals the major phases of 
tricalcium silicate (C3S), bicalcium silicate (C2S), tricalcium aluminate (C3A), and tetracalcium 
aluminoferrite (C4AF). Minor phases identified are portlandite (CH) and periclase (M). According to a 
quantitative analysis using the Rietveld method, provided by Cebasa, the contents are: C3S (57,77%), 
C2S (22,43%), C4AF (9,29%), C3A (8,64%), CH (1,46%), and M (0,41%).  
In the gypsum, the majority phase is calcium sulfate dihydrate, with the impurities calcite (CaCO3) and 
quartz (SiO2); in the micronized limestone additive, only the presence of calcite with a small 
magnesium replacement (Mg0.03Ca0.97CO3) has been detected. 
The Waelz slag mainly consists of wuestite (FeO) and larnite (Ca2SiO4), although there are also traces 
of magnetite (Fe3O4), zinc iron oxide, iron metal, lead oxide and mayenite (Ca12Al14O33). The 
mineralogy is quite similar to that of Waelz slag samples studied by other authors (Vega et al., 2008). 
    
4.3. Grain size and Blaine specific surface area  
 
To obtain a suitable distribution of particle size, based on Cebasa’s manufacturing experience, 91% to 
93% by volume of the cement particles must be 45μm or smaller. To achieve this percentage, both the 
Control and R1 were subjected to 3500 rotations in the ball mill. Table 4 shows the percentage by 
volume of particles larger than 45μm and the Blaine specific surface area obtained for both samples. 
 

Table 4: Percentage in volume of particles over 45μm and Blaine specific surface area of control and R1. 

SAMPLE % volumen > 45μm Blaine specific surface area (cm2/gr) 
Control 7,27 5.855 

R1 7,94 5.298 
 
4.4. Chemical, physical and mechanical  requirements 
 
The results obtained for the various chemical requirements are shown in Table 5. It was noted that 
both samples met the regulatory limits for SO3 and Cl- percentages, but exceeded them for chromium 
(VI) (permissible limit of 2 ppm). When this occurs, reductive additives are incorporated into the 
cement manufacturing process. In light of these data, keeping in mind that the Control itself surpassed 
the limit, we can deduce that the main source of chromium (VI) is the clinker itself, and not the waste, 
since (as can be seen in Table 3) it does not contain detectable quantities of chromium. 

SAMPLE SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 SO3 Cr Cl PC TOTAL
% % % % % % % % % % % ppm ppm % %

CLINKER 21,37 5,33 3,48 0,12 1,29 63,57 0,14 0,65 0,34 0,10 0,29 84 54 1,04 97,72
GYPSUM 5,28 1,44 0,59 0,01 2,45 35,78 0,04 0,34 0,06 0,02 43,09 17 42 6,31 95,42
LIME N.D. 0,05 N.D. 0,00 0,17 55,04 0,02 0,01 0,00 0,01 0,02 2 13 42,88 98,15

SAMPLE Fe2O3 CaO SiO2 ZnO MnO Al2O3 PbO SO3 MgO Cr2O3 CuO P2O5 Cl F BaO PC TOTAL
SLAG 51,30 23,16 6,26 4,40 4,16 2,02 2,00 1,88 1,13 0,86 0,57 0,29 0,29 0,23 0,12 0,35 100,00



Table 5:  Chemical requirements of control and R1 

SAMPLE % SO3 RC-08 % Cl- RC-08 Cr (VI) 
ppm 

Limits by decree 
pre/1954/2004 ppm 

% PC 
550ºC 

% PC 
975ºC 

Control 2,34 0,007 2,46 0,83 9,51 
R1 2,42 ≤ 4 0,032 ≤ 0,10 2,47 2 0,97 8,57 

    
As for the physical requirements, Table 6 shows that both cements comply with the set times 
prescribed by RC-08, although there has been a slight, unimportant slow-down for cement R1, 
probably due to the increased milling for the Control. For volume stability, once again it can be shown 
that both cements have expansion values below the limits indicated by the RC-08. Finally, the values 
for compressive strength at 2 and 28 days aging (Table 7) meet mandatory requirements. The 
incorporation of the Waelz slag has barely had any effect. 
 

Table 6:  Physical requirements of control and R1 

SAMPLE Start set 
 (min.) 

End set 
(min.) 

RC-08 
(min.) 

Expansion 
(mm) 

RC-08 
(mm) 

Real Density 
(g/cm3) 

Control 165 212 0,74 3,079 
R1 170 220 

≥ 60  
≤ 720 0,83 ≤ 10 3,079 

 
Table 7:  Mechanical requirements of control and R1 

   
4.5.  Mineralogical evolution of R1 
 
The mineralogical study of the evolution of cement R1 over time was performed by analysis of the 
diffractograms at the ages of 1, 7, 14, and 28 days (Fig. 2). Calcite deriving primarily from micronized 
limestone added to the clinker has been identified, and the anhydrous clinker phases disappear 
progressively as the cement ages, being transformed into the hydrated phases characteristic of cement: 
CH, ettringite (AFt), tobermorite (S-C-H), and hydrated calcium aluminate carbonate, by the action of 
environmental CO2. Some of these hydrated compounds, such as tobermorite, are not very crystalline, 
which makes their identification on the diagram more difficult. No phase corresponding to the addition 
of the Waelz slag has been identified, probably due to the low concentrations used. 

Figure 2: R1 diffractograms at 1d, 7d, 14d and 28d. 

  Compressive strength at different ages (N/mm2) RC-08 (N/mm2) SAMPLE 1d 2d 7d 28d 56d 2d 28d 
Control 15,3 25,9 38,6 49,5 53,9 

R1 15,5 24,7 38,6  49,6  54,6 ≥ 10  ≥ 42,5   
≤ 62,5 

00-041-0221 (*) - Calcium Aluminum Oxide Carbonate Hydroxide 

01-087-0493 (C) - Calcium Aluminum Hydroxide Carbonate Hydrat

00-013-0350 (D) - Ettringite - Ca6Al2(SO4)3(OH)12·26H2O

00-004-0733 (I) - Portlandite, syn - Ca(OH)2

01-074-0803 (C) - Iron Aluminum Calcium Oxide - Fe2O3Al2O3(C

00-002-0912 (D) - Calcium Aluminum Oxide - Ca5Al6O14/5CaO·3

00-001-1012 (D) - Calcium Silicate Oxide - beta-Ca2SiO4

01-073-0599 (C) - Calcium Silicate Oxide - Ca3(SiO4)O

00-033-0251 (*) - Calcium Aluminum Oxide - Ca3Al2O6

01-072-1652 (A) - Calcite - CaCO3
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4.6. Scanning electron microscopy of cement R1 
 
 Several specific chemical elements of the Waelz slag (Zn, Mn, Pb, Cu, and Ba) and their locations in 
the R1 cement matrix have been analysed using SEM in BSE mode; these analyses differentiated light 
zones containing heavy chemical elements and dark ones with lighter chemical elements (Fig. 3). 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: R1 SEM micrographs in BSE mode at 7d (A) and 28d (B), (C) EDAX spectrum of light particles 

The lighter particles seen in the image in Figure 3 (A and B), embedded within the cement matrix, 
correspond to the waste, since it mainly comprises Fe, Ca, Mn, Zn, and Cr (Fig. 3C). The Zn best 
identifies the waste particles since this element is present in trace amounts (88 ppm) in the Control, 
whereas in the Waelz slag  it occurs as 4,40% by mass, expressed as an oxide. Therefore, we can state 
that the waste particles become physically trapped within the cementitious matrix formed, with no 
visible scattering or diffusion of its components. 
 
4.7. Leaching 
 
The composition of leachates in the various test conditions (samples crushed and not crushed, control 
and R1, neutral and acid pH) (Fig. 4) indicate that the concentration of heavy metals analysed and 
included in the reference standard selected for analysis for the hazard level of these leachates (Council 
Decision of 19 December 2002) does not exceed established limits even in the most unfavourable 
situation with the crushed samples. These results are in agreement with those found by other authors 
for leaching from concretes with added Waelz slag (Sorlini et al., 2004). 

Figure 4: R1 Heavy-metal leaching graphs: (A) whole cement specimen and (B) crushed cement specimen. 

5. Conclusions 
 
The analysis of the results from the various tests and techniques outlined in this paper lead us to the 
following conclusions: 
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- Adding 3% Waelz slag produced by the recovery of zinc and lead from steelworks electric arc 
furnace dust to type CEMII/A-L 42,5R cement, in partial replacement of limestone filler, has resulted 
in a cement that meets the physical, mechanical, and chemical requirements established in the 
mandatory Instruction for Cement Acceptance currently in force. 
- Heavy metals from the waste are mechanically retained in the cementitious matrix, and they do not 
leach from it in the neutral and acid pH conditions tested, which could be interpreted as due to the 
existence of physico-chemical interactions between the metals and the amorphous matrix. Therefore, 
the addition of this waste in the amounts assayed is compatible with environmental requirements. 
- It is estimated that the addition of the Waelz slag in proportions higher than those tested is possible, 
up to least the 5% allowed by the RC-08, given its limited effect on the cement characteristics. 
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Abstract 

Celitement is a new family of cementitious binders, similar in mixing, setting and hardening to standardized cements 

based on OPC. However, its production on an industrial scale could save up to an estimated 50% CO2-emission and 

primary energy. It is based on a new class of amorphous hydraulic calcium hydrosilicates. Hardening proceeds through 

formation of Calcium Silicate Hydrate phases (C-S-H) comparable to those from OPC hydration. No other hydration 

products are necessarily formed. Suitable raw materials for the production of Celitement include carbonates, e.g. marl 

or limestone and a wide range of natural and secondary silicates e.g. natural sand, slags, glasses and fly ash. 

Carbonates are calcined before processing. The carbonate fraction in the raw material varies in the range from 30 to 

40% (OPC about 75%). In the most simple case quicklime and quartz sand are used; the use of hot meal from clinker 

production is also possible. About one half of the raw material, which includes all the calcined lime, is hydrothermally 

treated in an autoclave at temperatures around 200
o
C and saturated steam pressure. Calcium silicate hydrates are 

formed similar to the processing of autoclaved aerated concrete (AAC). 

In a second step the synthesised calcium silicate hydrates are mixed and milled together with the remaining siliceous 

materials. During milling hydrogen bonds, which stabilize the autoclaved products, are destroyed and new amorphous 

calcium hydrosilicates are formed around cores of non reactive co-milled silicates. 

Due to its simple phase content Celitement enables simple formulations. Compressive strength, freeze-thaw resistance 

and shrinkage resemble standardized cements. Since newly formed C-S-H-phases are the only hydration product of 

Celitement, the heat of hydration is strongly reduced. Capillary pores are quickly transformed to gel pores, which has 

been demonstrated by SEM and Hg-porosimetry. Calcination of limestone is the dominant endothermic step in cement 

production and responsible for the fast majority of CO2-emissions. Reduction in energy demand and CO2 emission 

mainly result from the strongly reduced carbonate content of the raw material. The necessary thermal treatment 

(calcination, 1000
o
C; hydrothermal processing, 200

o
C) takes place at comparatively low temperatures (OPC up to 

1450
o
C). In addition, only about half of the raw material is thermally processed at all. 

Celitement and the process for its production are proprietary inventions of the Karlsruhe Institute of Technology (KIT). 

The production capacity is 1 kg/day at the moment. At present a pilot plant is constructed with a production capacity of 

100 kg/d, which will be in operation in 2011, in collaboration with the SCHWENK group as industrial partner. In 2014 

a first plant is scheduled to enter commercial production.  

 

Originality 

The contribution presents for the first time hydraulic calcium hydrosilicates as one member of a new type of sustainable 

hydraulic binders. In order to produce the materials an innovative new concept of coupling a hydrothermal and a 

mechanical process has been developed. Composition range, processing intermediates and final product are presented. 

Energy and carbon footprint of the process are estimated. 

Important material properties of hydrated samples, e.g. standardized compressive strength, freeze-thaw resistance, 

PHASE COMPOSITION, MICROSTRUCTURE AND MECHANICAL PROPERTIES by Garbev, K. et al. describes the 

hydration process in detail. 

 

Chief contributions 

A new amorphous type of calcium hydrosilicate has been synthesized for the first time. It is hydraulic and hardens 

under formation of calcium silicate hydrates (C-S-H), similar to the ones from OPC hydration. No other hydrates, 

especially no portlandite, AFm and AFt are formed. Thus, compared to OPC, only roughly half the mass fraction of the 

new binder is needed to produce the same amount of C-S-H-“glue”. In order to keep the volume of the binder matrix 

constant, the new calcium hydrosilicates are diluted with non-reactive silicates. The concept results in an estimated 

reduction of 50% in energy consumption and CO2 emission in production. The product is similar to OPC in all its 

major qualities, except the development of porosity. The transformation of capillary porosity to gel porosity is much 

quicker than for OPC. For production, a new process has been developed, which comprises a hydrothermal and a 

milling step. Estimated production costs do not exceed conventional OPC manufacturing. 

 

Keywords: calcium hydrosilicate, C3S hydration, mechanical activation, novel binding materials 
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Introduction 
 

Calcium silicate hydrates (C-S-H) are the crucial “glue” in a wide variety of cement-based building 

materials. Ultimately, they are responsible for the strength development as well as for the resistance of 

dense concretes and mortars to attacking media. A high yield of calcium silicate hydrates is one 

necessary prerequisite for an excellent performance of calcium silicate based cements. 

 

The composition range for C-S-H from cement hydration has been controversially discussed. About 2 

kg of Ordinary Portland Cement paste (OPC) are needed to obtain one kilogram of C-S-H, if a molar 

CaO/SiO2 ratio of 1.7 is assumed for the freshly formed solid solution (Taylor, 1990). According to 

own investigations (Garbev et al., 2008a) however, the calcium-rich end member of the C-S-H solid 

solution series possesses a maximum CaO/SiO2 ratio of 1.25. The CaO/SiO2 ratios actually measured 

in concrete are attributed to the intercalation of Ca(OH)2 in the C-S-H. If the intercalated fraction of 

Ca(OH)2 is taken into account then even 2.5 kg OPC paste has to be hydrated to obtain 1 kg C-S-H. 

 

Besides the formation of C-S-H the other half of the cement is transformed during hydration into other 

products, such as calcium aluminate hydrates and calcium hydroxide. Compared to C-S-H these 

hydrates have a slight, or even very significant, lower mechanical strength. Their phase content is 

reduced in UHPC formulations (Korpa et al., 2009). They also have an adverse effect on the chemical 

resistance of a mortar or concrete to various ambient influences. Based on this observation we tried to 

prepare a durable and effective hydraulic binder based on calcium silicates alone that during hydration 

reacts as fully as possible to C-S-H. It follows from composition that such a binder system has to have 

a CaO/SiO2 ratio of smaller than 2. 

 

Reactive intermediate phase during early hydration of calcium silicates alite and belite 

 

Many investigations have been performed to clarify the initial reaction of calcium silicates with water 

(e.g. Taylor, 1990). Some investigators found hints for the initial formation of an intermediate  C-S-H 

phase with a quite small CaO/SiO2 ratio (e.g. Bellmann et al., 2010). This reactive initial product 

seemed to be a good candidate for a low calcium binder. We started experiments to synthesise such a 

material based on the assumption that the initial reactive product consists of small silicate units and 

silanol groups, which polymerize during further reaction according to the schematic equations (1-4): 

(1) Hydrolysis 4 Ca3SiO5 + 8 H2O → 2 Ca3[HSiO4]2 + 6 Ca(OH)2 (aq.) 

(2) Hydrolysis and condensation Ca3[HSiO4]2 + H2O → Ca2[H2Si2O7] + Ca(OH)2 (aq.) 

(3) Hydraulic reaction Ca3[HSiO4]2 + Ca2[H2Si2O7] + 8 H2O → 5 CaO.4 SiO2.10 H2O 

(4) Overall 4 Ca3SiO5 +17 H2O → 5 CaO.4SiO2.10 H2O + 7 Ca(OH)2 

The hypothetical, protonated and partially condensed, unstable calcium hydrosilicates from the partial 

reactions (1) and (2), namely Ca3[HSiO4]2 and Ca2[H2Si2O7], show a possible route how the calcium 

content of hydraulic binders can be lowered. Firstly, calcium can formally be exchanged for protons. 

Calcium is then replaced and simultaneously monohydrosilicates condense to, for example, 

dihydrosilicates. 

Preparation of hydraulic calcium hydrosilicates 

Structural elements of the proposed calcium hydrosilicates are known to exist in several phases in the 

system CaO-SiO2-H2O under ambient and hydrothermal conditions. Two sample structures where 
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selected for further experiments: -Ca2[HSiO4]OH ( -C2SH) and a nearly XRD-amorphous C-S-H 

phase with the idealized formula Ca5[HSi2O7]2.8 H2O (C1,25-S-H). Figure 1 gives a schematic overview 

how different samples were prepared. 

 

Figure 1: Material flow during preparation of Celitement-binders, mentioned in the text. 

-C2SH and C1,25-S-H were synthesized from Ca(OH)2 and quartz. The raw materials were finely 

ground and processed for 6h at 200
o
C ( -C2SH) and 190

o
C (C1,25-S-H) respectively under 

hydrothermal conditions in an autoclave. The product consisted of up to 90 mass % -C2SH or C1,25-S-

H respectively. Both phases do not show any hydraulic activity, when exposed to water under ambient 

conditions. 

 

The apparent stability especially of -C2SH against water is attributed to a strong system of hydrogen 

bonds in the structure (Marsh, 1994). In order to transform -C2SH and C1,25-S-H in a reactive state, 

structural disorder is necessary, especially in the system of hydrogen bonds. One route is to introduce 

crystal defects by thermal treatment. In both cases this approach was not successful. -C2SH loses its 

hydrosilicate units between 300
o
C and 500

o
C accompanied by dehydration and partial condensation. 

Although the resulting C2S polymorphs show hydraulic activity, they do not have any structural 

similarity to the proposed initial products of C3S hydration. On heating C1,25-S-H loses its structural 

water continuously until at around 800
o
 to 850

o
C wollastonite crystallises. No hydraulic activity was 

observed. 

 

Another way to introduce structural disorder is mechanical milling. Samples were made by milling 

together a calcium hydrosilicate with 50% by mass of quartz sand or blast furnace slag (bfs) 

respectively in a planetary ball mill, until a specific surface of about 2 m
2
/g (BET) was reached (fig. 

1). The resulting bulk compositions are given in figure 2: -C2SH calcium hydrosilicate was milled 

together with blast furnace slag (Composition 1) and quartz (Composition 2) respectively. In addition 

C1,25-S-H was co-milled with quartz-sand (Composition 3). 

 

Characterisation of the milled product: Celitement 

The product made from -C2SH and bfs was nearly amorphous. In X-ray powder patterns only a broad 

hump in the range between 4Å and 2,3Å and some very weak residual reflections of -C2SH are 

visible. An XRF – analysis of an example is given in Garbev et al. (2011). Both samples co-milled 
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with quartz sand show broadened quartz reflections, and besides an amorphous hump again very weak 

residual reflections of -C2SH or C1,25-S-H, respectively. The IR-spectra of the samples with -C2SH 

show a shift in the 1 OH(Si) of -C2SH from 2450 cm
-1

 and 2840 cm
-1

 to 2470 cm
-1

 and 2930 cm
-1

, 

respectively, which are characteristic for longer and weaker hydrogen bonds. Similar bands are present 

in the sample with C1,25-S-H too. Thus hydrogen bonds in the intermediate product are destroyed and 

reactive fragments are deposited in a heavily disordered state on the silicate surfaces of the 

interground raw material with partial condensation, as was proven by Trimethylsilylation (Beuchle et 

al., 2007a). Structures are completely changed. The actual “glue”, i.e. new hydraulic calcium 

hydrosilicate, forms on the surface of the interground not reactive cores. 

 

Hydration 

After mixing with water (water/solid ratio 0.5) all three samples react hydraulically and form a C-S-H 

phase similar to the one that originates from OPC hydration. No other phases are necessarily present. 

Calorimetric curves are given in figure 3. After wetting, a less marked induction period follows. The 

heat maximum occurs after 5 to 15 h. Compared to OPC the heat of hydration is generally lower. 

Details about the hydration reaction of calcium hydrogen based Celitement are given in Garbev et al. 

(2011). 

 

Samples of composition 1 were synthesized in amounts that made the preparation of standardized test 

possible. They yielded compressive strength of test mortars after 28 days hardening of up to 80 

N/mm
2
. No differences were found from standard cements in the shrinkage or in initial tests of the 

resistance to freeze-thaw cycles. The same applied to creep and shrinkage properties. In some 

properties mortars made with Celitement exhibited significantly higher potential. This was shown by 

initial tests, e.g. of chemical resistance (Stemmermann P. et al., 2010). The pore solution in Celitement 

mortar has a lower buffer capacity because of the low calcium content. On the other hand they possess 

an extremely low capillary pore content, which should make carbonation very difficult (Garbev et al. 

2011). In general calcium hydrosilicate based cements show a lower water need, due to the fact that 

they already contain some chemically bound water in the unreacted material. 

 

 
Figure 2 (left): Composition of various hydraulic binders in a projection on the system (CaO+MgO) – Al2O3 – 

(SiO2+H2O). The shaded area marked with Celitement represents the range of composition realised to date with 

the new process. Due to the preferred chemical binding of water to the silicate units in Celitements water and 

SiO2 are combined in the upper corner. The distance between grid lines amounts to 10 % by weight. Arabic 

numbers represent the following formulations mentioned in the article: (1): -C2SH co-milled with blast furnace 

slag; (2) -C2SH co-milled with quartz; (3) C1,25SH co-milled with quartz. 

Figure 3 (right): Heat evolution rate of (1): -C2SH co-milled with blast furnace slag; (2) -C2SH co-milled with 

quartz; (3) C1,25SH co-milled with quartz and (4) CEM I 42,5 R for comparison. 
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Properties of different Celitement binders can be controlled over wide ranges. This is possible in 

particular by varying the composition. So far various calcium hydrosilicates have been ground with a 

wide spectrum of different silicates or, alternatively, with quartz sand (Beuchle et al., 2007 a,b,c). 

Thus Celitement does not represent a single binder but rather an entire family of mineral binders based 

on calcium hydrosilicates. The range of compositions achieved so far is shown schematically in Fig. 2 

for the main oxides. The properties can also be influenced by the grinding conditions, the particle size 

distribution and the fineness. 

 

Celitement, as ground Portland cement clinker, can be used as a main constituent of a binder system. It 

can be blended with various secondary constituents like granulated blast furnace slag, fly ash, lime, 

gypsum, etc. and is compatible with conventional cements. Celitement contains only one hydraulically 

active phase and should therefore be easy to control with additives to establish good workability. This 

is confirmed by initial tests. A variation in colour extending to white products is possible, depending 

on the choice of starting materials. 

 

Enthalpy of formation 

 

To date Celitement has been produced in a laboratory plant, which allows for a throughput of 

approximately 1 kg per day. One fundamental parameter in order to estimate the suitability of a 

process for industrial production is its energy consumption. As the final limit for all technical 

optimization is the standard enthalpy of formation Hf
0
 from the raw materials, this quantity can be 

used as a first estimate for the efficiency potential. Based on Hf
0
 it is even possible to compare 

systems with such a different level of technological maturity as OPC and Celitement. The enthalpies 

of formation of Celitement in the system boundaries given in figure 1 and of ground Portland cement 

clinker are therefore directly compared in figure 4. 

 

  
Figure 4: left: Enthalpy of formation from the raw materials of ground OPC clinker, a high-lime (Compositions 

1 and 2) and a low lime Celitement (Composition 3). All three processes are dominated by the calcination of 

lime. The further reaction steps are exothermic. Right: CO2 emission per ton ground OPC clinker, high-lime 

(composition 1)   and low-lime variant (composition 3) of Celitement. 

 

One kilogram of lime-rich Celitement, which is produced by intergrinding Ca2[HSiO4]OH and 

quartz sand (50 mass % each, composition 2), is considered as an example. Hf
0
 of -Ca2[HSiO4]OH 

is not exactly known. Instead Hf
0
 of hillebrandite is used (Newman, 1956). As hillebrandite is the 

high temperature polymorph of C2SH, the enthalpy of formation of -Ca2[HSiO4]OH is marginally 

overestimated. Hf
0
 from the raw materials limestone and quartz calculates to about +555 kJ/kg or 

about one third of the Hf
0
 of Portland cement clinker from raw materials (see Fig. 4). For Celitement 

processed via C1,25SH from limestone and quartz Hf
0
 calculates to +294 kJ/kg. Hf

0
 of C1,25SH was 
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calculated from a mixture of C-S-H with jennite and tobermorite composition respectively using data 

from Lothenbach et al. (2008). However, the efficiency of the entire plant is also needed for estimating 

real energy consumptions. In Stemmermann et al. (2010) efficiencies were estimated using the 

efficiencies of plant components from comparable processes. For processing a Celitement rich in lime 

(compositions 1 or 2) an estimated total of 3150 kJ/kg primary energy is needed (which includes all 

thermal and electrical energy from grinding the raw materials to final grinding of the product). This 

value compares to +4360 kJ/kg primary energy for the production of fine milled OPC clinker. Energy 

demand is further reduced to an estimated 2170 kJ/kg for Celitement low in lime (composition 3). 

However, reliable values can only be obtained by measurements on actual plants. 

CO2 balance  

Based on energy calculations and suitable raw materials the physical release of CO2 in the atmosphere 

from the process was calculated for different compositions (see Fig. 4 right, Stemmermann et al., 

2010). No distinction was made for CO2 from renewable or non-renewable energy sources. 

 

CO2 emitted during production of lime-rich Celitement (composition 1) stems from the CO2 released 

during calcination of limestone (231 kg/t) and CO2 resulting from the use of energy (252 kg/t from 

fuels and electricity based on a german electricity mix). In total this calculates to 483 kg/t, which 

corresponds to about half (53%) of the emissions from clinker production. For low-lime Celitement 

(composition 3) the release of CO2 from limestone and in addition from electricity used for grinding is 

further reduced and totals up to 350 kg/t. 

 

Process development to the industrial scale 

Suitable raw materials for producing Celitement are available worldwide. The raw materials for the 

process taking place in the autoclave must contain CaO bound as hydrate or silicate and SiO2. Higher 

condensed silicates, such as feldspars and clays or glasses, can be used instead of quartz. The use of a 

wide range of secondary raw materials and recycled building materials, such as granulated blast 

furnace slag, fly ash and even old concrete as raw material components has been tested successfully on 

a laboratory scale. Old concrete in particular was used as a raw material for synthesizing calcium 

hydrosilicates (Stemmermann et al., 2005). In order to transform the intermediate product into a 

hydraulically active binder it is dried and interground with another, unreactive, raw material that 

contains SiO2, such as quartz sand, glass, feldspar, etc. 

 

Discontinuously operating hydrothermal plants are used on an industrial scale and in a slightly 

different design, e.g. for the production of autoclaved aerated concrete or sand-lime blocks. Thus 

plants that are suitable for producing Celitement are in principal available. 

 

The use of fine milled quartz in building products is a potential health hazard. Thus the preferred use 

of quartz is in the autoclave process. It is used in this paper for co-milling due to its simple 

composition, which inhibits side reactions. 

 

The technical properties of the binder produced during the reactive grinding can be varied over a wide 

range by suitable choice of the hydrothermal intermediate product and the interground quartz or 

silicate. The developments outlined are protected by three basic patents (Beuchle et al., 2007 a,b,c). 

Another patent has been awarded in the related field of binders that contain belite (Stemmermann et 

al., 2005). The “Celitement” trademark is also protected. 

 

4 Outlook  
Celitement GmbH was founded at the beginning of 2009. The partners are the KIT, four inventors and 

the Schwenk Group. The basic aim of the company is, alongside the development of the process and 

the product until it is ready for the market, to promote the marketing of protective rights to 
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“Celitement”. The binder should be available to the widest possible circle of users. Initial trial product 

samples will only be available after completion of a pilot plant. 

 

Celitement GmbH is currently building a pilot plant on the grounds of the Karlsruhe Institute of 

Technology to enable practical testing of the production process and of the application of the new 

building material. This plant will be able to provide up to 100 kg/d of the new binder. It will also help 

to develop and test all the key technologies, including the energy requirement and its environmental 

relevance, up to the stage where it is ready for practical applications. This includes the optimization 

and further development of the grinding and the underlying tribochemical process stages. 

 

The special potential of Celitement as a material and a technical product initially directs to demanding 

fields of application that at present are still dominated by high grade Portland cements. This includes 

special building materials, plaster, mortar and adhesive applications and other building products, such 

as for interior finishing and renovation work. The next step will be to investigate the market 

opportunities for application as a homogeneous mass material. The industrial partner Schwenk is 

planning to build a first reference plant at one of its production sites in 2014 when the basic material 

and technical principles for industrial production have been confirmed. 
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Surface chemistry of ground granulated blast furnace slag in cement pore 
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Abstract 
Ground granulated blast furnace slag produced in iron-making is an amorphous, vitreous material which is widely 
used in blended cements. Here, the surface chemistry of slag dispersed in water and synthetic cement pore solution was 
studied in absence and presence of anionic dispersants. Three different slag samples possessing different oxide 
compositions and two polycarboxylate dispersants based on methacrylic acid–co–ω-methoxy poly(ethylene glycol) 
methacrylate ester were investigated. When suspended in deionized water, all slag samples released different amounts 
of Ca2+, K+, Na+ and OH- ions, thus producing pore solutions possessing high pH values (12 - 12.6). This dissolution 
process lasts for approximately 2 h until equilibrium is achieved. 
Cement pore solution strongly impacts the surface charge and hence adsorption capability of the slags, as was 
evidenced by their electrokinetic properties. Zeta potential measurements of the slag suspensions revealed that when 
dispersed in alkaline solution, all slags initially possess a highly negative surface charge resulting from deprotonated 
silanol groups. The initially negatively charged slag adsorbs considerable amounts of Ca2+ ions on its surface until 
saturation is achieved. Through this mechanism, slag attains a layer of Ca2+ ions on its surface which results in a 
positive zeta potential. In cement pore solution where sulfate anions are present, the zeta potential becomes negative 
due to adsorption of sulfate ions onto the positively charged layer of calcium ions. Consequently, the surface charge of 
slags dispersed in cement pore solution is always negative. 
Polycarboxylate (PC) superplasticizers effectively disperse slag suspensions. The effect differs between slag samples, 
depending on their composition. Effectiveness is particularly strong for PCs possessing high anionic charge amount. 
Their dispersion mechanism is based on adsorption onto the positively charged layer of Ca2+ ions present on the 
surface of slag. Typically, Langmuir – type adsorption isotherms are observed for polycarboxylates. Adsorption of PC 
occurs through desorption of sulfate ions from the layer of adsorbed Ca2+ ions. This effect is commonly referred to as 
competitive adsorption. The study demonstrates that when blended into cement, slag is not inert to anionic 
superplasticizers. Instead, competition occurs between cement and slag for the dispersant.  
 
Originality 
Ground granulated blast furnace slag (GGBFS) belongs to the group of supplementary cementitious materials (SCMs) 
which are commonly blended with clinker to produce Portland composite cements (e.g. CEM II and CEM III). The 
interaction between superplasticizers and cement is generally well understood. However, the effects of superplasticizers 
on SCMs such as slag are less known. Most research studies on this topic focus on the interaction between 
superplasticizers and the entire system of blended cements including SCMs, but do not differentiate between the 
individual components which are present there. Therefore, in our study we focussed on slag as single component and 
determined the specific interaction between polycarboxylate and slag. 
First, the electrical surface charge developed by GGBFS when suspended in water was determined using a zeta 
potential instrument. Next, interaction between PC and GGBFS was studied by adsorption and zeta potential 
measurements performed in slag and cement pore solutions. Based on these results, a model for the electrochemical 
double layer existing on GGBFS surface in water and cement pore solution was developed. Finally, the relationship 
between the surface properties of slag and the dispersing performance obtained from the PCs is presented. 
 
Chief contributions 
Slag cements allow to build high strength and durable concrete structures similar to those achieved with ordinary 
Portland cement. However, the dosage of superplasticizer used in concrete mixtures containing slag cement or 
granulated blast furnace slag can vary significantly. The reason for this effect is not yet understood well. Most studies 
in this field ignored a potential interaction between superplasticizer and slag. They considered slag to be an inert 
material relative to superplasticizers.  
The results of this work demonstrate that strong interaction between PC and the surface of slag can occur, and that in 
blended cements, PC will interact with both Portland cement and slag. Consequently, slag is not inert towards PC, and 
higher or lower PC dosages compared to pure CEMI-based systems have to be considered when formulating concretes 
containing slag. The ratios of specific surface area and positive surface charge between cement and slag will determine 
the distribution of adsorbed PC polymer between those two components. 
 

Keywords: Slag, blended cements, polycarboxylate, adsorption, zeta potential. 
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1. Introduction 
 

Slag is a by-product obtained in iron making from iron ore, coke (carbon-rich fuel resulting from the 
burning of coal), and a flux (limestone or dolomite) (Moranville, 2004). At the end of the smelting 
process, lime will have combined with components present in the iron ore and coke, forming molten 
blast furnace slag floating on top of the liquid iron. The slag is then separated from the liquid metal 
and cooled. There are several different ways by which slag can be cooled, the most common being air-
cooling and water-cooling. This produces a glassy, granular product which is then dried and ground 
into a fine powder which is known as "ground granulated blast furnace slag" (GGBFS). Blast furnace 
slag consists essentially of silicates and alumosilicates of calcium and other bases (ACI committee 
1995). GGBFS is used as a supplementary cementitious material (SCM), either by premixing the slag 
with Portland cement clinker to produce a blended cement during the cement production process, or 
by adding the slag as a mineral admixture to concrete containing Portland cement (Lewis, 1981). Slag 
cements allow to build high strength and durable concrete structures similar to those achieved with 
ordinary Portland cement (OPC) (Osborne, 1999). 
Superplasticizers are used in the manufacture of concrete to improve its flow properties, and/or to 
reduce the water to cement ratio (w/c) in order to reach high strength and durability. The interaction 
between superplasticizers and cement is generally well understood (Yoshioka et al., 1997). However, 
the effects of superplasticizers on SCMs such as GGBFS are less known. Here, we report on the 
interaction between polycarboxylate-based superplasticizers (PCs) and GGBFS. First, the electrical 
surface charge developed by GGBFS suspended in water, CaCl2 solution and synthetic cement pore 
solution (SCPS) was determined using a zeta potential instrument. Next, interaction between PC and 
GGBFS was studied via both adsorption and zeta potential measurements. Based on these results, a 
model for the electrochemical double layer existing on GGBFS surface in cement pore solution was 
developed. Finally, the relationship between the surface properties of slag and the dispersing 
performance of the PCs is presented. 
 
2. Materials 
 

2.1. Ground granulated blast furnace slag samples 
 

Three GGBFS samples from different sources in Germany (slag # I from Schwenk cement company, 
Karlstadt, slag # II from Holcim’s Salzgitter plant, Salzgitter, and slag # III from Holcim’s Hansa 
Bremen plant, Bremen) were used in this study. Their physical properties are shown in Table 1. Their 
chemical compositions were published in previous work (Habbaba et al., 2010). 
 
2.2. Polycarboxylate samples 
 

Two methacrylic acid–co–ω–methoxy poly(ethylene glycol) (MPEG) methacrylate ester based 
superplasticizers denominated as 45PC1.5 and 45PC6 were synthesized by aqueous free radical 
polymerization for this work (Plank et al., 2008). Their general chemical structure is shown in Figure 
1, number 45 refers to the number of ethylene oxide units (nEO) present in the side chain of the PC 
comb polymers, whereas the number after PC refers to the molar ratio between methacrylic acid and 
MPEG methacrylate ester (1.5 or 6) Their molecular weights (Mw) were 196,300 g/mol for 45PC1.5 
and 222,300 g/mol for 45PC6 (GPC method). 
 
2.3. Synthetic cement pore solution 
 

In aqueous cement pastes, Ca2+ ions exist in the pore solution as a result of hydrolysis and dissolution 
of the calcium silicates (Moranville, 2004). Other ions such as K+, Na+ and SO4

2- are also present. The 
concentrations of these ions vary with w/c ratio and the type of cement used. In this work, an SCPS 
possessing an ion composition similar to that produced by OPC at a w/c ratio of 0.5 was used. Its ion 
contents were 0.4 g/L Ca2+, 7.1 g/L K+, 2.25 g/L Na+ and 8.29 g/L SO4

2- (Rechenberg et al., 1983). 
 



 
Table 1: Physical properties and w/s ratios of the 

GGBFS samples. 
 

 

 
Slag Property # I # II # III 

water/slag ratio  0.55   0.52 0.46 
SCPS/slag ratio 0.59   0.53 0.505 
d50 value [μm] 9.53 10.19 9.25 
Density [g/cm3] 2.86   2.91 2.91 
Specific surface area 
(Blaine) [cm2/g] 4,000 3,480 4,080 

Figure 1: Chemical structure of the 
synthesized polycarboxylate 
copolymers. 

 

2.4. Methods 
 

Rheological properties of slag samples dispersed in SCPS were determined using a ‘mini slump’ test 
according to DIN EN 1015. Water-to-slag and SCPS-to-slag ratios required to obtain a target slump 
flow of 18±0.5 cm were determined as shown in Table 1. According to those w/s ratios, the dosages of 
PCs required to obtain a target spread of 26±0.5 cm were determined using the ‘mini slump’ test. 
Zeta potential was measured using Model DT-1200 Electroacoustic Spectrometer (Dispersion 
Technology, Inc. NY, USA). The highly solids loaded suspensions used in this work require an 
electroacoustic instrument to obtain zeta potential values which are representative of the conditions in 
actual concrete (Dukhin et al., 1996). Zeta potential of the slurry was recorded as a function of 
polycarboxylate concentration. 
Anionic charge amount of the copolymers used was determined by polyelectrolyte titration using a 
particle charge detector PCD 03 pH (BTG Mütek GmbH, Herrsching, Germany). Details of this 
instrument have been described before (Plank et al., 2009a). The anionic charges were determined by 
titrating PC dissolved in slag pore solution (SPS) and in SCPS with cationic 
poly(diallyldimethylammonium chloride). 
The adsorbed amount of PC on slag surface was determined according to the depletion method. 
Consumption (depletion) of the copolymer from the liquid phase solely was the result of surface 
adsorption. No intercalation, coprecipitation or micellization of PC into slag hydrates had occurred. 
Those chemical interactions were observed for cement (Flatt et al., 2001; Plank et al., 2010). Different 
dosages of copolymer were added to the slag suspension. A High TOC II apparatus (Elementar, 
Hanau, Germany) was used to quantify organic carbon in filtrate samples. Adsorbed amount of PC is 
obtained by subtracting the concentration of PC found in the centrifugate from the initial PC 
concentration added to the slag paste. 
 
3. Results and Discussions 
 

3.1. Zeta potential of slag dispersed in water, CaCl2 solution and SCPS 
 

When dispersed in water, the initial surface charge of the GGBFS samples was found to be positive or 
negative, ranging from -20 mV for slag # III to an almost neutral value (+1 mV) for slag # II, and a 
positive one (+17 mV) for slag # I. The final surface charge mainly depends on the concentration of 
calcium ions released from the slag into the pore solution (Habbaba et al., 2010). 
To determine the sole effect of calcium ions on slag surface charge in the absence of sulfate ions, 
time-dependent zeta potential measurements were taken for all slag samples dispersed in a CaCl2 
solution containing 0.4 g/L Ca2+ (this value corresponds to the concentration of calcium ions present in 
cement pore solution). A significant effect of calcium ions was observed, compared to the aqueous 
system (Figure 2). All zeta potential values increased over time until a stable state was attained after 
approximately two hours. The final zeta potential values for slags # I, II and III were +32, +14 and +4 
mV respectively (Figure 2). 



When the slag samples were dispersed in sulfate containing SCPS, the initial zeta potential values 
decreased to negative values for all three samples (-5, -5.5 and -7 mV for slags # I, II and III 
respectively). This effect can be attributed to the adsorption of sulfate ions. Over time, the surface 
charges then decreased further and stabilized after ~ 3 h (Figure 2).  
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Figure 2: Time-dependent zeta potentials of slag samples dispersed in CaCl2 solution (left) and in SCPS (right); 
w/s ratios as in Table 1. 

 
3.2. Ion concentrations in slag pore solution and SCPS 
 

When slag was dispersed in water, its filtrate (which is called slag pore solution, SPS) contained 
dissolved Ca2+ ions at concentrations of 0.35, 0.2 and 0.1 mg/L for slags # I, II and III, respectively 
(Habbaba et al., 2010). These Ca2+ concentrations correlate well with the obtained zeta potential 
values: the higher the Ca2+ concentration, the more positive is the zeta potential of the slag sample. 
Hence, the positive surface charge is the result of adsorption of calcium ions dissolved from slag 
which then form a Ca2+ layer on the slag surface. 
When dispersed in SCPS, additional amounts of calcium ions adsorb on slag, thus increasing the 
density of the calcium layer on the slag surface further. This effect can be tracked by the depletion of 
Ca2+ ions from SCPS, and an increase of the positive surface charge of slag.  
Such consumption of Ca2+ ions from SCPS was observed when slags # I and II were dispersed in 
SCPS (Ca2+ concentration in SCPS decreased from 400 to 300 mg/L). The initial charge of the slag 
suspensions increased from +17 to +25 mV for slag # I, and from +1 to +10 mV in slag # II. Slag # III 
consumed about double the amount of Ca2+ (Ca2+ concentration in SCPS decreased to 150 mg/L). 
Accordingly, the initial surface charge of this slag increased by ~20 mV. 
Consumption of sulfate ions by slag dispersed in SCPS was determined by utilizing ion 
chromatography, ICS-2000 (Dionex, Sunnyvale, CA, USA). There, no consumption of SO4

2- ions 
from SCPS was observed (SO4

2- concentrations in SCPS before and after addition of slag # I were 8.29 
and 8.27 g/L, respectively). 
 
3.3. Anionic charge amount of polycarboxylate samples 
 

The dispersing power of PCs is generally correlated to their anionic charge amount, which is affected 
by the pH value and the presence of significant amounts of electrolytes (especially Ca2+). Table 2 
shows the anionic charge amounts of the PCs used in this study under different conditions. 
The anionic charge amounts of the PCs increase with increasing methacrylic acid content in the 
polymer (Plank et al., 2009a). Accordingly, the anionic charge amount of sample 45PC6 is 
considerably higher than that of 45PC1.5. It is also evident that in the filtrate from the aqueous 
suspension of slag # III (SPS # III) which contains the lowest concentration of Ca2+ ions, both 
polymers exhibit the highest anionic charge amount. 
 
3.4. Effect of PC on rheological properties of slag suspensions 
 

‘Mini slump’ tests according to DIN EN 1015 were utilized to investigate the rheological properties of 
slag suspensions in the presence of PCs. The dosages of superplasticizer required to obtain a target 



slump flow of 26±0.5 cm were determined. For slags dispersed in water, lower dosages of 45PC6 
(0.01 – 0.06 % bwos) were required to attain the same spread as when 45PC1.5 was used (0.06 – 0.11 
% bwos). This result is owed to the higher anionic charge amount of 45PC6. In case of slag samples 
dispersed in SCPS, similar dosages of 45PC6 were required to achieve the target spread. However, the 
dosages of 45PC1.5 were extremely high (0.65 – 0.8 % bwos). Obviously, 45PC1.5 which is a 
polycarboxylate typically used in ready-mix concrete is not a suitable dispersant for cementitious slag 
systems. To clarify the mechanism behind this effect, adsorption of 45PC1.5 and 45PC6 on slag was 
compared. 

 
Table 2: Anionic charge amount of PC samples measured in SPS and SCPS. 

 
Anionic charge amount of PC polymer  [μeq/g] Pore solution 45PC1.5 45PC6 

SCPS 175 1,200 
SPS # I* 298 1,235 
SPS # II* 306 1,261 
SPS # III* 460 1,437 

    * filtrates of aqueous slag suspensions (w/s ratios as in Table 1) 
 
3.5. Adsorption of PC on slag dispersed in water and SCPS 
 

First, adsorbed amounts of 45PC6 in both slag-water and slag-SCPS systems were measured using the 
TOC method. In both systems, the adsorbed amount of 45PC6 increases with dosage until it reaches a 
saturation point (Figure 3) which is lowest for slag # III and highest for slag # I. 
Apparently, the main difference between both slags dispersed in water and SCPS is the total adsorbed 
amount of polymer. The anionic charge amount of PC and the positive surface charge arising from 
adsorption of Ca2+ ions on slag are the two main parameters determining the amount of the copolymer 
adsorbed on slag. When slag # I is dispersed in water or SCPS the final surface charges of slag are 
comparable (~ +32 mV). Whereas, the anionic charge amount of this PC is lower in SCPS than in SPS 
(Table 2). This results in a lower adsorbed amount of 45PC6 on slag # I dispersed in SCPS, compared 
to that in SPS (1.8 versus 1.51 mg/g). For slag # II, due to different anionic charge amounts of 45PC6 
in each solution, PC adsorption should be lower in SCPS than in SPS. However, the higher adsorbed 
amount of calcium ions on the surface of slag # II in SCPS instigates a greater affinity for PC, thus 
resulting in similar amounts of PC adsorbed in both systems (~ 0.91 mg/g).  
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Figure 3: Adsorption isotherms for polycarboxylates 45PC6 (left) and 45PC1.5 (right) on the slag samples 
dispersed in SCPS. 

 
In general, the amounts of 45PC6 adsorbed on the slag samples dispersed in SCPS follow the order: 
Slag # I > II > III. This trend correlates well with the positive surface charge of the individual slag 
samples. In other words, the packing density of the layer of adsorbed Ca2+ ions determines the quantity 
of adsorbed polymer, which levels out at the point of saturation. 
Compared to 45PC6, adsorption of 45PC1.5 on slag was much lower (~ 0.45 mg/g at point of 
saturation) (Figure 3). Surprisingly, similar adsorbed amounts were found for all three slag samples. 



This instigates that adsorption of this type of PC mainly is driven by a gain in entropy, and not by 
electrostatic attraction forces (Plank et al., 2009b). This low adsorption explains why 45PC1.5 is not 
an effective dispersant for slag suspensions (section 3.4.). 
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Figure 4: The effect of polycarboxylate 45PC6 on the zeta potential of slag dispersed in water (left)  
and in SCPS (right). 

  
3.6. Effect of PC on zeta potential of slag suspensions 
 

For all slag pastes, a shift in zeta potential values towards the isoelectric point occurs when 45PC6 is 
added, thus confirming adsorption of the PC onto the slag surface (Figure 4). The more negative zeta 
potential values from slag # III in SPS in presence of PC is due to the lower adsorbed amount of PC. 
Generally, the shift in zeta potential instigated by adsorption of superplasticizer can be attributed to 
the steric effect of the polyethylene oxide (PEO) side chains present in the PC. They shift the shear 
plane of the zeta potential farther away from the slag surface. For 45PC6 which represents a comb 
polymer possessing very long side chains, the development of zeta potential in all three slag 
suspensions is illustrated in Figure 5.  
 

 
 

Figure 5: Schematic representation of the electrochemical double layer existing on the surface of slag dispersed 
in SCPS, illustrating the steric effect of the side chain of adsorbed 45PC6 polymer on the zeta potential value 

(size of ions/atoms not to scale). 
 
 

4. Conclusions 
 

When GGBFS is dispersed in cement pore solution, strong interaction occurs between the slag surface 
and the ions present in SCPS. The main effect comes from adsorption of calcium ions onto the slag 
surface. At high pH in SCPS, slag initially exhibits a negative surface charge owed to deprotonation of 
silanol groups. This negatively charged surface then adsorbs calcium ions present in SCPS, which 



originate from the dissolution of cement and slag itself. This way, a layer of Ca2+ is formed on the slag 
surface, rendering the surface positively charged. Over time, further deprotonation of silanol groups 
on the slag surface occurs, allowing adsorption of more calcium ions until a state of equilibrium is 
attained. 
When incorporated into concrete, different slags can give rise to varying workability. This is owed to 
the differences in the surface chemistry of the slag samples, which result from the different abilities of 
individual slags to adsorb calcium ions. 
When PCs are added to blended cements containing slag, competitive adsorption between the 
copolymer and sulfate ions for adsorption sites on the surface of slag occurs. The adsorbed amount of 
PC, and hence its dispersing effectiveness, mainly depends on the difference in anionic charge amount 
of the copolymer and sulfate. Here, 45PC6 is sufficiently anionic to prevent adsorption of sulfate ions 
on the slag surface. Contrary to this, 45PC1.5 which is much less anionic can not achieve this. Thus, 
45PC1.5 adsorbs insignificantly on the surface of slag. Consequently, very high dosages of this 
polymer are required to obtain high workability of concretes containing slag. 
The saturated adsorbed amounts found for 45PC6 on slag (0.75 – 1.51 mg/g) are comparable to those 
typical for Portland cement. Therefore, when PC is added to a concrete containing GGBFS, 
competitive adsorption of the superplasticizer between the surfaces of cement and slag will occur. In 
the equilibrium state, the relative adsorbed amounts of PC on each surface are determined by the 
relative values of the positive surface charge of the two components, and their respective surface 
areas. 
In general, the anionic charge amount of the superplasticizer and the packing density of Ca2+ ions on 
the slag surface are the main two parameters which impact PC adsorption on slag. This way, different 
saturated adsorbed amounts of PC can result. Consequently, the dosage of superplasticizer required to 
instigate high flowability in concrete mixtures containing slag can vary significantly. 
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Abstract 
In the ambit of the physical characterisation of cementitious materials, the rheology covers an important role. By the 
rheological approach is possible  evaluate the workability of complex systems constituted by cement, water, aggregates 
and admixtures. The workability is strictly linked to the development of the cement hydration process and to the 
different particle size distribution of the materials used. In this study a correlation between these parameters has been 
obtained optimizing a specific rheological method. Especially, the rheological parameters of cement pastes and mortars 
prepared with selected fillers (particles diameter up to 75 µm) and aggregates (particles diameter up to 4mm) different 
in terms of mineralogical composition have been determined by using the same rotational rheometer (Viskomat NT, 
Schleibinger Geräte). The adopted apparatus measures the torque (Nmm) of a paddle, with a specific geometry, dipped 
inside a rotating cup containing the sample. The rotational speed of the cup follows an imposed specific rate program 
with stationary steps. By a calibration process with standard oils, the calibration factors (K) for a square paddle, 
adopted with pastes and for an anchor paddle, adopted with mortars, have been determined. Appling the K parameters, 
the Plastic Viscosity values of the cement mixes have been calculated directly by a linear regression of the data 
obtained in terms of Torque (Nmm) vs Rate (rpm). At the same time, approximating the apparatus to a coaxial cylinder 
rheometer, the Yield Stress values have been measured. Finally the Marsh cone test on pastes and the slump test on 
mortars have been performed to complete the rheological characterisation. This experimental activity has put in 
evidence the important role covered by the cement-PCP interaction on the rheological properties of the considered 
cementitious systems.  
 
 
Originality 
This study shows that is possible characterise the rheological parameters of cement and mortars using the same 
rheological method. Thanks to this approach, the rheological characterisation of cementitious systems containing 
specific PCP superplasticizers, different in terms of chemical structure, have been studied in mixes with selected 
aggregates not only with a filler grain size distribution but also with a sand grain size distribution. By this way, 
chemical and physical aspects have been investigated at the same time. 
 
Chief contributions 
Starting from the experimental approach adopted in this study, the role of selected rheology modifiers can be analysed 
on cement pastes and mortars by the same method. Furthermore, considering a selected PCP admixture, the 
rheological influence of specific aggregates, with different texture, can be evaluated. From this point of view, increase 
the rheological characterisation of cementitious systems  identifying the key parameters function of the chemical and 
physical characteristics of its constituents (PCP structure, aggregate texture and shape etc.) lead to a better selection 
of the materials used in the ambit of a sustainable development.  
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Introduction 
 
The rheological properties of cementitious systems are affected by a large number of parameters 
including mainly the water binder ratio, the particle size distribution of the solids, the specific surface 
of the fines, the cement chemical composition and the texture and geometrical shape of the aggregates 
(M.Collepardi, 1971; S.Greszczyk et al.,1990). Furthermore the presence of specific classes of 
superplasticizer can change strongly the flowability of a cement mix affecting the cement hydration 
process (Yamada et al.; Puertas et al.). In the last years the comprehension of these important 
mechanisms and the parameters that change the rheology modifiers properties became crucial for the 
mix design and materials optimisation in the ambit of a sustainable development. Considering the 
impact of the aggregates on the rheology of cementitious mixes, Westerholm et al.(2007) have studied 
the rheological behaviour of pastes containing selected fines from manufactured aggregates, while 
Nehdi (2000) has demonstrated the strong interaction between limestones fillers different in terms of 
chemical composition (i.e. amount of MgO) and the polyacrylate admixtures. At the same time Vikan 
et al. (2007) studied different classes of admixtures and their interactions with the chemical-physical 
properties (i.e. Blaine, clinker phases) of selected Portland cements. The study here presented has been 
focused on the development of a useful rheological method to characterise cement pastes and mortars 
by the same rotational rheometer. Furthermore, as example of a possible application, the rheological 
interactions of two PolyCarboxylate Polyoxyethylene superplasticizers (PCP) have been investigated 
considering mixes composed by cements with a different alkali equivalent content (Na2Oeq) and 
limestones, composed mainly by calcite or dolomite, both as fillers (<75µm) and as aggregate 
(<4mm). Thanks to the Viskomat NT rotational rheometer, not only the rheological changes due to the 
chemical interactions but also the possible rheological effects obtained by the presence of crushed 
limestone aggregates have been investigated. After the calibration of the apparatus for each adopted 
paddle, square for pastes and anchor for mortars, the Plastic Viscosity values of the selected mixes 
have been evaluated. On the contrary, the Yield stress values have been determined approximating the 
Viskomat to a coaxial cylinder rheometer. Finally, Marsh funnel tests on pastes and slump tests, with a 
modified mini-cone, on mortars have been carried out to measure the cementitious system flowability.  
 
Rheological approach 
 
In this study the rheological characterisation of cement pastes and mortars has been performed 
assuming  the Bingham equation (eq.1) adopted for non-Newtonian fluids: 

•
⋅+= γηττ 0                                                                                                                             (1) 

Where: τ is the Shear Stress [Pa] , 
•
γ  is the Shear Rate [s-1] and η is the Plastic Viscosity [Pa s]. 

The used apparatus was the rotational rheometer Viskomat NT (by Schleibinger Geräte) assembled 
with a square paddle for pastes and with an anchor paddle for mortars (fig.1a,b and tab.1).  The anchor 
geometry was adopted to avoid sedimentation due to the presence of grains up to 4mm. The 
instrument measures directly the torque [Nmm] of a paddle with a specific geometry, dipped inside a 
rotating cup containing the cement mix. The rotational speed of the cup [rpm] follows an imposed rate 
program with stationary steps. After the first step at 100rpm need to break the initial gel formation 
(pre-shear), the rate goes to 20rpm down. Each of the seven next rate levels takes 2min in order to 
guarantee the stabilisation of the torque measurement. As preliminary step, the apparatus has been 
calibrated using three standard oils (i.e 1000cS, 5000cS, 12500cS) with viscosities close to the 
measurement range of the rheometer. For square and anchor paddle, it has been determined the 
calibration factors (koil) for the three oils. Their average value represents the Instrument Calibration 
Factor (K) specific for each geometry, in particular defined as Ksquare 5,97 [Pa s rpm/N mm] for square 
paddle and Kanchor 26,21[Pa s rpm/N mm] for anchor paddle. By this way, the Plastic Viscosity values 



of cement pastes and mortars have been determined directly by a linear regression of the data obtained 
in terms of torque [Nmm] vs rate [rpm] adopting the eq. 2: 

slopeK ⋅=η                                                                                                                   (2) 

Where: η=Plastic Viscosity [Pa s] ; K=Instrument Calibration Factor [Pa s rpm/N mm]. 
Moreover, the reduction of the Viskomat NT apparatus to a coaxial cylinders rheometer with a high 
gap size led to determine the Yield stress [Pa] values of the considered mixes. Assuming as external 
radius (R2) of the hypothetical external coaxial cylinder the radius of the rotational cup of the 
Viskomat, it has been possible to define the Internal Radius (R1) as follow: 
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Where: L = Height of the submerged paddle [m]; K = Instrument Calibration Factor [Pa s rpm/N mm]. 
Considering R1 and R2 values, the Shear Stress [Pa] (eq.4) and  Shear Rate [s-1] (eq.5) can be defined 
as: 
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Where: M = Torque [Nm]; L  = Height of the submerged paddle [m]; Ω = rate [rad/s]. 
By the interpolation of the experimental data considered only for high rotational rates (fig.1c), the 
Yield Stress values [Pa] have been measured.   
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Figure 1: Images of a) the Viskomat NT; b) square, anchor paddles and cup; c) shear stress vs shear rate diagram 
 

Table 1: Paddles and cup dimensions [mm] 

 Anchor paddle  Square paddle  Cup 

Height [mm] 40 60 70 (filling level) 

Width [mm] 72 62 83 (internal diameter) 

 
Materials 
 
Two Italcementi CEM I 52,5R  from Bussac (France) and Samatzai (Italy) respectively with a low 
(0,3%) and high (1,07%) alkali equivalent content (Na2Oeq) have been selected. Two commercial 



Italian limestone fillers have been supplied and chemically characterized by means of the X-ray 
diffraction (XRD). Limestone “C” results composed mainly by Calcite (CaCO3) (99,08%) while 
Limestone “D” by Dolomite (CaMg(CO3)2) (99,09%). In order to have a granular size distribution 
close to cement powder, limestones fillers have been laboratory sieved under 75 microns. Their 
particle size distribution analysis has been obtained by means of the laser analyser Sympatec HELOS 
equipped with a dry dispersing system (RODOS unit). The grain size distribution of the aggregates 
used for the mortar preparation has been adjusted combining in specific proportions different fractions 
of each limestone in order to have a similar fuse with the same maximum particles diameter (about 
4mm). The grain size distribution has been determined by means of the HAVER CPA 3-2 particle 
analyzer. Two laboratory acrylic PCP superplasticizers were used. Considering their chemical 
structure they are characterized by the same side chain length and backbone length but different 
grafting ratio. The PCP identified as “L” has lower grafting ratio while the PCP identified as “H” has a 
higher grafting ratio. 
 
Methods 
 
Pastes with a constant water to cement ratio (w/c:0,4) have been prepared using a Hobart planetary 
mixer. After weighting cement and filler, added in the percentage of 25%, the deionised water with the 
admixture in the percentage of 0,1% (w/w of cement) was added during the first 30 sec of mixing 
(140rpm). At the end of 3 min, the mixing at 140rpm was stopped. Tests with the Marsh funnel were 
conducted at different times after mixing (15’,30’,45’,60’) while with Viskomat  both just after mixing 
and after 60min at rest. By the Marsh funnel test an estimation of the paste flowability has been 
conducted measuring the time [sec] of a cement paste volume needed to flow trough a specific cone 
nozzle (Φ=10mm). Mortars with a constant water to cement ratio (w/c:0,44) and with a fixed 
aggregate to cement ratio (a/c:2) were prepared in a Hobart planetary mixer mixing cement and the 
pre-wetted aggregate for 30sec at 140rpm to homogenize the system. Water with the admixture (0,1% 
w/w of cement ) was added in 30sec with a rotational rate of 140rpm and mixed for further 30sec. 
After 1min and 30sec at rest, the rotational rate was fixed at 250rpm for 1min. Test with Viskomat 
have been performed both just after mixing and after 60min at rest. Spread tests have been conducted 
using a modified mini-cone (Φmax=100mm, Φmin=50mm, h=150mm) smaller than Abram’s cone at 
different times after mixing (15’,30’,45’,60’). All the tests have been conducted at 20 ±1,5°C. 
 
Results and Discussion  
 
The results obtained on pastes by means of the rheometer in terms of Plastic Viscosity [Pa s] and 
Yield stress [Pa] are collected in table 2 and shown figure 2 and 3. In figure 4 are shown the 
flowability curves obtained by the Marsh funnel test. 
 

Table 2: P. Viscosity [Pa s]  and Yield stress values [Pa] on pastes at t=0min and at t=60min 

MIX P. Viscosity [Pa s] Yield Stress [Pa] 

 H 
t=0min 

H 
t=60min 

L 
t=0min 

L 
t=60min 

H 
t=0min 

H 
t=60min 

L 
t=0min 

L 
t=60min 

Bu+C 1.1 1 / / 11 77 / / 

Bu+D 0.6 0.4 0.1 0.6 1 19 9 54 

Sa+C 1.4 2.6 0.2 1.3 133 97 18 48 

Sa+D 0.8 1.6 0.3 0.8 103 69 14 36 

 
Comparing the P.Viscosity data obtained just after mixing (t=0min) and after 60min at rest, it seems 
that with the PCP “L” there is an increasing of the viscosity values for all the considered pastes while 



with the PCP “H” this it is evident only in presence of the high alkali cement (Sa) especially with the 
Calcite filler. The mix composed by PCP “L”, low alkali cement and Calcite limestone (Bu+C) both at 
t=0min and at t=60min shows a rheological behaviour not associable to the Bingham equation. In 
terms of Yield stress (fig.3) the highest values have been obtained just after mixing in presence of PCP 
“H” and the high alkali cement (Sa+C, Sa+D). From the Marsh funnel evaluation (fig.4), it arised that 
in presence of the PCP “H” it has been possible perform tests only with the low alkali cement (Bu). 
Here, an evident decreasing of the workability has been monitored up to 60min especially in presence 
of Calcite filler. Pastes with high alkali cement (Sa) presented a dramatic lower flowability.  On the 
contrary, in presence of the PCP “L” it was possible carried out the Marsh cone tests for all the 
considered mixes. Higher flowability times have been measured in presence of the low alkali cement 
(Bu). From the data it seems that the different rheological behaviour is more affected by the cement-
PCP interaction than by the composition of limestone fillers. 
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Figure 2: P. Viscosity values on pastes (w/c 0,4- PCP 0,1%) at t=0min and t=60min 

Bu+C Bu+D Sa+C Sa+D

L

H0

20

40

60

80

100

120

140

Y
ie

ld
 s

tr
es

s 
[P

a]

t=0min

L H

Bu+C Bu+D Sa+C
Sa+D

L

H0

20

40

60

80

100

120

140

Y
ie

ld
 s

tr
es

s[
P

a]

t=60min
L H

Figure 3: Yield stress values on pastes (w/c 0,4- PCP 0,1%) at t=0min and t=60min 
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Figure 4: Marsh cone test in presence of the admixture “H” and “L” 



The mortar characterisation has been conducted on the same mixes both by Viskomat adapted with the 
anchor paddle (tab.3, fig.5,6) and by spread tests with the mini-cone (fig.7). Considering the obtained 
data by the rheometer just after mixing (t=0min), mortars with admixture “L” show lower P. Viscosity 
values irrespective of cement and limestone composition. The worst behaviour just after mixing has 
been obtained in presence of the admixture “H”. In presence of high alkali cement (Sa) it was not 
possible determine the viscosity values due to a rheological behaviour non associable to the Bingham 
equation. After 60min at rest, an increasing of the viscosity values is evident for both of the PCP used. 
Even if the PCP “L” led to an increase of the Yield values especially just after mixing, the highest 
value has been measured with admixture “H” in presence of Bussac cement and Calcite limestone 
after 60min at rest.  
 

Table 3: P. Viscosity [Pa s]  and Yield stress values [Pa] on mortars at t=0min and at t=60min 

MIX P. Viscosity [Pa s] Yield Stress [Pa] 

 H 
t=0min 

H 
t=60min 

L 
t=0min 

L 
t=60min 

H 
t=0min 

H 
t=60min 

L 
t=0min 

L 
t=60min 

Bu+C 11.4 17.8 2.9 9.5 124 350 93 170 

Bu+D 7.9 6.6 4.5 12.9 49 223 129 170 

Sa+C / 11.6 5.3 8.7 / 207 146 215 

Sa+D / 9.1 2.6 5.6 / 137 120 145 
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Figure 5: P. Viscosity values on mortars (w/c 0,44-PCP 0,1%)at t=0min and t=60min 
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Figure 6: Yield stress values on mortars (w/c 0,44-PCP 0,1%)at t=0min and t=60min 
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Figure 7: Spread test in presence of the admixture “H” and “L” 

Considering the spread tests (fig.7) it seems that the admixture “H” increases the workability up to 
15min only in presence of the low alkali cement (Bu). The other mixes show a workability quite 
constant but lower. In presence of the PCP “L” it is evident a general decreasing of the mortars 
workability quite less evident in mortars with the Dolomite aggregate. The cement-PCP interactions 
seems the key parameter that affects mainly the rheology of these mortar systems. 

Conclusions 
 
This preliminary study has been focused on the development of the same rheological method by 
means of the Viskomat rotational rheometer to characterise cementitious systems both on pastes and 
on mortars. The rheological interactions of two PCP superplasticizers different in terms of grafting 
ratio have been analysed considering mixes in presence of cements with an high and low alkali 
equivalent content and calcite and dolomite limestones with a grain size respectively up to 75µm and 
4mm. Marsh funnel tests and spread tests with a modified mini-cone have been carried out to complete 
the rheological study. From this characterization, it seems that the considered PCP improves the 
rheology of cementitious mixes especially in presence of the low alkali cement. In particular while 
PCP “H” improves the workability only 15min after mixing, PCP “L” interacts better just after 
mixing. The cement-PCP interactions seems the key parameter that mainly affect the rheological 
behaviour of the considered cementitious systems both on pastes and on mortars.  
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Abstract
A case study presenting considerable degradation of a reinforced concrete industrial building, constructed at Porto
Marghera (Venice, North-Eastern Italy) in 1969, is here described. During the last fifty years the Porto Marghera area
suffered from severe atmospheric pollution, with relevant emissions of sulphur and nitrogen pollutants, related to the
industrial activities. Moreover, the site was affected by intense phosphate and ammonia soil pollution, related to the
production of superphosphate and ammonium phosphate bearing fertilizers in the industrial plant.
Concrete in the structure shows a remarkable lack of coherence with intense superficial exfoliation, up to several
centimetres thick. Superficial black crusts are uniformly distributed, whereas in the lower portions of the structure in
close contact with the soil the cement matrix below the cortical layer shows an anomalous yellowish colour. In these
portions the conglomerate is highly incoherent and the binder is subjected to pulverization. The reinforcement bars are
also deeply altered, showing severe oxidation and in some cases complete loss of shape.
A selection of altered concrete samples was analyzed through a profile multi-analytical approach consisting of a
combination of optical microscopy, X-ray powder diffraction, and scanning electron microscopy coupled with EDS
analysis, with the aim of characterizing the secondary phases formed and modelling the alteration processes.
Moreover, the dehydration behaviour of the secondary phases was investigated on synthesized and thermally treated
specimens through Rietveld refinement. Furthermore, sequence of reactions, environmental conditions, and stability of
secondary mineral phases were studied and modelled using PHREEQC2 software through a thermodynamic approach,
taking into account several chemical-physical variables, such as pH and chemical composition.
The results suggest severe decalcification of the cement matrix and formation of secondary sulphates and phosphates
according to a marked mineralogical and textural zoning: I) gypsum, bassanite and anhydrite in the superficial
efflorescence; II) monetite in the superficial crusts; III) gypsum-brushite solid solution and ardealite in the external
strata; IV) octacalcium phosphate and struvite in the intermediate layers; V) apatite and struvite in the inner altered
portions. The heterogeneous microstructural development of secondary phases was interpreted taking into account the
different source of sulphate and phosphate pollutants, from atmospheric aerosols and through capillarity transport
from the soil, respectively. Moreover, the permanence of apatite acidic precursors in the external strata suggests that
these portions were exposed to high acidity conditions, related to sulphuric acid formation in the pore water after
reaction with sulphur dioxide.

Originality
The originality of this contribution lies both on the unusual topic of the case study and the adopted analytical approach.
The alteration dynamics of a combined sulphate-phosphate attack, related to different environmental pollution types,
are interpreted in terms of thermodynamic and kinetic factors. A novel combined approach was adopted and the results
of profile-based microstructural, microchemical and diffractometric analyses on altered materials were integrated with
those obtained by thermodynamic modelling of the secondary phases, in order to model theoretically the alteration
dynamics.

Chief contributions
This research provides an important contribution to the study of the alteration dynamics of reinforced concrete
structures in polluted environments, demonstrating how the synergic action of multiple degrading agents can influence
the conservation state of the cementitious materials. The reactivity of hydrous cement phases in presence of pollutant
species is the main cause for the deterioration of reinforced concrete buildings in industrial areas. Understanding the
degradation dynamics driven by the combined action of multi-pollutants is necessary to map the status of existing
structures, to plan restoration, and to constrain concrete mix-design.

Keywords: Sulphate attack, Secondary phosphates, Environmental pollution, Profile analysis, Thermodynamic
modelling
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Introduction

The alteration of concrete structural elements due to the action of external chemical degrading agents
is one of the main causes for the reduction of the service life of modern structures. These dynamics are
particularly aggressive in environments characterized by heavy soil and atmospheric pollution, leading
to a progressive decalcification of the cementitious matrix and oxidation of the reinforcing rods
(Tulliani et al., 2002; Marinoni et al., 2003). Amongst the various forms of concrete chemical
degrade, the external sulphate attack has been widely studied over the last two decades (Skalny et al.,
2001; Neville, 2004).
Yet, there are few literature references regarding phosphate attack in cementitious materials. Some
authors refer to limited concrete decalcification under the action of phosphoric acid (Neville and
Brooks, 1990). In addition, an experimental and modelling study on concrete samples in contact with
phosphate-rich solutions was carried out in order to assess potential phosphate ion–concrete
interactions (Naus et. al., 2006). Although the formation of hydroxylapatite after portlandite resulted
to be thermodynamically favoured, the authors did not find any experimental evidence of
hydroxylapatite crystallisation, mainly due to unfavourable kinetic factors. In any case, both the
interaction between phosphates and concrete in systems far from equilibrium and characterized by
local pH and chemical concentration gradients, and the interaction between phosphate attack and other
forms of concrete chemical degrade, have never been evaluated.
The concrete studied in the present work were sampled from one of the Ex-Agrimont industrial facility
structures (building C3), built in 1969 near the coastline at Porto Marghera (Venice, north-eastern
Italy). The industrial plant used to produce phosphate- and ammonia-based fertilizers through wet
process method (Moudgil, 2010). The industrial facility closed in 1997. Given the bad conservation
state of the structure due to the heavy pollution in the last decades, the building was investigated in
order to determine the possible interaction between phosphates and concrete, the correct sequences of
secondary phases crystallization and to model the evolution of the degrade also through a
thermodynamic approach.

Conservation state of the structure and environmental setting of the area

The building is constituted by 22 concrete arches, enclosed by a 2 meters high wall. The conservation
state of the structure is very bad, as all concrete elements are covered by superficial incoherent black
crusts. Moreover, up to a height of 2 meters the reinforced concrete is highly exfoliated, the
cementitious matrix is almost totally decalcified and substituted by an incoherent white-yellowish
material covered with globular superficial concretions, and reinforcing rods are totally oxidized.
As for the environmental setting, the Porto Marghera industrial area suffered from heavy atmospheric
pollution during the 20th century, due to uncontrolled emissions from chemical industries and oil
refineries. A monitoring campaign performed by the Regional Association for the Environmental
Protection (ARPA) between 1998 and 2004 indicated particularly severe pollution especially from
sulphates and nitrates (table 1). Moreover, the Ex-Agrimont area was interested by intense soil
pollution due to the leakage of process water from the industrial plant, whose typical concentration
profile, expressed in mg/l, is: Ca2+: 538; Mg2+: 223; Na+: 2260; K+; 210; Fe3+: 59; Mn2+: 15; Cl-: 140;
F-: 4120; SO4

2-: 6200; PO4
2-: 6600; NH4

+: 1240, and pH values spread from 2.1 to 6.5 according to the
degree of alkalinisation of the solution (Moudgil, 2010). The fluids in solution with saltwater saturated
the concrete pore network through capillarity.

Table 1: Porto Marghera industrial area, environmental multipollutant emissions (Tomiato and Zanardini, 2005).

Pollutant / Year (tons/year) 1998 1999 2000 2001 2002 2003 2004

SOx 19376 16468 21475 21498 21126 21238 21879
NOx 14433 12711 15340 13968 13950 14536 14421
CO 1969 1328 1472 867 722 845 802



Materials and methods

A selection of altered concrete samples was collected from different structural elements of the
building below 2 meters of height, where the superficial scaling is more pervasive. Sampling was
carried out after preliminary rebound hammer tests and, since coring was unsuccessful due to the
extensive lack of coherence of the materials, samples were mechanically separated from the substrate
with a metal chisel and superficial concretions were collected with a scalpel. The stratigraphic
heterogeneity of the samples is evident in cross section (Figure 1): superficial concretions cover a
black crust, and the cementitious matrix in the core is thoroughly replaced by a white-yellowish
material. Rebars are totally oxidized and the surrounding matrix is permeated by iron hydroxide. Only
limited portions of the concrete are still unaltered.

Figure 1: Textural aspect of the materials in cross section.

Samples were dry disaggregated and sieved, and explorative bulk X-ray powder diffraction (XRPD)
analyses were performed on fraction under 63 μm , using a PANalytical X’Pert PRO diffractometer in
Bragg-Brentano geometry equipped with a Cu X-ray tube operating at 40 kV and 40 mA (CuKa
radiation), and an X’Celerator detector. A series of localized profile micro-samplings were performed
on the altered paste using a Micromill® sampling device, following paths parallel to the external
surface with a spacing of 100 μm, and the resulting powders were analysed by XRPD on a SiC zero-
background, because of the low quantities of drilled material. Moreover, profile microchemical and
microstructural analyses were performed on both thin sections and massive samples using a Camscan
MX 2500 scanning electron microscope (SEM), equipped with a LaB6 electron source and an energy
dispersive detector (EDS). Chemical maps were processed by an image analysis procedure (Stutzman,
2004), in order to obtain quantitative mineralogical maps. To integrate the results of the profile XRPD
analyses, a gypsum-brushite solid solution was synthesized and thermally treated, and both the
untreated and treated compounds were mineralogically characterized through Rietveld refinement
using MAUD software. Finally, according to the analytical and literature data, a thermodynamic
model of alteration processes was realized with PHREEQC (release 2.15.0), a freeware software
package designed to perform low-temperature aqueous geochemical calculations (Parkhurst and
Appelo, 1999). Predominance and mineral stability diagrams according to pH and concentration of
reactants were calculated.

Results

The bulk XRPD patterns show the reflexes of secondary sulphate and phosphate phases. The
mineralogical profile is given by gypsum and low crystalline hydroxylapatite (HAP), associated with
brushite (Ca(HPO4)·2(H2O), DCPD), octacalcium phosphate (Ca8(HPO4)2(PO4)4·5(H2O), OCP),
ardealite (Ca2(SO4)(HPO4)·4(H2O)) and struvite ((NH4)MgPO4·6(H2O)). The absence of portlandite
peaks testifies the almost total decalcification of the cementitious matrix, while the presence of
ardealite suggests the occurrence of gypsum and DCPD in solid solution (Pinto et al., 2008).



The profile diffraction analyses show a marked mineralogical zoning: the superficial concretions
(Figure 2a) are constituted mainly by gypsum, associated with anhydrite and bassanite and rare
ardealite, whereas the superficial crust (Figure 2b) by monetite (Ca(HPO4), DCPA) and traces of OCP,
gypsum and DCPD. The external layer under the superficial crust (Figure 2c, d) shows a sudden
decrease in the amount of monetite, associated with an increasing concentration in gypsum, DCPD
and ardealite, and less markedly in OCP and HAP. Moving towards the core of the samples (Figure
2e), an almost total disappearance of gypsum and DCPD is observed, associated with a marked
increase in the content of OCP. Towards the core (Figure 2f), OCP is completely replaced by HAP,
the only Ca-containing phase. Inner portions contain also struvite and dittmarite ((NH4)MgPO4·(H2O))
(Figure 2e, f). The HAP crystallinity, evaluated through the full width at half maximum (FWHM) of
[002] planes diffraction peak, decreases from the external portions to the cores.

Figure 2: Diffraction patterns of altered matrix at different depths. a) surface; b) 100 µm; c) 200 µm; d) 1000
µm; e) 3000 µm; f) 10000 µm

Better to understand the occurrence of Ca-sulphates and monetite in the outer portions, a study on the
dehydration behaviour of gypsum-DCPD solid solution was performed. For the purpose, an aqueous
solution of calcium chloride was added to an aqueous solution of potassium sulphate and potassium
hydrogen phosphate, at 25° C and pH 4, obtaining a compound characterized by XRPD and Rietveld
refinement. Diffraction pattern fitted with a gypsum crystal structure, having a sulphate-hydrogen
phosphate ratio of 0.3. The phase was then thermally treated at 80° C for 24 hours, obtaining a
compound constituted by gypsum, monetite and bassanite. Traces of sylvite (KCl) precipitated during
material synthesis, were also detected. This mineralogical association suggests a dehydration of the
solid solution and a crystallization of separated sulphate and phosphate phases, partially and totally
anhydrous, respectively.
The profile microstructural study at SEM provided information on the crystallization sites,
morphological features and composition of the secondary phases. Crystals of a gypsum-DCPD solid
solution phase formed in the external strata of the materials under the superficial crust (Figure 3a), as
tabular crystals showing high chemical variability in the relative proportions of the end-members, with
prevalence of gypsum-rich terms and stoichiometric ardealite. Moreover, microcrystalline aggregates
of HAP grew epitaxially on gypsum-DCPD seed crystals. Elongated OCP crystals, surrounded by a
matrix of poorly crystalline HAP with a limited OH--Cl- and PO4

3--SO4
2- substitution, were observed in

the inner portions (Figure 3b). Finally, the core of the altered matrix resulted to be constituted by
poorly crystalline apatite, associated with well formed euhedral struvite crystals characterized by a
scarce NH4

+-K+ substitution (Figure 3c).
The quantitative image analysis (Figure 4), performed at the interface between oxidized rebars and
altered matrix, indicated the diffuse oxidation of the reinforcing rods and the lack of iron phosphates,



such as vivianite and mitridatite. The secondary phases in contact with the iron hydroxide are
constituted by gypsum-DCPD solid solution, while the internal portions are formed of HAP and OCP.
These microstructural features suggest the occurrence of pH gradients, related to a local acidification
caused by chloride attack on the rebars, and confirmed by the presence of iron chlorides.

Figure 3: SEM images of: a) tabular gypsum-DCPD crystals with HAP grown epitaxially; b) elongated OCP
crystals on a poorly crystalline HAP matrix; c) euhedral struvite crystals on a poorly crystalline HAP matrix.

Figure 4: Mineralogical map of the altered rebars – matrix interface and volumetric estimation of the phases.

The alteration model

According to the analytical results and literature background, a model, based on four main alteration
phases, is hereby proposed. At the unaltered state, the cementitious matrix of the concrete was
constituted mainly by CSH and CH, the latter ensuring an alkaline environment capable of passivating
the rebars. Under the action of environmental multipollutants, the concrete pore network was saturated
through capillarity by a solution of process water and saltwater, and enriched in sulphates on the
external portions in contact with atmospheric pollutants (Figure 5a). Consequently, the external
portions underwent stronger acidification, due to the formation of sulphuric acid in the porewater,
while the pH drop was titrated in the cores by the basic environment. All these factors caused strong
mineralogical changes in the cementitious matrix. CSH and CH underwent dissolution, and secondary
phases precipitated upon reaching supersaturation conditions, pH and sulphate gradients determining
the nature of the secondary phases (Figure 5b). More in detail, acidic precursors of HAP like DCPD
(Johnsson and Nancollas, 1992) formed in the external portions, in solid solution with gypsum, as well
as in proximity of the rebars due to local acidification caused by chloride attack. A further
consequence of this phenomenon is the lack of iron phosphates, which are stable at higher pH (Nriagu
and Dell, 1974). Moving towards the inner portions, increasingly basic HAP precursors – OCP (Miller
et al., 1977) and amorphous calcium phosphate ACP (Johnsson and Nancollas, 1992) – formed once



their typical pH stability fields were reached. In particular, OCP precipitated in the intermediate layers
and ACP in the inner ones. Ammonia phosphate phases stable in alkaline systems (Taylor et al., 1963)
formed only in the internal portions, where basic pH was preserved. The transformation of calcium
phosphate precursors into HAP was locally inhibited by the acidic pH and the presence of stabilizing
ions in solution, such as Mg (Salimi et al., 1985). The transformation of DCPD into HAP was only
partial, and occurred by epitaxial growth on seed crystals (Koutsoukos and Nancollas, 1981), leading
to a higher crystallinity (Figure 5c). In the inner portions, a partial OCP transformation into HAP
occurred by dissolution and reprecipitation (Tomazic et al., 1989). In the core the conversion of ACP
into HAP was more effective due to the basic pH values and, according to literature data (Harries et
al., 1987), occurred by a longer range-order development process starting from the amorphous
compound: this justifies the lower HAP crystallinity in these portions. By progressive warming of
concrete, due to exposure to sun radiation, the gypsum-DCPD solid solution underwent dehydration
on the surfaces, with formation of concretions of partially dehydrated sulphates (gypsum, bassanite,
anhydrite), and crusts of anhydrous phosphates (DCPA) (Figure 5d).
These secondary processes were thermodynamically described with the PHREEQC package, through
simulations on several simplified porewater compositions. Since calcium phosphates are just sparingly
soluble, sulphate concentration must be much higher than phosphate to allow gypsum precipitation.
Figure 5e shows supersaturation curves of phosphate and sulphate mineral phases as a function of pH
at T = 25°C and P = 1 atm, assuming [Ca2+] = [Mg2+] and the following solution species
concentrations: [H3PO4] = 10 mmol/L, [H2SO4] = 100 mmol/L, [Ca2+] = [Mg2+] = 30 mmol/L, [NH4

+]
= 5 mmol/L, NaCl = 0.1M. DCPD formation is favoured at pH<6, while OCP and HAP precipitate at
higher pH values. It is well known that thermodynamics alone is not sufficient to explain OCP
precipitation, which is due to kinetic factors (Heughebaert and Nancollas, 1984). Moreover, the higher
rate of DCPD and OCP crystallization limits HAP formation. ACP is always metastable but easily
precipitates at high pH and reagent concentration (Johnsson and Nancollas, 1992). In addition, the
presence of Mg in the system stabilizes ACP and DCPD inhibiting HAP and less extensively OCP
crystallization (Salimi et al., 1985). Moreover Mg can substitute Ca in the DCPD crystal structure
(Lee and Kumta, 2010), and thus may play an important role both in the gypsum-DCPD solid solution
stability and nature of its alteration products. The effects of this substitution have not been considered
in the present model, and need to be further investigated.

Figure 5: Alteration model; a) action of pollutants on concrete structures; b) first alteration phase, formation of
HAP precursors; c) second alteration phase, conversion of HAP precursors; d) third alteration phase, dehydration

of the solid solution. Supersaturation curves of phosphate and sulphate mineral phases as a function of pH (e).



Conclusions

The study demonstrated that the action of multipollutants in aggressive environments caused a marked
degradation of concrete structures. A strong phosphate – concrete interaction was observed and
verified thermodynamically, highlighting a form of chemical degradation not yet considered.
Phosphate and sulphate attack resulted to be synergic, with formation of solid solution phases.
Moreover, heterogeneous sequences of crystallization were observed, strongly influenced by pH and
concentration gradients. Finally, the influence of Mg on type and crystallization rates of the secondary
phases resulted of particular interest, for the understanding of which further work need be done.
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Abstract 
Some experiments have been performed to investigate the cyclic freeze-thaw deterioration of concrete, using traditional 
and non-traditional techniques. Two concrete mixes, with different pore structure, were tested in order to compare the 
behavior of a freeze-thaw resistant concrete from one that is not. One of the concretes was air entrained, high content 
of cement and low w/c ratio, and the other one was a lower cement content and higher w/c ratio, without air-entraining 
agent. Concrete specimens were studied under cyclic freeze-thaw conditions according to UNE-CENT/TS 12390-9 test, 
using 3% NaCl solution as freezing medium (CDF test: Capillary Suction, De-icing agent and Freeze-thaw Test). The 
temperature and relative humidity were measured during the cycles inside the specimens using embedded sensors 
placed at different heights from the surface in contact with the de-icing agent solution. Strain gauges were used to 
measure the strain variations at the surface of the specimens. Also, measurements of ultrasonic pulse velocity through 
the concrete specimens were taken before, during, and after the freeze-thaw cycles. 
According to the CDF test, the failure of the non-air-entraining agent concrete was observed before 28 freeze-thaw 
cycles; contrariwise, the scaling of the air-entraining agent concrete was only 0.10 kg/m2 after 28 cycles, versus 3.23 
kg/m2 in the deteriorated concrete, after 28 cycles. Similar behavior was observed on the strain measurements. The 
residual strain in the deteriorated concrete after 28 cycles was 1150 m versus 65 m, in the air-entraining agent 
concrete. By means of monitoring the changes of ultrasonic pulse velocity during the freeze-thaw cycles, the 
deterioration of the tested specimens were assessed.  
 
Originality 
Concrete durability in climates where freezing and thawing occurs is a complex phenomenon. The deterioration of 
concrete under the action of freeze-thaw cycles is reflected in surface scaling and internal cracking. Almost all of the 
frost resistance research and test methods concentrate on the degradation of the concrete surface, but recently there 
was an increased concern about the internal damage of the material. 
In this research project, the freeze-thaw durability of concrete is evaluated by means traditional and non-traditional 
techniques. Nondestructive test (NDT) methods were adopted to monitoring the behavior of concrete specimens exposed 
to freeze-thaw cycling, according to UNE-CENT/TS 12390-9 test. 
During the freeze-thaw cycles, the variations of temperature and relative humidity inside the specimens were measured 
continuously by mean embedded sensors. Along the test, ultrasonic equipment was used to monitoring the ultrasonic 
pulse velocity to define the variations of the microstructure of the concrete due to freezing. Strain gauges were 
employed to determine the strains caused by the temperature variations in each cycle. 
 
Chief contributions 
This experimental research has shown outstanding results about the durability of concrete, under freezing and thawing 
cycles. Relationships of superficial deterioration and internal damage of concrete specimens were drawn by means the 
results of durability test (CDF – Scaling) and other monitored parameters like strain, ultrasonic pulse velocity, relative 
humidity and temperature. 
These results provide great reference for further research on the development of a calculation modeling of 
deterioration process in concrete structures under a freeze-thaw environment. 
The main task of this project was concerned with the use of different sensors in concrete specimens that should develop 
a monitoring system for assessed freeze-thaw damage. More accurate information about the behavior of concrete 
against physical or chemical aggressive factors or unfavorable environments, that involve its durability, is needed, to 
reduction of the inspection and maintenance costs and to improve the residual service-life prediction of the concrete 
structure. 
 
Keywords: Concrete, Freezing and Thawing, NDT Methods, Scaling, CDF test.
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1. Introduction 
 
Concrete durability caused by freeze-thaw cycles (FTC), is a major task for infrastructure in countries 
experiencing changing seasons and different weather conditions, because it is one of most aggressive 
mechanisms for the deterioration of concrete, causing serious damage to the material which will be 
severe in the presence of de-icing salts. The freeze-thaw effect is a complex phenomenon that has been 
studied for many years, but is not fully explained yet. The work of several researches (Powers and 
Helmuth, 1953; Fagerlund, 1977; Setzer, 2001; Valenza and Scherer, 2007), allowed to establish the 
main theories of frost action mechanisms, which are related to the movements and change of liquid 
and solid pore solution states in the concrete during FTC, generating expansion and shrinking of the 
material (Pigeon, 1995). 
 
The conventional freeze-thaw deterioration in cement materials is caused by internal frost action and it 
is generally characterized by a reduction of stiffness and strength, micro-cracking and surface scaling. 
The use of deicing salts to remove snow from the surface of concrete structures intensifies the 
progressive damage of concrete through the removal of small chips or flakes of material. Surface 
scaling may be easily observed in field conditions while the cracking may start at the interior and 
initially not be visible at the outside. Almost all of the frost resistance research and test methods 
concentrate on the degradation of the concrete surface, but recently there was an increased concern 
about the internal damage of the material. Some tests are available to determine the frost resistance of 
concrete or to evaluate damage caused by internal cracking. The basis of these test methods is a partial 
or total immersion of specimens subjected to a high number of rapid FTC. To detect deterioration, at 
certain intervals, the dynamic elasticity modulus and the durability factor of the samples are measured. 
Otherwise, to evaluate damage or resistance to scaling, the specimens exposed to water or salt solution 
are subjected to a few slower cycles. At certain intervals, the scaled off material is collected, dried and 
weighted. 
 
In this paper, the freeze-thaw durability of two different types of concrete is evaluated by means of 
traditional and non-traditional techniques. Some non-destructive tests methods (NDT) were employed 
for monitoring the performance of concretes during an accelerated test of freeze-thaw resistance 
(scaling) according to UNE-CENT/TS 12390-9 standard. To detect the material deterioration, the 
porous structure and air content of the two concretes were modified, resulting in one concrete 
damaged by the FTC and another concrete, with air entrained bubbles, able to resist the FTC attack.  
 
During the scaling test, the variations of temperature and relative humidity inside the specimens were 
measured continuously by mean embedded sensors. Strain gauges were employed to determine the 
strains in concrete specimens as an extension of length measurements which are a traditional measure 
of freeze-thaw deterioration. Moreover, transducers glued to the concrete surface were used to 
continuously monitoring the ultrasonic pulse velocity (UPV) during all the FTC, and then the Relative 
Dynamic Modulus of Elasticity was determined to evaluate internal damage of the concretes.  
 
2. Experimental programme 
 
2.1 Materials 
 
The cement was CEM I 42.5 R. Silica river sand was used like fine aggregate and silica crushed 
coarse aggregate having a maximum size of 25.4 mm was also used. The fineness modulus of the fine 
and coarse aggregates was 2.87 and 7.31, respectively. A polycarboxylate based water reducing 
admixture was used in both concretes. In this study to compare the behavior of concretes with 
different freeze-thaw resistance, two concrete mixes with differences in cement content, w/c ratio, air 
content, but with almost the same slump and similar compressive strength, were made with and 
without air-entrained agent. The composition of the mixes and the main concrete properties are given 
on Table 1. 



 
 

Table 1: Composition and concrete properties 

Mix Proportions Air Entrained Agent  
Concrete (AEAC)

Non Air Entrained Agent 
Concrete (NAEAC) 

Fine Aggregate (kg/m3) 640.9 710.2 

Coarse Aggregate (kg/m3) 1159.1 1129.8 

Cement (kg/m3) 450 360 

Water (kg/m3) 180 162 

w/c ratio 0.40 0.45 

Superplasticizer (kg/m3) 1.80 1.08 

Air-Entraining Agent (kg/m3) 0.45 - 

Properties of Concrete   

Slump (cm) 8.0 7.5 

Air Content (%) 7.5 2.6 

Compressive Strength - 28 d (MPa) 32.4 28.5 

 
2.2 Description of the testing procedure 
 
From each mixture, five specimens were tested for scaling resistance. The concrete specimens with a 
surface area of 150 x 150 mm2 and thickness of 70 mm were demoulded after 24 hr, cured and 
exposed to the freeze-thaw test, according to the technical specification UNE-CEN/TS 12390-9 EX - 
Alternative Method (UNE-CEN/TS 12390-9 EX, 2008).  
 
Before starting the cycles, the specimens needed a special preparation that consisted in four steps: 
stored for 6 days at 20 ± 2 ºC in water, dry storage in a climatic chamber (20 ºC / 65% RH) during 21 
days for surface drying; before at the age of 28 days, the specimens were sealed on the lateral surfaces 
with epoxy resin. After the dry storage, the specimens were placed for 7 days in the test containers 
with the test surface on the bottom for pre-saturation of test liquid by capillary suction. At the age of 
35 days, the specimens were ready to be exposed to the cycles. A 12 h freeze-thaw cycle in which 
temperature varied between +20 and -20 ºC was applied starting at +20 ºC (Figure 1a).  
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Figure 1: Freeze–Thaw Test. a) Temperature for one FTC, b) Concrete specimens inside the climatic chamber 



 
 

The test was performed with standard de-icing agent solution, 97% by weight of distilled water and 
3% by weight of NaCl. The surface deterioration was measured by weighting after 4, 6, 14 and 28 
FTC. Before each measurement, loosely adhering particles were removed from the surfaces of the 
specimens by treatment by ultrasonic bath. Then the scaling particles were collected and dried for 24 h 
at 100 ºC. After cooling, the weights of the scaled particles were measured. 
 
2.3 Non-destructive test measurements  
 
For temperature and humidity measurements inside the concrete prisms, during the concrete cast, 
digital humidity sensors were embedded in each specimen. The measurements were taken 
continuously during all the FTC in each prism specimen using three sensors placed 40 mm inside the 
concrete at different heights from the surface in contact with the test liquid (Figure 2a). 
 
The superficial strain of the prism concrete samples, during the freeze-thaw cycles was measured 
using two commercial strain gages by specimen, which were glued with an adhesive in the middle and 
upper part of the lateral surface of the specimens as shown in Figure 2b (H1= 30 mm y H2= 55 mm).  
 
A double zero crossing algorithm (Hernández et al., 2006) was used to know the travelling time of the 
ultrasonic signal and then the ultrasonic pulse velocity (UPV) was established. For each concrete 
specimen two longitudinal wave transducers (500 kHz) were glued directly to the surface of the 
concrete prisms. The position of the transducers is shown in Figure 2c. The internal damage has been 
studied by the Relative Dynamic Modulus of Elasticity of concrete (RUPTT), calculated using the 
Ultrasonic Pulse Transmission Time (UPTT) measurements, according to the RILEM TC 176-IDC 
standard (RILEM TC 176-IDC, 2004). 
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Figure 2: Sensors used for NTD measurements in concrete prisms subjected to Freeze-thaw cycles:  
a) Temperature & humidity, b) Strain gauges, c) Ultrasonic transducers 

 
3. Experimental results and analysis 
 
3.1 Loss of weigh – Scaling 
 
The results of scaling are shown in Fig. 3a. According to the freeze-thaw resistance test, the failure of 
the non air-entraining admixture concrete (NAEAC) occurred before 28 freeze-thaw cycles, the 
cumulative amount of scaling of 1.5 kg/m2 was near to the 17th FTC. In contrast to that, the scaling of 
the air-entraining admixture concrete (AEAC) was only 0.10 kg/m2 after 28 cycles, in comparison 
with 3.23 kg/m2 in the deteriorated concrete, at the same time. The concrete test surfaces in contact 
with the de-icing agent solution of some specimens of both concretes before the test, after 14 and 28 
FTC, are shown in Figure 3b-d. Salt scaling is often observed with the exposure of coarse aggregate.  
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Figure 3: Freeze-thaw test. a) Cumulative scaling. Photographs of test surface of concrete slabs during the FTC: 

b) AEAC before the test, c) AEAC after 28 FTC, d) NAEAC before the test, e) NAEAC after 28 FTC. 
 
3.2 Temperature and Humidity  
 
The temperature in the climate chamber and inside the specimens for the first two and the last two 
FTC are shown in Figure 4a. The temperature in both concretes was almost the same. Moreover, the 
temperature variations at different locations inside the specimen were negligible. Thermal inertia was 
observed between the surface and inside the concrete specimens. The maximum and minimum 
humidity inside the specimens of both concretes during the FTC are shown in Figure 4b. In NAEAC 
the range of humidity variation was higher than in AEAC, even the total saturation of the NAEAC 
specimen was achieved after the 21st FTC. 
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Figure 4: a) Temperature inside the specimens b) Maximum and minimum humidity inside the specimens. 
 
3.3 Strain measurements  
 
The strains measurements are shown in Figure 5a. The residual strain in the middle part of the 
NAEAC after 28 FTC was 1150 m/m, in comparison with only 65 m/m in the AEAC. In NAEAC, 
the residual strain measured in the middle part of the prism was quite higher than the 800 m/m of the 
upper part, which this is an indicator of stress gradient due to the differences in moisture, as the 
bottom of the specimen is in contact with the test liquid. The strain-temperature behavior of NAEAC 
specimen for the first four FTC is shown in Figure 5b. In a closer look into each freeze-thaw cycle, it 
can be seen that strain is compressive under decreasing temperature, while concrete expands when the 
temperature is increased. When the temperature is minimal (-20 ºC), a large contraction of concrete is 
observed up to a maximum value which in turn remains constant until heating starts. Once the 



 
 

temperature rises above -15 ºC, the strain increases and concrete expands until the end of the cycle. 
The positive strain continues until the temperature is under 5 ºC in the next cycle, and it will contract 
again with the cooling. In the NAEAC specimen, the strain increases progressively with the number of 
cycles generating residual strains. This behavior is according to the theories that explain the 
phenomenon and with the results that have been reported that residual strains have been shown to 
increase progressively with the progress of deterioration (Bishnoi and Uomoto, 2008; Jacobsen et al., 
2008; Penttala, 1998; Penttala and Al-Neshawy, 2002). 
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Figure 5: Strains measurements a) Strains of concrete samples during 28 Freeze-thaw cycles,  
b) Strains values of NAEAC against temperature during first four Freeze-thaw cycles 

 
3.4 Ultrasonic pulse velocity 
 
The ultrasonic pulse velocity (UPV) measured in both concrete specimens in each cycle at the end of 
the freezing, while the temperature is lowest (-20 ºC) is shown in Figure 6a. The UPV is increased as 
the exposure to FTC. These could be as result of ice formed inside the specimens due freeze of water 
porous, like is know that the UPV is higher in ice than in water or air (Kaufmann, 2004). Also, in the 
same figure is observed that UPV of NAEAC is higher than UPV measured in AEAC. This is because 
the inclusion of air-entraining agent generates air bubbles, causing a decrease of the UPV, as result of 
the lower density of the medium of propagation. The UPV measured in both concrete specimens in 
each cycle at the end of the thawing, while the temperature is highest (+20 ºC), is decreased as the 
exposure to FTC. This may be related to the increased porosity of the material, because with 
increasing porosity, decreases UPV (Lafhaj et al., 2006). The decrease in UPV can also be related to 
the formation of micro-cracks inside the concrete. The RUPTT is shown in Figure 6b. The RUPTT value 
decrease over the FTC in both concretes, which is evidence of internal deterioration of concrete. The 
loss in RUPTT is higher in NAEAC compared with AEAC specimens. 
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Figure 6: a) UPV during FTC. At the end of freezing (Min. Temp) and at the end of thawing (Max. Temp) 
b) Relative Dynamic Modulus of Elasticity (RUPTT). 



 
 

4. Conclusions 
 
The damage caused by the freeze-thaw cycles in the AEAC prisms was negligible compared with the 
deterioration of the NAEAC specimens. The resistance of concrete to freezing and thawing is 
significantly improved by the use of intentionally entrained air, which is confirmed by the results of 
scaling test and the continuously measurement of strain and Ultrasonic Pulse Velocity.  
 
Strain as a measurement of length changes is an indicator of freeze-thaw concrete deterioration. The 
residual strain increased when a high degree of saturation is reached and the expansion of ice 
dominates during cooling and its contraction due to melting ice during heating. The use of commercial 
strain gages was verified and results showed that it is a reliable, easily and simply method that could 
supplement or even replace the conventional scaling measures, which corresponding to an awkward 
procedure. 
 
According to Figure 4b, there is a greater amount of water inside the NAEAC specimen in comparison 
to AEAC specimen. This conclusion should be carefully considered since the w/c ratio in both 
concretes is different (0.40 for AEAC and 0.45 for NAEAC). 
 
The measured differences of UPV of concretes specimens before and after 28 freeze-thaw cycles were 
very small. That means that 28 freeze-thaw cycles according to the UNE-CENT/TS 12390-9 test, do 
not lead to considerable internal damage of tested concretes as have been reported in studies that use a 
high number of rapid FTC like the ASTM CC 666/C standard.   
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Abstract 
 
Comb type Superplasticizers are widely used in concrete formulations because of their efficiency to improve 
initial workability of concrete without water addition and to lengthen workability retention over time. Their 
dispersing effect is linked to the adsorption of polymer on cement grain surfaces which leads to steric repulsion 
effect. However, their use in concrete is often associated to a delay on cement hydration kinetic, which can 
cause in some cases significant undesired retardation of concrete setting time.  
In this paper, the study about the effect of two commercial polycarboxylate ether (PCE) superplasticizers on the 
hydration kinetic of several Ordinary Portland cements is presented. The cements differ mainly by their alkaline 
level and their tricalcium aluminate amount, while the superplasticizers differ by the type of their backbone. The 
investigation is focused on the delay induced by superplasticizers on acceleration period, obtained thanks to 
calorimetric measurements on cement paste. 
Results showed first that for both PCE superplasticizers, the delay obtained at similar dosage changes in 
function of the chemistry composition of cement. Nevertheless, these variations are different in function of the 
PCE superplasticizer used. With  one PCE superplasticizer, the behaviour is explained by the fact that the delay 
induced is correlated to the initial adsorption of the superplasticizer for most of cements, while with the other 
PCE superplasticizer, it appears that the delay induced is correlated to the quantity of superplasticizer 
remaining in solution. 
 
 
ORIGINALITY: The originality of this study lies first in the fact that a large number of cements with different 
chemical composition were tested. In fact, some previous work studied the effect of PCE superplasticizers on 
hydration of main pure cement phases but not many data have been published on hydration of Industrial 
Portland cements. Besides, the exploitation of the data in order to find a meaningful relationship for all cements 
tested appears as a new way of investigation. 
The second originality of this study is the effect of the backbone type of the PCE superplasticizer on the delay 
induced which has not been discussed in literature. 
 
 
CHIEF CONTRIBUTIONS: Compatibility between superplasticizers and cements is a very important research 
topic for cement manufacturer as Italcementi Group. The addition of superplasticizers in concrete allows to 
obtain flowable concrete with high strength, but the setting time is delayed and this effect can becomes 
problematic in some cases. This research gives information on the impact of chemical composition of cement on 
the delay induced by superplasticizer addition, but also on the impact of the architectural design of the 
superplasticizer on this delay, in order to optimize the combination superplasticizer/cement and avoid 
incompatibilities.  
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1. INTRODUCTION 
 
Polycarboxylate Ether (PCE) superplasticizers, based on comb polymers with an adsorbing backbone 
and non adsorbing side chains are actually widely used in high performance and/or high fluidity 
concrete formulations. These polymers allow to enhance workability, reduce water content and extend 
workability retention and then to produce mixtures easier to handle with improved mechanical 
properties and better durability. Nevertheless, the use of these polymers may encounter obstacles 
associated with variations in flowability, fast slump loss or uncontrolled setting. 
 
This study focuses on the setting time obtained in presence of polycarboxylate superplasticizers. It is 
well-known that polycarboxylate superplasticizers delay the initial setting time of cement and then 
perturb the early age strength development. It appears then important to understand the mechanism of 
this delay in order to control it, but also to develop superplasticizers able to extend workability 
retention without delaying the setting time. 
 
Some studies (Comparet, 2004; Plattel, 2005), carried out on C3S phase and cement, have concluded that 
the delay of hydration is linked to the initial adsorption of PCE on C3S and especially to the quantity 
of carboxyl unit adsorbed initially which is going to affect the initial dissolution of C3S (slow down or 
blocking), but an effect of PCE remaining in solution on the growth of C-S-H can not be excluded.  
Another study (Ridi et al., 2003) shows that the presence of PCE in the cement suspension lowers the 
hydration activation energies of C3S during the induction period whereas at the latter hydration times, 
more energy is needed to activate the acceleration. It appears then that the mechanism of PCE 
retardation is actually not well understood. 
Considering the delay obtained on industrial Portland cement, few studies have shown an effect of the 
chemical composition of cement like the alkaline content (Comparet-2004) and the C3A content (Zingg, 
2008). In the case of C3A content, the authors suspect a preferential adsorption of the PCP on 
aluminates hydrates which are going to perturb the quantity of polycarboxylate adsorbed on silicate 
phase delaying the setting.  
 
This study aims then to link the delay on initial setting time obtained on several industrial Portland 
cements with the initial PCE quantity adsorbed and/or the PCE remaining in solution. This work is 
done thanks to isothermal micro-calorimetry measurements on cement paste with two PCE 
superplasticizers differing by the type of their backbone. In one way, this study will illustrate the 
previous results, but in another way, it will show that the type of the backbone is going to change the 
mechanism. 
 
 
2. MATERIAL AND METHODS 
 
2.1 MATERIALS 
 
Six CEM I type industrial cements, referenced from C1 to C6, were studied (Table 1). From C1 to C6, 
the alkali level increases. C4 and C5 have very close alkali level, but C4 contains lower amount of C3A. 
C1 and C2 have also close alkali level, but C2 contains lower amount of C3A. Besides, C3 is the only 
cement containing an important amount of orthorhombic C3A. The six cements have some variations 
of Blaine surface area between 4170 and 5800 cm2/g, and a disparity of the repartition between 
different calcium sulphate phases in the set regulator. 
 
 
 
 



 
Table 1: Main characteristics of the six CEM I type industrial cements 

 
Technique Quantity C1 C2 C3 C4 C5 C6 

XRF Na2Oeq (%w/w) 0.31 0.41 0.61 1.16 1.19 1.31 
C3S (%w/w) 57.9 57.3 59.3 57.7 59.9 72.7 
C2S (%w/w) 18.8 19.8 11.2 21.1 13.3 2.8 
C3A cubic 

(%w/w) 4.4 2.1 6.8 2.6 7.3 7.3 

C3A orthorhombic 
(%w/w) 0 0 6.3 0 0 0 

XRD, 
Rietveld 
analysis 

C4AF (%w/w) 13.3 11.9 5.2 13.3 6.3 10.5 
Set Regulator Composition 

(DSC-XRD) 
(gypsum/hemihydrate/anhydrite) 

(%SO3 eq) 

58/42/0 2/20/78 80/20/0 50/50/0 37/26/37 25/45/30 

Blaine Specific Surface area 
(cm2/g) 

4170 5160 4650 4240 4830 5850 

 
Two superplasticizers of PCE type designed to confer good workability retention for concrete 
formulations were used. The two polymers have the same structural parameters (grafting ratio, side 
chains length, molecular weight) except the type of the backbone which is polyacrylic acid in one case 
(PCE-PAA) and polymethacrylic acid in the other case (PCE-PMA). 
 
All the study was performed on cement paste with a constant water content (W/C = 0.44) and a 
varying PCE content (SP/C expressed as the weight percentage of PCE dry matter with regard to 
cement). The temperature was constant equal to 20 °C. 
 
2.2 EXPERIMENTAL TECHNIQUES 
 
The hydration kinetic of cement pastes were measured thanks to an isothermal microcalorimeter. The 
instrument used is a Tam Air, which is an eight channel microcalorimeter from TA Instruments 
designed for sensitive and stable heat flow measurements. 
All tests started by the acquisition of the baseline corresponding to the thermal stabilization of the 
cell. The cement paste preparation takes place outside the calorimeter. 2 g of cement are weighted into 
a plastic flask, and the water-admixture solution is added to the powder. The cement paste was then 
mixed with a small stirrer during 2 minutes at a speed of 250 rounds per minute. Afterwards, the flask 
was capped and placed into the calorimeter cell. The heat flow was then recorded until the end of the 
main peak linked to setting. The data are then elaborated to obtain the heat flow in mW/g. 
 
Figure 1 shows an example of one Portland cement hydration monitored at 20°C by an isothermal 
conduction calorimeter. We can identify on this curve several distinct stages, but for our study we 
have decided to keep our attention only on the delay induced by PCE on phase C which corresponds 
to Alite (C3S) hydration, growth of C-S-H and then strength development.   
 
First, an “indicative setting time” (tset) was determined, as the time obtained by the intercept of the 
tangent to the curve at inflection point and the line parallel to the bottom axis and passing through the 
minimum value of heat flux as represented on Figure 1. This “indicative” setting time allowed us to 
quantify the delay induced by PCE on alite hydration by calculating the delay time as a function of 
PCP dosage introduced SP/C following the equation:  

  Delay time (min) = t set (cement with PCE) - t set (ref cement (without PCE))  



 
Figure 1: Example of normal hydration of Portland cement obtained by isothermal micro calorimetry, and 

determination of the “indicative” setting time (t set) 
 

 
For initial PCE adsorption measurements, cement paste was obtained by mixing the water-admixture 
solution with 100 g of cement for 3 min with a helix Bioblock mixer. 15 min after the contact between 
solid and liquid, the aqueous solution was extracted from the paste thanks to a centrifugation at 7500 
rpm during 10 min, and filtered into a 0.45 µm filter. The quantity of PCE remaining in interstitial 
solution was measured using the Chemical Oxygen Demand technique. This technique enables to 
measure the concentration of species, oxydizable by bichromate, from the redox titration of excess 
bichromate. The PCE adsorption was then obtained by difference between the amount of PCE added 
initially and that remaining into the interstitial solution. 
In order to take into account the Blaine surface area disparity, the PCE adsorption has been expressed 
in mg PCE adsorbed per unit Blaine Specific Surface area of the anhydrous cement (mg PCE/m2 C). 
 
3. RESULTS AND DISCUSSION 
 
 
3.1 Delay time vs PCE dosage 
 
Figures 2 and 3 show the delay obtained on the several cements in function of the PCE dosage (SP/C 
%) for the PCE –PMA and for the PCE – PAA. 
 
First, in presence of PCE-PMA, whatever the cement, the delay time seems to reach a threshold value 
at high PCE dosage while in presence of PCE-PAA, whatever the cement, the delay time increases 
linearly with the PCE dosage. 
 
Then, in presence of both PCE, for the same dosage, the delay time is dependent of the cement used. 
Nevertheless, in function of the PCE used, the order in function of the several cements differs. With 
PCE-PMA, at same PCE dosage, the delay time is higher for cement C1, C2, C3 which have a low 
alkaline level than for cements C4, C5 and C6 which have a higher alkaline level. With PCE-PAA, 
the behaviour is the opposite. A longer delay time is obtained for cements C4, C5 and C6 which have 
a higher alkaline level. 
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Figures 2 and 3: Delay time obtained on several CEM I industrial cements with different PCE dosage, in the 
case of PCE-PMA and PCE-PAA 

 
3.1 Delay time vs PCE initial adsorption 
 
In order to see if the delay time observed on the several cements was linked to the PCE initial 
adsorption, we plotted in Figures 4 and 5, the delay time obtained in function of the PCE initial 
adsorption at the different PCE dosage investigated, for both PCE.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 4 and 5: Delay time obtained on several CEM I industrial cements in function of the PCE initially 
adsorbed, in the case of PCE-PMA and PCE-PAA 

 
In the case of PCE-PMA, we observe on Figure 4 that for cements C1, C3, C5 and C6, the same initial 
PCE adsorption leads to same delay time, while for C2 and C4, the delay is longer for same initial 
adsorption. 
In the case of PCE-PAA, we observe on Figure 5 that the delay time differs for all cements at same 
initial PCE adsorption.  
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3.2 Delay time vs PCE remaining in solution 
 
In a second step, we plot the delay time in function of the PCE remaining in solution for both PCE on 
Figures 6 and 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figurs 6 and 7: Delay time obtained on several CEM I industrial cements in function of the quantity o f PCE 
remaining in interstitial solution, in the case of PCE-PMA and PCE-PAA 

 
 
It appears that for PCE-PMA, there is no common relation for several cements between the delay time 
and the quantity of PCE remaining in solution. 
For PCE-PAA, we observe that the same delay time is obtained for cements C1, C2, C3 and C6 at the 
same quantity of PCE remaining in solution, while for cements C4 and C5, the delay time appears 
longer than the others. 
 
3.3 Interpretation and Discussion 
 
Regarding the previous results obtained, it appears that in the case of PCE-PMA, the delay time seems 
to be mainly dependant of the initial PCE adsorption. We obtain a common relation for most of tested 
cements, except both cements which contain a low amount of C3A. In this case, at same initial 
adsorption, the induced delay time is longer. This behaviour was already observed in a previous 
study(Zingg, 2008), and can be explained by the fact that when cement contains a low amount of C3A, 
for the same quantity of PCP adsorbed as the other cements, a higher quantity of PCE is going to be 
initially adsorbed on C3S and then the C3S hydration will be more delayed. 
 
This result allowed then to understand why at same initial dosage, the delay time induced is going to 
be higher for low alkaline cements, because for these cements the initial quantity adsorbed is higher 
than on higher alkaline cements. Moreover, in the case of PCE-PMA, the delay time reaches a 
threshold value for PCE-PMA for important dosage because the PCE adsorption reaches its saturation 
dosage. 
 
For PCE-PAA, the situation is different. With this polymer, it appears that the delay induced is mainly 
dependent of the quantity of PCE remaining in solution. In fact, we obtain a common relation for most 
of tested cement between the delay time and the quantity of PCE remaining in solution, except for two 
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cements. For the moment, it is difficult to understand why for these two cements the delay is longer 
than the others. Besides, in this case, the amount of C3A doesn’t seem to have an impact on the delay 
induced which is coherent with the fact that for PCE-PAA, the delay is not linked to initial PCP 
adsorption. This result allowed to understand then, why at same initial dosage, the delay time is going 
to be higher for high alkaline cement, because for these cements, the initial PCE adsorption is lower 
and then the quantity of PCE remaining in solution is higher. More over, in the case of PCE-PAA, the 
delay increases linearly with the PCE dosage, because of the increase of the PCE remaining in 
solution. 
 
The type of the backbone appears then to have an impact on the mechanism of the delay induced by 
PCE on setting time. PCE with methacrylic backbone seems to act mainly on initial C3S dissolution, 
while PCE with acrylic backbone seems to act mainly on the nucleation process of CSH. Perhaps that 
the hydrolysis of the side chains in interstitial solution which occurs over time with PCE-PAA is 
linked with this mechanism but at this stage it is difficult to find an explanation.  
 
 
4. CONCLUSION 
 
Thanks to calorimetric measurements on cement paste at different PCE dosages, we have studied the 
delay time induced by PCE on several CEM I industrial cements with different composition and 
fineness. More over, we used two PCE that differ only by the type of their backbone (methacrylic or 
acrylic acid).  
The results obtained with PCE with methacrylic backbone confirm previous results in literature 
(Comparet, 2004; Plattel, 2005). In fact, we observe that the delay induced by this PCE was mainly 
linked to its initial adsorption on cement. Moreover, we observe in this case, a common relationship 
between the delay time and the initial PCE adsorption for all cements except for cements which 
contains low amount of C3A. For these cements, the delay induced at same initial PCE adsorption is 
longer, because higher quantity of PCE is adsorbed on C3S. 
The results obtained with PCE with acrylic backbone show that the type of the backbone is going to 
change the delay induced. In fact, with this PCE, we observe that the delay was mainly linked to the 
quantity of PCE remaining in solution. A common relationship between delay time and PCE 
remaining in solution was found for most of tested cements. 
 
This study shows that the parameter of cement composition which is going to be the most influent on 
the delay induced by PCE at a fixed dosage is the level of alkaline sulphate, because this parameter 
manages the level of PCE initial adsorption and then the level of PCE remaining in solution. The set 
regulator composition doesn’t seem to have an influence on the delay obtained in these conditions. 
So, on cements with high alkaline level for example, the initial adsorption of PCE is weak and then 
the PCE remaining in solution is important. This leads to weak delay on setting time with PCE-PMA 
and long delay with PCE-PAA.  
 
It appears also that the optimization of the design of PCE molecules manages its effect on setting 
time, and then could allow to obtain products leading to long workability retention without important 
delay on setting time. 
 
Comparet C., 2004.  Etude des interactions entre les phases modèles représentatives d’un ciment Portland et 
des superplastifiants du béton, Thesis (PhD). University of Burgondy 
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Ridi F., L. Dei, E.F Ratini, S.H. Chen and P. Baglioni. 2003. Hydration kinetics of Tri-calcium silicate phase in the 
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of the early cement hydration, Thesis (PhD), Swiss Fereral Intitute of Technology  



Mechanisms of Degradation of Concrete by External Sulfate Ions 
under Laboratory and Field Conditions 

 

1Chabrelie A* 
1 Saint-Gobain Recherche, Physique et Chimie des Plâtres et Ciments, Aubervilliers, France 

2Müller U 
2 Bundesanstalt für Materialforschung und –prüfung, Baustoffe, Berlin, Germany  

3Scrivener KL 
3 Ecole Polytechnique Fédérale de Lausanne, Laboratoire des Matériaux de Construction, Lausanne, Switzerland 

 
 
Abstract 
The lack of field data regarding concrete durability, especially in the case of exposure to sulfate ions (“sulfate attack”) 
makes it difficult to determine adequate performance criteria and develop appropriate test methods. Additionally, the 
increased use of sustainable blends (cement with mineral additions, for example slag from the iron industry) is impeded 
by a lack of experience regarding their long-term performance. Most results for sulfate resistance are derived from 
accelerated laboratory tests where performance criteria are based only on macroscopic properties, especially 
expansion. To fill this gap and better understand the mechanisms of sulfate attack under real conditions, a parallel 
study of laboratory micro-concrete and field concrete samples under sulfate exposure was undertaken, focussing on 
microstructural changes in addition to conventional macroscopic characterisation. 
Four exposure regimes were set up in the laboratory: full immersion (ponding), pH-control, semi-immersion and 
wet/dry cycles. Pure Portland and slag blends with high level of cement substitution (70 wt.-%) were investigated. 
Under ponding conditions, the damage process takes place in three stages characterised by a first period of induction, 
followed by surface damage that finally extends to the bulk of the material. The slag blends, which did not expand in 
ponding, performed badly during wet/dry cycles. This behaviour was attributed to poor tolerance of the slag hydrates 
against drying. 
The field concretes selected for the comparison with the laboratory cases were partially buried in a sulfate-enriched 
soil in Argentina. A pure Portland and a slag blends with high level of cement substitution (80 wt.-%) were 
investigated. The submerged part of the samples was compared to the laboratory ponding exposure, while the upper 
layer of the samples subjected to weathering was compared to the laboratory wet/dry cycles exposure. The field 
observations tend to confirm the laboratory results and validate the test settings. 
It has been underlined that a direct relationship between damage (e.g.; cracking/expansion) and phase assemblage was 
not evident. However, the study highlights that sulfate combination with the hydrates of the cement (e.g.; C-S-H) and 
with those of the slag would play a role in the initiation of the expansion, which would be attributed to a swelling of the 
hydrates or to the precipitation of fine ettringite after the saturation level in sulfate of the hydrates has been reached. 
 
Originality 
Durability studies are an essential step to validate the use of blended cement over the long-term.  
The originality of the work compared to previous studies on sulfate resistance consists of a parallel study of field and 
laboratory concretes under sulfate exposure, evaluating the performance slag blends compared to pure Portland, while 
conducting a transversal study from the macro to the micro (damage, ion ingress, microstructure) with emphasis on 
microstructural changes. 
 
Chief contributions 
The analyses improved the understanding of damage mechanisms under the typical ponding exposure to sodium sulfate 
solution and isolated the influence of various exposure settings on the damage process. 
 
Keywords: sulfate attack, exposure conditions, concrete, laboratory test, field, phase assemblage, microstructure, XRD, 
SEM, SCM, slag 
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Introduction 
 
Degradation in sulfate-bearing environment, such as ground water, rivers and seawater, has been 
widely reported [1-3]. Sulfate concentrations in the field typically reach 0.02-3.0 g.l-1 with pH 7-8. 
Most countries have established national prescriptive standards concerning the formulation of cement 
to be used according to the type of exposure [4]. But with the increased use of supplementary 
cementitious materials (SCMs), there is a drive towards a performance approach.  

Degradation of concrete by external sulfate ions involves both chemical and physical aspects that 
often interact [5]. The chemical and physical changes brought by SCMs are not well understood [6-8] 
and, as a result, their relative chemical and physical influence on the sulfate resistance of the binder 
are still matter of open questions. Laboratory tests usually focus on expansion attributed to the 
formation of ettringite [9-11]. There are different theories regarding the mechanism of expansion: 
increase in solid volume [12], topochemical reactions [13], swelling [14] or crystal growth [15]. 
However, degradation in the field is usually dominated by loss of material from the surface.  
Furthermore, laboratory test usually use unrealistically high sulfate concentrations.  

Previous studies indicate that expansion occurring in sodium sulfate solutions follows a two-stage 
process [16]. The mechanisms occurring in the first stage and which provoke the transition between 
the stages need to be elucidated. This can only be done considering a microstructural approach. 

The paper summarises the results of the PhD thesis of Chabrelie [17]. 
 
 
Experimental 
 
1. Materials and exposure conditions 
 
Prisms of 4×4×16 cm3 micro-concretes with maximum aggregate size of 8 mm were prepared 
according to EN 196-1. Four cementitious systems were used (Table 1) with a CEM I and a CEM 
III/B binder at water-to-binder (w/b) ratios above and below the usually assumed percolation threshold 
of 0.40. Slag and cement were premixed in a TURBULA shaker-mixer and respectively refer to 
“Cement C” and “Slag 01”, which respective full characterisation can be found in Kocaba [18]. 

Four tests were used to evaluate the influence of exposure on the interaction between sulfate ions and 
the cementitious systems: ponding, pH-control, semi-immersion and wet/dry cycles. All exposure tests 
were carried out at 20.5 °C ±0.5. The samples were exposed after a cure of 28 days in sealed 
conditions. The exposure solution was Na2SO4 at a concentration of 3 g.l-1 (lower than most tests, but 
similar to higher levels of sulfate which may be found in the field). The solutions were renewed every 
month except for the pH-control test. The initial pH of the solution was close to neutral. The 
containers were filled up to the top with the Na2SO4 solution and covered to minimise carbonation. 
The pH of the pH-control test was maintained at 7.5 ±0.5 by titration with a 0.2 M H2SO4 solution. In 
the semi-immersion test, the prisms were partially immersed in vertical position without covering the 
container so that drying could occur in the air exposed part. The wet/dry cycles test alternates 4 days 
of full immersion (ponding) with 3 days of drying at 40 °C in a vacuum oven to avoid carbonation. 
 

Table 1: Binder mix-design of the laboratory micro-concretes. 
 

Mineral addition 
Mix label 

Equivalent 
binder type 

28 days 
compressive strength 

(MPa) 
w/b Substitution level 

(wt.-%) 
Type 

P-0.55 CEM I 42.5 0.55 0 - 
P-0.38 CEM I 52.5 0.38 0 - 
S-0.55 CEM III/B 32.5 0.55 70 Slag 
S-0.38 CEM III/B 52.5 0.38 70 Slag 



Field concretes and their corresponding historic data were supplied by Irassar [19]. Samples with a 
CEM I and a CEM III/B binder were studied from the initial concrete blocks of 7×10×40 cm3 
(Table 2). The samples were partially buried for 19 years in a soil enriched in sulfate in Argentina 
(Table 3). The upper layer of the samples was exposed to weathering with a wet/dry cycles frequency 
of 15-20 cycles.year-1 and with temperatures varying from 0 to 34 °C. The sulfate amount in the soil of 
0.97 wt.-% corresponds to an equivalent Na2SO4 concentration of 14.34 g.l-1 assuming the entire 
sulfate in the soil is available as ionic species in the ground water. The pH of the soil was of 7.8 ±0.5. 
 

Table 2: Binder mix-design of the Argentinean concretes. 
 

Mineral addition 
Mix label 

Equivalent 
binder type 

28 days 
compressive strength 

(MPa) 
w/b Substitution level 

(wt.-%) 
Type 

P-0.53 CEM I 32.5 0.53 0 - 
S-0.53 CEM III/B 32.5 0.53 80 Slag 

 
Table 3: Chemical characteristics of the Argentinean soil. 

 

Content of the main species 
(wt.-%) 

SO4
2- Na+ Mg2+ Cl- 

pH 

0.97 
±0.04 

0.32 
±.03 

0.23 
±0.02 

0.05 
±0.02 

7.8 
±0.5 

 
 
2. Analysis methods  
 
The expansion of the laboratory prisms was regularly measured on a LVDT device in the horizontal 
position. For a given mix, three prisms were measured after a given exposure time. Steel plug gauges 
were directly cast in the prisms reserved for length measurement. Invar references were used.   

Quantitative profiles of sulfur were obtained from the image analysis of low magnification (× 100) 
scanning electron microscope (SEM) mappings as described in [17]. Knowing the relative large area 
investigated (2.5 × 1.9 mm²), a single mapping is considered representative of the ion profile. 

Laboratory and field samples were reduced to powder millimetre by millimetre from the contact 
surface. Each powdered layer was separately sieved down to 100 µm to exclude the largest aggregate 
particles. XRD patterns were collected using a PANalytical X’Pert Pro MPD diffractometer in a Ө-Ө 
Bragg Brentano configuration employing the CuKα radiation (λCuKα = 1.54 Å). 

In the SEM (Quanta 200, FEI; accelerating voltage 15 kV) energy dispersive spectroscopy (EDS) 
analyses (Bruker) were conducted at specific depths in the outer and the inner C-S-H of the laboratory 
and field samples. At least 100 analyses were carried out in each phase in each region. Such statistical 
analyses allow chemical changes of the outer and inner C-S-H phases to be identified, especially 
concerning their levels of combined sulfate, which was expressed as S/Si atomic ratio.  
 
 
Results and discussion 
 
1. Laboratory micro-concretes 
 
Under ponding exposure, only P-0.55 micro-concrete showed significant expansion, following a 
three-stage process (Figure 1). The quantitative sulfur profiles were calculated for P-0.55 after 
28, 119, 245 and 357 days of ponding (Figure 2). The integral of these profiles (above background) 
estimates the total sulfate combination in the binder at a given exposure time. A relationship can be 
drawn between expansion and sulfate combination in the binder (Figure 3).  



It is worth noting that a reduced w/b ratio would lead to a less deep penetration of the sulfate while 
slag addition would lead to a reduced amount of sulfate penetrated [17]. 

A relationship could also be drawn between expansion and ettringite formation (Figure 4). Increased 
ettringite formation is identified for the stages #2 and #3 while the amount of ettringite present in 
stage #1 does not increase. Thus, ettringite formation as precursor to expansion is a doubtful concept.  
 

 
 

Figure 1: Length evolution of the micro concretes under ponding. 
 

 
 

Figure 2: Evolution of the sulfur profiles of P 0.55 
during ponding. 

Figure 3: Relationship between the expansion and 
the sulfate combination in the binder. 

  

 
 

Figure 4: Relationship between the expansion and the ettringite formation. 
 
 
 
 
 
 
 
 



The integral of the quantitative S/Si profiles of the outer and inner C-S-H gives information on the 
cumulative S/Si content. A relationship is observed for P-0.55 between the expansion and the 
cumulative S/Si increase both in the case of the outer and inner C-S-H (Figure 5). It appeared that a 
critical sulfate ingress in the outer C-S-H and in the inner C-S-H must be reached for expansion to 
start. The plot for P-0.55 of the ettringite amount formed against the S/Si ingress in the outer and inner 
C-S-H (Figure 6) is characteristic of a saturation curve in that sense that a critical amount of sulfate 
must combine to the C-S-H phases so that ettringite is able to precipitate. Expansion could therefore 
be initiated by sulfate combination to outer and inner C-S-H or be related to the crystallisation 
pressure which ettringite is able to exert on the C-S-H.  
 
 

 
 

Figure 5: Relationship between the expansion and 
the sulfate combination in the outer C-S-H 

(similar relationship is seen for inner C-S-H [17]). 

 
 

Figure 6: Relationship between the ettringite 
formation and the sulfate combination in the outer 

and inner C-S-H.
 
The expansion of samples under pH-control was comparable to that observed in ponding. However, 
the non-renewal of the solution reduced the leaching [17] and the kinetics of expansion was reduced. 

The ponded parts of the semi-immersed samples showed similar degradation to the ponded samples 
[17]. Carbonation of the surface due to the air exposure reduced the kinetics of degradation. 
Thenardite salt crystallisation efflorescence could be observed, but without apparent damage. 

Under wet/dry cycles the PCs showed comparable expansions as for ponding. However, the slag 
blends were very sensitive to wet/dry cycles (Figure 7), showing high expansions. The slag hydration 
rims combined high amounts of sulfate (Figure 8), but it is difficult to conclude whether expansion 
comes from the inner hydration products or from the outer ones. Nevertheless, the slag hydrates may 
be more sensitive to drying during the dry part of the cycles might affect the hydrates. 
 

 
 

Figure 7: Length evolution of the micro concretes under wet/dry cycles. 
 



 
 

Figure 8: SEM-BSE micrograph (left) and corresponding quantified sulfur mapping (right) of a slag grain with 
hydration rim at 0.5 mm depth of S-0.55 after 357 days under wet/dry cycles. 

 
 
2. Field concretes 
 
In the field, the slag blend showed significant erosion, with aggregates protruding from the surface 
[17]. This tends to confirm the observation from the laboratory that slag blends with high slag 
replacement level do not withstand well wet/dry cycles. Cracking could be observed in the 
microstructure of the submerged part of P-0.53 but not in the submerged part of S-0.53 [17]. This 
agrees with the laboratory observations that slag blends with high replacement levels are more 
resistant to sulfate under ponding. The sulfate combination in the outer C-S-H of P-0.53 under full and 
exposed immersion reached comparable values to that of P-0.55 under the laboratory ponding and 
wet/dry cycles [17] with a maximum of S/Si atomic ratio of 0.25, which tends to confirm that a critical 
level of sulfate combination in C-S-H has to be reached for damage to occur. The slag hydration rims 
of the exposed part of S-0.53 showed severe cracking compared to those in the submerged part (Figure 
9). This confirms the laboratory observation that slag hydrates might be sensitive to wet/dry cycles. 
 

 
 

Figure 9: SEM-BSE micrographs of S-0.53 after 19 years under partial immersion in sulfate enriched ground; 
submerged part (left) exposed part (right). 

 
 
Conclusions 
 
The following observations emerge from this study: 
� Sulfate combination in C-S-H could be a precursor to expansion due to sulfate attack in Portland 

concretes under ponding conditions. This could be related to the local conditions of 
supersaturation and to the crystallisation pressure of exerted by ettringite.  

� The w/c reduction of pure Portland blend is sufficient to prevent from degradation in ponding 
conditions. This phenomenon may be attributed to the fact that the sulfate ingress is restricted to 
the surface of the exposed prism which implies that a reduced volume is concerned by the sulfate 
attack compared to the overall exposed prism.  

� Slag blends with 70-80 wt.-% slag replacement level do not expand on the time scale examined 
under ponding conditions but are highly sensitive to wet/dry cycles and undergo severe expansion. 

The degradation observed in field samples seems to correspond to the changes in the laboratory tests.  
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Abstract 
Mechanical properties, phase composition and pore structure of concrete with 15 wt. % replacement of the 
Portland cement by natural zeolite are investigated. For comparison, concrete with the full content of the 
Portland cement is tested. Sulphate resistance of the mortars (cement to sand = 1:3 by weight, w/solids = 0.6) 
made from Portland pozzolan cement of the same composition is characterized, and compared to that of mortars 
made from Portland cement and sulphate resistant Portland cement. Effects of three curing conditions on main 
utility properties of the concrete are studied – storage at 60% R. H-air., at 80% R. H-air and in water at 20 ± 1 
oC.  The specimens were conducted to the compressive and flexural stress. The pull out test for determination of 
the bond between the concrete and reinforcing bars were performed as well. Microstructures of the concrete at 
given curing regimens are compared by XRD, TG-DTA, SEM and Hg-porosimetry. Sulphate resistance is 
studied on mortar specimens of  20 × 20 × 120 mm size  kept for 24 hours in 20°C / 100 % R.H. - wet air and 
then for 27 days in 20 ± 1 oC water. After this basic curing half of the specimens is maintained underwater for 
365 days and the second is immersed in a 5 % solution of  Na2SO4 (an average 33 800 mg SO4

2- per litre) until 
required for testing. It is found that 15 wt. % replacement of Portland cement by natural zeolite has no negative 
influence on the concrete strength and bond between the bulky concrete mass and steel bars. Zeolite-containing 
concrete is rich on gel-like hydration products and its carbonation rate is markedly reduced. The 15 wt. % 
replacement of Portland cement by natural zeolite changes the pore size distribution from larger to finer pores. 
Lower values of macro-pore portion, micropore and pore median radius, total porosity and permeability are 
found in zeolite-containing concrete relative to the control. Portland pozzolan cement with 15 wt. % of natural 
zeolite can be classified as a Portland pozzolan cement of CEM II/A-P kind according to STN EN 197-
1: 2002/A1: 2004/A3: 2007, showing the sulphate resistance similar to that of a sulphate resistant Portland 
cement. The improved sulphate resistance of Portland pozzolan cement mortars made with zeolite is caused by 
four significant factors, which are discussed in a detail.  
 
Originality 
Natural zeolite coming from Nižný Hrabovec is up to the present days not known abroad but is the largest 
economical clinoptillolite - bearing zeolite deposit in Slovakia. The estimated zeolite contents ranged between 60 
and 80 %. Basic properties of Slovak natural zeolite are similar to those of well-known Greek and Turkish 
Annual production capacity represents 200 000 tones in case of ground zeolites and 20 000 tones in case of 
granular zeolites in one shift operation. Reserves of zeolite are approximately 9 500 000 tones. The Commission 
of Natural Zeolites working at International Zeolite Association (IZA) has started publishing a Catalogue of 
Zeolite Deposits on its website. The first entry is a description of the Registered Zeolite Deposits in Slovakia 
(www.iza.org). Document related to Slovak zeolites appears on such international level for the first time.  
 
Chief contributions 
Slovak professional community started the large-scale innovation activity on preparation of the National Annex 
of European standard EN 206-1: 2002 “Concrete. Part 1: Specification, performance, production and 
conformity” at the beginning of 2008. The EN 206-1/NA: 2009 containing the National Annex (NA) already was 
accepted for use by the Slovak Office of Standards, Metrology and Testing in June 2009. Application potential of 
Portland pozzolan cements, mainly those of CEM II/A-M and CEM II/B-M according to EN 197-1: 2002 
“Cement Part 1: Composition, specifications and conformity criteria for common cement” is broadly extended. 
This paper supports next cement innovations in Slovakia.  The last progress done with the cements of CEM V (A, 
B) kinds will be reported on 1-2 slides as supplementary information to this paper.            
 
Keywords: Cement, Blend, Zeolite, Mortar, Concrete 
___________________ 
1 Corresponding author: Email janotka@tsus.sk  Tel +421 49228251, Fax +421 49228258 

http://www.iza.org)
mailto:janotka@tsus.sk


Introduction 
 
Zeolite-blended cements have the characteristics of typical pozzolanic cements, with high late 
strengths and low heats of hydration but the disadvantage of low early strength.  Experimental results 
with cements, made from Portland clinker and 10, 20 and 40 wt. % of zeolite, indicate that partial 
replacement of clinker with natural zeolite allows preparation of blended cements with better technical 
performance than those manufactured with industrial by - products1. The increase in compressive 
strength may be explained by higher reactivity of the natural zeolite material with lime in comparison 
with industrial pozzolanic by-products containing vitreous components. Experiments on hydration of 
clinoptilolite with calcium hydroxide indicate that compressive strength is dependent on the Ca(OH)2 
content, clinoptilolite particle size, and curing conditions. The Ca(OH)2 is consumed during curing and 
is absent in fully cured high strength materials2.   

Two types of sulphate action on cement - based materials are distinguished: the formation of calcium 
sulphate dihydrate CaSO4·2H2O (abbreviated as CS H2 and marked as gypsum) and                               
3CaO·Al2O3·3CaSO4·32 H2O (abbreviated as C6AS 3H32 marked as ettringite). The increase of volume 
between the formed gypsum and origin Ca(OH)2 is approximately 2.2 times- and between hydration 
products of C3A and ettringite even 2.6 times higher in hydrated cement systems when exposed to the 
sulphate solution. The formation of reaction products is a source of internal expansive stresses 
responsible for the damaging expansion and crack propagation. The first clear signs of sulphate action 
in mortars and concrete with water to cement (W/C) ratio between 0.4 and 0.6 appear when the 
content of SO3 bound in the cement paste increases by 5-6 % from a starting value in non - attacked 
element. An increase by 10 - 12 % is connected with a total destruction of mortar or concrete3, 4.  
There are several reasons for reducing the amount of cement in concrete. Besides preserving the 
natural resources and saving the cost of materials and energy, there are long-term durability 
considerations, since an excessive amount of cement in concrete results in higher shrinkage and higher 
risk of cracking. In addressing these concerns, mixtures of Portland cement (PC) and pozzolan 
(zeolite) are now widely used in concrete production5, 6. 
The purpose of this paper is to show that the use of natural zeolite gives the cement blend a good 
environmental performance and also less permeable concrete with finer pore structure and the 
increased resistance to sulphate attack.  

Materials 
 
Portland cement (PC) of CEM I 42.5 class, cement blend containing 85 wt. % of PC and 15 wt. % of 
natural zeolite (Nižný Hrabovec deposit, Slovakia), sulphate resistant Portland cement (SRPC, C3A < 
3 %, cement plant Brno-Maloměřice) and siliceous sand for mortars and aggregate for concrete 
specimens were used. Zeolite was delivered from the producer in a powder state, then added to the 
cement and dry cement blend was subsequently homogenised for 30 minutes in a mechanical agitator. 
The composition and properties of Portland cement, sulphate resistant Portland cement, natural zeolite 
and cement blend are listed in Table 1. Content of major clinker phases of Portland cement according 
to Bogue, % is as follows: C3S – 49.45, C2S – 21.88, C3A – 10.28 and C4AF – 9.53. 
 
Casting, curing and testing procedures 
 
The mortars with weight ratio of cement to sand 1:3 were manufactured with constant W/C = 0.6 for 
sulphate resistance tests. Mortar specimens of size 20 × 20 × 120 mm were cured 24 hours in a climate 
air (20° C/95 % R.H. - wet air). Three types of mixtures were made in this study: reference mortar 
with Portland cement (Mix. No.1), mortar with low C3A sulphate resistant Portland cement (Mix. No. 
2) and mortar with the cement blend consisting of 85 wt. % of Portland cement and 15 wt. % of 
natural zeolite (Mix. No. 3). After remoulding the specimens were kept 27 days in water, and then 
either in water (reference) or 5 % sodium sulphate solution (33,800 mg SO4

2- per litre) for 365 days, 
respectively. The volume ratio between test specimens and solutions was sustained 1:10. Regular 



control of pH level and SO4
2- ion concentration was provided. The solutions were restored when 

measured variables were changed by value of 10 %.  
Physical - mechanical methods: weight, expansion, flexural and compressive strength, dynamic 
modulus of elasticity; chemical method: chemical analysis, mainly to determine SO3 bound in the 
cement phase; physical - chemical methods: XRD and thermal analysis for the phase composition 
identification and pore structure study by mercury intrusion porosimetry were applied for testing of 
mortars and concretes.  
 

Table 1: Basic physical and chemical parameters of the natural zeolite, cement and cement-zeolite blend 
Physical tests Zeolite Cement Cement-zeolite blend 

Specific gravity, kg.m-3  
Specific surface area, m2.kg-1 

Initial set, hours / minutes 
Final set, hours / minutes 
Compressive strength, MPa 

-   7 days 
- 28 days 

2 283 
1 150 

- 
- 
 
- 
- 

3 140 
336.2 
3 / 15 
4 / 20 

 
23.53 days 

41.7 

2 710 
      445.4 

3 / 30 
4 / 20 

 
      27.5 
     43.1 

Chemical analysis,       % 
Insoluble residue 
Silicon dioxide        (SiO2) 
Aluminium oxide   (Al2O3) 
Ferric oxide            (Fe2O3) 
Calcium oxide         (CaO) 
Magnesium oxide   (MgO) 
Sodium oxide         (Na2O) 
Potassium oxide     (K2O) 
Sulphur trioxide      (SO3) 
Loss on ignition 

 
- 

66.72 
14.97 
  1.69 
  5.25 
  0.10 

- 
- 

  0.19 
10.99 

 
1.63 

20.64 
5.88 
3.13 

61.49 
1.34 
0.53 
1.82 
2.30 
1.04 

- 
26.44 
  7.14 
  2.95 
51.87 
  1.76 
  0.47 
  1.88 
  2.78 
  4.56 

 
Table 2: Concrete specimens - storing conditions and test performed 

Concrete 
type 

Type of 
specimen 

Number of 
specimens 

Storing 
conditions 

Age of 
concrete 

days 

Type of test  

Control 
concrete 

(CC) 

Cubes 3 60% R.H./20°C 28 Compressive strength 

Prisms 

3+3 60% R.H./20°C 28 
Stress-strain curve + four 

point bending 3+3 90 
3+3 80% R. H. 90 
3+3 water 90 Compressive strength + 

four point bending 
Prisms + 
steel bar 

3 60% R.H./20°C 28 Pull-out tests 

Zeolite 
concrete 

(CZ) 

Cubes 3 60% R.H./20°C 28 Compressive strength 

Prisms 

3+3 60% R.H./20°C 28 
Compressive strength + 

four point bending 3+3 90 
3+3 80% R. H. 90 
3+3 water 90 Compressive strength + 

four point bending 
Prisms + 
steel bar 

3 60% R.H./20°C 28 
Pull-out tests 3 water 90 

 
Two series of concrete specimens differ from each other in the concrete mixture, namely in 15 wt. % 
of cement substitution by zeolite. Portland cement and the cement blend were used in combination 
with super plasticizer (4 litre/100 kg cement; naphthalene-formaldehyde resin) and river aggregate. 



The ratio of cement (cement-zeolite, alternatively) to aggregate was 1: 4.7; water to cement (cement-
zeolite) ratio was 0.4. From each concrete mixture 3 cubes (1503 mm), 24 prisms (100 × 100 × 400 
mm) and 3 or 6 prisms (150 × 150 × 85 mm) were manufactured. The specimens were cast in steel 
moulds on a vibration table (50 Hz, 0.35 mm) with vibration time of 30 s. Afterwards the moulds were 
covered with wet burlap. Seven days after casting the moulds were removed and the specimens were 
stored in three moisture regimes – 60% R. H., 80% R. H. and water until testing. Curing in water is 
regarded for simplification as 100% R. H. The number of specimens and tests performed are reported 
in Table 2. 
 
Results and discussion 
 
The temperature of the fresh mortars was 20  ±  0.5 °C, the unit weight ranged from 2 165 kg. m-3 to 2 
220 kg. m-3, slump from 22,0 (No.3) and 21,7 (No.2) to 18.7 (No.1) mm and air content ranged from 
2.6 (No.1) and 2.9 (No.2) to 3.5 (No.3) %. Zeolite slightly enhanced air content of the mortar. The 
32.6 % decrease in compressive strength of PC mortar cured 365 days in 5% Na2SO4 solution 
compared to that kept in water was found. By contrast with it, 10.5 % and 2.6 % increase in 
compressive strength of SRPC and PPC mortars was observed (Tab. 3, Fig.1).   
 

 
 
 
 
 
 
 
 
 
 

 

Figure 1: Changes in compressive strength of the mortars kept in Na2SO4 solution   

The results show an evident dependence of mixture composition on expansion of the specimens (Fig. 
2). The content of SO3 bound in mortar No. 1 - 9.27 % after one-year sulphate exposure differs from 
those found in mortars No.2 and No. 3 - 5.74 and 4.42 %, respectively (Tab.3).  
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 2: Expansion of the mortars immersed in Na2SO4 solution 
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Four characteristic manifestation of external sulphate attack are: the increase in SO3 content, SO3 - 
containing phases, volume density and expansion of the specimens. This is followed by crack 
propagation with decrease in the modulus of elasticity and compressive strength, and consequent 
disintegration of attacked mortar. As Table 3 shows the sulphate resistance of Portland pozzolan 
cement is very similar to sulphate resistant Portland cement.  

Table 3:  Comparison of sulphate resistance of tested cements 

Mortar property after 
 365 - day cure in 
 5 % Na2SO4  solution 

Mortar mixture composition 
Mix. No. 1 Mix. No. 2 Mix. No. 3 

Cement used 
PC SRPC PPC 

SO3  content, % 9.27 5.74 4.42 

SO3 containing 
phases estimated 
by the X – ray analysis and 
thermal analysis  

 
 

evident 
occurrence 

 
 

traces 
traces 

 
 

traces 
traces 

Increase in volume density 
relative to basic curing, % 

 
disrupted 
specimen 

 
1.26 

 
0.90 

Expansion, ‰ 1.26 1.00 
Crack propagation     evident no no 

Elasticity modulus, GPa 

 

disrupted 
specimen 

 
26.0 

               21.2                                28.1 

Compressive strength,  
MPa 

               
               37.8                                36.0 

 
The study indicates the sulphate resistance improving of Portland cement by blending 15 wt. % of 
zeolite on the level of sulphate resistant Portland cement. 
The strength of zeolite concrete is always slightly higher than that of control concrete made with 
Portland cement, especially in higher air humidity and water exposures (Fig. 3). Water curing is 
marked as that with 100 % R.H. humidity in the following figures. 

           Figure 3: Comparison of the compressive strength of control (CC) and zeolite (CZ) concrete 
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Zeolite concrete has lower absorptive capacity in each curing than the control (Fig. 4). Lower 
absorptive capacities correspond to higher compressive strengths of the zeolite concrete specimens. 

 

                  Figure 4:  90 days absorptive capacities of the control and zeolite concrete 
 

The pore structure of zeolite concrete is finer in all curing regimes in comparison with the control 
concrete (Tab. 4). It appears that capillary pores with radius between 100 and 1000 nm are mainly 
influenced at 60 % R.H. At 80 % R.H pores of practically of all radii are influenced with the exception 
of macro - pores with radius >104nm. Pore structure is markedly affected between pore radii of 3.7 and 
100 nm, and less significantly in pores with radius >1000 nm at 100 % R.H. (water). Such 
modification of the pore structure leads to decreasing the permeability of zeolite concrete. Reduction 
in the concrete permeability is contributed to space-filling effect caused by zeolite pozzolanic reaction 
that becomes more significant at better wet curing conditions. In Figure 5 relative porosity and relative 
permeability coefficient as the ratio of the parameters of zeolite to control concrete at the same curing 
are defined. The example of the calculations are for relative porosity: 10.98/16.48 = 0.67, and for 
relative permeability coefficient: 1.28/1:99 (×10-10) = 0.64, respectively (data are listed in Table 4). 
The wetter environment, the finer pore structure and lower permeability of the concrete is found. 
Zeolite concrete in age of 90 days is less permeable at each curing regime than the control one. 
 
Conclusions 
 
1. The zeolite blended cement (Mix. No. 3) can be classified as a special Portland pozzolan cement of 
CEM II/A-P class according to STN EN 197-1: 2002/A1: 2004/A3: 2007 with sulphate resistance very 
similar to that of a sulphate resistant Portland cement. The results show that sulphate resistant PC 

Table 4: Parameters of the pore structure  
Sample SSA 

m2.g-1 
VTP 

mm3.g-1 
VMP 

mm3.g-1 
Macro 

% 
MTP 
nm 

MMP 
nm 

BD 
kg.m-3 

TP 
% vol. 

cf 

×10-10 
CC 60 6,81 71,99 66,02 8,29 44,41 39,38 2 290 16,48 1,99 
CZ 60 3,90 47,55 44,10 7,25 51,85 48,34 2 310 10,98 1,28 
CC 80 2,57 47,29 42,11 10,95 55,01 49,95 2 290 10,82 1,82 
CZ 80 4,13 57,52 53,36 7,23 42,47 40,19 2 330 13,40 1,11 
CC 100 1,67 35,10 28,00 20,23 53,44 43,84 2 340 8,21 0,95 
CZ 100 6,95 51,92 45,63 12,11 22,97 18,40 2 420 12,56 0,42 

SSA - specific surface area of pores, VMP - volume of micropores (in the range of 3.7-7500 nm), VTP - volume of 
total open pores (in the range of 3.7 nm - 0.06 mm), Macro - portion of macropores (above 7500 nm),  MMP - 
micropore radius median,  MTP - pore radius median, BD - bulk density, TP - total porosity (in the range of 3.7 
nm - 0.06 mm), cf – permeability coefficient – calculated (m.s-1) 
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could be replaced by Portland pozzolan cement with 15 wt. % zeolite in sulphate aggressive waters. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 
Figure 5: Changes in total porosity (TP) and permeability (cf) of zeolite concretes due to curing regime used 

 
2. Slightly higher values of compressive strength and lower absorptive capacities of the concrete are 
registered by the substitution of Portland cement by zeolite at 15 wt. %. 
3. Pore structure of zeolite concrete is finer in all curing regimes relative to that of the control. This 
change leads to decreasing the permeability. Reduction in the concrete permeability is contributed to 
space-filling effect caused by zeolite pozzolanic reaction that becomes clearer in higher humidity 
environments. 
4. Compressive strength is not the only significant parameter showing structural integrity of concrete. 
Calculated permeability coefficients based on the measured pore sizes7, 8 show that strengths and 
permeability coefficients of the concrete are equivalent structural quality variables. 
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Abstract 

The use of mineral admixtures in the cement manufacture has many environmental benefits. The main advantages are the 

reduction of CO2 emissions and the lower energy consumption during the cement production, as well as the use of an industrial 

waste. 

Many studies show that in laboratory conditions this kind of materials with partial substitution of clinker by ground granulated 

blast-furnace slag and fly ash have good service properties, even better than Portland cement. 

Real structures are usually hardened in different environmental conditions depending on their geographical location. The 

different temperature and specially the different relative humidity present in the environment may influence the service properties 

of concretes and mortars made with slag and fly ash cements. 

In this work, the behaviour of mortars made with three different cement types, an ordinary Portland cement, a fly ash cement 

(with a content of fly ash between 21-35% of total binder) and a ground granulated blast-furnace slag cement (content of slag 

from 66 to 80%) have been tested. These mortars were exposed to two different environmental conditions during their hardening, 

an optimum laboratory condition (20ºC and 100% RH) and a Mediterranean climate environment with lower relative humidity 

(20ºC and 65% RH). 

The development of their microstructure has been studied using mercury intrusion porosimetry. In order to study their durability, 

the capillary suction coefficient and effective porosity of the mortars have been determined too. Their changes in chloride ingress 

resistance have also been studied through a forced migration test and with the steady-state diffusion coefficient obtained from 

saturated sample’s resistivity, determined using impedance spectroscopy. Finally, compressive and flexural strengths were 

studied too. The different mortars were tested at different hardening ages until 180 days. 

The mortars made with slag and fly ash cements have shown a good behaviour compared with ordinary Portland cement 

mortars. The relative humidity has an influence on materials properties, and this influence is higher in mortars containing slag 

and fly ash cements than in those made with ordinary Portland cement. The improvement of durability is delayed in environments 

with relative humidity lower than 100% but after 180 days hardening these properties have reasonable good values. 

Compressive and flexural strength increased with the age in the majority of the samples studied. Then, cements with slag and fly 

ash, hardened under environmental conditions of Mediterranean climate, can have good service properties in the long term. 

 

Originality 

Mineral admixtures, like fly ash and ground granulated blast-furnace slag, are used in cement manufacture since many years 

ago. It is known that in laboratory conditions these materials improve the properties of concrete. This is due to the development 

of the slag hydration and the pozzolanic reactions of fly ash with the portlandite produced in the hydration of clinker. These 

reactions need the presence of water, that can be the water for the mixture, or water present in the environment. 

The main innovations of this work are to characterize in-depth mortars made with fly ash and ground granulated blast-furnace 

slag cements, and to study the influence in the long term of a hardening environment with lower controlled relative humidity 

(65%) in the service properties of these mortars. This influence has been studied in the development of microstructure, durability 

and mechanical properties of those mortars. Their results have been compared with the behaviour of mortars made with an 

ordinary Portland cement, hardened under the same conditions. 

 

Chief contributions 

The main contribution of this paper is the study of the behaviour of mortars made with a fly ash cement and a ground granulated 

blast-furnace slag cement, hardened under real conditions very similar to Mediterranean climate. 

The use of these cements with mineral admixtures contributes to the sustainability of the construction industry and it also permits 

a reduction of economic costs in the building materials manufacture. 

The study of the microstructure of these mortars with fly ash and slag is very important, because the durability and mechanical 

properties of concretes are influenced by their microstructure. The study of how the environmental conditions affect the service 

properties of these materials is also important, mainly in the long term. 

Finally, the comparison with the behaviour of ordinary Portland cement mortars will allow to check if there is an improvement 

or not in the service properties as a consequence of using mineral admixtures, and to check the possibility of using fly ash and 

slag concretes in large concrete elements of real structures. 

 

Keywords: Fly ash, ground granulated blast furnace slag, microstructure, durability, relative humidity, service properties 
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1. Introduction 
 

The use of mineral admixtures in the cement manufacture has many environmental benefits, like the reduction of CO2 

emissions and the use of an industrial waste. The particular cases of ground granulated blast-furnace slag and fly ash, and 

their effect on the properties of the cementitious materials is a topic of study. Many studies show that in laboratory 

conditions this kind of materials has good service properties, even better than Portland cement (Bijen, 1996, Sanchez, 

2007). This fact is due to the development of the hydration reactions of slag and pozzolanic reactions of fly ash with the 

portlandite produced in the hydration of clinker. These reactions densificate the pore structure of concrete due to the 

formation of additional CSH phases, so the pore size distribution is shifted toward finer pores (pore refinement) 

(Manmohan and Mehta, 1981). 

Real structures are usually hardened in different environmental conditions depending on their geographical location. The 

different temperature and specially the different relative humidity present in the environment may influence the 

microstructure and chlorides diffusion coefficient (Ramezanianpour and Malhotra, 1995) of concretes and mortars with 

mineral admixtures. In this work, mortars made with three different cement types, an ordinary Portland cement, a fly ash 

cement and a slag cement, were tested in laboratory conditions and at a lower relative humidity. The development of their 

microstructure and their changes in durability and mechanical properties were studied at different hardening ages until 

180 days, as a function of the relative humidity of the environment. 
 

2. Experimental setup 
 

2.1. Sample preparation 
 

Mortar samples were prepared using an ordinary Portland cement (OPC), CEM I 42.5 R (CEM I from now on), a 

Portland cement with fly ash (content of fly ash from 21 to 35%), CEM II/B-V 42.5 R (CEM II from now on), and a 

ground granulated blast-furnace slag cement (content of slag between 66-80% of total binder), III/B 42.5 L/SR (CEM III 

from now on), according to the Spanish standard UNE EN 197-1. Two different water to cement ratios, 0.4 and 0.5, were 

employed. Fine aggregate was used according to the Spanish standard UNE EN 196-1. The aggregate to cement ratio 

was 3:1 for all the mortars. Two kinds of specimens were prepared, cylindrical (10 cm diameter and 5 cm height) and 

prismatic (4 cm x 4 cm x 16 cm). Samples were kept in 95% RH chamber and 20ºC for 24 hours, before demoulding. 

Relative humidity conditions were managed with glycerol solutions (prepared according to the German standard DIN 50 

008 part 1) introduced in hermetically sealed containers, and they were placed into a chamber with controlled 

temperature. The environmental conditions studied were two: condition A (100% RH and 20ºC, optimum laboratory 

condition) and condition B (65% RH and 20ºC). Condition B is very similar to environmental conditions of Alicante, in 

Southeast of Spain, with a Mediterranean climate. The tests were performed at 7, 28, 90 and 180 days of age. 
 

2.2. Mercury intrusion porosimetry (MIP) 
 

In order to study the microstructure of mortar samples, mercury intrusion porosimetry was used. This is a well-known 

and very used technique (Cabeza et al., 2002), in spite of being reported the main problems of employing it (Diamond, 

1999, 2000, Gallé, 2001). Samples were oven dried for 24 hours at 105ºC before the test .Two measurements were made 

on each sample. The porosimeter employed was an Autopore IV 9500 from Micromeritics. The total porosity, the pore 

size distribution and also the mercury retained after the end of the experiment were studied. This parameter provides 

information on the possible tortuosity of pore network (Cabeza et al., 2002). 
 

2.3. Capillary absorption test 
 

The capillary absorption test was performed according to Spanish standard prUNE 83.982. Samples were completely 

dried for 24 hours in an oven at 105ºC, in spite of Rilem recommendation (Rilem, 1999) that suggests a saturation degree 

of 70% on samples. The election of complete drying was made in order to accelerate the test and to prevent changes in the 

microstructure not a result of the hardening environment, especially at early ages. The results obtained are the capillary 

suction coefficient and the water effective porosity. For each cement type, environmental condition and w:c ratio three 

different cylindrical samples were tested. 
 

2.4. Steady-state diffusion coefficient obtained from saturated sample’s resistivity 
 



Electrical resistivity measurement of mortars or concretes is an indirect method to study their pores connectivity and to 

determine their steady-state chloride diffusion coefficient (DS). Resistivity was determined from electrical resistance of 

saturated sample. Electrical resistance of saturated sample was obtained from the parameter R1 (resistance associated to 

pores which cross the sample), determined through impedance spectroscopy (Cabeza et al., 2002). Samples were 

saturated for 24 hours according to ASTM Standard C1202-97 (ASTM, 1997). These saturated specimens were later 

used for the forced migration tests. The steady-state chloride diffusion coefficient was calculated according to the 

expression (Andrade et al., 2000): 

 
ρ

⋅
=

-10

S

102
  D  (1) 

where: DS is the sample’s steady-state diffusion coefficient, m
2
/s, and ρ is the electrical resistivity of specimen, Ω·m, 

calculated from electrical resistance of saturated sample.  

For each cement type, environmental condition and w:c ratio, three different samples were tested. 
 

2.5. Forced migration test 
 

The forced migration test was performed according to Finnish standard NT Build 492 (Nordtest, 1999). The result of the 

test is the non-steady-state chloride migration coefficient (DNTB). Samples were saturated for 24 hours before the test 

according to ASTM Standard C1202-97. For each cement type, environmental condition and w:c ratio three different 

cylindrical samples were tested. 
 

2.6. Mechanical strength test 
 

The compressive and flexural strength was measured according to the Spanish standard UNE EN 196-1. Three different 

prismatic samples were tested for each cement type, environmental condition and w:c ratio. 
 

3. Results and discussion 
 

3.1. Mercury intrusion porosimetry results 
 

The results of total porosity are depicted in Figure 1.A. For condition A, this parameter decreased with time for CEM I 

mortars. Total porosity of CEM II specimens decreased mainly between 28 and 90 days of age. For samples made with 

CEM III, total porosity showed a high decrease between 7 and 28 days. These results could mean that a higher RH 

accelerates the development of the hydration and pozzolanic reactions, especially the hydration of slag. With these 

reactions, new solids appear quicker and total porosity decreases at early ages. The decrease of total porosity of CEM II 

samples is delayed regarding CEM III samples. This could be related with the delaying of the development of pozzolanic 

reactions of fly ash respect to the hydration of clinker and slag (Wang et al., 2004). 

For condition B, total porosity of the majority of CEM I samples kept practically constant until 28 days, decreased since 

then until 90 days, and increased at 180 days. Total porosity of CEM II specimens followed practically the same 

evolution with time as CEM I ones. For CEM III samples this porosity remained constant until 28 days, decreased 

between 28 and 90 days, and increased at 180 days. These results may be interpreted as that the lower RH slows down 

hydration reactions of clinker and slag, and the decrease of total porosity happens later (since 28 days hardening). The 

same evolution of total porosity for CEM I and II samples until 90 days of age, could mean that the degree of 

development of pozzolanic reactions of fly ash is very low at that hardening time. This could be related with slowing 

down of hydration reactions of clinker, due to lower RH in the environment. The products of these hydration reactions are 

necessary to start the pozzolanic reactions of fly ash (Wang et al., 2004), so it seems that under condition B more time is 

necessary to observe the beneficial effects in total porosity of replacing clinker by fly ash. The increase of total porosity 

between 90 and 180 days for most of the samples, could be due to the formation of shrinkage microcracks as a 

consequence of lower RH in the environment (Kanna et al., 1998). The evolution of total porosity shows that the effect of 

this microcracking is very similar for CEM II and CEM III, but it is smaller for CEM I, as reported by Kanna et al. (1998). 

The results of percentages of Hg retained in the sample after the end of the experiment are depicted in Figure 1.B. The 

percentage of mercury retained increased for most of the samples studied. For both environmental conditions, the amount 

of mercury retained was higher for CEM III samples. For the majority of samples analysed, the increase of mercury 

retained is faster for samples hardened under condition A. These results could mean that a higher RH helps the hydration 

and pozzolanic reactions. Then new solids are quickly produced and tortuosity of pore network increases. 
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Figure 1: Results of total porosity (A) and mercury retained at the end of the experiment (B). Filled symbols correspond to w:c ratio 0.5 

samples, and open symbols to w:c=0.4 ones. Dashed lines correspond to samples hardened at 65% RH while solid lines correspond to 

samples hardened at 100% RH. 
 

The study of pore size distribution of samples was done considering the following diameter ranges: < 10 nm, 10-100 nm, 

100 nm-1 µm, 1-10 µm, 10 µm-0.1 mm and > 0.1 mm. For all the samples studied, the most populated ranges were 10-

100 nm and 100 nm-1 µm. Values of the contributions to total porosity are shown in Figure 2 for specimens prepared 

with the three kind of cements studied and w:c ratio 0.4 for both environmental conditions. The results obtained for w:c 

ratio 0.5 were very similar to those obtained for w:c ratio 0.4. 

The intrusion volume decreased with age for the majority of the mortars studied. For CEM I specimens hardened under 

condition B, at 7 and 28 days of age, the intrusion volume was higher than those exposed to condition A. At 180 days of 

age, this volume was similar for the majority of CEM I specimens, independently of environmental conditions. The pores 

volume of the range 1-10 µm slightly increased between 90 and 180 days of age for CEM I specimens hardened under 

condition B. 

For CEM II mortars hardened under environmental condition A, the pores volume of the range 100 nm-1 µm decreased 

with time, particularly between 28 and 180 days, and the intrusion volume of ranges 10-100 nm and <10 nm increased 

with age. These results show that there is a progressive densification of the pore structure of CEM II mortars, because 

their microstructure shifts to finer pore diameters, as a consequence of the development of pozzolanic reactions of fly ash 

with the portlandite produced in the hydration of clinker (Bijen, 1996, Manmohan and Mehta, 1981). This pore 

refinement with time had not been observed for CEM II specimens hardened in condition B, with lower RH. At 90 days 

hardening, the pore size distribution of CEM II mortars was very similar to that of CEM I ones, as shown in Figure 2. It 

seems that the development of pozzolanic reactions of fly ash had not started yet or their degree of development was very 

low. Then it is expected that in an environment with lower RH, the pore refinement due to the addition of fly ash will be 

observed at greater hardening ages (more than 180 days). For CEM II specimens hardened under condition B, the 

intrusion volume of pore ranges 100 nm-1 µm and 1-10 µm increased between 90 and 180 days of age. 

For specimens prepared with CEM III, the intrusion volume decreased quickly for samples under hardening condition A. 

For environmental condition B, the intrusion volume decreased slower until 90 days of age and increased between then 

and 180 days hardening, mainly due to the rise of volume of pore range 1-10 µm. CEM III pores volume of the ranges 

100 nm-1 µm and 10-100 nm (capillary pores) showed a higher decrease with time since early ages for both 

environmental conditions studied. This fact may be due to the densification of the pore structure (Manmohan and Mehta, 

1981), as a consequence of the development of the hydration reactions of the slag, even in environments with RH lower 

than 100%. 

These results could mean that higher RH in the environment accelerates the hydration reactions of clinker and slag, and 

then, in the case of CEM II, the pozzolanic reactions of fly ash start sooner and their development is faster. If RH present 

in the environment is lower, hydration reactions of clinker and slag develop slower, and as a consequence, pozzolanic 

reactions of fly ash start later and their development is also slower. The rise of intrusion volume of range 1-10 µm 

observed for all the mortars hardened in condition B may be due to the formation of shrinkage microcracks, as a 

consequence of a lower RH in the environment (Kanna et al., 1998). 

Finally, if it is compared the pore size distribution of CEM II and III samples hardened under condition A (100% RH), 

CEM III ones presented more pore refinement since early ages hardening (7 days). However, microstructure refinement 

of CEM II samples started later and it was slower, as it shows the important decrease of pore volumes between 100 nm 

and 1 µm at 90 and 180 days hardening. This fact shows the different starting time of hydration reactions of slag and 

pozzolanic reactions of fly ash. The hydration reactions of slag start during the cement setting, and pozzolanic reactions of 



fly ash start later, when there is available enough portlandite produced in the hydration of clinker, so fly ash needs more 

time, as compared to slag, for showing notable effects in microstructure as a consequence of hydration. 
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Figure 2: Pore size distributions for CEM I, II and III specimens with w:c ratio 0.4. 

 

3.2. Capillary absorption results 
 

The results of capillary suction coefficient (K) are shown in Figure 3.A. For environmental condition A, coefficient K 

decreased with time for CEM I and III samples. For CEM II specimens, coefficient K presented a high fall between 28 

and 90 days (may be due to the delaying of pozzolanic reactions of fly ash respect to hydration of clinker), and rose at 180 

days. Under environmental condition B, coefficient K decreased with age for CEM I and CEM III samples (mainly 28 

and 90 days), and kept practically constant for CEM II ones. 

The effective porosity presented a very similar evolution than coefficient K for each cement studied and hardening 

condition. As could be expected from MIP results, the results of coefficient K and effective porosity could mean that a 

higher RH facilitates the hydration reactions of clinker and slag and the pozzolanic reactions of fly ash. Then new solids 

are produced faster and the coefficient K and effective porosity decrease at early ages. When RH in the environment is 

lower, the development of hydration reactions is slower, so the development of pozzolanic reactions is also slower and 

they begin later. As a consequence, the coefficient K and effective porosity decrease later. 
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Figure 3: Results of capillary suction coefficient (A) and steady-state chloride diffusion coefficient (B). The lines and symbols have the 

same meaning as in Figure 1. 
 

3.3. Steady-state diffusion coefficient from resistivity results 
 

The results of the steady-state chloride diffusion coefficient (DS) are shown in Figure 3.B. Under condition A, DS had 

lower values for CEM III samples than for CEM I and CEM II ones. Fly ash mortars also showed lower Ds than CEM I. 

For condition B, DS decreased mainly between 7 and 28 days of age for CEM I samples, and between 28 and 90 days for 

CEM II mortars. This coefficient decreased from 28 days until 180 days of age for specimens made with CEM III, and 

their values at greater ages were the lowest of the cements studied, under this condition B. As could be expected from 

previous results, the results of DS could mean that a higher RH facilitates the hydration reactions of clinker and slag and 

the pozzolanic reactions of fly ash. Then new solids are produced faster and DS decreases at early ages. The delaying of 

the decrease of DS for CEM II mortars is related with the later beginning of pozzolanic reactions of fly ash, which need 



the portlandite produced in the hydration of clinker. When RH in the environment is lower, the development of hydration 

and the pozzolanic reactions are slower and the coefficient DS of cements studied decreases later. 
 

3.4. Forced migration results 
 

The results of the non-steady-state chloride migration coefficient (DNTB) are depicted in Figure 4.A. The DNTB coefficient 

had smaller values for samples prepared using CEM II than using CEM I, but the CEM III ones showed the lowest 

values of this coefficient for both conditions and w:c ratio studied. This result could be expected from the results obtained 

for MIP. The DNTB decreased with the hardening age until 90 days for the majority of mortars hardened in condition A. 

For condition B (65% RH), CEM I and II samples presented a similar decreasing tendency of DNTB between 7 and 28 

days of age. This tendency continued until 90 days only for CEM II mortars. For both kinds of cements, DNTB increased 

between 90 and 180 days. This rise was not observed for CEM III samples hardened under condition B. As could be 

expected from MIP results, this could be due to the higher volume of capillary pores in CEM I and II samples than in 

CEM III ones at ages higher than 90 days. The higher volume of capillary pores (ranges 10-100 nm and 100 nm-1 µm) 

makes easier the ingress of chlorides into these CEM I and II mortars. Besides, the development of shrinkage microcracks 

in that samples, as a consequence of lower RH in the environment, could also facilitate the ingress of chlorides, because 

they could make that a higher volume of capillary pores are accessible to aggressives. This effect of microcracking could 

also be produced in CEM III mortars, but their smaller volume of capillary pores makes more difficult the ingress of 

chlorides, as indicated by their lower DNTB at 180 days of age. Finally, the highest decrease of DNTB for CEM III mortars 

hardened under condition B happened between 28 and 90 days. At the age of 90 days, DNTB was very similar for the 

majority of CEM III mortars, independently of environmental condition. 

Again, it is shown that a high RH in the environment makes easier the development of hydration and pozzolanic 

reactions, and then, DNTB decreases quickly. Nevertheless, if RH is lower, hydration reactions of clinker and slag and 

pozzolanic reactions of fly ash, develop slower and DNTB decreases later. In spite of that, at 180 days of age, DNTB reaches 

good values for CEM III, and for CEM II this coefficient shows better values than CEM I. At greater ages (more than 90 

days), the influence of lower RH has more effect for CEM I samples and for CEM II samples, and their DNTB increases. 

This fact is a consequence of combination between shrinkage effects and higher volume of capillary pores, which show 

the direct relation between microstructure and non-steady-state chloride migration coefficient. 
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Figure 4: Results of non-steady-state chloride migration coefficient (A) and compressive strength (B). The lines and symbols have the 

same meaning as in Figure 1. 
 

3.5. Mechanical strength results 
 

Compressive and flexural strengths were studied. Compressive strength results are depicted in Figure 4.B. Flexural 

strength showed very similar results than compressive strength. Both strengths increased for the majority of studied 

samples. For samples hardened under condition A, this increase is higher than that obtained under condition B. Samples 

made with CEM II and w:c ratio 0.4 showed the highest compressive strength at 180 days of age for both environmental 

conditions studied. These results could mean that a higher RH accelerates the hydration and pozzolanic reactions. Then 

new solids are quickly formed and the gain of strength is faster in this case, in coincidence with all the results already 

discussed. 
 

4. Conclusions 
 

The main conclusions that can be obtained from the results previously discussed can be summarized as follows: 



• Environmental relative humidity has an influence on development of microstructure of materials studied. 

• High relative humidity improves slightly the durability and mechanical properties of the mortars studied. The 

presence of water favours hydration reactions of clinker and slag and pozzolanic reactions of fly ash. 

• The development of pozzolanic reactions of fly ash is delayed respect to the hydration of clinker and slag. This 

makes that the benefits of replacing clinker by fly ash in microstructure and service properties will be shown at 

higher hardening ages. 

• The improvement of the durability is delayed in environments with relative humidity lower than 100%, but after 

180 days hardening these properties have reasonable good values for the majority of the cases studied. In these 

environments, it seems that the development of pozzolanic reactions of fly ash had not started yet or their degree 

of development was very low at 180 days hardening. 

• Relative humidity lower than 100% can produce shrinkage microcracking in mortars at greater hardening ages, 

as indicated by the increase of total porosity for most of the samples studied. 

• In general, CEM III samples show the best properties of durability at 180 days of age. 

• Cements with ground granulated blast-furnace slag and fly ash, hardened under environmental conditions of 

Mediterranean climate, can have good service properties in the long term. 
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Abstract 
Concrete specimens with different phase compositions and pore structures were prepared using various 
cement-based materials and different mix proportions, and their apparent and effective diffusion coefficients Da 
and De were measured to know how they are influenced by the phase composition, pore structure and 
environmental conditions such as exposure temperature and marine tidal or splash zone environment. This 
paper verifies the applicability of analytical solutions of diffusion equations to the evaluation of Da with 
variations in surface chloride ion (Cl−) concentration depending on the immersion time. Over-time changes of 
Da and De are then discussed from the viewpoint of variations in influential factors depending on the mix 
proportions and environmental conditions. For the present study, specific focus is placed on the factors 
influencing Da including linear binding of Cl−, cement content and pore structure factors as well as tortuosity 
and constrictivity as typical pore structure parameters. 
 
Originality 
There have been many reports showing measured diffusion coefficients have a time dependency, but very few 
studies considering the mechanisms of that time dependency. The originality of this study is that the variation of 
time dependency of diffusivity due to the type of cement and environmental condition could be described by four 
parameters: the linear chloride binding capacity, unit cement content, porosity and pore structure factors. 
 
Chief contributions 
In the performance based design method, setting of a diffusion coefficient value is absolutely important for 
ensuring the durability of reinforced concrete structures. Nowadays, however, the time dependency of diffusion 
coefficient is not considered in that design method. The contribution of this work is to provide valuable 
information for the development of the intelligent performance based design method. 
 
Keywords: Apparent diffusion coefficient, effective diffusion coefficient, chloride permeability, blast furnace 
slag, fly ash, EPMA 
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1 INTRODUCTION 
Chloride ions (Cl−) penetrate into pore solution in hardened cement paste, moving under the influence of various 
physical and chemical factors such as binding by hydrates and structure factors including morphology of the 
pores and interaction with pore walls. In other words, Cl− movement varies depending on the pore structure 
factors and the phase composition of the hardened cement paste which is determined by the type and amount of 
hydrates. The effects of pore structure factors on the Cl− penetration are generally quantified using tortuosity (τ) 
and constrictivity (δ) as parameters. The effects of phase composition may be determined using Al2O3 content 
which is highly correlative with the amount of AFm phases that contribute significantly to the binding of Cl−. 

The pore structure and phase composition influencing the Cl− penetration vary depending on the 
water-cement ratio (W/C) of concrete and chemical compositions of cement and admixtures. The Cl− movement 
also changes over time with the progress of hydration which varies between different phases in cement and 
admixtures. The hydration process also varies depending on the W/C and environmental conditions such as 
temperature and humidity. In addition, diffusion of Cl− itself varies depending on the temperature, surface 
concentration and other environmental conditions. Therefore, Cl− diffusion coefficients which represent 
concrete chloride permeability indices change with time in complex manners, depending on the cement type, 
admixture type and dosage, mix proportion, age and various environmental conditions. There are many research 
results on the time dependency of the chloride diffusivity (Nilsson, 2002; Takewaka, 1988; Tang et al., 2007; 
Thomas, 1999). However, few extensive studies have been made about the effects or influences of the factors of 
cement-based materials on the diffusion coefficients. The purpose of this study was to investigate how the 
behaviors of Da and De are influenced by the phase composition, pore structure and various environmental 
conditions. Concrete specimens with different phase compositions and pore structures were prepared by using 
various cement-based materials and different mix proportions, and their apparent and effective diffusion 
coefficients Da and De were measured. 
 
2 OUTLINE OF THE EXPERIMENT 
2.1 TEST FACTORS AND CONDITIONS 
Table 1 shows the factors and conditions tested in this experiment. 
Blast-furnace slag cement type B (BB) contained 40% of ground granulated blast-furnace slag in ordinary 
portland cement (OPC), and fly ash cement type B (FB) and type C (FC) contained 20% and 30% of class II fly 
ash, respectively, in OPC. The ternary blended cement (NFS) contained 40% of ground granulated blast-furnace 
slag and 20% of fly ash in OPC. Table 2 shows chemical compositions and densities of individual cement types. 
The Al2O3 content in this experiment was 
2.83% in mass (low heat portland cement; 
LPC) at minimum and 11.70% in mass (NFS) 
at maximum. 
Specimens to be exposed to marine 
environment 1 were placed in a drain trough of 
a fishing port facility situated in a tidal zone 
where they were completely immersed in 
seawater at high tide and exposed to the 
atmosphere at low tide. The exposure site for 
marine environment 2 was situated in the 
splash zone at a minimum distance of about 40 
m from the shoreline where the amount of 
air-borne salt was high under strong winds. 
Table 3 shows annual average 
temperature statistics (Japan 
Meteorological Agency) of the 
individual exposure sites during 
the exposure period of the 
experiment. 
 
2.2 MATERIALS AND MIX 

PROPORTIONS 
This experiment used concrete 
specimens. Table 4 shows 

Cement

OPC 
LPC 
EC 
W 
BB 
FB 
FC 
NFS 

Table 1 The factors and conditions 
Factors Conditions 
Type of cement Ordinary portland cement(OPC), low heat 

cement(LPC), white cement(W), blast-furnace 
slag cement type B(BB), fly ash cement type 
B(FB) and type C(FC), three component cement 
(NFS), eco cement (EC) 

W/C 30%(exposure period: 91days – 2 years) 
40%, 50% (exposure period: 91days – 5years) 

Exposure 
environment 

Salt water immersion: 3% NaCl aq. (exposure 
period: 91days–5years) 
Marine environment 1: tidal zone (Hokkaido) 
Marine environment 2: splash zone (Okinawa) 

Temperature 5, 20, 30 ºC 
 

 

Table 2 Chemical composition and density of cement used 
Chemical composition (mass %) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O 
Density
(g/cm3)

21.49 5.41 2.88 64.76 1.02 1.78 0.10 0.37 3.16 
25.94 2.83 2.85 63.26 0.868 2.20 0.10 0.24 3.22 
16.62 7.30 3.51 60.60 2.16 3.98 0.41 0.05 3.17 
23.34 4.80 0.16 66.02 0.81 2.66  0.00  0.09  3.05 
25.86 8.30 1.90 55.72 3.23 2.33  0.07  0.34  3.04 
27.90 8.81 2.81 52.00 0.91 1.48 0.16 0.44 2.94 
31.10 10.51 2.78 45.63 0.86 1.32 0.19 0.48 2.83 
32.26 11.70 1.84 42.97 3.12 2.03 0.13 0.42 2.82 
 



qualities of aggregate used, and Table 5 shows mix proportions. Chemical 
admixture was added to adjust the air content after mixing to 4.5 ± 1.0%. 
Specimens were pre-cured by 28-day standard cure in water. In addition, 91-day, 
one-year and two-year standard-water-cured specimens were also prepared for 
De and porosity measurements. 
 
2.3 MEASUREMENT ITEMS AND METHODS 
Table 6 shows measurement items and methods. In 
regard to analytical solutions of Fick’s diffusion 
equation, Equation (1) was used for salt water 
immersion and marine environment 1, and Equation (2) 
was used for marine environment 2. 
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Where, C (x, t): total Cl− concentration (kg/m3
conc) at depth x 

(m) and time t (s); Cs: total Cl− concentration (kg/m3
conc) at the 

surface; F0: amount of air-borne salt (kg/(m2
conc·s)); Ci: initially 

contained total Cl− concentration (kg/m3
conc); and erfc: 

complementary error function. In regression 
analysis the reading of total Cl− concentration of 
an intact region not penetrated by Cl− was given 
as Ci. For the cases with concentration decreases 
within the range of a few millimeters from the 
surface on the Cl− concentration profiles, values 
measured in the corresponding region were 
excluded in the regression analysis to determine 
Cs, F0 and Da. 
 
3 RESULTS AND DISCUSSION 
3.1 CHLORIDE CONCENTRATION PROFILE 

MEASUREMENT RESULTS 
Fig. 1 shows Cl− concentration profiles of OPC 
and BB (W/C = 50%) specimens exposed to salt 
water immersion at 20°C (exposure times: 91 days, 182 days, one year, two years a
of measurement results. The Cl− concentration profiles were obtained by extracti
paste from the EPMA surface analysis results, using the advantage of differen
aggregate and paste (Mori, 2004). As blast-furnace slag provide high resistance aga
Cl− penetration depths in BB were smaller than those in OPC. On the other hand, t
found to be dependent primarily on the changes in the amount of bound Cl− and
Al2O3 contents and therefore large bound Cl− amounts. 
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3.2 APPLICATION OF ANALYTICAL SOLUTIONS TO THE EVALUATION OF OVER-TIME 
Equation (1) was used in regression analysis of Da and Cs for the cases of salt wa
exposure. However, Equation (1) is generally given under the condition where 
boundary concentration are constant. Therefore, the authors verified the theoretic
applying Equation (1) to concentration profiles with varied surface concentrations a
Diffusion equation for diffusion coefficient D(t) which is solely dependent on time 
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Where, cf: free Cl− concentration (kg/m3

sol) in the pore water. With time t transform
T is given by integration of D(t) from time 0 to t. With average D(t) for that time p

 
 

Table 3 annual average
temperature statistics 
Year Hokkaido Okinawa
2003 6.3 22.9 
2004 7.7 22.8 
2005 6.9 22.5 
2006 7.0 23.0 
Ave. 7.0 22.8 
able 4 Qualities of aggregate used 
Quality 

gate Natural sand (density:2.64g/cm3, 
water absorption:1.44%) 

1) 

Crushed lime stone 
(density:2.65g/cm3, water absorption: 
0.99%) 
Crushed sand stone (density: 
m3, water absorption 0.99%）

ix proportion of concrete 
Weight of material (kg/m3)ir

) W C S G1 G2
533 749 0 889
400 799 975 0.5 160 
320 830 1011 0
 Table 6 Measurement items and methods 
nt Methods 

l 
n 

Test according to JSCE G574-2005 Area 
analysis method of elements distribution in 
concrete by using EPMA  

De 

Test according to JSCE G-571-2003 Test 
method for effective diffusion coefficient of 
chloride ion in concrete by migration 

Da 

Da was determined by fitting the profile of 
chloride concentration measured from 
concrete specimen immersed into 3%NaCl 
solution for a given period to the solution 
equation of Fick's diffusion equation 
Test according to ASTM C 642 
nd five years) as an example 
ng Cl− concentrations in the 
t chemical compositions of 
inst chloride ion penetration, 
he surface concentration was 
 high in BB which had high 
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al validity of Da obtained by 
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The above transformation of variable further allows 
rewriting the equation (3) as follows: 
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With the initial concentration assumed to be 0 and 
surface free Cl− concentration cfs constant for 
simplification, the analytical solution of Equation (5) is 
given as follows: 
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As described by Equation (6), the diffusion equation 
solution has a similar form to Equation (1) even with 
the time-dependent variations in diffusion coefficient. It 
is also demonstrated that a diffusion coefficient 
obtained from the concentration profile to time t by 
regression analysis using Equation (1) is a mean value 
of the over-time changing diffusion coefficient for that 
time period. These findings prove the applicability of 
Equation (1) to the evaluation of over-time change of 
Da. When the boundary condition is given as a constant 
value of flux, an analytical solution of T in a similar 
form to Equation (2) is obtained. This validates the use 
of Equation (2) in the evaluation of over-time change of Da. 

Fig. 1 Cl− concentration profiles of OPC and BB
(W/C = 50%) immersed into NaCl solution at
20°C 

The authors then investigated the cases with varied surface concentrations. Concentration of total Cl− present in 
the paste is a sum of concentration of free Cl− present in the pore water and that of bound Cl− present in the 
hydrates. The relationship between the bound Cl− content C’b (kg/kg-cement) and free Cl− concentration cf is 
generally expressed as an adsorption isotherm, and applicability of linear adsorption equations as well as 
Freundlich and nonlinear adsorption equations has been conventionally examined. The assumption of linear 
adsorption isotherm was adopted in this experiment, introducing R as a proportionality constant (= binding 
capacity C’b/cf). With concrete porosity expressed as ε (m3

sol/m3
conc) and cement content as B (kg/m3

conc), total 
Cl− concentration is given as follows: 
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Both R and ε are functions of time t since Cl− binding capacity of paste changes depending on the amount of 
hydrates, and the porosity decreases with the progress of hydration. This expresses that the surface concentration 
expressed as total Cl− concentration changes over time with the progress of hydration even with a constant Cl− 
concentration in pore water at the surface. Consequently, Equation (1) may be used to evaluate diffusion 
coefficients under conditions like salt water immersion or marine tidal zone exposure where Cl− concentration in 
the pore water at the surface is assumed to be constant (= seawater chloride concentration) even with the total 
Cl− concentration at the surface changing with time. 
 
3.3 INFLUENCES OF VARIOUS FACTORS ON THE OVER-TIME CHANGE OF Da 
3.3.1 FACTORS INFLUENCING Da 
Fig. 2 shows the over-time changes of Da estimated by the regression analysis. The diagrams also include curves 
of over-time change regressed as a power function of immersion time. 
This section describes the relationship between Da and the influential factors. The assumption of linear 
adsorption isotherm for the bound Cl− content provides the following expression of Da: 
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Meanwhile, De is given as follows using the pore structure factors (τ and δ): 
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Fig.2 Over-time changes of Da estimated by the regression analysis 

∗= DDe ετδ )/( 2
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Where, D*: Cl− self diffusion coefficient. This allows rewriting Da as: 
∗
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Factors R, ε and δ/τ2 in Equation (10) change with the degree of 
hydration α. R increases, ε decreases, and δ/τ2 
increases with the increase of α. Since α is a 
time-increasing function, Da decreases over time 
with the changes in R, ε and δ/τ2 as shown in Fig. 2. 
Table 7 shows a summary of influential factors 
which are assumed to change according to the 
conditions on the left and affect Da. Changes of Da 
caused by the effects of these conditions may be 
evaluated qualitatively based on the correspond- 
ences between the conditions and the factors. 
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Table 7 Relationship between conditions 
and influential factors affecting Da 

Condition Influential factors
Hydration degree α R, ε, δ/τ2 

W/C B, ε, δ/τ2 
Phase composition R, δ/τ2 

Temperature D*, α 
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Fig. 3 Structure factors 3.3.2 EFFECTS OF STRUCTURE FACTORS AND 

PHASE COMPOSITION 
Fig. 3 shows structure factor δ/τ2 calculated by 
Equation (9) from the value of D* (2.03 × 10-9 
m2/s) and De and ε measured after the 28-day 
pre-curing. Fig. 4 shows the over-time changes of 
δ/τ2 in OPC, BB and FB specimens pre-cured for 
up to two years. As shown in Fig. 3, BB and NFS 
which contained blast-furnace slag exhibited 
smaller δ/τ2 than those of OPC and other cement 
types. Meanwhile, BB and NFS were assumed to 
have large R values due to their high Al2O3 
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Fig. 4 Over-time changes of structure factor for up to two years
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contents. The small δ/τ2 combined with the large R was likely to 
be the major reason for the fact that changes of Da in the 
blast-furnace slag-containing cement types exposed to salt water 
immersion were consistently smaller than those in other cement 
types as shown in Fig. 2, irrespective of variations in mix 
proportion or exposure temperature. Despite the similar Al2O3 
contents to those of BB and NFS, Da values of the fly 
ash-containing FB and FC were at intermediate levels between 
OPC and BB after 91-day immersion, because δ/τ2 of FB and 
FC was not significantly small at the end of 28-day pre-curing. 
Their Da approached asymptotically the slag-containing cement 
values during the 3-year immersion as shown in Fig. 4, as the 
addition of fly ash resulted in a substantial decrease in δ/τ2 with 
the increase of curing time, i.e. the progress of hydration. 
Although normal ecocement (EC) had a higher Al2O3 
content than that of OPC like BB and FB, the effect of 
high Al2O3 content was offset by its larger δ/τ2 than 
that of OPC, resulting in similar Da to that of OPC. 
Values of Da of white portland cement (W) and LPC 
were higher than that of OPC because of their similar 
δ/τ2 to that of OPC and their lower Al2O3 contents 
than that of OPC. 
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3.3.3 EFFECTS OF W/C 
Values of Da decreased in all cement types with the 
decrease of W/C as shown in Fig. 2. The decrease of 
Da can be explained by the decrease of W/C based on 
Eq. (10) since the W/C decrease causes B to increase, 
ε to decrease, and δ/τ2 to decrease as shown in Fig. 3. 
 
3.3.4 EFFECTS OF TEMPERATURE 
Values of Da are larger at higher temperatures because 
D* increases with the increase in temperature. This 
explains the general tendency that Da at 30°C was 
larger than that at 20°C and Da at 5°C was small. 
Higher temperatures also accelerate hydration, causing 
larger over-time changes and resulting in larger 
decrease rates of Da. In order to evaluate the over-time 
decrease, the rate of Da decrease (time derivative of Da) for the 6-month immersion was calculated, using the 
regression results of the over-time change of Da by a power function. Fig. 5 shows the calculated decrease rates 
plotted against the temperature. OPC and LPC exhibited larger over-time decreases of Da at higher temperatures 
due to the accelerated hydration. The large over-time decrease rates found in FB at 5°C and 20°C were 
considered to be due to the slow progress of fly ash hydration which was likely to be continuing during the 
6-month immersion. The Da decrease rate of FB did not change when the temperature increased to 30°C. This 
was likely because that fly ash hydration activity was high at 30°C from the start of the reaction, making the 
relative effect of temperature minor. The addition of blast-furnace slag was expected to cause significant 
decrease of Da similar to the one found in FB because hydration of blast-furnace slag was as slow as that of fly 
ash. However, the experimental results showed that over-time changes of Da in the blast-furnace slag-added 
specimens were consistently small under any conditions. The Da behavior under the addition of blast-furnace 
slag requires more detailed examination in future from the viewpoints of pore structure and phase composition. 
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Fig. 6 Over-time changes of Da estimated by eq.(1) 

and eq.(2) in marine environment 2 to cope 
with the splash zone  

3.3.5 EFFECTS OF THE MARINE ENVIRONMENTS 
 in mAnnual average temperature was as low as 7.0°C arine environment 1 (Hokkaido) during the exposure 

period, which was expected to decrease Da. On the other hand, advection in the tidal zone was expected to 
accelerate Cl− penetration, increasing Da. However, there were only minor differences from the 5°C salt water 
immersion, suggesting a very small effect of advection at the test site. Marine environment 2 (Okinawa) where 

 
 



annual average temperature was 22.8°C could have equivalent temperature effects to the 20°C salt water 
immersion. However, Da in marine environment 2 was found to be only slightly smaller than that under the 
20°C salt water immersion because of the contradictory effects on Da in the splash zone. Generally, relative 
humidity within the specimens exposed to splash zones is lower than that in the salt water immersion, which 
results in slower Cl− penetration as compared to the saturation in salt water. The low humidity also slows down 
the hydration, decreasing R. The former decreases Da, and the latter increases Da. 
Equation (2) was used in this experiment for the regression analysis of Da in marine environment 2 to cope with 

 CONCLUSIONS 
fication was performed on the applicability of solution equations to Cl− concentration 

(2) st-furnace slag (BFS) were found to have consistently 

(3)  

(4) es for the splash zone environment, it 

 
CKNOWLEDGEMENTS We would like to thank Prof. Ayuta, Mr. Igari and Mr. Okada (Kitami Inst. of Tech.), 

EFERENCES 
logical Agency (JMA). Monthly Mean and Monthly Total Tables, Climate Statistics. Available 

Mo lication of EPMA for the Determination of 

Ni

Ta al., 1988. Quality and cover thickness of concrete based on the estimation of chloride 

Ta n 

Th sion on service-life estimates for reinforced concrete 

the boundary condition of the splash zone. Fig. 6 shows the results of Da estimated by Equation (1) for reference, 
comparing them with those by Equation (2). As shown here, Da by Equation (1) was consistently smaller than 
Da by Equation (2), with the decrease rate reaching 40% at maximum. If this tendency is common and 
consistent, Da estimated by Equation (1) can lack adequate safety margins for splash zone environments. As 
discussed above, Da of the same concrete can differ depending on the boundary condition applied and also 
varies in complex manners depending on the environmental conditions. In determination of Da, it is critically 
important to properly take into account various information including the degree of dryness of the specimens 
and the amount of air-borne salt. 
 
4
(1) Theoretical veri

profiles with variations in surface concentration depending on the immersion time and the validity of the 
thus-obtained Da in its over-time change evaluation. 
 The cement types containing ground granulated bla
small Da due to the small pore structure factor δ/τ2 from the start of exposure and the high Cl− binding, 
suggesting minor effects of temperature. The cement types containing fly ash (FA) had similar Al2O3 
contents to the BFS-added cement types but had initially large δ/τ2 which asymptotically approached the 
BFS-added cement values with the progress of hydration, with Da also asymptotically approaching that of 
BFS-added cement types with the increase of exposure time. Values of Da of ordinary, low heat and white 
portland cement types varied depending on Al2O3 contents. Normal ecocement exhibited similar Da to that of 
ordinary portland cement due to the effect of high Al2O3 content offset by the effect of extremely large δ/τ2. 
 Tidal zone exposure (Hokkaido; annual average temperature: 7.0°C) resulted in similar Da to that by the 5°C
laboratory immersion, suggesting insignificant effects of advection in this experiment. Splash zone exposure 
(Okinawa; annual average temperature: 22.8°C) resulted in similar Da to that by the 20°C laboratory 
immersion, which was likely to be a result of the offset between the effect of slow hydration and that of slow 
Cl− penetration due to the low relative humidity within the specimens. 
In the application of analytical solutions to the Cl− concentration profil
was found that Da estimated with the surface concentration given as the boundary condition was consistently 
smaller than that estimated with the amount of air-borne salt given as the boundary condition. This suggests 
such Da evaluation has inadequate safety margins. Since Da varies in complex manners depending on various 
environmental conditions in addition to the boundary condition, a proper method needs to be established to 
estimate Da with these factors taken into account. 

A
and Prof. Yamada (Univ. of the Ryukyus) for their corporation and helpful advices on the exposure test at the 
marine environment.  
 
R
Japan Meteoro

at: http://www.data.jma.go.jp/obd/stats/data/en/smp/index.html 
ri D, Hosokawa Y, Yamada K and Yamamoto M, 2004. App
Chloride Ion Concentration Profile in Concrete. Proc. of the Japan Conc. Inst., 26 (1), 867-872 (in Japanese) 

lsson L-O., 2002. WP4 report – modeling of chloride ingress, EU-PROJECT CHLORTEST, G6RD-CT 
-2002-00855 

kewaka K. et 
penetration in marine environments, in: 2nd Int. Conf. Concr. Marine Environment, ACI SP-109, 381-400. 

ng L and Gulikers J, 2007. On the mathematics of time-dependent apparent chloride diffusion coefficient i
concrete, Cement and concrete research, 37, 589-595 

omas MDA, 1999. Influence of time-dependent diffu
exposed to chloride, in: Proc. Int. Conf. on ion and mass transport in cement-based materials, 269-280 

 
 



*Corresponding author: E-mail- hilalsr@omancement.com , Tel. + (968) 99030550, Fax. + (968) 24437775 

 

Utilization of by-product from petroleum refinery in Portland clinker and 

cement manufacturing 

AL-Dhamri, H.*
1
 Khaled Melghit

2
, Taha, R.

3
, Ganesh Ram

4
 

Oman Cement Company SAOG
1,4

, Oman 

Sultan Qaboos University, College of Science, Department of Chemistry
2
, Oman 

Sultan Qaboos University, College of Engineering, Department of Civil & Architecture
3
, Oman 

Abstract 

In the process of preparation of Portland clinker, imported bauxite was substituted with two types of materials: 

natural rock kaolin (KL) and waste by-product, spent alumina catalyst (SAC) and reduced fluid cracking catalyst 

(RFCC), from petroleum refinery in the Sultanate of Oman. Different clinkers were prepared using four different 

raw meal (RM) samples, i.e. one with bauxite as a reference sample (RM-BxtRef), one with kaolin (RM-KL) as a 

secondary reference sample, one with spent alumina Catalyst (RM-SAC) and another with reduced fluid catalytic 

cracking catalyst (RM-RFCC). The clinker samples obtained were ground with 5% gypsum (CaSO4·2H2O) for 

preparation of cement. The microscopic features of the clinker samples prepared were examined petrographically 

under a polarized microscope.The study of sintering behavior of the raw mix shows that clinker prepared using 

kaolin has the lowest free lime content compared to the other prepared clinker samples. The compressive strength 

results indicate that the inclusion of kaolin in the raw mix favors an easy silica source for the reaction with lime and 

a media relatively free of impurities at the different stages of the thermal treatment. It seems that the impurities 

found in the raw materials dominate the reaction between the available reactants during heating and affects the 

burnability at the different reaction stages. In general, the results show that substitution of bauxite in the 

preparation of cement by kaolin, RFCC and SAC gave results that similar to cement samples prepared using bauxite 

and kaolin . These results demonstrate that the spent catalysts (SAC and RFCC) could be utilized to replace bauxite 

in the manufacturing of Portland clinker. This could potentially solve the environmental problem of disposal of 

spent catalysts from refinery companies as well as reduce the cost of cement production. 

 

ORIGINALITY:  AREA 2: Sustainable production 

 

CHIEF CONTRIBUTION: Utilization of industrial wastes to replace bauxite as a solution to protect the 

environment and reduce the cost of production in cement manufacture. 

 

Keywords : Spent catalyst, Bauxite, Portland clinker



 

1. INTRODUCTION 

 

The raw materials used in Oman Cement Company are supplied either from quarries located next to the 

plant (e.g. limestone, Quratz-phyllite and Iron ore) or imported from abroad as bauxite [Oman Cement 

Com. SAOG]. Bauxite is used as an additive to supply the required amount of alumina in the raw feed. 

Bauxite is imported from Australia and India by sea. In the last ten years (2000-2010) approximately 

90,000 tons of bauxite have been imported and has been used as an additive to manufacture 

approximately 9 million tons of Portland clinker. The amount of bauxite required for the coming years is 

predicted to be double the average quantity used in the last eight years due to the increase in demand for 

cement in Oman. Therefore, it is desirable to look for an alternative source of raw material in Oman 

which could be used to replace imported bauxite and reduce the production cost. 

The by-products and wastes generated from some industrial processes might be worth exploring as a 

replacement for bauxite. Considering the fact that these wastes are not easily disposed of or recycled, their 

utilization in industrial processes could provide a solution for environment pollution problems. For 

example, many chemical processes involve the use of a catalyst to increase their production rate. 

However, the catalyst activity decreases with time and after several chemical reactions the catalyst has to 

be replaced. In Oman, there are two types of petroleum refineries spent catalysts: reduced fluid cracking 

catalyst (RFCC) and spent alumina catalyst (SAC) [Petrochemical Refineries Com. LLC, Taha et al., 

2004]. RFCC is used in the petroleum refinery cracking unit which is injected with oil feed to crack the 

trace oil and produce lighter oil such as gasoline, kerosene and naphthalene. SAC, also known as 

activated alumina catalyst, is used to remove the contaminated hydrochloric acid (HCl) in the gas during 

the processing of heavy oil in the refinery. Although RFCC and SAC catalysts are relatively chemically 

stable, their catalytic life-time and efficiency decline with time. This is due to chemical degradation of the 

catalyst by reaction of oil feed with the catalyst phase causing its destruction and loss of reactivity 

[Cerqueira et al., 2008]. It is also common that the catalyst active sites are irreversibly covered by 

chemical impurities, causing a permanent reduction of catalytic activity and requiring the catalyst to be 

replaced by a new one [Behera, et al., 2009]. 

According to Petrochemical Refineries Company in Oman, 15-20 tons of waste RFCC and around 200 – 

500 kg of spent alumina catalyst are produced daily, as waste products from the refinery, during the 

regular course of operation. Most of the spent catalysts are disposed off on-site without any further reuse 

or treatment. The storage yard at the plant has accumulated around twenty thousand tons which makes the 

storage of this material an environmental problem.  

Such types of spent catalysts have chemical compositions which have attracted much research. Utilization 

of waste catalysts from petroleum refineries as construction materials has also been reported in some 

studies in which it has been demonstrated that the additive can replace up to 15-20% of cement [Su, et al., 

2000, Wu, et al., 2003]. The aim of this study is to investigate the use of spent catalysts RFCC & SAC to 

substitute bauxite raw material in the preparation of Portland clinker. And to compare between the cement 

prepared using spent catalyst and the cement produced using bauxite as a reference sample.  

 

2. EXPERMENTAL 

2.1 Industrial raw materials 

The industrial raw materials were sampled from different locations in Oman. Limestone (LS), quartz-

phyllite (QPh) and iron ore were sampled from Rusayl. Imported bauxite was obtained from Oman 

Cement Company SAOG. The natural Oman gypsum (CaSO3·2H2O) were sampled from Ghabah. Both 

waste catalysts, spent alumina catalyst (SAC) and reduced fluid cracking catalyst (RFCC), were obtained 



from Petrochemical Refineries Company LLC Oman. All raw materials were crushed in laboratory (jaw-

crusher) without further purification.  

2.2 Preparation of the samples 

Syntheses of Portland clinker and cement in the laboratory were carried out by preparation of raw mix 

(RM). The compositions of the raw mix samples were prepared according to the preparation shown in 

Table 1. 
Table 1 : Composition of the raw meals for the preparation of Portland cement clinker 

Raw meals 
Raw meals constituent (%) 

Limestone Quartz-phyllite Iron ore Bauxite Kaolin RFCC SAC 

RM-BxtRef 86.03 7.30 2.93 3.74 - - - 

RM-KL 86.44 4.93 3.94 - 4.69 - - 

RM-RFCC 86.78 5.78 3.93 - - 3.51 - 

RM-SAC 86.52 7.44 3.97 - - - 2.07 

  

Accordingly, the raw mixes were thermally treated up to 1450 °C, using platinum sheet. The clinker 

obtained was ground with gypsum. The ratio of clinker to gypsum is 1 : 0.05. The grinding was carried 

out using laboratory rotary ball mill. The milling of different clinker samples was performed in a batch 

under identical conditions in order to obtain specific surface areas within the range used in industrially 

produced cement. 

 

3 REUSLTS AND DISCUSSION 

3.1  RFCC and SAC 

Reduced Fluid Catalytic Cracking Catalyst (RFCC) consists basically of zeolite with other additives such 

as binder compounds and clay [Harding et al., 2001, Paya, et al., 2003]. It has been reported in previous 

studies (Al-Dhamri et al., 2010) that RFCC consists of a mixture of Al2Si2O5(OH)4, 

(Na,K)Al3(SO4)2(OH)6, SiO2 and Faujasite. The chemical analysis (Al-Dhamri et al., 2010) shows high 

contents of SiO2 and Al2O3, 40.92 % and 45.69 %, respectively. This suggests that silica and aluminum 

are present mainly in the zeolite compound, which is confirmed by the information available from the 

manufacturer of the catalyst [Grace Holding GmbH & Co. KG]. The main compound of the spent alumina 

catalyst (SAC) is Al2O3 (71.38 % wt), which is relatively of high content compared to bauxite and kaolin 

(42.02 % wt. & 34.82 % wt. respectively). 

3.2 Contents of trace elements in the raw materials and prepared clinker  

In the present investigation, the concentration of trace elements in the bauxite used in the raw meal and in 

its replacement material (kaolin, RFCC and SAC) was determined. The concentration was also measured 

in the respective clinker produced. The results obtained are presented in Figures 1. 

Figure 1 shows that chromium is found in kaolin and bauxite with an amount of 0.23 to 0.30  µg/kg. It is 

not detected in SAC and its amount is negligible in RFCC. Vanadium is clearly monitored in the samples. 

Its concentration is equal to 0.12, 0.50  and 0.20 µg/kg in SAC, bauxite and kaolin, respectively, and is 10 

times higher in  RFCC (5.1 µg/kg). Zinc is detected with a concentration of 0.024 and 0.049 µg/kg in 

bauxite and kaolin and is 10 times higher in RFCC (0.25 µg/kg). Finally, nickel is significantly higher in 

RFCC and shows a concentration of 2.7 µg/kg. It is not detected in SAC, bauxite and kaolin. Traces of 

cobalt, copper, mercury and silver were also detected in the specimens. 
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Figure 1 :  Contains of trace elements in the raw materials additives used for the preparation of Portland clinker. 

*according to [Al-Dhamri at el., 2010] 

 

 
Figure 2 :  Free lime test of raw meals (RM-BxtRef, RM-KL, RM-RFCC, RM-SAC) 
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Figure 3 :   Photomicrograph of prepared clinker using (a) Clk-BxtRef, (b) Clk-KL (c) Clk-SAC, (d) Clk-

RFCC (e) Industrial clinker from Oman Cement Company, (f) Raw bauxite, (g) Raw kaolin, (h) RFCC, (i) 

SAC. 

(  400, field dimensions = 0.25  0.38 mm) 

 



 

3.3 Optical microscopy of prepared clinker and raw materials  

The microscopic features of the clinker samples were examined petrographically under a polarized 

microscope. The photomicrographs of the clinker produced from different raw mixes are reported in 

Figure 3. Figure 3a shows the photomicrograph of the Clk-Bxt with well formed alite crystal phase 

appearing in a limited cluster with perhaps some belite inclusions which was observed as rounded crystal 

with a marked multidirectional lamellar structure and brownish, reddish tones. The alite phase formed 

resembles strongly the morphology of the grains formed in the industrial clinker produced in Oman 

Cement Company (Figure 3e). The alite crystals are also easily observed in the clinker prepared from 

kaolin (Figure 3b), the individual crystals seems to be of smaller size with less rectangular shape in 

smaller clusters. The clinker made from the SAC waste (Figure 3c) shows alite crystals similar to those of 

Clk-KL and no remarkable difference between the grains either with respect to the size or their shape. The 

grains illustrated in Figure 3d belong to the clinker prepared from RFCC. The alite crystals observed are 

more diffused than found in previous samples and are of remarkably smaller size. It seems that the sample 

is belite richer than in the other clinker samples formed from bauxite, kaolin and SAC. The aluminate 

(C3A) and ferrite (C4AF) phases are difficult to identify in the obtained photomicrographs. However, 

aluminates crystals usually appear uniform, small and rectangular. The ferrites are commonly tabular, 

prismatic or massive to fibrous [Cambell  1999, Groves 1981]. The photomicrographs of raw materials 

used in the preparation of clinker are reported in Figures 3f, 3g, 3h & 3i. Irregular crystals of bauxite, 

kaolin and SAC are observed in Figure 3f, 3g & 3i. However, RFCC shows regular round crystals shape 

(Figure 3h). 

3.4 Sintering behaviour of the raw meal 

The behaviors of the raw mixtures during burning were studied. The decreases in content of free CaO 

during the burning of the raw mixtures were measured at different temperatures for constant time. The 

results obtained are presented in Figure 2. The raw meal with bauxite shows lower free lime contents at 

lower temperature (1280 
o
C). However, the raw meal with kaolin shows the minimum free lime contents 

at burning zone (1450 
o
C), indicating that the clinkering reaction has proceeded extensively in the 

direction of alite formation. Which means that during the heating process, a significant amount of free 

lime is consumed which indicates the increased formation of C3S by consuming C2S [Chesley et al., 

1989]. 

3.5 Trace metals contents and the compressive strength 

It is clear from the strength development (Figure 1f) that the compressive strength of the cement sample 

made with the inclusion of kaolin is the highest among all samples at 28 days; the individual values being 

49 N/mm
2
 for the 28 days. The values fit the specifications of the 42.5 grade of EN196. The 28 days 

strength of the Cmt-BxtRef is slightly higher. The cement sample made of the RFCC waste exhibits 

significantly lower than the other three values and the depression in the strength of the Cmt-RFCC sample 

is highest in the 28 days. 

The strength results indicate that the inclusion of kaolin in the raw mix favors an easy silica source for the 

reaction with lime and a media relatively free of impurities at the different stages of the thermal treatment. 

It follows the traditional trend for burning in which the original process of Portland cement manufacture 

is burning marl limestone or mixes of limestone and clays.It seems that the impurities found in the raw 

materials dominate the reaction between the available reactants during heating and affects the burnability 

at the different reaction stages up to 1450 
o
C. High quality properties of the clinkers are obtained in the 

absence of some trace elements.  



The RFCC contains the highest amount of lead, zinc and manganese compared to the other materials. The 

effect of trace elements, such as lead, zinc and manganese, content on cement strength have been studied 

by several investigators and has been found to be significantly deleterious effect on compressive strength 

[Chen et al., 2007, Murat et al., 1996, Stephan et al., 1999, Olmo et al., 2001]. These indicate that these 

elements affect the burning behavior. The morphology of the RFCC raw material and the clinker phase 

shape of ClK-RFCC vary significantly from those of the Clk-KL . In Clk-RFCC the alite cluster is 

diffused (Figure 3d), the size of the particulate is small and more belite is seen in the sample. The 

increased amount of trace elements might have worked as a belite stabilizer and the formation of 

inefficient alite crystals. Probably, this is the cause that leads Cmt-RFCC to show the lowest compressive 

strength. 

The similarity in the compressive strength results between Cmt-BxtRef   and Cmt-SAC indicates a good 

correlation between their common properties: both materials are alumina-rich and silicate-poor. The 

alumina in the bauxite is present in the crystalline form of gibbsite, in the SAC; however, it is amorphous 

and below the detection of X-ray diffraction [Al-Dhamri et al., 2010]. The concentration of lead, zinc and 

manganese in both samples are much lower than in the RFCC. SAC contains a significant content of 

alkalies [Al-Dhamri et al., 2010]. 
 

4 CONCLUSION 

The compressive strength results of the prepared cement are affected by the presence of impurities such as 

trace elements.  Probably, the impurities found in the raw materials dominate the reaction between the 

available reactants during heating and affects the burnability at the different reaction stages up to 1450
o
C. 

The characteristics of the clinker phases formed govern the reactivity of the cement produced, the setting 

and hardening behavior. Higher quality properties of the clinkers are obtained in the absence of trace 

elements.  

All cements produced are comply with the International Standard for cement testing and could be ranked 

as Portland cement type I  of 42.5N (CEM I) category according to EN 196. These results demonstrate 

that the spent catalysts (SAC and RFCC) could be utilized to replace bauxite in the manufacturing of 

Portland clinker cement. This could be a solution for disposing of the spent catalysts from refinery 

companies and solve an environmental problem.  Also, this will reduce the cost of cement production. 
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Abstract 

In recent years there has been a great effort to incorporate industrial wastes inside cement based materials because of 

the important ecological benefit. In addition to that, if the waste shows pozzolanic activity, it will improve the 

mechanical and durability properties of the construction materials, which results in economical benefit, due to the 

reduction of the quantity of clinker necessary for the production of cement. 

The Bayer process of obtaining alumina from bauxite generates huge amounts of a waste called red mud. This waste 

has been tested in several research works as a material that protects steel from corrosion. In this work the effect of red 

mud on the microstructure and the resistance to chloride ingress in cement mortars is studied as a function of the 

hardening age. 

The red mud has been added to an ordinary Portland cement (CEM I 42.5 R according to the Spanish standard) with 

two different percentages, 5 and 20% of the total binder mass. The mud was previously ground to a maximum particle 

size of 125 mm, and with more than 50 % of the mass added with maximum particle size smaller than 63 µm. 

The results were compared with a cement that contains a classical active addition (fly ash) included in a CEM II A-V 

type cement, with the same resistance class, and a degree of replacement of clinker by fly ash of 20%, and also were 

compared with the original Portland cement, used as blank. 

The microstructure was studied by mercury intrusion porosimetry and also by the non destructive technique impedance 

spectroscopy to follow the microstructural evolution of the same samples at different hardening ages. In order to study 

the possible pozzolanic activity of the mud, dehydration of portlandite has been studied using thermogravimetry. 

The chloride ingress in these materials has been studied using a forced migration technique to study the influence of the 

red mud on the migration coefficient of chloride at different ages. The method used permits the determination of the non 

steady state migration coefficient in approximately 24 hours, a period short enough to neglect possible changes in the 

microstructure. 

The results obtained demonstrate improved performance of the materials containing red mud, thus opening an efficient 

way to reuse those wastes. 

 

Originality 

The controlled grain size of the mud intended to favor the pozzolanic reaction and the high mud dosage employed are 

the two main innovative aspects of this work. The study of the evolution of the microstructure, as well as the resistance 

to chloride ingress has been made during the hardening period of the materials. The methodology employed to achieve 

this is also a novelty. 

Finally, the study of the microstructure using the impedance spectroscopy is also an originality of the work. The 

technique has been shown to be efficient to follow the pozzolanic reactions with other materials, and will also help in 

the study of the possible pozzolanic activity of the red mud. 

 

Chief contributions 
The main contribution of the work refers to the valorization of a waste that is produced in huge amounts. To this end 

some properties of cement mortars prepared with partial substitution of cement by red muds, such as the chloride 

ingress resistance, have been studied. 

The study contributes to the sustainability of the construction industry, helping also in the reduction of economic cost 

for the production of the building materials. 

The study of the evolution of the microstructure of mortars that contain this waste is also important, because the 

macroscopic properties of concretes are reflect of their microstructure. So, the knowledge generated using these new 

materials will allow to predict whether the macroscopic properties will improve or not with respect to the ordinary 

Portland cement. 

Finally, the comparison with the fly ash behavior will allow to check the possibility of incorporation of this kind of 

materials to the cement industry in a future. 
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1. INTRODUCTION 
 

The use of wastes in the cement industry is becoming more and more popular (Bertolini, 2004, 

Zornoza, 2009). Even the recent Spanish standard for structural concrete, EHE-08, includes an index 

to measure the contribution of the structure to the sustainability, that takes into account the use of 

cements that include some kind of mineral additions.  

There is a huge number of works that study the microstructure and durability of these kinds of 

materials (Sánchez, 2007, Zornoza, 2009, Sánchez, 2010), and there is an agreement that the classical 

additions to the cement usually improve the behavior of the materials from the durability point of 

view, because these materials show a tendency to refine the pore network of the mortar or concrete.  

The use of new industrial wastes is also becoming a field of interest. These wastes most times are 

stored under non optimal conditions and the possibility of using them in the cement industry will 

provide a great benefit both to the environment and the economy.  

Before using these wastes some studies should be made, about the properties of the resulting material. 

Usually the mechanical properties, the durability, and the microstructure are studied prior to the use of 

a certain material. In this work we pretend to determine the possibility of using the red mud, the waste 

generated in the Bayer process, as a material with possible pozzolanic activity. In order to study that 

possibility several techniques have been used to know the microstructural evolution of the samples. 

The properties related to chloride ingress have also been studied, because this material improves the 

corrosion behavior of the embedded steels (Abreu, 2009), and it is also interesting to know how these 

materials will behave in chloride aggressive environments. The mechanical properties have not been 

studied here. 
 

 

2. EXPERIMENTAL SETUP 
 

The durability of the mortars prepared has been only related to the diffusion of chlorides in the 

samples. A forced migration experiment was used. The microstructure of the materials has been 

studied using the mercury intrusion porosimetry, and the impedance spectroscopy. The possible 

pozzolanic reaction with the red mud was studied by differential calorimetry.  
 

2.1. Sample preparation 
 

Mortars were prepared with four different dosages. The water:cement ratio was of 0.5 for all cases, 

and the ratio binder:aggregate 1:3. The binders were an ordinary cement Portland CEM I 42.5 R 

according to the Spanish standard, a cement that contains about 20% of fly ash, CEM II B-V 42.5 R, 

and other two samples one with 95% of Portland cement and 5% of red mud, and 80% of cement and 

20% of the mud respectively. The mud was ground and passed through a sieve of 125µm and more 

than 60 % of the material also passed the sieve of 63 µm. 

The chemical composition of the mud has been already reported (Collazo, 2005) and the average 

composition is 37% Fe2O3, 20% TiO2, 12% Al2O3, 9% SiO2, 6% CaO, 5% Na2O, and 11% H2O (1000 

ºC). 

Samples were prepared according to the standard UNE-EN 197-1, cast in cylindrical moulds of 10 cm 

diameter and about 15 cm height, and kept in humidity chamber for 24 hours. After that time slice 

specimens were cut, with 5 cm of thickness, for durability tests, and about 1 cm for the impedance 

spectra tests. Samples were kept in humidity chamber until testing. 
 

 2.2. Mercury intrusion porosimetry 
 

This is a classical and well known technique that has been well described by several authors (Cabeza 

2002, Sánchez 2008), as well as the main problems of using this technique (Diamond 2000). The 



equipment used was the AUTOPORE IV 9500 by Micromeritics. This porosimeter allows pore 

diameter determination in the range from 5 nm to 0.9 mm. 

The main analysis made, on the obtained results, were the total porosity, the volume of pores with pore 

diameter on each decade, and also the mercury retention at the end of the experiment. This result, as 

published by Cabeza et al (Cabeza, 2002), can be related to the tortuosity of the pore network and can 

be used to study the degree of development of the pozzolanic reactions in this type of materials 

(Sanchez, 2007). 

 

2.3. Impedance Spectroscopy 
 

The impedance spectra were obtained on the samples prepared, by using the Agilent 4294 impedance 

analyzer. This analyzer allows the measurements from 10
-14

 F to 0.1 F with a tolerance of 10
-15

 F. 

Impedance spectra were obtained in the frequency range from 100 Hz to 100 MHz, using a contacting 

method, with direct contact of the electrode with the sample, as well as an interface isolation method, 

by introducing a polyester sheet between electrodes and sample (Cabeza et al, 2002). The results 

obtained with the isolation of the interface electrode-sample were transformed to a Cole-Cole 

representation. The impedance spectra measured, after Kramers-Krönig validation were fitted with the 

equivalent circuit already proposed in by Andrade et al (Andrade, 1999). This circuit has already been 

tested with materials with pozzolanic activity with good results (Sánchez, 2007, Sánchez, 2011). The 

meaning of the circuit elements, as well as the dispersion factors has been widely discussed (Cabeza 

2002, Cabeza 2006) 

 

2.4 Differential Scanning Calorimetry 

 
The differential scanning calorimetry determinations were made on samples to study the evolution of 

the amount of portlandite present in the materials. The calorimeter used was a Mettler-Toledo DSC822 
and the heating rate of 10ºC/min. The temperature range scanned was from 25ºC to 650 ºC, and the 

heat transmitted per gram of sample was measured.  

 

2.5 Chloride Forced Migration Test. 

The forced migration tests were made on samples using the accelerated method described in the 

standard NT BUILD 492. Samples are pre-conditioned following the standard ASTM C1202-97. 

Samples are placed over the cathode, which is submerged in a 10% NaCl solution, and the anode is 

placed over the sample and immersed in a NaOH solution. A potential of 30 volts is applied between 

the electrodes and the current passing the sample is measured. The potential for the experiment, as 

well as the time necessary are obtained from the table included in the standard. 

Once the experiment is finished samples are axially broken and each one of the two halves is sprayed 

with an AgNO3 solution. The region in which chlorides have penetrated gets white colored, and the 

average penetration of chlorides is measured. With that data the migration coefficient is calculated, 

according to equation 1. 
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3. RESULTS 
 

3.1 Microstructure of the materials 
The mercury intrusion porosimetry results are shown in Figure 1.  As it can be seen the total porosity 

of the cements that contain red mud is high for every hardening age, however, in Figure 1.b it appears 

clearly that the pore size distribution is quite different for samples that include red mud in their 

composition. The fraction of pores with diameter minor than 10 nm is much higher for the samples 

with red mud, and this fraction keeps constant or increases with the hardening time. This fact could be 



due to two main factors, the presence of the mud, that could close the pores, or to the possible 

reactivity of the red mud. 

The impedance spectra results are shown in Figure 2. Only the resistance R1 and the capacitance C2 

are shown in that figure. As it has already been discussed in previous works (Cabeza 2002, Cabeza 

2006), the resistance R1 is related to the amount and diameter of the percolating pores and the 

capacitance C2 is proportional to the surface of pores. With these parameters it is possible to study the 

evolution of the possible pozzolanic reactions that, as it has been proved occur with the fly ash 

(Sanchez, 2007), and could take place with the red mud.  

To check the possible reactivity of the red mud Differential Scanning Calorimetry measurements were 

made at the test ages. This is a commonly used technique to check the pozzolanic activity of some new 

materials (Zornoza, 2009).  Only the heat per gram of sample released in the decomposition of the 

portlandite was studied.  The results are shown in Figure 3. As it can be seen the heat for the cements 

with red mud is the lower at every age, and it decreases with time, indicating the presence of less 

portlandite. 
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Figure 1: Total porosity for the different mortars studied at different hardening ages.  Distribution of the total 

porosity, by pore diameter at different ages for different cement types. 
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Figure 2: Evolution of the dielectrical parameters obtained from the fitting of the impedance spectra measured on 

samples. The resistance R1 has been obtained from the contacting measurements while the capacitance C2 has 

been obtained from the interface isolation measurements 

 

 



3.2 Durability: Chloride migration coefficients 
The value of the chloride migration coefficient obtained with different binders at different hardening 

times is shown in Figure 4. As it can be seen there is a clearly decreasing tendency for all the samples, 

and the samples with red mud at 45 hardening days give a value very similar to that corresponding to 

Portland cement, and also this tendency remains after 90 days hardening. 

 

4. DISCUSSION 
 

The higher porosity of the cements with red mud can be easily explained, especially at initial ages, due 

to the absence of reactivity with water of these wastes. The value of the porosity is very similar for 

Ordinary Portland Cement (CEM I) and the binder with 95% of CEM I+5% of red mud. At 90 days 

age the value of the total porosity of cement with fly ash (CEM II) is also very similar to these 

cements. The mortars prepared with 80% of CEM I and 20% of red mud have always the higher 

values of total porosity, and it has not started decreasing after 90 days hardening.  However the total 

porosity is only 2 points higher for these samples. The lower values for the total porosity of samples 

prepared with CEM I and II at 45 and 75 days could be due to a more efficient compacting of the 

samples.  

However, taking a look at Figure 1.b it is very clear that the pore structure is different for different 

cement types.  It is especially interesting the fact that for cements that contain red mud the fraction of 

pores with diameter smaller than 10 nm is the greater for all samples. This could be due to the 

diameter of the pores of the mud, or to the interaction of the red mud with the cement hydration 

products. The presence of small pores both for 5 and 20 % of substitution indicates that the presence 

of small pores could not be attributed to the pores of the red mud themselves, and they are formed by 

the interaction of the red mud with the hydration products. 

The results of the differential scanning calorymetry confirm this hypothesis. The evolution of the 

Portlandite peak shows a decreasing amount of heat released for samples prepared with red mud, and 

it could be due to the possible pozzolanic reaction of the red mud with the Ca(OH)2 formed in the 

hydration of the Portland cement. The possibility of carbonation was rejected, because samples did not 

present carbonation, as showed by the phenolphthalein test. As it can be seen, except for one point, at 

90 days, there is a decreasing tendency for all the binders studied.  

This possibility of pozzolanic reaction is confirmed by impedance spectroscopy. Only the results for 

the resistance associated to the percolating pores (R1) and the capacitance C2, associated to the surface 

of contact solid-electrolyte, are presented and discussed. As it can be seen in Figure 2, both values 

remain constant for the ordinary Portland cement. The values of both resistance and capacitance 

increase with time for the rest of the cements used. The increase of the resistance means the formation 

of new solids, which have to grow on the surface of the existing pores, making their diameter smaller. 

It also justifies the increase in the capacitance C2.  As these new solids are formed in the existing 

surface of the pores, and the product of the reaction could be cementing phases, as CSH gels, the 

surface of pores increases with the reaction. This result is in coincidence with the increase with time of 

the fraction of small pores for CEM type II mortar and for the mortars that contain red mud as it is 

shown in Figure 1.b 

The results for the chloride migration coefficient are in agreement with the results of the 

microstructural study. The refinement of the pore network and the increase of the resistance R1 mean 

that it is more difficult for chlorides and other aggressives to ingress through these materials. The 

value of the chloride migration coefficient shows a decreasing tendency for all the materials studied in 

this work. It is very significant that with a replacement of cement by red mud the value of the 

migration coefficient has similar values for all the samples tested after 90 days. The cement that 

contains fly ash gives lower values for the migration coefficient what means that it is more resistant to 

chloride ingress. The red mud is not so efficient but they provide the same behavior as the Portland 

cement with the reduction of energy consumption that their use implies, and the reutilization of a 

waste.  
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Figure 3: Evolution with hardening time of the heat liberated in the peak corresponding to the decomposition of 

Portlandite. 
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Figure 4: Evolution with time of the migration coefficients  

 

5. CONCLUSIONS 
 

The use of red mud to replace cement has been shown to be efficient from the point of view of the 

durability of these materials. The following conclusions can be obtained from the presented results: 

 

• The red mud affects the microstructure. The total porosity of samples with different 

percentage of substitution of cement by this waste is higher than those found for a Portland 

cement and for fly ash cement; however, the amount of pores of small diameter is higher for 

the mortars containing red mud. 

• The properly ground red mud seems to have pozzolanic activity. The pore network is refined 

with hardening time, and the peak of the decomposition of Portlandite is reduced, in samples 

that were not carbonated. 

• The impedance spectroscopy results agree with the possibility of having reactivity among the 

red mud, and the products of the hydration of cement. The resistance increases, as well as the 

capacitance that has been associated with the surface of the pore-solid interface. 



• From the point of view of the durability these materials give a chloride migration coefficient 

very similar to the value obtained using an ordinary Portland cement, after 45 days hardening. 

The cement that contains fly ash gives lover values for this coefficient after 90 days 

hardening. 

• The material with a 20% of red mud, and 80% of CEM I could be used, at least for mortars, 

without adding a risk from the point of view of chloride ingress. 
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Abstract 

Cellulose derivatives as renewable resources gain in importance in a time of growing energy and resource 

demand and ecological awareness. The most important applications are pharmaceuticals, cleaning agents as 

well as building materials, where they are used as thickening and water retaining agents. In masonry coatings 

formulations, cellulose ethers are introduced in order to control fresh mortar properties, rheology and 

application performance as well as the final strength of the render. Water retention is a key property imparted 

by the cellulose ether in a cement render formulation. Indeed, when applied on highly absorbent support and / 

or submitted to evaporation, the material must retain the necessary amount of water which is required for 

proper setting of the cement. In consequence, the hydration process took place in good conditions leading to 

hardened mortar with high mechanical strength.  

The aim of the study is to better understand the fundamental mechanisms of water transports in fresh cement-

based materials. In this frame, three types of cellulose ethers were used (HydroxyEthyl Cellulose, 

HydroxyEthylMethyl Cellulose, and HydroxyPropylMethyl Cellulose). Several features were studied, such as 

the admixtures structural parameters (weight-average molecular mass and substitution degrees), particle size, 

concentration, and mortar consistency. Using well-characterized molecules, it will be possible to understand 

their way of action on mortar water retention. They could provide strong capacities thanks to the possible 

superposition of several phenomena such as a rheological effect similar to that caused by polysaccharides 

(increasing the viscosity). Another effect, specific to cellulose ethers, remains to be defined. This could be 

caused by a modification of the porous network in the fresh state, or the presence of polymer layer acting as a 

diffusion barrier. In this frame, using nuclear resonance magnetic techniques, the effect of cellulose ether on 

water mobility in fresh cement based materials was explored.  
 

Originality 

In spite of the success of cellulose ethers in practical applications, little work has been devoted to the 

mechanism of their remarkable water retention capacity. Very few admixtures were characterized in terms of 

water retention. It seemed that the polymer molecular parameters (i.e. molecular weight and substitution 

groups) had a significant influence, but no clear water retention mechanism could be identified. In this work, a 

large panel of cellulosic derivatives was investigated to determine the key-parameters. One of the assumptions 

to explain the water retention is that cellulose acts as a diffusion barrier to the water. With this objective, the 

cellulose ether effect on the self-diffusion coefficient of water was studied by Nuclear Magnetic Resonance. This 

technique was also used to investigate the water mobility between two fresh cement pastes.  
 

Chief contributions 

Various panels of cellulose ethers were used to investigate the influence of the physic-chemical parameters. The 

results demonstrated that the average molecular weight of the cellulosic derivatives is a key parameter whereas 

the molar substitution (the number of moles of hydroxypropyl or hydroxyethyl groups per mole of 

anhydroglucose) had a minor impact on the water retention capacity and the consistency on the freshly mixed 

mortar. Indeed, in a cellulose ether group, the higher is the molecular weight, the better is the consistency and 

the stronger is the water retention. On the contrary, for starch ethers, opposite phenomena were noticed. Thus, 

the water retention is not only related to the consistency, another parameter is involved.  

To explain the water retention mechanism, Nuclear Magnetic Resonance experiments (pulsed-gradient spin-

echo and NMR relaxometry) were performed to study the influence of the polysaccharide on both self-diffusion 

coefficient of water and surface diffusion coefficient. These analyses help us to understand the water retention 

mechanisms thanks to the results on the water diffusion coefficients (in the bulk and at solid interfaces). 
  

Keywords: Cellulose ether, Water retention, diffusion coefficient 
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Introduction 

Factory-made mortars have been mostly implemented as masonry renderings, fixing tiles, self-

levelling floors and so on. When mortar is applied on substrate, water may be absorbed by the 

substrate. This phenomenon can induce insufficient hydration of cement, and thus decrease 

mechanical properties of the mortar. Water retention capacity of a mortar is thus a key element when 

choosing an appropriate formulation as a function of the substrate, climatic conditions, and industrial 

applications of the mortar, etc. Among the wide variety of organic admixtures widely used in mortar 

and concrete, polysaccharides are polymers that can be classified as water reducer, set retarder, anti-

washout, thickeners and water retention agent (Ramachandran, 1995, Khayat, 1998). Many authors 

demonstrated that mortar and concrete properties can significantly be modified at both the fresh and 

hardened states by the addition of polysaccharides (Ghio et al., 1994, Khayat, 1998, Singh et al., 

2003, Peschard et al., 2004, Pourchez et al., 2006). Among all polysaccharides, cellulose ethers (CE) 

are commonly introduced into industrial mortar formulations in order to improve water retention 

(Mansoutre et al., 1999), workability and viscosity (Patural et al., 2010) of the fresh material, together 

with adhesion to the substrate (Bertrand et al., 2004), and anti-washout resistance (Khayat, 1998). The 

concept of water retention covers different properties, depending on whether one is interested in 

limiting water evaporation, or limiting water loss to a porous substrate, or both. As far as water loss to 

the substrate is concerned, the only dangerous situation is that of an unsaturated substrate. Indeed, 

with an unsaturated substrate, a competition will set up between the capillary pressure, which drives 

the CE solution into the substrate, and the osmotic pressure, which drives the solvent (water) from the 

substrate to the mortar. In addition to the osmotic and capillary pressures, the competition is ruled by 

the solution and water transport properties (viscosity, diffusion coefficient).  

In the present work, we choose to probe the influence of CE on the mobility of water in fresh cement 

pastes by 
1
H Nuclear Magnetic Resonance (NMR). High resolution solid-state NMR spectroscopy has 

been extensively used to study the atomic structure of cement hydrates. The measurement of T1 or T2 

relaxation times is now a classical technique to follow the microstructural evolution during hydration 

and setting (Colombet et al., 1998). In this work, we characterized the bulk diffusion properties of 

water molecules using Pulsed-Gradient Spin-Echo (PGSE) NMR on one hand and Magnetic 

Resonance Imaging (MRI) on the other hand. PGSE NMR is probably one of the most convenient and 

reliable methods to measure diffusion coefficient of water (Stejskal, 1965, Callaghan, 1991). It is non-

invasive, it does not involve the introduction of a chemical tracer and the system is kept at 

equilibrium. MRI was used to follow water diffusion in cement pastes at large length scale (a few 

millimeters). More precisely, interdiffusion imaging experiments between H2O-based and D2O-based 

cement pastes were performed. 
 

1. Materials and experimental methods 

1.1. Mineral and organic products 

Cement pastes were prepared with white cement in order to minimize the Fe
3+

 amount due to C4AF 

present in grey Portland cement. Indeed, ferromagnetic and paramagnetic constituents enhance the 

NMR relaxation kinetics, thus leading to very poor signals during NMR measurements. Chemical 

analysis of this cement was performed by X-ray fluorescence spectroscopy (XRF). The phase 

compositions were calculated using Bogue’s formula with a correction on CaO due to sulfates 

(Taylor, 1997). The cement composition is given in Table 1. For NMR relaxation experiments, 

cement pastes were prepared with a water / cement ratio equal to 0.7 in order to have an appropriate 

consistency. 

 
Table 1: Phase composition of the white cement. 

Phases C3S C2S C3A C4AF Sulfates 

Phase composition (%) 68.8 ± 0.3 10.4 ± 0.7 10.5 ± 0.1 1.0 ± 0.1 7.5 ± 0.1 

 



The admixture amount was equal to 0.27% (regarding cement). The structure of HydoxyPropylMethyl 

Cellulose (HPMC) is described on Figure 1. The characteristics of each studied polymer are 

summarized in Table 2. The number of substituted hydroxyl groups per anhydroglucose unit is 

expressed as degree of substitution (DS). Moreover the molar ratio of hydroxypropoxyl groups in the 

side chains to cellulose is expressed as the average molecular substitution (MS) (Crössmann, 1974). 

The cellulose ether weight-average molecular mass (MW) was determined using size exclusion 

chromatography (Clasen, 2001, Patural et al., 2010). It was the only parameter that varied. 
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Figure 1: Structure of HydoxyPropylMethyl Cellulose (HPMC). Substituent positions are arbitrary; they may 

differ slightly from one molecule to another. 

 
Table 2: HydoxyPropylMethyl Cellulose and Starch Ethers (SE) used in this work. 

a
 Informations provided by 

the manufacturer. 

Admixture MW (kDa) OCH3 (%) 
a
 DS OC3H6OH (%)

 a
 MS Water retention (%) 

HPMC J1 225 28.2 1.8 2.98 0.10 96.8 

HPMC J2 630 28.2 1.8 2.98 0.10 98.6 

HPMC J3 910 28.2 1.8 2.98 0.10 98.9 

SE L2 780 - - - - 68.7 

SE L3 850 - - - - 89.3 

 

1.2. Water retention 

For water retention measurements, mortars were prepared according to the CEReM mixture 

proportions: 65% sand, 30% grey Portland cement (CEM I 52.5 R), 5% calcareous filler with a 

water/cement ratio equal to 1. Mixing procedure was in accordance with EN 196-1 (2006). Admixture 

amount (0.27%) was in addition to the total dry mixture (i.e. cement, sand and filler). 

The water retention capacity was assessed using the test from an American standard (ASTM C1506 

09, 2009), based on application of an air depression. It is also used in France for assessing one-coat 

renderings (CSTB, 1993). The device is composed of a perforated dish attached to a vacuum 

assembly by a funnel (Figure 2). The dish was filled in with the freshly mixed mortar and the vacuum 

was adjusted to maintain a depression of 50 mm Hg during 15 min. 

   

Figure 2: Experimental device to measure water retention with ASTM C91 standard. 

The initial weight of mixing water is named as W0. Its loss (W1) is weighted after the depression 

period. Hence, the water retention WR was defined by the equation (1). 
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1.3. Pulsed field gradient Nuclear Magnetic Resonance (NMR) 

1.3.a. NMR equipment 

Pulsed field gradient NMR measurements were performed using a Bruker DSX100 spectrometer  

operating at a proton (
1
H) frequency of 100 MHz with a 2.35 T superconducting magnet. A 

microimaging probehead (Micro5 Bruker) with gradient coils in three perpendicular directions was 

used to generate magnetic field gradients along any arbitrary directions. All samples were introduced 

into a 10 mm-diameter standard NMR tube, with an inner diameter of about 8.5 mm. 

 

1.3.b. Self-diffusion PGSE measurements 

Water self-diffusion coefficient measurements in CE solutions were performed by using the PGSE 

NMR method originally described by Stejskal and Tanner (1965). In this pulse sequence, depicted in 

Figure 3, the proton 
1
H spins are labeled at time t=t1 with respect to their positions in a given direction 

(Oi) by applying a pulse of magnetic field gradient along this direction. After an evolution time Δ 

called diffusion time, a second pulse of magnetic field gradient is then applied at t=t1+ . This second 

gradient pulse cancels the effect of the first one, unless the spins have moved during the time Δ along 

the same direction (Oi). If the spins have diffused along this chosen direction (Oi), the second 

gradient pulse does not refocus the entire spins signal and the echo intensity is less intense.  

 

Figure 3: (a) Schematic view of the Pulsed-Gradient Spin-Echo (PGSE) sequence used for the measurement of 

the self-diffusion coefficients. (b) Coherence transfer pathway (p = 0 → +1 → -1) resulting from an adequate 

phase cycling. 

So, this decrease of the echo amplitude is a function of the self-diffusion coefficient D. The echo 

attenuation E(q,Δ) measured using this method is given by the following equation: 

δ/3)]-D(Δgexp[-γδ/3)]-D(Δqexp[-4π=
I

I
=E 2222

Δ)(0,

Δ)(q,

Δ)(q,
      (2) 

where q=γgδ/2π, with γ the gyromagnetic ratio of the proton (γ=2.675×10
8
 rad.s

-1
.T

-1
), g is the 

intensity of the pulsed magnetic field gradient, δ its duration, Δ the diffusion time and D the self-

diffusion coefficient, I(q, Δ) and I(0, Δ) being the echo intensities measured with and without the 

magnetic field gradient g, respectively. This method, based on the T2 spin-echo sequence (Hahn, 

1950), is limited by the value of the transverse relaxation time T2 that dictates the maximal value of 

the diffusion time and the magnetic field gradient duration δ. In our experiments, pulse sequence 

parameters were fixed at 20 ms for Δ and 1 ms for δ, whereas g was varied from 0 to 1.5 T.m
-1

 (8 

steps). By performing a series of experiments with variable gradient intensities g, from the slope of 

the echo attenuation ln[E(q, Δ)] versus the quantity -γ²g²δ²(Δ-δ/3), the self-diffusion coefficient D is 

calculated. 
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1.3.c. Interdiffusion imaging experiments at the paste/paste interface 

The influence of CE on water mobility was measured at the interface between two fresh cement 

pastes. These experiments were performed using two open pieces of glass tubes filled with fresh 

cement paste. They were then assembled in a larger NMR glass tube as displayed in Figure 4. One 

side was prepared with water and the other with heavy water. The one-dimensional proton 

concentration profile along the cylinder axis was then followed as a function of time. Figure 4 shows 

the three studied configurations. In spite of the cement hydration delay in presence of D2O (King et 

al., 1988, Thomas et al., 1998), experiments were not affected because they were performed during 

the dormant period. Besides, the results can be relatively compared because the conditions were the 

same for the three configurations and absolute values were not determined. The cellulose ether HPMC 

J2 (Table 2) was chosen for this experiment, due to its strong water retention capacity to enhance the 

observed phenomenon. 
 

   

(a) (b) (c) 

Figure 4: Inter-diffusion imaging experiments at the interface between two fresh pastes (a: admixed cement 

pastes; b: non-admixed cement pastes; c: only one side contains CE). 

 

2. Results 

2.1. Water retention of freshly-mixed mortars 

The water retention capacity of each admixed mortar was evaluated; the results are presented in Table 

2. The cellulose ethers improved water retention up to 98.9% for HPMC J3. With respect to the water 

retention capacity of the non-admixed mortar (64.5%), this represents a very large increase. In spite of 

increase in viscosity of the pastes, the starch ethers procure very low water retention capacities 

ranging from 68.7% to 89.3%. 

 

2.2. Pulsed field gradient NMR and MRI 

2.2.a. Water proton self-diffusion in CE-admixed cement pastes 

The first step of our investigation is to know whether the cellulose derivatives affect the proton self-

diffusion coefficient in cement paste. The HPMC J2 was chosen because it provides strong water 

retention to the mortar (Table 2).  

 
Table 3: Self-diffusion coefficient of water in water, neat cement paste and admixed cement pastes. 

 Self-diffusion coefficient of water, D (x10
-9

 m
2
.s

-1
) 

Neat Water 2,02 ± 0,10 

Neat Cement 1,41 ± 0,07 

Cement + HPMC J2 1,43 ± 0,07 

 

The self-diffusion coefficient of water ranged from 1.41×10
-9

 m².s
-1

 in neat cement paste to 1.43×10
-9

 

m².s
-1

 in the J2-admixed cement paste (Table 3). Considering the measurement uncertainties, this 

cannot be considered as a significant decrease. The conclusion is that cellulose ether does not 

significantly modify the water self-diffusion coefficient in cement paste for the studied concentration 

(CE / cement = 0.27%). 
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2.2.b. Interdiffusion at the paste / paste interface 

As explained in a previous section, three types of H2O/D2O interdiffusion experiments at the paste / 

paste interface were performed. Figure 5.a illustrates the signal intensity profiles along the z-axis at 

initial time. The signal perturbations of the profiles present at the different interfaces of the sample are 

due to the presence of little drops of liquid (interface and top of the sample) which are generated when 

the two parts of the sample are put into contact. These drops of liquid also induce inhomogeneities of 

the magnetic susceptibility at these boundaries. These intensity profiles were normalized in order to 

be able to compare them to each other at later time. However, the proton amount cannot be 

determined using these profiles because the intensity profiles do not reflect the actual proton density. 

They are related only to the proton density weighted by the transverse relaxation time T2. 

Nevertheless, at initial time, for each type of experiment, the profiles were the same when both 

compartments were put into contact. As time went on, water molecules diffused from one side to the 

other. Remarkably, whatever the type of experiment and the time (25 or 75 minutes), the profiles 

remained identical whatever the configuration (Figure 5). Thus, water diffusion at the paste/paste 

interface is not affected by the presence of CE. This conclusion is valid when the CE is introduced on 

both sides and when it is introduced on one side only. 
                               (a)                                 (b)                                 (c) 

   

Figure 5: One-dimensional proton concentration profiles during interdiffusion at the paste/paste interface (a: 

t = 0 min; b: t = 25 min, b: t = 75 min). 

 

Conclusions 

In this work, we demonstrated that the cellulose ethers do not affect the diffusion coefficient of water 

in the bulk. The self-diffusion coefficient of water is slightly lowered when cement is added. However 

no difference was noticed between neat cement and admixed-cement. In spite of their potentially very 

high viscosity and yield stress, these media are actually very “open” systems, with large and well 

connected solvent-filled voids within and between the polymer molecules coils, or between the 

colloidal particles. 

Moreover, water self-diffusion is not modified even when an osmotic gradient is counteracting the 

diffusion flux. This is demonstrated by the similar results of the c experiments (with osmotic gradient) 

and the a or b experiments (without osmotic gradient). 

The main point established in this work is that an organic admixture may be a strong water retaining 

agent and a good viscosity-enhancing admixture without modifying the mobility of bulk water in 

paste. 

According to the results obtained, it will be possible to go further in understanding by studying the 

diffusion of water at the surface of the solid interfaces. Through the nuclear magnetic relaxation 

dispersion (NMRD), method previously described by Barberon et al. and Korb et al., the diffusion 

coefficient of water at solid interfaces can be achieved. Moreover, this technique allow to follow the 

surface area as a function of time and then during the hydrating process. 
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Abstract 
Nanometer-sized films of clinker phases have been prepared using electron-beam evaporation methods with the aim to 
produce suitable samples for nanoscale studies of hydration mechanisms and nanomechanical properties of 
cementitious materials. After deposition on a silicon substrate, film thicknesses and mineralogical composition were 
characterized by optical interferometry (OI) and grazing-angle X-ray diffraction (GAXRD), respectively. Chemical 
composition of samples was determined by X-ray photoelectron spectroscopy (XPS) of samples of a few tens of 
nanometers in thickness. Results from the GAXRD and XPS analysis show that samples quickly react with the 
atmosphere and show clear signatures of partial hydration and carbonation. However, quantitative analysis shows that 
the Ca:Si ratio of the deposited film is the same as in the bulk starting material. 
 
Originality 
 This is an effort to develop tools that collaborate to the improvement of the knowledge of the clinker phases’ hydration 
at molecular level during its first stages and with this to a better understanding of the behavior of these materials. 
To date AFM has not been widely used to study clinker phases mainly due to the fact that thin and flat surfaces are 
required. Most AFM studies have been carried out using polished pellets of silica sheets. Thin films have been used to 
produce ceramic films in the semiconductor, aerospace and optics industry but thus far have not been applied to clinker 
phases. This study is an effort to develop integrated tools to improve the knowledge of early stage clinker phase 
hydration at the molecular level and to better understand the behavior of these materials. 
 
 
Chief contributions 
The development of thin films of clinker phases opens a wide range of possibilities for the study of the properties of the 
cement and its phases at the molecular level. Clinker hydration is a very complex process involving several phases and 
secondary products formed and, subsequently, concrete properties are governed at the atomic level with single crystal 
formation. Thus the durability and behavior of the concrete during its service life strongly depends on its 
nanostructure.  
 
 
Keywords: Clinker, thin films, hydration 
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Introduction 
 

It is generally agreed that C-S-H is formed through a dissolution-precipitation process even though its 

growth mechanism remains poorly known. This aspect is of fundamental importance as the nucleation 

and growth of C-S-H governs the development of the mechanical properties from the first minutes of 

hydration, ultimately being crucial for the strength/durability of the material. However the study of 

this behavior during the early ages at the atomic/nanoscale is very complicated as Portland cement is a 

complex system and the tools available for this kind of analysis require strict sample preparation. 

Cement phases need therefore be analyzed separately and correlated with the cement itself and the 

development of new tools for producing suitable samples is extremely important. 

There have been several studies developed over the last years aiming to understand the cement and its 

hydration phases during the early stages using different microscopy techniques. However conventional 

electron microscopy techniques are performed under high vacuum, conditions that can damage the 

natural microstructure of hydrated phases. Later on, environmental techniques were used in this 

context (e.g Meredith et al., 1995; Gartner, et al. 2000) but none of them permit quantitative 

measurements of the development of the microstructure in three dimensions (Mitchell, et al., 1996). 

Atomic force microscopy is a powerful tool that allows the study of cementitious materials in ambient 

conditions and permits real-time imaging as reactions proceed.  Consequently it can be used as a 

device to evaluate the hydration process of clinker phases at early ages, determining changes in 

morphology with variations of deposition parameters. In order to get high-resolution images with 

AFM it is necessary to use suitable samples with flat surfaces and low roughness, conditions difficult 

to be obtained while using cement phases. 

Several studies were developed to study the C-S-H growth and interaction forces on flat surfaces using 

alite, silica glass and calcite surfaces( e.g. Plassard, et al., 2004, 2005; Lesko, et al. 2001) 

Different techniques can be used to attain samples with the required characteristics such as producing 

sintered pellets of tricalcium silicate polished with alumina powder and absolute alcohol, technique 

that causes sample polishing striations (Garrault, et al. 2005). It is also possible to cut discs of Portland 

cement clinker using a diamond saw and seal the underside with a hydrophobic coating (Mitchell, et 

al., 1996), to cut and polish clinker (Hall 1995; Uchikawa, et al. 1992) or alternatively dispersing 

particles in liquid and leaving a drop of the suspension to dry over a surface (Papadakis and Pedersen, 

1999). The production of clinker thin films using electron-beam evaporation is presented here as a 

new technique to produce suitable samples for nanoscale studies of hydration mechanisms and 

nanomechanical properties of cementitious materials. 

 
 

Experimental section 

 

Bulk material 

 

Triclinic tricalcium silicate (Ca3SiO5) represents 60 to 70% of Portland cement and its hydration leads 

to the formation of a gel of calcium silicate hydrate (CaOxSiO2nH2O, where x=1.7 and n=4), known as 

C-S-H, and Calcium hydroxide (Ca(OH)2). C-S-H is the component that provides strength for the 

cement paste after the hydration and during its service life (Plassais et al. 2005). The tricalcium 

silicate used was grounded at 3600 cm
2
/g and had a free lime content below 0,5%. All the material 

was kept in a dessicator to minimize hydration during storage. X-ray investigations (XRD) in the bulk 

material were carried out with a Bruker D8 Advance diffractometer operated at an accelerating voltage 

of 40 keV on a CuKα anode, irradiation intensity of 40 mA, and 40 scans in steps of 0.02º/s.  
 

 



 
Figure 1: XRD pattern recorded from the bulk material. The inset presents alite (2θ=31.7º and 51.5º) and less 

intense portlandite (2θ=28.6º, 34.1º and 47.1º) diffraction peaks. 

 

Thin film production 

 

For the thin film preparation C3S powder was placed in a tungsten holder and mounted in a vacuum 

chamber Univex 450 equipped with an Leybold-Heraeus Universal electron beam evaporator ESV 6, 

that is a beam generating system and a beam deflection unit with electromagnetic deflection for the x 

and y-axis, and a holder. Silicon wafer and Teflon pieces were cleaned in an ultrasonic bath and 

placed on a substrate holder above the source for the deposition; the substrate was heated at a base 

pressure of 4.10
-4

 to 6.10
-6

 mbar. The deposition time was about 3 min and an Inficon deposition 

controller of quartz crystal estimated the deposition thickness of around 20nm. The machine was 

settled considering a sample of CaO-SiO2 with a density of 2,9 and a z-ratio 1.00. After the 

evaporation the chamber is cooled with nitrogen before opening it to take the samples. All the thin 

films were kept in a dessicator to avoid hydration.   

 

Thin film analysis 

 

Chemical/mineralogical composition 

 

X-ray diffractometry was used to determine the composition of the sample deposited in a thin Teflon 

base with grazing angle in a diffraction angle between 10º and 60º. Because of the thickness of the 

base, an adhesive layer was placed between the sample base and the holder in order to provide the 

correct alignment for the grazing angle. Later, the adhesive was analyzed in order to subtract its 

spectrum from the sample spectrum. 

 

 
Figure 2: Grazing-angle XRD pattern recorded from the C3S thin film over Teflon substrate and adhesive. The 

inset shows that only the 2θ=17.88º and 32.40º diffraction peaks are associated to the evaporated material and 

refer to portlandite and C3S, respectively. 



 

The peaks at 2θ 17.88º and 32.4º are the only from the sample and are related to portlandite and C3S, 

respectively, confirming that the chemical composition of the bulk material is kept and the sample is 

already partially hydrated and carbonated. The peak at 2θ around 15
o
 is a shadow of the 17.88º peak 

caused by the grazing angle effect. 

X-ray photoelectron spectroscopy (XPS) was carried out with a SPECS system equipped with an Al 

anode XR50 source operating at 150 W and a Phoibos MCD-9 detector. XP spectra were recorded 

with pass energy of 25 eV at 0.1 eV steps at a pressure below 10
-9

 mbar and binding energies were 

referred to the C 1s signal. 

The sample was fixed in a holder with a copper tape. General scan was repeated three times. 

Additionally, specific scans with high resolution were performed for elements of interest, such as 

Calcium, Silicon, Carbon, Oxygen and some other material that could be identified in the general scan. 

Data were extracted from the spectra via peak fitting using CasaXPS software. A Shirley background 

was assumed in all cases.  
 

 
 

  
  

Figure 2: XPS spectrum of the thin film: (a) General scan. (b) Ca 2p. (c) Si 2s. 

 
Table 1: XPS peaks analysis. 

Name Position Area/(RSF*T*MFP) Total Area 

Ca 2p 3/2 346.96 4442.02 
8532.67 

Ca 2p 1/2 350.48 4090.65 

Si 2s 152.61 2521.04 2521.04 

Si 2p 101.4 2459.45 2459.45 

 
Both Ca 2p/Si 2p and Ca 2p/Si 2s ratios are around 3, showing that the initial proportion of Ca/Si of 3 

in bulk material is kept, considering the possible analysis errors. 
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Physical properties 

 

A Focused Ion Beam microscope (Zeiss Neon 40) with cross beam (FIB/SEM) was used for 

observation, selective milling, deposition and elemental analysis of the thin films aiming to visualize 

the surface and the thickness of the layer. The equipment is a Galium FIB with 1pA-50nA, 2-30kV 

and 7nm of resolution and the Field emission SEM (Shottky FE) with a 4pA-20nA, 0.1-30kV, and 

1.1nm resolution depending on the sample. It also has a Gas Injection System for deposition and 

selective milling, in this case used platinum. 

The deposited material is very flat and thin and with a few hollow bubbles probably formed during the 

evaporation due to the high temperature achieved during the process. When depositing a thin layer of 

platinum and cutting the sample with the FIB it is possible to visualize the border between the silicon 

wafer substrate and the thin film, in addition to its porosity. 
 

  
Figure 3: SEM images of C3S thin film with (a) and without (b) a thin covering film of Platinum and cutted with 

a Focused ion beam (FIB). Images show the presence of small hollow bubbles, probably resulting from the 

evaporation process, and distinction among the different deposition layers (silicon wafer substrate, C3S thin film 

and platinum cover). 

 
The thickness of the thin film was measured in two ways: firstly using an Optical interferometer 

Veeco Wyko NT9300 with an effective vertical measurement range of 3 nm to 10 mm in vertical 

scanning interferometry (VSI) mode and, secondly using an AFM Veeco Dimension in contact mode. 

Both measurements show a reproducible thickness of the thin film in the range of 25-35nm, close to 

that estimated by the quartz crystal during the evaporation. Differences between the results provided 

by both techniques are due to the kind of measurement, as the OI measures the optical interference 

between light waves when achieving the sample surface, while the AFM is a mechanical tool where a 

nanometric tip scans the surface in physical contact with this. 

 

 

 
 

Figure 4: Optical Interferometry image of the C3S thin layer deposited over silicon wafer. Images show the step 

between the substrate and the material deposited and its distance. Data was processed using the WXsM software 

(Horcas, et al. 2007).  
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Figure 5: Atomic Force Microscopy image of the C3S thin layer deposited over silicon wafer. Images show the 

step between the substrate and the material deposited and its distance. Data was processed using the WXsM 

software (Horcas, et al. 2007). Different techniques provide different thickness. 

 
Finally, a Veeco MultiMode scanning probe microscope was used in contact and tapping mode to 

measure topography. AFM can be used to calculate changes in roughness and surface area variations, 

as well as interaction forces among different phases. Vacuum is not required and it is possible to 

image the sample surface in real time, with nanoscale resolution, during hydration. Proper imaging 

enables quantitative measurements of surfaces in 3D, which can be used to determine in situ crystal 

growth rates and/or dissolution rates. It requires very flat surfaces (typically with a maximum 

roughness of a few hundred nanometers), which have been achieved using the electron beam 

evaporation mentioned above. AFM images of a dry C3S thin film confirms the presence of bubbles 

observed with the SEM and also shows a very flat surface.  

 

   
Figure 6: AFM images of a C3S thin film sample at different scales. 

 

The roughness average varies from 3.07 nm for the 5x5 µm image, 1.60 nm for the 1x1 µm image to 

0.96 nm for the 500x500 nm image. 

 

Conclusions 

 

The production of C3S thin films by electron-beam evaporation is a suitable procedure for generating 

ultrathin films to be used in nanoscale studies of cementitious materials. 
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The samples produced using this technique have flat surfaces while retaining the chemical 

characteristics of the material. These are vital characteristics for samples to be used in surface and 

topography scans with atomic force microscopy, nanoidentation of clinker phases, and measurements 

of force interaction between particles while forming hydration products and measurements of 

hydration kinetics of clinker phases at very early ages at the molecular level. In this context this 

approach opens a wide range of possibilities for studying cements at nanometric scale.  

This is an effort to develop integrated tools that collaborate to the improvement of the knowledge of 

clinker hydration during its first stages and gain a better understanding of the behavior of these 

materials at the molecular level and how nanoscale processes ultimately affect the durability of 

cement-based materials. 
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Abstract
It is well known that the reactions that take place during the first minutes of the hydration process strongly influence the
performances of all cementitious based products; in particular “young” pastes during this stage are subjected to
various stresses and volume changes.
Most of the time this volume change, or shrinkage, is assumed to begin when loading or drying but, in fact, a volume
change begins immediately after the cement and water come in contact during the mixing. These very early age volume
changes are typically ignored in design of structures since their magnitude can be much less than shrinkage resulting
from drying. But even when the curing conditions are ideal, the first hours shrinkage can significantly influence to the
ultimate shrinkage and thus the cracking risk which is one of the most unwanted practical consequences.
Usually, in OPC based systems, cracks occur when water evaporates from the surface of freshly placed paste faster
than it is replaced by bleed water. Due to the restraint provided by the grout below the drying surface layer, tensile
stresses develop in the weak, stiffening plastic paste, resulting in shallow cracks of varying depth.
In CAC dominated systems, instead, a huge production of expansive ettringite and a volume increase as a consequence
are observed during setting: this phenomenon balances the shrinkage due to the water evaporation.
With these assumptions it is clear that it is extremely important to control the volume variations especially when
dealing with fast setting products, in order to provide an effective balancing of the expansion and shrinkage movements
to obtain a completely crack-free application.
It is important to notice that cracks are not the only problem induced by volumetric variations since these can also
generate huge “shear stresses” causing the detachment of the product from the substrate.
This study is focused on the comprehension of the behaviour of a self-levelling compound based on a ternary binder
system composed by a calcium aluminate cement (CAC), an ordinary Portland cement (OPC) and a source of calcium
sulphate.
In particular volumetric variations have been observed induced by the substitution of a component of the ternary
system, especially when different calcium aluminate cements are used.
Different hydration kinetics have been followed by QXRD and BET analysis.

Originality
In this study we performed a crossed correlation between the mechanical properties and the mineralogical
characteristics of different formulations based on a ternary binder system.
The hydration kinetics and the microstructural evolution of a complex formulated commercial product have been
followed using Rietveld method on powder diffraction data. Samples were properly prepared to obtain information on
the reasons of the changed reactivity that occur when different calcium aluminate cements are used.
Thanks to the experimental procedure we could follow in detail the actual behaviour of a real product, without
simplifying the formula.

Chief contributions
Aim of this study is the comprehension of the differences in reactivity of a fast setting product based on a ternary system
(self-leveller).
Linking the characteristics of the raw materials, such as the mineralogical and the chemical composition, with the
mechanical properties it is possible to better understand the hardening mechanism of the self-leveller product.
The knowledge built in this work allows to optimize the formulation in order to improve the applicative characteristics
of the product.

Keywords: Self-leveller, shrinkage, QXRD
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1. INTRODUCTION

The following study is focused on a cement-based self-levelling compound which is a low viscous
mortar applied as a thin layer to give a smooth and flat surface to receive floorings. Usually is based
on an ettringite forming binder system that can be described as a mix of CAC, OPC and a source of
sulphate. These binder systems, can be either CAC dominated or OPC dominated (Kighelman, 2007).
It has been recently demonstrated that CAC based self-leveller show a more stable, faster and more
intense hydration kinetic (Kighelman et al., 2008) and this is the composition of the product object of
the present paper. Usually, ettringite formation leads to an initial expansion followed by an
unavoidable shrinkage due to water evaporation. In order to obtain safe applications it is needed a
close control of volume variations with an effective balance of the expansion and shrinkage. A system
not well controlled can generate shear stresses that could cause cracks or detachment from the
substrate. However, it is known that the characteristics of CAC cements can greatly influence the
hydration kinetic of a selfleveller. Here we discuss a case where, during the development of a new
product, cracks occurred when a particular application test, set up to maximize the critical state, was
made on a jobsite. An investigation on the material used for the test, showed an anomalous behaviour
in the plastic phase. Such shrinkage, not observed during the product development, does not
compensate the subsequent hygrometrical contraction and it could be the possible cause of cracks
formation. To investigate the phenomenon, as a first step, two different CAC have been tested; this
system will be named as “system 1” in the paper and the two cement as “CAC A” and “CAC B”. The
formula prepared with cement “CAC B” is the one that showed the shrinkage phenomenon. The
second test consisted in adjusting the particle size distribution of the aluminous cement that was used
in the formulation that shown the described phenomenon (CAC B), in order to try to solve the problem
without changing the chemical composition of the aluminous cement. This will be named as “system
2” and the CAC with the different particle size distribution will be noted as “CAC C”.

2. EXPERIMENTAL

2.1 MATERIALS

The mortar specimens were prepared using different alumina cement (named as CAC A, B and C) and
the same Ordinary Portland Cements (OPC, CEM I 52,5 R type according to the EN 197-1 standard).
Their chemical composition, expressed in element oxides, is reported in table 1 and 2.

Table 1: Chemical composition (w/w % of element oxides) of the CAC

Chemical composition (% w/w) Al2O3 SiO2 CaO TiO2 Fe2O3 MgO SO3 K2O

CAC A 40.0% 4.1% 36.1% 1.9% 15.9% 0.6% 0.1% 0.1%
CAC B 43.9% 3.0% 36.3% 2.0% 14.1% 0.3% 0.4% 0.1%
CAC C 43.9% 3.0% 37.0% 2.0% 13.6% 0.3% 0.5% 0.1%

Table 2: Chemical composition (w/w % of element oxides) of the OPC

Chemical composition (% w/w) CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O

OPC 65.2 21.4 5.4 3.1 1.3 1.6 0.7 0.3

The aggregate, mainly siliceous, has two particle size distributions: the first ranges from 0 to 0.5 mm,
the second one ranges from 0.5 to 0.8 mm while the filler has a carbonatic composition.
According to the original formulas, the calcium sulphate is bassanite (calcium sulphate hemihydrate),
in system 1 and anhydrite in system 2. Beside, a certain percentage of a superplasticizer has been
added to the system to modify the rheology of the mixing. All the prepared formulations have been
analyzed both from a mechanical and a chemical point of view. Table 3 summarizes the generic
formula of the samples.



Table 3: generic formula of the samples
CAC OPC CŠHx x = 2-0.5 Aggregate Filler

Sample 10-15 % 2-5 % 3-8 % 40-60 % 25-32 %

In table 4, mean values of the particle size distribution of the CAC are reported.

Table 4: particle size distribution
CAC A CAC B CAC C

Mean value (µm) 34.4 25.2 35.3

2.2 ANALYTICAL PROCEDURES AND TEST METHOD

XRPD experiments were performed during a period of time of 24 hours. Samples were taken from the
same batches of cement, conserved in a sealed case, in order to follow the reaction without altering the
behaviour of the cement blend in all measurements. To obtain results for the quantitative analysis, the
hydration were stopped grinding the sample in a solvent and separated sample were prepared for each
chosen hydration time. Beside, the same samples were also heated at a proper temperature chosen not
to change the cement characteristics but high enough to eliminate all the hydration products. Powder
diffraction data were collected with a PANalytical X’pertPro MPD diffractometer with theta–theta
geometry equipped with an X’Celerator detector working with the CuKα radiation (1.54184 Å) in the
2theta range 5–80, a step size of 0.017° 2 theta and a scan step time (s) of 102,1. All data collections
were performed at room temperature with back-loading sample holders to avoid preferred orientation
of crystallites. Data were analysed by the Rietveld method (Rietveld, 1969) using the Bruker AXS
software package TOPAS 4.2 operated in the fundamental parameters mode (Cheary et al, 1992,
Coelho, 2000, BRUKER AXS, 2003). Rietveld method is employed for the quantification of
anhydrous cements but also on hydrated systems (Scrivener et al, 2004). In this work this technique
was used to determine the phase composition of treated sample in order to quantify just the anhydrous
phases, simplifying in this way fresh complex systems, difficult to analyse. The BET method is a
widely used and established approach of determining the specific surface area of solid materials,
especially such with distinct open porosity (Odler, 2003). Measurements were made using a SA 3100
Surface Area and Pore Size Analyzer. The particle size distribution were obtained by laser scattering
analysis using an LS 13 320 Series Laser Diffraction Particle Size Analyzers. Movements in plastic
phase were detected just after mixing by the Shrinkage Measuring Device Type SWG-H-400 by
Walter and Bai ag. Hygrometrical shrinkages have been evaluated following the ASTM C 490-04.

3. RESULTS AND DISCUSSION

During the early stages of the hydration of Portland Cement, ettringite usually forms following the
reaction:

C3A + 3 CŠH2 + 26 H2O→ C6AŠ3H32 (1)

where C =CaO, A = Al2O3, Š = SO3, H = H2O (Taylor, 1997)

In this work, all the studied formulations are CAC dominated, hence the ettringite formation is, in this
case, mainly the results of CA hydration, where CA is the principal hydraulic mineral present and its
hydration contributes to the high early strength of CAC. Reactions that occur during the hydration
process are complex, but it is possible to resume the hydration of CA as follow:

CA (s) + a C3S (s) + 3CŠ3H2 (s) + H2O (liq) → C6AŠ3H32 (s) + a C-S-H (gel) (2)

where a ≤ 3 (Thomas et al., 2006) and S = SiO2

3 CA (s) + 3 CŠH2 (s) + H2O (liq) → C6AŠ3H32 (s) + 2 AH3 (gel) (Lea, 2004) (3)



To verify the “reactivity” of the two systems in time, a quantitative analysis (QXRD) has been
performed on CA and C3S, taken as representative of the CAC and OPC systems respectively.

3.1 ANALYTICAL RESULTS
3.1.1 SYSTEM 1

Figure 3 shows the total movement in time of system 1, pointing out the different behaviour when
CAC A and CAC B are used. The expansion
recorded in the “CAC A” formula is needed to
balance the typical shrinkage that can be
observed when the product is hardened. On the
other hand, in “CAC B” system a total lack of
expansion is recorded and this brings to the
crack formation observed in the jobsite.

Figure 3: Total movement in time of system 1
formulated with CAC A and CAC B. 

Figure 4 shows the hydration kinetics studied by XRD of the two samples. Comparing CA and C3S
consumption in the formula where CAC A has been used, it can be seen an instantaneous consumption
of both CA and C3S, but quite shortly CA confirms its faster contribution to the hydration process. On
the other hand, in the system prepared with CAC B, C3S does not react at all, while CA has a nearly
linear trend of reaction in time.
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Figure 4: XRD quantitative analysis of CA (red bar) and C3S (blue bar) performed on the two formulas
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Figure 5: CA (pink line) and BET (blue line) evolution trends in time in the two formulas

To determine the specific surface area (m2/g) of hydrated cements, the BET method has been applied
and the trend of this value has been compared with the consumption of CA in time in both formulas
(figure 5). An increasing of BET value can be noticed in both formulas at the same time of the
consumption of CA. Beside representing the specific area, BET can also give an idea of the crystals
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dimension: smaller crystals lead to an higher BET value. A large variations of this value is recorded
between 60 and 100 minutes from the beginning of the hydration and this factor could be attributed
both to a decreasing in crystal size or, taking this parameter as a constant, to an increasing of the
crystals number. Observing the CA consumption in the two preparations, it can be noticed that in this
range of time the percentage of reaction in the “CAC A” based system is higher then in the “CAC B”
one, especially at the start and after 24 hours from the beginning of the hydration, leading to an
increasing of the total mass reacted.
That means that the BET increasing should be the result of a decrease in crystal dimensions and hence
an increase of the specific area. Observing the BET trend in both formulations, it can be noticed that
the first increasing is followed by a slow decrement. The latter is probably the result of an increasing
in crystal size together with an increase in mass reacted.
Looking the systems as a whole, the behaviour in the total time observed appears as similar.
To better understand the phenomenon, the reactivity of CA and C3S has been evaluated as mass
actually reacted (∆ of reaction) in subsequent ranges of time as listed below (figure 6).
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Figure 6: ∆ of reaction of CA and C3S in the two formulas

In particular CA/C3S ratio has been evaluated and referring to equations (2) and (3) it has been
possible to assume the reaction products. In the ranges where CA “reactivity” is higher than the one of
C3S, reaction (3) prevails on reaction (2), leading to the formation of ettringite and a large amount of
AH3 “gel”. On the other hand, when also C3S reacts together with CA, reaction (2) prevails on reaction
(3), with, as a consequence, a production of ettringite and C-S-H and, again, of a certain amount of the
“gel phase” AH3. Looking at the reaction trend of the two formulations, it can be noticed how in the
“CAC B” formula, CA has a higher reaction ratio than C3S in the total range of observation and hence,
in this case, reaction (3) definitely plays an important rule into the system. In the “CAC A” formula,
instead, the balance of the two reactions is variable depending on the range of time, with a maximum
peak of CA consumption around 60 minutes from the beginning of the hydration.

3.1.2 SYSTEM 2

System 2 has been formulated using CAC B and CAC C. CAC B is still the aluminous cement used in
the formula that shown the problems
previously described. As already seen for
system 1, figure 7 shows the total movement in
time of the system. Differences in the two
formulas are clear. It is also interesting to
notice how the use of bassanite instead of
anhydrite causes a faster expansion.

Figure 7: Total movement in time of system 1
formulated with CAC A and CAC B
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SYSTEM 2 - CAC B
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Figure 8: XRD quantitative analysis of CA (red bar) and C3S (blue bar) performed on the two formulas

In figures 8 is plotted the hydration kinetic studied by XRD of the two samples. In the “CAC B”
formula, in the first 30 minutes, C3S seems to react more rapidly than CA, situation that is inverted
after about 45 minutes from the beginning of the hydration. The same tendency is observable in the
“CAC C” formula. CA and BET evolution trends in time in the two formulas are reported in figure 9,
and the behaviour is similar to the one observed in system 1. As in system 1, also in system 2, the ∆ of
reaction has been calculated in the subsequent range of time and results are shown in figure 10. It is
possible to evaluate the different ratio between CA and C3S in every single range of time, and in this
way to establish the possible reaction products. At a first sight, the behaviour of these phases in the
two formulations is similar, but in the “CAC B” based formula, CA is more “reactive” than in “CAC
C” preparation and this leads to a higher formation of a “AH3 gel”.
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Figure 9: CA (pink line) and BET (blue line) evolution
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Figure 10: ∆ of reaction of CA and C3S in the two formulas



4. CONCLUSIONS

This study has investigated on two systems the reasons of a shrinkage phenomenon that occurred
during the development of a new ternary binder based product. QXRPD have shown the different
consumption of the phases in time that is, on average, similar in both cases. On the other hand if the
total time is split in subsequent ranges it can be observed how the CA/C3S ratio is not constant and
depending on this, different hydration products can develop and influence the system. In particular,
two kind of “gel” can form as a results of two possible reactions: C-S-H which is a more “structured”
gel and tends to stabilize ettringite and AH3, that in our experience is likely to loose water. These
considerations are also supported by the BET analysis. The predominance of a reaction on the other
one basically depend on the reactivity of CA and C3S. As it is inferred by the stoichiometry, reaction
(2) shows a molar ratio of 1:1 for CA:C3S while in equation (3) three moles of CA are necessary and
C3S does not give any instantaneous contribution. XRF results of the CAC (as raw materials) utilized
in system 1 highlighted how CAC B has a higher aluminium content than CAC A, while its chemical
composition is similar to CAC C, utilized with CAC B in system 2. Moreover, the mean size
distribution of the particles of CAC B is lower than the one of CAC A and CAC C and this can cause a
different reactivity. Generally, finer is the system, much more reactive it will be. When the CAC is
coarse reaction (2) prevails on (3), and that is because in this case less CA is immediately available
while C3S, usually slower in reaction, can play a role. Reaction (3) is, instead, favourite in finer
systems and this leads to more instantaneously available CA. To conclude, variations in reactivity and
hence the different balance between reaction (2) and reaction (3) leads to the short time dimensional
stability characteristics observed. These considerations show how a better mechanistic knowledge of
the chemical phenomena during selfleveller hydration for different CAC types might help to better
tailor the formulation in order to have problem-free products with wide guarantees in applications.
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Abstract 
Heat curing processes are often used to ensure the production rate in industrial plants that fabricate precast concrete 
structures like Uniblok-Ormazabal. Heat curing may influence both the microstructural properties and the durability 
parameters of the reinforced concrete; thus, it is necessary to take into account these influences in the design of the 
concrete when a given performance has to be achieved. This paper deals with the evaluation of the influence of the heat 
curing process on several concrete parameters. 
Four different types of samples, made of identical concrete composition, have been evaluated: 

- Concrete directly cast at the plant and stored in standard curing conditions. 
- Concrete made in the laboratory and stored in standard curing conditions. 
- Concretes cores extracted from a precast structure made in plant, after the heat curing process. 
- Concrete made in the laboratory, submitted to a heat curing process that reproduced the one carried out 

in the plant. 
The parameters evaluated in the four sample types were: mechanical properties, porosity, capillary suction coefficient, 
microstructure (using Back Scattered Electron Microscopy), and resistance against carbonation and against chloride 
penetration.  
The obtained results show that the heat curing process can be well reproduced in a laboratory scale giving a concrete 
with the same properties than those obtained in the concrete fabricated in the plant production rate. Regarding the 
results obtained in the concrete properties evaluated, first of all it must be said that the concrete mix studied showed a 
very good performance, exceeding the requirements defined for this type of concrete. Moreover, when comparing the 
obtained results with several durability indicators found in the literature, the concrete mix studied can be defined as a 
high durability material. With regard to the influence of the heat curing on the concrete properties, it can be said that 
this process modifies the properties of the material and decreases the quality as compared to the concrete cured in 
standard conditions. However, once these changes are quantified, they can be compensated for in the mix design 
process and the resulting product can be compliant with the performance-based specifications.  
 
Originality 
This paper shows a study carried out both in laboratory scale and in a real industrial scale, which allows a more 
accurate interpretation of the obtained results, being a very good example of the mutual benefits that arise from the 
association between the industry and the research activities. The analysis of the final product, i.e., submitted to the 
actual curing regime, is not commonly found and its characterisation on a performance basis may lead to 
improvements in the design process and to further innovations in the industrial process. Only standard testing 
equipment has been used in the evaluation, and the innovative sample conditioning protocols, which successfully 
reproduce the actual factory conditions, may also be helpful.  
 
Chief contributions 
The main contributions that can be extracted from the present work are: 

- It is possible to reproduce in a laboratory scale the heat curing process carried out in a precast concrete 
plant. This facilitates the research activities and will allow to carry out different durability tests commonly 
used (or other types of tests) that require a specific sample size, etc. 

- A procedure to assess the quality loss associated to the heat curing process has been applied, thus 
allowing for compensating measures to be taken at the concrete mix design stage.  

- Crossed data interpretation allows for the identification of the causes of quality loss, which gives rational 
tools to prevent or to reduce the detrimental effect of heat curing. 

 
Keywords: Precast Concrete, Heat Curing, Durability Properties. 
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Introduction 
 
The use of precast concrete elements is increasing in construction to improve the quality of concrete 
production and to reduce the construction time (Ho et al, 2003). Heat curing processes are often used 
to ensure the production rate in industrial plants that fabricate precast concrete structures like Uniblok-
Ormazabal, as this process increases the early strength of the concrete. However, this increase in cure 
temperature affects the final mechanical properties negatively (Oluokun et al, 1990; Detwiler, 1994; 
Topçu et al, 2005) and this affection must be taken into account in order to fulfil the final 
requirements and the high quality demanded. Despite heat curing is commonly used in practice, 
researches on heat cured products mainly focus on their strength development but investigations on the 
influence of this accelerated curing process on the durability properties of the precast products are 
limited and in some occasions the published results are contradictories. 
 
Several indirect durability indicators have been considered in literature. As indicated by water 
sorptivity results, several researches that used different maximum temperatures of curing, determined 
that for Ordinary Portland cement (OPC) concrete, heat curing produced a vastly inferior product (Ho 
& Lewis, 1992; Ho et al, 1997). Moreover, steam-cured concretes from OPC or OPC with mineral 
admixtures are more porous with sorptivity depths about twice those of specimens having standard 
curing; so the quality of steam-cured concretes from OPC with mineral admixtures is also inferior 
compared to those of corresponding standard cured specimens (Ho et al, 2003). Other authors have 
stated that there is no increase in total porosity in the hardened concretes due to the elevated 
temperatures of the heat curing but a different pore size distribution, increasing the amount of bigger 
pores (Goto & Roy, 1974; Reinhardt & Stegmaier, 2006). It has been also observed that long-term 
properties are negatively influenced by elevated curing temperatures (Oluokun et al, 1990; Detwiler, 
1994). In addition, curing at elevated temperatures may influence the microstructure considerably thus 
increasing the permeability. It has been reported that curing at elevated temperatures leads to reduced 
surface areas of the hydrates formed (Goto & Roy, 1974). It was also reported that the distribution of 
reaction products is much more uniform in pastes cured at relatively low temperatures but the 
distribution of C-S-H in the bulk paste matrix is apparently not much influenced by heat curing. On 
the other hand, the composition of the C-S-H phases is influenced by the curing regime (Kjellsen, 
1996). 
 
However, there is a lack of knowledge in the possible influence of the heat curing in some direct 
durability parameters which are very important considering the reinforced concretes service life, as the 
resistance against both carbonation and chloride attack. Thus, it is necessary to improve the knowledge 
of the influence of the heat curing in the durability properties of the concretes to take into account 
these influences on their design when a given service life has to be achieved. Therefore this paper 
deals with the evaluation of the influence of the heat curing process on several parameters of a precast 
heat cured concrete fabricated in a real plant. In addition, in order to analyze certain durability 
parameters, the heat curing process carried out in the plant has been reproduced at a laboratory scale. 
  
Experimental 
 
To evaluate the influence of the heat curing process carried out in a real industry on the durability 
properties of the fabricated concrete, four different sets of samples, made of identical concrete 
composition, have been evaluated: 

- Concrete directly cast at the plant and stored in standard curing conditions (28 days at 
100%RH and 21ºC) named as SC-P. 

- Concrete made in the laboratory and stored in standard curing conditions (28 days at 100%RH 
and 21ºC) named as SC-L. 

- Concretes cores extracted from a precast element made in plant, after the heat curing process, 
named as HC-P. 



- Concrete made in the laboratory, submitted to a heat curing process that reproduced the one 
carried out in the plant. These samples are named HC-L in present paper. 

 
The specimens were cylindrical samples 7.5x15cm sized but the cores extracted from a precast 
structure were 4x8cm sized. The parameters evaluated in the four sample types were: 1) Mechanical 
properties: assessed by the compressive strength, except for the too short cores that were tested for 
indirect tensile strength; 2) Total porosity and pore size distribution using a Mercury Intrusion 
Porosimeter; 3) Capillary suction coefficient after submitting the samples to a specific pre-
conditioning; 4) Microstructure (using Back Scattered Electron Microscopy, BSEM, and X-ray energy 
dispersive spectroscopy microanalysis, EDX); 5) Resistance against carbonation; 6) Resistance to 
chloride penetration, using the commonly called “Ponding Test”.  
 
The heat treatment applied in the laboratory, that accurately reproduced the one carried out in the 
plant, had a total duration of 6 h, reaching temperatures close to 70ºC. It was needed to reproduce the 
heat treatment at laboratory scale to obtain sample sizes suitable to the Ponding test, which could not 
be obtained by coring. 
 
Results and discussion. 
 
1. Influence of the heat curing in the physico-mechanical properties. 
 
As previously commented in the introduction, it is well known that the heat curing improves the initial 
strength of the concrete but affects the final mechanical properties negatively. The concrete evaluated 
in the present paper is required to achieve a high initial mechanical strength (≈18MPa) to ensure the 
production rate and the appropriate removal of the pre cured elements from the mould, while the 
compressive strength required at 28 days is 30MPa. According to this, it was necessary to design a 
concrete with a very high strength at 28 days in standard curing to ensure the requirement at the end of 
the heat curing. In table 1 the compressive strength at 28 days of the different samples fabricated is 
exposed. The heat cured samples showed a mean value of 50.5 MPa at 28 days, result that exceedingly 
fulfils the final strength requirement. However, comparing this value with the mean one obtained 
using the standard curing it is clear that the heat curing decreases the final compressive strength in 
about 20%. 
 

Table 1: Compressive Strength of the Concretes Evaluated 

Curing Fabrication Scale Samples Compressive Strength at 28 days. 
Mean Value (MPa) 

Heat Curing Laboratory HC-L 50.5 

Industrial plant SC-P 61.6 Standard 
Curing Laboratory SC-L 61.4 

 
In the cores (HC-P) extracted from the real precast element, the indirect tensile values obtained at 28 
days were between 9.1 and 9.3 MPa, corroborating the high mechanical strength of the heat cured 
concrete. 
 
In figure 1, the sorptivity curves obtained as a function of the square root of time are shown. There are 
clear differences between the heat cured concretes and the ones submitted to standard curing, being the 
increase in weight (related to the water absorption) higher for the heat cured concretes determining an 
increase in sorptivity when using the accelerated curing. The similarity between the curves of the 
samples submitted to a same curing type, regardless of the fabrication scale, corroborates the good 
reproducibility of the heat curing carried out in the laboratory. 
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Figure 1: Sorptivity curves of the evaluated concretes. 

The calculated sorptivity coefficient at 24h ranged between 0.09-0.13 mm/min1/2 for the heat cured 
concretes and between 0.04-0.05 mm/min1/2 for the standard cured ones, which indicates that the heat 
curing effectively increases this parameter, as published by Ho et al. (1992, 1997). According to the 
CEB proposal (1998) that classifies the concrete quality depending on this coefficient, the standard 
cured concrete can be classified as “very good quality” and the heat-cured one reaches the “good 
quality” mark. 
 
With regard to the modifications generated in the porosity parameters of the concretes, it has been 
seen that the heat curing promotes both an increase in the total porosity value and modifications in the 
pore size distribution, decreasing the amount of thinnest pores (<0.05μm) but also of the coarsest ones 
(>10μm), as shown in table 2. As these porosity results do not fit completely with any of those 
presented in the introduction, it is evident that heat curing affects these parameters and the affection is 
not always in the same way but depending on both the concrete used and the heat curing type carried 
out. 
 

Table 2: Total Porosity (%) and Pre Size Distribution (%) of the evaluated concretes. 

Curing Fabrication 
Scale 

Total 
Porosity (%)

Pores 
Ø>10μm

Pores  
10μm >Ø>1μm

Pores  
1μm >Ø>0.05μm 

Pores 
Ø<0.05μm

Plant 8.13 6.09 4.35 51.59 37.97 Heat 
Curing Laboratory 9.29 5.39 6.86 56.13 31.62 

Plant 6.72 9.44 9.09 31.61 49.86 Standard 
Curing Laboratory 6.11 9.89 7.60 22.55 59.96 

 
As in previous works the affection of the heat curing on the microstructure was postulated, all the 
concretes were analyzed using BSEM and also making EDX microanalysis. The CaO/SiO2 ratio (C/S) 
measured in the C-S-H gel of the heat cured concretes was 1.84 and the C/S of the C-S-H gel phases 
of the standard cured concretes was 1.70. Therefore, it seems that these C/S ratios were apparently not 
significantly influenced by curing temperature, which agrees with previous works with concretes with 
similar w/c ratio, as for concretes with low w/c (<0.3) curing regime influenced this parameter 
(Kjellsen, 1996). The main difference found when using the heat curing was a different micro cracks 
distribution. Meanwhile in the standard cured the micro cracking observed had not a preferential 



direction and it was associated to shrinkage of the paste due to the high cement amount used, in the 
heat cured concrete the micro cracks observed were grouped near the aggregates and perpendicular to 
the aggregate-paste interface, which can be attributed to dimensional incompatibility between 
aggregates and paste. These two different phenomena are shown in the BSEM images of figure 2. 
 

  

Standard cured concrete (350x) Heat cured concrete (350x) 

Figure 2: Influence of heat curing in micro fissures distribution. 

 
2. Influence of the heat curing on the specific durability parameters of reinforced concretes. 
 
Once seen the modifications generated in some physico-chemical parameters, in this section the 
modifications generated in some durability properties that influences the service life of reinforced 
concretes are evaluated, such as the resistance against carbonation and the resistance to chloride 
penetration. The concretes were exposed to natural atmosphere (protected from rain) during 12 months 
and after this period the carbonation depth was measured. Considering these measurements, the 
carbonation velocity of each sample was calculated according to the equation: 

tkX =                                               
 
Where X if the carbonation depth measured, k is the carbonation velocity and t is the exposure time. 
The obtained values are shown in table 3 and it is evident that the heat curing influences this parameter 
as the carbonation velocity is higher in the heat cured concretes. However, although this higher k of 
the heat cured concretes, their durability is very high as calculated following the Häkkinen model 
(1993). The results are shown in figure 3 and it is evident that, although the heat curing process 
decreases the resistance against carbonation, the durability of the resulting concrete remains very high 
because the carbonation depth is not expected to reach the reinforcement of the concrete in ≈ 75 years. 
Therefore, it is clear that once the influence of the heat curing process is known, it is possible to 
produce a concrete with high durability properties even when the heat curing is used. 
 

Table 3: Mean Carbonation Depth at 12 Months and Mean Carbonation Velocity of the Evaluated Concretes 

Curing Fabrication Scale Carbonation Depth 
(cm) Carbonation velocity (cm/year) 

Plant 0.134 ± 0.035 
Heat Curing 

Laboratory 0.182 ± 0.067 
0.159 ± 0.033 

Plant 0.054 ± 0.029 
Standard Curing 

Laboratory 0.059 ± 0.019 
0.057 ± 0.004 
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Figure 3: Carbonation depth advance calculated. 

With respect to the resistance to chloride penetration, the parameter studied was the Apparent 
Diffusion Coefficient (Dns) that takes into account both the transport of the chloride ions through the 
concretes and their interaction (binding reactions) with the solid phases. The concrete samples were in 
contact with a NaCl 1M solution for 12 months and, after, the chloride penetration profiles were 
determined. According to the profiles obtained, the Dns was calculated in every case following the 
Fick’s Second Law. The obtained results are shown in table 4. 
 

Table 4: Dns Calculated at 12 Months in the Evaluated Concretes 

Curing Fabrication Scale Dns (cm2/s) 

Plant 5.05·10-7 ± 0.938·10-7 
Heat Curing 

Laboratory 2.85·10-7 ± 0.108·10-7 

Plant 0.107·10-7 ± 0.012·10-7 
Standard Curing 

Laboratory 0.564·10-7 ± 0.096·10-7 

 
Once again the influence of the Heat Curing is clear as the Dns of the heat cured concretes are one 
order of magnitude higher, as expected due to the higher porosity of these concretes. In fact, according 
to Baroghel-Bouny (2006), it can be determined a higher potential durability in the standard cured 
concretes and a medium potential durability in the heat cured ones. The Fick’s Second Law model was 
used to make the modeling of the chloride penetration advance, considering an aerial marine 
environment (exposure class XS1 in EN-206 standard) and the results are shown in figure 4. In this 
figure is quite clear that the heat curing decreases the resistance against chloride penetration but, as the 
concrete has been designed considering the influence of this curing process, the expected durability of 
the resulting concrete is still very high as the chloride ions would last approximately 75 years in 
reaching the reinforcement. 
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Figure 3: Chloride penetration advance calculated. 

 
Conclusions 
 
The heat curing process carried out in a precast concrete plant influences not only the physico-
chemical characteristics of the concrete but also the durability properties related to reinforced 
concretes. Therefore, a procedure to assess the quality loss associated to the heat curing process must 
be applied in the plants. Compensating measures must be considered in the concrete mix design to 
achieve the durability properties expected for the heat cured concretes as the final properties measured 
in the same standard cured concretes are not representative of those determined in the heat cured one. 
In this work it has been demonstrated that, if the quality loss associated to the heat curing process is 
taken into account in the mix design, the resulting concrete is optimized, showing a suitable potential 
durability. 
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Abstract 
In the combined degradation process of concrete by the chloride penetration and carbonation, chloride ions bound by 
the cement hydrates become free after carbonation and concentrate at the carbonation front. Thus, it may cause more 
severe damage of reinforcement than when the chloride attack and carbonation occur independently. Standard mass 
transport model cannot reproduce such a complicated behavior caused in the hardened cement by the combined 
degradation because the target of analysis in those models is either Cl or CO2 penetration. The aim of this study is to 
develop a model which reproduces the changes in phase composition with the combined process of chloride attack and 
carbonation. The model to be described consists of a mass transfer model combined with a thermodynamic phase 
equilibrium model. The mass transfer model calculates the transfer of aqueous species in pore solution and CO2 in the 
gas phase of the concrete pores. The thermodynamic model provides the phase composition at each spatial position of 
considered domain of the hardened cement using the PHREEQC program. By coupling the chemical module with the 
mass transfer part, the temporal change of phase composition in hardened cement paste caused by the penetration and 
the chemical action of the external deteriorating factor can be numerically reproduced. It is noted that the relative 
humidity of the pores of the concrete has an impact on the progress of carbonation, that is, the penetration speed of 
CO2 gas changes with the moisture content of hardened cement. In the calculation processes of the model, the 
penetration speed of CO2 gas is controlled based on the numerically determined moisture content associated with the 
particular relative humidity using the moisture sorption isotherm of the material. However, the moisture transfer is not 
taken into account, and accordingly, it is assumed that the inner relative humidity of the hardened cement is always in 
balance with the outer one and the moisture content of the hardened cement does not change during the carbonation 
process. The consideration of the moisture transfer is an issue for future research. For the verification of the model, 
concrete specimens containing a given amount of chloride were carbonated under controlled conditions in the 
laboratory. The comparison of calculation results obtained by the model and the experimental results confirmed that 
the model can reproduce the experimentally measured concentration profile of chlorides.  
 
Originality 
The originality of this study is the development of a novel model by coupling three different separate models: 
thermodynamic phase equilibrium model, multi-species mass transfer model and moisture transfer model, and to 
reproduce the release of chloride, the reduction of pH value and the variation of solid phase composition, all which are 
caused by the combined deterioration of chloride attack and carbonation. 
 
Chief contributions 
Recently a wide variety of deterioration prediction models has been developed. However the development of the model 
to predict the degradation behavior caused by the combined deterioration of chloride attack and carbonation has not 
been treated in a thermodynamically detailed manner before. As the combined deterioration always occurs in actual 
concrete structures, this study contributes to the development of a performance-based design considering the combined 
deterioration. 
 
Keywords: Mass transport, Multi-species diffusion, thermodynamic phase equilibrium, Combined degradation, 
Chloride attack, Carbonation 
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1 INTRODUCTION 
In order to establish the rational design method for the reinforced concrete structures, various models 
predicting the durability of RC structures have been developed for the deteriorations including 
chloride attack, carbonation and frost damage. However, an actual deterioration is a mixture of such 
deterioration phenomena. Thus, it may cause more severe damage of reinforcement than when each 
deterioration process occurs independently. For example, since chloride ions concentrate at the 
carbonation front in the case of the combined degradation process of chloride attack and carbonation, 
the risk of steel corrosion becomes higher. In order to predict the lifetime of the structures exposed to 
such a combined deterioration process, a novel model dealing with the chemical action relating to 
chloride and carbon dioxide should be developed instead of the models targeting only a single transfer 
of chloride or carbon dioxide. 

The authors have developed the thermodynamic phase equilibrium model determining the phase 
composition of hardened cement paste (Hosokawa et al., 2006), and the multi-species mass transfer 
model treating the interaction between aqueous species in pore solution (Johannesson, et al., 2004, 
2005, 2007). In addition, by coupling these models, the authors have developed a novel model 
reproducing numerically the temporal change of phase composition in hardened cement paste caused 
by the penetration and the chemical action of the external deteriorating factors (Hosokawa et al., 2008). 
Since the targets of this model is to include wide variety of aqueous species and hydrates in the 
hardened cement paste, the model to be presented is in principie capable of simulating any type of 
deterioration. It has been reported that the penetration of NaCl and the constituents of seawater can be 
numerically analyzed using this model (Hosokawa et al., 2008). Here we report the coupled model 
extended to be capable of reproducing the combined deterioration processes. 
 
2 THERMODYNAMIC PHASE EQUILIBRIUM - MULTI SPECIES MASS TRANSFER COUPLED MODEL 
2.1 OUT LINE OF THE MODEL 
A schematic description of the phenomena behind mass transport and phase equilibrium mechanisms 
in hardened cement paste is shown in Figure 1. All aqueous species in the pore solution and CO2 in 
gas phase are supposed to migrate according to a one-dimensional transport model. 

Cement hydrates are assumed to give away and receive certain amounts of aqueous species 
according to chemical reactions such as dissolution, precipitation and surface adsorption. These 
behaviors of the hydrates are governed by the adopted phase equilibrium model, which is described in 
detail in the later subsection. The moisture migration relevant to the mass transport is ignored in this 
investigation. The relative humidity is instead set to different fixed values so as to check the effect on 
carbonation. 
 
2.2 MASS TRANSFER MODEL IN LIQUID AND GAS PHASES 
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The transfer of the i:th type of aqueous species present in 
pore solution is governed by two different coupled 
equations. One is the Nernst-Planck equation describing 
mass conservation and flow conditions for the i:th 
constituents as follows: 
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where t is time, x is the spatial coordinate, ci is the 
concentration of ion, Di

0 is the self-diffusion coefficient of 
ion, Bi

0 is the absolute mobility, τ is the tortuosity of pore 
structure, δi is the constructivity of pore structure, zi is the 
valence number and qi is the generation/dissipation term.  

The other equation in use is the Poisson equation 
re Fig. 1 Schematic diagram of mass transfer 

and phase equilibrium. 
lated to the electrostatic potential caused by the transfer 

of ions. 
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where εw is the permittivity of water and F is the 
Faraday constant. 

The partial pressure of CO2 gas, which is 
unknown parameter for the penetration of CO2, also ob
right side is negligible because CO2 gas has no electric c
 
2.3 MOISTURE ISOTHERM 
Since this model includes the transfer of CO2 gas, an u
(see Fig. 1). However, since the moisture transfer is not 
that the internal relative humidity of the hardened ceme
and the moisture content of the hardened cement does n
internal relative humidity is used with the moisture iso
volume of pore solution. In this model, equation (3) o
employed. 
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where εw
eq is the volume fraction of pore solution being 

is the value of εw
eq of fully saturated hardened paste, W

humidity, aj+1,k+1 is the coefficient of which values are lis
 
2.4 PHASE EQUILIBRIUM MODEL 
2.4.1 GENERAL OUTLINE 
The compositions of the gas, solution and solid phases 
mass conservation law of master species, the law of
describing the constitutive behavior, of aqueous and ga
are carried out using the PHREEQC program. The mass-

pin

i
iip cK ,)(∏= γ      

where Kp is the thermodynamic equilibrium constant of
ion i, ni,p is the stoichiometric coefficient of the ion i in h

The Henry’s law constant relates the partial pressure
pressure of a gas component is described as 

gin

i
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where Pg is the partial pressure of gas component g, ca
Kg is the Henry’s law constant for the gas componen
aqueous species i in the dissolution equation. 

The activity coefficients of aqueous species are descr
WATEQ Debye-Hückel equation. In this study, phreeqc
the aqueous species, gaseous species and the minera
phreeqc.dat, the Davies equation is used for charged spe

The dissolution reaction and its corresponding equilib
in Table2.  
 
2.5 NUMERICAL CALCULATION METHOD 
2.5.1 COMPUTATIONAL SCHEME 
The transport of the different aqueous species in the liq
by solving the equation (1) and (2) simultaneously us
equations are discretized in space by the Galerkin meth
Table 1 The values of coefficient in equation (3) 
a11 a12 a13 a14 a22 

33.4 1.46 -1.58×10-2 7.73×10-5 -0.287
a23 a24 a33 a34 a44 

-1.45×10-2 1.74×10-4 4.22×10-4 - 4.22×10-6 0 
eys the equation (1). But the second term of 
harge. 

nsaturated hardened paste is issue to simulate 
taken into account in this model, it is assumed 
nt is always in balance with the external one 

ot change during the carbonation process. The 
therm of the hardened paste to determine the 
btained experimentally (Akita et al. 1994) is 

     (3) 

in balance with water vapor in gas phase, εw
sat 

/C is water to cement ratio, φ v is the relative 
ted in Table 1. 

are determined by solving simultaneously the 
 charge balance and mass-action equations, 
seous species and hydrates. The calculations 
action equations can be written as 
     (4) 

 hydrate p, γi is the activity coefficient of the 
ydrate p. 
 of the gas component. In general, the partial 

     (5) 

lculated using activities in the aqueous phase, 
t, ni,g is the stoichiometric coefficient of the 

ibed in the Davies equation or the extended or 
.dat is used as a thermodynamic database for 
l phases. Unless otherwise specified in the 
cies. 
rium constants in use in this model are shown 

uid phase and CO2 in gas phase is determined 
ing the finite element method (FEM). These 
od and in time by Liniger scheme in which a 



time integration parameter Θ is chosen to minimize the whole domain error (Johannesson, 2000). The 
non-linearity of the transport equations is treated by using a modified matrix Newton-Raphson 
approach (Johannesson, 2009). 

Table 3 Di
0- and the δι-values of aqueous species  

Aqueous species Cl− Na+ Ca2+ CaOH+ SO4
2− K+ OH− Mg2+ HCO3

− Al(OH)4
−

Di
0×10−9 (m2/s) 2.03a) 1.33a) 0.791a) 0.791d) 1.07a) 1.96a) 5.27a) 0.705a) 1.18a) 1.04c) 

δi 1.0 0.02 0.2 0.2 1.0 0.02 1.0 1.0 1.0 1.0 
Aqueous species Mg(OH) CO3

2− CaCO3 NaCO3
− H2SiO4

2− KOH NaOH CaSO4 NaSO4
− KSO4

− 
Di

0×10−9 (m2/s) 0.705e) 0.955b) 0.446b) 0.585b) 1.10b) 1.96f) 1.33g) 0.471b) 0.618b) 0.746b) 
δi 1.0 1.0 1.0 1.0 0.02 0.02 1.0 1.0 1.0 1.0 

a)calculated from the molar conductance in Dean et. 1999, b)Data from the phreeqc.dat c)Data from Mackin et al.  
d), e), f), g) assumed to be equal to Ca2+, Mg2+, K+, Na+, respectively.  

Table 2 Dissolution reaction and logKsp of hydrates 
Sympol Phase Reaction equation logKsp
CH Portlandite Ca(OH)2 + 2H+ = Ca2+ + 2H2O  22.80 A)

CC Calcite CaCO3 + H+ = Ca2+ + HCO3
− 1.849 B)

Br Brucite Mg(OH)2 + 2H+ = Mg2+ + 2H2O 16.84 B)

Ett Ettringite Ca6Al2(SO4)3(OH)12·26H2O = 2Al(OH)4
− + 6Ca2+ + 26H2O + 4OH− +3SO4

2− -45.09 B)

AFm(S) Monosulfate C3ACaSO4:12H2O +12H+ = 4Ca2+ + 2Al3+ + SO4
2− + 18H2O 71.01 C)

AFm(Cl) Friedel’s salt C3ACaCl2·10H2O = 4Ca2+ + 2Al(OH)4
− + 2Cl− + 4OH− -27.1 D)

AFm(OH) C4AH13 C4A13H2O = 4Ca2+ + 2Al(OH)4
− + 6OH− + 6H2O -25.56 B)

AFm(C) Monocarbonate C3ACaCO3·11H2O = 4Ca2+ + 2Al(OH)4
− + CO3

2−+ 4OH− + 5H2O -31.47 B)

CFH C4FH13 C4F13H2O = 4Ca2+ + 2Fe(OH)4
− + 6OH− + 6H2O -29.4 B)

C-S-H particle Ca2Si2O5(OH)2 + 4H+ + H2O = 2Ca2+ + 2H4SiO4 29.6 E)

SiOH = SiO− + H+ -11.8 E)

SiOH + Ca2+ = SiOCa+ + H+ -9.0 E)

SiOH + SiOH + Ca2+ = SiOCaOSi + 2H+ -20.4 E)

SiOH + Ca2+ + H2O = SiOCaOH + 2H+ -24.85 E)

CSH 
C-S-H internal 
and external 
surface site 

SiOH + SiOH + H4SiO4 = SiOSi(OH)2OSi + 2H2O 7.0 E)

A)Ball et al. 1991, B)Lothenbach et al. 2008, C)Realdon, et al. 1990, D)Birnin-Yauri et al. 1998, E)Benard et al. 2009 

The compositions of pore solution; gas and solid phases are solved with the PHREEQC program in 
a sequential operator splitting approach with respect to the FEM calculations. Hence, the value of the 
qi in the equation (1) is based on the PHREEQC results, that is, the mass transfer calculations of the  

included species are coupled to the phase equilibrium calculations at each separate performed time 
step increment without using a true coupling at the differential equation level. A detailed discussion of 
the computer scheme is found in (Hosokawa et al., 2008). 
 
2.5.2 TORTUOSITY AND CONSTRUCTIVITY OF PORE STRUCTURE 
The Di

0- and the δι-values in use are shown in Table 3. The δι-values were obtained experimentally for 
the OPC concrete (Hosokawa et al., 2008). The value of the tortuosity factor (1/τ 2) used in this study 
is 0.0039, which was also obtained in the same experiment by (Hosokawa et al., 2008).  
In this study, ferrite ions (Fe(OH)3, Fe(OH)4

− for example) are not taken into account as the 
transferring species. The reasons are that there have been no reports on any Di

0- value of them, and 
actually the concentration of Fe in pore solution is much lower than others due to the difficult 
solubility of the ferrite hydrates, and therefore it is reasonable to assume that the effect of diffusion of 
Fe ions on the solution composition is very small. 
 
2.5.3 DIFFUSIVITY OF CO2 GAS 
The relative humidity makes an impact on the progress of carbonation because the penetration speed 
of CO2 gas changes with the moisture content of hardened cement. This means that the diffusivity of 
CO2 gas has a humidity dependency. In this study, the value of diffusivity of CO2 gas is determined 
from the given relative humidity using Papadakis’s equation (Papadakis et al., 1991). 

( ) 2.28.16
CO2 11064.1 vpD φε −×= −             (6) 

where DCO2 is the diffusivity of CO2 gas (m2/s), εp is the volume fraction of pore in cement paste. 



2.5.4 THE INPUT PARAMETERS AND 
CALCULATION PROCEDURE 

The input parameters of the simulation 
are listed in Table 4. These input 
parameters relate to material and 
boundary conditions. Initial conditions 
relating to the amount of hydrates, vo
solution, the composition of pore solution
are determined in advance by the phase equ
Therefore, the initial conditions do no
specified by the user because it is rather det
clinker composition of the cement under
The composition of pore solution and g
assemblages at a given elapsed time are fina
 
3 MODELING RESULTS AND DISCUSSION
3.1 MATERIALS AND METHODS 
In this study concrete exposed to an accele
weeks) is analyzed. A standard type of OP
given in Table 5. The OPC contains chlori
values of degree of hydration of the differe
(Hosokawa et al., 2008). 

The concrete specimens were prep
carbonation test. The water to cement ra
0.61 and 280 kg/m3 respectively. The prism
10 x 40 cm were cast and then demolde
28days. The value of pore volume measur
m3/m3. After sealing the surface of the spec
for the 10 cm x 40 cm surface parallel to 
prismatic specimens were exposed int
condition for 26 weeks. 
 
3.2 EXPERIMENTAL RESULTS 
The carbonation depth of the concrete s
accelerated carbonation condition for 26 w
phenolphthalein test (see Fig.2). The ob
carbonation is 16.4 mm.  

The 2D distribution of chloride concentr
parallel to the direction of the penetration o
by an Electron Probe Micro Analyzer (
image of measurement results is illustrated
concentrations are very close to zero from
in depth. The depth of the region of no chl
measured carbonation depth. Fig. 4
concentration profile, measured with 
corresponding to Fig.2 (Mori et al., 2006
significantly observed on the profile at the
result means that the chlorides, which in
close to the exposed surface move into g
action of CO2 on the chloride binging beha
steel corrosion becomes higher because th
place inside the concrete structure by the co
Table 4  Input parameters 
Material parameters and mix proportion Boundary conditions 
- Chemical composition of cement - Solution composition 
lume of pore 
 and gas phase 
ilibrium model. 
t have to be 
ermined by the 
 consideration. 
as phase, doubl
lly obtained by th

- Reaction degree of cement materials 
- Mix proportion (W/C, cement content) 
- Pore volume 

- Relative humidity 
- Partial pressure of CO2
- Period of time 
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able 5 Chemical composition of OPC 
iO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O NaCl
0.5 4.94 2.8 64.6 1.15 1.98 0.31 0.41 0.82

able 6 Hydration degree of cement minerals 
3S C2S C3A C4AF Gypsum 

0.85 0.47 0.85 0.62 1.0 
e layer on the C-S-H and solid phase 
is simulation as the outputs. 
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3.3 CALCULATION RESULTS 
The changes in phase composition of hardened cement paste 
due to the penetration of CO2 gas are simulated by the model 
with the material parameters and boundary conditions 
corresponding to the accelerated carbonation test. Fig. 5 shows 
the calculation results in the case of 60% RH. By the 
comparison with what is measured by EPMA, the model can 
numerically reproduce the release of bound chlorides and the 
peak behavior of the initially present chloride caused by the 
penetration of CO2 gas. Before the carbonation test, chlorides 
added to cement in advance exist as a component of Friedel’s 
salt. After the carbonation start, the Friedel’s salt 
changes to monocarbonate by the reaction with 
penetrating CO2 and release bound chlorides into pore 
solution. The released free chloride penetrates deeper 
than the regions in which the Friedel’s salt reacts. From 
the comparison of simulated and measured results it is 
seen that the adopted constitutive assumptions of the 
model can reproduces the action of the studied 
combined deterioration process.  

id
e 

c
In addition to the reaction of Friedel’s salt, the 

calculation results shown in Fig.5 illustrates the 
consumption of all Friedel’s salt is followed by the 
reaction of C-S-H and portlandite with penetrating CO2 
forming calcite. At the region close to the surface where 
higher amount of CO2 penetrates, the ettringite, 
monocarbonate, C-S-H, portlandite and C4FH13 
disappear by the carbonation, and the formation of 
siderite, amorphous-Al(OH)3, Fe(OH)3 and SiO2 in 
addition to the calcite, are calculated. Due to the 
disappearance of ettringite, sulfate ions are released into 
the pore solution which penetrate into deeper regions of 
the concrete in a similar manner as chlorides. This leads 
to the peak behavior of ettringite formation at the deeper 
depth than where the ettringite disappears. Thus the 
calculated total volume of hydrates reaches its 
maximum at the depth. 

The pH of pore solution is maintained constant in the regions where portlandite exists. At depths 
where all portlandite has been consumed, the pH value begins to decrease and reaches a value about 
10.4 where the C-S-H also disappears. However, the measured depth of colorless area shown in Fig.2 
does not coincide with the calculated depth where the pH value begins to decrease. The measured one 
is observed to be deeper than the calculated one. This difference seems to be a result mainly from 
assuming certain values of the hydration degrees of the different cement minerals. This assumption 
might cause the model to overestimate the amount of portlandite. 

Calculation results of the profile of total chloride and carbon with relative humidity of 60%, 75% 
and 90% are illustrated in Fig.6. In general considerable high relative humidities result in less 
magnitude of carbonation. At relatively high relative humidities the model calculates lower 
penetration depth of total carbon.  From Fig. 6 it can be seen that higher relative humidity leads to a 
lower magnitude of the chloride peak and less overall penetration. In addition to that, the broader peak 
is numerically obtained because the effect of the chloride diffusivity becomes relatively higher than 
that of CO2 gas with higher relative humidity. 

Fig.4 Measurement results of 
chloride concentration profile of the 
carbonated concrete specimen 
obtained by EPMA 
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4 CONCLUSIONS 
A model for the unsaturated hardened paste to reproduce 
the changes in phase composition with the combined 
process of chloride attack and carbonation is developed by 
extending a thermodynamic phase equilibrium – multi 
species mass transport coupled model. For the verification, 
accelerated carbonation tests were conducted on concrete 
specimens supplied with 0.5 mass % of chlorides related to 
cement content. By measuring the profile of chloride 
concentration of the carbonated specimen using EPMA 
technique, the release of bound chloride and the peak 
behavior of chloride at the carbonation front, which is 
characteristic of the combined deterioration process, is 
obtained. The model was shown to successfully reproduces the measured responce. The calculation 
results show a sequence of behavior; the reaction of the Friedel’s salt with the penetrating CO2 to form 
monocarbonate, the release of chloride from Friedel’s salt into pore solution, the penetration of 
released chloride to greater depths where it reacts with C4AH13 to form Friedel’s salt. This means that 
the model has the ability to correctly simulate the main mechanism active in the combined 
deterioration process of interest in this study. The model is capable of calculating the decrease of the 
pH value due to the occuring carbonation process. However, the calculated depth at which the pH 
decease does not coincide exactly with the measured carbonation depth. One possible reason for this 
obtained difference between simulations and experimental results is the assumed values of the 
hydration degrees of the different cement minerals of the studied cement. Since the presented model 
incorporates the moisture isotherm determining the volume fraction of pore water and the Papadakis’s 
model calculating the diffusivity of CO2 gas from a given relative humidity, it also simulates the 
penetration of CO2 and the condensation of chloride varying in accordance with the relative humidity. 
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Fig. 6 Calculation results of the profile of total
chloride and carbon with relative humidity
varying from 60% to 90% 
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Abstract 

A commonly used practice to improve the performance of Portland cement composites consists of replacing part 

of the cement with a very reactive pozzolan such as metakaolin (MK). The products of the reaction between MK 

and portlandite (CH) change the micro-geometry of the porosity leading to increased compressive strength, a 

reduction in permeability and increased durability. The transport properties of ions in the cement systems are 

related to the porosity. Therefore, the direct measurement of microstructure geometry allows us to determine 

the ionic diffusion in the same way that electrical measurements allow us to estimate the microstructure. 

This paper discusses electrical impedance measurements of control mortar (cement only) and MK mortar (35% 

MK and 65% cement). To remove external variables and to obtain the intrinsic impedance of mortar, a method 

with changeable area was applied. The impedance was analyzed with frequency and two electrical parameters 

were calculated: dc-resistivity and capacitive exponent α. To complete the study, compressive strength, 

scanning electron microscopy (SEM) and thermogravimetric analysis (TGA) were carried out. 

 

ORIGINALITY:Implementation of a non-destructive technique based on electrical impedance spectroscopy 

that increases our understanding of the intrinsic properties of mortar.  

Application of this technique to mortars that have no portlandite (CH) because it has been consumed by 

pozzolanic reaction. 

CHIEF CONTRIBUTIONS: Results show that the electrical resistivity at day 1 is similar or greater in control 

mortars, but from day 3 the increase in resistivity is significant in MK mortars. The exponent alpha increases 

monotonically in the control mortar, while in the MK mortar it begins with lower values than the control 

mortar, it increases in the period 2-3 days, and it decreases until it reaches lower values than the control 

mortar at day 7. These data in the 2-3 days indicate a great capacitive conductivity that is related to an increase 

of pore size dispersion due to the new products created by the pozzolanic activity. The results show a very 

different microstructure in the mortars with and without MK, demonstrating the refinement process due to the 

presence of MK.  

In addition, thermogravimetric measurements and testing of compressive strength were carried out. The 

mortars with MK achieved total consumption of CH, which demonstrates its high pozzolanic activity. This result 

was confirmed by the values of compressive strength, which exceeded the control mortar by 80 percent at 28 

days curing time. 

Keyωords: porosity, electrical impedance spectroscopy, portlandite, metakaolin 
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1.INTRODUCTION 

 

The construction industry is a very dynamic field that is continually making improvements in 

materials to increase performance and enhance security. The use of pozzolanic materials has been a 

revolution in the improvement of mechanical properties and durability. It is considered that in the 

future a concrete without added pozzolanic or cementant materials will be an exception to the rule 

(Roskovic et al., 2005). The main effect of the pozzolans is the setting of the ions Ca2+ and OH- 

dissolved from the portlandite and the formation of hydration products similar to those produced in 

the hydration of Portland cement. 

Metakaolin (MK) is a synthetic pozzolan which is obtained by calcining kaolin at temperatures in the 

range of 700-850º C (Kakali et al., 2001). It is a very fine material that has proven to be an active 

pozzolan from the early ages of curing, achieving significant improvements in mechanical strength as 

well as improvements in durability (Sabber et al., 2001 and Couravard et al., 2003). 

One of the nondestructive methods used recently to assess the pozzolanic activity in cement mortars is 

electrical impedance spectroscopy (Wansom et al., 2010). 

The aim of this paper is to compare the electical impedance of cement mortar and MK mortar (35% 

MK and 65% cement) and to obtain the three electrical parameters that characterize the electrical 

conductivity: dc electrical resistivity ρdc, capacitive exponent α and capacitive factor T as intrinsic 

properties related with the microstructure. To complete the study, compressive strength, scanning 

electron microscopy (SEM) and thermogravimetric analysis (TGA) were carried out. 

 

2.  MATERIALS, EQUIPMET AND PROCEDURES. 

 

The materials used in the manufacture of pastes and mortars were a cement type I 42.5 R supplied by 

Cemex (Buñol-Valencia) and metakaolin supplied by the company ECC International. 

 
Table 1. Chemical compositions of cement and MK (%). 

   SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O+K2O P.F R.I 

CEM 19.90 5.38 3.62 63.69 2.14 3.66 1.27 2.02 0.90 

MK 51.60 41.30 4.64 0.09 0.16 u.d 0.63 u.d u.d 

u.d. undetermined 

Mortars for electrical and mechanical strength measurement were prepared according to the 

requirements of the Spanish standard UNE-EN 196-1:1996. Four prisms of 28.7 x 2.5 x 2.5 cm were 

made for each series. After making the electrical measurements the samples were sliced to obtain 

specimens of 2.5 x 2.5 x 2.5 cm to test compression on an Instron3382 machine. A water/binder ratio 

of 0.5 was used and the percentage of cement replaced by MK was 35%. Four compressive strength 

test samples were taken at four ages of hydration: 3, 7, 14 and 28 days. 

The electrical impedance of cement mortar (MCO) and cement mortar with 35% metakaolin (MMK) 

was measured over a period of 211 days of hydration. An impedance meter HP-4284 A in the 

frequency range 20Hz <f <1 MHz was used. The measuring cell is shown in Figure 1. It consists of 

two flat stainless steel electrodes of 25 x 70 mm, 65 mm apart. The prismatic sample is introduced 

into the center of the cell leaving two prismatic tanks with 20 x 25 x 70 mm between sample and 

electrodes. These spaces are filled with a saturated solution of lime at five different heights to make 

the impedance measurements for each height of liquid h. 

Impedance was measured for each height (a total of five i = 1,2,3,4 and 5 for the heights 1.5, 3, 4.5, 6 

and 7.5 cm). The admittance was calculated (Yi = Zi
-1) and an adjustment of the parts Re (Yi) and 

Im(Yi) vs. h is performed. This operation eliminated the impedance due to all effects outside the 

mortar, constant and independent of the measurement height, such as: cables, connectors and edge 

effects, top and bottom of the sample. Thus, the measured admittance per meter of sample height, Ymh, 

was obtained. 



Cement pastes with a water/binder ratio of 0.5 and the same percentage of MK that was used in 

mortars were analyzed with thermogravimetry and electron microscopy. The ages chosen for study by 

thermogravimetry were 3 and 28 days, and 28 days for electron microscopy. At the selected ages 

samples were treated with acetone to stop the hydration process and then dried in an oven to remove 

traces of acetone. 

Thermogravimetry equipment used was a 850 TGA module Mettler-Toledo, which makes two 

measurements simultaneously: the thermogravimetric curve and the curve of differential-thermal 

analysis (DTA). Electron microscopy equipment used was a JEOL JSM6300. 

 

3. ANALYSIS OF THE MORTAR ELECTRICAL IMPEDANCE (Zmo)  

 

The measured impedance Zmh (=Ymh
-1) is the sum of three impedances in series: electrode-solution 

interface (Zel), saline solution (Zso) and mortar (Zmo) (Figure 1). Figure 2 shows, as an example, the 

complex plot (imaginary component vs real component) of the impedance Zmm (=Zel+Zmo) for MCO 

and MKK mortars at the age of 7 days. The curves have a minimum of the imaginary part for a value 

of the real part corresponding to the dc electrical resistance of the mortar, Rdc. The right branch 

corresponds to the electrode solution and the left represents the impedance of the mortar with 

increasing frequency. The impedance of the mortar can be seen as an RC parallel circuit or more 

exactly a parallel R-CPE circuit. 

 

 

Figure 1: Measuring cell 

 

Figure 2: Complex impedance of MCO and MMK 

 

If we take the R-CPE circuit to represent the impedance of the mortar, Rdc is in parallel with a 

constant phase element CPE. The admittance of R-CPE circuit for mortar is (Macdonald J.R, 1977): 

 

Ymo(ω)=Rdc
-1

+YCPE= Rdc
-1

 +T.(jω)
α 
= Rdc

-1
 + Tω

α
cos(α·π/2) + j·Tω

α
sen(α·π/2)                          (1) 

being the angular frequency: ω = 2π·f . The capacitive exponent α (between 0 and 1) and the 

capacitive factor T are the two parameters characterizing the CPE. For α = 1 the CPE element 

coincides with a capacitance. CPE is characterized by a constant delay between the current and 

voltage, which does not vary with frequency. The experimental delay is calculated as 

arctan(Im(YCPE)/Re(YCPE)) = α·(π/2) and we note that it is a constant angle that does not vary in the 

range 0.1 MHz-1 MHz for the two mortars throughout the entire period of measurements. This 

behavior indicates that in this frequency range, which does not affect electrode impedance, mortars 

behave like an R-CPE circuit. The CPE element is also used to quantify the low frequency impedance 

of the electrode-solution (Pajkossy, 2005). 



The physical interpretation of the CPE in the high frequency range is the main objective of the 

application of electrical impedance to the study of porous materials such as cementitius products. The 

R-CPE equivalent circuit in the final frequency range allows us to analyze the conductivity S(ω) in the 

saturated mortar, whose expression is: 

 

S(ω)=Ymo(ω)·F=F·Rdc
-1

+F·Tω
α
cos(α·π/2)+j·F·Tω

α
sen(α·π/2)=Sdc+ S0(ω) +j·S90(ω)                 (2) 

where F is the geometric factor of the sample, in our case F = 1. The conductivity is the sum of three 

terms: Sdc in-phase frequency independent conductivity that is characteristic of the bulk pore solution; 

S0(ω) in-phase frequency dependent conductivity that is related to the surface conductivity in the 

solid-liquid interface; and S90(ω), capacitive conductivity that produces a lag of 90 degrees between 

current and voltage and it is variable with frequency and connected to the capacitive effect of surface 

roughness on the porosity. The effect of parameter α on the conductivity components related to solid-

liquid interface of the porous medium has been related to the fractal nature of porosity (Yoon et al, 

1996 and Risoic et al, 2008). 

The electrical parameters that characterize the electrical conductivity of mortar are: dc electrical 

resistivity, ρdc (ρdc = Sdc
-1), capacitive exponent α and capacitive factor T.  

To obtain these parameters, first we represent the linear relationship: Re(Ymm) vs Im(Ymm) : 

 

Re(Ymm)=(Rdc
-1

) + Tω
α
cos(α·π/2) =  A· Im(Ymm) + B = A·[Tω

α
sen(α·π/2)] +B                           (3)  

from which it follows that the independent term B = Rdc
-1 and the slope A is related to α by the 

expression: A-1 = tan (α·π / 2). The resistivity is: ρdc=F-1·Rdc 

The parameter ρdc can be calculated with Re(Zmm) for minimum value of Im(Zmm) (Macphee et al, 

1997) or from the coefficient B. Capacitive parameters T and α have also been calculated in other 

studies using the linear fit Log [Re(YCPE)] vs Log (ω) or Log [Im (YCPE)] vs Log (ω) (Cruz et al., 

2010). 

The method of calculation of ρdc, and α proposed in this paper can serve as a technique to compare the 

electrical behavior of MCO and MMK and to deduce the pozzolanic effect of MK in the electrical 

conductivity of mortar. 

 

4. RESULTS AND DISCUSSION  
 

4.1 CONDUCTIVITY PARAMETERS  

Figure 3 shows ρdc of mortars MCO and MMK in semi-logarithmic scale from day 1 to day 211 of 

hydration. It is noted that the resistivity of mortar MCO varies from 14 Ωm on day 1 to 60-70 Ωm at 

day 211. The variation in resistivity is linear with a slope of 22.2 Ωm throughout the period. For the 

mortar MMK, resistivity varies from 13 Ωm at day 1 to more than 1200 Ωm at day 211, which is 20 

times higher than that of MCO. There are two linear sections with two different slopes greater than 

the MCO, between 1 and 10 days with a slope of 137 Ωm and between 10 and 211 days with a slope 

of 838 Ωm. The increase in electrical resistivity may be due to a reduction in the conductivity of pore 

solution and/or an increase in the geometric factor of the porosity (pore volume reduction and 

increases in tortuosity and constriction). 

In mortar MCO ρdc linear increase indicates the increase of the geometric factor, since the 

conductivity of the solution does not change during the period of hydration. By contrast, the 

pozzolanic activity of MK has a dual effect. First it captures the ions of portlandite dissolved, Ca2+ 

and OH-, reducing the conductivity of pore solution, and the other effect produces calcium silicate 

hydrate (or other hydration products) that fills the pores and therefore increases the geometric factor 

of porosity. This dual effect is reflected in a variation of resistivity with different slopes during the 

period of hydration. However, if the portlandite is completely consumed in the early days of curing, 

the conductivity of the solution does not change much while the resistivity continues to increase. This 



behavior indicates that the formation of a microstructure different in MMK in the early days, due to 

the effect of pozzolan, produces a matrix that will evolve into advanced ages of hydration very 

differently than does the control mortar. 

Figure 4 shows the α values for the two mortars. It is noted that the MCO begins with values of α = 

0.66 to 0.69 on day 1 and increases monotonically to a value α = 0.80 at day 211, but on day 7 it has 

already achieved a value α = 0.78 close to the maximum. This indicates that in the first week the 

microstructural factor that characterizes the porous surface has almost reached its final stable value, 

although dc resistivity is still increasing. MMK's behavior is different in the early days. Starting on 

day 1 with values lower than the initial value of MCO, α = 0.63 to 0.66, but on day 2, reaching a 

maximum of α = 0.77, it outperforms MCO and then decreases to the minimum α = 0.64 on day 15. 

From that day α increases again until day 211. The increase in the early days of α implies an increase 

in the ratio conductivity-phase 90°/conductivity-in-phase, whose fraction r=S90(ω)/S0 (ω) =tan(α·π/2) 

is also shown in Figure 4. 

The sudden increase in α on days 2-3 in MMK and a decrease from day 7 indicates a relative increase 

in capacitive conductivity from r = 1.63 up to r = 2.63, and returns to the initial value on day 7. This 

variation may be related to a major change in the microstructure of the interface due to the pozzolanic 

activity which has produced a large quantity of hydrated product particles thereby increasing the 

capacitive effect. After the strong pozzolanic activity conductivities ratio returns to the initial values, 

ionic balance at the interface is restored and gradually increases until the end. In MCO mortar 

conductivities ratio r increases from 1.20 to 3 in the period of hydration. The increase in the value of α 

has also been interpreted as an increase in pore size dispersion related to frequency-dependent 

conductivity (Yoon et al, 1996). The increase of α thus reflects the refinement of the pores due to the 

pozzolanic activity and hydration in mortar with MK, and only to hydration in MCO. 

Figure 3:dc resistivity vs log (days) for MCO 

and MMK 

   

Figure 4: Parameters α and r vs. hydration time for MCO 

and MMK 

 

4.2 MICROSTRUCTURAL STUDIES  
 

Figure 5 shows the DTG curves of control and MK pastes at 3 to 28 days of hydration. In the control 

cement paste (CO) on days 3 and 28 a peak temperature of around 550° C is observed, corresponding 

to the loss of water by decomposition of portlandite. This peak is absent in pastes with metakaolin 

(MK) due to the pozzolanic activity that has consumed all the portlandite. The thermogravimetric 

study shows that on the third day of hydration the cement paste with MK has consumed to 100% of 

the portlandite produced in the cement hydration process, a feature that is maintained until day 28 of 

curing. New hydration products are generated as a result of the consumption of portlandite by 

pozzolanic reaction of MK which improves the microstructure and increases mechanical strength. 

The same graph also shows the presence of a peak temperature around 200° C, present only in the 

pastes with MK and attributed to the loss of combined water of hydration products such as 

aluminosilicate hydrated calcium (gehlenite hydrate, Payá et al, 2004) obtained in the pozzolanic 



reaction. Regarding the study of mechanical strength, control and MK mortars were tested at curing 

ages 3, 7, 14 and 28 days, obtaining the results of compressive strength as shown below in Table 2. 
 

Table 2. Compressive strength (MPa) of control (MCO) and metakaolin mortars (MMK). 

Mortar 3 7 14  28          

MCO 30.56 34.11 38.21 44.46 

MMK 33.03 41.05 48.61 52.10 

 

As can be seen since the early ages of curing, the mortar MMK gives values of compressive strength 

greater than the control mortar. Bearing in mind that these mortars are replacing 35% of cement with 

metakaolin, it is proposed to calculate the percentage of strength gain (SG%), a parameter that takes 

into account the amount of cement replaced with pozzolan mixtures. This parameter is defined by Eq. 

(5) (Paya et al, 1996) 

 

( )
·100

C·SR

C·SRSR
SG

%c

%cc

%,

−

=                                                                                                       (4)  

where RcS is the compressive strength of mortar with replacement of metakaolin, RcC is the 

compressive strength of control cement paste and S% is the proportion of cement in the mortar with 

with MK (as per 1). 

The data obtained are shown below in Figure 6, which represents the percentage of strength gain as a 

function of curing time. 
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Figure 5: DTG curves of control and MK pastes 
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Figure 6: Percentage of strength gain of MMK 

mortar 

As shown in the graph of strength gain, the MMK mortars are able to achieve strength gains above 

60% after three days of curing, reaching a rate of 90% by day 14 of curing. These strength gains are 

due to pozzolanic reaction progress in the early ages of curing, which results in comparatively higher 

strength compared to cement composed solely of mortar. Within 28 days of curing the strength gain 

rate rises to 80%, a very high figure which confirms the great pozzolanity of metakaolin. 

Finally, electron microscopy measurements of control and MK pastes at 28 days of curing was 

performed to observe the differences in the two cement matrices. Figures 7 and 8 show micrographs 

of a control cement paste and an MK cement paste at 28 days of curing. Portlandite is present in the 

control cement paste but not in the MK cement paste. However, hydrated gehlenite crystals are 

present in the MK paste. 



 
 

Figure 7: Control cement paste at 28 days curing 

 

Figure 8: MK cement paste at 28 days curing 

 

5. CONCLUSIONS  

 

1. The exponential increase in MMK of ρdc is mainly due to a change in the microstructure because 

the conductivity of the pore solution just does not change from day 3 in which 100% of portlandite 

has been consumed. 

2. The high pozzolanic activity between days 2 and 3 is associated with increased capacitance 

exponent alpha and the total consumption of the portlandite at day 3. 

3. The difference in strength between MMK and MCO in the period 3 -14 days is related to the 

difference between the two mortars in ρdc. 

4. The capacitive exponent, α as feature of the microstructure is confirmed by the electron microscopy 

images that show a different microstructure between control and MK pastes in day 28. 
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Abstract 
The superplasticizers (SP) and high mineral addition contents used in Self-Compacting Concrete (SCC) can have an 
important effect on the porosity of the hardened mixtures, influencing their durability and mechanical strength. In this 
paper, a combination of forced vacuum and boiling saturation techniques is used to determine the influence of the 
composition of six SCC concrete mixtures on the open porosity. The mixtures differ by the type of addition (quartzite, fly 
ash and two types of limestone addition), the cement type (a CEM I 52.5 R HES Portland cement and a coarser CEM 
III/A 42.5 N LA blast furnace slag (BFS) cement) and the cement-to-powder ratio (C/P). A traditionally vibrated 
concrete (TC) mixture with an identical water-to-cement ratio (W/C) is tested as a reference. The tests are performed 
on one year old concrete core samples. 
The combination of the saturation techniques results in an improved, though somewhat lengthy open porosity 
determination. The results show a distinct influence of the addition type: a higher specific volume and Blaine fineness of 
the addition lead to significantly lower open porosities. This effect is most important for the fly ash addition, for which 
the pozzolanic reaction adds to the densification of the microstructure. Due to the old age of the samples, the expected 
higher porosity for the coarser BFS cement is not distinguishable: the secondary pozzolanic reaction has had the time 
to phase out any differences. The lower C/P logically yields higher porosities due to the smaller quantities of reactive 
materials and consequent higher W/C. Except for the latter, all SCC mixtures show reduced open porosities compared 
to the TC, which can be explained by the presence of the additions and the superplasticizer. 
 
Originality 
This paper treats the assessment and analysis of the porosity of novel concrete compositions, which are adapted to the 
demands of modern construction practices, and whose properties are, up till now, not well known, understood and/or 
documented. The methodology is a combination of individually well established methods, which are however used in a 
combined manner, to obtain optimal results. 
 
Chief contributions 
The paper contributes to the improved understanding of the porosity in novel, high performance self-compacting 
concrete compositions, allowing the assessment of the impact of its precise composition on the open porosity at older 
ages. The work is part of a larger research program in which the durability and micro-cracking of these concretes is 
investigated using various research techniques. 
 
Keywords: Self-compacting concrete, open porosity, vacuum saturation, boiling saturation 
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Introduction 
 
The workability and stability typical for self-compacting concrete (SCC) is obtained by a careful 
adaptation of the composition of traditionally vibrated concrete mixtures. Apart from having an 
increased paste volume, an important part of the self-compacting properties is the consequence of a 
combination of chemical admixtures and additions (De Schutter, 2007). Not only do these components 
influence the fresh properties of the SCC, they also affect the microstructure of the hardened concrete. 
In general, a reduction of the porosity is expected, at least due to the filling effect of the mineral 
additions and the dispersion effect of the SP (Boel, 2006). 
The concretes’ transport properties and durability are closely related to the porosity. The permeability 
of a concrete for potentially aggressive substances depends principally on its capillary pores and their 
interconnectivity. The poorly interconnected air voids and the gel pores, which are always saturated 
under normal conditions, hardly affect the durability, but influence the strength and the shrinkage and 
creep behavior of the concrete (De Schutter, 2007). Furthermore, only the pores being accessible from 
the outside, constituting the open porosity, can contribute to the concrete’s permeability. 
A saturation-and-drying procedure is a simple way to obtain a basic estimation of the concrete’s open 
porosity, relying on basic techniques. Though it does not provide information regarding the details of 
the pore structure or the permeability itself, it does provide an indication of the concrete’s basic 
microstructural situation.  
Vacuum and boiling saturation have independently proven their usefulness in saturating porous 
materials. Depending on the sample size and exact saturation procedure, one or the other method 
prevails (Saffiudin, 2005) (Hall, 2002).  
With vacuum saturation techniques, very high degrees of saturation can be obtained: pores might be 
saturated that will never be saturated under normal conditions, leading to calculated open porosities 
that diverge from the pore volume that actually contributes to the permeability of the microstructure. 
Boiling saturation generally leads to slightly lower degrees of saturation. Depending on the age of the 
tested concrete, it might influence the microstructure by promoting the continuation of the hydration 
because of the high temperatures involved in the test (Hall, 2002). 
The type of the drying method has an important effect on the porosity determination. When applied for 
a sufficiently long period of time, oven-drying at 105 °C is a well established method. A determination 
of the capillary porosity based on this drying procedure will however inevitably result in an 
overestimation, for it causes not only the evaporation of the free, capillary water but also partial 
dehydration of hydration products (such as C-S-H and ettringite) by the loss of chemically bound 
water (Audenaert, 2006). Drying is generally continued until stabilization of the mass of a sample, 
when the weight difference of consecutive tests dives under a pre-defined threshold. 
In this paper, a combination of a vacuum-saturation method, boiling saturation and oven drying at 
105° C are used to estimate the open porosity of the concrete. Because of the used methods, the 
measured open porosity consists of those capillary pores and part of the gel pores, that are accessible 
from outside.  
 
Materials and mixture composition 
 
6 self-compacting concretes and 1 traditionally vibrated concrete (TC) are tested in this program, that 
is a part of a larger research program on SCC durability (Heirman, 2007). The composition of these 7 
mixtures is showed in Table 1. All SCC’s have the same water-to-powder ratio (W/P) (powder being 
the sum of the cement and the addition) and the same basic composition: they contain equal amounts 
of river gravel 4/14, river sand 0/5 and mixing water. The self-compactibility of the mixtures is 
obtained by combining a superplasticizer and a powder addition. The superplasticizer (SP) is a 35% 
solution of third generation polycarboxyl ether. The exact chemical composition and molecular 
structure of the SP is unknown, due to the producing company’s trade secret policy. One traditionally 
vibrated mixture TC, with an identical W/C is tested as a reference. 
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Figure 1: Grading curves of a) the cements and b) the additions 

Table 1: Mixture composition, fresh test and strength test results 

  SCC1 SCC2 SCC3 SCC4 SCC5 SCC6 TC 

Gravel 4/14 [kg/m³] 698 698 698 698 698 698 1225 

Sand 0/5 [kg/m³] 853 853 853 853 853 853 640 

CEM I [kg/m³] 360 360 360 360 - 300 360 

CEM III [kg/m³] - - - - 360 - - 

L1 [kg/m³] 
[Vol %] 

240 
8.89 

- 
- 

- 
- 

- 
- 

240 
8.89 

300 
11.11 

- 
- 

L2 [kg/m³]  
[Vol %] 

- 
- 

240 
8.86 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

Q [kg/m³]  
[Vol %] 

- 
- 

- 
- 

240 
9.09 

- 
- 

- 
- 

- 
- 

- 
- 

FA [kg/m³]  
[Vol %] 

- 
- 

- 
- 

- 
- 

240 
10.21 

- 
- 

- 
- 

- 
- 

Water [l/m³] 165 165 165 165 165 165 165 

SP [m% Cem] 
[kg/m³] 

1.25 
4.50 

1.39 
5.00 

1.39 
5.00 

1.88 
6.75 

0.97 
3.50 

1.25 
3.75 

- 
- 

W/C [-] 0.46 0.46 0.46 0.46 0.46 0.55 0.46 

C/P [-] 0.60 0.60 0.60 0.60 0.60 0.50 1.00 

W/P [-] 0.28 0.28 0.28 0.28 0.28 0.28 0.46 

Slump Flow / Flow [mm] 720/- 670/- 790/- 790/- 720/- 740/- -/400 

Fresh air content [Vol%] 1,8 1,6 1,5 2,2 2,2 1,6 2,0 

Fresh density [kg/m³] 2370 2360 2350 2280 2350 2370 2310 

fc,cub,28d MPa 84.3 87.0 93.2 99.1 64.1 74.1 62.6 
 
The type of addition is varied in mixtures SCC1 to 4. Two different ground limestone 
additions are used, L1 and L2. Their densities are approximately equal, but L2 is considerably 
finer. SCC3 contains a powdered quartz addition (Q), while SCC4 is made with an F-type Fly 
Ash (FA). In SCC5, the CEM I 52.5 R HES (CEM I), present in all other mixtures, is replaced 
by a coarser blast furnace slag (BFS) compound cement CEM III 42.5/A N LA. Table 2 holds 
the density and fineness of the additions and the cements, while Figure 1 shows their grading. 



In SCC6, 1/6 of the cement weight is replaced by L1, thus changing W/C and C/P, 
maintaining W/P. The quantity of SP is adapted in every mixture to obtain a similar self-
compactibility.  
 

Table 2: Specific weight and Blaine fineness of the aggregates, the cement and the additions 

  Gravel 4/14 Sand 0/5 CEM I CEM III L1 L2 Q FA 

Specfic weight [kg/m³] 2640 2640 3280 3030 2700 2710 2640 2350 

Blaine fineness [m²/kg] - - 540 471 338 558 388 346 
 
Test procedure 
 
50 l of each mixture is prepared. Six 150 mm cubes of each mixture are cast. The remaining concrete 
is used for the fresh tests (Fresh air content (EN 12350-7:2002), Slump Flow (pr EN-12350-8:2007) or 
Flow value (EN 12350-5:2002) and fresh density (EN 12350-6:2002)). The six cubes are cured under 
water (20 °C) for 28 days. At the end of the curing the cube concrete strength at 28 days fc,cub,28d is 
determined on three of the six cubes. The other 3 cubes are stored for 11 more months at 20 ± 3 °C 
and 40 ± 10 % relative humidity. Before the start of the saturation procedures, a 10 cm diameter 
cylinder core is cut out of each remaining cube, perpendicular to the direction of casting. Each 
cylinder is then sliced in 4: the top and bottom 2.5 cm are cut off and discarded, and the remaining 
cylinder is finally cut in half. This way, the edges of the original samples, in which the porosity is not 
representative for the main volume of the concrete, are eliminated. This yields a total of 6 samples 
with a volume of ± 390 cm³. The location of the samples in a cube is shown in Figure 2.  
All six samples are then exposed to a vacuum saturation procedure according to NBN B05-201, with 
the vacuum setup in Figure 3. The samples are enclosed in the empty and dry vacuum tank. The 
pressure is lowered to 2700 Pa, which is maintained for 2.5 hours. This ensures a sufficiently low 
pressure in all pores. Next, while maintaining this pressure, the vacuum chamber is slowly flooded 
with water at 20 °C, at a monitored speed of 5 cm/hour, until complete immersion of all samples. The 
water used for the saturation was not de-aired in advance. The low flooding speed helps to overcome 
this problem at least partially, by giving the water the time to be de-aired before entering the concrete, 
though ideally, lower pressures are needed for this procedure. After the flooding, the tank is slowly 
returned to atmospheric pressure. The water is now forced into the pore system of the concrete, 
because of the pressure difference between the air at the water surface and the underpressure in the 
pores. The samples are left in immersion for another 24 hours before being weighed for the first time. 
They are left in immersion and weighed every 24 h, until their mass stabilizes (the difference between 
two consecutive weighings is smaller than 0.1 % of the lowest sample mass) at msat-vac. On average, the 
entire vacuum saturation procedure takes 7 days. 
 

 
Figure 2: Position of the cylindrical samples (gray) in the 150 mm cubes, indicating the discarded slices and the 

rough top cube surface (red). 



All 6 samples are consequently submitted to a boiling saturation procedure according to ASTM C642. 
The samples are immersed in boiling water for at least 5 hours. The air in the pores expands and is 
forced out of the pore system of the concrete by the steam and water vapour generated by the boiling 
(Hall, 2002). The water is then left to cool to 20°C, for at least 14 h, after which the samples are 
weighed for the first time in immersion. The samples are left in immersion until their mass stabilizes, 
as described before, at msat-vac+boil. The exact volume Vs of each sample is then determined by an 
immersed weighing, based on Archimedes’ law. Because of the age of the concretes, there is no 
danger that the high temperatures cause the hydration of the concrete to continue. On average, the 
boiling saturation procedure takes 6 to 7 days. Finally, the samples are oven-dried at 105 ° C till 
stabilization of their mass, as described before, at mdry, which takes on average 17 days.  
The volumic open porosity φ is then calculated as: 
 

sV
waterρ

drymsatm 

                                                                                                                                 (1) 

where water is the density of the water in the samples at the moment of the different weightings, 
assumed to be equal to that of the water in the immersion tanks, at 20 °C. msat can be either msat-vac or 
msat-vac+boil, resulting respectively in φvac or φvac+boil, the volumic open porosities by vacuum saturation 
and by a combination of vacuum and boiling saturation. 

 

 
Figure 3: The vacuum saturation setup: Vacuum tank (left), pump (right top) and pressure gauge (right bottom). 

 
Results 
 
Table 3 gives the average open porosities for all mixtures. Figure 4 compares these porosities visually 
and shows the standard deviations of the measurements, as error bars. φvac+boil is higher than φvac for all 
mixtures, though the differences are limited. Statistically however, φvac is significantly different (at a 
5% significance level) from φvac+boil for all mixtures, except for TC. This indicates that the boiling 
saturation, assumed to be less efficient than the vacuum saturation (Saffiudi, 2004) (Hall, 2002), is 
capable of improving the saturation obtained by the vacuum procedure. A part of this improvement 
might be due to the fact that, for the vacuum saturation, water is used that has not been de-aired in 
advance, thus saturating the concrete with water containing some air, which is subsequently removed 
during the boiling procedure. 
The statistical significance (at a 5% significance level) of the difference for every pair of mixtures is 
also investigated, for φvac+boil and φvac individually. The results are the same for both φ’s: there is no 
significant difference between the porosities of SCC1 and SCC5 or between those of SCC2 and SCC3. 

 



Table 3: Average φvac and φvac+boil for all mixtures 

  SCC1 SCC2 SCC3 SCC4 SCC5 SCC6 TC 

φvac  [Vol%] 11,6 10,1 10,1 9,4 11,3 12,7 14,3 

φvac+boil  [Vol%] 12,0 10,8 10,9 9,8 11,9 13,0 14,4 
 
The lower φ of SCC2 compared to SCC1 is due to the fineness of the limestone addition and the 
quantity of the SP. The finer addition has two effects: it results first of all in a denser packing. The 
larger specific surface of L2 also causes a larger precipitation surface for the hydration products, and 
thus an improved and denser microstructure (Audenaert, 2006). The slightly larger quantity of SP also 
reduces φ: the increased dispersion causes more cement to hydrate and thus a finer, denser 
microstructure. (Sakai, 2006) and (Khatib, 1999) show that the quantity of larger pores diminishes and 
the amount of pores smaller than 100 nm increases. The effect of both factors, addition and SP, can 
however not be distinguished. 
Other reasons are at the basis of the lower porosity of SCC3: quartz powders do not influence the 
hydration of the concrete as much as the limestone addition does (Poppe, 2005). Its influence is thus 
more limited to the filling effect. The fineness of Q is situated in between L1 and L2, but the density 
of Q is lower, so that the added volume of Q is higher. The quantity of SP is the same as in SCC2, so 
the extent of the dispersion effect on the porosity is comparable. 
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Figure 4: Average open porosities φvac and φvac+boil with the standard deviations for all mixtures 

 
SCC4 has the lowest porosity in this test. This is the consequence of a combination of effects due to 
the presence of FA. The filling effect of FA is the highest in this test: the fineness of the mixture is 
comparable to that of L1, but FA has by far the lowest density, so its added volume fraction is much 
higher than the three other additions. Furthermore, SCC4 contains the highest quantity of PCE1, 
causing the most important SP-related reduction of the porosity. Finally, since the tests are done at the 
age of 1 year, it is expected that a large part of the pozzolanic FA has had the time to hydrate, filling 
up the pores with secondary hydration products, and reducing the porosity significantly (De Schutter, 
2007) (Boel, 2006).  
There is no significant difference between the porosities of SCC1 and SCC5. CEM III is considerably 
coarser and is expected to result in a concrete with a higher porosity. This is compensated by two 
elements: first, a higher quantity of SP needs to be added, to obtain a sufficient dispersion of the 
coarser cement, which lowers the porosity. Second, the tests are done after one year, so the latent 
hydraulic reaction of the BFS in the blended CEM III has had the time to densify the microstructure up 
to the same level as SCC1 (De Schutter, 2007). 
In SCC6, part of the CEM I is replaced by L1. Consequently, W/C is considerably higher. More water 
is left unconsumed by the hydration reactions, which is expected to lead to an increased porosity. This 



increase is partly compensated due to the fact that the relative SP quantity is higher, lowering the 
porosity because of the improved cement particle dispersion. Also, because of the higher quantity of 
limestone, a higher precipitation surface is available for the cement, resulting in a slight reduction of 
the porosity. 
All SCC mixtures have lower porosities than TC, due to the combined porosity lowering effects of the 
different additions and the SP, as described for SCC1. 
 
Conclusions 
 
The open porosity of a series of SCC mixtures and one TC mixture is determined using a combination 
of forced vacuum and boiling saturation and drying at 105°C, based on samples taken out of the centre 
of one year old concrete cubes. 
The saturation of the samples obtained by vacuum saturation can be improved by subsequent boiling. 
Both methods are fairly simple, but lengthy. A complete procedure, including drying, can take up to 
one month. 
The additions increase the density of the microstructure, reducing the porosity. This is more 
pronounced for finer additions and higher added volumes of addition. This effect is amplified when 
the additions promote the hydration, as is the case with  the limestone additions, or when the addition 
is reactive itself, filling existing pores with secondary hydration products, as is the case with FA. 
The combination of a higher W/C and lower C/P yields a higher porosity, due to the combined, yet 
opposite effects of the higher relative water quantity, the higher relative SP quantity and the higher, 
active addition quantity. SCC has a lower porosity than TC, due to the combined effects of the 
addition and the SP. 
Due to the old age of the samples, the porosity of those mixtures containing FA or a BFS blended 
cement is affected: the secondary hydration products fill up the initially formed pores, reducing the 
open porosity. 
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Abstract 
Industrial cements can undergo some prehydration during their manufacturing process or during transportation and 
storage. In the cement plant, a first contact with water may occur from the dehydration of gypsum which is ground 
together with clinker in the mill at temperatures of 80 - 120 °C. Afterwards, during storage in a silo, cement may sorb 
water from continued dehydration of gypsum. Finally, because of improper packing and storage conditions, cement 
may undergo further surface hydration. The early uptake of water by cement is commonly referred to as the 
prehydration phenomenon. It can result in alteration of the cement properties during storage which is highly 
undesirable. Nevertheless, it has been reported repeatedly. The principal consequences of this cement prehydration may 
include decreased compressive strength and low heat of hydration, altered rheological properties and poor response to 
superplasticizer addition. Various cement clinker phases prehydrate very differently. Using a water sorption balance it 
was shown that, the amount of chemically and physically sorbed water and the relative humidity at which water 
sorption starts to occur differ significantly between clinker phases. Photoelectron spectroscopy (XPS) revealed that 
prehydration results in the formation of a nano layer of cement hydrates covering the surface of the clinker phases. In 
multi phase mixtures of cement constituents, moisture sorption can exhibit a more complex behaviour. Here, the 
moisture sorption profile of individual cubic C3A and β - CaSO4 · ½ H2O was examined, and was compared with the 
behaviour of a binary mixture of C3A with β - CaSO4 · ½ H2O. It was found that the extent of prehydration of C3A was 
affected by the modification of C3A, by temperature and the presence of the sulphate. Generally, binary mixtures were 
found to sorb significantly higher amounts of water than the individual phases. The prehydration products of this binary 
mixture were characterized by FTIR-ATR spectroscopy. ESEM imaging revealed that prehydration occurs via liquid 
condensed water which dissolves the cement constituents, and not via water vapour. 
 
Originality 
Due to the complex nature of cement, the mechanisms behind its prehydration are not yet fully understood. The 
prehydration of cement is obviously far more complex than the sum of each individual prehydration reaction. This 
paper highlights the question whether the mechanism behind prehydration is solely based on a topochemical reaction 
between cement and water vapour, or whether it follows the well known route of cement hydration characterized by a 
dissolution – oversaturation – precipitation process. The subject of prehydration of cement is highly interesting for 
cement manufacturers and applicators. 
  
Chief contributions 
It is commonly known that ageing of cement or inadequate storage can result in different engineering properties of 
concrete or mortar. In our study, the general phenomenon of prehydration of cement was scientifically investigated. 
With “cement prehydration”, we mean the interaction between cement and water vapour. Through specific 
experiments, it was possible to replicate the onsite problems in the laboratory and thus determine the causes and effects 
by using modern analytical methods. Currently, the knowledge of very early cement hydration and related analytical 
methods is still limited. Prehydration of cement is a surface process, whereby only a few methods like photoelectron 
spectroscopy (XPS) and FTIR-ATR spectroscopy can be utilised. The aim of this study is to fill this gap by enhancement 
of the current methods and by development of new analytical strategies for cement surface analysis of cement. Finally, 
the dosage and effectiveness of BNS superplasticizer used in combination with prehydrated C3A/β - CaSO4 · ½ H2O is 
investigated.  
 
Keywords: Prehydration, cement, C3A, β-hemihydrate, adsorption, superplasticizer
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Introduction 
 
Ordinary Portland cement (OPC) consists of several clinker phases. The main constituents include 
calcium silicates (Ca3SiO5 and Ca2SiO4), aluminate (Ca3Al2O6), and ferrite (Ca4Al4-xFexO10) which are 
abbreviated to C3S, C2S, C3A, and C4AF respectively. In industrial application, cement may be stored 
for up to months or even a year before use. For dry-mixed mortars, for example, the usual shelf life is 
6 months to 1 year, as stated on the bags. Alteration of the cement properties during storage is highly 
undesirable, but has been repeatedly noticed by users (Winnefeld, 2008; Maltese et al., 2007). 
Cements that are stored for longer periods, especially in humid air, may fail in the field. The principal 
consequences of this phenomenon, otherwise known as prehydration, include increased setting time, 
decreased compressive strength and lower heat of hydration, altered rheological properties and poor 
response to superplasticizer addition (Sprung, 1978; Schmidt et al., 2007; Barbic et al., 1991; 
Whittaker et al., 2010).  
Thus, the quality of cement must be assessed based on a profound understanding of the processes 
occurring during its fabrication and storage. Despite its importance, prehydration of cement is not well 
understood, due to the complex nature, the interdependency of numerous chemical reactions, and the 
difficulties associated with the analysis of hydration layers which extend to only a few nanometers in 
thickness. 
However, the study of prehydration of pure clinker phases enables an understanding of the key 
processes taking place in the complex system of cement. Jensen et al. showed that the clinker minerals 
C3S, C2S, and C3A have fundamentally different sensitivities to moisture. For example, C3A hydrates 
at lower humidities than either C3S or C2S (Jensen et al., 1999). Theisen et al. discovered that the 
clinker mineral most easily attacked by water vapour is C3A, which is therefore, expected to be the 
principally active component during prehydration of cement (Theisen et al. 1975). Breval investigated 
the impact of water vapour on the prehydration of C3A in presence of gypsum. He found that the 
degree of prehydration induced by water vapour impacted the hydration of C3A with water (Breval, 
1977). 
In previous work on prehydration, we used a combination of different analytical methods to study the 
changes occurring upon prehydration on the surface of clinker particles (Dubina et al., 2010). We 
found that exposure of C3S to water vapour led to the formation of a thin layer of C–S–H which acts as 
a barrier upon mixing with water, thus retarding hydration. Exposure of both pure and doped C3A 
resulted in the formation of a calcium aluminate hydrates. X-ray diffraction indicated that katoite 
(C3AH6) was present, while XPS potentially revealed the initial formation of C4AH13 which converted 
to katoite. The rate of C4AF prehydration was less than that of the other clinker phases, as expected. 
As a consequence we conclude that cements possessing a higher C4AF content are less sensitive to 
water vapour during storage in moist air. Conversely, a high content of C3A in cement results in a 
higher sensitivity towards moisture. Thus, cements of different compositions behave extremely 
different upon prehydration. 
In recently published work we investigated the physicochemical effects of water sorption on the 
surfaces of pure clinker phases as well as of different sulfates and of free lime (Plank et al., 2010). By 
using a water vapour sorption balance, the relative humidities (RHs) at which early stage hydration (up 
to 11 hours) of the cement constituents starts to occur, and the amount of water sorbed per unit area of 
cement component surface were determined. Emphasis was placed on understanding the ratio between 
physically and chemically sorbed water, and the reversibility of this process. The results show that the 
various cement constituents have fundamentally different onset points at which water uptake starts to 
occur. Also, the water sorbed can be physically, chemically or in both ways, bound by the 
constituents. The experiments demonstrated that among all cement components, orthorhombic C3A 
and free lime absorb the highest amounts of water. Here, we study the effects of prehydration on a 
binary system composed of cubic C3A and β - CaSO4 · ½ H2O at a molar ratio of 1:1.  
First, emphasis was placed on understanding the water vapour sorption behaviour of the binary 
mixture in comparison to the pure phases. The cumulative amount of water sorbed by the individual 
phases was compared with that of the binary mixture. Furthermore, we determined the RH at which 



the AFt phase starts to appear in large amounts. The prehydration products were characterized via 
XRD and visually observed by SEM.  
In the second part it was studied how AFt formation during prehydration affects the adsorption and 
dispersing power of a BNS superplasticizer. For this experiment, a binary mixture of cubic C3A and 
β - CaSO4 · ½ H2O was prehydrated for 48 hours below and above its onset point of 72 % RH. 
Adsorption of BNS superplasticizer on the prehydrated mixture was determined. The goal was to 
uncover the reason behind the occasionally reported poor response of superplasticizers with 
prehydrated cements.  
 
 
Experimental 
 
(1) Materials 
Cubic C3A was prepared from a 3:1 stoichiometric and homogenized mixture of CaCO3 and Al2O3 
(both Merck). The sintering protocol for cubic C3A included a 1 h 50 min heating ramp from 100 °C to 
1350 °C, followed by sintering the sample for 4 h at 1350 °C. Afterwards, the sample was quenched. 
The purity of the products was checked by X-ray diffraction. After the first sintering process, mayenite 
(C12A7) and free lime were detected as minor byproducts. The sintering process was repeated 3 times 
to reduce the amount of mayenite and free lime to less than 0.1 wt. %.  
Average particle size (d50 value) and specific surface area were determined by laser granulometry 
(Cilas 1064, Cilas, Marcoussis, France) and Blaine measurement (Toni Technik, Berlin, Germany). 
The values obtained were 6.2 µm and 4,630 cm2/g, respectively. 
β-Hemihydrate (purity 97 wt. %) was obtained from Sigma-Aldrich. Average particle size (d50 value) 
and specific surface area of the sample were 10.4 µm and 4,250 cm2/g, respectively. 
The binary mixture was prepared by manually blending cubic C3A and β-hemihydrate at a molar ratio 
of 1:1. 
For β-naphthalenesulfonate formaldehyde (BNS) polycondensate, a commercial sample (Melcret® 500 
F from BASF, Trostberg, Germany) was used.  
 
(2) Exposure of samples to water vapour 
A sorption balances (DVS-1000 instrument from Surface Measurement Systems Ltd., UK) was used 
to measure the moisture storage capacity of individual phases and the binary mixture. It enables to 
monitor sorption kinetics in a gas flow containing pure nitrogen and water vapour in chosen 
proportion. Moisture uptake by the material was continuously followed with precision of 0.1 µg, and 
its variation with respect to time. Temperature and humidity were controlled to 0.1 °C and 0.5 % RH, 
respectively. Sample quantities were typically in the order of 20 to 30 mg. Prior to all experiments, the 
sample was kept at 0 % RH (pure nitrogen flow) for one hour until a constant mass (derivative less 
than 0.0005 % per min) was reached. Then, over a period of 10 hours the relative humidity was 
continuously increased from 0 % to 95 % RH at a constant temperature of 20 °C. In this mode, it is 
possible to obtain the profile of mass change for different samples. This allows to assess the “onset 
point” at which the sample starts to sorb water. The binary system was prehydrated at 60 % and 
85 % RH, respectively for 48 hours using a large quantity (50 g). There, the relative humidity was 
controlled via the use of saturated salt solutions of sodium bromide (90.6 g/ 100 g H2O) and potassium 
chloride (34.4 g/100 g H2O) contained in a desiccator at 20 °C (Greenspan, 1977).  
 
(3) Analysis of samples  
All fresh and prehydrated samples were analysed by X-ray diffraction (D8 Advance, Bruker axs, 
Karlsruhe, Germany; Cu Kα X-ray source, measurements between 5 and 70° 2θ). Scanning electron 
microscopy (SEM) images were obtained from a FEI XL 30 FEG microscope (Philips, now FEI 
Company, Eindhoven, Netherlands) equipped with a large field detector under low vacuum (1 mbar 
H2O pressure) conditions. Observations on the morphology of the prehydration products were 
performed on uncoated samples before and after exposure to relative humidity. 



(4) Adsorption of BNS  
BNS adsorption on fresh and prehydrated samples was determined by addition of the superplasticizer 
to aqueous slurry of the binary mixture. Adsorption was calculated using the depletion method. For 
this purpose, the concentration of BNS polymer present in the mixing water before contact with the 
binary mixture, and the non-adsorbed portion of the BNS remaining in solution was determined. The 
binary mixture slurries were prepared by adding 1 g of the binary mixture to 5 mL of aqueous solution 
containing different polymer dosages. Filtrate was recovered by centrifugation of the slurry for 10 min 
at 8500 rpm, then filtered through a 0.45 µm Nylon filter by pressure filtration and stabilized by 
addition of 5 mL of 0.1 mol/L hydrochloric acid to 1 mL of filtrate. BNS content in the filtrate was 
measured by TOC analysis using combustion at 890 °C in a High TOC II instrument (Elementar, 
Hanau, Germany). The percentage of polymer adsorbed on cement was calculated from the TOC 
content using a reference BNS solution of known concentration. 
 
Results and Discussion 
 
(1) Water vapour sorption of individual C3Ac and β-hemihydrate 
Water vapour sorption of the individual phases was obtained with the use of a sorption balance 
instrument. Figure 1 (left) displays the mass change profiles of individual cubic C3A and β-
hemihydrate in the range between 0 % and 95 % RH. The mass change profiles are very different. 
Beginning at 80 % RH, cubic C3A starts to take up a significant amount of water vapour. In this 
experiment, C3Ac absorbed 0.9 wt. % of water (based on dry C3Ac); thereof, 0.7 wt. % was chemically 
bound. However, with increasing humidity, β-hemihydrate exhibits a step-wise uptake of water. The 
mass profile shows the first threshold value at around 34 % RH and an inflection point at around 44 % 
RH. This behaviour is characteristic of hydrate formation. 
 
(2) Water vapour sorption of the binary mixture C3Ac / β-hemihydrate 
Figure 1 (right) shows the water sorption curve for the binary mixture in the range between 0 % and 
95 % RH. There, it can be seen that the binary mixture starts to sorb large quantities of water 
beginning at 72 % RH.  
From the mass change profiles of the individual phases presented in Figure 1 (left), it is possible to 
calculate theoretical change in mass for the binary mixture of C3Ac with β-hemihydrate at a molar ratio 
of 1:1. This result was compared with the experimental mass change profile of the binary mixture. 
 

 
Figure 1: Water vapour sorption measured on a sorption balance instrument at 20 °C, over a period of 10 hours 
using ramp mode; left: individual phases C3Ac and β-hemihydrate; right: experimental and calculated mass 
change profiles for a binary mixture of C3Ac with β-hemihydrate 
 
There are several differences between the calculated and measured mass change profiles. Three stages 
can be distinguished: 
(1) In the first interval between 0 % and 45 % RH, experimental values are in very good 
agreement with the calculated mass change profile. This implies that at low RHs, a chemical reaction 



between C3Ac and β-hemihydrate does not occur during prehydration; the powders sorb minimal 
amounts of moisture at their surfaces by virtue of hydrogen bonding. 
(2) In the second interval between 45 % and 75 % RH, experimental values are slightly lower than 
the calculated mass change profile. Additionally, for the binary mixture the experimentally detected 
sharp increase in mass (onset point) occurred at lower RH (72 % RH) than it was calculated from the 
mass change profiles of the individual phases (80 % RH).  
(3) Upon increasing the relative humidity to above 75 % RH, great differences between the 
calculated and measured profiles become obvious. The binary mixture sorbed double the amount of 
water as predicted from addition of the mass change profiles of the individual phases. Here, significant 
formation of AFt phase was analytical confirmed by FTIR spectra, thermogravimetric measurement 
(data not shown here) and in-situ ESEM imaging. This result is of great significance because ettringite 
formation only is possible if ions dissolved from both phases C3A and β – hemihydrate can combine in 
a liquid phase which then becomes oversaturated and precipitates ettringite. Thus, this experiment 
reveals that prehydration occurs via liquid condensed water and not via water vapour. The formation 
of ettringite which can not occur when individual phases are exposed to water vapour appears to be the 
main reason for non-additive behaviour of the binary mixture in comparison to the individual phases. 
As mentioned before, in-situ ESEM imaging of the binary mixture exposed to 85 % RH for 1,5 hours 
reveals formation of nanosized ettringite needles, as shown in Figure 2.  
 

     
Figure 2 In-situ ESEM imaging of the binary mixture of C3Ac and β – hemihydrate, exposed to 85 % RH for 1.5 
hours; (left): individual particles of C3Ac and β – hemihydrate; (right): films of liquid water between particles 
and presence of ettringite crystals on C3Ac surface 
 
 
(3) Adsorption of BNS on prehydrated binary mixture 
To clarify how prehydration may affect the adsorption of BNS on the binary mixture, the blend of 
C3Ac and β-hemihydrate was prehydrated for 48 hours at 60 % and 85 % RH, respectively. Those 
conditions are above and below the onset point for water sorption of the binary mixture which lies at 
72 % RH (see Fig. 1 right). 
According to Figure 3, the binary mixture prehydrated at 85 % RH above the onset point took up 
significantly higher amounts of BNS than the non-prehydrated sample (15.4 mg/g vs. 12 mg/g). 
Whereas, the binary mixture prehydrated below the onset (at 60 % RH) adsorbed similar amounts of 
BNS compared to the non-prehydrated sample (11.9 mg/g vs. 12 mg/g). The shape of the adsorption 
isotherms suggests a monolayer adsorption for all samples (LANGMUIR type isotherm). The 
saturated adsorption is reached for the binary mixture prehydrated at 85 % RH later than for the two 
other samples. 
The data suggest that prehydration affects BNS adsorption noticeably when RH exceeds 72 %, which 
can be regarded as an onset point. As mentioned before, ettringite was found as the main prehydration 
product. It will be formed once RH reaches the onset point. Figure 4 shows the X – ray diffraction 
patterns of fresh and prehydrated samples of the binary mixture. It confirms the formation of ettringite 
at 85 % RH, whereas no ettringite signals were found in the binary mixture prehydrated at 60 % RH. 



Figure 3: Adsorption isotherms for BNS 
added to binary mixture of C3Ac and β-
hemihydrate (w/bm = 5): fresh (■); 
prehydrated at 60 % RH (▲); prehydrated at 
85 % RH (●) 

 

Figure 4: X-ray diffraction pattern of a 
binary mixture of C3Ac a) fresh b) 
prehydrated over 48 h at 60 % RH and c) 
prehydrated over 48 h at 85 % RH binary 
mixtures of C3A with β-hemihydrate 
(symbols: ▲ C3Ac; ● β-hemihydrate; * 
ettringite) 

 
Obviously, the formation of ettringite leads to several changes of the surface properties of the binary 
mixture. For example, the total surface area will increase. Additionally, the surface charge and 
consequently the adsorption of superplasticizers would be greatly affected. As visualized by SEM 
images presented in Figure 5, the ettringite crystals formed during prehydration above the onset point 
are very thin with an average length of c.a. 100 − 500 nm. Previous work has shown that among the 
early cement hydrates, ettringite exhibits the most positive zeta potential and therefore instigates high 
adsorption of superplasticizer (Plank and Hirsch, 2003). Consequently, the increased adsorption of 
BNS onto the binary mixture prehydrated at 85 % RH can be explained by adsorption of BNS onto 
ettringite which was formed during prehydration. 
 

 
Figure 5: SEM images of non-prehydrated, C3Ac and β-hemihydrate (left); and of a binary mixture of C3Ac and 

β-hemihydrate, prehydrated for 48 hours at 85 % RH (right) 
 
 
Conclusions 
 
In this study, the effects of prehydration caused by water vapour on a binary mixture of cubic C3A 
with β-hemihydrate at a molar ratio of 1:1 was investigated.  



For individual clinker phases, use of a sorption balance instruments allows to determine the moisture 
uptake as a function of increasing relative humidity. For a binary systems composed of C3Ac and β-
hemihydrate, the water vapour sorption behaviour is more complex than for single component 
systems. It can be divided to three different stages. The onset point of the binary mixture was found to 
be lower than that of the pure individual phases. For the combine of C3Ac and β-hemihydrate, 
ettringite formation starts when RH reaches the onset point of 72 % RH. Such substantial ettringite 
formation and is the reason for the nonadditive behavior of the binary mixture. 
Additionally, it is shown that the formation of ettringite during prehydration significantly influences 
the adsorption of the BNS superplasticizer. There, a significantly (20 %) higher adsorbed amount of 
BNS superplasticizer than for the non-prehydrated binary mixture was observed. Whereas, 
prehydration of the binary mixture below the onset point does not much affect BNS adsorption, 
because there no ettringite is being formed.  
Our experiments demonstrate that prehydration of C3Ac in presence of β-hemihydrate may affect the 
dosage level of superplasticizer to be used on concrete or mortar. Consequently, owed to the nano- 
crystallinity of ettringite formed during prehydration and its associated huge specific surface area, 
exposure of cements containing high amounts of C3A to moisture may result in cause higher 
consumption of superplasticizer. Understanding of the conditions leading to the formation of nano-
sized cement hydrates during its manufacturing and storage may help to prevent the unwanted effects 
of prehydration on admixture performance.  
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Formation of Organo-Mineral Phases Incorporating PCE Superplasticizers 
During Early Hydration of Calcium Aluminate Cement 
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Abstract 
Organic admixtures, particularly those possessing highly anionic character, may intercalate into calcium aluminate 
hydrates and form layered organo-mineral phases of the general composition [Ca2Al(OH)6](A)x·(OH)y·nH2O. The 
formation of intercalates has been analytically proven in model systems such as hydrating C3A, but not in real Portland 
cement. This can be attributed to the nano crystallinity of the XRD amorphous intercalates and the presence of sulfates 
which may entirely prevent intercalation. Here, for the first time, we present experimental evidence confirming the 
formation of organo-mineral phases incorporating PCEs in calcium aluminate cement (CAC) during its early 
hydration. A comprehensive study using a commercially available CAC (~ 70% Al2O3) undergoing early hydration in 
the presence of three different PCEs revealed that aside from surface adsorption, intercalation plays a key role. 
Generally, the intercalation ability of PCEs is dependent on the methacrylate (MA): MPEG-MA ester molar ratio. 
When CAC was hydrated with PCEs for 2 h, suspensions containing PCEs possessing a molar ratio of 1.5:1 failed to 
display intercalates. However, nano crystalline, colloidal particles were recovered when PCEs possessing a molar ratio 
of 6:1 were utilized. Under XRD analysis, these particles displayed the characteristic reflections of organo-mineral 
phases with a d-spacing of ~ 6.4 nm. This layered structure was further confirmed by TEM imaging. During CAC 
hydration, direct formation of the organo-mineral phases occurs via co-precipitation and nucleation where self-
assembly of dissolved Ca2+ and Al(OH)4

- occurs in the presence of PCE as template. Another mechanism is indirect 
formation via anion exchange between the interlayer OH- and dissolved PCE in the initially formed C2AH8. This 
exchange process, however, is relatively slow and probably consumes insignificant amounts of PCE. Slump flow tests 
revealed that PCEs composed of MA: MPEG-MA ester at molar ratio of and 1.5:1 respectively disperse this CAC very 
well. Lower effectiveness was obtained for PCEs with higher molar ratios (3:1 and 6:1 respectively). This behaviour is 
contrary to what is known for Portland cement. Apparently, a link exists between the dispersing force of PCE and 
intercalation tendency. PCEs possessing high anionic charge (3:1 and 6:1 molar ratios) are very prone to 
intercalation. Thus, for an added dosage, these PCEs are consumed and become less effective as dispersant. PCEs 
exhibiting low anionic charge are fully available for the dispersion effect as none is wasted in the intercalation 
reaction. This mechanism explains the difference in dispersing force for these PCEs in Portland cement and CAC. 
 
Originality 
This work addresses the mechanism behind the reactions occurring during early hydration of a high alumina cement in 
the presence of polycarboxylate-based (PCE) superplasticizers. In literature, little work has been presented on the 
interaction of high alumina cement with superplasticizers. Even less has been proposed on the mechanism of 
interaction, with focus on the chemical absorption. Here, we confirm the formation of intercalates from high alumina 
cement in the presence of PCEs during early hydration. The intercalates formed after 2 h at room temperature are nano 
crystalline and form a colloidal suspension which can be obtained as a gel precipitate under prolonged hydration of up 
to 2 days. This confirms the formation of intercalates via co-precipitation during early hydration of this cement, 
followed by subsequent growth of the Ca-Al-PCE-LDH nuclei. We believe that the proof for existence of intercalates in 
cement to be of great significance as it can explain numerous phenomenons such as the differences in performance of 
PCEs under conditions of delayed addition.  
 
Chief contributions 
PCE is a commonly used high-performance superplasticizer in the field of construction chemistry due to the low 
dosages required for the same effectiveness as its counterparts such as the polycondensates. These superplasticizers 
may intercalate into the layered structures of calcium aluminate hydrates, mainly C2AH8, thus rendering the 
polycarboxylate ineffective as dispersing agent during early hydration. Despite the importance, intercalation in 
cementitious materials has only been reported using simplified systems involving the hydration of pure C3A over a 
hydration period of 2 days or 2 h at elevated temperatures. These conditions are not ideal representations of actual 
cement systems where workability of the PCEs is required. Here, we provide experimental proof that organo-mineral 
phases incorporating highly anionic PCEs are being formed during early hydration of CAC under typical field 
conditions. Thus, for the first time, the formation of organo-mineral phases from PCE and a cement under realistic 
conditions of applications is shown to occur. This can then be directly correlated to the dispersing force of different 
PCE molecules.  
 
Keywords: Calcium aluminate cement, polycarboxylate, organo-mineral phases, intercalation, dispersing force
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1. Introduction 
 
Anionic organic admixtures are widely used in modern concrete technology for improving workability 
and compressive strength. Commonly used SPs including polycondensates and PCEs interact strongly 
with cement through an adsorptive mechanism and develop dispersion either by electrostatic repulsion 
or steric effect between cement particles (Ramachandran et al., 1995; Rixom et al., 1999; Uchikawa et 
al., 1997; Yoshioka et al., 2002). Their workabilities had been investigated in OPC and PCEs were 
found to be the most effective. In CAC, however, the performance of SP is far inferior to that in OPC. 
This discrepancy can be attributed to the behaviour of SPs in cement. During early hydration of CAC 
at room temperature, formation of C2AH8 predominates. This metastable phase undergoes gradual 
conversion to katoite (C3AH6) via a "through solution" mechanism. It is thermodynamically favored 
by an increase in temperature and kinetically governed by the availability of free (liquid) water within 
the cement microstructure (Bradbury et al., 1976). Conversion thus rarely occurs during early 
hydration, leading to the domination of interaction between the C2AH8 phase and SPs such as PCEs.  
 
SPs may intercalate into calcium aluminate hydrates and form layered organo-mineral phases of the 
general composition [Ca2Al(OH)6](A)x·(OH)y·nH2O (Stöber et al., 1999). The formation of intercalates 
has been analytically proven in model systems such as hydrating C3A, but not in cements (Fernon et 
al., 1997, Raki et al., 2004). This can be attributed to the nano crystallinity of intercalates, the 
relatively small amount of intercalates being formed, or the presence of dissolved sulfates which may 
entirely prevent intercalation. Plank et al. have shown that hydrating C3A with PCEs leads to the 
formation of organo-mineral phases of Ca-Al-PCE-LDH type (Plank et al., 2006; Plank et al., 2006, 
Plank et al., 2010). Sequestration of PCE into AFm crystallites depletes the dispersant from the pore 
solution and can reduce its effectiveness. C3A hydrates in a similar manner as the monocalcium 
aluminate (CA) present in CAC. The poor performance of some SPs in CAC may stem from partial 
intercalation. The aim here is thus to determine whether or not chemical absorption of PCE occurs and 
to extrapolate the findings to the dispersing effectiveness of the PCEs on CAC. For this purpose, a 
commercial white CAC was selected. First, a parametric study via ‘mini slump’ test was conducted to 
determine the dispersing effect of three different PCEs on this cement. This was followed by further 
studies using XRD, TEM, SEM and elemental analysis to determine the mode of sorption of the PCE 
molecules on CAC (chemical absorption/ intercalation or physical surface adsorption). 
 
2. Materials  
Calcium aluminate cement -- A cement containing ~ 70 % Al2O3 (Ternal White® from Kerneos®, 
Neuilly Sur Seine Cedex/ France) was used in this study. The phase composition was quantified by 
Rietveld method with TOPAS software using X-ray diffractometry at room temperature (D8 Advance 
instrument from Bruker AXS, Karlsruhe/Germany) with Bragg-Bretano geometry. Samples were 
prepared in a front mount plastic holder and analysed with a scan range of 3 to 70 °2θ; step size 0.15 
sec/step; spin revolution time 4 sec; aperture slit 0.5 °; and nickel filter for the incident beams. The 
oxide composition (determined via XRF) is shown in Table 1. Specific surface area was measured 
with a Blaine instrument (Toni Technik, Berlin/Germany) to be 3,800 cm2/g, while particle size was 
determined to be 7.76 µm via Laser granulometry on a Cilas 1064 instrument (Cilas Company, 
Orleans/France). Density was 2.89 g/cm3 as measured on the Helium pycnometer. 
 

Table 1. Phase content and oxide composition of the commercial CAC sample 
 

Phase CA CA2 C12A7

wt% 65.8 33.4 0.8 
Oxide CaO Al2O3 Na2O SiO2 MgO FeO 
wt% 27.1 71.6 0.3 0.2 0.4 0.1 

 
Polycarboxylates -- Three PCE samples were synthesized by aqueous free radical copolymerization 
of MAA with MPEG-MA ester following a procedure described before (Plank et al., 2009). The 



copolymers were composed of different molar ratios of monomers and contain side chains each made 
of 45 ethylene oxide units (EOUs, side chain length = 12.5 nm). The PCEs were denoted as 45PCx, 
where 45 refers to EOUs, and x corresponds to the molar ratio of MAA: MPEG-MA ester. The 3 
polymers were thus labeled as 45PC6, 45PC3 and 45PC1.5 and their general chemical composition is 
presented in Figure 1. These PCE compositions were selected as they represent the types of PCEs 
commonly used in precast (45PC6) and ready-mix concrete (45PC1.5). All three PCEs were 
neutralized with NaOH and dialyzed against a membrane with a Mw cutoff of 8k Da (provided by 
Spectra® Laboratories, Kehl, Rhein/Germany) before further usage. 
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Figure 1. Chemical structure of ω-methoxy poly(ethylene glycol) methacrylate ester – co –methacrylic acid, 
polymerized in presence of methallyl sulfonic acid as chain transfer agent 

 
Characterisation of the PCE polymers was performed by aqueous size exclusion chromatography 
(SEC) using a 2695 SEC separation module (Waters, Eschborn/Germany), equipped with a 2414 RI 
detector (Waters, Eschborn/Germany) and a Dawn EOS 3 angle light scattering detector (Wyatt 
Technologies, Clinton, IA/USA). Ultrahydrogel columns 500, 250, and 120 (Waters, 
Eschborn/Germany) with an operating range (PEO) of Mw = 100 to 1,000,000 g/mol were used. Eluent 
was NaOH at pH 12 with 0.1 mol/L NaNO3. Anionic charge amount of the PCEs was determined in 
water and cement pore solution (PS). PS for charge detection was collected from a CAC slurry at w/c 
ratio of 0.52 by vacuum filtration via a diaphragm vacuum pump (Vaccubrand company, 
Wertheim/Germany) with filter paper (Schleicher & Schuell, Grade 589/3, 2d according to DIN 53 
135) at a suction capacity of 1.7 m3/hr. Charge titration was performed with 0.2 g/L PCE solution on a 
particle charge detector PCD 03 pH meter (Mütek, Herrsching/Germany) using Poly-DADMAC as the 
standard cationic counter polymer solution (0.001 mol/L). Based on the experiments above and 
following the calculation method from Ohta et al. (Ohta et al., 2000), the properties of the PCE 
samples are shown in Table 2. The three PCE molecules differ with respect to their anionic charge 
amounts, which narrowed in cement pore solution due to the formation of complexes with Ca2+ present 
(Plank et al., 2009). 
 

Table 2. Properties of the methacrylate ester based PCE samples 45PC1.5, 45PC3 and 45PC6, respectively 
 

Property 45PC1.5 45PC3 45PC6 
Molar mass Mn [g/mol] 60,500 50,120 43,680 
Molar mass Mw [g/mol] 170,600 156,700 156,400 

Polydispersity index (PDI) 2.8 3.2 3.6 
MAA : MPEG-MAA molar ratio 1.5 : 1 3 : 1 6 : 1 

Trunk chain length [nm] 16 25 30 
Specific anionic charge amount water [µeq/g] 289 756 1,526 

Specific anionic charge amount w/c=0.52 [µeq/g] 111 125 148 
 
3. Experimental Procedures  
‘Mini Slump’ test -- Dispersing effectiveness of the PCE samples was derived from the dosage 
necessary to achieve a paste flow of 26 ± 0.5 cm using a VICAT cone (height 40 mm, top diameter 70 
mm, bottom diameter 80 mm). The test was performed as follows: At first, the w/c ratio required for a 



paste spread of 18 ± 0.5 cm was established. Subsequently, the dosages of SPs required to reach 
spreads of 26 ± 0.5 cm were determined. PCE samples were dissolved in the mixing water for the 
paste prior to measurement. 300 g of CAC was added to the mixing water, agitated manually for 1 
minute and left to stand for another minute. The paste was then stirred for another 2 minutes before 
transferring into the VICAT cone on a glass plate. The paste was filled to the brim of the cone and 
levelled before it was vertically lifted from the surface of the glass plate. The resulting spread of the 
paste was measured twice; the second measurement being perpendicular to the first. The final spread 
value was taken as the average of the two measured ones.  
 
Synthesis and characterisation of the organo-mineral phases -- PCE solution was prepared at a 
concentration of 2.5 wt. % in 45 g water in a round-bottom flask equipped with a magnetic stirrer. 3 g 
of CAC were then added, which marks the start of the reaction. The system was stirred at room 
temperature for 2 hours and then centrifuged (8,500 rpm, 20 minutes) to separate the solid and liquid 
(colloidal) phases. To the solid phase, quenching was performed with acetone and subsequent 
centrifugation for another 15 minutes. The resulting solids were dried in oven at 40 °C for 24 hours. 
The liquid phase was pre-dried by rotary evaporation and post-dried by freezing drying. Thereafter, 
washing was done thrice with alkaline solution at pH 11.6 (w/NaOH) to remove excess polymer 
present. All dried products were analysed by XRD possessing a low angle scintillator, with a scanning 
range of 0.6 to 40 °2θ; step size of 0.10 sec/step; spin revolution time of 4 sec; aperture slit of 0.1 °. 
TEM images were captured with a JEOL JEM-2100 instrument (JEOL Company, Tokyo/Japan). 
 
4. Results and discussions 
Flowability of calcium aluminate cement paste containing PCE -- The w/c ratios required for a 
CAC paste spread of 18 ± 0.5 cm was verified to be 0.52 using the ‘mini slump’ test. Three different 
PCEs; 45PC1.5, 45PC3 and 45PC6, with increasing amount of anionic charge were tested. All PCE 
samples dispersed the cement effectively at dosages which were an order of magnitude lower than that 
required for OPC (Figure 2) (Yoshioka et al., 2003). This implies that PCEs are extremely effective in 
the initial dispersion of CAC, signifying better workability in CAC than in OPC.  
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Figure 2. PCE dosages required to achieve a CAC paste spread of 26 ± 0.5 cm at a w/c ratio of 0.52 
 
The trend presented in Figure 2 shows that for effective dispersion of CAC, higher dosage (0.019 % 
bwoc) of more anionic 45PC6 was required as compared to the less anionic copolymers 45PC3 (0.013 
%bwoc) and 45PC1.5 (0.011 % bwoc) respectively. This finding is opposite to that observed in OPC 
where more anionic polymers generally disperse the cement more effectively (Uchikawa et al., 1997). 
The observation in OPC can be accounted for by the greater electrostatic repulsion introduced by a 
more anionic polymer, thus increasing the dispersing power. This difference in dispersing ability of 
the copolymers in CAC as compared to OPC highlights a different mechanism in the sorption 
behaviour of polycarboxylate based superplasticizers.  
 



Intercalation of PCE into calcium aluminate cement hydrates -- To probe into the 
mechanistic behaviour of these copolymers, further analysis on their absorption behaviour in 
CAC was performed via XRD analysis. As a control, the CAC sample was hydrated and 
analysed first in the absence of PCE. Next, syntheses were done under high PCE 
concentrations (2.5 wt. %) to ensure distinct and observable results.  
 
For all samples, it was evident that hydrates possessing layered structures are formed in solution 
within the first 2 hours of hydration (Figure 3). The diffraction pattern for pure Ca–Al–OH–LDH 
shows a typical layered structure with a basal spacing (d-value) of 1.06 nm, corresponding to an 
aluminate hydrate which in cement chemistry is denoted as C2AH8 (JCPDS entry 54-564). For pure 
hydrated CAC, only a minute amount of C2AH8 and gibbsite were detected after 2 h of hydration. This 
product combination, i.e. the presence of both C2AH8 and AH3, is to be expected due to the 
stoichiometric ratio of CaO: Al2O3 in the CAC sample (Table 1). When PCEs were present, no 
gibbsite was detected. Furthermore, C2AH8 was replaced by other layered structures with increasing d-
spacing as a function of the charge amount of the polymers. In the presence of 45PC1.5, a broad and 
weak signal at about 7.5 °2θ was detected. This reflection is characteristic of C2AHx hydroxy 
aluminate hydrates with less water than isomorphous C2AH8. The remaining strong reflections were 
characteristic of the polyethylene oxide present in the PCEs. The absence of reflections at low 2θ 
angles signified that no detectable Ca-Al-45PC1.5-LDH was formed. When 45PC3 and 45CP6 were 
used, signals for layered structure representing d-spacings of 6.81 nm and 6.41 nm respectively were 
detected. This implies that intercalation of the PCEs had occurred, possibly in a compressed or coiled 
state. The results obtained here is in agreement with previous work where PCEs made from molar 
ratios MA acid: ester of 6: 1 with side chains up to 45 EOUs intercalate into Ca–Al–LDH formed 
during rehydration of C3A (Plank et al., 2010). On the other hand, PCEs possessing side chains longer 
than 45 EOUs resisted intercalation into C3A hydrates due to the bulkiness of the polymers.  
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Figure 3. X-ray diffraction patterns (bottom to top): C2AH8, the main hydrate during hydration of CAC at rt 
(relative intensity was reduced by a factor of 16 here); hydrated CAC sample; CAC hydrated in the presence of 

45PC1.5; and Ca–Al–45PC3-LDH and Ca–Al–45PC6-LDH intercalates respectively 
 
Here, the tendency for intercalation was shown to be charge dependent, where more anionic polymers 
can intercalate and stabilise the LDH structure better than their less anionic counterparts. This result 
confirms the importance of electrostatic host-guest interactions in the formation of the organo-mineral 
phases. Additionally, intercalation accounts for the higher dosages of more anionic polymers which 
were required to maintain a similar flow spread as compared to when less anionic PCEs (e.g. 45PC1.5) 
were applied (Figure 2).  



As shown before, the trend in amount of copolymers required for effective dispersion is unlike that in 
OPC. In OPC, ettringite and monosulphate are rapidly formed during early hydration when sufficient 
concentrations of dissolved sulphate ions are present. The stability of these AFt and AFm phases make 
intercalation unfavourable, thus leaving PCEs for the dispersion effect which involves surface 
adsorption (Plank et al., 2006). On the other hand, in a CAC system, no sulphate which can perturb 
intercalation is present, and rapid formation of the layered aluminate phase, C2AH8 during early 
hydration promotes consumption of these PCEs. The more anionic the polymer is, the higher the 
consumption rate. As a result, a higher amount of 45PC6 to account for consumption via intercalation 
was required to achieve the same flow spread as when 45PC1.5 was employed which is hardly 
consumed via absorption.  
 

50 nm50 nm  
 

Figure 4. TEM (left) and SEM (right) images of nano composites obtained from CAC hydrated with PCE sample 
45PC6 showing well layered structure, which occurs as intergrown nanofoils under SEM imaging 

 
Further investigations via elemental analysis (Ca, Al, C, H) and TEM also confirmed the formation of 
novel organo-mineral phases during CAC hydration. From elemental analysis, the organic part (wt. %) 
in the Ca-Al-PC-LDHs was calculated as follows: 45PC6–LDH 54.4 %; 45PC3–LDH 38.9 %; 
45PC1.5–LDH 17.8 %. The polymer contents found in samples obtained using 45PC3 and 45PC6 
were much higher than the usual percentage for mere surface adsorption, thus confirming the 
formation of organo-mineral phases. On the other hand, the low organic content for the sample 
prepared with 45PC1.5 which contrasts the other two confirms the charge dependency for 
intercalation. Figure 4 shows TEM and SEM images of the Ca-Al-45PC6-LDH sample. There, layered 
nano composites were seen via TEM and a high carbon content was detected via EDX analysis, while 
intergrown nanofoils of Ca-Al-45Pc6-LDH can be observed from SEM imaging. The appearance of 
layers decreases with decreasing anionic charge amount of the PCE. No layered structure was found 
when 45PC1.5 was present during CAC hydration. 
 
Still, the question remains whether the intercalation process observed here under idealised conditions 
can also happen in actual cement applications. To investigate, additional experiments were conducted 
under realistic application conditions (concentration of 45PC6 = 0.019 % bwoc, w/c ratio = 0.52). 
There, on XRD analysis, no distinctive reflections characteristic of organo-mineral phases was 
detected. Instead, only C2AH8 was found. The absence of the organo-mineral phases is probably owed 
to the nano crystallinity and low amount of Ca-Al-PCE-LDH formed under this condition. However, 
beside C2AH8, layered structures typical for organo-mineral phases possessing a d-spacing of ~ 6 nm 
(matching that obtained from TEM and XRD analysis under idealised conditions) were found in the 
dried solid under TEM imaging. Also, SEM imaging of dried solids showed nanofoils of intercalates 
exhibiting carbon contents of ~ 30 wt. % as determined by EDX technique. This signifies that 
formation of organo-mineral phases has indeed occurred. These results will be presented in detail in a 
subsequent paper. 
 
 



5. Conclusion 
 
Here, we showed that in solution at room temperature, PCEs can interact with calcium aluminate 
cement particles via both adsorption and absorption. When suspended in solution, CAC adopts a 
highly positive surface charge. This instigates adsorption of anionic PCE-based superplasticizers via 
electrostatic attraction. Concurrently, the formation of layered double hydroxides such as C2AH8 
favours chemical absorption (intercalation) of highly anionic PCEs. The formation of organo-minerals 
in the presence of highly charged PCEs results in higher dosages required to achieve optimum fluidity 
of CAC pastes. Therefore, in CAC, it is important to focus not only on surface adsorption, but also on 
the route of intercalation of PCEs into hydrates. 
 
These experiments suggest that when fluidizing such a calcium aluminate cement, the main criterion 
for the selection of the superplasticizer is the avoidance of intercalation, which is an effect arising 
from the balance between its charge density and side chain length. 
 
6. Acknowledgement  
 
Serina Ng gratefully acknowledges the scholarship provided by the Jürgen Manchot Stiftung, 
Düsseldorf/Germany.  
 
7. References 
 

- A. Ohta, T. Sugiyama, T. Uomoto, 2000. Study of dispersing effects of polycarboxylate-based dispersant on fine 
particles, in Sixth CANMET/ACI International Conference on Superplasticizers and Other Chemical Admixtures 
in Concrete, V.M. Malhotra Ed., Nice, France, ACI Publication SP-195, 283 – 297 

- C. Bradbury, P. M. Callaway, D. D. Double, 1976. The Conversion of High Alumina Cement/Concrete, Mater. 
Sci. Eng., 23, 43–53 

- H. Uchikawa, S. Hanehara, D. Sawaki, 1997. The Role of Steric Repulsive Force in the Dispersion of Cement 
Particles in Fresh Paste Prepared with Organic Admixture, Cem. Concr. Res. 27, 37–50 

- J. Plank, Z. Dai, P. R. Andres, 2006. Preparation and Characterization of New Ca-Al-Polycarboxylate Layered 
Double Hydroxides, Mater. Lett. 60, 3614–7 

- J. Plank, H. Keller, P. R. Andres, and Z. M. Dai, 2006. Novel Organo-Mineral Phases Obtained by Intercalation 
of Maleic Anhydride-Allyl Ether Copolymers Into Layered Calcium Aluminum Hydrates, Inorg. Chim. Acta, 
359(15], 4901–8 

- J. Plank, Z. M. Dai, H. Keller, F. Hössle, W. Seidl, 2010. Fundamental mechanisms for polycarboxylate 
intercalation into C3A hydrate phases and the role of sulfate present in cement, Cem. Concr. Res 40, 45–57 

- J. Plank, K. Pöllmann, N. Zouaoui, P.R. Andres, C. Schaefer, 2009. Synthesis and performance of methacrylic 
ester based polycarboxylate superplasticizers possessing hydroxy terminated poly(ethylene glycol) side chains, 
Cem. Concr. Res. 39, 1–5 

- J. Plank, B. Sachsenhauser, 2009. Experimental determination of the effective anionic charge density of 
polycarboxylate superplasticizers in cement pore solution, Cem. Concr. Res. 39(1), 1-5  

- J. Plank, B. Sachsenhauser, 2006. Impact of Molecular Structure on Zeta Potential and Adsorbed Conformation 
of a-Allyl-o-Methoxypolyethylene Glycol–Maleic Anhydride Superplasticizer, J. Adv. Concr. Technol. 4, 233–9 

- K. Yoshioka, E. Tazawa, K. Kawai, T. Enohata, 2002. Adsorption Characteristics of Superplasticizers on 
Cement Component Minerals, Cem. Concr. Res. 32, 1507–13 

- L. Raki, J. J. Beaudoin, L. Mitchell, 2004. Layered double hydroxide-like materials: nanocomposites for use in 
concrete, Cem. Concr. Res., 34, 1717-1724 

- R. Rixom, N. Mailvaganam, Chemical Admixtures for Concrete, 3rd edition, E & FN Spon, London, UK (1999) 
314–29 

- S. Stöber, H. Pöllmann, 1999. Synthesis of a lamellar calcium aluminate hydrate (AFm phase) containing 
benzenesulfonic acid ions, Cem. Concr. Res. 29, 1841–1845 

- V. Fernon, A. Vichot, N. Le Goanvic, P. Colombet, F. Corazza, U. Costa, 1997. Interaction Between Portland 
Cement Hydrates and Polynapthalene Sulfonates,  Am Concr Inst, SP-173, 225–248 

- V. S. Ramachandran, V. M. Malhorta, Superplasticizers, in Concrete Admixtures Handbook, Editor: V. S. 
Ramachandran, Noyes Publications, Park Ridge, NJ (1995) 410–517 

- Y. Ohama, 1998. Polymer-based admixtures, Cem. Concr. Compos. 20, 189–212. 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWG-4SWXDJS-1&_user=10&_coverDate=10%2F31%2F2008&_alid=889820733&_rdoc=2&_fmt=high&_orig=search&_cdi=5562&_sort=d&_docanchor=&view=c&_ct=3&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=1a9f0d84c40f97c48261c6f1bd08d4b8
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWG-4SWXDJS-1&_user=10&_coverDate=10%2F31%2F2008&_alid=889820733&_rdoc=2&_fmt=high&_orig=search&_cdi=5562&_sort=d&_docanchor=&view=c&_ct=3&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=1a9f0d84c40f97c48261c6f1bd08d4b8
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWG-4CNGHY3-2&_user=616147&_coverDate=09%2F30%2F2004&_alid=1503025758&_rdoc=2&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5562&_docanchor=&view=c&_ct=41&_acct=C000032324&_version=1&_urlVersion=0&_userid=616147&md5=3d8d0a4fbc3fc3b8bb8d4f062e3abbe9&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWG-4CNGHY3-2&_user=616147&_coverDate=09%2F30%2F2004&_alid=1503025758&_rdoc=2&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5562&_docanchor=&view=c&_ct=41&_acct=C000032324&_version=1&_urlVersion=0&_userid=616147&md5=3d8d0a4fbc3fc3b8bb8d4f062e3abbe9&searchtype=a


STRUCTURAL EFFECT OF THE COMB-POLYMER ON THE 
HYDRATION OF C

3
S PHASE 

L. Eusebio  
Politecnico di Milano- Chemistry Materials and Chemical Engineering dept. “G. Natta”; P.za Leonardo da 

Vinci, 32 20133 Milano, Italy. 
M. Goisis 

ITALCEMENTI - Innovation Department, via Camozzi 124, 24121 Bergamo, Italy 

 G. Manganelli 
CTG Italcementi Group, R&D Department, via Camozzi 124, 24121 Bergamo, Italy 

 P. Gronchi
,
1  

Politecnico di Milano- Chemistry Materials and Chemical Engineering dept. “G. Natta”; P.za Leonardo da 
Vinci, 32 20133 Milano, Italy. 

 
 
Abstract 
One of the main topics of the research on cement admixtures is the organic-inorganic interaction at the surface 
of the cementitious  phases to understand the way the polymer acts. The aim of this work is to study the effect of 
polycarboxylate comb-polymer (PCP), used as dispersing agent, on  hydration delay. 
In order to evaluate the role of the polymer structure on hydration we separated the PCP in two main parts: the 
backbone (PAA) and the dispersing chain. An active unit that reduces the PCP complexity was “ad hoc” 
synthesized. It consisted of  a single chain based on ethylene oxide polymer(Mw=1000) O-methoxy terminated,  
at one  end  and having at the other  a carboxylate group able to link the inorganic surface and representing the  
repetitive unit of the comb-polymer. 
The hydration delay of C-S-H formation induced by comb-polymer was analyzed  by conduction calorimetry  
and the morphology of the crystalline structure in growth by SEM, specially investigating the relation between  
structure and hydration time. Because of the several complexities of the cementitious system undergoing 
hydration reactions we focussed the attention on one of the most important silicate phases of cement, the 
tricalcium silicate (C3S) and we studied the  formation of portlandite crystals.  
Observing the results we noticed that the hydration delay is ascribable  to the comb-shaped  structure because  
ethylene oxide chain can assume conformations able to  act as  “crown ethers”  modifying the salt concentration 
near the cement surface. Moreover we noticed that organic admixtures can  influence  portlandite growth better 
arranging  its crystalline structure.  
 
Originality 
In this work we analyse the hydration delay induced by dispersing comb-polymer on the C3S phase by separately 
investigating  the role of the two main parts that form the PCP itself: the backbone and the dispersing PEO 
chain terminated with the linking site. The organic synthesis of the PCP main blocks and the analysis of their 
thermochemical and surface effects separately induced on the pure phases formed during cement hydration   
represent a contribution to the understanding of cement-dispersant interaction. 
 
Chief contributions 
Lidia Eusebio made the experimental work in laboratory and the processing of data. Marco Goisis, Giuseppe 
Manganelli and Paolo Gronchi supervised the research and  coordinated the work between the industrial and 
the academic laboratories.  
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Introduction 
Superplasticizers (SP) are considered the most important admixtures for concrete production to avoid 
rapid cement particles flocculation, to allow convenient mixture workability time and to reduce 
water/cement ratio. Despite their relevance, the way they act and the interactions with the particles 
surface are not yet completely clear specially referring to the polycarboxylic type.  
The activity of dispersing polymer is not only limited to deflocculation of cement particles. As  
described in literature for the organic compounds they can act on the formation of cement hydrated 
phases changing  the hydration rate (Jolicoeur et al., 1994; Hekal et al., 1999; Sakai et al., 1997; 
Spiratos et al., 2003; Yilmaz et al., 1991). 
The first effect of SP, during the hydration reaction, is on C3A. The polymer modifies the ettringite 
crystal dimensions (Plank et al., 2007). The second effect of SP is on the silicate phase and in 
particular on the C3S phase. More precisely SP retards the hydration of C-S-H (Ramachandran et al., 
2002; Winnefeld et al., 2007 ) and as a consequence it  modifies the setting time of cement paste.  
The comprehension of the mechanisms of connection between admixture and surface of the mineral 
component giving a hybrid organic-inorganic structure and the effects on the kinetic of cement setting 
and hardening is a severe task due to the simultaneous hydration processes of different mineral phases 
and the number of reactions. To investigate these aspects it is strictly necessary to simplify the 
cementitious system by studying suitable model as matrixes. The most common used materials are:  

I. Tricalcium aluminate (C3A), the most reactive of the Portland clinker phases,  
II. Tricalcium silicate (C3S), responsible for setting and development of cement early strength.  

In this work we focused the attention on C3S phase. 
 We assume  that one of the key factors influencing the dispersing activity and the cement hydration is 
the chemical structure of the polymer in proximity of the surface of the matrix. The investigation was 
consequently directed towards the study of the morphology/surface modifications of the polymer at 
different times using C3S as model material. In particular we investigated the role of two main parts of 
the PCP: 

- the backbone. 
- the isolated dispersing chain, with its COOH linking site. 

For this purpose we synthesized and characterized (NMR, FT-IR and carboxylic group titration) a 
linear polymer as model consisting of a negative linking site (carboxylic group), able to interact with 
the matrix by ionic bond with its Ca2+ ions, followed with an  “ad hoc” subsequent short chain (SA), 
linked to a long ethylene oxide chain O-CH3 terminated (MPEG having Mw =1000).  
The model polymer was tailored in order to represent the repetitive unit of a typical commercial comb-
polymer (PCP).  
 
Materials and Methods 
The organic materials for this research were: a commercial comb-type polymer PCP (Mw=32500Da, 
MPEG Mw=1000Da, esterification degree 30%), a linear model polymer poly(ethylene glycol) methyl 
ether succinate (PEO-SA1000) synthesized “ad hoc” and a polyacrylic acid (Mw=5000Da). 

 
Organic synthesis 
Poly(ethylene glycol) methyl ether succinate (PEO-SA1000) was synthesized by selective 
esterification following the scheme of Figure 1B using: succinic anhydride and pyridine, and mono-
methoxy terminated poly(ethylene glycol) (Mw=1000Da), purchased from Aldrich Chem. Co and 
used as received. The PCP polymer was a commercial product, partially Na-salified, having  a linear 
backbone with carboxylic groups partially esterified by mono-methoxy terminated polyethylene glycol 
(MPEG Mw= 1000Da) (Figure 1A). The polymer solution was acidified to pH 1 by HCl 1M to 
eliminate the salt, then extracted from the aqueous phase by liquid-liquid separation with chloroform 
and finally  the polymeric resulting wax was treated with hexane in order to remove the residual 
chloroform by azeotropic distillation.  
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Figure 1.  Structural schemes of A) superplasticizer (PCP) and B) its repetitive unit [sopra] 
 
1H NMR of PEO-SA (DMSO) shows the following signals: δ 4.2 (m, 2H, -COOCH2-), 3.7-3.3 (m, 
n*4H, (-CH2-O-CH2-)n of the PEG), 3.2 (s, 3H, -OCH3), 2.48 (m, 4H, (-CH2)2 of succinic acid). 
1H NMR of PCP (DMSO) shows the following signals: δ 4.2 (m, 2H, -COOCH2-), 3.7-3.3 (m, n*4H, 
(-CH2-O-CH2-)n of the PEG), 3.2 (s, 3H, -OCH3), 1.8-1.4 (m, 1H, (-CHCOOR-) of PAA where R is 
MPEG or H). 

 
Substrate and mixtures preparation 
Portland cement (CEM I 52.5R) obtained from Italcementi was used as reference material for the 
study of the polymer effect on the hydration rate. 
C3S was synthesized using calcium carbonate (CaCO3 Prolabo RP Normapur) and silica (SiO2 
Aereosil, Evonik Industries). The synthesis was done mixing the raw materials and the water with a 
Hobart mixer for about 15 minutes. The mixture was treated with a proper temperature program. At 
the end of the thermal treatment, the inorganic material was quenched, than ground obtaining Blaine 
Specific Surface equal to 3190 cm2/g and finally characterized by XRD analysis. A good fit between 
the peaks of the product and the C3S reference was present. (Figure 2).  
 

 
Figure 2. XRD for nominal C3S. C3S reference (red markers), C2S (blue markers). 

 
The interaction between the dispersing polymer and the C3S powder  was investigated  by scanning 
electron microscopy (SEM) at different hydration times and by conduction calorimetry while the 
cement matrix was examined only by  conduction calorimetry. 
For the conduction calorimetry test, both for C3S and cement, we prepared four different pastes for 
each substrate with W/C ratio equal to 0.4: a control paste using only deionised water, two pastes 
using the polymer solutions containing PEO-SA 1000 and PCP respectively at 0.30% dosage (dry 
matter, bwc), and a paste containing the same number of PAA moles respect to that present in the PCP 
solution. The code and the description of the tests are reported in Table 1. 
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Table 1: Code 
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The surface modifications induced by the organic compound over time were analysed using SEM 
spectroscopy. The hydration reaction was blocked at different times, 7 hr and 7 days, with a 
methanol/acetone 1:1 solution, in order to obtain stable, not reacting samples, useful to evaluate the 
effects of the polymer over time. The suspended powder was filtered off and dried under vacuum for 5 
hrs  

e checked by X-ray powder diffraction using a Philips PW1130 

m and coated with gold by sputtering technique (Sputter Coater SC7640; Polaron, Hertfordshire, 
UK). 

esults and Discussion 

rings to delay hydration processes that produces C-S-H (Spiratos et 

single part, i.e. in 

n the conformation of the MPEG branches delay the ions flux 

n forms C-S-H that controls the mechanical properties of the cement matrixes (Coppola, 
2007).  

. 
 

Instruments 
Portlandite growth and C3S wer
equipment with copper cathode.  
The particle shape, size and aspect of the portlandite were measured  by scanning electron microscopy 
(SEM) using a Stereoscan 360, equipped with a backscattered electron detector, Leica Cambridge 
Instruments, Cambridge, UK. Before SEM analysis the powder of the three samples was dried under 
vacuu

 
R
 
Thermal analysis 
Generally speaking the main activity of superplasticizers causes deflocculation of cement particles, 
while a second associated action b
al., 2003; Ramachandran, 1995).  
The results of conduction calorimetry on CEM I pastes (Figure 3) show that PCP induces hydration 
delay of silicate phases. The delayed setting time is about 6 hours. The phenomenon cannot be 
attributed neither to the backbone because PAA does not delay the hydration process, nor to the 
MPEG. Analysing the curve of heat evolution, we observe that the backbone and the isolated MPEG 
chain (PEO-SA1000) present the same behaviour of the control paste. As a consequence the delay of 
C-S-H formation has to be ascribed to the whole structure of the PCP and not to a 
our case, the PEO-SA or the PAA, and, going to a further specification, the MPEG.  
According to the literature (Mollah et al., 2000) it is possible to explain this phenomenon considering 
the branched structure of PCP: the backbone forces the dispersing chains protruding into the interstitial 
solution to stay close each other. The MPEG branch conformations, that may be in helicoidal 
organisation (the lowest energy conformation), facilitate the formation of Ca-MPEG chelates (or 
metal-MPEG chelates). It is indeed known that the ether groups of PEG coordinate metals cations 
acting like a crown ether (Whitesides, 1993; Johansson et al., 1995; Tasaki, 1999; Hakem et al., 2002; 
Heeb et al., 2009; Park et al., 2008). The
necessary to the crystals growth.  
To deeply analyse this effect we focused the attention on the main silicate phase, C3S, whose 
hydratio
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Also in this case PCP induces hydration delay on the C3S as the conduction calorimetry curve reported 
in Figure 4 shows. Only the PCP polymer delays the hydration of C3S for a longer time (40 hours ca.). 
The PAA, i.e. the PCP backbone, and the PEO-SA 1000, i.e. the isolated MPEG chain terminated with 
the COOH linking site, do not induce any apparent delays of hydration. An explanation of the C3S 
hydration delays due to the PCP polymer is again attributable to the comb-structure that strains the 
MPEG graft chains to stay close and to assume helix conformation. This form acts like a crown ether 
delaying the nutriment flux necessary for the crystals growth.  
 

Figure 3. Heat flux curve obtained for CEM I paste. Figure 4. Heat flux curve obtained for different C3S 
paste. 

Figure 5. Cumulative heat curves obtained for 
different C3S paste 

Figure 6. Heat flux curve obtained for different C3S 
paste 

 
However from the thermal data reported in figure 5 and 6 some important differences, regarding both 
the cumulative amount and the rate of evolution, can be observed. They enhance the role of PAA and 
PCP on the developed heat. At first with PAA the cumulative heat after 75 hrs is lower than that of the 
control paste and of the paste containing the PEO-SA admixture while it is much greater than that of 
the mixture with the PCP. Particularly it seems (Figure 6) that most of the heat observed with PAA 
evolves during the first 30 hrs while with PCP the heat evolves only after that time. So, we conclude 
that both PAA and PCP act on the heat flux during the hydration of C3S phase by decreasing the heat 
rate respect to the control paste and PEO-SA. On the other hand, the same experiments on C3A did not 
reveal the same PCP and PAA thermal behaviour confirming the literature data (Eusebio, 2010) (M. 
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Palacios et al., 2009). As the organic compounds reduce the heat flux produced during the hydration 
 growth of the hydrated phase could be influenced in turn.  

dimensions respect to those of the PEO-SA treated samples, but they 

n calorimetry 
ehaviours (Figure 5) it appears that low heat flux causes an increasing of the crystals dimension and 

of their packing. The hydration heat seems to deeply influence the crystal morphology. 
 

reaction we suspected that the crystal
 
Surface morphology modifications 
We observe the delayed hydration effect also by SEM. The C3S control paste and C3S/PEO-SA 1000 
samples, blocked after 7 hours from the beginning of the hydration, have a very similar crystal pattern 
(very small and more large respectively). The surface of C3S samples prepared with PAA does not 
show any increase in the crystal 
seem to have less defined crystal corners. The PCP treated samples are characterised by clearly 
amorphous material (Figure 7).  
After 7 days, the portlandite crystals in presence of all the polymers are larger than those of the control 
paste (Figure 8). Less nucleation could be supposed. By examining the conductio
b

 
Figure 7. Comparison between hydration products of C3S paste without polymer (control paste) and with 

polymer (PEO-SA1000, PAA and PCP) after 7 hours from the beginning of the hydration reaction 
 

 
Figure 8. Comparison between different of C3S pastes without polymer (control paste) and with polymer  

O-SA1000, PAA and PCP) after 7 days from the beginning of the hydration reaction 

 PCP delays the exothermic hydration heat. This thermal phenomenon 

to the crystals growth. In order to link the polymer conformation and 

idifier but also as modifier of the 

(PE
 
Conclusions 
We examined the thermal behaviour of the isolated branches and of the backbone that constitutes a 
typical PCP dispersing polymer by studying the behaviour of pastes based on cement and C3S 
respectively. In comparison to the PEO-SA 1000 (the branch), the PAA (the backbone) reduces the 
cumulative heat while the
influences the crystal growth of the hydrated phase and lower is the hydration heat greater and better 
organised are the crystals. 
The direct consequence is that the structure of the polymer plays an important role on the crystal 
morphology and let us suppose that branched structures could promote the MPEG chelation effects 
that hamper the nutriments 
complexation ability of MPEG we are studying the system models with zeta potential and molecular 
simulation (Elli et al, 2010). 
Examining the results obtained on the surface modifications induced by the polymer it is possible to 
say that the polycarboxylate dispersing polymer acts not only as flu
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crystalline structure of the hydrated phase. Their action on C3S hydration seems to favourite the 
dite crystals in a compact laminar structure.  
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Abstract 
 
The authors have made researches of properties and structure formation of compositional slag-alkaline bindings 
(CSAB) stone with fine milled siliceous additives of quartz sand (S1), used sand (S2)  and microsilica (S3). 
Influence of dispersion of S1 and S2  on properties of CSAB was studied when adding them with a grinding subtlety 
in a range from 200 to 800 m2/kg and the maintenance from 20 to 60 per cent. Adding the ground S1 with dispersion 
of 200 m2/kg at any maintenance and irrespective of conditions of hardening leads to the strength decrease, which 
increases with the additive maintenance increase, however this allows receiving CSAB with stone strength of 43-47 
МPа  with 30 per cent of  the additive. Adding S1  with the dispersion of 500 m2/kg provides having CSAB equal to 
the non additive bindings at the 10 per cent of the additive maintenance and hardening under standard conditions, 
and at the 20 per cent of the additive maintenance under steaming. Adding S1  with 800 m2/kg dispersion allows 
receiving CSAB equal in strength with the non additive binding at the maintenance of the additive of 30 per cent 
when hardening under standard conditions and 40 per cent under steaming. 
The X –ray phase method of CSAB stone with S1 and S2 additive has not revealed occurrence of the new growths 
different from the ones formed during hardening process of the non additive binding. At the same time, the analysis 
of the electronic-microscopic pictures has shown that S2 additives provide the formation of more dense and homo-
geneous structure of a stone. 
The greatest influence on the density and strength of CSAB with S3 additives is reached at their maintenance within 
3-7 per cent depending on hardening conditions. Thus stone strength increases twice as much. This may result from 
the fact that S3, obviously, completely passes into the structure of the new formations and essentially reduces ba-
sicity of matrixes of the CSAB stone which can be seen from the results of the analysis of the element wise structure 
of the non additive binding stone with the S3  additive. 
 
ORIGINALITY: For the first time complex researches of the properties of S1  with the non additive and with addi-
tives of the ground ones, S2  and S3  of slag bindings are made at a wide variation of dispersion and a parity of 
components. Laws are revealed and dependences of change: of normal consistency and terms of setting of the paste; 
hardening kinetics, strength, average density and water absorption by the CSAB stone depending on the mainte-
nance and dispersion of components,  hardening conditions are established. 
The authors of the report with the help of the X-ray phase methods, scanning electron microscopy have revealed 
features of structure formation of a stone with siliceous mineral additives. It is revealed that adding siliceous min-
eral additives depending on their crystallization differently influences on decrease in basicity of the new formations.  
Interphase layer of the binding matrix with S1 and S2  particles shows a higher silica maintenance which testifies 
the decrease in basicity of the new formations in this layer  and S3 completely passes into the  structure of the new 
formations, including crystal quartz. The analysis of the electronic microscopic pictures allows establishing in-
crease of CSAB density with siliceous additives which is in its maximum when adding S3.  
 
CHIEF CONTRIBUTIONS: Achievements of the researches are determined by the urgency of the problems of pro-
ject developments and manufacturing of CSAB with mineral additives under the modern tendencies of project devel-
opments and manufacturing of all kinds of bindings with mineral additives. 
The basic achievements of the research are as follows: possibility of expansion of a raw-material base of CSAB 
manufacturing is shown; possibility of considerable – up to 50 per cent and even much more decrease in a slag 
component by ground S1 and S2  in manufacturing of CSAB preserving their physical and mechanical properties is 
established; possibility of increase in strength of slag alkaline bindings up to twice as much when adding 3-7 per-
cent S3 is revealed; on the basis of the researches of laws of properties formation and structure formation of slag 
alkaline bindings with siliceous additives the possibility of their management by regulating the maintenance and 
dispersion of slag and additives is shown and the scientifically-proved preconditions for development of the certain 
product list of slag alkaline bindings with the set properties, in particular, with strength  of the stone binding from 
30 to 110 МPа are created. 
Keywords: slag-alkaline binding, quartz sand, used sand, microsilica  
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Introduction 
 
A wide range of advanced mineral bindings includes up to a rather large group of compositional bindings 
with chemical and mineral additions. This is associated with high efficiency during the filling and modifi-
cation of mineral bindings with substances of different composition, origin and activity, production of 
artificial compositional materials with controlled-quality properties, control of economic performance, 
structure, technical and technological properties, the possibility of involvement in obtaining effective 
building materials of industrial wastes, resource and energy problems solving at the production of build-
ing materials. 
Reduction of the matter discharge which forms the basis of any of the mineral binding, regulation of its 
structure and properties by the introduction of fillers and modifiers, are topical and perspective for both 
clinker and nonclinker types of bindings. For instant, in contrast to traditional Portlandcements slag-
alkaline bindings (SABs) provide a greater abilities of production of composite bindings (Glukhovski 
V.D., 1978.,  Krivenko P.V., 1986). Due to high alkali, high surface activity, the binding ability of prod-
ucts of SABs hardening the maximum concentration of additives in the composite bindings, their influ-
ences and participation in properties and structure formation of artificial building composite materials 
based on them increases (Rakhimov R.Z. et al, 2006, Rakhimova N.R. et al, 2008).  
For the production of compositional cements silicate and aluminosilicate additives are used in a large vol-
ume due to their availability, effectiveness and prevalence in natural minerals and industrial wastes as 
well. Starting with the natural quartz sand, the use of silicon additives continues these days with various 
materials of natural and anthropogenic origin. 
This article presents the results of complex studies in composition, structure and properties of CSABs 
with silica additives – natural (S1) and used sand (S2) and ultrafine microsilica (S3). 
 
 
Materials and methods used 
 
Raw materials: 
- blast furnace slags with lime factor 0,9 and 1,0, specific surface area no less 300 m2/kg; 
- mineral silicon additives: S1, S2, SiO2 - 90,1-96,5%, mineral composition – quartz 100%, amorphous 
phase – 0%, specific surface area 200-  800 m2/kg; 
- S3 (SiO2 - 93,9-94,7%, amorphous phase – 100%, specific surface area 15 000 m2/kg;   
The additives S1 and S2 were milled by the planetary-type mill up to specific surface area 200, 500, 800 
m2/kg.  
Water solution of soda with 1,15 g/sm3. 
Methods: X-ray phase methods, scanning electron microscopy, laser particle size analysis. 
  
 
Results and discussion 
 
 Influence of S1 and S2 additives on the properties of the cement paste and stone . 
Studies of the influence of additives on the properties of the cement paste have shown the following. Wa-
ter demand of the CSAB paste with the introduction of additives and the increase of their content was not 
significantly increased and was 25-26 per cent. Setting time of CSABs if they contain additives up to 10-
20 per cent of the weight of the binding either does not change or slightly reduced (initial set time – 1 h 0-
20 min, final set time 3 h 20-50 min) while increasing the content up to 60 per cent it lengthens by twice - 
3 times (initial set time – 4 h 40 min, final set time 8 h 20 min). 
The density of the CSAB stone with the introduction of additives up to 60 per cent reduces by up to 8,1 
per cent (from 1,85 g/sm3 to 1,71-1,76 g/sm3 depending on additive type), water absorption rises to 28 per 
cent (from 12,5 to 15-16% depending on additive type). Studies of the effect of the following group of 
factors (cure temperature, slag basicity, dispersity of the additive, etc.) on the strength of the CSAB stone 
have found that the dispersion of additives of S1 and S2 determines their ultimate concentration and the 
strength of the CSAB stone. The activity of the milled additives in the CSAB begins to appear at disper-
sion 1,6 times higher than the specific surface area of the slag (fig.1). This is associated with a structure-
forming and structuring influence of  the particles sized less than 5 micrometres, the contents of which 
during the grinding of S1 and S2 from 200 to 500 and 800 m2/kg increases by 4,5 times and is more than 
30  per cent (tab.1). Introduction  of additives with optimal  dispersity increases the strength  of  the  stone  



Table 1 
Granulometric distribution of slag, S1, S2 depending on specific surface area 

Particles (size in micrometer) content, % Material Specific surface 
area, m2/kg up to 5  5-10  10-20  20-100  more than 100  

Slag 300 17,9 14,4 25,5 42,2 0 
200 6,44 3,05 5,43 21,05 64,03 
500 29,16 14,54 22,77 33,53 0 S1 
800 36,65 17,54 23,58 22,23 0 
200 8,94 3,93 7,08 21,41 58,56 
500 27,93 14,93 22,58 34,56 0 S2 
800 36,77 18,26 24,28 20,69 0 

 
up to 14 per cent depending on the dispersion of additives and allows 50 per cent replacement of the slag 
with preservation of strength at the level of the non-additive one. 
An important indicator of the effectiveness of the use of mineral additives is their influence on the 
strength of the bindings at long periods of hardening. The results of the studies of the effect of additives 
on the development of strength over the time have shown that the introduction of the milled additives of 
S1 and S2 reduces rates of increase of strength in the first 3-7 days of hardening by up to 20 per cent, by 
the 28th day CSABs are completely equal with the non-additive ones, and during the later periods of har-
dening they are superior in strength. Increase of strength of the samples based on non-additive bindings 
during one-year period depending on the initial conditions of hardening was 15-33 per cent and that of the 
composite ones - 25-48 per cent (Fig. 2). 
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        Figure 1. The S2 content and dispersity on stone             Figure 2. Strength increase of the SAB and CSAB 
      SAB and CSAB strength (slag with lime factor 1,0),           stone with siliceous additives when hardening up                     
       hardening conditions – steam curing (6 h at 900C)                                                 to 1 year 
 
 Influence of S3 additive on the properties of the cement paste and stone . 
Plasticizing effect of the microsilica with specific surface area 500-550 m2/kg on paste properties of SAB 
is described in research (Korolev V. et al., 1990). Due to high fineness of grinding the microsilica fills the 
small pores, raises the stone density, impede expulsion of water.  
In our research adding S3 with specific surface area 15 000 m2/kg has a plasticizing effect as well  - water 
demand of the cement paste with the addition of S3 decreases by 20 per cent from 24,9-25,8 per cent to 
18,7-19,4 per cent. Reduction in the setting time is 1,3 - 2 times (initial set time – from 1 h 0-20 min to 0 
h 45 min, final set time from 3 h 20-50 min to 2 h). 
As a result of the using additives of S3 and reduction in water demand of the paste the density of the 
CSAB stone rises from 1,85 to 1,99 g/sm3 when the additives content is 5 per cent, water absorption de-
creased from 12,4 to 10,3 per cent. 
The positive impact of the microsilica (Korolev V. et al., 1990), tripoli powder, silica clay (Piatchev V. et 
al., 1975) on the strength of the CSAB was revealed in the previous researches. But the authors didn’t 
give consideration on the conditions of hardening, modified stone composition and structure.     
It was established the optimum concentration and "strengthening" effect of additives of S3 is determined 
by the conditions of hardening, the basicity of slag and the time of pre-exposure of the samples before the 
steam curing. Hardening in normal-humidity conditions the introduction of S3 improves CSAB stone 
strength by 37 per cent when using the slag with Mo = 1,0 and 27 per cent when using the slag with lime 

800  

500  

200  



factor 0,9. Hardening in normal-humidity conditions maximum S3 dosage was 7 per cent when using the 
slag with lime factor 1,0 and 5 per cent - with lime factor 0,9. 
When hardening of the samples in normal-humidity conditions introducing S3 to CSAB improves slag 
alkaline stone strength by 105 per cent (up to 115 MPa with additive content of 4 per cent) when using 
the slag with lime factor 1,0. When using slag with lime factor 0,9 binding strength increased by 60 per 
cent (up to 98 MPa) with the content of additives of 3 per cent. Furthermore, an increase of up to 50 per 
cent of strength of the samples on the mortar on the base of the CSAB on bending was established. De-
crease of efflorescence of the CSAB stone with the addition of S3 was explored, as well as the fact that 
the strengthening effect of S3 can be used to reduce the content of alkali components in producing CSAB. 
The introduction of S3 leads to an acceleration of strength developing of the slag alkaline binding at nor-
mal-humidity conditions in the early stages - by 105 and 50 per cent at the third and seventh day of hard-
ening, respectively. However, in due course, "hardening" effect is reduced and when hardening up to 1 
year increase of strength does not exceed the same degree in the non-additive systems (Fig. 2). 
 
Studies of composition and structure of the CSAB stone. 
The results of studies of the composition and microstructure of the CSAB stone held by X-ray diffraction, 
scanning electron microscopy are presented on fig.3, tab.2. The research results analysis of the composi-
tion of slag-alkaline stone on the basis of SAB and CSAB have shown that the major part of hardening 
products of the examined samples is presented by amorphous phase, while new formations of artificial 
stones on the base of SAB are tiff (d=3,030; 2,494; 2,283; 2,094 А), tobermorit (d=11,42; 3,072; 2,861 А) 
and on the base of CSAB new formations are tiff, tobermorit, quartz (d=4,252; 2,281; 2,126) . Modified 
compounds differ by higher crystallization, volume of new formations, including tiff,  presence  of  quartz  
 

                                     

                                

                              
Fifg.3. Results of X-ray diffraction, scanning electron microscopy: 

a) SAB; b) CSAB on the base of slag+S1, slag+S2; c) CSAB on the base of slag+S3 



in comparison with non additional ones. Evidently, the volume of resulting crystalline tiff depends on the 
released calcium slag on destruction. Thus we see that with the additions the process of slag destruction to 
the volume of unit of unstable structure Са2+ as well is accelerated or proceeds more densely. Therewith, 
amorphous silica of microsilica passes in new formations, probably, CSH gel. This intermediate conclu-
sion is confirmed by the results of the elementwise composition of the CSAB stone. The ratio of Ca/Si of 
dispersion medium, which was estimated by the data in points with concentration Na no less 1% (tab.2, 
fig.4), decreases from 1,93-3,15 (non-additional sample) to 0,82-1,26 (CSAB stone).  

 
Table 2 

Ratio Са/Si in points with concentration Na no less 1%  Addition type 
range medium 

- 1,93 - 3,15 2,3 
S1, S2 1,8 - 4  2,7 

S3 0,82-1,26 1,05 
 

The analysis of the microstructure has shown that in the presence of additives a more homogeneous and 
fine-grained structure with a low shrink micro crack formation is formed. All these let assume that the 
introduction of additives increases the degree of involvement of slag and an alkaline component in the 
reaction of a formation of the CSAB stone, the depth of interaction with the mineral matrix of slag alka-
line binding with the additives, the volume of new formations increases. At the same time, obviously, 
there are differences in the mechanism of the changes revealed by the state of the structure of the addi-
tives, which determines its "solubility" in the mineral matrix of the slag alkaline binding.  
Despite the low chemical activity, milled additives of S1 and S2 change the conditions of slag alkaline 
binding formation after mixing of the composite binding with a solution of an alkali component. The lack 
of ability of additives to react with alkaline components leads to the fact that the solution-slag ratio and, 
accordingly, the ratio of Na2O : (CaO, SiO2, Al2O3) increases compared to that with the non-additive 
composition. The increased content of alkali oxide increases the degree of hydrolytic degradation of slag 
in the initial stages of hardening and creating conditions for its continuation in the long term. High level 
of alkalinity also affects the adhesion strength of dispersion medium with particles of additives, due to 
increased surface erosion of the filler, and the persistence of high pH causes a long time running of this 
process. This is confirmed by enhanced strength generation of the CSAB stone in long-term of hardening. 
In the later stages of the structure formation effect of the filler of the surface as the base can be seen 
(fig.2). The base activates the formation of new phase in the contact zone, accelerating condensation and 
crystallization of the new formations. 
In contrast to Sq and S2 S3 has an extremely high reactivity, showing chemical activity since early stages 
of hardening. It is assumed that the amorphous silica due to its high reactivity displays cationic compo-
nent of Са2+ from the slag grains that deepens its hydrolytic degradation. Derivation of Са2+ to the solid 
phase shifts the chemical equilibrium between the oxides in the direction of maintaining a high concentra-
tion of Na2O, resulting the latter continues to disperse the slag to achieve the equilibrium conditions of 
the component concentrations, typical for non additive sytem of a slag-alkali. In addition to that, as a re-
sult of cation exchange of 2Nа+→Са2+  in the liquid phase caustic alkali is formed. Its binding by amor-
phous silica with sodium silicates formation, anionic component of which is similar to hydrated primary 
products of degradation of alumosilicic-oxygen frame is highly probable and it serves as their additional 
back cutting. In the complex all these lead to additional activation of the slag, increase the concentration 
of products of degradation, the volume of formation of additional quantity of alkali-earth low-basic hydro 
silicates at the early stages of hardening, strengthening the dispersion medium, and accelerating the for-
mation of condensation and crystallization of the structure of the CSAB stone. At the same time, the acti-
vating effect of S3 on the slag leads to implementation of its hydration potential in the early stages and 
reduction of hardening of the CSAB stone in the long-time strength (Fig. 2). The total decrease in basicity 
of new formations and the formation of additional volume of fibrous low-based hydro silicates of calcium 
provide advanced strength characteristics when compressed and tension to the CSAB stone. 
On the base of the obtained experimental data the structure and structural elements of stones CSAB with 
siliceous additives modelling is carried out (fig.4).   
 



                          
 
 

                            
 

Fig.4. Models of structures and structural elements of CSAB with additives of S1 or S2 (I) and S3 (II): 1 - slag,        
2 – S1 or S2, 3 – interface layer, 4 – S3, 5 - skeleton of new formations, 6 – dispersive medium of slag alkaline 

binding stone with S1 or S2, 7 - dispersive medium of slag alkaline binding stone with S3,                                                         
8 - unreacted particles of the slag, 9 - pores. 

  
 
Conclusion  
 
The  results  obtained allowed determining the possibility of controlling the structure and properties of the 
CSAB stone via the introduction of crystalline and amorphous forms of silica. 
The positive effects of the use of S1 and S2 as additives are: 
- Replacement of slag to 50 per cent without reducing the strength characteristics; 
- Improvement of the microgranulted composition of the compositional binding without increasing of en-
ergy costs at grinding; 
- Obtaining CSAB capable of increased long-term strengthening. 
 
Minor additives of S3 - chemically active form of silica at the optimal concentrations up to 7 per cent for 
slag alkaline binding exhibit high efficiency, they are polyfunctional additives, and provide opportunities 
to control: 
- Properties of the cement paste - reduce water requirement, 
- Mechanical properties - strength of the stone raises to 105 per cent, hardening effect is saved at the early 
and later stages of hardening, although less than using S1 and S2, 
- Structure - the average density increases and water adsorption of the stone of the binding decreases, 
- Content of easily soluble structure-forming components - in the slag alkaline binding of the free alkali, 
its fixation in the body of the slag-alkaline stone is as necessary, as the fixation of the calcium hydroxide 
one  in the cement stone, efflorescence formation is reduced. In addition, a high strengthening effect can 
be used to reduce the content of alkaline activator. 
 
With the introduction of additives the potentials of activity of slag and an alkaline component in the for-
mation of the CSAB stone is more fully realized, the depth of interaction of the mineral matrix of the slag 
alkaline binding with siliceous mineral additives increases, more homogeneous and fine-grained structure 
with a low shrink micro crack formation is made, the content of the amorphous phase is reduced and the 
volume of new formations increases. 
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Abstract 
 
In a general view, the structure of the stone of the binding with fillers depending on the ratio mineral matrix/filler  is 
represented as porphyritic, contact and overcontact. Such conceptions about the structure of the stone of the binding 
allow counting its modules of elasticity by the rule of mixtures. However, the thickness and properties of the inter-
phase layer between the matrix of the binding and the particles of the filler is not considered, the influence of which 
on the properties of the composite stone of the binding can be determinative. It is reasonable to subdivide the fillers 
to physically active, which do not form hardening products with cementing properties and chemically active, which 
form hardening products with cementing properties. 
Mainly the physical activity of mineral fillers is shown in systems with the organic bindings. It leads to the change of 
strength and density of the boundary layers up to the thickness of 10-200 microns, of degrees of stitching at cross-
linked polymer and dimensions of spherulites at crystallize polymers in matrix volume. Mainly the physical activity 
of the filler is shown in the systems on the basis of the gypsum binding as well. 
Models of boundary layers of polymeric and gypsum systems with porous and dense fillers are considered in article. 
The fillers forming new formations  with cementing properties show both physical and chemical activity. The boun-
dary layer includes a part of a surface band of the filler to the depth, depending on its chemical activity and poros-
ity, and a part that is changed on structure and properties of a matrix of the core binding in the zone adjoining the 
surface of the filler. To the greatest extent, the formation of such boundary layer is inherent in systems on the basis 
of Portland cement, slag alkaline and lime bindings with the fillers possessing chemical activity. In the article mod-
els of a boundary layer in the stone of lime and cement binding with microfillers are considered. 
Models of structure and structural elements of the stone of compositional slag alkaline bindings with additions of 
micro silica and ground quartz sand, fly ash, ceramic brickbats and zeolite containing rocks are presented. The 
models were developed on the basis of experimental researches by the authors of the article. 

 
ORIGINALITY: For the first time on the bases of the system analysis of the known and own researches of the au-
thors scientific concepts about the structure of the stones of various bindings with mineral microfillers were devel-
oped and the general and particular models of their structure and structural elements were made. Due to the fact 
that all types of fine dispersed fillers have high specific surface and thereafter surface energy, and some kinds have 
chemical activity, the authors of the article suggest subdividing them not into "inert" and active mineral additons 
but to the following ones: physically active, not forming hardening products with cementing properties and chemi-
cally active, forming composites with binding properties. Models of the boundary layers of polymeric and gypsum 
systems with the fillers, showing mainly physical activity; and models of  the boundary layers in cement and lime 
systems with microfillers forming composites with binding properties are considered. For the first time models of 
the structure and structural elements of the stone of composite slag alkaline bindings with additions of microsilica 
and ground quartz sand, fly ash, ceramic brickbats and zeolite containing rocks are developed. 

      
CHIEF CONTRIBUTIONS: Scientific concepts about the structure of the stones of various bindings with micro-
filler were developed and the general and particular models of their structure and structural elements were made. 
On the basis of the experimental researches models of structure and structural elements of the stone of composi-
tional slag alkaline binding with additions of microsilica and ground quartz sand, fly ash, ceramic brickbats and 
zeolite containing rocks are presented were developed for the first time.Construction of the models of structure and 
structural elements of the stone of the binding with microfillers allows giving scientifically-proved treatment of 
mechanisms of formation of properties of materials on the basis of compositional bindings with the fillers of natural 
and technogenic origin. There is the need to develop theoretical and experimental basis of their structure and prop-
erties control for account of regulation of chemical, mineral and granulometric structure and the technology of 
combination of components, dispersity, physical and chemical activity, shape of their particles, conditions and the 
time of the hardening process. The results of the researches stated in the article are definite contribution to the de-
velopment of these bases. 
 
Keywords: compositional materials, structure, structure model, filler, physical activity, chemical activity  
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Production of most varieties of artificial construction compositional materials (ACCM) is accompanied 
by the introduction of mineral and organic components of natural and anthropogenic origin of powdered 
fillers to their composition (Smolczyk, 1980, Mehta, 1983). Fillers, depending on the type of ACCM are 
applied at the specific surface ranging from 2.10-4 to 2.10-9 m2/kg. The introduction of fillers is one of the 
most effective ways of managing of economic performance, structure, physical-technical and technologi-
cal properties of ACCM. In the technical and regulatory literature the fillers - mineral additions are classi-
fied to inert and active (Ramachandran, 1984). Obviously, this classification is nominal, since all kinds of 
mineral fillers affect in some way on the structure and properties of ACCM and therefore are not easy, 
and multifunctional, but differ in the mechanism of the influence on the structure and properties of the 
filled systems. In the classification of mineral additions to bindings it is efficient to divide them not to 
"inert fillers" and active ones, but "physically active "- those not forming hardening products with ce-
menting properties, but affecting the structure and properties of  ACCM and reactive ones- forming  com-
pounds with binding properties in addition to the binder. It is important to keep in mind that the chemi-
cally active fillers have physical activity as well. Definition of fillers, which do not form hardening prod-
ucts with cementing properties as "inert" limits their significance and, accordingly, researches, their role 
in shaping the structure and properties of ACCM. In determining the effectiveness of the influence of fill-
ers on the properties of the stone of the binding consideration of their influence on the structure is impor-
tant. It is expedient to describe the mechanism of the influence of the fillers on properties ACCM by 
modeling of their structure and structure elements formation. At present the numerous examples of the 
modeling of  ACCM structure and structure elements on the base of some kinds bindings and mineral ad-
ditions are well-known, for instance presented in (Henning, 1977). The modern perspectives of the 
ACCM development technology are founded on the base of the science of materials, methodological and 
information resources use, that, in particular, allows to pass to uptake of so-called virtual cements and 
concretes (Fronsdorff et al., 1995). The design of the generalized models of the structure and structural 
elements ACCM, forming depending on fillers size, fractional composition, density, physical and chemi-
cal activity, is expedient for that. The some designed on the base of the analysis of the well-known re-
searches and present paper author’s researches (Rakhimova, Rakhimov, 2008, 2009, 2010) generalized 
models are presented below.     
a) Enlarged models. The models of the structure are divided on porphyritic, contact and overcontact types 
(fig.1). 
                                I                                              II                                                 III 

 
Figure 1. Models of ACCM structure are of three types: porphyritic (I), contact (II) and overcontact (III): 

1 – filler particle, 2 – binding, 3 - interstices  
 
Porphyritic structure of ACCM is formed when the volume of matrix of the binding Vb is much higher 
than the volume of the filler Vf, when Vf/ Vb is that not all Vb is modified as a result of interaction with 
the filler in the interphase layer (filler particles float in the binding). Contact ("cramped") structure is 
formed when  Vf/ Vb  is higher, and the filler particles create a hard skeleton, in contact with each other 
through a thin layer of the binding, and each piece of the filler is covered with a layer of the binding, and 
interparticle voids are filled with the binding. Overcontact structure is formed at high Vf/ Vb, where the 
rigid framework of the fillers is bound by the binding in the point contacts between them, the particles of  
the filler are not covered by a continuous membrane of the binding, and interparticle voids are not filled 
with the binding. Content management of the binding of ACCM with the structure of model III allows 
adjusting its heat engineering and acoustic properties. Management of the content of the filler, the thick-
ness and the structure of interfacial layer allows adjusting the strength, deformation and other properties 
of the filled structural ACCM with structure of models I and II. 



Properties of ACCM with structure of models I and II are determined to a large extent by the properties, 
structure and thickness of the interfacial layer, which depend on the composition, structure of the binding 
and the filler, mechanism, duration and conditions of their interaction. Structure of ACCM of model I can 
be transformed into the structure of model II, when the temperature rises, pressure and duration of the 
maturing of the increasing thickness of the interfacial layer on the surface of the filler leads to the creation 
of a rigid frame of the contiguous fillers with developed boundary layers. 
In ACCM with the structure of model II as a result of processes similar to those described above, when 
the growing volume of interfacial layer leads to an increase in internal stress, indexes of properties with 
the formation of micro-and macro-cracks can be reduced, up to a spontaneous fracture. 
b) Model of the structure of the interfacial layer of the bindings with fillers not forming hardening prod-
ucts with the cementing properties. 
The followings do not form hardening products with cementing properties, but influence the structure, 
properties and kinetics of hydration. They are mostly: mineral and organic fillers in the stone of gypsum 
bindings, organic fillers, fillers of graphite, metal in the stone of lime and cement bindings. The surface of 
the material of the filler does not undergo changes in chemical composition. Structure of the surface area 
fillers undergo changes. The density of the surface area of the porous filler is changed by introducing the 
components of the binding into the pores. However, depending on the level of the surface energy the fill-
ers affect the structure of the interfacial layer (Fig. 2). 
                                                    a)                                                              b)  

 
Figure 2. Model structure of the stone with dense (a) and porous (b) physically active fillers: 

1 – particles of the dense (a) and porous (b) physically active fillers, respectively; 2 – mineral matrix,                                                  
3 – modified on structure and properties boundary binding layer;                                                                             

4 – compacted by penetration of the binding  component surface layer of the porous filler    
 

The thickness, structure and properties of the interfacial layer depend on the type of the binding and the 
filler. The thickness and properties of the compacted surface layer of porous filler depends on the struc-
ture of its porosity and the type and rheological properties of the binding. 
 
c) Model of the structure of the interfacial layer of the stone of the bindings with fillers, forming harden-
ing products with cementing properties. 
Practically all types of mineral fillers in one way or another enter into chemical interaction with lime and 
Portland cement bindings with the formation of a boundary layer of compounds with binding properties 
(Vinogradov, 1979, Mchedlov-Petrosyan, 1988). To some extent, mineral bindings with fillers can be 
considered as blended cement, the process of hydrate formation of which appears in the following form 
(Ratinov V.B., 1989): 
Cl + W → NF1                                                                                                                                           (1),        
NF1 + F + W → NF2                                                                                                                                   (2), 
where Cl is the component of the clinker; F - mineral microfiller; NF2 is hydrated new formations of 
clinker component;  NF2 - hydrated formations of microfiller, W – water. 
An exception is the interaction of the fillers with gypsum bindings, occurring without the formation of 
compounds with binding properties, although affecting the structure, properties and kinetics of their hy-
dration (Altykis, 2003,  Yakovlev, 2001) .  
The structure and composition of the boundary layer depends on the type of the binding, degree of disper-
sion and hydraulic activity of the filler. Figure 3 shows the model of the boundary layer by example in the 
stone of lime-silica bindings. 
In this model, in the case of a dense silica filler - milled quartz sand thickness of the interfacial layer is 
determined by the grinding fineness, increasing solubility of the sand, thickness of amorphous layer on its 



surface, which reaches 150-400 A, the duration and terms of hardening and increases significantly during 
the transition from hardening in normal-humidity conditions to steaming and especially during autoclave 
processing. Quartz sand, subjected to heat treatment when milled has a thicker surface layer of amorphous 
and fractured defects, which ensures a high reactivity, and a thicker layer of binding of new formations 
when interacting with lime (Invention certificate Mchedlov-Petrosyan, 1982).  
In the case of introducing the fillers of porous amorphous siliceous rock (diatomite and tripoli) into the 
lime bindings depending on their dispersion and hardening conditions the structure formation occurs as 
follows: the pores of dispersed particles are filled with tobermorit new formations; ultrafine particles in-
teracting with lime are completely transferred into the new formations (Grekov, 1997). 

                    

Figure 3. Model of the boundary layer in the stone of the sand-lime binding: 
1 – particles of siliceous fillers; 2 – boundary layer, descending on density and concentration from filler to volume 
of new formations with cementing properties, including gel SH+CSH, microcrystal and submicrocrystal CSH with 
low basicity; 3 – volumetric Ca(OH)2, at hardening in medium of CO2 and long-term hardening cristallyzes in suc-

cession Са(ОН)2,→ Са(ОН)2 + СаСО3 → СаСО3 
 

Here in, the material of the matrix of the stone of the binding is a combination of the two grids - hydrated 
lime and calcium hydro, where not fully reacted particles of silica filler with silicate interphase layer are 
distributed.  
In the cement stone the role of the filler, depending on its dispersion and the activity is seen in the follow-
ing directions: it acts as the filler in the cement stone as in microconcrete, forms a products with cement-
ing properties and modifies the structure and properties of a core-binding, acts as a seed crystal. Figure 4 
shows a stone model by example cement binding systems with the fillers with polydisperse composition 
of the particles. 

 

 
Figure 4. Model of the cement binding systems with the fillers with polydisperse composition of the particles: 

1, 2 – unreacted particles of clinker and filler, rescpectively; 3 - reacted part of clinker grain; 4 – boundary layer 
 

In this model isometric shape of the particles of clinker and fillers is conditionally accepted. Reacted part 
of the cement clinker is represented by the known components of the cement stone: gel, crystalline new 
formations of various shapes; submicro-, micro-and macro-pores. The structure and composition of the 
boundary layer at the hydraulically active fillers are described by a model similar to that shown in Figure 
3. The composition of the boundary layer on carbonate fillers (limestone, marble, carbonate of magnesia, 
dolomite) is represented by hydrocarbons of calcium Са(ОН)2

.СаСО3
.nН2О, and in the presence of clay 

enclosures in addition by hydro carboaluminum silicate, hydrocarboaluminat and hydrocarboferrite of 
calcium and magnesium (Rybyev et al., 1987). Micro-and nano-particles sized 1.10-7 up to 2.10-9  m of 
hydraulically active fillers are absorbed in the process of cement hydration with an increase in the content 
and dispersion  of low-basic hydrated calcium silicates on levels, and the gel and crystalline components. 
Nanoparticles of physically active fillers, penetrating intergranular and intracrystalline pores due to high 



(up to 1,25 J/m2) surface energy increase adhesion strength of particles and the density of the gel; reduce 
shrinkage and a tendency to microcrack formation of the binding stone. 
As the final properties of the cement-filled stone to a large extent are determined by the properties of the 
boundary layer and its adhesion strength with the filler, thus they are important results of their research. 
In this regard, the results of well-known studies of boundary layers of different types of cements and se-
lected minerals in their hardening of pastes and cement-sand mortars on the surface of various fillers and 
a thin layer between them are of great interest. 
Taking into account that the microhardness directly determines the strength of the cement stone it is im-
portant to study the microhardness of the boundary layer. In particular, it is known that the microhardness 
of the contact layer of Portland cement on the border with quartz, feldspar, calcite, marble and limestone, 
depending on the type of mineral and rock rises from 2 to 7 times compared to the microhardness of the 
binding in the volume and depends also on the duration of maturing. It is noted that the maximum hard-
ness of the contact layer at the boundary with quartz sand and regardless of the type of the binding the 
thickness of the maximum hardened layer is 20-30 microns. 
The structure of the boundary layer in ACCM based on the bindings derived from mixing of alkaline so-
lutions of Na and K of ground slag, ash, clay, glass, acid intrusive and extrusive rocks and mineral waste 
industry, as well as on the basis of cement and lime can be described by the model shown in Figure 2, 
which differs, however, in the composition of the new formations. The analog of the boundary layer of 
hydrosilicate of Ca between quartz filler, and Са(ОН)2 is the boundary layer of hydrosilicate of Na be-
tween it and NaOH. 
The products of hydration of bindings obtained by mixing of solutions of Na and K of aluminum silicate 
mineral materials depend on their composition and are characterized by the formation of low based hy-
drosilicates of Ca of tobermorite group, calcite, hydrated silica, hydrogarnet, alkali and alkali-alkaline-
hydro and hydroaluminium silicates - analogues of natural alkali-alkaline earth zeolites, micas and hy-
dromica. 
Study of the contact zone slag alkaline concrete (Gerasimchuk, 1988, Krivenko, 1991) showed that it has 
dense structure, in which the parts belonging to the stone of the binding and grains both of the granite and 
limestone filler are visible. With the limestone filler the boundary contact is less visible, which indicates 
the mutual penetration of these sites. It was established that the interphase layer with granite is repre-
sented primarily by those of tobermorite type of low based hydrosilicate of Ca, alkaline hydroalumosili-
cates, similar in structure and chemical composition to the products of hardening of slag alkaline binding, 
and the interphase layer with limestone – by significant amount of minerals such as calcite and hydrocar-
bosilicate. 
Modeling of the structure of the research of the composition and properties of structural elements of the 
stone of the filled bindings allows scientifically manage its properties and predict the properties of the 
filled ACCM. 
 
Conclusion 
The generalized topological models of structure and structural elements of a stone compositional bindings 
depending on fillers size, fractional composition, density, physical and chemical activity, on the base of 
the analysis of well-known and own researches of structure formation of a stone on the base of Portland 
cement, lime, gypsum, sand-lime, slag-alkaline bindings, are developed by authors. Models are intended 
for forecasting of structure and properties of a stone on the basis of various bindings and fillers and mate-
rials on the base of them and can be used for developing of the theory of durability of grained composi-
tional materials and the computerized systems of designing of structure, properties and interactions of 
components. 
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Abstract 
The most important properties of calcium sulfoaluminate (CSA) cements are regulated by their key-component, C4A3$. 
Besides this compound, C2S, C5S2$, various calcium aluminates (C12A7, C3A, CA, C4AF, C2AS, CAS2), lime and/or 
calcium sulfate (in relation to the type of application) can occur in CSA cements, depending on the synthesis 
temperature as well as the nature and proportioning of raw materials. 
As far as the manufacturing process is concerned, CSA-based binders show noticeable environmentally friendly 
features. Compared to ordinary Portland cements, they are characterized by reduced limestone requirement, kiln 
thermal input and CO2 generation as well as greater usability of industrial wastes and by-products often difficult to 
reuse. Limestone, bauxite and gypsum are the main natural materials involved in the manufacture of CSA cements and 
can be usefully replaced by industrial wastes such as blast-furnace slag, coal combustion ash from both traditional 
combustors and fluidized bed reactors, waterworks slime, red mud, phosphogypsum and flue gas desulfurization 
gypsum. 
In particular, fluidized bed coal combustion waste, whose utilization is of critical importance for the success of this 
technology, has proved to be an excellent source of CaO, SO3, SiO2 and Al2O3 for the synthesis of CSA cements. 
Unfortunately, its Al2O3 content does not allow a full replacement of an expensive natural resource like bauxite and an 
integration with Al2O3 rich by-products is therefore needed. In this regard, alumina powders and anodization mud are 
worthy of consideration. The former are by-products derived from the secondary aluminium manufacture; the latter is a 
residue generated during the production of anodized aluminium elements. 
The synthesis process of CSA clinkers obtained from raw mixes (heated in a laboratory electric oven for 2 hours at 
temperatures ranging from 1150°C to 1300°C) containing limestone, gypsum, fluidized bed combustion waste and/or 
Al2O3 sources like alumina powders or anodization mud or both, was investigated in this paper, using XRD analysis as 
main characterization technique. It has been found that a very good selectivity towards C4A3$, even better than that 
achieved with the use of only natural materials, was displayed by  waste-based raw mixes. DTA-TGA analyses showed 
that CSA cements derived from synthesized clinkers behave, upon hydration, similarly to an industrial CSA cement 
obtained from natural raw materials. 
 
Originality 
Within the area of the sustainable production, the attention paid to the contribution of the manufacture of CSA cements 
is relatively recent. Compared to Portland cements, their decreased synthesis temperature, easier grindability and 
reduced content of clinker as well as lower limestone requirement, kiln thermal input and CO2 generation were outlined 
by several researchers. Another environmentally friendly feature of CSA cements is represented by the utilization of 
quite a few industrial wastes and by-products as raw materials for their manufacture: this is a peculiar research theme 
faced by the Authors in several publications, including also previous Proceedings of the International Congresses on 
Cement Chemistry. 
Besides the most likely increased sulfur dioxide emission, the requirement of an expensive natural material like bauxite 
probably represents the major concern related to the manufacture of CSA cement. After the wide experience made by 
the Authors with several industrial wastes, the originality of their approach consists in the attempt to use in this 
investigation Al2O3-rich by-products as full substitutes for bauxite in CSA clinker generating raw mixes. 
 
Chief contributions 
The assessment of the ability of industrial wastes such as alumina powders or anodization mud to entirely replace 
bauxite as Al2O3 sources for CSA cement manufacture was the main research goal. Very good results were obtained in 
terms of both selectivity towards the major constituent of CSA clinkers and hydraulic behaviour of the related cements. 
Another reached objective was to ascertain that fluidized bed combustion waste, whose utilization is of critical 
importance for the success of this technology, can be suitably used together with alumina powders and/or anodization 
mud. A further step of the research is represented by the extension of the investigation from the study of laboratory 
made synthetic preparations to the examination of pilot-scale massive productions. 
 
Keywords: Cement Manufacture, Raw Materials, Industrial Waste Utilization, Sustainable Development, Calcium 

Sulfoaluminate Cements 
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1. Introduction 
 
Calcium sulfoaluminate (CSA) cements contain C4A3$ as main component together with calcium 
sulfates, C2S, C4AF, C5S2$, calcium aluminates (C12A7, C3A, CA) and silicoaluminates (C2AS, CAS2). 
Upon hydration, calcium sulfates, belonging or added to CSA clinker (under anhydrous or hydrated 
form), react with C4A3$ and generate ettringite (C6A$3H32) which, depending on the conditions of its 
formation (Mehta, 1973, 1980; Kurdowski et al., 1986; Mudbhatkal et al., 1986;  Muzhen et al., 1997;  
Glasser and Zhang, 1999; Bernardo et al., 2007; Marroccoli et al., 2007a], regulates the technical 
properties of CSA cements (shrinkage compensation/self stressing behaviour or rapid-hardening 
associated with good dimensional stability and high resistance against several aggressive media). C2S 
can add strength and durability at medium and long ages, while C4AF and calcium aluminates 
contribute to ettringite formation; on the other hand, C5S2$ and calcium silicoaluminates display a 
poor hydraulic activity. The distribution of the secondary components is mainly influenced by the 
synthesis temperature as well as the nature and proportioning of raw materials. 
In addition to their technical behaviour, CSA cements are interesting hydraulic binders from the 
environmental point of view inasmuch as their manufacturing process, compared to that of Portland 
cement, has a pronounced environmentally friendly character (Gartner, 2004). The relatively low 
synthesis temperature (<1350°C) and raw mix limestone concentration (<40%) promote a decreased 
specific fuel consumption as well as a reduced CO2 and pollutants generation (Buzzi et al., 2010). 
Another environmentally friendly feature of CSA cements is represented by the greater usability of 
industrial wastes and by-products whose utilization is generally complicated (Marroccoli et al., 
2007b). 
Several residues have been successfully experienced as substitutes for limestone, bauxite and gypsum, 
the main natural materials involved in the manufacture of CSA cements. Reactive silica and alumina 
can be given by pulverized coal fly ash and red mud (Marroccoli et al., 2007b) as well as blast-furnace 
slag (Belz et al., 1995) which is furthermore an important source of non-carbonated lime. 
Phosphogypsum (Beretka et al., 1996) and flue gas desulfurization gypsum (Marroccoli et al., 2008) 
can entirely replace natural gypsum. In particular, fluidized bed combustion (FBC) waste (Arjunan et 
al., 1999; Bernardo et al., 2003; Marroccoli et al., 2009], a mixture of coal ash and spent limestone 
sorbent generated during the combined process of coal combustion - “in situ” gas desulfurization 
within a fluidized bed reactor, is worthy of consideration due to its ability to give the main oxides 
required by CSA cement manufacture (CaO, SO3, SiO2, Al2O3). 
The replacement of an expensive natural resource like bauxite inside the CSA clinker generating raw 
mixes, with or without FBC waste, is very important. In this paper, the utilization of Al2O3 rich by-
products such as the so called “alumina powders” (AP), originated from the secondary aluminium 
manufacture, and anodization mud (AM), generated during the production of anodized aluminium 
elements, was explored. Synthetic clinkers were obtained in a laboratory electric oven at various 
burning temperatures from raw mixes containing limestone, gypsum, FBC waste and/or Al2O3 sources 
like AP or AM or both. The conversion of reactants towards C4A3$ was investigated by means of 
XRD analysis and some hydration properties of synthetic cements, evaluated through DTA-TGA 
analyses, were compared with those of an industrial CSA cement obtained from natural raw materials. 
 
 
2. Experimental 
 
Table 1 lists the chemical composition (evaluated through XRF analysis by using a BRUKER 
Explorer S4) of natural materials (limestone, bauxite and gypsum) as well as industrial wastes (AP, 
AM and FBC waste, available in two streams, fly and bottom ash). 
Ten raw mixtures containing limestone and natural gypsum (M1÷M10, see Table 2) were investigated: 
M1 included also bauxite and was the reference term; M2 and M6 contained, instead of bauxite, AP or 
AM, respectively; M3, M4 and M5 incorporated both AP and AM in mass ratios equal to 3:1, 1:1 and 
1:3, respectively; the others contained FBC waste (fly/bottom mass ratio equal to 1.5) and bauxite 
(M7) or AP (M8) or AP and AM together in a mass ratio equal to 1:1 (M9), or AM (M10). 



Table 1: Chemical composition of natural materials and industrial wastes, mass % 

  Limestone Bauxite Gypsum AP  AM FBC fly ash  FBC bottom ash 
CaO 54.70 1.69 36.39 2.10 15.40 24.20 43.12 

SO3 - 0.03 37.37 0.20 12.70 12.80 25.89 

Al2O3 - 55.22 - 63.60 41.40 13.71 5.85 

SiO2 - 6.48 - 11.30 2.60 23.23 18.45 

MgO 0.30 - - 6.70 1.20 1.04 1.00 

SrO - 0.03 - - - - - 

P2O5 - 0.01 - - - - - 

TiO2 - 2.34 - - - 0.82 0.48 

Fe2O3 - 6.25 - 1.60 0.70 6.74 3.15 

Mn3O4 - - - - - 0.07 0.08 

Na2O - - - - - - - 

l.o.i.* 42.61 27.68 23.70 8.20 25.70 16.26 1.39 

Total 97.61 99.73 97.46 92.80 99.70 98.87 99.41 
*loss on ignition at 950°C, according to EN 196-2 Standard for cements 

The composition of all the raw mixtures was established by assuming that SO3 and Al2O3, on the one 
hand, and SiO2, on the other, reacted to give only C4A3$ and  C2S, respectively, and supposing also 
that solid solution effects were absent. 
 

Table 2: Proportioning of raw mixtures, mass % 

 Limestone Gypsum Bauxite FBC ash** AP AM 
M1 25.27 32.59 42.14 - - - 
M2 34.90 30.90 - - 34.20 - 
M3 32.21 28.79 - - 29.30 9.77 
M4 30.24 25.37 - - 22.19 22.19 
M5 27.65 20.96 - - 12.85 38.54 
M6 24.10 14.90 - - - 61.00 
M7 38.36 4.60 22.82 34.22 - - 
M8 35.36 22.31 - 12.70 29.63 - 
M9 31.89 19.07 - 9.81 19.61 19.61 
M10 28.91 4.55 - 19.96 - 46.58 

** fly/bottom  mass ratio equal to 1.5 

The alumina and silica contents were the stoichiometric amounts needed for the synthesis of the above 
mentioned phases. In order to avoid the decomposition of calcium sulfoaluminate, the sulfur content 
was twice the stoichiometric amount required by C4A3$ formation; the residual calcium sulfate was 
therefore available for its hydration, according to the reaction (1): 

3323634 2$38$2$ AHHACHCAC +⇒++  (1) 
All the mixtures were heated in a laboratory electric oven for 2 hours in the temperature range 
1150°÷1300°C, then submitted to XRD analysis in order to assess both conversion and selectivity of 
the reacting systems. A PHILIPS PW1710 diffractometer, operating between 5° and 60°2θ (Cu Kα 
radiation), was used. Table 3 shows the potential concentration values of C4A3$, C2S and C$ in the 
synthetic clinkers generated by the ten mixtures.  
Three CSA cement samples, CEM-0, CEM-1 and CEM-6, were investigated. The first was based on 
an industrial clinker produced in a rotary kiln at 1320°C from limestone, bauxite and gypsum; the 
latter two were generated by the synthetic clinkers derived from the raw mixes M1 and M6, 
respectively.  



Table 3: Potential concentration of C4A3$, C2S and C$ in the resulting clinkers, mass % 

 C4A3$ C2S C$ 
M1 66.58 11.23 14.85 
M2 59.40 19.60 12.50 
M3 61.19 17.63 12.92 
M4 63.72 15.75 13.55 
M5 67.17 13.19 14.41 
M6 72.20 9.50 15.70 
M7 41.89 43.72 9.07 
M8 53.49 26.71 11.33 
M9 58.62 22.21 12.54 

M10 59.30 24.62 13.00 

The CSA cements were prepared by grinding each CSA clinker with 20% natural gypsum in a 
laboratory mill to pass the 90 μm sieve. All cement samples were hydrated with a water/cement mass 
ratio equal to 0.50 and cured in a thermostatic bath at 20°C for times ranging from 2 hours to 28 days. 
At the end of each aging period, the hardened pastes were pulverized after grinding under acetone (to 
stop hydration), followed by treating with diethyl–ether (to remove water) and storing in a desiccator 
over silica gel-soda lime (to ensure protection against H2O and CO2). The resulting powders were then 
submitted to DTA-TGA analyses carried out through a NETZSCH TASC 414/3 apparatus, operating 
with a heating rate of 10°C/min from room temperature to 1000°C. 
 

3. Results and discussion 
 
From an overall examination of the XRD data about the synthetic CSA clinkers it can be drawn that, at 
every investigated temperature, the conversion of reactants is complete and C4A3$ is the main burning 
product.  

 

 
Figure 1: XRD patterns of mixtures M5 (a), M6 (b), M9 (c) and M10 (d) heated at the best synthesis 

temperatures: *= C4A3$, §=C2S, A= C$, #= C5S2$, &=C3A, M=C12A7, °=C2AS, B=C4AF  



Furthermore, as secondary components, C2S, C$ (particularly at lower burning temperatures), C5S2$, 
C3A, C12A7, C2AS and C4AF frequently occur.  
As far as the conversion towards C4A3$ is concerned, the best synthesis temperature was lower than 
1300°C, except for raw mixes M1 and M10; furthermore, the series M2-M6 and M8-M10 behaved 
better than the related reference terms (M1 and M7, respectively). Figure 1 illustrates the XRD 
patterns of mixtures M5 (a), M6 (b), M9 (c) and M10 (d) heated at the best synthesis temperatures 
(1200°, 1250°, 1250° and 1300°C, respectively).    
Figure 2 reports the XRD intensity of the main peak of C4A3$ for the burnt products originated from 
mixtures M8-M10 and M2-M6 (with and without FBC waste, respectively), as a function of  the ratio 
between the AM mass (WAM) and the total mass of the alumina sources (WAM +WAP) in the raw mix. It 
can be observed that the conversion towards C4A3$ increases with the increase of the AM mass 
fraction.  
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Figure 2: XRD intensity of the C4A3$ main peak for the burning products of mixtures M2-M6 and M8-M10 vs. 

the AM mass fraction in the raw mix 

 
Thermal analysis was employed to detect ettringite and aluminium hydroxide in the hydrated cements 
CEM-0 (Figure 3 a), CEM-1 (Figure 3 b) and CEM-6 (Figure 3 c), through the DTA endothermal 
peaks at about 170° and 300°C as well as the related TGA effects associated with the losses of 24 and 
3 H2O moles, respectively (Taylor, 1997).  

 
Figure 3: DTA-DTG thermograms of hydrated CEM-0 (a), CEM-I (b) and CEM-6 (c) cements cured at 24 hours 
 



TGA was also utilized for the calculation of ettringite concentration in the paste (Figure 4). A similar 
hydration behaviour, characterised by the quick formation of ettringite during the first 24 hours, was 
observed. The earliest formation of C6A$3H32 for CEM-0 and its highest concentration at longer ages 
for CEM-6 are most likely due to the best reactivity of the industrial cement and the greatest C4A3$ 
amount of the AM-based cement, respectively.  
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Figure 4: Ettringite concentration in the hydrated CSA cement pastes vs. curing time 

 

In conclusion, the most important features of CSA clinker generating raw mixes composed by 
limestone, bauxite, FBC ash and/or gypsum, heated at temperatures ranging from 1150° to 1300 °C, 
were preserved or enhanced if bauxite was replaced by AM or AP or both. In particular, while no 
substantial differences were observed in terms of reactants consumption and hydration behaviour, the 
selectivity towards C4A3$ was improved, especially when a significant AM amount was introduced in 
the raw mix.    
 
4. Conclusions  
 
It has been found that Al2O3-rich industrial wastes, such as alumina powders and anodization  mud, 
can fully replace an expensive natural raw material like bauxite, when used, together or separately, 
with or without fluidized bed combustion waste, as components of calcium sulfoaluminate clinker 
generating raw mixes containing also limestone and gypsum. 
Complete consumption of reactants, high conversion into C4A3$ and good selectivity towards the 
desired CSA cement phases (C4A3$, C2S and C$) were shown by synthetic clinkers obtained from 
waste-based mixtures. The substitution of bauxite generally resulted into a reduction of the best 
synthesis temperature as well as an increase of the conversion degree towards C4A3$. To this regard, 
anodization mud was more effective than alumina powders.  
In terms of concentration values of ettringite (the main hydration product of CSA cement), no 
significant differences were observed within the hydrated systems obtained from industrial or 
synthetic clinkers generated by natural material- or waste-based raw mixes. 
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Abstract 

 

The emissions of SO2 in the cement kilns is mainly a consequence of sulphurs contents in the raw materials and when 

they are feeding to the kiln are decomposed and oxidized to SO2, crossing the circuit with the raw mill, the conditioning 

of gas temperature tower  and  finally the filter and going out as emissions to the atmosphere. The state of the art to 

diminish of this type of emissions as a better available technology is the injection of calcium hydroxide in different 

points of the process with very different performances in different situations. In this work we have studied how to 

reduce the above mentioned emission and the important influence on it  of the ammonium salts as a catalysts elements 

in the improvement of the kinetic of the reactions of neutralization of the SO2 with the calcium carbonate of the raw 

materials and with the calcium hydroxide from the injection. We have reached the conclusion that the balance 

concentration of the ammonium salts obtained in the different points of the process has increased since the electro 

filters have been replaced in the last years by bag filters with lower work temperature, lower than 200 ºC, increasing 

the stability of ammonium salts, avoiding its decomposition and having an important influence in the catalysis in the 

neutralization reactions of the SO2 in the gas circuit before its exit of the filter. 

The knowledge acquired in this work supposes a very important and new advance in the technology of reduction of 

emission of SO2 in an  efficient way. 

 

Originality 

 

The influence of the ammonium salts in the reactions of neutralization of the SO2 in the cement kilns has not been 

studied and has not been considered that could have any influence. Nevertheless we have verified in this work its 

important influence and the better conditions for it. Also we have studied as the new technological incorporations to 

diminish the dust emission when electro filters have been replace by bag filters. It has contributed in increasing the 

concentrations of ammonium salts  in the different points of the gas circuit improving the kinetic of the reactions of 

neutralization of the SO2 and therefore diminishing it. 

 

Chief contributions 

 

The principal contributions of this work of research is the knowledge on the behaviour of ammonium salts and its 

reactions in the gas circuit of the cement kilns and the possibility that it offers in the reductions of SO2 emission 

because of the kinetic improving in the SO2 neutralization reactions due to its catalytic effect in them. That means a 

very important economic improvement because of the sensitive reduction of the amount of calcium hydroxide injected 

for the aims of  SO2 emissions. 

The knowledge contributed by this  work allow in each different manufacturing installation of clinker and different raw 

materials the most opportune performances to get a good depression of the emissions of SO2. 

 

Keywords: SO2, emission, ammonium salts 
 



Introduction 
 

 

One of the main environmental preoccupations in some cement plants are reducing the SO2 emissions, 

mainly these are due to the sulphur content  in the raw materials of clinker production. We have 

investigated the catalyst behaviour of ammonium salts present in the raw material in the reactions of 

retention of SO2 by calcium hydroxides and carbonates and the influences of other variables on them, 

like temperature, finesses, etc. 
 

 

Description of the behavior of sulfides in the kiln circuit 
 

The main input of the sulphur in the cement kiln is mainly due to the sulfur content of fuel, very high 

in coke and some coals, and also the sulphate content of some raw materials.  

This type of sulphur inputs have important implications for the progress of the kiln and the chemical 

composition of clinker but it have no significant impact on SO2 emissions because the sulphur in fuel 

is oxidized in the kiln and neutralized by a highly alkaline environment of the raw input and its CaO 

content, in optimal conditions of reaction. The sulphate content of the raw materials has not influence 

in SO2 emissions either. 

Not so when the sulphur is in the form of sulphides and that when entering in the kiln in such chemical 

form is broken down, oxidized and some of them leave as SO2 to the atmosphere. 

In fact, the SO2 emissions are a problem of reaction kinetics because the kiln flue gases pass through 

the material retaining in the form of stable salts of calcium sulfate: 

SO2+ CaCO3 � Ca SO4 +CO2 

 But this reaction takes more or less time depending of reactions conditions. 

The SO2 is a strong acid that in the salt displaces the CO2 because is a weak acid. 

Given that the amount of SO2 for emissions of 1.000 mg/Nm3 at 100.000 m3/h , amounts to use as 

reference units in this communication, suppose 100 kg/h, however it find on his way with tons of 

CaCO3 to react with. A pity that so few kg due to it would be a very economical way of 

decarbonisation as it is an exothermic reaction instead of the strongly endothermic decomposition of 

CaCO3 by heat in the kiln. 

 

 

Working hypothesis of this research 

 

As we discussed the retention of SO2 by the CaCO3 of raw materials is a problem of reaction kinetics. 

In order to determine the optimum conditions , more economically, we have choose the following 

working hypothesis to improve the reaction kinetics : 

• Circuit design of reactor (kiln, raw mill line and gas treatment). 

• Optimum temperature and moisture of the previous installation. 

• Catalysis of the reaction of neutralization by ammonium salts. 

• Use of neutralizing agents. 

 

 

Circuit design of reactor (kiln, raw mill line and gas treatment) 

 

If, as we say the problem of neutralization of SO2 is a problem of reaction kinetics, the first step 

should be to increase the time given it. To get it we have to slow down the gas velocity and improve 

the contact between dust and gases. 

To decrease the gas velocity the first step should be to lower its temperature, so, its volume, and 

therefore its velocity in the gas process circuits. 



 A very effective way to do that is to increase the number of cyclones stages. Doing this, besides of 

lowering the gas temperature, increases the reaction time under optimum conditions of high turbulence 

and contact gas / dust. 

In general, the gases coming from the kiln are separated into two circuits, one of them passes through 

the raw mill before going to the filter and used to dry the raw material for grinding, and the other one 

that goes directly to the filter before passing through a gas conditioning tower (cooling by water 

injection to decrease its temperature). As we will see and explain, the retention of SO2 in the gases 

from the mill circuit presents more favourable conditions for SO2 retention. To improve the retention 

in the circuit that goes directly to the filter, is important to increase the cyclones tower in a stage, for 

example from 4 to 5, and we can continue taking the gas from step 4th for the circuit of the raw mill, 

and have enough heat for drying. In this way the cooling of gases going through the stage 5th is very 

high and will go to the conditioning tower and filter in better conditions for the reactions. 

Another way, but less economical and efficient,  is reducing the production of the kiln. The amount of 

gases passing through the circuits is lower. 

This knowledge is very important as we will see later to get all the variables in the better points of 

work. . 

 

 

 
Figure 1: Process Control 

 

 

Optimum temperature and moisture of the previous installation 

 

As we mentioned in the previous item, decreasing the temperature facilitates the reaction kinetics by 

increased contact time due to slowing the gas flow but also because reducing the temperature the 

retention conditions improve. 

To research this we have designed the following reactor, a column with different modules to achieve 

chemical equilibrium in each.  The raw material to test is introduced in each of them and we can 

modify the test conditions such as temperature, water vapor introduction, injection of reagents, etc., 

and allow us to simulate the conditions of the circuits of the clinker production. This column allows 

taking control of each of the modules independently. 

The research has been based on the study of the influence of the following variables: 

 

• Fineness. Granulometry 

• Temperatures and moisture. 

• Tests with different concentrations of ammonium sulfate and with or without addition of 

calcium hydroxide 



 

Figure 2: Reactor 

 

 

Fineness. Granulometry 

 

To study the influence of particle size, we passed a constant amount of SO2 through the reactor by 

varying only the fineness of the material and analyzing the increase in SO3 in the same obtaining the 

results shown in the chart. Greater fineness increases contact between the gases and dust and also the 

increase of surface energy due to further deterioration of the crystal structure and material gets a more 

powerful reaction material. As we can see the retention is doubled when we decrease the medium 

particle diameter in two microns. A good knowledge in the SO2 retention technology. 

 

 

Figure 3: Chart with different fineness 

 

 



Moisture 

 

As we can see in the chart, the moisture content from 0 to 10% duplicates the SO2 retention.  

 

 
Figure 4: Chart with different moisture contents 

 

 

Tests with different concentrations of ammonium sulfate with or without addition of calcium 

hydroxide 

 

Ammonium salts are present due to decomposition of organic matter in raw materials making 

ammonia that reacts with SO2 at low temperatures in the raw mill and that decompose at high 

temperature going into the atmosphere as NH3 and SO2. The exit temperature of the system is now 

lower because of the improvement of dust emissions that has been took place replacing the 

electrostatic precipitators by baghouse filters and reducing the temperature of the gases .This has a 

positive effect on the retention of SO2 as we have been able to see before and besides decrease the 

decomposition of ammonium salts, increasing its percentage in the different materials, as filter dust , 

raw meal feed to kiln ,coarse reject material, etc. As a result the ammonium salts increase its stability 

and increasing its equilibrium concentration in the different parts of the gas circuits. Ammonium salts 

generally come from by the decomposition of the organic raw in the raw material: 

 

• Organic Material -> NH3  

• 2NH3 + SO2 + H2O �(NH4)2SO4 

• (NH4)2SO4 +2OH
-
 + CaCO3 � 2NH3 + CaSO4 + CO2 + 2H2O 

• NH3 + SO2 +H2O� (NH4)2SO4……. 

 

As we can see the NH3 reacts as an intermediary product in the catalytic reaction. As it is a gas and 

therefore small amounts of it involved a very large volume compared with the same weight of a solid, 

the retention of SO2 increases significantly. An alkaline environment is necessary for the 

decomposition of ammonium salts. This alkaline environment is achieved by kiln gases carrying small 

amounts of free CaO although in many cases should be increased to improve the retention of SO2 by 

the addition of Ca(OH)2. 

Analysis with the material made in different areas of the clinker production with the following results: 



 
Table 1: (NH4)2SO4 % 

 

  (NH4)2SO4 % 

Humidification tower 0,0256 

Filter 0,0418 

Thick 0,0116 

Input 0,0070 

Cyclones 0,0232 

 

The previous samples show alkaline pH due to the drag of CaO from the kiln, and 250 g of material in 

500 cc of water gives the following pH: 

 
Table 2: pH 

  
  pH 

Humidification tower 11,56 

Filter 11,72 

Thick 11,35 

Input  11,20 

Cyclones 11,58 

 

 

In the reactor also can be seen that the retention of SO2 increases with the concentration of ammonium 

sulfate as is shown in the following chart 

 

 

 
Figure 5: Chart with different (NH4)2SO4 contents and with and without moisture. 
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Conclusions. 

 

With previous data, retention of SO2 can be improved by proper design of the kiln and the gases 

temperature in all areas, by increasing reaction time. 

The presence of vapor or liquid water, provided by moisture of raw materials or by injection of water 

in different parts of the circuit, also improve the reaction rate and it is essential for the catalytic effect 

of ammonium salts. 

These are found in highest concentration in the dust filter so it must be fed to the inlet of the material 

in the raw mill instead of sending it to the silos as in general is made. Greater retention is achieved by 

feeding filter dust to the inlet of the gases of the raw mill circuit because: 

• increasing the amount of dust in the raw mill 

• increasing the alkalinity of the material on the raw mill circuit. 

• increasing the amount of ammonium salts present in the raw mill circuit. 

• increasing the fineness of the material  

and all this in the area with lower temperature, the greater amount of liquid water and length of piping 

and equipment before to the exit to the atmosphere. 

The previous ensures in this circuit the optimum SO2 retention. 

In the gas circuit that goes directly to the filter we find worse reaction, so it is considered to be 

improved by: 

• Decreasing  all temperatures of this circuit by increasing stages in the cyclone tower and getting 

gas to the raw mill in from a earlier stage  to this gas circuit 

• Water injection. 

• Injection of calcium hydroxide. 

• Decrease the maximum temperature baghouse filter. 

• Increasing the layer of material on the baghouse. Increasing differential pressure. 
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Abstract 
Ordinary Portland cement is being increasingly replaced by blended cements, where part of the clinker is 
replaced by secondary cementitious materials (SCM) such as blast furnace slag or fly ash. Many SCMs contain 
alumina. The speciation of this alumina in hydrates is not well understood. Aluminium can substituate silicon  in 
C-S-H or forms hydrates such as strätlingite (C2ASH8) or siliceous hydrogarnets (C3ASXH6-2X with 0.2<x<0.4 or 
0.6<x<1) phases. It is well-known that setting and hardening of cement is due to interactions between the 
hydrated particles formed. Therefore, the performance of these blends, for instance in terms of strength 
development and durability will depend on the ability of the hydrated particles formed to interact with each 
other. If consistent performance of these blended cements is to be addressed, more emphasis must be placed on 
investigating the surface chemistry and the interparticle interactions of these hydrates in solutions 
representative of cements pore solutions. 
The first step was to synthesize hydrates in the CaO-SiO2-Al2O3-H2O system in an alkali free environment to get 
a thermodynamic model taking into account the phase assemblage and the surface chemistry of the hydrates. 
Hydrates and solutions were characterized at equilibrium to obtain all specifications needed. For this purpose, 
the ionic composition of the equilibrium solutions were completely described by ICP-OES and pH 
measurements. The solids were characterized by classical methods (XRD. The surface chemistry and colloid 
properties of the hydrated particles depending on the bulk conditions were studied by means of electrophoresis 
and electroacoustic.  
 
Originality 
One of the interests of this work is to deal with an emerging challenge of main importance, i.e. the reduction of 
clinker content in the framework of CO2 avoidance. This work is also relevant concerning both the 
thermodynamic approach of hydrates suspensions. But the main originality is the colloid chemistry approach 
(description of surface chemistry, solid/solution interface) which is still rare in the field of cement chemistry.  
 
Chief contributions 
The main contribution of this work is the definition of thermodynamical models to describe hydrates phase 
assemblages in the CaO-SiO2-Al2O3-H2O system.  
 
Keywords: C-A-S-H, C-S-H, thermodynamic modelling  
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Introduction: 
 
Calcium silicate hydrates (C-S-H) are the main bonding materials of hydrated Ordinary Portland 
Cement paste, provided by the silicate phase hydration (e.g., Powers, 1958)(Jiang et al. 
1996)(Nachbaur, 1997). For these reasons, many studies have been done on these hydrated phases to 
determine C-S-H structure, composition and solubility (e.g. Nonat, 1994).  
In the CaO-SiO2-H2O monovariant system the C-S-H solubility is described by silicates and calcium 
concentrations and pH according to: 
 
xCa2+ + 2(x-1)OH- + H2SiO4

2- = (CaO)x – (SiO2) – (H2O)y 

 
x sets between 0.66 and 2 (e.g., Lecoq, 1993) and is well-known as the Ca/Si ratio. It is fixed by the 
calcium hydroxide concentration in solution (e.g., Flint, 1934)(Taylor, 1950)(Grutzek et al., 
1997)(Greenberg et al., 1965). Several description of C-S-H were proposed (e.g., Taylor, 
1950)(Taylor, 1986), but most recent studies take account of a three-phase description (e.g., Courault, 
2000) (Nonat, 2004) (Richardson et al., 1992)(Blanc et al., 2009), Lecoq et al proposed depending on 
the value of the calcium to silicon ratio (Ca/Si) the following notation : 
 

• C-S-H(α) : 0.66<Ca/Si<1 
• C-S-H(β) : 1<Ca/Si<1.5 
• C-S-H(γ) : Ca/Si>1.5  
 

C-S-H(γ) has not been extensively studied yet because it can only be obtained in calcium hydroxide 
concentration above the solubility of portlandite (calcium hydroxide). All these phases consist in units 
of calcium silicates more or less connected by bridging silicate tetrahedra (pentamers for C-S-H(α), 
dimers for C-S-H (β) and C-S-H(γ). They also differ by their solubility. The main features of C-S-H(β) 
solubility, silicate chain length and Ca/Si ratio have been described according to a thermodynamic 
model (Nonat, 2004). 
C-S-H were the purpose of extensive studies, in order to describe the main product in Ordinary 
Portland Cement (OPC). Calcium aluminate is the second most important component in OPC, and part 
of substituted clinker by alumina rich secondary cementitious materials (SCMs) is increasing in 
blended cements. So, aluminates rate in cements is necessary enhanced too. Then, the study of CaO-
Al2O3-SiO2-H2O becomes a real challenge. Phase diagram of this system has ever been done from 
calculated invariant points (e.g., Damidot, 1995)(Damidot et al., 1995) considering the solubility of 
different phases as Strätlingite (C2ASH8) and siliceous hydrogarnets (C3ASXH6-2X with 0.2 < x < 0.4 or 
0.6 < x < 1) but did not consider the possible substitution of silicate by aluminates in C-S-H to form C-
A-S-H. 
The C-S-H and C-A-S-H structures are similar (e.g., Pardal, 2009)(Renaudin et al., 2009) where 
silicate bridging sites may be substituted by aluminates (e.g., Kalousek, 1957). The experimental value 
tends toward the maximum Al/Si ratio which is 0.33. 
An Al-substituted C-S-H model is necessary to improve our understanding of blended cement system. 
Indeed, it is very likely that the substitution of aluminates leads to significant mass balance changes of 
the Al bearing phases in cement hydrated phases e.g. ettringite and AFm which may influence the 
performance of cements and the prediction thereof (e.g. Taylor, 1997). This work presents an original 
thermodynamic model describing the C-A-S-H in aqueous suspension and based on the C-S-H(β) 
model, which relies on bridging of dimeric silicate blocs by one silicate (Nonat, 2004). For this 
purpose, previous experimental data, corresponding to the incorporation of different amount of Al in 
to sets of C-S-H samples of Ca/Si equal 0.66 and 0.95 respectively (Pardal, 2009) were used. C-A-S-H 
0.8 samples, ranged between C-A-S-H 0.66 and C-A-S-H 0.95, were synthesised to confirm Chen’s 
data.  



Materials and methods 
 
1. Synthesis of C-A-S-H: 

 
C-A-S-H samples were made according to Chen’s method (Pardal, 2009). Known weights of 
previously synthesised and characterised C-S-H were introduced into given volume of filtered 
Calcium aluminate solutions. Depending on the C-S-H weight and the calcium aluminate solution 
volume, C-A-S-H samples were obtained with various aluminium to silicon ratios (Al/Si).  
C-S-H samples were synthesised with calcium to silicon molar ratio equal to 0.8, from calcium oxide, 
silica and freshly demineralised water according to water to solid ratio of 50. Calcium oxide was 
obtained by burning at 1000°C during 4 hours of calcium carbonate provided by Aldrich. Hydrophilic 
fumed, amorphous precipitated silica Aerosil 200 with specific area of 230m²/g and average primary 
particle size 12nm was provided by Evonik industries. Samples were stirred in a thermoregulated 
room at 25°C during 4weeks.  
 
 

2. Characterizations: 
 
After four weeks of continuous shaking, samples were filtered. The ionic composition of the filtered 
equilibrium solutions were completely described by ICP-OES and pH measurements. The pH 
measurements were performed with a EUTECH Instruments pH 510 and a SCHOTT Instruments high 
alkalinity combined pH electrode. Standardisation was done with buffer solution at pH 7; pH was 
directly calculated from mV measures through the Nernst law. All the solution analyses (calcium, 
silicon, aluminium) were made with a VISTA-PRO VARIAN ICP-OES. The standardisation was done 
with own made standards containing calcium, silicon and aluminium. 
The solids were washed with a 50-50 water-alcohol mix, then with pure alcohol, and dried in vacuum 
condition in a desiccator during 5 days. Solid samples were characterized by XRD, for the crystalline 
characterization and by EDS (TEM) for local elementary chemical analysis to check the homogeneity.  
Zeta potential measurements of the hydrated particles were performed by electroacoustic method with 
a Zetaprobe from Colloidal Dynamics. Calibration was made with a potassium tungstosilicate solution 
( K4[α-SiW12O40.xH2O], noted KSiW). 
Simulations have been done with PHREEQC software provided by U.S. Geological Survey (USGS). 
Simulations are ruled by bulk and surface chemical reactions which govern solubility, stoichiometry, 
and surface charge. 
 
 
Results and discussion: 
 

1. Experimental result: 
 
Figs 1 and 2 report the experimental results in term of solubility and Al/Si ratio of the Al substituted 
C-S-H. The solubility in term of Ca and Si concentrations do not change a lot from a series to another 
(Fig 1). However it is always slightly smaller than the non substituted C-S-H suggesting that C-A-S-H 
is a distinct phase from C-S-H and should have its own solubility. This is in agreement with the 
dissolution-precipitation process of formation of C-A-S-H from C-S-H observed by Atomic Force 
Microscopy (Chen, 2007). The evolution of Al/Si ratio with the final Al concentration is plotted in Fig 
2. The data corresponding to C-A-S-H formed from C-S-H 0.8 logically lie in between the 0.66 and 
0.95 series. At low Al concentration the Al/Si ratio is higher for the smallest initial Ca/Si and at high 
Al concentration, it is the highest for the highest initial Ca/Si. 
 



 
2. Model: 

 
The proposed model for C-A-S-H is based on the C-S-H(β) model in which the variation on the 
silicate chain length is described by the bridging of dimeric species by either silicate or aluminate 
tetrahedra. Aluminium insertion may occur in tetrahedral sites, but also in pentahedral and octahedral 
coordination (e.g. Stade et al, 1987)(Sun et al, 2005). In order to describe the Al insertion, we 
considered that Aluminum is exclusively located in bridging tetrahedral position; the penta-Al and 
octa-Al have been assimilated to tetrahedral aluminates.  
 
Therefore, C-A-S-H has been considered as an original phase described by the following set of 
equations. The first one describes the solubility of the dimers as in the C-S-H(β) model: 
 
Ca2Si2O7H2 + 4H+ + H2O = 2 Ca2+ + 2 H4SiO4     (log K1 = 29) 
 
With this dimeric model, we approximated the number and the reactivity of silanols sites to be 
identical with C-S-H(β) (e.g., Courault, 2000).  
The bridging of the dimeric species is described by the reaction of the two free silanol bonds of each 
dimer with silicate or aluminate in solution according to  
 
>SiOH + 0.5H4SiO4 =  >SiOSi0.5OH + H2O    (log K2 = 3.15) 
>SiOH + 0.5Al(OH)4

- + 0.25Ca2+  =  >SiOAl0.5OHCa0.25 + H2O  (log K3 = 2.55) 
 
According to calcium concentration and pH range, we supposed that an additional deprotonation of 
aluminates to create a supplementary surface charge does not occur. So, we compensated the negative 
charge defect introduced by the SiIV / AlIII substitution by half a calcium cation per aluminate.  The 
other surface equilibrium describing surface charge and calcium content are the same as in C-S-
H(β) model (Nonat, 2004) : 

- at the surface,  
>SiOH = >SiO- + H+       (log K4 = -12) 
>SiOH + Ca2+ = >SiOCa+ + H+      (log K5 = -9.3) 
>SiOSi0.5OH + Ca2+ = >SiOSi0.5OCa+ + H+    (log K8 = -9.3) 
>SiOSi0.5OH = >SiOSi0.5O- + H+     (log K9 = -12) 
 - In the interlayer,  
SiOH + 0.5Ca2+ = (SiO)Ca0.5 + H+     (log K10 = -10.7) 
SiOSi0.5OH + 0.5Ca2+ = SiOSi0.5OCa0.5 + H+    (log K11 = -10.2) 
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Figure 1: Solubility curves in terms of silicates 
and calcium hydroxide concentrations for C-S-
H(α), C-S-H(β) and C-A-S-H  

Figure 2: Aluminate (bridging)/Silicon ratio in C-A-
S-H versus aluminium concentration in mol/L 
 



Because of the low calcium concentration in these experimental conditions, complexation of CaOH+ 

with silicates and aluminates were neglected.  
The silicate, aluminate and calcium hydroxide concentrations at equilibrium are depicted as two 
dimensions projections in Figs 3 to 5. The calculated concentrations obtained from the thermodynamic 
model are shown in these Figures as well. The agreement between experimental and calculated 
concentrations is good in the case of the samples obtained from C-S-H 0.95. Indeed, these curves have 
to be considered as sections of 3D plane which describes solubility of C-A-S-H 0.95. In these 
experiments, Si concentration was described as a function of two variables: Ca and Al. So, slight 
difference between experimental concentrations at equilibrium of C-A-S-H 0.95 and thermodynamic 
model for Ca-Si concentrations on Fig. 3 may be due to projection description. On the contrary, the 
same model applied to C-S-H 0.66 and 0.8 series completely fails. 
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Fig. 5 – Fig 3, 4 and 5: Comparison of 
Silicate, aluminate concentrations for C-A-S-
H suspensions with calculated concentrations 
from the thermodynamic model. 

Fig. 6: Aluminate (bridging)/Silicon ratio in C-A-
S-H versus aluminium concentration in mol/L 

 
Surface chemistry of the C-A-S-H is described by experimental measurements, such as the pH  (Fig 7) 
and electrophoretic mobility (Fig 8) corresponding to silanols deprotonation and complexation in the 
thermodynamical model. Difference of measured pH (Fig 7) was probably due to different 
measurements methods. C-A-S-H 0.66 and C-A-S-H 0.95 (Chen, 2007) were probably overestimated. 
These pH values for C-A-S-H do not meet results obtained for C-S-H in same calcium hydroxide 
concentration (e.g., Grutzek et al., 1997). So, we can consider that pH measurements of C-A-S-H 0.8 
are more realistic of C-A-S-H pH. 
The evolution of electrophoretic mobility enabled to determine the isoelectric point. According to 
figure 8, this point is account for by simulations.  
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With the refinement of the equilibrium constants of the C-A-S-H thermodynamic model, the fitting of 
the experimental results has been possible in the case of samples prepared from C-S-H. Considering 
simulations and C-A-S-H experimental data presented on previous figures, model proposed in this 
paper describes properly C-A-S-H 0.95 data. This model fairly describes C-A-S-H 0.8 for high 
calcium concentration, but it poorly describes C-A-S-H 0.8 for low calcium concentration. The 
description of C-A-S-H 0.66 data is bad whatever calcium concentration. C-A-S-H 0.8 are supposed to 
be similar to C-A-S-H 0.66 description for low aluminium concentration, involving low calcium 
concentration. But for high aluminium and calcium concentrations, C-A-S-H are considered similar to 
C-A-S-H 0.95 description. Then, C-A-S-H 0.66 structure would be similar to pentameric silicate chain 
structure from C-S-H(α) proposed by Lecoq et al.. And C-A-S-H 0.95 would be a dimeric silicate 
chain structure similar to C-S-H(β) from the same author. So, the description of C-A-S-H as dimeric 
silicate chain bridged by aluminate and silicate seems to be realist.  
 
 
Conclusion: 
 
An original surface reaction thermodynamic model for C-A-S-H is formulated as an extension of C-S-
H(β) model. This thermodynamic model describes experimental C-A-S-H 0.95 data and corresponds 
to the chemical properties of the solids and of the equilibrium solution of the system. Improvements of 
this model or a new model have to be developed to describe C-A-S-H which are C-S-H(α)-like. 
Another way of improvement would be to develop experiments by keeping concentration of Al or Si 
as a constant for different values of concentration. 
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Figure 7: pH versus Calcium hydroxide 
concentration. Comparison of experimental data 
with calculated ones from the thermodynamic 
model 

Figure 8: Experimental mobility and 
simulated surface potential versus calcium 
hydroxide concentration for C-S-H(α) and 
C-A-S-H compared with surface potential 
obtained with thermodynamic models 
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Abstract 
 
Geological storage of CO2 sequestered from the exhaust stream of coal power plants by injection into depleted oil and 
gas reservoirs has gained increasing interest around the globe as an economically viable means to reduce greenhouse 
gas emissions.  
Conventional Portland cement is known to degrade under the attack of CO2. The resulting increase in permeability of 
the cement sheath behind the casing allows gases and fluids to migrate to the surface. Hence, the sealing effect is lost. 
The failure is caused by a reaction between CO2 and portlandite (calcium hydroxide) present in hydrated cement, 
leading to the formation of CaCO3  and its subsequent dissolution in CO2 enriched water in the form of Ca(HCO3)2. 
Leaching of such calcium bicarbonate creates channels for carbon dioxide migration to the surface of the well and 
poses a severe risk for the residents. Previously, a new binder system based on calcium aluminate cement and poly 
phosphate has been developed which exhibits outstanding CO2 resistance and temperature stability up to 320 °C. Main 
limitation of this novel binder is a lack of additives to retard and control the water loss from the aqueous slurry of this 
cement. Conventional fluid loss additives known for Portland cement-based systems do not work here. 
In our study, we first present an effective retarding admixture for this binder system. Comparison of four different 
retarders (boric acid, tartaric acid, calcium lignosulfonate and hexylene triamine pentamethylene phosphonic acid) 
revealed that only a combination of boric and tartaric acid at the specific ratio of 2.7:1 (wt./wt.) retards hydration of 
this cement long enough to ensure pumpability over 6 h at a pressure of 200 bars and a temperature of 80 °C. Testing 
of numerous fluid loss additives revealed that carboxymethyl hydroxyethyl cellulose, polyethylene imine and polyvinyl 
alcohol do not prevent water loss. This lead to the conclusion that admixtures whose working mechanism is based on 
physical pore plugging or film formation do not work in this special cement. Thus, polymers which control fluid loss by 
adsorption on cement were probed. This approach proved to be successful, and an AMPS®-based copolymer produced 
excellent fluid loss control at 80 °C. The mechanism behind this effect is decreased filtercake permeability caused by 
adsorption of the polymer onto positively charged surfaces of hydrates from this cement. This way, the pores of the 
cement filtercake are physically obstructed. 
 
Originality 
Novel admixtures for a CO2 resistant binder system based on calcium aluminate cement and poly phosphate are 
presented. This binder is a potential candidate for CO2 sequestration wells. Unlike Portland cement, this new cement 
confers outstanding resistance to CO2 at temperatures up to 320°C.  
However, additives which can adjust the properties of this cement are yet unknown. Effective retardation of this highly 
reactive binder presents a major challenge. At conditions of 400 bars pressure and a temperature of 110°C, a specific 
mixture of boric and tartaric acid of  was found to produce best results. Additionally, an AMPS®-based copolymer was 
found to effectively control fluid loss from this slurry. 
 
Chief contributions 
Avoiding CO2 emission is one of the major challenges for mankind in the next decades. One technique to solve this 
problem is CO2 sequestration and subsequent geological storage. In such CCS (Carbon Capture and Storage) projects, 
CO2 will be separated from the exhaust stream of power plants and will be injected into depleted oil or gas reservoirs. 
One big challenge for CO2 sequestration is to ensure impermeability of the cement seal over periods of hundreds of 
years. The study presented here describes performance and working mechanisms of retarding and fluid loss control 
admixtures useful in a CO2 resistant binder system based on calcium aluminate cement and poly phosphate. Effective 
retardation of this cement was achieved by a combination of two different retarders which chelate Ca2+ as well as Al3+. 
Additionally, effectiveness and working mechanism of an anionic AMPS®-based fluid loss polymer is described. As a 
result, this novel cementing system is now technically fit for application on CCS wells. 
 
 
Keywords: CO2 sequestration, carbon capture and storage, calcium aluminate cement, polyphosphate, retardation, 
fluid loss additive, AMPS® copolymer 
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Introduction 
 
The concept of CO2 disposal by injection into subterraneous formations has been discussed for many 
years. Recently, a special CO2 resistant cement system based on calcium aluminate cement, fly ash 
and sodium polyphosphate (CAPC) was developed. This acid-base cement is claimed to have 
outstanding resistance to CO2 and sulfuric acid at temperatures up to 320 °C (Sugama, 2006). Its 
superior stability against CO2 can be attributed to the absence of calcium hydroxide which reacts with 
CO2. 
Hydration of CAPC involves a three-step process (hydrolysis, acid-base interaction and hydrothermal 
reaction) occuring between the calcium aluminate cement (CAC) and the sodium polyphosphate (PP) 
solution (Sugama, 2006). During the initial hydrolysis, CAC acts as the base, whereas the PP solution 
is the acidic reactant: 
Hydrolysis of reactants: 
-[NaPO3]n- + n   H2O    → n   [NaHPO4]-  +     n   H+ 
CaO·Al2O3 + 4   H2O    → Ca2+  +      2   Al(OH)4

- 

Acid-base reactions: 
Ca2+       +       [NaHPO4]-      → Ca(HPO4)     +     Na+ 
Al(OH)4

-     +      H+     →     HAl(OH)4 
Generally, the hydration of CAPC is influenced by temperature. At room temperature, amorphous 
calcium phosphates and aluminum hydroxide are the main hydration products (Sugama, 2006). Above 
100 °C, apatite, katoite and boehmite are formed. Their relative amounts depend on the cement to 
phosphate ratio: 
8 CaAl2O4  +  3 NaPO3  +  n H2O  →  Ca5(PO4)3OH  +  Ca3Al2(OH)12 +  7 AlOOH  +  3 NaOH 
            Apatite         Katoite      Boehmite 
8 CaAl2O4  +  NaPO3  +  n/3 H2O  →  1/3 Ca5(PO4)3OH  +  19/9 Ca3Al2(OH)12  +  53/9 AlOOH  +  NaOH 
        Apatite         Katoite             Boehmite 
In the presence of fly ash, the hydration of CAPC can proceed in two different pathways. Above 
100 °C, calcium aluminate cement and fly ash (mullite) react with NaPO3, forming either analcime or 
Na-P-zeolite as reaction products: 
5 CaAl2O4  +  3 Al6O9 • Si2O4  +  3 NaPO3  +  n H2O  →  3 NaAlSi2O6 • H2O  +  Ca5(PO4)3OH  +  16 AlOOH 
  Mullite         Analcime              Apatite 
5 CaAl2O4  +  5 Al6O9·Si2O4  +  6 NaPO3  +  n H2O  →  2 Na3Al3Si5O16 • 6 H2O  +  2 Ca5(PO4)3OH  +  34 AlOOH 
  Mullite        Na-P-zeolite        Apatite 
The CO2 resistance of the hardened CAPC / fly ash binder system is explained as follows: When 
hydroxyapatite comes into contact with wet CO2, OH- contained in Ca5(PO4)3(OH) is replaced by 
CO3

2-, thereby forming carbonated hydroxyapatite (Sugama, 2006). This incorporation of CO3
2- into 

the hydroxyapatite structure occurs without destroing the Ca5(PO4)3(OH) crystal. Additionally, in the 
presence of carbon dioxide, analcime converts to cancrinite. Both conversion reactions do not cause a 
significant loss of strength. Na-P-zeolite formed from CA, mullite and NaPO3 remains totally 
unaffected by CO2. The chemical reactions occurring during CO2 exposure of the hardened CAPC / fly 
ash system are summarized below: 
Ca5(PO4)3(OH)      +      CO3

2-       →      Ca5(PO4)3[(OH)1-x(CO3)x/2] + x OH- 

     Apatite    CO3
2- substituted Apatite 

8 NaAlSi2O6 • H2O  +  4 AlOOH  +  CO2  +  n H2O  →  Na8(AlSi)12O24CO3 • 3H2O  +  4 SiO2 • nH2O 
       Analcime                Cancrinite 
Hardened CAPC was found to maintain high compressive strength (> 90 MPa) at temperatures 
between 150 and 300 °C, and to exhibit a low water permeability of < 1·10-4 Darcy (Sugama et al., 
1995). As a result, this cement is commonly thought to be CO2 resistant. 
A major drawback for actual field application of this promising cement, however, is the lack of 
additives which effectively can control its hydration and set behavior (thickening time). Therefore, the 
first goal of this study was to identify an adequate retarder which allows for a pumping time of > 4 
hours. 
The second part addresses the performance of fluid loss additives commonly applied in oil well 
cementing with CAPC. The products tested were polyvinyl alcohol (PVA), carboxymethyl 



hydroxyethyl cellulose (CMHEC), polyethylene imine (PEI) and poly(N,N-dimethylacrylamide-co-Ca 
2-acrylamido-2-methylpropanesulfonate) (AMPS®-co-NNDMA). Additional experiments were 
conducted to explain the working mechanism of these polymers in CAPC. 
 
Experimental Section 
(1)  Materials 
Binder system. Calcium aluminate cement (CAC, Ciment Fondu®, Kerneos, Neuilly Sur Seine Cedex, 
France) was used as basic solid reactant. XRF analysis (wt.%) of the sample showed 39.1 Al2O3, 36.9 
CaO, 15.8 Fe2O3, 4.8 SiO2, 1.74 TiO2, and 0.8 MgO. XRD measurement revealed monocalcium 
aluminate (CaO·Al2O3), gehlenite (2CaO·Al2O3·SiO2), mayenite (12CaO·7Al2O3), brownmillerite 
(4CaO·Al2O3·Fe2O3) and perowskite (CaTiO3) as crystalline phases. The cement sample exhibited a 
specific density of 3.25 kg/L, a specific surface area (Blaine) of 3,028 cm2/g and a d50 value of 8.5 µm. 
A linear sodium polyphosphate (PP), commercially available as Budith 6H (Buddenheim KG, 
Buddenheim, Germany), a powder product was employed as acidic reactant. The chemical 
composition (wt.%) of PP was 68.0 P2O5 and 29.5 Na2O. According to supplier information, the PP 
sample possesses a chain made of 28 phosphate units.  
Retarders. Boric acid (BA) was purchased from Sigma-Aldrich Chemical Co. (Seelze, Germany). L 
(+)-tartaric acid (natural tartaric acid, TA) was obtained from Acros Organics (New Jersey, USA). 
HR-12®, a commercial Ca-lignosulfonate from Halliburton (Houston, TX, USA) was used. Hexylene 
triamine pentamethylene phosphonic acid (Cublen BTP 470) was purchased from Zschimmer & 
Schwarz Mohsdorf GmbH & Co KG (Burgstädt, Germany). The chemical compositions of all 
retarders tested are shown in Figure 1. 
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Figure 1:   Chemical structures of the retarders tested in the CAPC binder system. 

Fluid loss additives (FLAs). Polyvinyl alcohol (PVA): A commercial sample of 88 % hydrolyzed 
PVA (Mowiol 47-88, G2 grade), supplied by Kuraray Specialities Europe GmbH (Frankfurt am Main, 
Germany) with MW 150,000 – 200,000 g mol-1 was used. Carboxymethyl hydroxyethyl cellulose 
(CMHEC): Sample Tylose HC 50 NP2 obtained from ShinEtsu SE Tylose GmbH & Co. KG 
(Wiesbaden, Germany) showed Mw of 234,800 g/mol. Poly(N,N-dimethylacrylamide-co-Ca 2-
acrylamido-2-methylpropanesulfonate) (CaAMPS®-co-NNDMA): The copolymer was synthesized by 
aqueous free radical polymerization as previously reported (Plank et al., 2009). The weight average 
molecular weight Mw was 1,800,000 g/mol. Chemical compositions of the FLAs are presented in 
Figure 2. 
 
(2)  Procedures 
Cement slurry preparation. Cement slurries were prepared in accordance with the test procedures set 
forth by the American Petroleum Institute (Recommended Practice 10B, 1997). The CAC : PP weight 
ratio in the binder system was kept constant at 1 : 0.20. The CAPC blend was mixed at a water-to-
cement ratio of 0.55 using a Waring blender. First, 600 g of CAC cement and 120 g of sodium 
polyphosphate were dry blended. Within 15 seconds, the cement/polyphosphate blend was added to 
330 g of deionised water and was mixed in the Waring blender for 35 seconds at 12,000 rpm. To 
ensure homogeneity, the slurries were stirred for 20 minutes (or until the cement slurry reaches a 
consistency of 70 Bc) in an atmospheric consistometer at 80 °C. 



The powdered retarders (Ca-lignosulfonate, BA and TA) were dry blended into the CAPC blend, 
whereas liquid hexylene triamine pentamethylene phosphonic acid was pre-dissolved in the mixing 
water by stirring for 20 s at 4,000 rpm prior to binder addition. 
When FLAs were studied, powdery PVA was dry-blended into CAC/PP containing 3 % bwoc BA and 
1.1 % bwoc TA as retarders. Contrary to this, CMHEC, PEI and CaAMPS®-co-NNDMA were pre-
dissolved in 330 g of DI water (2 minutes stirring at 4,000 rpm) prior to binder addition. 
Thickening time (Tt). For measurement of Tt at atmospheric pressure and 80 °C, an atmospheric 
consistometer (Model 1250, Chandler Engineering, Tulsa, Oklahoma, USA) was used. At 200 bar and 
80 °C, Tt was measured in an HTHP consistometer (Model 8340, Chandler Engeneering). 
API static fluid loss. Static fluid loss was determined at 27 °C following API RP 10B procedure using 
a 500 mL high temperature high pressure filter press (Part No. 171-00-C, OFI Testing Equipment Inc.,  
Houston, Texas, USA). 
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Figure 2:   Chemical structures of fluid loss additives tested in CAPC. 

Results and Discussion 
(1)  Retardation of CAPC 
Retardation of CAPC hydration was investigated using four chemically different retarders. These 
chemicals were chosen because they represent the five mechanisms known for inhibition of Portland 
cement hydration which include: calcium complexation by a dissolution-precipitation mechanism 
(TA); nucleation poisoning (Ca-lignosulfonate); surface adsorption (Ca-lignosulfonate); protective 
coating/osmotic bursting (BA); and dissolution-precipitation (hexylene triamine pentamethylene 
phosphonic acid) (Bishop et al., 2006). 
To gain a first impression of the general usefulness of the retarders, Tt was measured in the 
atmospheric consistometer at 80 °C at increasing retarder dosages (see Table 1). The neat CAPC 
slurry reaches 70 Bc within 12 min. Retardation with Ca-lignosulfonate and hexylene triamine 
pentamethylene phosphonic acid was found to be ineffective. TA exhibits an optimum dosage for 
retardation which lies at ~ 0.55 % bwoc. Exceeding this dosage decreases the retarding effect of TA. 
The best retardation (45 min.) was achieved with 1.50 % bwoc BA. However, such Tt is too short and 
completely inacceptable for field application.  
 
Table 1 Thickening times of CAPC containing various dosages of BA, TA, Ca-lignosulfonate and hexylene 
              triamine pentamethylene phosphonic acid, resp., measured at 80 °C under atmospheric pressure 

Thickening time Tt (h : min) retarder 
dosage 

(% bwoc) 
Ca-

lignosulfonate 
hexylene triamine pentamethylene 

phosphonic acid 
tartaric acid 

(TA) 
boric acid 

(BA) 
0 : 10 0 : 17 0 : 12 0 : 12 
0 : 12 0 : 16 0 : 25 0 : 25 

0.25 
0.55 
1.50 0 : 12 0 : 10 0 : 7 0 : 45 



Thus, the next step was to study the combined performance of BA and TA at 80 °C and 200 bar 
pressure (see Table 2). Without additive and under pressurized conditions, the slurry already 
prematurely gelled during the heating period (Tt = 17 min.). Addition of 2 % bwoc BA extended Tt to 
90 minutes, while a combination of 2 % bwoc BA and 0.75 % bwoc TA produced a pumping time of 
210 min. Increasing the dosage at a constant weight ratio of BA : TA = 2.7 to a total of 4.1 % bwoc of 
the combine produced sufficiently long retardation (Tt > 360 min.). Thus, it is demonstrated that this 
specific combination of BA and TA can successfully retard CAPC to practical pumping times, albeit 
the dosages required are very substantial. 
To understand the working mechanism behind this combination, the ionic content of the binder pore 
solution was measured using atomic absorption spectroscopy (see Table 3). Generally, addition of BA 
or TA greatly reduces the Al3+ concentration in the CAPC filtrate, indicating strong interaction 
between these retarders and Al3+. For example, the aluminum concentration decreased from 1,123 
mg/L for the blank CAPC slurry to only 60 mg/L in the presence of 1.1 % bwoc TA. 
 
Table 2  Thickening times of CAPC (w/c = 0.55)     
               containing combinations of BA and TA,    
               measured at 80 °C and 200 bar pressure 

Table 3 Ionic contents present in CAPC filtrates    
               in presence and absence of BA and TA  

               in a HTHP consistometer 
BA 

(% bwoc) 
TA 

(% bwoc) 
Tt 

(h : min) 

- -      0 : 17 

2.0 -    01 : 00 

2.0 0.75    03 : 30 
3.0 1.1 > 06 : 00  

BA 
( % bwoc) 

TA 
(% bwoc) 

Ca2+ 
(mg/L) 

Fe2+/Fe3+ 
(mg/L) 

Al3+ 
(mg/L) 

- - 4,380 53 1,123 

- 1.1 5,360 18      60 

3 - 3,970 20       8 

3 1.1 3,920 26       8  
 
TA has been reported to effectively retard hydration of C3A, based on a “dissolution-precipitation” 
mechanism (Bishop et al., 2006). There, the first step is dissolution, whereby calcium is extracted 
from the surface of the cement particle, exposing an aluminum enriched surface. In accordance with 
this model, elevated Ca2+ concentrations were found in CAPC pore solutions containing TA (Table 3). 
The second step involves precipitation, whereby soluble calcium tartrate either precipitates from 
solution or insoluble Ca-tartrate is formed on the hydrate surface. This Ca-tartrate precipitate inhibits 
further hydration by acting as a diffusion barrier to water as well as a nucleation inhibitor. 
Retardation of CAC with BA was attributed to the precipitation of calcium metaborate Ca(BO2)2 
through the following reactions: borate anions (BO2

-) are released from hydrolysis of boric acid 
(Sugama et al., 1992). Ionic interaction between BO2

- and Ca2+ from cement leads to the formation of 
a colloidal Ca(BO2)2·nH2O precipitate which acts as a membrane on the surface of CAPC and thus 
inhibits nucleation of calcium aluminate hydrates. This gel layer provides an effective barrier to 
further hydration of CAPC until the gel is gradually broken by osmotic pressure resulting from the 
ingress of Ca2+ and Al3+ ions which are dissolved from cement clinker phases.  
It can be concluded that when a combine of TA and BA is dry mixed into CAPC, their combined 
retarding mechanisms result in substantially prolonged thickening times (> 6 hours). Such periods are 
sufficient for field application of this CO2 tolerant cement.  
 
(2)  Achieving fluid loss control 
Next, the goal was to study the performance of fluid loss additives (FLAs) in CAPC. The products 
tested included PVA, CMHEC, PEI with and without acetone formaldehyde sulfite polycondensate 
(PEI/AFS), and CaAMPS®-co-NNDMA. For the polymer providing the best effect in CAPC, the 
working mechanism was investigated.  
Those additives were selected because their performance in Portland cement is based on three 
completely different working mechanisms: Some FLAs obstruct the pores of a cement filtercake 
through formation of polyelectrolyte complexes (e.g. PEI/AFS) or of polymer films (e.g. PVA). Other 



FLAs including CMHEC are hydrocolloids which can bind enormous amounts of water molecules in 
the inner sphere of the dissolved macromolecule and their hydrate shell. This way, a large portion of 
the mixing water is physically bound and cannot be released during the filtration process. Third, 
anionic FLAs such as CaAMPS®-co-NNDMA may adsorb onto hydrating cement particles and 
obstruct filtercake pores by polymer segments which freely protrude into the pore space. Through this 
adsorptive mechanism, filtercake permeability is reduced and low fluid loss is achieved. 
To begin, static fluid loss tests were carried out at 1 % bwoc FLA dosage and 80 °C (see Table 4). 
The neat cement slurry without FLA produced an API fluid loss of 317 mL/ 30 min. Addition of PVA 
resulted in agglomeration of the cement slurry which became too thick to be tested. Obviously, the 
presence of BA retarder results in crosslinking of PVA and excessive viscosity. CMHEC only slightly 
reduced API fluid loss. Therefore, it was excluded from further investigation.  
 
Table 4  API fluid loss of CAPC slurries (w/c = 0.55) in presence and absence of 1 % bwoc FLAs, measured at   
                80 °C 

FLA - PVA CMHEC PEI PEI/AFS  
polyelectrolyte complex 

CaAMPS®-
co-NNDMA 

API Fluid loss 
(mL/ 30 min.) 317 - 268 143 219 35 

 
Addition of PEI was found to improve fluid loss performance (API fluid loss 143 mL/ 30 min.). This 
improvement, though remarkable, is not satisfactory considering the high polymer dosage applied 
here. Moreover, at the PEI dosage tested, a stiff and unpumpable cement slurry was observed. 
Application of a PEI/AFS polyelectrolyte complex showed even less performance than PEI alone. 
Obviously, PEI is not a suitable FLA for CAPC. 
In contrast to this, CaAMPS®-co-NNDMA exhibited excellent fluid loss control. The fluid loss value 
obtained of only 35 mL/ 30 min indicates that copolymer dosages of less than 1 % bwoc can be 
employed in the field to achieve commonly accepted filtrate volumes of < 100 mL/ 30 min. In order to 
test the dosage-dependent effectiveness of CaAMPS®-co-NNDMA, static fluid loss tests were carried 
out at increasing FLA dosages (see Table 5). The minimum concentration required to obtain a fluid 
loss value of < 100 mL/ 30 minutes was found to be 0.4 % bwoc FLA only.  
Based on the results above, CaAMPS®-co-NNDMA was selected for the mechanistic investigation of 
its fluid loss performance in CAPC. 

 
(3)  Mechanistic study on effectiveness of CaAMPS®-co-NNDMA 
Following the procedure described by Desbrières, the impact of CaAMPS®-co-NNDMA on filtercake 
permeability was investigated (Desbrières, 1993). CaAMPS®-co-NNDMA was found to significantly 
reduce filtercake permeability (see Table 5). It dropped from 434 mD (without FLA) to 25 mD (at 1.0 
% bwoc FLA). Now, the question arises whether this FLA reduces filtercake permeability through 
high viscosity of the pore solution, through adsorption on cement particles, or by another mechanism. 
At first, the dynamic viscosity of cement filtrates obtained using different FLA dosages was studied 
(see Table 5). However, the increase in filtrate viscosity observed from 1.7 to 5.4 mPa·s was not large 
enough to explain the dramatic drop in API fluid loss from 317 mL without FLA to 35 mL at a dosage 
of 1.0 % bwoc of copolymer.  
Next, an adsorptive working mechanism was considered. Therefore, polymer adsorption on cement 
(depleted amount of FLA after contact with cement) was measured. If the working mechanism of this 
FLA was based on adsorption, then at a certain FLA dosage, the adsorbed amount will reach a plateau, 
indicating that the cement surface has been covered with the maximum possible amount of polymer 
(LANGMUIR isotherm). The results obtained in the experiments are presented in Table 5. There, the 
adsorbed amount of FLA first increased steadily and then slowed down at > 0.8 % bwoc FLA. Still, at 
a dosage of 1.0 % bwoc of FLA, saturated adsorption was not quite reached. Thus, it is concluded that 
effectiveness of this FLA mainly depends on adsorption. 



To confirm the adsorptive mechanism, zeta potential measurements of CAPC slurries without and with 
1 % bwoc of CaAMPS®-co-NNDMA were performed at 80 °C. It was found that the neat CAPC 
slurry revealed a positive zeta potential of + 5 mV. Adding CaAMPS®-co-NNDMA to the cement 
slurry, however, resulted in a ζ-potential of -3 mV. This clearly confirms adsorption of the anionic 
polymer onto positively charged surfaces of hydrating CAPC particles. 
To prove the adsorptive mechanism further, the pore size of the filtercake obtained from the HTHP 
filtration test at 80 °C was measured by mercury intrusion porosimetry. The filtercake without additive 
showed an average pore diameter of ~ 700 nm. Presence of the FLA decreased the average pore size to 
~ 200 nm and lowered the total porosity of the cement filtercake from 36 vol.% (without additive) to 
23 vol.% (with CaAMPS®-co-NNDMA). This physical plugging effect is achieved by segments of the 
adsorbed copolymer which freely protrude into the pore solution (Plank et al., 2010). 
 
Table 5  API fluid loss, filtercake permeability, dynamic viscosity of CAPC slurry filtrate, and depleted amounts 
              of FLA in CAPC pastes containing increasing dosages of CaAMPS®-co-NNDMA, measured at 80 °C 

CaAMPS®-co-
NNDMA 
(% bwoc) 

API fluid loss 
(mL/ 30 min) 

filtercake 
permeability 

(mD) 

dynamic 
viscosity 
(mPa·s) 

depleted amount of 
FLA 

(mg/g cement) 
0.0 317 434 1.7 - 
0.2 134 162 3.0 1.2 
0.4   69   87 3.9 2.8 
0.6   45   42 4.5 6.4 
0.8   36   33 5.1 8.3 
1.0   35   25 5.4 9.3 

 
Conclusion 
An effective retarder for the CO2 tolerant CAPC system was found. Comparison of chemically 
different retarders revealed that only a combination of boric and tartaric acid at 2.7 : 1 (wt./wt.) ratio 
can provide pumping times of > 6 h at 200 bar pressure and 80 °C. 
Second, CaAMPS®-co-NNDMA was found to achieve excellent fluid loss control in CAPC slurries by 
reducing filtercake permeability through adsorption on cement particles. Adsorption was confirmed by 
measurement of the ζ-potential of CAPC slurries and by determination of the pore size of the 
filtercake. A correlation between CAPC fluid loss and FLA adsorption was established. 
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Abstract
Since the discovery, in the second half of 19th century, that the addition of gypsum to Portland clinker allows a better
control of cement setting, wide attention has been given to the study of the effects of calcium sulphate on silicate
hydration. It is well known that calcium sulphate can control other mechanical performances, such as compressive
strengths and dimensional stability, but the details of the mechanism of action are not completely understood. On the
other hand, less attention has been focused on the influence of different types of calcium sulphate on the reactivity of
organic additives. In this paper the performances of alkanolamine-based cement additives (widely used in cement
manufacturing, thanks to their effect on grinding efficiency and clinker hydration) are described in function of the type
and amount of sulphates.
Several cements with different SO3 content coming from different types of calcium sulphate have been reproduced and
the effect of alkanolamine-based set accelerators/strength improvers on cement hydration has been tested. The results
clearly show that the type of calcium sulphate used (gypsum, bassanite, anhydrite) has a sensitive influence on the
reactivity of organic additives. Particular attention has been given to the correlation between mechanical performances
and mechanisms of cement hydration. On the basis of the data collected, some hypothesis on the interactions between
organic additives, sulphate ion and clinker hydration are proposed.

Originality
The originality of the paper lies in the detailed study of the relations between the type and amount of calcium sulphate
and the performances of cement additives in terms of compressive strength increase. As far as we know there are no
papers dealing with this particular concept with specific reference to alkanolamine-based set accelerator/strengths
improvers.

Chief contributions
Grinding additives based on alkanolamines are commonly used worldwide during cement manufacturing and their
effect on compressive strengths enhancement is crucial for the improvement of cement composition and clinker
reduction. In our opinion the main contributions of this paper is to give practical advices about the relations between
cement additive reactivity and sulphate type and amount. During industrial production the optimisation of organic
additives in function of sulphate content is not usually carried out but, according to the results of our work, it can lead
to further benefits.
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1. Introduction

The role of calcium sulphate as a setting-time regulator is widely known in the modern cement
industry and has been already the subject of numerous studies. In addition to setting time, other crucial
parameters such as compressive strengths and dimensional stability have been proven to be severely
influenced by the sheer amount of sulphates which are introduced in the cement’s recipe (Taylor,
1993). More in detail, the effect on the former has been summarized into the “Optimum Gypsum”
parameter, a matter which has been deeply analyzed in previous works (Kanare et al., 1984).
Nevertheless, the exact mechanism by which a certain amount of sulphates is able to maximise the
cement’s performance under this particular point of view, is still a fertile terrain for open discussions.
Similarly, although grinding aids as well as performance enhancers based on alkanolamines are used
worldwide in the cement industry, the mutual influence between alkanolamines and sulphates (amount
as well as nature) on the cement quality has not been, to our knowledge, extensively investigated yet.
Tri-ethanolamine (TEA) and Tri-isopropanolamine (TIPA) are today’s most widely used
alkanolamines. While the addition of both molecules during the cement grinding process (usually in
very low dosages: only 0,01 to 0,05%) positively affects the resulting cement’s particle size
distribution, TEA and TIPA exhibit in most cases a different behaviour as performance enhancers.
TEA is reported to accelerate the hydration of C3A (Ramachandran, 1973). In literature there are some
discrepancies about the influence on setting time and compressive strengths, probably due to the fact
that the effect of TEA on cement hydration is strongly related to dosage (Dodson, 1990), but in the end
TEA can be considered as an early compressive strength enhancer, particularly at dosages commonly
used during cement production. The behaviour of TIPA has been described in details by Gartner and
Myers. This molecule – a well known complexing agent for iron in alkaline media - is supposed to
solubilise the layer of iron hydroxides resulting from C4AF hydration, allowing a better reaction of
silicates with water and increasing the late strengths. Altough TEA can complex iron as well, it does
not have effect on late strengths because it is rapidly subtracted from pore water by adsorption on
hydrated phases. TIPA, probably thanks to its higher steric hyndrance, remains in solution allowing a
complete removal of iron hydroxides (Gartner et al., 1993).

2. Experimental

2.1 Preparation of the different sulphate sources

Natural gypsum has been crushed and heated in an oven at 140°C for 72 hours and at 500°C for 20
hours, in order to obtain dehydration to hemihydrate (bassanite) and anhydrous (anhydrite) calcium
sulphate respectively. All the samples have been analyzed before and after heating by X-ray
diffraction (XRD - PANalytical X’pertPro MPD), X-ray fluorescence (XRF – Brucker AXS S8 Tiger),
thermogravimetric analysis (TGA – Netzsh TG209F1 Iris) in order to confirm the conversion of
gypsum to other calcium sulfate forms. The compositions are reported in the table 1, along with the
SO3 content.

Table 1- Sources of SO3

Type of calcium
sulphate

CaSO4
. 2H2O CaSO4 CaSO4

. ½ H2O CaCO3 SO3

Natural 80,00% 15,00% - 5,00% 46,05%

Anhydrite - 94,00% - 6,00% 55,31%

Bassanite - 17,20% 77,10% 5,70% 52,67%



2.2 Reconstruction of target cements and evaluation of mechanical properties

Using a laboratory ball mill cements with four different SO3 content (0,7% - 1,4% - 2,1% - 2,8%) and,
for each SO3 content, different calcium sulphate form (gypsum, bassanite and anhydrite) have been
reproduced through intergrinding of clinker and calcium sulphate (grinding time has been kept
constant). Interground gypsum is far more effective than interblended (Tang et al., 1992), but
intergrinding of clinker and gypsum makes practically impossible to have similar clinker fineness and
particle size distribution as gypsum amount is changed. With this in mind, cements with the same
composition have been reproduced by blending the same clinker and calcium sulphate previously
ground. This allows us to compare the effect of chemical additives also on cements with the same
clinker particle size distribution.
For each cement, mortar workability (flow) and compressive strengths have been determined in
absence as well as in presence of standard-grade tri-ethanolamine (TEA) and tri-isopropanolamine
(TIPA) added directly in the mixing water during mortar preparation at a dosage of 500 g/t – 0,05%
(based on the amount of cement). Determination of compressive strengths and workability has been
performed according to standards EN 196-1 and EN 1015-2 respectively. Fineness of the cements has
been evaluated through the determination of the Blaine specific surface and air-jet sieving (Alpine LS-
200 N).

2.3 Hydration study

Hydration of cements have been studied with X-Ray Powder Diffraction, TGA and measurements of
the specific surface of hydrated cement paste through the BET method (Coulter Beckman SA 3100, N2

adsorption). Samples of cements have been mixed with water (same water/cement as mortar
determination), with and without the addition in mixing water of TEA and TIPA. To obtain results for
the quantitative analysis, the hydration has been stopped grinding the sample in a solvent and
separated samples were prepared for each chosen hydration time. Powder diffraction data were
collected with a PANalytical X’pertPro MPD diffractometer with theta–theta geometry equipped with
an X’Celerator detector working with the CuKα radiation (1.54184 Å) in the 2theta range 5–80, a step
size of 0.017° 2 theta and a scan step time (s) of 102,1. All data collections were performed at room
temperature with back-loading sample holders to avoid preferred orientation of crystallites. Data were
analysed by the Rietveld method (Rietveld, 1969) using the Bruker AXS software package TOPAS 4.2
operated in the fundamental parameters mode (Cheary et al, 1992, Coelho, 2000, BRUKER AXS,
2003).

3. Results and discussion:

3.1 Effect of the SO3 source on the cement fineness:

In Figure 1 the Blaine specific surfaces for every cement reproduced by intergrinding are reported. In
the case of natural gypsum, increasing the SO3 content translates itself into an almost linear increase of
the Blaine specific surface, while in the case of bassanite a progressive decrease of Blaine can be
noticed, as reported by other authors (Frigione, 2002). Using anhydrite, increasing the SO3 content
translates itself into a situation which is the exact opposite of what has been observed in the case of
natural gypsum: the Blaine specific surface remains almost constant while the sieve residuals suffer a
substantial increase. This means that, with strong dependance to the amount of SO3, dehydration of
natural gypsum during the cement production process may bring to substantial effects on the measured
cement fineness.



Figure 1 - Effect of different SO3 sources on fineness

3.2 Effect of the SO3 source on mortar workability

Data about mortar workability (flow), both on cements prepared by intergrinding as well as blending,
have substantially confirmed a trend that we have observed also during previous trials: as can be seen
in the Figure 2, increasing the SO3 content in the case of hemihydrate calcium sulphate (bassanite)
determines an almost linear (R2 = 0,9902) decrease of the workability of the corresponding mortar.
This trend is usually explained through the fact that increasing the amount of SO3 in the case of
bassanite could favor recrystallisation of dihydrate gypsum (secondary gypsum), a process which is
known to be kinetically preferred with respect to the precipitation of ettringite (Frigione, 2002).
Theoretically, adding an improver of the C3A reactivity (such as TEA) and thus increasing the
formation rate of ettringite would ideally enhance the mortar’s workability. This is in fact what has
been observed, as can be seen in the Figure 2 below.

Figure 2 - Effect of TEA on workability

3.3 Influence of the SO3 source and alkanolamines on the compressive strengths

Early compressive strengths data concerning mortars prepared in absence of alkanolamines in the
mixing water have followed in almost every case the typical trend of the optimum gypsum, with
optimum SO3 content between 2,1% and 2,8%. Effects of TEA and TIPA (expressed as compressive



strengths increase in % with respect to the reference mortars prepared in absence of alkaloamines) are
reported in figures 3, 4 and 5.
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Figure 3 - Effect of TEA on 24 hours strengths - Cements prepared by intergrinding of clinker and gypsum
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Figure 4 - Effect of TEA on 24 hours strengths - Cements prepared by blending of ground clinker and gypsum
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Figure 5 - Effect of TIPA on 28 days strengths - Cements prepared by intergrinding of clinker and gypsum



As could be reasonably expected, also in this case triethanolamine generally acts as an improver of
early strengths. Additionally, it is noteworthy how the effect of alkanolamines on the development of
compressive strengths (early as late) follows a pattern which is similar to the Optimum gypsum trend,
in which there is indeed a certain SO3 amount which is able to further maximize the effect of the single
alkanolamine. More interestingly, we have noticed that the effect of TEA and TIPA can be different if
different sulphate sources are used. In details:

- if bassanite is used, the % strength increase at early ages obtained with the addition of TEA in
mixing water is more evident, while in the case of clinker/anhydrite systems this effect is less
pronounced. This is particularly clear in Figure 4, referring to cements prepared by blending,
where the clinker particle size distributions is always constant. The clinker/gypsum system places
itself in an intermediate situation.

- On the other hand, TIPA is significantly less efficient in increasing late strengths when bassanite
is used as a source of SO3.

In Table 2 TGA and BET data referring to pastes prepared with anhydrite and bassanite cements are
shown. Bound water in the range 250-400°C (usually associated to water in C-S-H) is similar in all
cements, but the effect of the addition of TEA in cements with anhydrite is a more evident reduction
of Ca(OH)2 (portlandite) formation. This can be associated to a higher Ca/Si ratio in C-S-H, usually
associated to lower mechanical performances (Kanare, 1985). On the other hand, BET shows a
marked increase if TEA is added in bassanite systems, indicating a higher specific surface of hydrated
product. The better effect of TEA as a strength enhancer in bassanite containing systems, could thus be
explained with a different microstructure of calcium silicate hydrates, rather than with differences in
the hydration degree.

Table 2 – TGA/BET analysis of clinker/sulphate/TEA systems

Table 3 – XRD/BET analysis of clinker/sulphate/TIPA systems

SO3

source/content:
Additive: Time elapsed: BET m2/g

% increase
BET with

TIPA

% hydration
C4AF

Anhydrite/2,1% - 28 days 13,2 - 0 %

Bassanite/2,1% TIPA 28 days 26,0 + 97 % 75 %

Anhydrite/2,1% - 28 days 16,5 - 0 %

Bassanite/2,1% TIPA 28 days 28,6 + 73 % 63 %

According to the literature (Gartner, 1991), both XRD and TGA analysis of samples hydrated with
TIPA show an acceleration of the hydration of C4AF and a higher hydration degree of C3S (higher
production of portlandite, higher amount of bound water and higher decrease of C3S content). A
general tendency of TIPA in accelerating the conversion of ettringite to monosulphate, hemi- and

SO3 source Additive

Bound water
250-400°C

according to
TGA

Ca(OH)2

according to
TGA

%
reduction

of
Ca(OH)2

formation
with TEA

BET m2/g
% increase
BET with

TEA

Anhydrite - 2,6 % 14,6 % - 19,0 m2/g -

Anhydrite TEA 2,4 % 12,2 % - 16 % 19,2 m2/g + 1 %

Bassanite - 2,7 % 13,7 % - 20,4 m2/g -

Bassanite TEA 2,5 % 11,9 % - 13 % 22,6 m2/g + 11 %



monocarbonate can be noticed as well. In table 3 details on BET and % hydration of C4AF (as
evaluated through XRD on hydrated cement pastes) are reported. In case of cements prepared with
anhydrite, there is a higher consumption of C4AF and a marked increase of the specific surface of the
hydrated products. This is coherent with the better performances obtained by the addition of TIPA in
cements prepared with anhydrite.
The accelerating effect of TEA on the hydration of C3A evidenced by several authors (Ramachandran,
1976, Dodson, 1990) may be explained considering that TEA is an effective chelating agent in
alkaline media not only for Fe3+, but also for Al3+ ion. This has been also demonstrated through the use
of 13C NMR spectroscopy (Scott et al., 1990). Complexation of Al3+ may increase the dissolution rate
of C3A. The morphology of early hydration products (in terms of growth of large crystals or formation
of an amorphous layer of ettringite and calcium aluminate hydrates) reasonably depends on the rate of
Ca2+, Al3+ and SO4

2- supply to the solution. The supply rate of these ions is linked to reactivity of C3A
and calcium sulphate. As already summarized by other authors (Frigione, 2002), rheological and
mechanical performances of Portland cements can be explained in terms of relative reactivity of
aluminates and calcium sulphate. In the same way, microstructure of C-S-H and compressive strengths
may be linked to morphology of early hydrates, thus explaining the differences in reactivity of TEA
and TIPA in case of different sulphate sources.

4. Conclusions

Cement blends with different types and amounts of SO3 sources have been reproduced and their
respective physical/mechanical properties have been evaluated in presence and in absence of the
alkanolamines TEA and TIPA. The known fact that cement fineness is strongly influenced by the
source and amount of SO3 has been observed also in this work. Additionally, it has been noted that
mortar workability severely decreases in the case bassanite is used as SO3 source. The hypothesis that
an enhancer of the C3A reactivity could improve this situation has been demonstrated through the
addition of TEA. The effect of both TEA and TIPA as compressive strengths enhancers has been
investigated with the aid of XRD, TGA and BET analysis. The results seems to indicate that the
quality –and not the sheer quantity- in terms of morphology of the resulting hydrates could well be the
explanation of the different behavior of TEA and TIPA in case different SO3 sources are used.
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Abstract 

Superplasticizers (also known as High-Range Water-Reducing Admixtures) are fundamental chemical 

admixtures to disperse the colloidal particles in fresh concrete and mortar mixtures. Besides improving the 

workability properties, many other aspects are positively influenced, allowing the production of high 

performance concrete or self-consolidating concretes. Despite this wide use of superplasticizers, their 

fundamental mechanisms of interaction at the solid-liquid interface are not completely understood yet, 

sometimes leading to unexpected effects, e.g. cement sensitivity, fast slump loss, flash setting or delay setting. 

The main working principles of these admixtures are related to their adsorption on the colloidal particles and 

the dispersion nano-forces exerted by their side chains. Furthermore, this adsorption process provokes 

significant alteration in the surface charge, hence in the ζ-potential of the particles in suspension. 

A study including all these aspects (rheology, adsorption isotherms, force characterization by atomic force 

microscopy -AFM- and ζ-potential) is presented here. A comprehensive understanding of superplasticizers 

fundamentals principles is emphasized. Besides fresh cement pastes, model inert powders in combination with 

synthetic solutions are used to control the effect of different ions contents. A detailed analysis about polymer 

architecture and about ionic species in solution is presented in order to illustrate the influence of these 

parameters on superplasticizer behavior. Moreover, the AFM results clarified the formation of superplasticizer 

multilayer, and highlighted changes in force ranges according to the solution used to treat it. 

 

Originality 

This work presents a wide set of techniques which allows a complete characterization of the action of 

superplasticizer in suspension. Previous work based on selections of these methods only included the possibility 

of capturing some of all the involved aspects of the complex mechanisms of these polymers. The comparison and 

correlation of these results obtained with different facilities permitted to detect separately different sides of the 

same phenomena and gives a detailed view of the effect of these chemical admixtures on particles suspensions. 

 

Chief contributions 

The combination of these different methods offers a high quality characterization of the superplasticizer 

interaction at the solid-liquid interface. This study is important to understand the main factors relating these 

chemical admixtures with their effect on the workability and rheology of fresh cement suspensions. A detailed 

analysis of polymer architecture and of ionic species in solution is presented in order to clarify how these 

parameters can affect superplasticizer efficiency. Furthermore, the direct detection of multilayer formation is 

experimentally measured by AFM. These observations may open many possibilities for development of new 

admixtures and to improve the performances of the fresh concrete. 
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1. Introduction 
 

Polycarboxylate ether-based superplasticizer (PCE) is a chemical admixture broadly used in cement applications. 

Its addition to concrete or mortar allows the reduction of the water to cement ratio, not affecting the workability 

of the mixture. This effect drastically improves the performance of the hardening fresh paste. Despite many 

studies have been done about these polymers, their working mechanisms lack of a full understanding, revealing 

in certain cases cement-superplasticizer incompatibilities [1]. 

PCEs are usually composed by a main chain where side chains of different lengths can be grafted according to 

different densities [14]. The backbone, which is negatively charged, permits the adsorption on the positively 

charged colloidal particles [16]. In a suspension, the adsorption of superplasticizers on solid particles is 

important to avoid the formation of aggregates, which obstruct the paste flow, leading to bad rheological 

properties [4]. As a consequence of PCE adsorption, the ζ-potential of the suspended particles may change, 

owing to the adhesion of the negatively charged backbones on the colloid surface [8]. This attachment of the 

polymer to the particle surface ensures for the side chains the possibility to exert repulsion forces, which disperse 

the particles of the suspension [12]. In the past, these forces were directly detected by the use of AFM, working 

with model substances in liquid environment [5]. The application of model materials is necessary since the AFM 

technique requires very smooth and almost non-reactive substrates. A multi-method approach is thus necessary 

to investigate all these aspects of superplasticizer behavior. 

In this study, different techniques (rheology, adsorption measurements, ζ-potential and AFM) are involved to 

enable a complete understanding of the working mechanisms of superplasticizers. These methods offer different 

points of view of PCE effects, from a macroscopic to a microscopic analysis. The comparison of these results 

puts in relation the polymer architecture with the relative performances observed. Moreover, the use of an inert 

model powder helped to distinguish superplasticizers efficiency according to different ionic solutions. 

 

2. Materials 
 

2.1. Superplasticizers 
The polycarboxylate superplasticizers investigated in this work are composed of methoxy-polyethylene-glycol 

side chains attached on a poly-methacrylic-acid backbone. Three different polymer architectures (see Table 1) 

were tested in order to understand how superplasticizers efficiency is influenced by the side chain length, 

represented by the number of polyethylene oxide (PEO) units p , and by the side chain density, represented by 

the number of grafted side chains n . Polymer synthesis of 8.5PC3 and 45PC3 is described in [9] and synthesis of 

45PC12 is described in [10], while main chain length (MCL) and side chain length (SCL) were estimated 

according to [7]. 

Tab. 1: Characteristic properties of superplasticizer samples tested. 

p PC n  nM 1
 

(g/mol) 

wM 2
 

(g/mol) 
PDI 3

 
MCL 

(nm) 
SCL 

(nm) 

CD
4
 

(mmol/g) 

Schematic 

Illustration 

8.5 PC 3 25,800 106,000 4.1 36.3 2.4 4.2  

45 PC 3 50,100 156,700 3.1 21.7 12.5 1.4 

 

45 PC 

12 
11,800 342,500 2.9 12.5 12.5 3.9 

 
1

nM = number-average molecular weight.   

2

wM =mass-average molecular weight.   

3

wn MMPDI = = polydispersity index. 
4
CD = anionic charge density. 

 

 

 



2.2. Cements and model powders 

To investigate the action of superplasticizer on different suspensions, two kinds of cement were used (see Table 

2). They were selected to test how the different amount of tricalcium-aluminates content may influence the fresh 

paste, and the relative PCE effect.  

 

Tab. 2: Characteristic properties of cement and MgO tested in this study. 

material name 
Blaine 

(cm
2
/g) 

BET 

(m
2
/g) 

Density 

(g/cm
3
) 

% volume diameters (µm) 

d10             d50          d90 

Cement N CEM I 42.5 N    3150 0.94 3.11 2.8 17.1 52.74 

Cement HS CEM I 42.5 N HS 4050 1.21 3.11 2.9 14.2 45.3 

Magnesium Oxide 
Magnesia 298 

(Magnesia GmbH) 
- 5.77 3.51 1.8 7.4 65.3 

Chemical composition of cements are reported in Table 3, while the content of main clinker phase (mass%) was 

estimated by Bogue calculation (Cement N: C3S=58, C2S=14, C3A=6, C4AF=11; Cement HS: C3S=47, C2S=15, 

C3A=1, C4AF=18). Additional to those materials, an almost inert powder of magnesium oxide (see Table 2) 

treated with water and artificial pore solution was involved to monitor the influence of ion species in solution, 

and to allow the measurements of AFM dispersion forces in liquid. The used solution intends to simulate the ion 

content found in real pore solutions after 1 h of hydration [6]: [K
+
]=444 mM/L, [Na

+
]=40 mM/L, [Ca

2+
]=10 

mM/L, [OH
-
]=104 mM/L, [SO4

2-
]=200 mM/L; pH=12.8. 

 

Tab. 3: Oxide composition of the cement samples studied. 

Oxide composition (wt%) CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3
- 

CO2 

Cement N 62.6 19.0 4.5 3.1 2.2 0.21 0.82 3.3 2.1 

Cement HS 59.8 17.9 4.3 5.9 2.4 0.59 0.82 3.1 2.7 

 

3. Methods 
 

3.1. Rheology 
Rheology tests were performed to record the PCE impact on the workability of a particle suspension. They were 

achieved using a Paar Physica MCR 300 rheometer with concentric cylindrical geometry. A rotating bob was 

lowered to the measuring position, and shear stress was detected recording a flow curve with shear rate from 10 

up to 100 s
–1

 and from 100 down to 10 s
–1

. Apparent yield stress was estimated interpolating the data of the 

return curve to find the intercept of the linear fit. 

The w/c ratio was fixed at 0.36, while the water-to-solid ratio of MgO was adjusted to reach a value of initial 

apparent yield stress around 35±5 Pa. The solid fractions highly change depending on the kind of powder: the 

two cements display a w/c ratio of 0.36, while MgO displays a water-to-powder ratio of 1, reasonably due to its 

higher BET value. All the suspensions were mixed by hand for 2 minutes prior to the measurement, and the 

temperature was kept fix at 20°C by a water bath. PCEs were added in dosage of 1, 2 and 4 mg/g of powder. 

 

3.2. Adsorption 
The quantification of the amount of polymer consumed by the particles in suspension was detected by adsorption 

isotherms. The solution depletion method was applied to measure the total organic carbon (TOC) of the liquid 

part of a suspension containing PCE. The TOC value gives information about the quantity of polymer not 

adsorbed on the particles, then remaining in the solution. Subtracting it from the initial amount of 

superplasticizer used for the mixture, the value of the polymer consumed by the suspension can be calculated. 

Volume fractions and superplasticizer dosages were the same as used for the rheology measurements. 10 minutes 

after the mixing, the samples were centrifuged, then the liquid part was filtered by 0.45 Nylon filters. The TOC 

values of this left solution were determined by a Sievers 5310 Laboratory TOC-Analyzer.  

 



3.3. ζζζζ-potential 
The ζ-potential values represent the colloid charge measured on a slipping plane at a certain distance from the 

particle surface. The adsorption of electrolytes and/or polyelectrolytes at the liquid-solid interface highly 

influences these values.  
In this study, titration of PCE (up to 5 mg/g of powder) on diluted suspension (solid fraction=5 wt%) of MgO 

treated with water and synthetic pore solution were measured by a ZetaProbe (Colloidal Dynamics Inc., North 

Attleboro, MA). The idea is to capture the eventual presence of electrostatic forces acting as particle dispersant, 

and to compare them with the AFM results, which were obtained in diluted regime as well.  

 

3.4. Atomic force microscopy 
AFM force measurements in liquid solutions and images of the superplasticizers displacement on flat surfaces 

were performed by a commercial instrument (Nanoscope IV, Veeco Digital Instruments, Santa Barbara, CA). 

This atomic force microscope consists of a cantilever with a sharp tip (probe) at its end, which deflects whenever 

the tip is experiencing some interaction with the substrate. This deflection is used to give information about 

substrate topography and to translate the deflection signal into a force-distance curve, as explained in [3].  

A commercially available plateau tip (width=1.8 µm, NanoAndMore GmbH, Wetzlar, D), coated with a 

platinum layer of 20 nm of thickness, was applied to probe mainly the dispersion steric forces due to PCE in 

liquid solutions, preventing superplasticizer adsorption on the probe. Water or artificial pore solutions with 

different concentrations of superplasticizers (1, 2 and 4 g/L), corresponding to the ones used for the rheology and 

adsorption experiments, were flushed into a fluid cell and around 12 force-distance curves were detected on a 

substrate of MgO. The surface reaction of this substrate in different solutions was studied in [3]. 

In a second attempt, images of PCE attachment on mica surface were scanned with tapping mode in air. A drop 

of solution containing superplasticizer (4 mg/L) was added on a freshly cleaved square of mica (1 cm
2
), on 

which a drop of 0.1 molar solution of MgNO3 was previously deposited. After 10 minutes, the solutions were 

washed away by about 3 mL of milli-Q water, and the sample was dried with air pressure. The positive Mg
2+

 

ions work as binder between the negatively charged surface of mica and the negative main chain of PCE. This 

technique, commonly used for DNA experiments [13], allows the adhesion of the polymer on mica surface, and 

gives the possibility to scan images of their attachment to the surface.  

 

4. Results and discussion 
 

Table 4 reports the data obtained by rheology tests. The two kinds of cement give different apparent yield 

stresses in suspension without superplasticizer, despite they were mixed with the same w/c ratio. This is 

probably due to the high C3A content in cement N, which forms a high amount of early hydration products, 

mainly ettringite. This corresponds well to the results obtained by Zingg et al. [15]. 

 

Tab. 4: Apparent yield stress of suspensions mixed with different PCE dosages. 

8.5 PC 3 (mg/g) 45 PC 3 (mg/g) 45 PC 12 (mg/g) 
Apparent yield stress (Pa) Without PCE 

1 2 4 1 2 4 1 2 4 

Cement N 35 13 8 0 28 26 2 7 0 0 

Cement HS 26 4 0 0 10 3 0 0 0 0 

MgO - water 40 11 3 1 20 13 0 18 6 0 

MgO - pore solution 40 26 12 4 38 34 26 39 26 8 

 

The differences of polymer architecture and of charge density provide different apparent yield stress values. Less 

efficiency is provided by 45PC3, which reported the lowest anionic charge density. On the other hand, 45PC12 

shows, compared to 8.5PC3, better effects on cement, and worst performance on MgO. Apparently, there is no 

specific explanation for this. 

Experiments prepared with inert model powder allow the detection of a strong impact of ions on the action of 

superplasticizers. Indeed, results obtain with MgO in water are rather different from results obtained in pore 



solution. Probably this is due to presence of sulfate ions, which were shown to be the most probable competitor 

of PCE to occupy the surface of positively charged particles, thus affecting the adsorption process [16]. 

Admixture adsorption measurements were carried out on the same kind of suspensions (see Table 5). Cement N 

shows higher affinity with PCEs compared to cement HS. This effect is reasonably due to the higher C3A 

content, which was shown to form ettringite that well adsorb superplasticizers [15]. Adsorption on MgO is 

slightly higher than cement, probably due to the higher specific surface area available on its particles. 

Once again, the three kinds of superplasticizer give different results. The low charge density of 45PC3 enables 

poor adsorption of this polymer on the particles in suspension. On the other side, the presence of ions, and 

especially sulfate, in solution strongly disturbs the adsorption process, which leads to best results from MgO 

treated with water. 

 

Tab. 5: Adsorption of PCE on powders mixed with different PCE dosages. 

8.5 PCE 3 (mg/g) 45 PC 3 (mg/g) 45 PC 12 (mg/g) 
PCE consumed (mg/g) 

1 2 4 1 2 4 1 2 4 

Cement N 0.7 1.3 2.0 0.5 0.7 1.0 1.0 2.0 2.8 

Cement HS 0.7 1.1 1.2 0.4 0.7 1.1 0.9 1.5 1.9 

MgO - water 0.9 1.9 3.4 0.5 0.9 1.6 1.0 2.0 4.0 

Mgo - pore solution 0.9 1.4 2.1 0.5 0.7 1.5 0.9 1.7 3.0 

 

In order to look at PCE from a microscopic point of view, additional experiments with ζ-potential and AFM 

were performed to study the dispersion forces produced by the polymers. The characteristic of the AFM 

instrument restricts the set of the used substances to MgO only, mixed with water or artificial pore solution. 

Figure 1 shows ζ-potential values of suspensions of magnesium oxide with different PCE dosages. 

Superplasticizer with the same side chain length displays comparable curves, while 8.5PC3 provides a stronger 

impact on particle charge. 
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Fig. 1: ζ-potential of suspensions prepared with magnesium oxide at different superplasticizer concentrations. 

 

The conductivity values of the two used solutions (water=0.7 mS/cm, pore solution=35 mS/cm) are rather 

different, strongly affecting the measurements. Indeed, suspensions treated with pore solution initially report 

negative charge values, due to the adsorbed anions, and titration of superplasticizer does not change them 

significantly. On the other hand, suspensions mixed with water report initial positive values, and an inversion of 

charge is occurring at a certain PCE concentration. This concentration is around 0.5 mg/g for 8.5PC3, while it is 

nearly 1.5 mg/g for 45PC3 and 45PC12, showing that the charge of the COO
-
 ions of the main chain produces 

stronger electrostatic impact when surrounded by short side chains. 

The investigation of steric dispersion forces was provided by the AFM work. Results obtained with 45PC3 are 

comparable to 45PC12, so for simplicity they are not reported. Force-distance plots obtained with 8.5PC3 and 



45PC12 in water or synthetic pore solution containing different amount of PCE (1, 2 and 4 g/L) are reported in 

Figure 2. To insure a better visibility, the scales for force and distance were chosen different. 
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Fig. 2: AFM force measurements on MgO substrate with different PCE concentrations in water or pore solution. 

The two plots display a great difference in superplasticizer behavior at the solid-liquid interface: 8.5PC3 gives 

dispersion forces which are affected by the PCE concentrations, while 45PC12, and 45PC3, give force-curve 

plots which display the same ranges even with different polymer dosages. Probably, 8.5PC3, i.e. short side chain 

superplasticizer, accumulates on MgO surfaces forming multi-layers, which gives stronger dispersion. These 

differences in force curves depending on different concentrations were already detected on MgO surface [2]. 

Furthermore, the presence of ions in solution reduces the ranges of the measured forces. Similar effects of ion 

species on the PEO unit conformation were reported by Sindel et al. [11]. They speculated about the presence of 

hydrogen bonds, which allow the stretched polymer conformation in water and their deconstructions owing to 

high ionic strength. 

To investigate the possibility of multi-layer formation, AFM images of PCE displacement on mica surface were 

scanned as described in the methods section. These images are reported in Figure 3, where the white in-plots 

represent the height profile of the sections indicated by the straight line.  

 
Fig. 3: AFM images of superplasticizers on mica surface.  

 

It is evident, also from the section profiles, that the distribution of the analyzed superplasticizers on mica surface 

is rather different. 8.5PC3 tends to accumulate to form hills with a range of height around 2 nm, while 45PC12 

tends to distribute more uniformly, covering the surface with islands of nearly 1 nm of height. Therefore, even if 

side chain length is lower for 8.5PC3, it forms greater accumulation of polymer, compared to 45PC3 and 

45PC12. This effect provides stronger dispersion forces, hence better rheological properties, and better 

efficiency. 

 



5. Conclusions 
 

The variety of techniques involved here allows the understanding of some aspects which are important to 

characterize superplasticizer behavior at the solid-liquid interface. 

As first remark, PCE architecture highly influences the efficiency of the polymer. The results show that short 

side chain superplasticizer enables high range dispersion forces, supported by good adsorption, and consequently 

good rheological properties. They have the tendency to accumulate on the particle surface to form multi-layers 

of polymer, which provide a stronger repulsion in comparison to the one provided by longer side chains PCE. 

As second remark, the presence of ions in solution strongly disturbs the action of superplasticizers. Rheology 

and adsorption measurements display poorer results on inert model powder when it was treated with pore 

solution, compared to results obtained with deionized water. Indeed, a detailed analysis of the dispersion forces 

reveals that in ionic environment the influence of adsorbed polymer on the ζ-potential is relatively low, and that 

the AFM force range is lower when the measurements are performed in a solution with such a high ionic 

strength. Of course, in a proper cement paste, there are no possibilities of avoiding these ion effects. However all 

these results may be important to understand why sometimes the addition of superplasticizer to fresh concrete 

paste leads to incompatibilities and poor performance. 
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Abstract 
In the framework of radioactive waste geological disposal, concrete structures are submitted to various combined 
chemical degradations (hydrolysis, carbonation and sulfate attacks mainly) due to the underground chemical 
conditions. Carbonation is considered to be one of the key processes and to have a major impact on the interaction 
between cementitious materials and clay materials. In the present context, this phenomenon is controlled by the CO2 
partial pressure in the underground natural conditions of Callovo-Oxfordian clayey rock of Bure (France), which is 30 
times higher than the atmospheric value. The effect of temperature is also an important factor since radioactive wastes 
could induce a significant temperature increase.  
The main goal of this study is to describe the behaviour of CEM I cement paste submitted to carbonation in aqueous 
solution in equilibrium with calcite and with a pCO2 equal to 1.3 kPa (1.3 10-2 atm) at 50°C. To carry out these 
experiments, an original device was developed. It consists of a leaching reactor, in which pH and pCO2 are maintain 
constant during the experiment using a CO2 flow-meter controlled by a pH regulator. Samples of cement paste (w/c = 
0.4) are immersed for one to five months. Solution renewals ensure stable chemical composition of the aggressive 
solution.  
The mineralogical evolution was characterized mainly by XRD analysis, but also by SEM observations. Portlandite 
dissolution front informs on the degraded zone depth. The precipitation of calcite at the surface vicinity induces the 
pore clogging and the formation of a densified microstruture zone close to the surface. This microstructure is 
characterized by simultaneous coupled phenomena: decalcification (over about 1700 µm depth after 5 months), 
ettringite dissolution (over about 1000 µm depth after 5 months) and calcite precipitation (over about 200 µm depth 
after 10 months). The modelling, using a coupled reactive transport code, such as HYTEC, associated with a dedicated 
thermodynamic database, shows the limitation of thermodynamic approach. 
 
Originality 
The cement-based materials degradation in the context of radioactive wastes geological disposal involves several 
aspects: 

- underground chemical conditions inducing multi-ionic attack on cement-based materials. One of the major 
degradation mechanisms is considered to be carbonation coupled to hydrolysis; 

- thermal effect, due to the heat release of some wastes, leading to temperature increases up to around 50°C. 
In this context, an original device had to be designed. It allows the cement-based materials degradation in controlled 
conditions (aggressive solution composition and CO2 partial pressure). 
Carbonation of cement-based materials in saturated medium reported in literature mainly focus on cement-based 
material degradation in atmospheric partial CO2 pressure at 25°C or at higher range of temperature and pCO2 (for 
example in CO2 storage). This study implies different experimental constraints, such as fixed CO2 partial pressure 30 
times higher than the atmospheric pCO2 (to reproduce underground conditions) and 50°C temperature. 
This article details the devices developed for this study and reports several degradation experiments on CEM I cement 
pastes (degradation condition, solution analysis and solid analysis). The modelling approach is developed and 
numerical simulations are in agreement with experimental observations. 
 
Chief contributions 
The main contributions of the authors concern the characterization of cement-based materials durability in the context 
of low- and intermediate-level radioactive wastes disposal. Their work involves: 

- the development of experimental methods allowing chemical degradation in controlled conditions with 
different solution type: pure water, sulphate attack and multi-ionic solution; 

- the characterization of the physico-chemical evolution due to cementitious materials degradation 
(composition, mineralogy, microstructure and transport properties); 

- the degradation modelling as a mean to identify the major mechanisms involved and to predict the physico-
chemical evolution. 

 
Keywords: cementitious materials, chemical degradation, temperature, chemistry and transport modelling 
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Introduction 
 
In the framework of radioactive waste geological disposal, concrete structures will be exposed to underground 
chemical conditions (Andra, 2005). Ordinary Portland Cement, CEM I type according to European Standards, 
are characterized by high pH (higher than 13) which could produce an alkaline plume in the geological media in 
the repository near-field. As a consequence, cement mineralogy will also evolve due to various 
combined/coupled chemical degradations: hydrolysis, carbonation and sulphate attacks mainly. The different 
types of interaction between clay materials and cementitious materials were studied by experimental approach 
(Read and al., 2001) as well as by modelling approach (De Windt and al., 2008; Trotignon and al., 2006).  For 
concrete in water saturated medium, it is considered that coupled hydrolysis/carbonation will have a major 
impact on the interaction between concrete and medium clay host rock. Thus, to understand the chemical 
evolution of the cement paste in that context, it is interesting to study a simplified system such as degradation in 
carbonated water solution. This solution must be at equilibrium with a CO2 partial pressure 30 times higher than 
the atmospheric pCO2, to reproduce underground natural conditions of the Callovo-Oxfordian clayey rock of 
Bure (France). The effect of temperature is an important factor to be taken into account since radioactive wastes 
could induce a significant temperature increase (up to 50°C) in the surrounding environment. The aim of the 
study is to characterize the behaviour of CEM I cement paste being submitted to carbonation in aqueous solution 
in equilibrium with calcite and with a pCO2 equal to 1.3 kPa at 50°C. To carry out these experiments, an original 
device was developed. This study was carried out thank to the financial support of the Andra. 
 
Experimental procedures 
 
1. Materials 
 
The studied material is a 0.4 water to cement ratio cement paste, prepared by mixing an Ordinary Portland 
Cement with deionised water. The cement selected is a French cement type CEM I 52.5 PM ES CP2 from 
Lafarge. Its composition used is presented in Table 1.  
 

Table 1: Chemical composition cement of the CEM I cement (all values in mass %). 

SiO2 Al 2O3 Fe2O3 CaO MgO SO3 Na2O K2O P2O5 CO2 Total 
20.9 3.2 4.6 65.1 0.6 2.76 0.1 0.6 0.6 1.1 99.56 

After a 6 years curing period under water, slices (φ = 7 cm/ h = 2 cm) were sawn from the cement paste 
specimens. The peripheral part of cement paste specimen is protected from degradation thanks to an unreactive 
resin. This operation guarantees unidirectional degradation of the sample. 
 
2. Degradation solution 
 
The degradation solution is an aqueous solution in equilibrium with calcite and with a pCO2 equal to 1.3 kPa at 
50°C. The composition of this solution is assessed thank to a geochemical software (CHESS) associated with the 
thermodynamic database chess.tdb 2.5r3 modified to incorporate "cemdata2007" information (see more details 
bellows). The theoretical pH is 7.2 and the total carbonates concentration is 2.6 mmolal. According to 
calculations, a 120 mg/l calcite solution is prepared. Experimentally, the pH of the degradation solution is set 
and controlled at 7.2 and the calcium concentration is measured at the average value of 0.9 mmol/l.  
The solution is heated at 50°C and introduce in a “buffer reactor” to be equilibrated with the pCO2 before being 
used. 
 
3. Procedures 
 
In this paper, a general presentation of the devices is introduced. More details can be found in Dauzères and al. 
(2009). Cement pastes are immersed in 4 liters degradation solution in a double-envelope-reactor. The 
temperature is regulated at 50°C by external heating and the system is isolated from the atmosphere.  
In the developed device (Figure 1), pH and pCO2 are maintained constant during the experiment using CO2 flow-
meter controlled by pH regulator. The use of CO2 injection for pH acidification allows preserving the solution of 
the introduction of external species, such as nitric acid (Dauzéres and al., 2009). Chemical parameter (CO2 
addition, pH) are recorded continuously. The leaching solution is renewed periodically to ensure low 
concentration variation in the solution.  The solid is characterized at one, two or five months. 



 
Figure 1: Experimental devices used to achieved the carbonation of cement paste in aqueous solution in 

equilibrium with calcite and with a pCO2 equals to 1.32 kPa (1.3 10-2 atm) at 50 °C. 

3. Analytical methods 
 
The major information is given by solid analysis: XRD and SEM. The equipment for XRD analysis is a Philips 
X'Pert of Panalytical (Cu K-α, λ = 1.5405 Å). The mineralogical evolution inside the degraded material is 
studied thanks to XRD analysis. A diffraction diagram is made at different depths relative to the initial surface, 
by polishing the sample. The SEM analyses are carried out with a FEG-SEM ultra 55 associated with a Brucker 
SDD detector. 
 
Modelling approach 
 
1. Reactive transport modelling 
 
Reactive transport code of HYTEC (Van der Lee et al., 2007) is used to simulate the degradation 
experimentation of CEM I cement paste. HYTEC is based on finite volume scheme with representative volumes 
for mass transport and a sequential iterative operator-splitting method for coupling between chemistry and 
transport. Diffusion is the only transport mechanism considered in the present study and is coupled to the 
chemistry according to the following equation: 

 ( )
t

c
cD

t

c i
ie

i

∂
∂

−∇⋅∇=
∂

∂ ωωω
)(               (1) 

where De is the effective diffusion coefficient, ω the porosity and ci and ic are respectively mobile and immobile 
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where ω0 is the initial porosity and α is the empirical Archie coefficient. The parameter ωc is a critical porosity 
threshold under which diffusion stops. According to De Wind and al. (2008), the porosity threshold and the 
Archie coefficient used are respectively 0 and 3.  
This work presents simulations, which try to explain the mineralogical evolution of the degraded zone, by 
considering mechanisms at thermodynamic equilibrium without kinetics. 
 
2. Database 
 
The database is chess.tdb modified mainly to incorporate the information included in "cemdata2007" 
(Lothenbach and al., 2008) and discrete C-S-H description. LogK at 50°C are recalculated considering:  

- the basic species for writing equilibrium reactions are Ca2+, Al3+, SO4
2-, HCO3

-, H+, H2O, Na+, K+; 

- the heat capacity is constant or a polynomial function of the temperature as described by Lothenbach 
and al. (2008) for respectively aqueous species or minerals 

- the thermodynamic data are those defined by Matschei and al. (2007) and Lothenbach and al. (2008) as 
well as Blanc and al. (2010) for discrete C-S-H. 



LogK for aqueous species are evaluated to ensure internal database harmonization. The thermodynamic data 
used and the logK at 50°C obtained are presented in the Table 2. 
 
Table 2 : Thermodynamic data for minerals (a), basis aqueous species (b) and secondary aqueous species (b) and 

introduced in the database chess.tdb. 

a) 

 
b) 

 

c) 

 

 

2. Mineral system  
 
The hydrated CEM I mineralogical composition was defined considering the database chess.tdb modified as 
described previously and considering several hypotheses. Firstly, the hydrograrnet phases are excluded for 
kinetics reasons (Lothenbach and al., 2008). Calcium hemicarboaluminate (abbreviated hemicarboaluminate) is 
favoured compared to calcium monocarboaluminate following the experimental observations made by Dauzeres 
(2010). The crystalline C-S-H phases (tobermorite and jennite) are replaced by discrete C-S-H phases. The 
interstitial solution pH is mainly controlled by equilibrium with portlandite, as alkaline (sodium and potassium) 
were leached during the curing time.  
The composition obtained is a mix of portlandite of C-S-H 1.6 (C/S ratio is 1.6), ettringite, hemicarboaluminate 
and calcite as presented in Table 3. The porosity of such composition is 0.23. 
 

Table 3: Calculated mineralogical composition of CEM I cement pastes. 

mol/L of   CEM I cement paste 

C-S-H 1.6  Ca1.6SiO3.6(OH)1.54(H20)1.81 5.1046 
Ettringite Ca6Al 2(SO4)3(OH)12(H2O)26 0.131 
Portlandite Ca(OH)2 5.9562 
Hemicarboaluminate Ca4Al 2(CO3)0.5(OH)13(H2O)5.5 0.208 
Calcite CaCO3 0.3 

 

The temperature dependence relation, proposed by Peycelon and al. (2006), assess an increase of effective 
diffusion coefficient from 5.8 10-12 m2/s (experimentally measured) to 2.3 10-11 m2/s between 25°C and 50°C. 
The cement paste sample is modelled as a rectangle with 3 mm of length and 0.1 mm of height and in contact 
with the degradation solution on its left extremity (Figure 2). As the chemical composition of the degradation 
solution is considered as constant, a zero flux condition is fixed.  
 

 
Figure 2: Schema of the one-dimensional system dedicated to CEM I cement paste degradation simulation. 



The discretization is 10 µm and temperature is fixed at 50°C. The simulation is performed for an equivalent time 
of five month.   
 
Results and discussion 
 
The results of XRD analysis are presented considering the principal peak intensity of the phase of interest versus 
the depth within the cement paste. The inter-reticular distances associated to the peak considered are 9.72, 4.9, 
3.03 and 3.29 Å for respectively ettringite, portlandite, calcite and vaterite. Comparison with SEM observation 
and XRD analyses is made for the degradation experiment on CEM I cement paste at 50°C during one month 
(Figure 3.a). XRD analyses results for the experiments are presented for portlandite (Figure 3.b) and carbonates 
solid phases: calcite and vaterite (Figure 3.c). Vaterite is a metastable polymorph of crystalline calcium 
carbonate. 

 

 

 

 
Figure 3: Solid analysis on CEM I cement paste leached in an aqueous solution in equilibrium with calcite and 

pCO2 equals to 1.32 kPa (1.3 10-2 atm): comparison between SEM observation and XRD analysis for one month 
degradation experiment (a), comparison of portlandite profile for one, two and five months experiment (b) and 

of carbonates profile for two and five months experiment (c). 

Portlandite and ettringite leaching and calcite precipitation close to the surface are the phenomena observed for 
CEM I paste (Figure 2.a). The comparison of SEM observation and XRD analyses, for one month experiment, 
shows that calcite precipitation induces the formation of a densified microstructure zone due to pore clogging. 
This zone is followed by a micro-porous zone, related to portlandite dissolution. These observations are similar 
to previous ones made on OPC paste degradation experiments in rich hydrogenocarbonate solution at 25°C 
(Badouix and al., 1999). The degraded zone, defined as free portlandite zone, has a thickness of 1.7 millimetres 
after five months (Figure 3.b). This zone is much more thinner than the thickness obtained in deionised  water at 
50°C (3.8 mm after 5 months), according to the rate of degradation front determined for 50°C by Peycelon and 
al. (2006). In carbonated water, the degradation progress is probably slowed down by microstructure 
modification induced by calcium carbonate precipitation. Moreover in deionised water, the chemical degradation 
process is controlled by diffusive phenomenon, since it characterized by evolution proportional to the square 
root of time. In opposition, the degraded zone thickness evolution, depicted in Figure 3.b, does not present the 
same characteristics for all the duration considered.  
The formation of a thin calcite layer on the surface of cementitious materials is observed at ambient temperature 
during the leaching of old mortar concrete with natural water (Trägårdh and al., 1998) or efflorescence 
appearance (Dow and al., 2002). Experiments in rich hydrogenocarbonate solution (Badouix and al., 1999; 
Kurashige and al., 2007) and in natural waters containing CO2 (Cowie and al., 1991/92) conclude on the 



inhibition nature of the calcite precipitated at or near the cement-leachant interface. The protective effect is 
contested by Schwotzer and al. (2010) who suggest that it depends on calcium carbonate layer's structural 
properties and so on hydro-chemical conditions during cristallization. Calcium carbonate layer precipitation, 
allowed by calcium present in pore solution, produces further chemical degradation. In the present study carried 
out at 50°C, the degraded zone thickness still increases significantly after five months of degradation and no 
inhibition process is noticed. The maximum calcite precipitation evolves in the degraded zone depth with time 
and vaterite formation is detected. Vaterite occurrence is observed during batch-precipitation of highly 
supersatured solution at 50°C by Ogino and al. (1987) and at 45°C by Kabasci and al. (1996). Beside, the 
carbonation, of the main binding components of OPC (Sauman, 1971) and hydrogranet phases (Sauman and al., 
1972) also conduct to vaterite formation. This latter seem to be dependant on sulphate content (Fernández-Diáz 
and al., 2010). The maximum vaterite precipitation is located closer to sound material than the maximum calcite 
precipitation. This observation supports the idea that vaterite is an intermediate product which evolves in calcite 
with time, as proposed in particular by Sauman (1970). The polymorphic transformation of vaterite to calcite is 
believed to take place through dissolution of metastable vaterite and growth to the stable calcite. Spanos and a.l. 
(1998) suggest that this transformation does not depend on pH and temperature.  
Degradation phenomenology is correctly reproduced at one month: calcite precipitates at the surface and the 
portlandite dissolves under about one hundred micrometer (Figure 4.a). C-S-H with high C/S ratio (1.6) 
dissolves to form secondary C-S-H with a lower C/S ratio (1.2). The porosity profile displays an increase at 100 
µm due to portlandite dissolution that rises again at 30 µm due to monocarbo and ettringite dissolution.  The 
final drop is related to a large amount of calcite precipitation (figure 4.b). The chemical evolution is very limited 
at the first ten micrometer. 
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Figure 4: Modelling results: a) comparison of experimental and simulated mineral concentration evolution, b) 
porosity evolution.  

The pore clogging due to calcite precipitation prevents further degradation by limiting drastically exchanges with 
the external solution (Figure 4.b). This phenomenon relevant at 25°C is not observed at 50°C, where calcite 
precipitates deeply in the degraded zone. Modelling results prove that temperature increase effect is not 
sufficient to explain the different behaviour observed for 25 and 50°C: mainly calcite precipitation in the depth 
of the degraded zone. Kinetic considerations are an interesting field of investigation to describe delayed calcite 
precipitation, as established by Marty and al. (2009) with numerical modelling of concrete/clay interactions. 
 
Conclusion 
 
Carbonation seems to have a major influence on the interaction between concrete and clayey geological medium. 
To study the carbonation of CEM I cement paste in an aqueous solution in equilibrium with calcite and a CO2 
partial pressure equals to 1.3 kPa at 50°C, an original device was developed. The portlandite dissolution front 
informs that a degraded zone thickness of 1.7 mm is obtained after five months of degradation. The precipitation 
of calcite in the depth of the degraded zone induces the formation of a densified microstruture zone at the 
surface. This phenomenon did not seem to reduce transport properties such as diffusion coefficient contrary to 
experimental observations made at 25°C. Degradation modelling, taking into account the temperature effect on 
logK and transport properties, underlines thermodynamics approach limitations. 
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Abstract 
This paper presents an experimental study of adhesive and rheological properties of cement mortars proportioned with 
various contents of organic or mineral thickeners. Starting from a reference mortar formulation, we have investigated 
the effect of varying contents of a water-soluble polymer admixture and a bentonite-clay additive. To determine the 
adhesive properties the probe tack test was used. The tack test results have been exploited to identify the adhesion 
strength, the cohesion strength and the support’ adherence force. It is found that the cohesion component monotonically 
increases with bentonite content, while it displays a minimum when varying the polymer content.  The behavior of the 
adherence force is more complex for both types of thickeners. In both cases, the evolution of the adhesive force versus 
thickener content displays optima depending upon the tack velocity. The rheological behavior of the mortars was also 
considered. By comparing the adhesive and the rheological properties, tack tests and rheological measurements 
appeared as complementary methods of characterization of mortars in the fresh state. 
 
Originality 
A number of studies have been devoted to the influence of thickening agents (both mineral and polymer based), on the 
rheological properties of cementitious materials. The rheological properties are generally determined under shear-flow 
conditions. Yet, mortars are often subjected to other types of flows during the placement process, including compression 
and extension (tack). The tackiness of mortars such as tile adhesives represents a crucial issue from the practical point 
of view, and this property cannot be straightforwardly related to the rheological properties as determined from shear  
experiments. In the present study we consider the possibility of using the probe tack test, which is widely used for 
polymer adhesives, in the case of mortars. This investigation can be considered as among the first studies of this kind. 
 
Chief contributions 
The influence of thickening agents (both mineral and polymer based) on the adhesive and rheological properties of 
mortars was studied. According to the experimental results and by comparing the two types of thickeners, it can be 
expected that water-soluble polymers and mineral additives may reveal complementary regarding the placement 
properties of mortars. The former can be used to adjust viscosity and adherence properties while the latter can be 
included to control yield stress and cohesion. 
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Introduction 
In order to avoid phase separation (flow-induced or at rest under gravity) in cementitious materials, 
including self-compacting concretes, self-levelling mortars, rendering mortars, adhesive mortars, etc., 
formulators often appeal to thickening agents. These admixtures consist in general of fine mineral 
powders (silica fume, metakaolin, etc.), water-soluble polymers (cellulose-ether, starch-ether, etc.) or 
redispersible polymers (latexes, etc.). A number of studies have been reported in the literature 
concerning the influence of water-soluble polymers on the rheological behaviour of cement pastes 
[Phan et al., (2006), Bouras et al., (2008)], mortars [Paiva et al., (2006, 2009)] or concretes [Khayat et 
al., (1998)]. Most of these studies reported a monotonic increase of the yield stress and plastic 
viscosity of the material when the admixture content was increased. However, in the particular case of 
mortars, it has been reported that the two rheological parameters displayed a minimum when the 
polymer dosage rate was increased. This has been attributed to the competition between the thickening 
effects of the polymer, which is expected to lead to an increase of the yield stress and plastic viscosity, 
and air-entrainment increase due to the presence of this polymer, which would lead to the decrease of 
those two rheological parameters. Similarly, numerous studies have been devoted to the influence of 
fine mineral additives on the rheological behaviour of cementitious materials [Senff et al., (2009)]. It 
has been reported that fine additives, such as limestone, can lead to the decrease of the yield stress and 
plastic viscosity, while ultrafine additives increase water demand leading to the increase of these two 
rheological parameters. In the present study the fine additive considered is a bentonite clay, which can 
be considered as an ultrafine. Clay-based admixtures are often used in the formulation of ready-mix 
mortars in order to improve their placement properties, in particular by pumping. Yet, the influence of 
clay minerals on the rheological properties of cementitious materials is far to be sufficiently 
investigated in the literature [Tregger et al., (2010)].  
 The adhesive properties of fresh mortar pastes have been characterized in this study using 
probe tack tests. This kind of tests has been largely employed to characterize polymer-based adhesives 
[Creton et al., (1996)] and more recently to investigate the tackiness and various failure modes of 
smectite muds [Mohamed et al., (2008)]. Kaci et al.,(2009) have been among the first to use the probe 
tack test to characterize the adhesive properties of cementitious materials. They have shown that tack 
measurements allow dissociating several aspects of practical interest, related to adhesive properties : 
interface adherence (which expresses the product’s ability to stand on its support), Cohesion (related 
to the yield stress, and characterizes the material’s resistance to flow initiation under extension) and 
adhesion strength (encompasses both cohesion strength and viscous dissipation, and can be employed 
to characterize adhesion properties under flow conditions). Kaci et al., (2009) have investigated the 
influence of water-soluble polymers on the adhesive properties of fresh mortar joints. In the present 
investigation we perform an extension of the aforementioned work. In particular, we consider also the 
case of another type of thickening agent, which is bentonite clay. Finally, in order to complete the 
characterization of placement properties of mortars, the rheological properties are determined at 
different thickening agent contents and compared to the adhesive properties.   
 
Materials and experimental methods 
 
1. Mix-design 
 
1. A. With organic additives 
The weight proportion of each constituent of the mortar is given in Table 1. 
 

Table 1: Mix proportioning of constituents of the mortar 

Constituent Portland 
cement 

Hydraulic 
lime 

Siliceous 
sand 

Air 
entraining 
agent 

Cellulose Ether Water 

%(by 
weight) 

15 5 80 0.01 Varied 16 



The binder comprises a Portland cement (CEM I 52.5) and a hydraulic lime (NHL 3.5 Z).  The other 
constituents consist of silica-based sand and an air-entraining admixture (NANSA LSS 495 / H). The 
mortar composition corresponds actually to a basic version of commercially-available render mortars. 
The only variable formulation parameter is the amount of polymer additives. The high molecular 
weight water-soluble polymer is a commercial cellulose ether-based polymer (METHOCEL™ 306). 
The polymer concentration in the mortar (Ce) is varied according to the following proportions: Ce = 
[0.05; 0.1; 0.15; 0.2; 0.25] % by weight.  
 
1.B. With mineral  additives 
We consider the formulation given in section 1.A and we set a cellulose-ether content equal to 0.05 %. 
We add a sodium bentonite usually employed in drilling muds and retaining fluids formulations such 
additives serve as thixotropic and thickening agents, and must present particular rheological properties 
such as a high yield stress to prevent sedimentation. We will focus in the present paper on their 
rheological and adhesive effects when added to mortars. The bentonite content has been varied in the 
following range: [0.05; 0.2; 0.5; 0.8; 1; 2] % wt, while the percentages of the other constituents 
remained unchanged. 
 
2. Test Methods 

2.A. Probe tack tests 
The probe tack tests have been performed on a rheometer ARG2 of TA Instruments. A fine layer 
(about 3 mm in width, of diameter 40 mm, of fixed weight equal to 0.27 N) is inserted between two 
parallel plates of high roughness, which allows minimizing wall slippage. The material is left to rest 
for 2 minutes after casting. The plates are then separated under a constant velocity, which is chosen 
among the following values: [10, 50, 100, 300 and 500] µm/s. Under each imposed pulling velocity, 
the normal stretching force is measured concurrently with the instantaneous distance between both 
plates. For further details about the experimental procedure, we refer to Kaci et al., (2009). 
 
2.B. Rheological measurements 
The rheological properties are determined with the same rheometer, equipped with the vane geometry. 
The latter configuration is particularly well-suited for cement pastes (for granular suspensions in 
general), as it allows to minimize wall-slippage effects.  
 

3. Experimental results and discussion 

3.A.Tack tests results with varying polymer content 
Figure 1.a illustrates typical time evolutions of the normal stretching force, under varying velocities 
and for the formulation with 0.1% cellulose ether. The initial force increase can be related with elastic 
and visco-elastic deformations, under mixed conditions of shear and extensional flows. After reaching 
a peak which gets more pronounced as velocity increases, the normal force decreases abruptly during 
the paste progressive rupture, and we observe an inward flow towards the plates’ center under tension. 
After completion of the rupture process, a residual force level is reached.  
Figure 2.a shows the variations of the maximum stretching force, or adhesion force, with pulling 
velocity for varying cellulose ether contents. For polymer contents between 0.15% and 0.25%, a 
strong dependency of adhesion force on velocity is noticed, while for low polymer contents (0.05-
0.1%) the force increase is much less significant.  
The cohesion force can be identified as the adhesion force corresponding to the lowest value of pulling 
velocity that can be attained with our rheometer (10 µm/s). As illustrated in Figure 3.a, the cohesion 
force evolution with varying polymer content is non-monotonic. From Figure 2.a, we notice that the 
adhesion force displays an important decrease at low velocities and for high cellulose ether contents. 
By extrapolating the results to lower values of velocity, we can conclude that the cohesion effort 
identified at a velocity of 10 µm/s is likely to be over-estimated, and there is no firm evidence that the 
polymer will increase the true cohesion.  
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Figure 1: Evolution of the pulling force with time, for varying velocities for a mortar containing : (a) 0.1% of 
cellulose ether ; (b) 1% of bentonite  
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Figure 2: Evolution of the adhesion force versus pulling velocity for varying : (a) cellulose ether contents (b) 
bentonite contents. 
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Figure 3: Evolution of the cohesion force : (a) polymer content (b) bentonite content. 
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Figure 4: Evolution of the adherence force for different pulling velocities versus : (a) polymer content (b) 
bentonite content 

 



At low pulling velocities, we also observe a local minimum in adhesion around 0.15 %.  
The adherence force is taken to be equal to the weight of product remaining on the mobile plate at the 
end of the tack test. Figure 4.a represents the variations of the adhesion force with pulling velocity, for 
varying polymer content, evidencing the increase of the interface adherence with polymer content. For 
low cellulose ether contents (< 0.1 %) and high values of pulling velocity, the adherence force is 
vanishingly small. On the other hand, for low values of pulling velocity (10 µm/s), the significant 
increase in adherence observed still remains to be interpreted. On the whole, the quasi-monotonic 
decrease of adherence force with pulling velocity has also been observed by Kaci et al., (2009) for 
mortar joints with polymer additives. This has been interpreted in relation with the occurrence of 
various debonding modes.  
 
3.B. Rheological behaviour with varying polymer content  
Flow curves in the stress-controlled mode, such as illustrated in Figure 5, allow determining in 
particular the yield shear stress that characterizes the onset of fluid flow. With the employed vane 
geometry, the smallest measurable shear-rate value is about 0.01 s-1, and will therefore serve as the 
lower bound for fluid flow. For 0.05% polymer content, the behavior is elastic-perfectly plastic: below 
the yield stress, the shear rates are vanishingly small, and above the yield stress the measured stress is 
independent of the applied shear rate.  
The yield stress is related with the cohesion of the material, and should therefore be correlated to the 
cohesion strength identified during tack tests. From Figure 5, we observe a qualitative change of the 
rheological behavior with increasing polymer contents. At low shearing rates (Figure 5 a), we observe 
a gradual transition from a visco-plastic behavior to a shear-thinning behavior. At high shearing rates 
(Figure 5b), the material is shear-thickening at low cellulose ether contents, but remains shear-thinning 
for high cellulose ether contents. 
 
4. Comparison between tack tests and rheological measurements 
 
4.A. Overall behavior  
Strain rates involved during a typical tack test are rather low. For the highest value of pulling 
velocities considered (500 µm/s), the maximum strain rate can be estimated as the ratio between the 
velocity and the gap thickness, which gives: 0.17 s-1. Consequently, any comparison between tack 
tests and rheological measurements must be made at low shear rates, such as illustrated in Figure 5a. 
From Figure 5a, we see that the corresponding rheograms are qualitatively similar to the force curves 
measured during the tack test displayed in Figure 2.a. From Figure 2.a, the computed nominal stresses 
vary between 700 and 2100 Pa for a strain rate around 0.17 s-1, for the latter value of strain rate we 
therefore observe that the stress levels are about one order of magnitude higher during tack tests as 
compared to the flow curves in Figure 5a. The contribution of the extensional stress to the tack force 
may then be deemed significant compared to the shear component.   
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Figure 5: Flow curves obtained in the stress-controlled mode using different polymer contents. (a) Linear plot for 

lower shear rate values). (b) Logarithmic representation (for higher shear rate values) 



4.B. Yield stress and cohesion   
The yield stress is identified as the applied shear stress corresponding to a finite shear rate value equal 
to 0.01 s-1. The yield stress evolution with polymer content is represented in Figure 6.a. Similarly to 
the cohesion force identified from tack tests (Figure 3.a) the yield stress displays a minimum value at 
Ce = 0.15 %,.  From Figure 3.a, we obtain that the cohesion stress varies between 450 and 700 Pa, and 
as in section 5.A, we observe that the stress levels derived from tack tests are about 10 times higher 
than the stresses recorded during rheological tests under shearing conditions. 
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Figure 6: Evolution of the yield stress with : (a) polymer content (b) bentonite content 

 

5. Effect of mineral additives, case of bentonite  
 
5.A.Tack tests results 
As illustrated in Figure 1.b, the time evolution of the tack force displays patterns similar to the case 
without bentonite, as well as typical curves obtained on bentonite muds. However, if we compare to 
Figure 1.a, the main difference is the dependency with respect to the velocity, which seems much less 
marked for formulations with bentonite. Indeed, Figure 2.b shows that the maximum pulling force is 
practically independent of the plate separation velocity.  
Figure 3.b displays the evolution of the cohesion force with bentonite content. A significant increase 
can be noticed for contents higher than 0.5 %.  The evolution of the adherence force with bentonite 
content is illustrated in Figure 4.b under varying pulling velocities. The observed behavior is 
unexpectedly complex. For each given velocity, the adhesion force decreases at first when bentonite is 
added to the mixture. A minimum in adhesion is reached at 0.5% bentonite content, then adherence 
increases to a maximum value at 1% bentonite content, and decreases afterwards. To understand this 
result, we have to search for possible modifications in rupture behavior during the tack test, depending 
on the bentonite content, such as observed under varying polymer content (Section 3.B).  
 
5.B. Rheological behavior  
Flow curves under fixed shear stress are displayed in Figure 7, for varying bentonite contents. As 
bentonite proportion into the mixture grows, the curves evolve from a shear-thinning behavior with a 
yield stress (Herschel-Bulkley fluid), to a Bingham-like behavior. Bentonite addition plays then a 
reverse role as compared to the effect of cellulose ether. 
As shown above, adhesive properties determined from tack tests concern mainly the domain of low 
shear-rates. Consequently, if we focus on the rheological behavior at low shearing rates, we observe 
that viscosity (slope of flow curves) increases with bentonite contents lower than 1%, and diminishes 
for higher bentonite contents. In this regard, viscosity’s evolution is well correlated with the interface 
adherence force represented in Figure 4.b.  From Figures 3.b and 6.b, we see that the yield stress and 
the cohesion force’s evolutions with bentonite content are fairly similar.  
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Figure 7: Typical controlled shear-stress flow curves of the mortars for different bentonite contents. 

 
Conclusions 
The experimental investigation has displayed quite different patterns of evolution for the reference 
mortar with bentonite or with polymer additions, during tack tests and rheological experiments as well. 
With polymer additions, we observe a marked dependency on pulling velocity, and a non-monotonous 
variation with polymer content during tack tests and yield stress measurements. With bentonite 
additions, the dependency with respect to pulling velocity is less important. The peak normal force, the 
cohesion force and the yield stress all monotonically increase with bentonite content, while the 
adherence force and viscosity’s evolutions with bentonite content are more complex. Finally, by 
comparing the two types of thickeners it can be expected that water-soluble polymers and mineral 
additives may reveal complementary regarding the placement properties of mortars. The former can be 
used to adjust viscosity and adherence properties while the latter can be included to control yield stress 
and cohesion. 
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Abstract 

The hydration mechanisms, the microstructure and composition of alkali activated ground granulated blast fur-
nace slag (GGBFS)  pastes with varying MgO content of the slag  using different alkaline activators have been 
investigated to understand the effect of the MgO content on the kinetic, strength development and the kind and 
amount of hydration products formed. The hydration up to 180 days was studied for 3 different slags, using sev-
eral techniques including X-ray diffraction (XRD) and thermogravimetry (TGA). Scanning electron microscopy 
(SEM) techniques were used to calculate the degree of hydration from backscattered electron (BSE) images us-
ing SEM image analysis (SEM-IA) and to determine the nature of hydration products using energy dispersive X-
ray spectroscopy (EDS) analysis.  

The type of alkaline activator and the MgO content of the slag influenced the kinetics of the reaction. The higher 
the MgO content the faster was the reaction, and a higher degree of reaction was observed at all ages. Higher 
MgO content resulted also in higher compressive strengths after 28 days for water glass (WG) activated slags. 
C-S-H with a significant Al content (C(-A)-S-H) and hydrotalcite were found to be the most important hydrates 
phases in the different alkali activated slag systems. In the high MgO slag systems more hydrotalcite was 
formed and a lower Al uptake in the C(-A)-S-H was observed.  

ORIGINALITY 

The activation of  slags exhibiting a poor reactivity is a challenge, as the chemical composition of the slag can 
have a large influence on the relative amount of the different hydrates that form and thus on the volume of the 
hydrated products. The investigation of slags containing different MgO contents allows studying the influence of 
MgO content on reactivity, strength, the composition of the hydrate assemblage and microstructure.  

CHIEF CONTRIBUTIONS 

The combination of experimental investigation of the kind and amount of hydrates formed, thermodynamic mod-
elling, with the determination of strength and the development of the microstructure allows identifying the im-
portant factors influencing the reactivity and the strength development in the alkali activated slags. In addition, 
the investigation of slags with different MgO content give insight into to effect of MgO on microstructure, hy-
drate assemblage and the strength development.  
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1. Introduction 

The cement production is responsible for about 5-8% of the global man made CO2 emissions 
(Damtoft et al. 2008). A sustainable alternative to Portland cement is provided by supplementary 
cementitious materials such as slags, a by-product from industrial manufacturing processes. The 
kinetics of activation and hydration of the slag depend mainly on the mineralogical and chemical 
composition of raw materials used. Also the fineness of slag and the type of activator plays an 
important role to define the kinetics of activation and the extent of reaction (Fernández-Jiménez et al. 
1999). The alkali activation of waste materials has become an important area of research (Palomo et 
al. 1999). Alkali activation of slag stimulates its dissolution and thus the formation of hydration 
products, mainly aluminium containing C-S-H (C-A-S-H), hydrotalcite and AFm type phases such as 
strätlingite (Gruskovnjak et al. 2006; Roy 1999; Wang and Scrivener 1995).  

In general, the rate of hydration is faster at high alkali concentrations. The understanding of the 
hydration mechanism and the development of the microstructure is the key to study their influence on 
the mechanical properties. However, various aspects of chemistry of the alkali activation of slags are 
still unclear. This paper aims to study the effect of the composition of slag on hydration, to develop an 
insight into the microstructures of these systems and to give a better picture of the interaction between 
slag and activators. 

A multi-method experimental approach using calorimetry, thermogravimetry, X-ray diffraction, 
scanning electron microscopy (SEM) techniques and thermodynamic modelling (Lothenbach and 
Winnefeld 2006) were applied to assess the impact of the MgO content of the slag, and of the kind of 
alkali activator used on the nature, the composition and amounts of hydrates phases formed during 
hydration. 
2. Experimental and modelling 

Three different ground granulated blast furnace slag (GGBFS) with three different MgO contents 
were used. The chemical compositions of the three GGBFS are presented in Table 1. Their activation 
was performed using two types of activators: NaOH and sodium water glass (Na2SiO3·5H2O). The 
activators concentrations were 3.77% and 10% (referred to slag) respectively, in order to insure the 
same Na2O content in all the systems. The study was carried out using pastes with a water/binder ratio 
of 0.40.  

Table 1: composition of the studied GGBFS 
 GGBFS LM GGBFS MM GGBFS HM 
SiO2 38.2 37.0 36.4 
Al 2O3 11.9 11.5 11.3 
CaO 35.8 34.6 33.4 
MgO 7.71 10.5 13.1 
Fe2O3 1.57 1.84 1.38 
Na2O 0.41 0.40 0.52 
K2O 1.15 1.10 0.98 
SO3 1.37 1.25 0.36 
TiO2 0.50 0.48 0.47 
Mn2O3 1.54 1.51 1.42 
P2O5 0.03 0.03 0.02 
sum 100.3 100.3 99.3 
Blaine (g/cm2) 4989 5071 5011 

 

Calorimetry measurements were performed at 20˚C in order to determine the rate of heat of hydration 
during the first week. After different hydration times, the hydration was stopped by isopropanol and 
the composition of the solid phase was studied by X-ray diffraction (XRD), and thermogravimetry 
(TGA). Compressive strength was measured on activated slag paste (25*25*25 mm3). 



Slices of hydrated slag paste samples were cut and the hydration was stopped using solvent exchange 
with isopropanol. They were then impregnated using low viscosity epoxy resin and polished down to 
¼ µm. Backscattered electron images (BSE) were analysed quantitatively using image analysis (IA) 
to determine the capillary porosity and the degree of reaction using image analysis techniques (Ben 
Haha et al. 2010; Scrivener 2004). BSE-IA gives a reliable estimate of the real degree of hydration of 
alkali activated slag; the quantity of anhydrous slag left is measured directly and is compared to its 
original content in the slag pastes. Energy dispersive X-ray spectroscopy (EDS) was applied to deter-
mine the element compositions of the matrix. The Ca/Si atomic ratios of the C-S-H, the Mg/Al ratios 
of the hydrotalcite as well as the Al incorporation in the C-S-H were determined.  

The thermodynamic modelling software GEMS (Kulik 2010) was used to calculate the kind and 
amount of solids precipitated. The calculations were performed using the composition given in Table 
1 assuming a thermodynamic equilibrium between the pore solution and the precipitating hydrates. A 
consistent set of thermodynamic data, which was originally compiled and verified for Portland cement 
systems, was used (Lothenbach et al. 2008). The alkalis released from the dissolution of the activator 
as well as during the slow dissolution of the slag, partition between the solution and the precipitating 
C-S-H phases. The aluminium uptake on the C-S-H is considered based on the EDS analyses. 

 

3. Results and discussions 

3.1 Influence of MgO content on the kinetics of the reaction 

The comparison of the heats released during the hydration of the various MgO content slags with wa-
ter glass (Figure 1) shows that with a higher MgO content of the slag a faster reaction takes place. The 
NaOH activated systems are characterised by a single main peak occurring within the first hours, 
which is almost not influenced by the MgO content of the slag.  

The weight loss derived from TGA (which corresponds to chemical bound water) for the low MgO 
content slag is lower than for the medium content and high content MgO slag for both activators dur-
ing the first 28 days ( Figure 2). Thus, with increasing MgO content of the slag the hydration kinet-
ics is faster in the case of both activators. 
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Figure 1. Conduction calorimetry of the slags with  Figure 2. Comparison of TGA and DTG curves of the  

different MgO contents activated by WG  slags with different MgO contents activated by NaOH  

  after hydration time of 28d. Ht: hydrotalcite 

 

 



The slags with higher MgO content are found to hydrate faster up to 28 days, as shown by SEM im-
age analysis in Figure 3. At later ages, the differences due to the MgO content are small. In the WG 
activated system, the coarse porosity (>0.1µm) as measured by SEM image analysis decrease strongly 
with hydration and is below 5 vol% after 28 days and beyond. In the systems activated by NaOH, the 
coarse porosity of the systems does not reduce significantly after the first day. Even 180 days of hy-
dration, 15 vol% of coarse porosity are present (Figure 3). Two types of C-S-H phases seem to have 
formed (see Figure 4).  
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Figure 3  Degree of hydration (left) and coarse porosity (right) of the activated slags measured by SEM-IA 

 

Figure 4. Backscattered electron (BSE) image of the slag with high MgO content activated by NaOH after 180 

days of hydration showing two layers of hydration products 

 

3.2 Influence of MgO content on compressive strength 

The MgO increase seems to favour the development of compressive strength as shown by the com-
pressive strength measurements of the different slag up to 180 days (Figure 5), more significantly for 
the WG activated systems. The measurements highlight that for WG activated systems the compres-
sive strength increases continuously after the initial curing of one week. The increase of MgO content 
in the slag resulted in faster reaction of the slag with increasing MgO content and thus in higher com-
pressive strengths. 

In the NaOH activated slag, the compressive strength remains relatively low for all MgO content, 
which agrees with the high porosity observed in these systems.  
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Figure 5. Compressive strength of slag pastes 

 

3.3 Influence of MgO content on the hydrate assemblage 

The presence of ill-crystalline C-S-H and hydrotalcite is observed by XRD (Figure 6) and TGA (
 Figure 2). The formation of hydrotalcite seems to be either more pronounced in the NaOH ac-
tivated slag or it might be more crystalline. The patterns are similar for all hydration times, but the 
peak of C-S-H and hydrotalcite increase with time indicating the progress of hydration. The hydrotal-
cite content increases with the MgO content (Figure 6). 
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Figure 6. Comparison of the XRD patterns of the alkali activated slag systems at 28 days. Ht: hydrotalcite 

The plot of the atomic ratios Mg/Si vs. the Al/Si ratio derived from EDS analyses of 28 day old slag 
pastes is displayed in Figure 7. The Mg/Al molar ratio is almost constant regardless of the composi-
tion of the slag or the activator used. A mean value of 2 was observed which indicates the presence of 
hydrotalcite like phases. This Mg/Al ratio is well within the range reported by other researches, 1.92 
to 4.35, for hydrated slag pastes (Richardson 2004; Taylor 1997; Wang and Scrivener 2003). These 
results suggest that the same type of hydrotalcite is formed, regardless of the MgO content of the slag. 
However, the MgO content of the slag decreases clearly the Al incorporation in C-S-H (see Figure 7). 
This Al uptake by C-S-H is 0.23 (Al/Si ratio) in the case of low MgO content slag and decreases to 
0.17 for medium MgO content slag, and to 0.15 Al/Si for high MgO content slag. No magnesium up-
take by C-S-H is observed.  
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Figure 7. Mg/Si atomic ratio vs. Al/Si atomic ratio for NaOH activated slag with different MgO content at 28d 

The kind of activator influences the Ca/Si ratio; a slightly lower Ca/Si of 0.8 is observed for the WG- 
activated slag than for the NaOH activated slag (0.9), as additional SiO2 is introduced by the WG-
activator. The Ca/Si ratios are not affected by the MgO content of the slags. 

 

3.4 Thermodynamic modelling  

Figure 8 show the composition of slags calculated using thermodynamic modelling, assuming that 
100% of slag has reacted. The thermodynamic calculations predict the formation of C–S–H with a 
Ca/Si of approx. 0.9, hydrotalcite, and in the case of low MgO slag, a small amount of strätlingite 
(2CaO·Al2O3·SiO2·8H2O).   
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Figure 8. Calculated composition per 100g of dry binder at 100% of reaction of WG activated slag as a function 

of the MgO content. 

The amount of hydrotalcite increases with the increase of the MgO content of the slag, which is con-
sistent with the XRD results and with the decrease of the amount of Al incorporated into C-S-H ob-
served in Figure 7. The predicted phase assemblage is in all systems in good agreement with the ex-
perimental results. The calculations indicate in the case of WG-activated slag a Ca/Si = 0.94 of the C-

Al in  

C-S-H 

Mg/Al = 2 



S-H (due to the introduction of SiO2 with the activator). In the NaOH-activated slag a slightly higher 
Ca/Si ratio (~1) is calculated, which is similar to the Ca/Si of the unhydrated slag. The Ca/Si ratio is 
calculated to be independent of the MgO content. This agrees well with the experimental observations 
by EDS analyses. Thus, the thermodynamic calculations confirmed the experiments and illustrate that 
changes of the MgO content of the slag influence mainly the amount of hydrotalcite formed and indi-
rectly the Al uptake by C-S-H.  

 

4. Conclusions 

The MgO content of the slag has a large influence on the amount of the hydrates formed in hydrated 
alkali activated slag. Experimental observations as well as thermodynamic modelling predict the same 
phase assemblage with the main hydration products C-S-H and hydrotalcite, in the case of the low 
MgO slag probably also possibly traces of strätlingite. Higher MgO contents in the slag increase the 
quantity of hydrotalcite in the hydrate assemblage and decrease the Al uptake by the C-S-H. The use 
of the water glass activator decreases the Ca/Si ratio of the C-S-H slightly compared to NaOH-
activated slags, but did not influence the kind of the hydrates present.  

The type of alkaline activator and the MgO content influence also the kinetics of the reaction. A 
higher MgO content in the WG activated slag, results in a faster reaction and a higher compressive 
strength. In the NaOH activated system, the MgO content has no significant impact on the degree of 
reaction or on strength. Generally lower strength and a significant coarse porosity is observed for the 
NaOH activated slags.   
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Abstract 
Two different binders composed of Portland cement, calcium sulphoaluminate clinker and calcium sulphate were 
studied, one containing gypsum and one containing anhydrite. To obtain sufficient time to cast the samples, an organic 
retarder was used. A study combining various analytical techniques on solids and extracted pore solutions coupled to 
thermodynamic modelling was needed to fully understand the hydration process and to determine the composition of 
the crystalline and of the X-ray amorphous hydrates present in the binders. On that purpose, X-ray diffraction, Rietveld 
refinement, thermogravimetry, ion chromatography and thermodynamic modelling were applied. Results show that the 
overall hydration mechanisms are similar in presence of gypsum or anhydrite, the main difference being in the kinetics 
of reactions due to the slower dissolution of anhydrite compared to gypsum in the presence of retarder. The hydration 
starts with the formation of ettringite and X-ray amorphous hydrates. In the anhydrite-bearing system, the ettringite-
forming reaction is stronger delayed by the addition of the retarder. Therefore, a significant amount of X-ray 
amorphous hydrates form before ettringite starts crystallizing. The volume of the hydrates amorphous fraction in the 
two ternary binders constantly increases. It is composed of different phases and its chemical composition is changing 
over time. During early hydration, it is mainly composed of aluminium hydroxide and strätlingite, while in the 
anhydrite-bearing system it can additionally contain monosulphoaluminate. At later ages, the aluminium hydroxide 
content decreases and additional monosulphoaluminate and C-S-H are formed. 
 
 
Originality 
This work presents a study combining pore solution analysis, hydrate phases quantification and thermodynamic 
modelling of rapid hardening binders containing Portland cement, calcium sulphoaluminate clinker and calcium 
sulphate. The quantification by Rietveld refinement of the anhydrous and hydrate phases in these very complex 
hydrating binders is challenging, the systems being composed of up to eleven crystalline phases (including solid 
solutions) and of a mix of various X-ray amorphous hydrates. 
 
 
Chief contributions 
One main application of calcium sulphoaluminate cements is their use in rapid hardening ternary binders based on 
Portland cement, calcium sulphoaluminate cement and calcium sulphate. However, the hydration processes of such a 
system are very complex. In our study we could show by Rietveld refinement of X-ray diffraction patterns that besides 
crystalline phases, mainly ettringite, a big part of the hydrates are X-ray amorphous. A mass balance calculation 
revealed that the amorphous hydrates mainly consist of monosulphoaluminate, other AFm-type phases like strätlingite 
as well as C-S-H. 
 
 
Keywords: Calcium sulphoaluminate cement, calcium sulphate, pore solution, X-ray amorphous hydrates, ternary bind-
ers
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Introduction 
 
Mortars based on ordinary Portland cement (OPC), calcium sulphoaluminate clinker (CSA) and 
calcium sulphate can achieve fast setting, rapid hardening and high early strength (Palou et al., 2003; 
Cau-dit-Coumes et al., 2009; Pelletier et al., 2009 and 2010). They represent a promising alternative 
for the production of dry-mix mortars, reducing the working time on the construction sites. Moreover, 
the production of CSA clinker generates lower CO2 emissions than OPC mainly due to a lower CO2-
release from the raw materials (reduced limestone content) and to a lower burning temperature.  
A previous paper showed that the assemblage of hydrate phases present in the binders after some 
weeks is not strongly dependent on the changes in the starting ternary composition (studied OPC/CSA 
clinker/anhydrite mass ratios: 8/3/0.5 to 8/3/1.25, 5/3/1 to 8/3/1), including ettringite, 
monosulphoaluminate, hydroxy-AFm (C4AHx), hemicarbonate, strätlingite and C-S-H (Pelletier et al., 
2010; cement notation will be used throughout the text with A: Al2O3, C: CaO, F: Fe2O3, H: H2O, M: 
MgO, S: SiO2, Š: SO3, T: TiO2). Amorphous/micro-crystalline AH3 had formed at early age and was 
later partially consumed during hydroxy-AFm- or monosulphoaluminate-forming reactions. On the 
other hand, the changes in the starting ternary composition strongly influenced the ettringite to 
monosulphoaluminate mass ratio. 
Despite the available data, there are unsolved issues on the hydration mechanism of ternary binders. 
An important fraction of X-ray amorphous hydrates are present in the binders and their composition is 
still a matter of debate. AH3 and C-S-H are assumed to be part of it, while it could also contain other 
hydrates not detectable using the X-ray diffraction technique or thermogravimetry (due to overlaps). 
Moreover, the influence of the used calcium sulphate on the type and amount of X-ray amorphous 
hydrates formed in the binders is not known. The objective of the present study, combining 
experimental work and thermodynamic modelling, is to fully understand the hydration mechanism of 
ternary binders with gypsum or anhydrite and to quantify and qualify the X-ray amorphous hydrate 
phases present in the binders. 
 
Materials 
 
An OPC CEM I 52.5 R containing 3.5 % anhydrite and 0.9 % hemihydrate was used (Table 1). Its 
Blaine fineness was 5030 cm2/g. The CSA clinker used contained 62.8 % ye’elimite (C4A3) and was 
characterized by minor CA and CA2 contents. It had a Blaine fineness of 4180 cm2/g. Both calcium 
sulphates used were technical products. The gypsum contained traces of anhydrite (3.3 %). The 
selected ternary formulations (TER-G, TER-A) were chosen to have the same total SO3 content.  
 

Table 1: Mineralogical and chemical compositions of the used materials 
(wt.%) C4A3Š CT C2AS CA CA2 MA C3S C2S C4AF C3A CŠ CŠH0.5 CŠH2 K2SO4 Na2SO4 CaOfree MgO SiO2 CaCO3

OPC 64.1 19 1.9 7.7 3.5 0.9 0.71a 0.081a 0.3 0.6 2.3
CSA 62.8 5.7 18.3 8.1 3.1 1.8 0.06a 0.005a < 0.1 0.2
CŠH2 3.3 96.7
CŠ 98.8 1.1

(wt.%) SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO SO3 TiO2 P2O5 Mn2O3 SrO L.O.I.
OPC 22.7 3.7 1.4 64.9 0.2 0.7 0.8 3.2 0.2 0.1 < 0.1 0.2 1.8
CSA 4.5 45.0 1.5 36.1 0.1 0.4 0.9 8.6 2.2 0.1 < 0.1 0.1 0.7
CŠH2 33.3 0.3 46.7 21.5
CŠ 1.0 0.4 0.4 40.2 0.1 55.6 1.4

(g) OPC CSA CŠH2 CŠ w/c
TER-G 61.5 26.7 10.7 0.42
TER-A 61.5 26.7 8.4 0.42
Mineralogical composition determined by Rietveld refinement. Chemical analyses by XRF, except for SO3 measured with a Leco® apparatus. a 5 g of
cement/clinker were stirred in 50 ml deionised water for 5 minutes. Solution was filtered and Na, K concentrations were measured by ion chromatography.  
Methods 
 
All the experiments were performed at 20 °C and w/c=0.42. The pastes were cast in polyethylene 
bottles (900 g cement + 378 g deionised water), sealed and stored in a thermostatic bath. The pore 



solutions were extracted by pressure filtration for unset samples or using the steel die method 
(Lothenbach and Winnefeld, 2006). With a syringe equipped with a Nylon filter 0.45 μm, 4.5 ml of the 
liquid phase were collected for ion chromatography and pH-measurement. Heat flow curves were 
obtained by isothermal calorimetry to have an overview of the hydration kinetics of the binders. For 
the analysis, 3.4 g of paste were mixed inside the apparatus. 
X-ray diffraction (XRD) and thermogravimetry (TGA) were used to determine the mineralogical 
composition of the solid phases. Hydration was stopped by plunging the samples 1 h in isopropanol 
and rinsing with diethyl-ether. Prior to XRD and TGA, cement was ground to a grain size ≤ 63 μm. A 
known quantity of internal standard CaF2 was mixed with the samples to allow the quantification of 
the total amount of X-ray amorphous hydrates by Rietveld refinement (amorphous and/or micro-, 
nano-crystalline; Jenkins and Snyder, 1996 and references therein). 
A mass balance calculation was used to determine the chemical composition of the X-ray amorphous 
fraction. On the one hand, the contents of the various oxides in the whole system were calculated 
using the composition of the raw materials. On the other hand, the contents of the oxides in the 
crystalline phases (anhydrous and hydrates) and their increase/decrease observed by Rietveld were 
considered. Finally, the chemical composition of all the crystalline solids was substracted from the 
total composition of the system for each oxide, giving the composition of the amorphous fraction for 
this oxide. 
To carry out the thermodynamic calculations, the geochemical GEMS-PSI software was used linked to 
the cement-specific CEMDATA database (Lothenbach 2008b and references therein). Saturation 
indices of the various hydrate phases were calculated from the composition of the pore solutions. 
Calculations were also carried on to model the hydration processes over time (Lothenbach and 
Winnefeld, 2006; Winnefeld and Lothenbach, 2010). 
 
Results and discussion 
 
In the absence of organic retarder TER-G and TER-A set within a few minutes. However, when the 
retarder is added, TER-A is more retarded than TER-G. This was confirmed by the heat flow 
calorimetric curves. TER-G heat flow curve shows two peaks, the first one has a maximum heat flow 
around 30 min (17 mW/g) and the second one around 3 h (50 mW/g). In TER-A two similar peaks are 
observed and delayed at 1 h 30 (5 mW/g) and 7 h (27 mW/g). The following paragraphs will always 
refer to the retarded mixes. 
 

1. Solid phase composition 
 
The soluble alkalis, the free lime and the hemihydrate from the OPC are dissolved first. Only little C3S 
dissolves within the first hours (Fig. 1), and will continue to dissolve until later ages. In TER-G, the 
period between 1 h and 5 h 30 is characterized by a strong decrease in the C4A3Š content and the 
complete consumption of the gypsum (CŠH2). This leads to the formation of ettringite (C4A3Š + 
2CŠH2 + 34H → C3A·3CŠ·H32 + 2AH3), and of X-ray amorphous hydrates (Fig. 1c). From 5 h 30 to 7 
days, C4A3Š continues to dissolve in the absence of gypsum. The AFt content stays constant, while the 
amount of X-ray amorphous hydrates strongly increases. The period beyond 7 days is characterized by 
a decrease of the AFt content, while X-ray amorphous hydrates are still formed. The presence of 
monosulphoaluminate and portlandite was detected in the derivative TGA curves at 7d and 28d (Fig. 
2a). Monosulphoaluminate can form from ye’elimite in the absence of gypsum (C4A3Š + 18H → 
C3A·CŠ·H12 + 2AH3). The broad and flat peak (200 °C to 400 °C) observed by TGA could be related 
to AH3. 

The mass balance calculation showed that in TER-G at 1 h about 12 % of the total Al2O3 of the system 

and no or little SiO2 or SO3 are present in the amorphous fraction (Fig. 3a). This confirms that AH3 
forms in TER-G within the first hour. Beyond 1 h, some SiO2 and SO3 are contained in the amorphous 
fraction, showing that AFm-type phase(s) and/or C-S-H could be present in it. The decrease over time 
of the calculated Al to Si molar ratio in the amorphous fraction is in agreement with the consumption 



of AH3 and the formation of C-S-H during late hydration reactions observed in ternary binders of 
similar composition (Pelletier et al., 2010). 
In TER-A the kinetics of clinker dissolution and hydrate phases formation are slower than those of 
TER-G. Until 5 h 30, C3S is the main phase to react and the volume of the X-ray amorphous fraction 
increases (Fig. 1b, d). The main consumption of C4A3Š and anhydrite occurs between 5 h 30 and 1 d, 
leading to the formation of AFt (Fig. 1d). The decrease of the AFt content starts beyond 1 day and is 
coupled to the formation of X-ray amorphous hydrates. Less AFt and more amorphous hydrates form 
in TER-A compared to TER-G. The TGA curves confirmed the presence of X-ray amorphous hydrates 
and monosulphoaluminate (Fig. 2b). The mass balance calculation shows that some CaO, Al2O3, SO3 
and SiO2 are present in the amorphous fraction from the early hydration period (Fig. 3b). It could 
therefore contain monosulphoaluminate and other AFm-type phases or C-S-H. The composition of the 
hydrates amorphous fraction in TER-A is slightly modified within the first hours of hydration, 
compared to TER-G where it is more significantly changed with a strong decrease of the Al to Si ratio. 

 
Figure 1: Evolution of the solid phase composition over time deduced from XRD, Rietveld and TGA: a) and b) 
consumption of clinker phases and calcium sulphates, c) and d) formation of hydrate phases. AFt = ettringite, 
Amorphous = X-ray amorphous hydrates, CA = monocalcium aluminate, C3A = aluminate, C4AF = ferrite, 
C4A3Š = ye’elimite, CH = portlandite, C3S = alite, C2S = belite, CŠ = anhydrite, CŠH2 = gypsum. 

 
2. Liquid composition 
 
In pore solutions from TER-G and TER-A, Na and K increase over time (Table 2). They are mainly 
released by Na2SO4 and K2SO4, the alkali sulphates from OPC and CSA clinkers, during early 
hydration and later by the dissolution of the clinker phases (Longuet et al., 1973; Taylor, 1990; 
Lothenbach and Winnefeld, 2006; Winnefeld and Lothenbach, 2010). The Ca and S concentrations 



decrease over time. They are released by the dissolution of C4A3Š and of the calcium sulphates. 
Calcium is additionally released by free lime at early age and by C3S and C2S at later ages. 
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Figure 2: Selected TGA derivative curves. The following curves were omitted for readability: TER-G at 15 h 30 
(equal to 1 d), TER-A at 1 h (similar to 5 h 30) and TER-A at 15 h 30 (similar to 1 d). AFt = ettringite, 
Amorphous = partial signal related to the X-ray amorphous, CH = portlandite, CŠH2 = gypsum. 
 

 
Figure 3: Estimation of the composition of the hydrates amorphous fraction deduced from mass balance 
calculations. CaO, Al2O3, SO3 and SiO2 contents compared to the composition of the whole system (total paste 
composition) and elemental molar ratios in the hydrates amorphous fraction. 

 
As soon as Ca and S are released in solution, they are consumed to form AFt and/or X-ray amorphous 
hydrates. The Al concentration stays constant, being balanced by C4A3Š dissolution, by the formation 
of AFt and of Al-bearing amorphous hydrates. The dissolved Si concentration in TER-G continuously 
increases until 7 days, Si being released by the dissolution of C3S/C2S and incorporated in the hydrates 
amorphous fraction (Fig. 3). Between 7 and 28 days, the dissolved Si concentration stays constant in 
TER-G and TER-A. This could be due to the formation of Si-bearing phases in the amorphous 
fraction, such as C-S-H or an AFm-type phase. During early hydration pH values are lower than 12.6, 
while at later ages they range between 13 and 14. These pH values are similar to those from pore 
solutions from OPC or CSA cements (Longuet et al., 1973; Lothenbach and Winnefeld, 2006; 
Lothenbach et al., 2008a and 2008b; Winnefeld and Lothenbach, 2010). 
 



Table 2: Measured total concentrations in the pore solutions 
Sample Time pH Al Na K Ca Si S

(days) mmol/l mmol/l mmol/l mmol/l mmol/l mmol/l

TER-G 0.04 11.98 4.30 319.49 123.96 6.51 0.06 226.09
0.2 12.41 5.08 385.50 188.11 1.19 0.13 146.37
0.6 13.04 5.55 391.58 201.91 0.90 0.27 36.93
1 13.06 5.46 405.99 214.60 0.70 0.26 36.19
7 13.61 5.03 524.88 273.69 0.82 1.67 12.77
28 n.e. 3.70 795.49 551.21 1.18 1.28 13.47

TER-A 0.04 12.55 7.49 313.64 123.12 22.98 0.14 143.05
0.2 12.57 4.99 316.36 124.24 27.75 0.05 150.38
0.6 12.31 4.64 504.76 249.48 1.86 0.15 277.43
1 13.06 6.06 528.22 272.86 3.01 0.47 128.62
7 13.65 5.52 686.79 384.04 0.62 2.61 29.15
28 13.84 3.59 933.09 656.66 1.36 1.87 42.49

n.e.: not sufficient pore solution to perform measurement.  
 
3. Thermodynamic modelling 
 
Three hydrate phases were found to be oversaturated with respect to the pore solutions at any 
hydration time (results not presented), AFt, monosulphoaluminate and strätlingite (C2ASH8). Gibbsite 
(crystalline AH3), which is oversaturated during early hydration, becomes undersaturated at later ages. 
C-S-H and CH are oversaturated only at later ages. The model predicts the formation of crystalline 
AH3. This discrepancy between the model and the analytical data is due to the linked solubility 
product of AH3 with its crystallinity (amorphous, micro-crystalline or crystalline). In that case, the 
program favours the formation of the component with the lowest solubility product (gibbsite). 
The calculation of the saturation indices allows a better estimation of the composition of the hydrates 
amorphous fraction. In TER-G until 1 d, this component should be mainly composed of AH3 and 
could contain strätlingite (C2ASH8), explaining the Si content deduced from the mass balance 
calculations (Fig. 3). At later ages, while the AH3 content in the amorphous fraction decreases, C-S-H 
can be formed. This could easily explain the calculated decrease of the associated Al to Si ratio over 
time (Fig. 3). Monosulphoaluminate could also be present, as the S content in the amorphous fraction 
increases at later ages (Fig. 3). Similar assumption can be drawn for TER-A. However in that case, 
strätlingite and monosulphoaluminate could also be present in the amorphous fraction within the first 
hour of hydration. 

 
Figure 4: Modelled hydration until 7 days. AFt = ettringite, AH3 = gibbsite, CA = monocalcium aluminate, CA2 
= monocalcium dialuminate, C3A = aluminate, C4AF = ferrite, C4A3Š = ye’elimite, CaCO3 = calcite, C3S = alite, 
C2S = belite, CŠ = anhydrite, CŠH2 = gypsum. Inert includes the non hydraulic phases spinel (MA), perovskite 
(CT), gehlenite (C2AS) and SiO2. As no CA2 dissolution kinetics could be deduced from the Rietveld refinement, 
the empirical function of the CA dissolution was used to model the CA2 decrease.  

 
The modelling over time showed that in TER-G, the hydration process begins with the formation of 
AFt and AH3 from the hydration of C4A3Š (Fig. 4). The AFt content strongly increases during the first 



hours, then stays constant, and finally decreases at later ages. C-S-H and strätlingite are also modelled 
to form within the first hours. As these phases are not observed by XRD, they could be present in the 
hydrates amorphous fraction. Later, AH3 content decreases and after 1 day monosulphoaluminate 
starts forming. As monosulphoaluminate is not clearly observed by XRD (only suspected beyond 7 
days), it could be present in the amorphous fraction, which is consistent with the increase of the S 
content from 1 day shown in Figure 3a. Comparing the amorphous content calculated by 
XRD/Rietveld refinement to the total amount of amorphous phases calculated by the modelling (those 
being absent from the XRD patterns: strätlingite, AH3, C-S-H and monosulphoaluminate), there is a 
good correlation between the Rietveld and the modelled results until 28 days. 
In TER-A, little AFt is predicted to form within the first hour of hydration, while the period where the 
higher amount of AFt is formed is between 5 h 30 and 15 h 30 (Fig. 4b). The AFt content decreases at 
later ages. Monosulphoaluminate is predicted to form earlier in TER-A than in TER-G. According to 
the modelling, AH3 and strätlingite are formed during early hydration in addition to 
monosulphoaluminate (Fig. 4b). This easily explains the observed SiO2 and SO3 contents in the 
hydrates amorphous fraction at early age (Fig. 3). 
 
Conclusions 
 
The present study combined experimental measurements on solid and liquid phases with 
thermodynamic modelling. It allowed the characterization of the chemical and phase compositions of 
the X-ray amorphous hydrates present in ternary binders, which cannot be determined by conventional 
methods. The volume of the X-ray amorphous hydrates continuously increases. Their formation starts 
within the first hours of hydration. They initially contain AH3 and strätlingite, and additionally 
monosulphoaluminate, if the calcium sulphate as in the case of anhydrite slowly dissolves. After some 
days, the AH3 content decreases, while the amount of monosulphoaluminate and C-S-H increase. 
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Abstract 

Calcium Sulfoaluminate cements (CSA cements) have been known for several decades. They have become more 

and more popular over the last few years, particularly, because of the high physical mechanical performances 

and the lower environmental impact associated with the manufacturing cycle in comparison with Ordinary 

Portland Cements (OPC). In different applications, e.g. floor screeds, fast setting or rapid hardening 

formulations, CSA cements are suitably used as main or secondary constituents in cementitious binders. The use 

of binders based on CSA cements in structural concrete seems to be very promising. However, as CSA cements 

are not classified as cements according to EN 197-1, for an application in structural concrete in most cases 

these binders need a technical approval. The mix composition of CSA based systems – as already reported by 

many scientists – strongly influences the hydration mechanisms, the mineralogical phases formed during the 

hydration and the final mechanical properties. In fact, according to the mix composition, markedly different 

engineering characteristics can be obtained: rapid hardening or shrinkage compensating properties are found 

respectively when the CSA cements are used alone or blended with OPC based cements.  

In this study a binder formulation based on commercial CSA cement, produced by Buzzi Unicem, was 

investigated. Buzzi Unicem has assigned a test program to the VDZ Research Institute to investigate the 

development of the hydrated phases, the mechanical properties of mortars and concrete and the durability of 

concrete. In particular, the following test procedures according to European Standards and recommendations 

were used: compressive strengths, resistance to freeze-thaw without de-icing salts, resistance to carbonation and 

to sulphate attack. Finally, the results of all the investigations provide  general descriptions of all the features 

concerning the characteristic of CSA cements in concrete, e.g.: (1) energy saving, (2) reduced environmental 

impact, (3) availability of required raw materials, (4) mechanical performances and (5) long-term durability. A 

recommendation for the use of CSA cements in concrete is given. 

 

Originality 

Scientific literature offers many studies concerning the hydration mechanisms of systems based on CSA cements. 

However, only very few papers are available describing systematically and rigorously the concrete applications 

of a industrial CSA cements, of which most refer to study prepared in Asia (mainly P.R. of China) using concrete 

mixtures, binder compositions and testing conditions markedly different from the European Standards’ situation. 

This work describes the tests methods and the results obtained for the long-term mechanical properties and the 

durability of concrete prepared with one commercial binders, produced by Buzzi Unicem, containing CSA 

cements, Calcium sulphates by testing according to European Standards and recommendations. This paper 

rigorously analyzes these results and presents them in connection with the innovative aspects deriving from the 

development and the use of a CSA based binder.   

 

Chief contributions 

This work provides fundamental contributions regarding the use of CSA cements for concrete applications.  

The results shown in this paper can be exploited to understanding the characteristics of the performances and 

long-term durability of concrete based on CSA cements. They show the possibilities and limitations of the use of 

CSA cements for the production of concrete in structural elements according to European Standards and 

recommendations. 

 

Keywords: Calcium sulphoaluminate cement, CSA cement, durability, concrete, ettringite, carbonation, freeze-

thaw, sulphate resistance 



1. Introduction 

The improvement of the cement performance and the reduction of the environmental impact 

associated with its manufacturing cycle are most likely the biggest innovation challenges for the near 

future of the cement industry. In particular, there is a widespread awareness of the need for enhancing 

mechanical strength and durability as well as decreasing CO2 emission and the embodied energy 

associated with the cement. It has been pointed out that low-CO2 cements obtained by raw mixes with 

reduced limestone content and reduced burning temperature are also energy-saving cements, in as 

much as the kiln thermal requirement is mostly dependent on fuel consumption for CaCO3 calcination. 

The early setting and the high chemical resistance of calcium sulphoaluminate (CSA) cements have 

been known for several decades. The first patent on CSA cements appeared in 1934 when the owners 

of the French company “Poliet & Chausson” developed a binder that “…set very quickly and is 

resistant to seawater and selenitous water…” [Poliet, 1934]. However, CSA cements were first applied 

around the end of the 1950s mainly as expansive binders [Klein et al., 1958]. Rapid hardening and 

dimensionally stable CSA cements for structural applications were developed by the China Building 

Materials Academy during the 1970s and are applied since the 1980s successfully [Deng et al., 1980, 

Zhang et al., 1999]. Compared to Portland cement production, the manufacturing process of CSA 

cements has a pronounced environmentally friendly character: (a) synthesis temperatures (1300°C) 

lower than those required by ordinary Portland cement clinkers (1500°C); (b) reduced amount of 

limestone in the kiln raw mix and, consequently, reduced thermal input and CO2 generation.  

During the hydration of CSA cements, their basic component, C4A3S̄, combines with calcium sulphate 

to give, besides aluminium hydroxide, well developed prismatic crystals of non expansive ettringite, 

according to the reaction (I): 

3323634 2382 AHHSACHSCSAC +⇒++   (I) 

The microstructure and the technical behaviour of CSA cements hydrated according to the reaction (I) 

are therefore completely different from those shown by ordinary Portland cements (OPC) where the 

binding action mainly depends on calcium silicate hydrates [Mehta, 1980]. Different from OPC the 

hydration products of CSA cement are mainly ettringite, monocalcium sulfoaluminate hydrate and 

partly amorphous aluminium hydroxide [Zhang et al., 1999, Stark, 2001]. These products are formed 

very quickly [Canonico et al., 2007]. Portlandite is formed to only a small amount at late age from 

hydration of belite if water still remains available after the C4A3S̄ hydration. At ordinary w/c ratios 

(about 0.50) mortar and concrete with CSA cement show a reduced capillary porosity combined with a 

higher self desiccation due to a higher demand of water needed for a full hydration [Hanic et al. 1989, 

Zhang et al., 2005, Canonico et al., 2007].  

Concrete with CSA cement have a high resistance against sulphate attack [Zhang et al., 1999, Quillin, 

2001]. This can possibly be attributed to the high sulphate resistance of ettringite formed as a main 

hydration product of CSA cements [Zivica et al., 1997]. The resistance of concrete with CSA cement 

to chloride ingress is lower compared to concrete with Portland cement [Quillin, 2001]. This might be 

traced back to the poor resistance of ettringite under chloride attack [Zivica et al., 1997]. Concrete 

with CSA cements tend to carbonate more rapidly than the concrete with Portland cement [Quillin, 

2001]. Contrary in [Zhang et al., 1999, Zhang et al., 2005] is reported about satisfactory resistance to 

carbonation based on laboratory data or for concrete removed from service which will protect steel 

from corrosion throughout a long service life. Moreover it has been reported that concrete containing 

CSA cements show a good resistance to freeze-thaw with and without de-icing salt [Panchenko, 1995, 

Zhang et al., 1999]. 

Because of a lack of technical experiences in concrete applications, the use of CSA cement in Europe 

is still restricted to niche applications like fast setting mortars, self levelling floor screeds etc. These 

applications take advantage of its peculiars features like high early strength development and low 

shrinkage properties [Pera et al., 2004], nevertheless rapid hardening and durable CSA cement could 

be a huge innovation for the pre cast industry, application that is actually limited by standard 

regulation. 

It must be pointed out that EN regulation standards does not provide yet any contributions helpful to 

classify univocally the CSA cements, therefore any binder with a high C4A3S̄, content can be in 



principle considered as CSA cement; nevertheless the properties and the use recommendation of this 

kind of binder are influenced by many factors like: a) the production conditions of the CSA clinker 

(i.e. use of flux, plant operating conditions etc.); b) the chemical and mineralogical composition of the 

CSA clinker (i.e. presence or major amount of Calcium Aluminates phases, like CA); c) the Ca-

sulphate and the Portland cement content of the mix. 

This paper is aimed at investigating the aspects related to the technical performances of industrial CSA 

cements with regard to concrete applications, describing the first results of a extended test program 

aimed at giving a critical overview of a CSA based concrete properties. The mechanical performance 

and some durability aspects are considered in order to give first recommendations concerning the use 

of CSA cement for concrete applications.  
 

2. Experimental 

2.1. Materials and properties 

The binder used for the experiments was based on CSA clinker produced by Buzzi Unicem using 

limestone, bauxite and gypsum as raw materials. The CSA clinker  These three basic components were 

first ground together and than burned at about 1300°C in an industrial rotary kiln. The clinker was then 

ground with gypsum at a fineness of about 5000 g/cm² for obtaining the corresponding cement. CSA 

cement SR03 contained 83% of CSA clinker and 17% of gypsum. The chemical composition, 

determined with XRF-analysis, one alternative method according to EN 196-2, the mineralogical 

composition with XRD-analysis Rietveld refinement, the fineness (Blaine) and density determined 

according to EN 196-6 of the CSA cement SR03 are given in Table 1.  
 

Table 1: Chemical composition and physical properties (finesse (Blaine), density, water content for standard 

consistence (WD), initial setting time (IS) and soundness (SO) of calcium sulphoaluminate cement CSA-SR03  

Parameter CSA-SR03  Parameter CSA-SR03 

SiO2 8.66  Blaine (cm²/g) 5175 
4)

 

Al2O3 26.3  Density (g/cm³) 2.76 
4)

 

TiO2 1.23  WD (mass %) 28.0 

P2O5 0.09  IS (min.) 35 

Fe2O3 1.82  SO (mm) 0 

CaO 40.9    

MgO 1.67  Yeelimite (C4A3S̄) 52.3
 2)

 

SO3 1) 13.8  Gypsum 17.0 

K2O 1) 0.27  Anhydrite 5.08
 2)

 

Na2O 1) 0.58  Belite (β-C2S) 17.8
 2)

 

Na2O-Eq. 1) 0.75  Perowskite (CaTiO2) < 5 
2)

 

Cl
-
 1) 0.016   

CO2 2.20  
2)

 Determined with Rietveld analysis 

H2O 2.69  
3)

 Approximated from XRF-analysis 
1)

 According to EN 196-2  
4)

 Mean value 

     

To extend the workability time of mortar and concrete, a set retarder was given to the binder 

formulation. The compressive strength of standard mortar was evaluated in accordance with EN 196-1 

at the age of 3, 6 and 24 hours as well as 2, 7, 28 and 91 days. Additionally, the bending tensile 

strength was determined. The results are shown in Table 2.  
 

Table 2: Bending tensile strength and compressive strength of mortar with CSA cement SR03 

Parameter Mean value from 3 resp. 6 single values in MPa 

 3 h 6 h 24 h 2 d 7 d 28 d 91 d 

Bending tensile strength 3.0 4.9 5.2 6.6 8.4 8.0 7.1 

Compressive strength 14.3 23.9 37.8 43.6 57.4 62.3 59.9 

 



2.2. Test methods and compositions of mortar and concrete 

Concrete with CSA cement SR03, were prepared in order to evaluate the resistance to carbonation 

(concrete C1), freeze-thaw (concrete C3 - cube test, concrete C3-1 - CIF test) and sulphate attack 

(mortar flat prisms). Rhine sand and Rhine gravel were used for preparing concrete C1 and C3. The 

mechanical performances were evaluated on concrete C1 and concrete C3.  

The carbonation depth was determined on concrete C1 with prisms 40 mm x 40 mm x 160 mm. The 

composition of the mix for 3 concrete prisms contained 450 g cement, 225 g water (w/c ratio = 0.50) 

and 1350 g aggregate in accordance with EN 12620 and a grading curve A8/B8 according to 

DIN 1045-2. The concrete was mixed in accordance with EN 196-1 and 10 x 3 prisms (3 per mix) 

were fabricated. One half of the prisms was pre-stored for 7 d in water with a temperature of (20 ± 

1)°C, the other half was pre-stored for 28 d in water with a temperature of (20 ± 1)°C. After respective 

pre-storage the specimens were stored in a climate with (20 ± 2)°C, (65 ± 5)% relative humidity (RH) 

and a CO2 concentration of (0.039 ± 0.003)% in accordance with RILEM Recommendation CPC-18 

[RILEM 1988]. The freeze-thaw resistance of concrete C3 was determined with the cube test with 

deionised water according to EN 12390-9. Concrete C3 had a w/c ratio of 0.60 and a cement content 

of 300 kg/m³. Four cubes with an edge length of 100 mm were tested. The test specimens were cured 1 

d in the mould, 6 d under water with (20 ± 1) °C (pre-storage) and afterwards 20 d at a climate with 

(20 ± 2) °C and a (65 ± 5)% RH. The cube test was performed with 99 freeze-thaw cycles. The 

fabrication of the specimens and the test procedure followed EN 12390-9. The concrete C3-1 was used 

for evaluating the internal damage with CIF-test according to CEN/TR 15177. Concrete C3-1 had a 

w/c ratio of 0.50 and a cement content of c = 320 kg/m³. As aggregate Rhine sand and Rhine gravel 

were used. The test specimens were cured 1 d in the mould, 6 d under water with (20 ± 1)°C (pre-

storage) and afterwards 20 d at a climate with 20°C and (65 ± 5)% RH. The CIF-test was performed 

with 56 freeze-thaw cycles. The sulphate resistance was tested on specimens based on mortar in 

accordance with EN 196-1 by means of the flat prism method. In comparison the sulphate resistance 

of a blast furnace cement CEM III/B 42,5 N-LH/HS was tested. Specimens with the dimensions 10 

mm x 40 mm x 160 mm (12 with and 12 without gauge studs) were manufactured according to EN 

196-1 and compacted on the vibrating table. The specimens were stored 2 days in the mould, protected 

from drying, at (20 ± 2)°C. After demoulding, the 24 flat prisms were stored up to the age of 14 days 

edgewise on grates in a solution saturated with calcium hydroxide at (20 ± 1)°C (pre-storage). At the 

age of 14 days a series of 3 flat prisms with and 3 flat prisms without gauge studs (steel inserts) in a 

sulphate solution with 4.4 % SO4/L at (5 ± 1)°C and (20 ± 1)°C were stored edgewise on grates 

(sulphate storage). One series of 3 flat prisms with and without gauge studs respectively was stored in 

a solution saturated with calcium hydroxide at (5 ± 1)°C edgewise on grates (reference storage at 5°C). 

The remaining two series of 3 flat prisms each were stored in a solution saturated with calcium 

hydroxide at (20 ± 1)°C (reference storage at 20°C). TG analysis was used for determining the 

carbonated fraction of SR03 and a reference  CEM II/A-LL 42,5 R hardened cement paste with w/c = 

0.5 stored 28 days at 20°C and 65% RH. A TGA/DSC 1 (Mettler Toledo) instrument, with a heating 

rate of 10K/min up to 1200°C was used for the TG determination. A lathe was used for separating the 

carbonated surface layer (determined with phenolphthalein test) from the un-reacted bulk.  
 

2.3. Properties of fresh and hardened concrete 

 

 

Table 3 show the results of the mechanical tests measured on concrete C1, after pre-storage (7 and 28 

days) and after 35 and 140 days. 

 

Table 3: Compressive strength of concrete C1 



 Pre-storage 7d Pre-storage 28d 

after pre-storage 49.2 ± 1.0 55.4 ± 1.0 

35 d 61.2 ± 1.0 61.4  ± 1.0 

140 d 59.5 ± 1.0 59.4  ± 1.0 

 

On concrete C3 and C3-1 the fresh concrete density in accordance with EN 12350-6 and the air 

content by means of the pressure gauge method in accordance with EN 12350-7 were measured. 10 

min after the end of mixing the consistence by means of the flow table test according to EN 12350-5 

was determined. The fresh concrete properties as well as the compressive strength at the age of 28 

days are shown in Table 3. 
 

Table 4: Fresh and hardened concrete properties of concrete C3 and C3-1 

 Unit 
Concrete C3 

(cube test) 

Concrete C3-1 

(CIF test) 

Flow mm 495 405 

Density kg/m³ 2.33 2.34 

Compressive Strength after 28 d MPa 42.4  ± 1.0 59.8  ± 1.0 

        

 

2.4. Carbonation depth of concrete C1  

The carbonation depth was determined with the phenolphthalein test in accordance with RILEM  

recommendation CPC-18 [RILEM 1988]. On testing date, a 30 mm long part of 3 specimens 

respectively was split. The surface was sprayed with phenolphthalein and the medium carbonation 

depth of each edge was determined after 1 hour. The results are shown in Table 4. 
 

Table 5 Carbonation depth of concrete C1 

 
Carbonation depth in mm 

 14 d 28 d 56 d 98 d 140 d 364 d 

Pre storage 7 days  1.1 1.3 2.2 3.6 3.9 5.8 

Pre storage 28 days 0 0 0.3 1.4 1.5 3.6 

           

 

2.5. Freeze-thaw resistance of concrete C3  

2.5.1. Cube test 

 
The mean scaling of concrete C3 in the freeze-thaw test with the cube test acc. to EN 12390-9 is given 

in Table 6.  
 

Table 6: Scaling of concrete C3 with c = 300 kg/m³ and w/c = 0.60 with the cube test 

 Mean scaling of 4 cubes 

Freeze-thaw cycles 10 24 47 74 99 

Scaling in mass % 0 0.1 0.1 0.3 0.4 

 

2.5.2. CIF test 

Five specimens with the dimensions 150 mm x 110 mm x 70 mm for the CIF-test were cured 

according to chapter 2.2. From 2 to 7 days before ending of this dry storage, the lateral faces of the 

specimens were sealed with aluminium foil with butyl rubber. At the age of 28 d the 7 day capillary 

suction in deionised water began. The relative modulus of elasticity is given in Table 7. 
 

Table 7: Relative modulus of elasticity of concrete C3 with c = 300 kg/m³ and w/c = 0.60 with the cube test 



 Relative modulus of elasticity 

Freeze-thaw cycles 4 10 14 28 42 56 

modulus of elasticity in % 99.7 100.0 100.0 101.1 102.8 103.4 

2.6. Sulphate resistance 

In Figure 1 slope of the expansion (difference between expansion at sulphate storage and reference 

storage) of mortar with CSA cement SR03 and blastfurnace cement CEM III/B 42,5 N-LH/HS with 

the SVA flat prism method at 20 °C and 5 °C is shown. 
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Figure 1: Slope of the expansion of mortar with CSA cement SR03 and blastfurnace cement CEM III/B 42,5 N-

LH/HS at 20°C and 5°C 

3. Discussion 

Binder based on calcium sulphoaluminate cement are not conforming to EN 197-1, therefore the use in 

concrete according to EN 206-1 is limited. The results of the tests described in the present paper allow 

to outline some interesting characteristics and to give some indication of the durability performances 

of concrete based on CSA cement with high C4A3S̄ content. 

1. CSA cement SR03 can be used for preparing rapid hardening concrete with a workability time of 

about 45 minutes, and with a very rapid strength development, that reach an almost constant value 

after 7 days of hydration. From 7 days there is still a slight increase of strengths up to 28 and 91 

days but no significant changes can be noted. No significant reduction of mechanical strengths has 

been reported during the tests. The condition of storage (water storage and 65 % RH air) does not 

affect the strength development, as can be seen in  

2.  

3. Table 3 were the 140 days mechanical strength of concrete stored in water 7 days or 28 days looks 

very similar. 

4. The concrete based on CSA cement SR03 shows very good resistance to freeze-thaw and as can 

be seen from Table 6 insignificant damage after the 99 cycles of scaling with the cube test. No 

decrease in modulus of elasticity in the CIF-test was determined. 

5. The results obtained on carbonation tests require a deeper analysis; as can be outlined from results 

shown in Table 5, concrete stored 7 days in water shows a more pronounced carbonation than the 

concrete stored 28 days in water. It is well known that more pronounced water storage prevent the 

self-desiccation of the sample and obviously reduces the CO2 penetration into the cement 

microstructure. The Phenolphthalein test is a widely used method to determine carbonation depth 

of concrete however the results of Phenolphthalein test must be carefully analysed when testing 

concrete not based on Portland cement clinker. Zhang and Glasser [Zhang et al., 2005] tested 

concrete samples based on CSA cement and they conclude that “phenolphthalein is not the most 

useful indicator to determine carbonation depth in aged CSA concrete, mainly because the visible 

indication was often indistinct and faded with time”. Carbonation may additionally be determined 

by other method, like Thermo-Gravimetric (TGA) or Infrared Analysis (IR). In fact different from 

Portland cement, the hydration of SR03 form only a low amount of Ca(OH)2 reducing the 

“buffering potential” of the pH of pore solution in comparison with a OPC cement. A preliminary 

analysis carried out with TGA on hardened cement paste (as described in chapter 2.2) with SR03 



and with a reference Portland limestone cement show that, the formation of CaCO3 from 

carbonation of SR03 is lower than that of a reference Portland limestone cement. The higher 

carbonation depth measured with Phenofthalein test in CSA sample is a indication of higher PH of 

the pore solutions as consequence of lower amount of Ca(OH)2 released during hydration.  

 
Table 8: TG analysis of the carbonated (as shown by phenolphthalein indicator) and non carbonated fraction of 

90 days in a cement paste (hydrated with w/c=0.5)  

 
Physically bound water 

1)
 

mass % 

Formation of CaCO3 in 

carbonated surface  

Carbonation depth 
2)

 

 Bulk Carbonated Surface mg/mm³ mm 

CEM II/A-LL 42.5-R 6.5 2.5 0.31 1 

SR03 3.8 3.4 0.18 2 

1) Determined by means of drying at 105°C 

2) Measured with phenolphthalein test 

 

6. Mortar with SR03 exhibited excellent performances during the sulphate resistance test. No 

evidence of expansion and formation of thaumasite were detected during the test performed at 5°C. 

This result confirms that main hydration products of the CSA cement SR03 are stable in an 

environment with high sulphate concentration and indicate that SR03 could be safely used in 

concrete with a high resistance to sulphate attack. 

 

4. Conclusions 

The performance and long term durability of concrete with CSA cement SR03 were analysed. SR03 

can successfully be used to prepare concrete that exhibit very high early and late mechanical strength, 

as well as excellent resistance to freeze-thaw and sulphate attack. The results obtained on carbonation 

tests are in agreement with similar data obtained on composite cement; carbonation results are strongly 

affected by the test method that, as already mentioned before, is not suitable for testing CSA cement. 

However this result outlines the necessity to verify the behaviour of CSA cement, in inhibiting the 

steel corrosion and evaluating if the dryer and a denser micro-structure, already reported by many 

authors, is able to oppose to the lower ph of the pore solution. The test results described in the present 

paper are the first part of a systematic and rigorously extensive research program on CSA concrete and 

already indicate that CSA cement with high C4A3S̄, content can be considered as a promising binder 

for preparing concrete with suitable durability. 
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Abstract 

Ordinary Portland cement (OPC) contains besides CaO, SiO2 and Al2O3 also 3-4 %wt of iron oxide. The aluminum oxide 

present in the cement precipitates mainly as ettringite, monosulphate or monocarbonate. However, little information exists 

about the fate of iron during the hydration of cement. The experimental identification of Fe-containing hydrates in the complex 

matrix of hydrated cement pastes is difficult with techniques like XRD, TGA and SEM/EDS. Thermodynamic modelling might 

be used to predict which Fe-bearing phases would be stable in Portland cement systems. However, solubility products of 

possible Fe-hydrates are not known. In addition, the formation of solid solutions with the Al-containing analogues phases 

could stabilize the iron hydrates.  

 

In this study, potential Fe-containing hydrates like Fe-hemicarbonate, Fe-monocarbonate, Fe-monosulfate, Fe-Friedel’s salt 

and Fe-siliceous hydrogarnet were synthesized. To study the solid solution formation, the Fe-hydrates and Al- analogues were 

experimentally synthesized from C3A(3CaO
.
Al2O3) and C2F(2CaO

.
Fe2O3) clinkers at pH=13.0 by varying the mole fraction of 

Al-end members. XRD, TGA and ESEM were used to characterize the solid phases. The compositions of the liquid phases were 

analyzed using ICP-OES/MS. The kinetic of formation was studied. At ambient temperature Fe-Ms, Fe-Mc, Fe-Hc, Fe-Si-Hg 

and Fe-Fr were found to be stable at pH 13. Both XRD and thermodynamic modelling indicated that Al-containing and the Fe-

containing hydrates may form solid solution. Based on the measured composition of the liquid phase, the solubility products of 

these hydrates were calculated using GEMS. The calculated solubility products were used together with data for other solids 

to model the hydrate assemblages of hydrated Portland cement. Based on modeled data the formation of stable Fe-Si-Hg is 

predicted in Portland cement system.  

 

The determination of the solubility products of Fe-hydrates helps to extend the thermodynamic database of cement minerals 

and establish whether and to which extent Fe-containing hydrates are stable in fresh and in leached cementitious systems. 

Characterization of the solids using different techniques improves our understanding of the properties of the hydrates. This 

information is further essential for future investigations of cement-water interaction with a view to the durability of 

cementitious materials. 

 

ORIGINALITY 

A lack thermodynamic of data for Fe-containing cement minerals exists, which limits future applications of the thermodynamic 

approach in cement chemistry. The determination of the solubility data for Fe-hydrates extends the thermodynamic database 

and enables us to calculate the processes during cement hydration more satisfactorily which will help to fill the gap of 

knowledge on the fate of iron during cement hydration. Characterization of Fe-containing solids using different techniques 

improves the understanding of the properties of the hydrates. The study helps to understand to what extent Al is substituted by 

Fe in cement systems. 

 

CHIEF CONTRIBUTIONS 

Little and rather controversial information exists about the fate of Fe-oxides during the hydration of Portland cements. The 

knowledge which Fe-containing phases will form in cementitious systems is important for a better understanding of cement-

water interactions with a view to the durability of cementitious materials and assessments related to the safe disposal of 

radioactive and hazardous wastes. 
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1. Introduction 

 
The principal constituents of OPC are the clinker phases, i.e. calcium silicates (Ca3SiO5 and Ca2SiO4), 

aluminate (Ca3Al2O6) and alumino-ferrite (Ca4(Fex-1Alx)4O10), which are denoted as C3S, C2S, C3A and 

C4AF. In contact with water, the clinker phases hydrate slowly and release continuously Ca, Si, Al, Fe 

and OH
-
 to solution, which then precipitate mainly as calcium silicate hydrates (C-S-H), ettringite 

and/or AFm phases.  

Hydration models have been used to predict the hydrate assemblage of cement during hydration and to 

quantify the composition of solid and liquid phases (Lothenbach and Winnefeld, 2006). For modelling 

reliable thermodynamic data of hydrates are essential. The solubility products of different Al-bearing 

hydrates have been determined experimentally (Matschei et al., 2007). The Al2O3 present in OPC 

results in the formation of AFm, AFt, hydrotalcite and/or hydrogarnet. OPC contains also around 4 % 

of Fe2O3. The fate of Fe during the hydration of cement is controversial; the formation of Fe-siliceous 

hydrogarnets has been reported while other studies indicate the presence of amorphous Fe-hydroxides 

or mixed Al-Fe-hydrates (Taylor, 1997). Recently, the solubility product of Fe-ettringite was 

determined (Möschner et al., 2008), while measured data for other Fe-hydrates are lacking. Besides 

there is no a clear information about the extent of solid solution between Al and Fe end members in 

AFm and hydrogarnets.  

In this study Fe-containing hydrates and the solid solution series with their aluminium analogues were 

synthesized. Different techniques including XRD, TGA and ESEM were used to characterize the 

synthesized solids. The solubility products of Fe-hydrates were determined experimentally. 

2. Materials and Methods 

 

2.1. Synthesis of solids 

C3A (3CaO⋅Al2O3) and C2F (2CaO⋅Fe2O3) clinkers were used as starting materials for the synthesis. 

Pure Fe-AFm phases (Fe-monocarbonate Fe-hemicarbonate, Fe-monosulphate, Fe-Friedel’s salt) and 

Fe-hydrogarnet and Fe-siliceous hydrogarnet were synthesized by mixing appropriate amounts of C2F 

with CaO, CaCO3, CaSO4.2H2O, CaCl2.2H2O or Na2Si2O5.2H2O in 0.1 M KOH solution (50 ml) at 

liquid/solid ratio ~20. Due the slow reaction of the reactants also a high temperature method was used 

to synthesis Fe-siliceous hydrogarnet. The reagents (AlCl3.6H2O, FeCl3.6H2O, Na2SiO3.5H2O, 

Ca(NO3)2.4H2O) were mixed accordingly and reacted at 110°C for 72 hours in 1 M KOH. 

Al/Fe-hydrates solid solutions were synthesized by mixing appropriate amounts of C3A, C2F and CaO, 

with either CaCO3, CaSO4.2H2O or CaCl2.2H2O respectively depending on the desired phase  

The samples were stored in closed PE-bottles at different temperatures (20°, 50° and 80 °C) and 

sampled after different reaction times. After equilibration the solid and liquid phases were separated 

by vacuum filtration through 0.45µm nylon filters. All sample preparation and handling were done in a 

glove box filled with N2-atmosphere to minimize CO2 contamination. 

2.2. Characterization of the solids 

X-ray powder diffraction was carried out using CuKα radiation on a PANalytical X’Pert Pro MPD 

diffractometer. The diffractograms of the synthesized pure phases were verified using the PDF 

database of the International Centre for Diffraction Data (ICDD). 

Thermogravimetric analysis (TGA) was carried out to determine the water loss and to estimate the 

concentration of the carbonate anions in the solids phases. Environmental scanning electron 

microscopy (ESEM) Phillips FEG-XL30 used to characterize the solid phases. 

2.3. Solubility product determination and thermodynamic modeling  

A pH electrode was used to measure the OH
-
 concentrations in an aliquot of the undiluted solutions 

immediately after filtration. Another aliquot was diluted by a factor of 10 with HNO3 (6.5% supra-



pure) and analyzed for S, Si, Ca, Al and K by inductively-coupled plasma optical emission 

spectrometry (ICP/OES; Varian) and for iron by inductively-coupled plasma mass spectrometry 

(ICP/MS). The measured compositions of the species were used to determine the solubility products. 

All calculations were carried out using GEMS-PSI software package (Kulik, 2009). GEMS is a broad-

purpose geochemical modeling code, which computes equilibrium phase assemblage and speciation in 

a complex chemical system from its total bulk elemental composition.  

The temperature dependency of the solubility product of synthesized solids was computed based on 

the solubility measured at 20 °C and at 50 °C with the help of GEMS, using the built-in three-term 

temperature extrapolation function (Matschei et al., 2007). 

3. Result and discussions 

 

3.1. Fe-AFm phases  
Fe-AFm phases such as Fe-hemicarbonate, Fe-monocarbonate, Fe-monosulfate and Fe-Friedel’s salts, 

consist of 4CaO
.
Fe2O3 X

. 
xH2O, where X equals a single charged or half of double charged anion e.g. 

chloride, sulfate, or carbonate. Those phases were synthesized and characterized. 
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Figure 1: Time-dependent XRD pattern of a) Fe-hemicarbonate (C4Fc0.5H10) b) Fe-monocarbonate (C4FcH12) c) 

Fe-monosulfate (C4FsH12) and d) Fe-Friedel’s salt (C4FCl2H10) synthesized at 20°C; C2F: 2CaO⋅Fe2O3, CH: 

portlandite C: calcite R: rutile added as an internal standard 

 

The XRD pattern shows the formation of an AFm phase, possibly hemicarbonate (C4Fc0.5H10) in 

Figure 1a with the first reflection around 2θ = 11.81. The intensity of this peak decreased with time 

and the formation of C4FcH12 was observed. In addition, significant quantities of calcite, portlandite 

and amorphous iron hydroxide were observed at all times. The instability of this phase and its 

conversion to C4FcH12 does not permit a structural investigations and the carbonate and water content 



cannot be precisely determined. The estimation of the chemical formula was done based on TGA data 

and Al-analogues (Dilnesa et al., 2011). Figure 1b shows the XRD patterns of C4FcH12 at 20°C as a 

function of equilibration time. The reaction of pure ferrite was slow and its counter was significantly 

lowered solely after 120 days. Both C4FcH12 and C4Fc0.5H10 were present after 120 days. However, 

after 3 years, only stable C4FcH12 (2θ = 11.07) was observed with some traces of calcite and 

portlandite. C4FcH12 sample obtained after 3 years reaction time was subject to crystallographic 

structure determination using synchrotron powder XRD. High quality diffraction data allowed the 

structure of C4FcH12 to be solved and refined. The sample was composed of 89 wt % (weight percent) 

of the studied C4FcH12 phase with some impurities of calcite (11 wt %). The crystal data and multi-

pattern refinement (using data from two samples to detector distances) parameters were studied and 

C4FcH12 was found to crystallise in the rhombohedral cR3  space group (Dilnesa et al., 2011).  

Figure 1c and d show the XRD pattern of C4FsH12 and C4FCl2H10. The formation of the phases is slow. 

C4FsH12 started to form after 120 days and after 2 years of equilibration stable C4FsH12 was formed 

with around 2θ = 9.99 in the presence of portlandite. C4FsH12 has a rombohedral structure (Ecker and 

Pollmann, 1991). As the other Fe-AFm phases, also C4FCl2H10 was formed slowly; clear indication 

were observed after 120 days of equilibration. The first reflection of C4FCl2H10 was found around 2θ = 

11.39. The d-spacing of all Fe-AFm phases are listed in Table 1. 

The thermogravimetric curve of Fe-AFm in Figure 2a shows several mass losses between 80° C and 

800°C. The first mass losses below 200 °C indicate the loss of the water from the interlayer structures. 

The water loss up to 500 °C is associated with the removal of the remaining water molecules from the 

main layer and decomposition of traces of portlandite.  

Ca4[(Fe(OH)6]2.X.xH2O → Ca4[Fe (OH)6]2 X  + xH2O (interlayer water removal) 

Ca4[Fe (OH)6]2 X  → Ca4[(Fe2O6].X  + 6H2O (dehydroxylation)  

The mass loss at about 700°C is due to the loss of CO2 from Fe-Mc and calcite. These findings further 

substantiates that the formation of synthetic Fe-AFm was completed after long hydration times. 

ESEM micrographs of the synthesized solids show in all cases platelets with a hexagonal symmetry, 

which indicates a preferred orientation of the crystals formed for Fe-AFm, as shown in Figure 2b for 

Fe-monocarbonate. This agrees with the hexagonal platelets observed for Al-containing AFm phases 

(Fischer and Kuzel, 1982). 
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Figure 2 a) TGA and DTG curves of stable Fe-containing phases. b) The ESEM micrographs of Fe-Mc. 

 

C4FH13 (4CaO⋅Fe2O3⋅13H2O) was not observed in any of the experiments. The presence of the other  



anions such as carbonate, sulfate or chloride in the interlayer destabilized C4FH13 (Ecker, 1998, Ecker 

and Pöllmann, 1997). 

3.2. Fe-hydrogarnets  

An attempt to synthesis C3FH6 (pure Fe-hydrogarnet) was undertaken at 20 °C. Trace amount of 

metastable C3FH6 was observed at 2θ = 19.74 in the sample equilibrated for 1 year at 20 °C (Figure 

3a). However, it disappeared and decomposed to portlandite and iron hydroxide after 3 years. 

10 15 20 25 30 35

R C2F

C2F

C2FC2F C2F

C3FSH4C3FSH 4

2θCuKα

In
te

n
s
ity

 [
a
rb

. 
u
n
its

]
7 days

28 days

120 days

1 year

3 years

10 15 20 25 30 35

R C2F

C2F

C2FC2F C2F

C3FSH4C3FSH 4

2θCuKα

In
te

n
s
ity

 [
a
rb

. 
u
n
its

]
7 days

28 days

120 days

1 year

3 years

a) b)

10 15 20

CH

C
4
FcH12
C4FHx

C3FH6
3 years

28 days

120 days

1 year

7 days

In
te

n
si

ty
 [
a

rb
. 

u
n
its

]

2θCuKα

10 15 20

CH

C
4
FcH12
C4FHx

C3FH6
3 years

28 days

120 days

1 year

7 days

In
te

n
si

ty
 [
a

rb
. 

u
n
its

]

2θCuKα  

Figure 3 Time-dependent XRD pattern of a) pure Fe-hydrogarnet (C3FH6) b) Fe-siliceous hydrogarnet (C3FSH4) 

 

At longer equilibration time the formation of Fe-monocarbonate was observed due to contamination of 

CO2 which destabilized the CaO-Fe2O3-H2O system. This proves the metastability of C3FH6 and 

agrees with the work of the referred papers (Rogers and Aldridge, 1977, Ecker, 1998). This further 

indicates that the CaO-Fe2O3-H2O system is very sensitive to carbonation at room temperature. 

Another weak reflection was found at 2θ = 11.65. All the time the colors of all the solids were reddish 

which confirmed the formation of XRD amorphous iron hydroxide in CaO-Fe2O3-H2O system.  
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Figure 4 a) the XRD pattern b) ESEM micrographs of well crystalline C3FSH4 prepared at high temperature  
 

Another Fe-hydrogarnet type is C3FSH4 (Fe-siliceous hydrogarnet) where the hydroxy in C3FH6 is 

substituted by silica. Pure Fe-hydrogarnet is stabilized by the presence of silicon in the system. Figure 

3b showed the slow formation of C3FSH4 at 20 °C. After 3 years of equilibration very poor crystalline 

C3FSH4 was observed. C3FSH4 (2θ = 17.24) has also been synthesized at high temperature and found 

to be well crystalline as shown in Figure 4.  

The TGA curve is shown in Figure 2a which illustrates the water loss from the structure. ESEM 

micrograph with EDX analysis assured the formation of pure crystalline C3FSH4 (Figure 4b). 



3.3. Solubility 

The measured concentrations of calcium, hydroxide, sulphur, chloride and iron were used to calculate 

the solubility products using GEMS. The total solubility products of Fe-AFm phases at 20 °C and 50 

°C were determined from the measured concentrations of the liquid as shown Table 1. The solubility 

products of C4FH13 and C3FH6 were estimated from the concentration in the solutions. The values 

determined were less than their Al-analogue which shows the Fe-containing phases are more stable. 

The phases were unstable with respect to Fe-hydroxide and portlandite at higher temperatures after 

longer reaction times. At 80 °C all phases were found to be unstable with respect to hematite (Fe2O3).  

Table 1 Preliminary measured solubility product at 20 °C and 50 °C and d-spacing from XRD pattern. 

 log KSo  

Phase 20 °C 50 °C d-spacing (Å) 

C4FH13 -28.7±0.5 -27.1±0.5 7.59 

C4Fc0.5H10 -30.6±0.5 -32.6±0.5 7.48 

C4FcH12 -34.5±0.5 -35.3 ±0.5 7.98 

C4FsH12 -31.3±0.5 -32.8±0.5 8.85 

C4FCl2H10 -29.0±2.0 n.d 7.76 

C3FH6 -26.0±0.5 -21.8±0.5 4.49 

C3FSH4 -32.9±1.0 n.d 5.14 

 

The solubility products at standard conditions were calculated with the help of GEMS-PSI using a 3-

term temperature extrapolation from the solubility products calculated at 20° C and 50° C as 

previously demonstrated (Matschei et al., 2007, Dilnesa et al., 2011). The solubility products and all 

thermodynamic parameters of the solids at 25° C are determined and shown in Table 2. 

Table 2 Preliminary solubility product, Gibbs free energy and volume of Fe-bearing phases at 25°C and 1 atm. 

 

 

 

 

 

 

3.4. Solid solution between Al and Fe hydrates  

The formation of solid solution between Al and Fe-containing hydrates can stabilize these solids. 

Möschner et al. (2009) reported the existence of a solid solution with a miscibility gap between Al- 

and Fe-ettringite. In contrast, Al- and Fe-monocarbonate do not form a solid solution as 

3CaO⋅Al2O3⋅CaCO3⋅11H2O and 3CaO⋅Fe2O3⋅CaCO3⋅12H2O have different crystal lattice structures, 

carbonate location and different amounts of water in the interlayer (Dilnesa et al., 2011). A similar 

structure of the two end-members makes the formation of an ideal solid solution more probable. The 

larger the difference, the stronger is the tendency to non-ideality and thus the tendency for the 

presence of miscibility gaps. Preliminary results show the existence of a solid solution between the 

rombohedral Fe-monosulfate and its Al-analogue. Similar features were observed between Al- and Fe-

Friedel’s salt. A solid solution exists between Al and Fe end members in siliceous hydrogarnets. A 

more detailed study is being carried out to determine to which extent Fe substitutes Al in AFm and 

hydrogarnet phases. 

3.5. Significance for cementitious systems  

Unhydrated cement contains around 4% of Fe2O3. The reaction of pure clinkers (C4AF or C2F) with 

water in the presence of CaCO3, CaSO4 results in the formation of Fe-ettringite, Fe-monosulfate, Fe-

monocarbonate, Fe-siliceous hydrogarnet or Fe(OH)3 (Schwarz, 1995, Rogers and Aldridge, 1977, 

Phase log KSo 
0

Gf∆  [kJ/mol] V
0
 [cm

3
/mol] 

C4FH13 -28.3±0.5 -6424.6 286 

C4FcH12 -34.6±0.5 -6674.0 292 

C4Fc0.5H10 -30.8±0.5 -5952.9 296 

C4FsH12 -31.6±0.5 -6876.0 321 

C3FH6 -25.1±0.5 -4116.5 155 



Emanuelson and Hansen, 1997, Dilnesa et al., 2011, Collepardi et al., 1979). In cement systems, the 

formation of siliceous hydrogarnet and Fe(OH)3 has been indicated by SEM/EDS analysis (Taylor and 

Newbury, 1984, Gollop and Taylor, 1994).  

Preliminary investigations used EXAFS technique to identify the Fe-speciation in the hydrated OPC 

cement. The results show that the iron dissolved from the clinkers forms ferrihydrite at early age 

hydration. After 16 hours hydration C3FSH4 started to appear and the amount of the C4AF decreased 

with time. With time more C3FSH4 was formed and ferrihydrate disappears indicating that the 

formation of C3FSH4 is slow also in cements. Thermodynamic calculation confirmed that the Fe 

released from C4AF clinker would be thermodynamically stable as C3FSH4. 

4. Conclusions 

Fe-containing hydrates are kinetically slow to be formed but thermodynamically more stable than their 

Al-containing analogues as indicated by their lower solubility products. Fe-hemicarbonate, Fe-

hydroxy-AFm (C4FHx) and Fe-hydrogarnet (C3FH6) are unstable with respect to iron hydroxide and 

Fe-monocarbonate. Fe-monocarbonate, Fe-monosulfate, Fe-Friedel’s salt and Fe-siliceous hydrogarnet 

are stable at 20 °C indicating that they could form during the hydration of Portland cement. 
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Abstract 
Nowadays the cement industry looks for the replacement of cement clinker by other supplementary cementitious 
materials (SCM) due to economic and environmental reasons. Calcined clays in form of metakaolin have for 
example received a special attention in recent years. When added to mortar and concrete, calcined clays 
addition is known to improve mechanical resistance as well as durability. 
This paper studies a clay soil from the central region of Cuba as a natural source for the production of highly 
reactive pozzolan. This soil contains kaolinite as main clay mineral. Two methods of obtaining the material are 
evaluated: the ground soil without sedimentation (clayey earth: T120) and sedimented clayey soil (AS900), both 
calcined at 900 °C and ground until achieving similar grain size. A sample of sugar cane straw ash (SC) has 
also been used for comparison with an already characterized pozzolan.  
The main objective of this research is to analyze the mechanical properties and microstructure changes in 
pastes and mortars by replacing 30% of ordinary Portland cement in weight by a pozzolanic mineral admixture, 
from the calcination of clayey soil. A calcium carbonate filler (F) is used, with equal percent of substitution, as 
reference mix of equal amounts of cement. The study shows that grinding has a major influence on reactivity of 
both processed materials. The reactive pozzolans, finely ground, also acts as filler, which enhances the cement 
hydration process. When 30% of cement is replaced by tested pozzolans, the compressive strengths of mortars 
are similar to the reference at 7 days. However, it shows higher values at 28 and 60 days. Refinement is evident 
in the internal structure of pores in pastes made from these pozzolans when applying the technique of mercury 
intrusion porosity (MIP). To assess the transport phenomenon into the material and their subsequent 
consequence on durability, sorptivity of mortars is evaluated, where clayey soils substituted systems show a 
reduction of their values from 28 days. This study leads to a reduction of more than 60% of capillary porosity in 
mortars made of sedimented clay compared to pure Portland reference. 
Keywords: pozzolans, calcined clays, porosity, sorptivity. 
 
Originality 
This paper focuses on obtaining a reactive pozzolan from calcination of clayey soils and its application as 
Portland cement replacement. It is perfectly related to context of several thematics of the XIII ICCC, such as: 
Sustainable Production (reduction of the clinker content from the use of alternative raw materials), Properties 
of the concrete in fresh and hardened state (admixtures, relationship between microstructure and properties) 
and Durability of Concrete (transport of gases and ions, permeability). The main novelty can be framed in: 

• Obtaining activate mineral admixtures from thermal activation of kaolinitic clays of low purity degree, 
using higher temperatures than the optimal for the activation of this mineral. 

• Substantial improves of concrete properties, specifically compression strength and durability, from the 
use of active mineral admixtures obtained from thermal activation of clayey soils. 

 
Chief contributions 
Recently, the use of calcined clays, basically in metakaolin form, for the production of concretes which require 
better structural behaviors and bigger durability, is a widely discussed topic. The same happens with the 
imperious necessity of reducing cement clinker consumptions with technicians, economics and environmental 
purpose. At present, the search of new alternative cementitious materials is necessary, mostly in developing 
countries, where the available materials require high technological costs or are very limited. In this sense, the 
main contributions of this research are the following: 

• The use of local materials, in this case a clayey soil with a kaolinite mineral of low degree purity as a 
natural source for the production of highly reactive pozzolan. 

• The improvement of environmental performance of concrete due to the reduction of ordinary Portland 
cement clinker consumption, together with the increasing of compressive strength and durability and 
the efficient use of alternative raw materials. 

                                                      
1 Corresponding author: Email rancesc@uclv.edu.cu Tel +53 42 281561 



Introduction 
 
Nowadays, due to economic and environmental reasons, the cement industry looks forward to 
optimize the use of materials which can replace the cement clinker for other supplementary 
cementitious materials (SCM). Such is the case of pozzolans, which constitute a way to achieving 
reductions in cement consumption, either like additions in the cement production process or in its 
replacement in concretes production. In both cases, it is very well-known that pozzolans modifies the 
concrete physical-mechanical properties, to which they carry out benefits in the different 
performances designed by engineers, manufacturers or investigators for their use.    
Nevertheless, there is a latent limitation regarding the use of pozzolans. Factors like their non-
universal availability and the relatively little reactivity of some of them, like the case of fly ash 
(Thomas et al., 1999), together to technical-economic aspects, attempt against a more proliferated use 
of the pozzolans at the present time. This is particularly true in the case of developing countries. 
Calcined clays in form of metakaolin (MK) are on the other hand pozzolans widely available and 
therefore have a high potential of development. MK is known for its contribution to the improvement 
of concrete when used as partial substituent of Portland cement. It reacts in the presence of water with 
calcium hydroxide to form supplementary cementitious phases of calcium hydro-alumino-silicates.  
Furthermore, studies have shown that mortars and concretes strength at early ages are increased due to 
the filler effect and an accelerated cement hydration, which results in a refinement of the pore 
structure (Agarwal, 2006, Lawrence et al., 2005). 
Commonly accepted production of MK requires clays with high content of kaolinite with costly 
energy consumption associated. Sustainable ways of diminishing these disadvantages would be the 
employment of lower purity grade clays, together with a more efficient calcination process. This is for 
example the case of the solid fuel block (SFB), a densified block of intimately mixed biomass from 
agro-industrial processes and clays (Martirena et al., 2007). The SFB enables a calcination process 
around 900°C that is economically more viable and less dependent on external energy source. A key 
factor is the use of appropriate technologies to enable an efficient burning process of this alternative 
fuel, such as continuous vertical kiln for the production of bricks.  
This paper presents a specific proposal: the use of local materials, in this case a clayey soil with 
mineral kaolinite of low purity grade, as natural source for very reactive pozzolans production, 
starting from a thermal treatment by calcination. This clayey soil is abundant in Cuba (Delgado, 
2003), which guarantees the raw material availability for possible productions of this pozzolan.   
 
Materials and experimental method 
Raw materials 
For pastes and mortars preparation, a Holcim Normo 3 (CP N3) cement has been used, (type I 
according to ASTM C150-02) (ASTM). A summary of its chemical composition and some physical 
characteristics is present on Table #1. 
Two types of calcined clays were studied: clayey soil, named T120 and a sedimented clay, obtained 
by sedimentation of such soil, named AS-900. Both materials were calcined at 900 ºC during 1 hour 
and ground during 120 minutes in a ball mill. The raw soil of low purity grade is a mixture of clay 
minerals, mostly kaolinite (17wt%) and montmorillonite  (Fernandez et al., 2008).   
Another used admixture was sugar cane straw ash (SC), with the objective of carrying out a 
comparative analysis with a previously studied pozzolan (Martirena et al., 2006), which was ground at 
similar fineness  than the calcined clays. An inert calcareous filler (F) with similar grain size 
distribution has also been used. The physical and chemical properties of all used admixtures in the 
current study are shown in Table 1. Chemical composition was performed by X-Ray Fluorescence 
technique, using a Bruker AXS S4 Explorer spectrophotometer operating at a power of 1 kW and 
equipped with a Rh X-ray source. For specific surface measurements was used BET method and 
helium picnometer for determinate density values. 
  
 



Properties CP N3 SC T120 AS-900 F 
SiO2 21.01 70.40 57.74 43.89 0.20 
Al2O3 4.63 2.42 18.71 24.73 0.50 
Fe2O3 2.60 1.38 7.07 11.13 0.13 
CaO 64.18 9.76 1.85 1.38 54.78 
MgO 1.82 2.28 1.80 2.63 0.27 
SO3 2.78 0.35 0.02 0.08 0.10 
K2O 0.94 3.60 0.65 1.10 0.10 
MnO 0.03 0.10 0.12 0.14 0.01 
Na2O 0.19 0.23 2.68 1.99 0.10 
PPI 1.26 3.97 8.57 9.81 43.00 
Alkalies % (Na2O) eq 0.82 2.60 3.11 2.70 0.17 
Specific surface (m2/g) 0.79 3.25 7.05 5.19 1.09 
Density (g/cm3) 3.17 2.58 2.86 2.59 2.70 
Average grain size (μm) 28.21 5.49 3.83 7.47 13.01 

Table 1: Chemical composition and physical properties of cements and admixtures 

In Figure 1 are given the granulometric distributions of all admixtures and cements used in this study 
(Laser Malvern Mastersizer). CP N3, with 28.21 µm, possesses the coarsest average particle size. By 
means of the respective treatments to the admixtures (grinding process), it was possible to obtain finer 
materials than CP N3, achieving as average particle size: SC 5.49 μm, T120 3.83 μm, AS-900 7.47 
μm and F 13.01 μm.  
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Figure 1: Particle size distribution of raw materials  

Experimental method 
The study was divided into four experimental phases.  
In the first phase, the sedimentation process was carried out using a 0.02wt% sodium silicate solution 
as deflocculating agent. The materials were calcined in ceramic crucibles heated by 300 ºC/h until 900 
ºC and kept 1 hour at this temperature in order to simulate the burning conditions of the solid fuel 
block. This temperature is known to be higher than the optimal temperature of activation (Fernandez, 
2009, Sabir et al., 2001). 
In the second phase, the pozzolanic activation was done by a grinding process using a 60 liters ball 
mill. The grinding time was 120 minutes for calcined clays and 60 minutes for sugar cane straw ash 
and calcium carbonate filler.  
In the third phase, pastes were prepared. Cement replacement level of the blends was always of 30% 
in weight. The water/binder ratio of 0.4 was held constant in all cases. Thermogravimetry 
measurements on pastes were done with a Mettler-Toledo TGA/SDTA 851 balance using a 10°C/min 
ramp from 30°C to 900°C under a 30ml/min flux of nitrogen. Mercury intrusion porosimetry (MIP) 
data from mortars were provided by POROTEC GmbH PASCAL 140 and PASCAL 440 instruments 
up to a maximal pressure of 400 MPa.   



In the last phase 40x40x160 mm mortar bars of the same composition than in pastes were casted. A 
water/binder ratio of 0.5 was applied. The curing regime was fixed at 30ºC, in order to simulate field 
conditions in Cuba. Compression test were carried out at 1, 7, 28 and 60 days. 
Hydration degree of mortars at 7 days was determined by SEM image analysis of the grey levels 
obtained by BackScattered electrons (Scrivener, 2004), with the purpose of correlating the 
compression strength values to the reactivity shown by the pozzolans at this age. Water absorption 
tests have been carried out accordingly to the Swiss norm 262/1 with the purpose of determining the 
sorptivity of the different produced mortars. The mixtures were evaluated at 3, 7 and 28 days.  

Results and Discussion.    
Results of pastes analysis.   
Figure 2 shows the content of calcium hydroxide (CH) normalized per g. of cement as a function of 
sample age. CH content is lower for all pozzolanic systems compared with OPC reference 
(consumption of CH). CH consumption is accentuated in the case of the sedimented calcined clay 
(AS-900). This shows that this material is the most reactive. 
The thermogravimetry test proved the activating effect of the grinding process on the calcined clays 
reactivity. In Figure 23 it is to note that systems without grinding do not show pozzolanic activity, 
since both have higher portlandite content than the cement reference. Nevertheless, when calcined 
clays are ground, the consumption of calcium hydroxide in the cementing pastes at 28 days decreases 
up to 65% compared to non-ground samples.   
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Figure 2: Content of CH in cement pastes by TGA.           Figure 3: Grinding process effect on CH consumption.   

Mercury Intrusion Porosimetry results are presented on Figure 4. All pastes have shown a reduction 
of total porosity between 7 and 28 days. It is explained by the formation of hydration products of the 
cement phases as well as by pozzolanic reaction (Feldman, 1984, Gonçalves et al., 2009). Besides, 
there is a refinement of the pore structure of the blended systems compared with the OPC reference, 
AS-900 samples having the highest refinement.  
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Figure 4: Porosity by mercury intrusion in pastes at 7 and 28 days. 



 
As the instrument is based on mercury intrusion, the first porosity values measured are those 
corresponding to the material external pores. It is hence to be remarked that the mixture AS-900 at 28 
days shows a smaller external porosity than the rest of pozzolans, index closely linked to its reactivity 
and very favorable in terms of facing the external pathological agent’s action.   
 
Analysis of the results in mortars.   
Results from compression strength tests in mortars are given in figure 5. They show that pozzolanic 
reaction seem to take off already at 7 days, in spite of the fact that mineral added mortars don't reach 
the strength of pure Portland mortar at this age. This phenomenon is clearly reflected from 28 days 
on, where the pozzolanic systems compression strength is superior to reference, standing out the 
calcined clay (AS-900), which presents at this age a strength increase of 30% in comparison with the 
pure Portland system, proving that it is the most reactive mineral addition used.   
It is interesting to point out that the total porosity observed in pastes is larger in the systems with 
mineral additions. However the compression strengths in mortars are bigger than the reference. 
Taking as an assumption that porosity in pastes and mortars varies in the same way, it is not only the 
volume, but also the pores distribution and morphology, either macro or micro, internal or external, 
which play an important role in the mechanical strength definition.   

0
5

10
15
20
25
30
35
40
45
50
55
60
65

0 7 14 21 28 35 42 49 56 63

M
P
a

age (days)

CP N3

SC

T120

AS‐900

F

0
5

10
15
20
25
30
35
40
45
50
55
60
65

0 7 14 21 28 35 42 49 56 63

M
Pa

age (days)

CP N3
T120
T0
AS-900
AS-0

 
Figure 5: Compression strength in mortars.           Figure 6: Effect of the grinding process on 

compressive strength. 
 
Pozzolans activation due to the grinding process is clearly reflected in the mechanical strength. In 
figure 6 it can be observed that systems without grinding show compressive strengths in mortars very 
inferior to their ground equivalent systems. This demonstrates that calcined clay at 900°C, initially 
showed a low reactivity, can become a very reactive pozzolan by means of the action of the grinding 
process. The harmful effect of possessing a low specific surface, because of the particles 
agglomeration effect and sintering process by high temperatures can be reverted by means of the 
grinding process, which gives higher specific surface values, probably opens up closed porosity and 
therefore multiply the reacting area.  
As it can be appreciated in figure 7, from 7 days on, the mortars produced with additions present 
higher hydration degree compared with the OPC reference. This is mostly due to filler effect: there is 
more water availability per gram of cement, since the water/cement ratio increases due to the 
replacement. Besides the higher fineness of the replacement material whose particles enhances the 
compactness in the mixture. Comparing the degree of hydration of the substituted systems, the 
mortars with calcined clay (AS-900) seems to show the highest hydration, which would confirm the 
results obtained in CH consumption and compressive strengths. Nevertheless the error associated with 
this method only gives trends but not accurate enough differences to conclude on it. 
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Figure 7: Degree of hydration in mortars at 7 days according to BSE-IA. 

 
The durability of the substituted systems has also been investigated. This could be done by measuring 
the sorptivity (figure 8).  For both sedimented and calcined clay (AS-900) and cement (CP N3) 
systems, an increase in sorptivity values from 3 to 7 days was observed. This was a little bit 
unexpected, but it can be attributed to the porosity refinement, due to the important chemical activity 
in this period of time. When the pores close, the capillary tension increases, causing the water to 
penetrate quicker (bigger sorptivity), but in smaller volume (smaller absorption).  
Again the calcined clay (AS-900) is the mineral addition showing the best behavior, achieving the 
lowest sorptivity values at 28 days. The ground clayey soils also show better results than cement 
reference. This indicates that these materials allow reducing the water penetration inside the concrete 
mass, which is beneficial for the material durability.    
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          Figure 8: Sorptivity in mortars.             Figure 9: Capillary porosity in mortars. 

 
In figure 9 it can be observed that the calcined clay reduces the porosity of mortars of more than 60% 
compared to the reference. The narrow relationship that exists between the capillary porosity of a 
material and the associated durability is also established.  
In this study two techniques have been used to determine porosity: MIP and water saturation. The 
results obtained for both cases were contradictory. On one hand the MIP measures the pores sizes up 
to the nanometers range, when water absorption only gives information on the capillary pores. Then it 
can be concluded that the substitution reduces preferably the macroporosity and to a lower extent the 
microporosity. That indicates a global refinement of the porosity and therefore an improvement on the 
material impermeability. The results of microstructural tests that have been carried out justify the 
favorable behavior of the used additions in mortars compression strength. The microstructural 
analysis techniques served as a tool for interpreting the physical-mechanical properties of different 
mixes, as well as their characteristics at macro scale. 



Conclusions 
 
All active mineral additions investigated in this study developed satisfactorily compressive strengths. 
With 30% of cement substitution by SC, T120 and AS-900, mortars show strengths similar to the 
reference at 7 days, but superior from 28 days on. The sedimented and calcined clay (AS-900) showed 
the best results. The use of active mineral additions causes a refinement of the material pore structure, 
as confirmed by both MIP and sorptivity measurements. The pores distribution and morphology 
seems to influence directly in the definition of the mechanical strengths.   
The grinding process of raw materials has a great influence on the reactivity of clayey soils and 
sedimented clays. Thanks to the grinding process, an increase of calcium hydroxide consumption 
compared with the reference is observed, indicating that pozzolanic reaction occurs, as well as a 
significant increase in mortars strengths from 7 days on. 
Furthermore, the mortars obtained from the clayey systems (T120 and AS-900) show a reduction on 
their sorptivity at 28 days regarding the reference of pure Portland. The use of active mineral 
additions reduces capillary porosity of the material, standing out the calcined clay with a decrease of 
more than 60% regarding the reference.   
If they are finely ground, calcined soils and clays at 900 ºC can achieve a remarkable pozzolanic 
activity. This can enlarge the applications field when implementing the reactive pozzolans production.  
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Abstract: 
The reactivity of the sulfate carrier plays a major role in rapid hardening setting cement systems. In dependence of the 
sulfate availability at early times of hydration both, the aluminate and silicate reactions are influenced. In this 
investigation different amounts of α-bassanite were added to cement mixture. Its influence on the hydration mechanism 
was investigated by XRD and calorimetric methods. 
A rapid hardening cement mixture with a mixing ratio of 90 wt.%  white cement (WC) and 10 wt.% calcium aluminate 
cement (CAC) was mixed with different amounts of α-bassanite. The cement powder was homogenized and 
equilibrated at 23 °C. For preparation of the pastes water was added to the cement (w/s value 0.5) and the sample was 
stirred by external stirring for one minute. The calorimetric investigations were carried out with an Erlanger heat flow 
calorimeter. The XRD measurements were carried out on a Bruker D8 X-ray diffractometer. Rheological measurements 
were carried out with an automated Gillmore needle (imeter/MSB, Augsburg, Germany). Rietveld refinement was 
performed for selected measurements using the structural models from ICSD of the cement phases. To achieve results 
of high quality, selective dissolutions of the cements were carried out. The residues were investigated by powder 
diffraction and the XRD patterns were fitted by refining the structural models. The refined parameters of the phases 
were implemented for the QXRD of the hydrating cement pastes.  
The investigations show the important role of the sulfate carrier on the early hydration of a WC/CAC cement mixtures. 
With an increasing amount of α-bassanite in the WC/CAC mixture, the ettringite formation during cement hydration is 
significantly influenced. The higher Ca2+ and SO4

2- availability at early times of hydration lead to a hindered ettringite 
formation over the first hours of hydration. In opposite, ettringite formation in systems without sulfate addition is 
almost finished ten minutes after the stirring process.  
 
ORIGINALITY: 
OPC clinkers are sulfated during the milling process and thus mostly contain sulfate carriers with different reactivity 
like bassanite and anhydrite. Both sulfates are dissolved at different points of time of hydration. The understanding of 
the role of sulfate in the cement mixture is crucial. The used white cement contains 1.3 wt.% β-bassanite and 3.1 wt.% 
anhydrite. By adding more bassanite to the WC/CAC cement mix, the bassanite/anhydrite ratio is increased and 
therewith the sulfate availability at early times of hydration. The stepwise addition of α-bassanite to the system enables 
us to detect even small changes in the hydration process of the WC/CAC cement system. The investigation underlines 
the influence of the sulfate carrier availability on phase formation and hydration kinetics in a fast hardening cement 
system. The main focus was on the phase reactions for which reason several in-situ XRD pattern were evaluated by the 
Rietveld method.  
 
 
CHIEF CONTRIBUTIONS: 
The investigations show the correlation between soluble sulfate carriers and the hydration of a rapid hardening setting 
cement system. A shift in the hydration reactions can be observed with increasing α-bassanite content in the cement 
mix. This shift is not continuously, but small changes in sulfate content of 0.1 wt.% lead to major changes in phase 
reactions. Results from calorimetry match with the phase development so that the heat flow events can be assigned to 
the specific reactions. An increasing α-bassanite content in the cement slurry retards the formation of ettringite and thus 
decelerates the stiffening process of the cement.  
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Introduction 
 
Cements mixes consisting of variable ratios of white Portland cement (WC) and calcium aluminate 
cement (CAC) belong to the group of rapid hardening cement systems. The sulfate carrier of the WC 
has a major impact on the hydration of the cement systems. Commercial white cements contain at least 
two different sulfate carriers, most commonly bassanite and anhydrite. The role of the sulfate carrier in 
pure white cement systems was researched by many authors. Nevertheless, there were only few studies 
about the influence of the sulfate carrier on cement mixtures such as the WC/CAC cement system. Gu 
et al. (1994) investigated the influence of gypsum, bassanite and anhydrite on PC/CAC mixtures. They 
found that the proportion of CAC added to a PC to achieve an accelerated hydration is higher, when 
the sulfate carrier consists of gypsum or bassanite and lower, when anhydrite is used as sulfate carrier. 
Bayoux et al. (1992) studied the solubility of sulfate carriers in CAC/sulfate mixtures and 
differentiated an influence on the ettringite formation: 

- The calcium sulfate source was higher soluble then the CA of the CAC (in case of gypsum and 
bassanite) the concentration of aluminum in the pore solution remains low, compared to the 
calcium concentration. Short and compact ettringite crystals were formed.  

- The calcium sulfate source was less soluble than the CA of the CAC (in case of anhydrite) 
long and thin needle-like ettringite was formed.  

Investigations of Nakamura et al. (1960) in a CaO-Al2O3-SO3  system at 20 °C showed similar results. 
Since ettringite formation in PC/CAC Systems has a major influence on hardening process (Gu et al. 
1997), changes in ettringite morphology should have an impact on strength development or shrinkage. 
In our present study a WC/CAC 90/10 mixture was investigated by XRD, heat flow calorimetry and 
Gillmore needle test (imeter) with regard to the ettringite formation in the cement system. In a second 
step different amounts of high soluble sulfate carrier were added to the system and the influence on 
ettringite formation, hydration behavior and rheology was examined with the same experimental setup. 
 
Materials and methods 
 
A rapid cement mixture with a mixing ratio of 90 wt.% standard white cement (WC) and 10 wt.% Fe-
free calcium aluminate cement (CAC) was homogenized with different amounts of α-bassanite.  
The cement powder was homogenized and equilibrated at 23 °C. For preparation of the pastes water 
was added to the cement (w/s value of 0.5) and the sample was stirred externally for one minute. Then 
the slurry was transferred into a sample holder and investigated via XRD on a Bruker D8 
diffractometer. Calorimetric investigations were carried out on an improved Erlanger heat flow 
calorimeter (Neubauer & Goetz-Neunhoeffer, 2002). Rheolgical measurements were performed with a 
Gillmore needle apparatus (imeter/MSB, Augsburg, Germany). To test the setting time of the paste, a 
fresh prepared sample was automatically lifted against a needle weighing 212 g with a diameter of 
0.692 mm connected to an analytical balance. For each indentation the weight reduction of the needle 
and the corresponding penetration depth was recorded. From these values the so-called “imeter-
hardness” Hi20 was calculated from the relation strenght per penetration depth standardised by the 
diameter of the used needle. The resulting Hi20 value is defined as: 
 
Hi20  = Fmax/dmax • A 

          (1) 
Hi20 =  imeter hardness after method No. 20 
Fmax =  maximum value of vis while penetration 
dFmax =  Penetration depth of the needle at maximum vis 
A =  Cross section area of the needle    

For the used measurement system the initial setting time (IST) complies with an imeter value Hi20 

(IST) of 3.94 MPa/mm and the final setting time (FST) complies with an imeter value Hi20 (FST) of 
63.0 MPa/mm (Breitwieser, 2007). 



Rietveld refinement was performed for selected measurements using the structural models from ICSD 
of the cement phases as listed in Table 1. 
 
Table 1: ICSD structural date used for the Rietveld refinement 

Phase (chemism) 
ICSD-

No. 

Author 

 Alite/Hatrurite (C3S) 64759 Nishi et al.  (2002) 

Belite/Larnite (β-C2S) 963 Jost et al.  (1977) 

Belite/Larnite (α’-C2S) - Müller  (2001) 

C3A cubic 1841 Mondal & Jeffery  (1975) 

C3A orthorhombic 100220 Takeuchi et al.  (1980) 

Calcite (CaCO3) 79674 Wartchow  (1989) 

Anhydrite (CaSO4) 16382 Kirfel & Will  (1980) 

Bassanite (CaSO4•0,5 H2O) 79529 Bezou et al.  (1995) 

Monocalciumaluminate (CA) 260 Hoerkner & Mueller-Buschbaum  (1976) 

Grossite (CA2) 14270 Goodwin & Lindop  (1970) 

ettringite (C3A•3CaSO4•32H2O) 155395 Goetz-Neunhoeffer & Neubauer  (2006) 

 
To achieve results of high quality, selective dissolutions of the cements were carried out. The residues 
were investigated by powder diffraction and the XRD patterns were fitted by refining the structural 
models. Refined parameters for the cement phases were scale factor, zero displacement, background as 
Chebychev polynomial of 5th grade, in some cases lattice parameters and cry size.  
 
 
Results and Discussion 
 
Table 2 lists the investigated WC/CAC 90/10 mixtures, their sulfate content and the composition of 
the sulfate carrier in the cement. Only α-bassanite was added to the cement. The β-bassanite and 
anhydrite represent the sulfate carrier that was quantified in the pure WC. The amount of α-Bassanit 
added to the WC/CAC cement system is based on the WC fraction in the mixture. E.g. a 
WC+1.5B/CAZ 90/10 system consist of 9 g WC 1 g CAZ and 0.135 g α-bassanite (1.5 wt.% of 9 g 
WC). 
 
Table 2: Sulfate content of the WC//CAC 90/10 mixtures  

Sample name 
Total amount of 

SO4
2-

[wt.%] 

SO4
2-

 from  

β-bassanite 

[wt.%] 

SO4
2-

 from  

α-bassanite 

[wt.%] 

SO4
2-

 from 

anhydrite  

[wt.%] 

WC/CAC 90/10 2.76 0.79   1.97  

WZ+1.5B/CAZ 90/10 3.64 0.78 0.87 1.94  

WC+2.25B/CAC 90/10 4.07 0.77 1.31 1.93  

 
Figure 1 shows the time dependent ettringite and AFm formation in some of the investigated 
WC/CAC without and in comparison with additon of 1.5 wt.% and 2.25 wt.% α-bassanite. The curves 
represent the results of Rietveld refinement of two measurements. 
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Figure 1: Time dependent ettringite- and AFm-formation of the investigated WC/CAC sample with additon of 
0 wt.%, 1.5 wt.% and 2.25 wt.% α-bassanite 
 
With increasing α-bassanite content in the WC/CAC mixture, the amount of ettringite formed during 
the first five hours of hydration increases. The ettringite formation in the WC/CAC sample without 
addition of α-bassanite is almost finished after the stirring process. After 5 hours of hydration 
approximately 4.5 wt.% of ettringite are formed. In systems with addition of 2.25 wt.% α-bassanite to 
the WC/CAC system the ettringite formation takes up to 2.5 hours. 10.2 wt.% of ettringite are formed 
after 3 hours of hydration. The start of AFm formation is dependant on the amount of available sulfate 
carrier in the WC/CAC system. In the WC/CAC sample the AFm phase is detectable after 0.5 hours of 
hydration. In the WC/CAC samples with 1.5 wt.% α-bassanite AFm formation starts after 1.25 hours 
of hydratation and in the WC/CAC sample with 2.25 wt.% α-bassanite the AFm phase starts formation 
after 2.5 hours of hydration. The XRD investigations of the WC/CAC samples without and with 
addition of α-bassanite showed that no bassanite was detectable in the XRD measurements after the 
stirring. Since no gypsum precipitated in the samples the Ca2+and SO4

2- content in the slurry must be 
increased in dependance of the amount of α-bassanite added. In Figure 2 the dissolution of CA within 
the first 5 hours of hydration of WC/CAC samples without and with 1.5 wt.% and 2.25 wt.% α-
bassanite is shown. In the WC/CAC samples with 1.5 wt.% and 2.25 wt.% α-bassanite less CA and 
due to the stirring process than in WC/CAC samples without addition of α-bassanite. C3A of the WC is 
partly dissolved in all invesitgated cement mixes due to the stirring process (see Table 3). In all cases 
no additional C3A is dissolved within the first 5 hours of hydration. 
 
Table 3: C3A content after stirring of the investigated cement mixes 

Sample name C3A content after stirring 
(wt.%) 

WC/CAC 90/10 1.8 
WC+1.5B/CAC 90/10 2.1 
WC+2.25B/CAC 90/10 2.2 
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Figure 2: Time dependent dissolution of CA in the slurry of the investigated WC/CAC sample with additon of  
  0 wt.%, 1.5 wt.% and 2.25 wt.% α-bassanite 

 
Figure 3 shows the total heat flow development of the WC/CAC 90/10 rapid cement mixes without 
and with addition of α-bassanite. In the sample WC/CAC 90/10 the highest amount of heat is released 
during the first 20 min of hydration. During this period of time ettringite and AFm are formed and the 
calciumaluminate sources C3A and CA are partly dissolved. In the samples WC+1.5B/CAC and 
WC+2.25B/CAC the total heat flow development in the first 30 min  of hydration is similar, although 
less heat is released compared to the WC/CAC system without α-bassanite addition. This probably is 
due to a lower dissolution of the C3A and the CA during the stirring process in the WC/CAC systems 
with α-bassanite. After 30 minutes of hydration the heat flow of sample WC+1.5B/CAC 90/10 
increases stronger than the heat flow of the sample WC+2.25B/CAC 90/10. This corresponds with the 
higher formation rate of ettringite in the sample WC+1.5B/CAC 90/10 to this point of time. After one 
hour, when ettringite formation is almost finished heat evolution decelerates. In sample 
WC+2.25B/CAC ettringite formation with a stonger heat evolution is detectable until 2.5 hours of 
hydration. After ettringite formation is completed heat evolution decelerates in this system, too. The 
development of cement setting of the WC/CAC samples is shown in Figure 4. An influence of 
additional α-bassanite on the rheology of the cement paste is clearly detectable. The WC/CAC 90/10 
sample without α-bassanite addition reaches the inital setting time (IST) seven minutes after stirring. 
In this sample an early formation of AFm phase was detectable that leads to the early stiffening. In 
consequence the sample handling is hindered since the stiffening begins soon after the stirring process. 
With addition of α-bassanite the slurry is exhibiting less viscous behaviour. The more α-bassanite is 
added the later the inital setting time is achieved. The AFm formation is decelerated and the stiffening 
process becomes more dependant on ettringite formation. 
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Figure 3: Total heat flow development in the WC/CAC 90/10 rapid cement mixes 
 
 

 
Figure 4: Developement of indentation strenght in WC/CAC 90/10 samples in dependance of bassanite content 
in the mix 
 



Conclusions 
 
An influence of the α-bassanite added to the cement systems on the WC/CAC 90/10 samples is 
detectable. In the first five hours of hydration calcium aluminate reactions dominate the hydration 
process. The more sulfate carrier is in the sample the more ettringite is formed. Ettringite formation is 
extended with the addition of α-bassanite. Parts of the clinker phases C3A and CA are dissolved during 
the stirring process. The amount of dissolved phases is dependant on the amount of available sulfate 
carrier in the slurry. In systems with addition of α-bassanite CA dissolution is retarded after the 
stirring process. The formation of AFm phase is influenced by the amount of available sulfate carrier 
as well. The more sulfate is availibale the later is an AFm phase formed. This has a direct impact on 
the rheology of the cement pastes. The stiffening is retarded by addition of sulfate carrier since AFm 
phase formation is hindered. The stiffening process is controlled through AFm formation soon after 
the stirring process due to a Ca2+ and SO4

2-  deficiency. In systems with extra amounts of good soluble 
sulfate carrier (which can be supplied by α-bassanite) ettringite formation leads to a slower setting. 
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Abstract 

An isothermal calorimetry study was conducted to investigate the impact of sodium gluconate on the hydration of cubic 

and orthorhombic-C3A pastes, 80/20 blends of “C3S”/cubic-C3A and four commercial OPCs with different sulfate 

contents. It was observed that, in the presence of sulfate and calcium hydroxide, exothermic reactions of orthorhombic-

C3A occurred significantly faster and released 10 times more initial heat than that of the corresponding cubic-C3A 

systems. The initial peak is believed to stem from rapid hydrolysis of C3A, followed immediately by the formation of 

calcium aluminate hydrates. The total energy released for the first 10 hours was about 6-8 times higher for the 

orthorhombic-C3A than for the cubic-C3A blends, when both are made with a good supply of sulfate. However, for 

under-sulfated blends, the total energy released from the cubic system in the first 4 days was higher by about 50% than 

that from the orthorhombic system.  

 

The extent of retardation by sodium gluconate was significantly less for the orthorhombic-C3A system than for the 

cubic-C3A system. In the cubic-C3A systems with sufficient sulfate content (SO3:C3A of 2.5 by mole), only one 

exothermic peak occurred after the initial dissolution peak. The retardation by sodium gluconate grew linearly with 

increasing dosage up to 0.125%, after which the retardation rate slowed down from 0.125% to 0.25%. In the cubic-C3A 

systems with lower sulfate content (SO3:C3A of 0.50 by mole), two exothermic peaks, at 1-20 hours and 30-80 hours, 

occurred after the initial dissolution peak. The extent of retardation for the cubic-C3A systems with low sulfate content 

increased almost linearly from 0-0.25%.  

 

As reported previously in other studies of the 80/20-by-weight blend of “C3S”/cubic-C3A, we observed that the 

aluminate peaks occurred before the silicate peaks when the sulfate content was very low (SO3:C3A mole ratio of 0.17). 

This order of occurrence was reversed at a more moderate, but still low sulfate level (SO3:C3A mole ratio of 0.49). We 

also confirmed that the silicate peak hydration was retarded more when the sharp aluminate peak occurred before the 

peak of the silicate hydration. When sodium gluconate was added to this “C3S”/cubic-C3A blend, retardation of the 

silicate peaks grew non-linearly with dosage. This pattern was similar to what was observed for the cubic-C3A systems. 

In contrast, the aluminate hydration peaks were noted to occur earlier and sharper with addition of sodium gluconate 

for the well-sulfated system. These differences suggest a difference in hydration reaction of the C3A, dictated perhaps 

by the availability of sulfates. In the under-sulfated case, the occurrence was first retarded and then accelerated. 

 

In commercial cements, the extent of the silicate peak retardation seems to correlate with the amount of alite and cubic- 

C3A in the cements; the higher the amount of alite and cubic-C3A, the longer the retardation by sodium gluconate. 

Longer retardation was also noted in cements with higher surface areas and lower SO3/C3A ratios. 

 

Originality  

Previous studies have examined the impact of different chemical admixtures on pure C3S, pure C3A or cement 

containing different amounts of C3A. However, a detailed look at the impact of chemical admixtures on different 

crystallographic forms of C3A has not been reported. This research provides an understanding of the impact on the 

occurrence of reactions by sodium gluconate in different crystallographic forms of C3A that is present in clinker 

compositions, and shows that the form of the C3A and the amount of C3S gave the most impact on set-time retardation. 

This study presents simple but illuminating examples where the behavior of set and retardation are impacted by the 

mineralogy of the C3A phase. 

 

Chief Contribution 
Knowledge of the interactions of chemical admixtures with different crystallographic forms of C3A will provide insight 

useful to our pursuit of understanding cement hydration kinetics and will also provide important information for testing 

or modifying different cement hydration models. In addition, as kiln operation changes can substantially affect C3A 

crystallographic form, the need to consider kiln operation changes in light of their potential impact on C3A form is also 

highlighted. 
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1. Introduction 

The crystal form of C3A is strongly influenced by alkali availability during the clinkering process and 

it has been reported that different C3A forms hydrate differently (Gartner et al., 2002). Kirchheim 

(2008) found many differences in both hydration and hydration products of cubic and orthorhombic-

C3A. However, a detailed look at the impact of chemical admixtures on different crystallographic 

forms of C3A has not yet been reported. The purpose of the current study is to investigate the 

differences in the impact of sodium gluconate on the retardation of (1) cubic and orthorhombic-C3A 

pastes, (2) 80/20 blends of “C3S”/cubic-C3A, and (3) commercial ordinary Portland cements (OPCs) at 

different sulfate levels. We will also use the information learned from (1) and (2) to understand the 

reasons for the differences in retardation imparted by sodium gluconate on commercial OPCs. 
 

2. Experimental 

2.1. Materials 

Cubic and orthorhombic-C3A samples were obtained from the CTL group. The specific surface areas 

and amounts under 45 micron as measured by Malvern MSS Mastersizer were respectively 383 m
2
/kg 

and 85.2% for cubic-C3A and 365 m
2
/kg and 91.0% for orthorhombic-C3A.  

Plaster, calcium hydroxide and sodium gluconate samples were obtained from Sigma-Aldrich. 

Blends of “C3S”/cubic-C3A/gypsum were supplied by NIST in a collaborative study. The cubic-C3A 

used to make this blend is not the same as above, but XRD analysis showed it to be pure cubic- C3A. 

“C3S” used to make the blends has a composition of 89% alite and 11% belite by XRD determination, 

and is in quotes for that reason. 

Physical and quantitative XRD (QXRD) analyses of the two “C3S”/cubic-C3A/gypsum blends and four 

commercial cements are shown in Table 1. 

Table 1: Physical and QXRD analyses of “C3S”/cubic-C3A/gypsum blends and OPCs 

 
 

2.2. Methods 

Hydration kinetics were monitored using isothermal calorimetry on paste at 23 C. Two to eight grams 

of powder were mixed with a pre-weighed amount of water and sodium gluconate solution by hand 

using a disposable wooden applicator in a 20-ml disposable plastic calorimetric holder. The amount of 

starting materials was optimized to the detection limit of the calorimeter. The paste was then placed in 

a Biocote vortex mixer for 4 minutes. A TAM Air 8-cell isothermal calorimeter supplied by 

Thermometric was used for all calorimetry measurements. 

"C3S"+cubic-

C3A+gypsum 

(SO3/C3A=0.17)

"C3S"+cubic-

C3A+gypsum 

(SO3/C3A=0.49)

Cement A Cement B Cement C Cement D

Blaine Specific Surface Area (m
2
/kg) 385 385 435 389 389 373

-45 micron by Alpine (%) 97.3 98.8 100.0 99.0 94.0 96.3

Alite (%) 74.5 72.0 58.6 65.1 61.9 60.3

Belite(%) 5.5 5.0 14.9 9.9 13.0 12.1

Brownmillerite (%) 0.0 0.0 6.2 5.1 11.6 10.4

Cubic C3A (%) 18.0 17.5 9.2 4.7 2.2 1.6

Orthorhombic  C3A (%) 0.0 0.0 2.5 3.4 1.7 4.6

Lime (%) 0.0 0.0 0.0 0.0 0.2 0.0

Periclase (%) 0.0 0.0 0.0 2.3 0.1 2.9

Portlandite (%) 0.0 0.0 0.0 0.1 0.8 0.0

Calcite (%) 0.0 0.0 1.2 2.9 3.2 1.0

Gypsum (%) 2.0 5.5 5.0 3.6 2.2 1.6

Hemihydrate (%) 0.0 0.0 1.1 1.2 2.0 3.2

Anhydrite (%) 0.0 0.0 0.1 0.2 0.1 0.7

SO3/C3A (mole-ratio) 0.17 0.49 0.87 1.03 1.92 1.62

QXRD



 

 

The pore water was analyzed with ICP-AA for Ca, Si, Al, S, Mg, K, Na, and Fe. For each, the paste 

was allowed to hydrate for 0.5, 1, 2, 3 or 4 hours in a centrifuge tube. Upon reaching the desired 

hydration time, the paste was spun in a HIMAC HCT5B centrifuge by Hitachi at 1400 g-force for 5 

minutes for separation. The pore water was immediately extracted and acidified with nitric acid to pH 

less than 1 to ensure solubilization of calcium and injected into the ICP-AA for analysis. 

 

3. Results and Discussion 

3.1. Cubic and Orthorhombic-C3A with sufficient sulfates 

Figure 1 shows the differences in the degree of retardation in the presence of sodium gluconate 

between cubic and orthorhombic-C3A for systems with a good supply of sulfate (SO3:C3A mole ratio 

of 2.5) and excess calcium hydroxide (at 13.7 g/l). A SO3:C3A ratio less than the theoretical 3.0 needed 

to maintain the AFt phases was used to mimic conditions closer to commercial OPCs. It was found 

that the first dissolution and early reaction peak of the orthorhombic-C3A system released ten times 

higher heat than the cubic system and the second exotherm occurred earlier and also released ten times 

higher heat than the corresponding cubic-C3A systems. These results are in agreement with 

Kirchheim’s study (2008). As the mixing was external, identification of the initial dissolution/early 

reaction peak is necessarily only semi-quantitative, but the extreme differences seen between the forms 

make the error negligible. For the same reason, we do not attempt to draw conclusions based on the 

lesser differences between initial heat evolution of various sodium gluconate levels on the same C3A 

forms. 
 

   

   
Figure 1: Calorimetry curves at 23 C showing impact of sodium gluconate with 2.5 SO3:C3A mole ratio. 

(C3A:plaster:Ca(OH)2:water = 1:1.5:0.05:3.65 by weight) 
 

The extent of retardation by sodium gluconate was markedly less for the orthorhombic-C3A system 

(~1-hour retardation by 0.25% sodium gluconate) than for the cubic-C3A system (7.5-hours retardation 

by 0.25% sodium gluconate). The plot in Figure 2 summarizes the impact on set times. For the purpose 

of this graph, the time to half height of the exotherm was used as a simple index to estimate the set 

time. In both systems, the retardation increased with increasing sodium gluconate dosage, but a 

reduction in the slope of the retardation vs. dosage curve was noted for both the cubic and 

orthorhombic-C3A above 0.125%. In a previous study (Perez, 2007) with sodium gluconate on a 

Portland cement, the slope of the retardation vs dosage curve was observed to increase above the 

0.125% level. Further mechanistic studies by Perez showed the increase to be caused by a slower 

formation of C-S-H nuclei once the breakpoint is passed. The difference noted so far between this and 

Perez’s work suggests that the impact on retardation is strongly influenced by the presence of the C3S 

phase and the formation of C-S-H nuclei since we did not observe an increase in the rate of retardation 

in the C3A-sulfate systems. 
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Sodium gluconate also reduced the total energy released. The differences were larger for the cubic 

system than the orthorhombic system. The energy released at 15 hours for the cubic and orthorhombic 

systems was respectively 23% and 4% lower for pastes made with 0.25% sodium gluconate than the 

corresponding pastes made without sodium gluconate, revealing a stronger impact of sodium 

gluconate on the hydration of the cubic C3A than on this orthorhombic C3A phase. 
 

  
Figure 2: Impact of sodium gluconate on the time to half height of exotherms of C3A blends 

 

3.2. Under-sulfated Cubic and Orthorhombic-C3A blends 

Figure 3 shows the differences in the degree of retardation by sodium gluconate in cubic and 

orthorhombic-C3A systems at a lower sulfate level (SO3:C3A mole ratio of 0.50) and excess calcium 

hydroxide (at 13.7 g/l). The heat profiles of these systems were markedly different from the well-

sulfated systems. Three series of exotherms can be seen for the cubic-C3A systems — the first at less 

than 0.5 hr, the second at 1-20 hours and the third at 30-80 hours. The multi-peaked exotherms 

observed at more than 30 hours for the cubic systems are large, suggesting a series of different 

reactions or rate of reactions of the aluminate phase hydration, even for periods beyond 1.5 days.  
 

    

   
Figure 3: Calorimetry curves at 23 C showing impact of sodium gluconate with 0.50 SO3:C3A mole ratio. 

(C3A:Plaster:Ca(OH)2:water = 1:0.3:0.05:3.65 by weight.) 
 

Figure 4 shows the times of occurrence of the second and third peaks for the 0.50 SO3:cubic-C3A 

system to also increase with increasing sodium gluconate dosage from 0-0.125%. Above 0.125% of 

sodium gluconate, the slope of the retardation vs. dosage curve was once again observed to be 

reduced, but to a lesser degree than the well-sulfated blends. 

For the 0.50 SO3:orthorhombic-C3A system, a more than 15 times higher heat flow was noted for the 

first dissolution peak than for the corresponding cubic-C3A pastes. This large initial reaction was 

followed closely by a reaction that peaked at around 0.3 hours, suggesting that two different reactions 

or rates of reaction were happening in the first 30 minutes of the hydration of the orthorhombic-C3A. 

Subsequently no sharp reaction peaks were seen, resulting in lower total energy output at 90 hours 
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than that seen with cubic C3A, and less than half the energy than that seen with the higher sulfate 

content. This implies that some of the orthorhombic C3A failed to react under these conditions. These 

results were also observed by Kirchheim (2008). Sodium gluconate was shown to have a negligible 

effect on orthorhombic-C3A hydration under these severely under-sulfated conditions. 

Figure 4 shows the pore water analysis of samples without sodium gluconate. Not surprisingly, sodium 

was observed in the orthorhombic system, indicating the dissolution of the sodium from the 

orthorhombic-C3A itself. As expected, the corresponding calcium levels were reduced with increases 

in soluble sodium. In the case of potassium, we observed more dissolution from the well-sulfated 

blends than from the under-sulfated blends. As cement C3A’s contain different levels and substitutions 

of potassium and sodium, C3A crystals with different reactivity levels would be formed. Changes in 

alkali dissolution levels would result and this in turn would change the dissolution of other ions, 

resulting in differences in hydration. A detailed study on the differences in substitutions of the 

orthorhombic phase can help provide a better understanding on how hydration can be impacted. A 

significant decrease in sulfate was seen for the well-sulfated system at 1 hour for the cubic system and 

at 2 hours for the orthorhombic system. It is interesting to note that, for the orthorhombic well-sulfated 

system, the sulfate level increased again at 3 hours. This increase in sulfate level was, however, not 

observed for the orthorhombic-under-sulfated system. Finally, the dissolution of Al is observed to be 

drastically different for the orthorhombic-under-sulfated system. The author believes that this large 

dissolution of Al can lead to extra-ordinary hydration events. The results indicate the dissolution 

process is vastly different between the two C3A forms.  
 

 

Figure 4: Pore water solution analysis of C3A blends 
 

3.3. “C3S”/cubic-C3A/gypsum blends 

Figure 5 shows the calorimetry profiles of cubic-C3A blends made with “C3S” and gypsum at 23 C. 

The conditions were chosen to duplicate conditions shown in a previous study (Tenoutasse, 1968). A 

corresponding study with orthorhombic-C3A was not done at this point as materials were not available. 
 

   

   
Figure 5: Calorimetry curves at 23 C showing impact of different dosages of sodium gluconate on 80:20 

“C3S”:cubic-C3A blends.  
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As in the Tenoutasse study, our study showed that in blends with a ratio of 0.49 SO3:C3A, sharp 

aluminate peaks occurred after the hydration-of-silicate peaks, but in those with a ratio of 0.17 

SO3:C3A, the aluminate peaks came before the silicate peaks. This phenomenon was reported 

previously by Tenoutasse (1968) who noted that silicate peak hydration was strongly retarded if the 

system ran out of sulfate before the pinnacle of the silicate peak. For the 0.17 SO3:C3A blends, pore-

water-solution analysis on the blank pastes confirmed a decrease in calcium and sulfate ions at 4 hours 

before the onset of the sharp aluminate peak. Although sulfate depletion prior to a secondary exotherm 

has frequently been ascribed to the conversion of AFt to AFm phases, Sandberg et al. (2007) showed 

using in-situ XRD that depletion of gypsum occurred before the aluminate exotherm; however, the 

production of ettringite continued for some time afterward, with no increase in the rate of C3A 

consumption.  

Figure 6 is a summary of the impact on the occurrence of the silicate and aluminate peaks by the 

addition of sodium gluconate. In this case, retardation of the silicate peaks grew non-linearly with 

gluconate dosages. At dosages above 0.125%, the slope of the time to peak of exotherm vs dosage 

curve was reduced. The aluminate peaks, however, behaved quite differently. With the 0.17 SO3:C3A 

blends, the slope of the time to peak of exotherm vs dosage increased to 0.125% and then decreased. 

With the 0.49 SO3:C3A blends, the occurrence of the aluminate peaks is accelerated. In this case, we 

noted that the earlier the onset of the aluminate peaks, the more retardation is observed for the silicate 

peaks. The results of our study demonstrated that the hydration behavior and kinetics can be impacted 

by the amount of available sulfate, the amount of sodium gluconate and the form of C3A.  
 

  
Figure 6: Impact of sodium gluconate on the time of occurrences of the silicate and aluminate hydration peak 

 

3.4. Commercial Cements 

The calorimetry profiles on the impact of 0%, 0.125% and 0.25% sodium gluconate in four 

commercial cements are shown in Figure 7. In all cases, an additional exothermic peak was present at 

less than 4 hrs when sodium gluconate was added. 0.125% sodium gluconate retarded the on-set of the 

silicate peak by 9-18 hours, while 0.25% sodium gluconate retarded by 60-160 hours.  
 

  

Figure 7: Calorimetry curves showing impact of different dosages of sodium gluconate on four OPCs 

 

As reported by Perez (2007), retardation of cement by sodium gluconate was greater with increasing 

dosage and also with cement that had more alite. We also observed this correlation, as shown in Figure 
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8 where cements with higher alite content showed longer retardation. The only outlier was Cement A 

which had a higher surface area and lower sulfate/C3A ratio, both reasonable factors for longer-than-

expected retardation. For this reason cement A had been eliminated from the fitted lines shown in 

Figure 8. Earlier C3A results showed cubic-C3A to make a bigger difference in retardation by sodium 

gluconate than orthorhombic-C3A. Thus one would expect more retardation by sodium gluconate on 

cements with higher cubic-C3A content. This was indeed seen in our results as shown in Figure 8. 
 

   

   
Figure 8: Plots showing possible factors impacting retardation of the four commercial OPCs 

 

4. Conclusions 

The above examples present simple but illuminating cases where set retardation is impacted by the 

mineralogy of the C3A phase, which is known to be easily altered by relatively minor changes in kiln 

operation such as changes in sulfur level of the fuel. The interactions between chemical additives and 

cement particles are significant and complex. A small change in cement compositions, particle size 

distribution, crystallographic forms of the clinker phases, availability of sulfates, and/or time of 

addition of chemical admixtures can make a large difference in the ultimate performance of concrete. 

It is our hope that these cases will provide useful information for modelers to incorporate into their 

hydration models and will lead users to appreciate the complexity of chemical-cement interactions. 
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Abstract 

 

Composite cements consisting of CEM I Portland cement and 30% replacement by mixtures of calcined clays 

and limestone have been studied. The calcined clays were prepared from kaolinite and smectitic clay by heating 

to the minimum temperature needed for complete dehydroxylation. The limestone was upper Maarstricht chalk 

from Northern Denmark ground to approx. 12000 cm
2
/g. Replacement of the CEM I Portland cement with 30% 

limestone resulted in a relative 28 day standard mortar strength of 78% compared to the CEM I. Replacement 

with 30% calcined clay resulted in relative 28 day mortar strengths of between 60 and 84% depending on the 

reactivity of the calcined clay. Mixtures of the same clays and limestone at the same replacement level 

invariably resulted in higher strengths than would be predicted by the results of the binary systems with relative 

28 day strengths as high as 109% of the CEM I strength, although a linear effect was observed when the 

limestone was mixed with an inert filler (aplite) rather than (aluminosilicate) calcined clays. Mineralogical 

analyses (NMR and XRD) performed on paste specimens showed a strong correlation between the amount of 

monocarboaluminate hydrate formed and the high strengths described above. This is in good agreement with 

thermodynamic calculations which predict higher monocarboaluminate contents in the composite systems, 

where more limestone is consumed in the presence of higher amounts of available alumina from the calcined 

clays.  

   

 

Originality 

 

Today Portland limestone cement is the most common cement produced in Europe and has been the subject of 

numerous scientific studies. Natural pozzolan cements based on calcined clays have also been studied 

extensively. Although less common in Europe they are becoming more widely used in other parts of the world 

including India. Surprisingly we are only aware of very few studies of blended systems that contain both 

limestone and calcined clay, and of no cement producers who produce this type of cement. Our scientific results 

are to the best of our knowledge the first which show a clear relationship between the observed and predicted 

contents of monocarboaluminate in which the alumina taking part in this reaction originates from calcined clay. 

 

 

Chief contributions 

 

The synergetic relationship between limestone and calcined clay in composite Portland cement results in much 

higher strengths than obtained by additions of each of these constituents on their own. Cements can be 

produced with the same or higher standard strengths but with less than 70% clinker resulting in real reductions 

in CO2 emissions of up to 30% for the same concrete strength with the same cement content. For the majority of 

applications it is also our view that the cement will provide equal or superior durability. 

 

 

Keywords: Composite cement, calcined clay, limestone, CO2 reduction. 



1. Introduction 
 

Cement production currently accounts for about 5% of global CO2 emissions amounting to 

approximately 2.5 Gt of CO2 annually. This is predicted to at least double by 2050 as economic 

growth rates in developing countries continue. The challenge for the cement industry is therefore to 

meet the demand for the cement in terms of volume and performance, but to do this at much lower 

specific CO2 emissions. One of the key levers often cited for achieving this is the increased use of 

supplementary cementitious materials (SCMs). However, in many parts of the world, blast furnace 

slag and fly ash which are the most common SCMs, are already fully utilized either in concrete or 

cement, and in the long run are bound to become less abundant as steel and electricity production 

becomes more sustainable. This partly explains the increased use of limestone, where in Europe for 

example, it has become the most common clinker replacement material. Although not generally 

regarded as an SCM, limestone does react with available alumina from the clinker to form the 

carboaluminate AFm phases. Since more alumina is potentially available from the alumina present in 

fly ash or slag, this synergetic effect can effectively extend the use of the traditional SCMs for the 

same performance (De Weerdt, 2010; Antoni, et al., 2010). However, for the significant reductions in 

the clinker content needed, alternative naturally occurring SCMs need to be utilized (Damtoft, et al., 

2008; Rehan & Nehdi 2005; Worrel, et al., 2001). The most obvious candidates for this are the natural 

pozzolans, which can either be of volcanic origin or produced by calcining clays. As with the 

traditional SCMs, performance of these materials can be increased by making use of the synergetic 

reaction between limestone and the reactive alumina component in the natural pozzolan. This paper 

deals with the synergetic relationship between limestone and calcined clay in composite Portland 

cements.  

 

2. Experimental procedure 
 

For this study a commercially available CEM I Portland cement (PC) consisting of 96% clinker and 

4% gypsum was used. The limestone (LS) was upper Maarstricht chalk from Northern Denmark 

ground to approx. 12000 cm
2
/g. The metakaolin (MK) was produced by thermal treatment of kaolinite 

(Imerys Premium Grade) at 480 ºC for 20h. The smectitic clay was Georgia Wyoming Bentonite from 

Tolsa and the clay was calcined at 625 ºC for 20h (GWB). The inert filler was an aplite (fine 

crystalline granite) from southern Norway. The chemical compositions of the raw materials is listed in 

Table 1 along with densities and specific surface areas. 

 
Table 1: Oxide composition, density and Blaine SSA of CEM I, limestone and calcined clay. 
  CEM I Portland cement 

(PC) 

Limestone 

 (LS) 

Calcined kaolinite 

(MK) 

Calcined smectite 

(GWB) 

Aplite 

  clinker + gypsum (Maastricht chalk)      

SiO2 19.10 3.92 51.61 63.21 82.40 

Al2O3 5.47 0.33 38.88 19.36 9.82 

Fe2O3 3.86 0.14 1.44 4.82 0.72 

CaO 65.15 53.73 0.15 1.05 0.67 

MgO 0.97 0.35 0.36 3.12 0.07 

K2O 0.50 0.05 0.97 0.73 3.64 

Na2O 0.28 0.08 0.00 2.20 2.99 

SO3 3.70 0.05 0.18 0.81 0.20 

TiO2 0.28 0.02 0.85 0.37 0.03 

P2O5 0.34 0.10 0.10 0.10 0.02 

LOI 0.98 41.8 2.25 1.30 0.21 

      

Density g/cm3  3.0 2.7 2.52 2.64 2.68 

Blaine SSA, cm2/g 5466 12110 1721 2780 4217 

 

2.1 Sample preparation and test procedure 

Composite cements with 30 wt% clinker replacement were prepared from the materials listed in Table 

1 at clay to clay + limestone (C/(C+LS)) ratios of 0, 0.33, 0.67 and 1. All mortars and pastes were 



prepared with a water to powder ratio of w/p = 0.5, and the workability was adjusted when necessary 

using a commercially available PC superplasticizer (up to 1.1 wt% of the powder content). 

Compressive strengths were measured according to EN 196-1, except that smaller prism dimensions 

were used (2x2x15 cm
3
). For paste samples the hydration was stopped after 12 hours and 1, 2, 4, 7, 

14, 28, and 90 days by mixing ~5 g of finely crushed sample material with 50 mL of isopropyl alcohol 

for 1 hour. The samples were subsequently dried over silica gel in a desiccator for 24 hours before 

mineralogical analyses. X-ray diffraction (XRD) of the ground pastes was performed on a Bruker D8 

Advance Diffractometer, using a monochromatic CuKα incident beam, and the Lynx-Eye PSD 

detector. The specimens were scanned from 6 to 60º 2Θ. 

The 
29

Si MAS NMR spectra were acquired on a Varian INOVA-300 spectrometer equipped with a 

homebuilt CP/MAS probe for 7 mm o.d. rotors. The samples were spun at 7.0 kHz in PSZ (Partially 

Sintered Zirconia) rotors (220 µL sample volume) and the experiments, recorded overnight, used a 45
o
 

excitation pulse and a 30-s relaxation delay. 
 

3. Results and discussion 

 

3.1 Compressive strengths and CO2 release pr. MPa 

Replacement of the CEM I Portland cement with 30% limestone resulted in a relative 28 day standard 

mortar strength of 78% compared to the strength of the CEM I. Replacement with 30% calcined clay 

resulted in relative 28 day mortar strengths in the range 60 – 84%, depending on the reactivity of the 

calcined clay. The inert filler (aplite) resulted in a relative strength of 61% (Table 2).  

 
Table 2: Compressive and relative strengths of mini-Rilem mortars for the composite cements. 
  CEM I Portland cement  30% Limestone 

C/(C+ LS) = 0 

30% Calcined kaolinite 

C/(C+ LS) = 1 

30% Calcined smectite 

C/(C+ LS) = 1 

30% Aplite 

C/(C+ LS) = 1 

28d strength 76.7 MPa 59.8 MPa 64.1 MPa 46.3 MPa 47.0 MPa 

Relative strength 100% 78% 84% 60% 61% 

 

Mixtures of the same clays and limestone at the same clinker replacement level invariably resulted in 

higher strengths than would be predicted from the results of the binary systems, with relative 28 day 

strengths as high as 109% of the CEM I strength, although a linear effect was observed when the 

limestone was mixed with the inert filler rather than calcined clays (Table 3 and Figure 1). 

 
Table 3: Compressive strengths and relative strengths of mini-Rilem mortars made from  

composite cements with 30% replacement and varying C/(C+LS) ratios. 
  

C/(C+LS) ratio 

Calcined kaolinite Calcined smectite Aplite 

0.33 0.67 0.33 0.67 0.33 0.67 

28d strength 77.5 MPa 83.6 MPa 60.3 MPa 63.7 MPa 56.8 MPa 54.5 MPa 

Relative strength 101% 109% 79% 83% 74% 71% 

 

If the compressive strengths are used to calculate the CO2 emission pr. MPa, it is possible to compare 

the environmental impact of the different composite cements to the environmental impact of the 

traditional PC. This is illustrated in Figure 2 where values below unity correspond to reduced CO2 

emission. It is seen that for mixtures of calcined kaolinite and limestone it is possible to achieve CO2 

emission reductions of up to 30% for the same performance in concrete. For the calculations is it 

assumed that production of PC emits 800 kg of CO2 pr. tonne cement and production of calcined clay 

emits 200 kg of CO2 pr. tonne calcined clay. Limestone filler does not contribute to the CO2 emission.  
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  Figure 1: Observed synergy effect between calcined clay (C) and limestone (LS). 
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Figure 2: Calculated CO2 release pr. tonne of composite cement normalized 

to same compressive strengths. 

 

3.2 XRD 

XRD results for the Portland cement and different combinations of limestone and metakaolin are 

shown in Figure 3 after 28 days of hydration. The diffractograms for the PC and PC + MK blends 

show a mixture of ettringite and monosulfate. The PC + LS blend also contains some strätlingite 

(which is consistent with insignificant portlandite although this is not seen in this range of 2Θ). The 

diffractogram of the PC + LS blend shows a mixture of ettringite and monocarbonate, the latter 

forming at the expense of monosulfate. All of these results are of course expected. The diffractograms 

for the PC and combinations of MK and LS show an increased content of the carboaluminate phases. 

This includes the hemicarbonate hydrate in the blend containing 20% MK and 10% LS (C/(C+LS) = 

0.67) in which the content and reactivity of the limestone is insufficient to convert all of the 

hemicarbonate to monocarbonate. The overall amount of carboaluminate hydrates seems to be highest 

in this blend, which also corresponds to the highest 28 day strength shown in Figure 1. In the 10% 

MK and 20% LS blend (C/(C+LS) = 0.33) there is insufficient alumina to react with all of the 

available limestone at 28 days and all of the hemicarbonate therefore has converted to monocarbonate. 



The synergetic effect in terms of strength (Figure 1) is still significant though not as high as the 20% 

MK and 10% LS blend. As predicted, higher ettringite contents are also indicated in the MK + LS 

blends (after taking into account the 30% dilution effect). The same trends are observed for the 

calcined bentonite blends, although not as pronounced as for the metakaolin blends. This is, of course, 

consistent with the less pronounced sygnergetic effect seen in terms of 28 days strengths in Figure 1, 

and is expected given the lower contents of alumina in the calcined bentonite and its lower reactivity. 

A more detailed review of the thermodynamic principles involved in the analysis is given in a 

principle paper of this congress (Damidot et.al. 2011). 
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Figure 3: XRD diffractograms (2Θ) for Portland cement, metakaolin, limestone blends.  

30% Clinker replacement in all blends (except 100% PC). 

 

 

3.3 
29

Si MAS NMR 

The degrees of hydration (H) for alite, belite and the clays used in the experiments have been 

determined at each stage of hydration by computer deconvolution of the 
29

Si MAS NMR spectra. This 

was achieved by employing a deconvolution procedure similar to the approaches used in earlier 
29

Si 

NMR studies (Skibsted, et al., 1995; Andersen, et al., 2004; Poulsen, et al., 2009). 
29

Si MAS NMR 

spectra of the pure anhydrous components (i.e., MI polymorph of alite, monoclinic β-belite, 

metakaolin and calcined smectite) formed the basis for simulated sub-spectra of these components 

which were subsequently used in the analysis of the 
29

Si MAS NMR spectra recorded for the hydrated 

samples. In addition, resonances corresponding to the Q
1
, Q

2
(1Al) and Q

2
 units of the C-S-H phase 

were employed in the deconvolutions. For each of the components (alite, belite, calcined clay), the 

degree of reaction, H = (1 – I(hydrated)/I(anhydrous)), were calculated from the normalized 

intensities (I) from the deconvolutions. It is noted that the degrees of hydration determined by this 

approach are independent of the chemical composition of the phases involved (Poulsen et al. 2009). 
29

Si MAS NMR spectra for selected composite cement blends are shown in Figure 4 while the degrees 

of reaction for alite and the calcined clay additive are summarized in Table 4 and 5.  



 
Figure 4: 

29
Si MAS NMR spectra. (a) 100% PC (b) 70% PC + 30% LS (c) 70% PC + 30 %MK 

(d) 70% PC + 20% MK + 10% LS (e) 70% PC + 10% MK + 20% LS (f) 70% PC + 30% GWB  

 
Table 4: Degrees of hydration (H, %) for alite in the composite cements determined from 

29
Si MAS NMR. The 

mixtures are labelled as  (a) 100% PC, (b) 70% PC + 30% LS, (c) 70% PC + 30% MK, (d) 70% PC + 20% MK 

+ 10% LS, (e) 70% PC + 10% MK + 20% LS, (f) 70% PC + 30% GWB, (g) 70% PC + 20% GWB + 10% LS, 

(h) 70% PC + 10% GWB + 20% LS.  

Hydration 

time (days) 
(a) (b) (c) (d) (e) (f) (g) (h) 

1 46.2 50.2 29.9 51.7 58.9 53.4 60.4 60.1 

7 71.5 84.8 82.9 85.9 86.1 80.9 87.0 89.0 

28 86.4 94.3 87.4 89.1 93.6 89.6 96.0 92.9 

90 93.2 97.0 88.8 90.6 91.7 90.7 95.3 92.8 

 

Table 5: Degrees of hydration (%) for SCMs determined from 
29

Si MAS NMR. 

The labelling of the blends is identical to Table 4 and Figure 4. 

Hydration 

time (days) 

Calcined kaolinite (MK)  Calcined smectite (GWB)  

(c) (d) (e)  (f) (g) (h)  

1 4.6 1.8 0.0  0.0 0.0 0.0  

7 4.5 20.9 11.3  0.0 0.0 0.0  

28 36.8 40.2 56.8  0.0 0.0 5.0  

90 - 45.7 91.7  13.7 18.9 42.5  

 

 

The 
29

Si MAS NMR spectra in Figure 4 clearly reveal that the PC is dominated by alite and that only 

a small amount of belite (6 ± 2 wt.%) is present in the cement. Thus, the belite intensities from the 

deconvolutions exhibit relative large uncertainty limits, resulting in less precise values for the degree 

of hydration for belite in the present analysis. In agreement with recent studies of Portland cement – 

SCM blends (Poulsen et al. 2009) we do not observe any significant hydration of belite before 14 

days of hydration. After 90 days of hydration the degree of belite hydration ranges from H = 21% (c, 

70% PC + 30% MK) to H = 80% (b, 70% PC + 30% LS) with no clear relationship between the 

degree of reaction and the composition of the blends. Examination of the degrees of reaction for alite 



in the blends hydrated for 0.5, 1, 2, 4, 7, 14, 28, 90 days (Table 4) reveals that the SCMs accelerate 

the hydration for alite, in particular for the samples including LS. This may reflect that the LS grains 

exhibit the smallest particle sizes and most efficiently act as nucleation centers for the formation of 

the C-S-H phase. After 28 and 90 days of hydration the degrees of alite hydration are quite similar for 

the different blends and demonstrate that nearly all alite has been consumed at this stage of hydration. 

Of the two SCMs which can be studied by 
29

Si NMR, the highest degrees of reaction are observed for 

MK whereas a consumption of GWB is only observed after prolonged hydration (90 days). At early 

ages the reactivity of MK is rather low, however, it increases significantly after 7 days of hydration. 

Moreover, the degree of MK reaction increases when the quantity of this phase is lowered and the 

amount of LS is increased (i.e., for the c, d, and e series in Table 5). This observation is in good 

agreement with both the measured compressive strengths and results from XRD.  The insignificant 

degree of hydration of the calcined bentonite as determined by NMR at 28 days is inconsistent with 

the observed increase in strength. This may be due to more saturated conditions of the mortar prisms 

which were stored in water whereas the paste samples for NMR analysis were stored at 100% RH. 

 

4. Conclusion 
 

A clear synergetic effect is observed with mixtures of limestone and calcined clays at the same clinker 

content as in composite Portland cements. Strengths are significantly higher than would be predicted 

from the results obtained from pure limestone + clinker, and pure calcined clay + clinker blends on 

their own. The effect is greatest at the highest amount of available alumina which depends on the 

reactivity of the calcined clay and the content of alumina. The best performance can therefore be 

expected from 1:1 clays such as kaolinite clays rather than smectitic clays. The underlying mechanism 

for this effect is the formation of carboaluminate hydrates as shown by NMR and XRD analysis.  
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Abstract 

The ability to characterize the reactivity of fly ashes is an essential part of making use of this 
aluminosilicate-rich waste product in geopolymer binders. Most fly ash reactivity investigations only consider 
the bulk reactivity of the ash because of incomplete information on the constituent phases. This study used a 
new method for characterizing fly ash and the resulting geopolymer reaction products that combines Rietveld 
quantitative x-ray diffraction (RQXRD) and scanning electron microscopy coupled with multispectral image 
analysis (SEM-MSIA) to quantitatively characterize both crystalline and glassy phases. The combined 
information from these methods gives quantitative mass fractions of each independent crystalline and glassy 
phase in any material analyzed, including unreacted fly ash, partially reacted fly ash, and geopolymer reaction 
products. The method was used in the present study for characterizing fly ashes prior to alkali-activation and to 
identify the reaction products formed in a geopolymer paste. The different phases in fly ash were shown to react 
differently in the alkaline environment required for geopolymerization. 

Originality 
 
Obtaining accurate, quantitative compositional information on the glassy phases in fly ash is essential in order 
to understand their behavior in geopolymer binders. The proposed characterization protocol is a novel way to 
determine this information using analytical equipment that is already used in cementitious materials analysis. 
The drawback of traditional fly ash chemical characterization by oxide analysis is the inability to identify and 
quantify individual glassy phases, not to mention to discern their different reactivities. By using this method to 
characterize the multiple glassy phases present in fly ash, as opposed to assuming them to be uniform, a more 
targeted method for designing activating solutions can be developed.  
 
Chief	  contributions	  

The work contributes a new way of identifying and quantifying the multiple reactive phases in fly ash instead of 
chemical testing or oxide analysis. This method has been used to show that the reactivities of different glassy 
phases within individual fly ashes are not the same, thus the typical assumption that the bulk amorphous content 
is incorporated into the geopolymer microstructure can be refined based upon improved raw material 
characterization. By using the RQXRD and SEM-MSIA method to characterize fly ash glassy phases, the 
relationships between activator and glass reactivity can better defined to engineer a material with improved 
properties. 

 
 
Keywords: geopolymer, fly ash, SEM 
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1.  INTRODUCTION   
Geopolymer cements are a relatively new aluminosilicate-based cementing material that can be used 
in place of ordinary portland cement in concrete construction (Davidovits 1991).  The development of 
geopolymers came from the necessity of new construction materials that were strong, durable, and 
non-flammable.  Since their initial discovery, geopolymers have moved into the forefront of a search 
for green building materials. Interest in new green building materials has come from an increased 
scrutiny on the environmental impacts of manufacturing cement; Damtoft et al. (2008) reported that 
cement production accounts for 5	  %	  of	   the	  global	  CO2	  emissions	   resulting	   from	  human	  activity.	  	  
Geopolymers are considered environmentally friendly cements since they can be made with waste 
materials such as fly ash from coal burning power plants.  Fly ash, in particular Class F fly ash 
(ASTM C 618 2008), consists of mainly aluminosilicate glasses with minor amounts of crystalline 
phases such as quartz, mullite, hematite and maghemite.  It consists of 60 % to 80 % x-ray amorphous 
glasses (McCarthy et al. 1990), which may be available to form the geopolymer structure under 
highly caustic conditions. 

To synthesize geopolymers, an aluminosilicate powder is mixed with an activating solution 
such as NaOH or KOH.  Mixtures are often designed using solution-powder ratios or water-powder 
ratios (Bakharev 2005).  A more exact technique is to use oxide ratios to optimize the chemistry of the 
system such that a strong, durable material is formed.  The literature has many recommendations for 
the ratios that lead to proper polymerization and strength: M2O/SiO2 = 0.2 to 0.48, SiO2/Al2O3 = 3.3 
to 4.5, H2O/M2O = 10 to 25, and M2O/Al2O3 = 0.8 to 1.6, where M is an alkali metal (Khale and 
Chaudary 2007), with many other refinements (Fletcher et al. 2005; Duxson et al. 2005a, Duxson et 
al. 2005b, Duxson et al. 2007c).  The difficulty in determining these ratios is that only the reactive 
portion of the fly ash and/or activating solution should be considered, and determining the reactive 
constituent of fly ash is difficult.  In some work, an acid dissolution method is used to determine 
reactive silica (Fernandez- Jiménez et al. 2006).  Alternately, the reactive phases in fly ash have been 
calculated by subtracting the amount of each crystalline phase from the bulk x-ray fluorescence 
(XRF) chemistry of the fly ash (Fernández-‐Jiménez	   et	   al.	   2006,	   Soare	   and	   Garcia-‐Luna	   2008).  
Although these methods give an indication of potential reactivity, they do not necessarily represent 
the caustic environment of geopolymer formation.  Thus, an improved method to analyze fly ash 
reactivity, in particular in caustic environments, is needed. 

Chancey et al. (2010) introduced a novel method for quantifying the composition of fly ash. 
In this approach, Rietveld quantitative x-ray diffraction (RQXRD) and scanning electron microscopy 
coupled with multispectral image analysis (SEM-MSIA) were used to show that there were multiple 
glassy phases present in a particular fly ash and the phases were compositionally varied.  Chancey 
(2008) also showed that the individual glassy phases in fly ash reacted differently when subjected to 
the caustic environments similar to those found during geopolymer formation.  By applying this 
method to geopolymers, the reactivity of fly ashes can be determined, and a protocol for selecting 
activators for a particular fly ash can be developed.  The present study initially tested reactivity by 
evaluating compressive strength of mortar cubes, and compared the results for each geopolymer to the 
fly ash compositions found using the protocol developed in Chancey et al. (2010). 
 
2.  MATERIALS AND METHODS 
Two Class F (ASTM C 618) fly ashes were chosen for this study.  The oxide analysis data are 
presented in Table 1.  Both fly ashes were produced at power plants in Texas and are named 
according to the plant.  The total sum of oxide constituents does not equal 100 %, as the fly ashes 
have some trace elements that were not identified through inductively coupled plasma optical 
emission spectroscopy (ICP-OES).  Each lot of fly ash was produced in 2005 at separate coal-burning 
power plants.  The activator selected for mortar cube compressive strength studies was 8 mol/L NaOH 
solution.  The solution was made from a prepared 10 mol/L solution diluted with ultrapure water to 
the proper molarity. 
 
 
 



Table 1:  Oxide composition of the fly ashes based upon a single analysis. (courtesy of Savannah River National 
Laboratory, Aiken, SC) 
Oxide Composition (mass fraction) Oxide 
Coleto Creek LEGS 

Al2O3 20.98 17.80 
CaO 12.77 10.70 

Fe2O3 4.85 7.74 
K2O 1.20 1.43 
MgO 3.42 2.31 
Na2O 1.53 0.45 
SO4 0.32 0.40 
SiO2 48.15 54.14 
TiO2 1.04 1.20 
total: 95.49 96.24 

 
Mortar cubes were prepared according to ASTM C109 (2007). The solution to powder ratio for the 
mortar cubes was 0.4.  The curing process of the geopolymer mortars varied from the method outlined 
in ASTM method C109.  The mortar cubes were cured in a 100 % humidity fog room at room 
temperature (23 °C).  Instead of demolding at 24 h as per ASTM C109, the mortar cubes were 
demolded at 3 d, since the geopolymer mortars had often not gained sufficient strength for handling 
by 24h.  Upon demolding, the mortar cubes were placed in airtight plastic storage bags and kept in a 
temperature controlled 23 °C room until testing.  Compressive strength testing was completed at 7 d 
and 28 d. 

Quantitative characterization of the crystalline portion of each fly ash was completed using x-
ray diffraction and Rietveld analysis. The x-ray source produced Cu-Kα radiation and operated at 40 
kV and 30 mA.  The scans were run from 10° to 70° 2θ with a six second dwell time at each step and 
a step angle of 0.02° 2θ. Relatively lengthy scan times were used to increase the x-ray counts at each 
step for better resolution of phases.  The total scan time was approximately six h.  Due to the large 
amorphous content in fly ash, an internal standard was used for Rietveld analysis. Rutile was 
interground with the fly ashes as 10 % mass fraction.  Qualitative identification of the crystalline 
phases was completed using the Inorganic Crystal Structure Database1,2.  Quantification of phases 
was completed using the Rietveld method. 

To characterize and quantify the glassy phases in fly ash, the SEM method outlined in 
Chancey et al. (2010) was followed and is summarized here.  The fly ashes were epoxy mounted and 
polished flat for x-ray mapping.  The scanning electron microscope used for this work had a field 
emission electron source.  Two silicon-drift EDS detectors were used for elemental mapping.  Silicon 
drift detectors allow for faster signal processing such that high x-ray count rates can be collected in 
less time than with conventional Si(Li) detectors (Goldstein et al. 2003).  The microscope was 
operated at 15 kV accelerating voltage, and the specimen was positioned in the chamber such that the 
two EDS detectors collected a total of approximately 80,000 counts per second (cps).  The maps were 
collected slowly, with 256  µs dwell time for each pixel and a 1024 x 1024 map size.  This resulted in 
a scan time of around 4.5 min for a single pass.  In order to decrease the noise in the images, 
approximately 14 passes were made over the specimen for a total data collection time of just over one 
hour.  The following elemental maps were collected for each specimen: Ca, Al, Si, Fe, Na, Mg, K, O, 
C, and S. Post-processing was completed using ImageJ3, a freely available image processing program. 

The image processing methodology was outlined in Chancey (2010), and further information 
on the identification of phases from x-ray maps can be found in Lydon (2005).  In general, the images 
were smoothed and the background cut to decrease the noise in each image.  The images were 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Certain commercial materials and equipment are identified to adequately specify experimental procedures. In no case does 
such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it 
imply that the items identified are necessarily the best available for the purpose. 
2 FIZ/NIST Inorganic Crystal Structure Database (ICSD)http://www.nist.gov/srd/nist84.cfm 
3 ImageJ, http://rsbweb.nih.gov/ij/ 



virtually stacked using Multispec1. Only three images in the stack can be viewed at once, as red, 
green, and blue channels.  By viewing all combinations of the stacked images, the phases present in 
the fly ash could be identified and phase classes established.  Multispec allowed for phase 
designations to be assigned to particular pixels as training fields.  The software used these training 
fields to assign every pixel in the image to a particular phase.  Once the phase areas were quantified 
by Multispec, the phase densities were used to solve for mass quantities of each phase in the fly ash.  
The density selected for glassy phases was 2.5 for non alkali-modified phases and 2.4 for alkali-
modified phases after Hemmings and Berry (1987) and Pieterson (1993).  The crystalline constituents 
were calculated based upon their known densities from the literature. 
 
3.  RESULTS AND DISCUSSION 
To gain an initial understanding of the fly ashes’ reactivites, geopolymer mortars were made with 
each fly ash using identical sodium hydroxide solutions and solution-to-powder ratios (S/P).  The 
activating solution was 8 mol/L NaOH with a 0.4 S/P.  The compressive strength results are shown in 
Figure 1.  It was observed that the Coleto Creek fly ash formed a stronger geopolymer than the LEGS 
fly ash under identical mixing and curing conditions.  At seven days, the LEGS fly ash did not reach 
1.0 MPa, while the Coleto Creek fly ash had a compressive strength of 5.6 MPa.  At 28 d, the Coleto 
Creek fly ash far exceeded the LEGS in compressive strength, reaching a value of 20 MPa compared 
to 10.5 MPa.  Given that the oxide compositions for the two fly ashes appeared similar (Table 1), the 
need for further investigation into the chemistries of the two materials was apparent. 
 

 
Figure 1:  Compressive strengths of geopolymer pastes made with 8 mol/L NaOH (0.4 S/P).  Error bars 

represent the high and low compressive strength measurements.  Uncertainty expressed as 1s is 
approximately 2 MPa 

 
Crystalline phases were identified by Rietveld analysis, the results of which is are shown in Figure 2. 
The amorphous mass fraction of the Coleto Creek fly ash was approximately 82 %. The fly ash also 
contained quartz, mullite, hematite, and periclase in small amounts.  The LEGS fly ash amorphous 
mass fraction was approximately 72 %, and the crystalline constituents included mullite, magnetite, 
and quartz. 

Scanning electron microscopy with x-ray mapping was completed in order to analyze the 
glassy phases in each fly ash.  To illustrate the process of analyzing the images, the Coleto Creek fly 
ash will serve as an example.  A backscattered electron image was recorded for visual identification 
of phases by looking at the brightness of particular particles and regions. The relative darkness or 
lightness of a pixel or region is indicative of different average atomic number of the region, thus a 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Multispec, https://engineering.purdue.edu/~biehl/MultiSpec/ 



differing phase.  Elemental maps were collected to determine the composition of the particular phases 
in the fly ash, and they were analyzed in the method of Chancey et al. 2010. 
	  

	  
	  

	  	  
Figure 2:  Rietveld analysis for LEGS fly ash (top) and Coleto Creek fly ash (bottom). Blue is the measured 
pattern, red is calculated. 
 
The overlaid elemental maps produced images with each phase classified and identified in the image 
by color (Figure 3).  The identical phases across the two types of fly ash are shown with the same 
name and color in each map. Table 2 summarizes the phase designations and the intensity ratios of 
given elemental maps in the particular phase.  The relative mass proportions of each phase based on 
the field of view shown in Figure 3 are shown in Figure 4.  The Coleto Creek fly ash, which formed a 
stronger geopolymer at both 7 d and 28 d (see Figure 1) had a larger proportion of alkali-modified 
aluminosilicates and the A-S 1 and A-S 2 glassy phases.  The A-S1 1 phase was defined by a Al/Si 
peak intensity ratio (15kV accelerating voltage) of approximately 3.4:1, while the A-S 2 phase was 
defined by a Al/Si peak intensity ratio using 15kV accelerating voltage of approximately 1:1.  The 
Coleto Creek C-A-S phase (C-A-S 1) contained a higher proportion of Ca based on intensity ratios 
than the LEGS fly ash C-A-S phase, and it was present in a smaller amount. There was a much greater 
proportion of sodium-modified aluminosilicate (N-A-S) in the Coleto Creek fly ash, as well as an 
additional phase, Mg-modified aluminosilicate.  The very small amount of periclase detected in the 
Coleto Creek fly ash by XRD analysis was not found in the SEM-MSIA imaging. 
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Table 2:  Glassy phase peak intensity ratios (SEM accelerating voltage = 15kV) 

Phase designation Al / Si Ca / Al / Si 
A-S 1 3.4 - 
A-S 2 0.9 - 

C-A-S (LEGS) - 1.2 / 0.4 / 1 
C-A-S 1 (Coleto 

Creek) - 1.3 / 0.6 / 1 
N-A-S 0.7 - 
K-A-S 0.6 - 

Mg-A-S 3.7 - 
 

          
 
 
 
 
Figure 3:  Coleto Creek fly ash (left) and LEGS fly ash (right) assigned phase composition maps  
                       

 
Figure 4:  Proportion of phases in Coleto Creek fly ash (left), LEGS fly ash (right) from SEM/ x-ray imaging 
(based on a single measurement) 
 
The larger quantity of alkali-modified aluminosilicate material is thought to be one of the reasons that 
the Coleto Creek fly ash formed a stronger geopolymer than the LEGS fly ash at seven and 28 days.  
The large proportion of the A-S 2 phase is also a potential reason for the improved strength of the 



Coleto Creek geopolymer.  Further replicate studies of the fly ashes will allow for statistical analysis 
of these data to help prove this hypothesis.  
 
4.  CONCLUSIONS 
The use of XRD/SEM-MSIA methodology to classify the crystalline and glassy phases of fly ash 
allowed for the impacts of fly ash chemistry on geopolymer formation to be better understood.  By 
identifying the chemistry of the reactive constituents of the fly ash, activating solutions will be better 
tailored to an individual aluminosilicate source.  The alkali-modified aluminosilicate phases appear to 
be one contributing factor to the improved strength in Coleto Creek fly ash geopolymers as compared 
to LEGS fly ash geopolymers. 
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Abstract 

Today polycarboxylate ether based superplasticizer (PCE) is commonly used in concrete technology when high flow 

properties and water reduction are specified. The ionic strength of the polymers’ backbones determines the adsorption 

behaviour of polymers on clinker and early hydration products. The amount of required polymers for specified flow 

properties and the performance over the time of casting is thus determined by the molecular structure of the 

superplasticizer. The time depending consumption of polycarboxylate ether polymers strongly affects the reaction of 

aluminates and sulphate ions as well as the hydration process in general. Hence, the choice of polymers for particular 

flow properties greatly affects the very early properties of cementitious materials such as setting, heat evolution and 

autogenous deformations.  

In order to better understand how PCEs influence the early properties, mixes from cement, limestone filler, viscosity 

modifying agent and water were varied with a high and a low charge density superplasticizer in differing amounts. 

Results are presented from measurements with an automatic Vicat device, an isothermal heat flow calorimeter, and 

shrinkage cones. Tests were conducted at 5, 20, and 30 °C. 

It is shown that in presence of PCE the final set correlates well with the inflexion point of the heat flow curve, which 

emphasises the interrelation between C-S-H formation and setting. No such clear correlation can be found for the 

initial set, which is attributed to the fact that the initial set is rather a rheological than a structural phenomenon, so that 

other effects overlap with C-S-H formation. The results demonstrate that for a given polymer concentration low charge 

density polymers yield earlier setting than high charge polymers. However, this influence is overridden by the influence 

of the total amount of polymers in a cementitious system. Since PCE is typically added according to rheological 

specifications, and low charge PCE typically requires higher amounts of polymers than high charge PCE for 

comparable flow performance, low charge PCE retards setting more than high charge PCE.  

The paper furthermore points out that there is no significant influence of the polymer type or amount on the early 

deformations. Since type and amount strongly affect the hydration, it is demonstrated that early setting causes higher 

strain after the final set. It is hence concluded that higher PCE solid contents reduce the risk of early cracks that occur 

at time of setting, when a solid structure has already been formed but without resistance against cracks yet. 

 

Originality 

The paper focuses on early hydration processes and the way they are affected by chemical admixtures. In terms of 

hydration history, the focus is placed on the period between fresh concrete and hardened concrete. The paper thus 

mainly contributes to the main topics of the 13
th

 ICCC “Properties of fresh and hardened concrete”, considering the 

effects of chemical admixtures on rheology, hydration, setting and deformations. However, since the effects cannot be 

extracted from micro-structural developments, the paper also contains numerous links to the main topic “Hydration 

and microstructure”. 

 

Chief contributions 

To date most research that observes cement superplasticizer interactions focuses on rheological properties. Only few 

published papers deal with the properties after casting until final set. Typically general differences of mixtures with 

polycarboxylate ether superplasticizers are investigated versus mixtures without. Aspects of particular molecule types 

and respective ionic backbone charge densities are less focused in research. The results of this paper help improving 

mixtures with regard to early hydration effects and sensitivity against early crack formation. 
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Introduction 
 

The adsorption of superplasticizers based on polycarboxylate ether (PCE), which are commonly used 

today, has strong influence on the flow properties of cementitious systems, particularly on its yield 

stress. The driving force for the reduction of the yield stress is the amount of adsorbed superplasticizer 

molecules (Schober and Flatt, 2006, Schmidt et al., 2010). The adsorption process again, is influenced 

by the molecular architecture, which determines the anionic charge density of the polymers (Plank and 

Hirsch, 2007, Plank and Sachsenhauser, 2006). Since PCEs compete with the sulphate ions in the pore 

solution for adsorption, the charge density determines whether preferentially sulphate ions or PCE 

molecules adsorb. Typically a high charge density polymer is used in order to provide maximum 

flowability very early, when flow retention is not required, while a low charge density may not 

provide maximum flowability at early stage, but it can retain the flow performance over a long period 

of time (Schmidt et al., 2009a, Schmidt et al., 2010). 

However, the charge density of a polymer also affects the number of polymers required to achieve a 

specified flow property. Thus, an identically charged adsorption site attracts a higher number of lowly 

charged than highly charged polymers. For a given flow value of a cementitious system, typically a 

higher amount of polymers is required, when a low charge density PCE is used (Note that this is valid 

for the solid content since the water-to-solid ratios of bulk superplasticizers differ).  

The influence of PCE on the early hydration is not limited to the period in which the workability 

properties are of importance. It is known that an increasing amount of PCE prolongs the dormant 

period and retards setting (Wadsö, 2005, Schmidt, 2008, Zingg et al., 2009). Locher et al. (1980) 

concluded that the setting is basically driven by the recrystallisation of ettringite with elongated 

crystals bridging the gap between particles, thus initiating setting still during the dormant period. 

Today the setting is rather attributed to the formation of C-S-H (Taylor, 1997), although the bridging 

effect of ettringite, described in Locher et al. maintains relevance, since it affects the workability and 

its retention, particularly, when superplasticizers are present (Schmidt et al., 2009b, Schmidt et al., 

2010). Furthermore, intercalation of superplasticizers into C3A reaction products consumes polymer 

molecules (Plank et al., 2006) so that they can no longer interact with the ongoing hydration process 

that causes setting effects. 

To date, it is controversially discussed, which mechanisms lead to the dormant period and the onset of 

the C3S hydration. Bullard and Flatt (2010) investigated two leading theories, which emerged to well 

describe the phenomena. One theory describes that a metastable phase forms a passivation layer, 

which suppresses further growth of C-S-H. The other theory explains that reaction sites are 

deactivated by the adsorption of protons. Both models are in line with published research results, 

however furnish different prediction results with and without portlandite (Ca(OH)2). However, other 

theories exist, as well. 

The reason for the prolonged dormant period due to superplasticizer addition is also controversially 

discussed. Different effects can be found in the literature: hindrance of C3S dissolution, possible 

calcium ion complexation, prevented C-S-H precipitation, and changed growth of hydrates 

(Lothenbach et al., 2007, Pourchet et al., 2007, Zingg, 2008). Recent research by Sowoidnich and 

Rößler (2009) has shown that hindered dissolution of C3S is unlikely and that the hydration retardation 

in presence of superplasticizers is rather an effect of constrained growth of C-S-H nuclei due to 

unadsorbed PCE. 

However, not only the amount but also the type of PCE affects the early hydration. The setting 

behaviour can be changed markedly by the PCE type (Zingg et al., 2009, Schmidt et al., 2009a). In 

Schmidt et al. (2009a), it was shown that with identical amounts, cement mixes with low charge 

density PCE exhibit earlier initial and final setting times than mixes with high charge density PCE. 

When PCE amount and type determine the early hydration and the related properties, such as setting at 

otherwise identical conditions, the question emerges also, in which way the early deformations are 

affected by different PCE types. This paper shall highlight effects resulting from the polymer structure 

of the PCE on early hydration and on the autogenous deformations of cementitious pastes. 

 



Methods 

 

Investigations were conducted with pastes from cement and limestone filler and a water-to-powder 

ratio of 0.365 (Table 1). The components’ ratios were calculated from a self-compacting concrete’s 

mixture composition. Viscosity modifying agent (VMA) based on microbial polysaccharides, was 

used to avoid segregation during the setting and deformation tests. Two commercial PCE 

superplasticizers from the same product group were used in the tests. These are comparable in their 

graft length but characteristically differing in the grafting degree, and thus the anionic charge density. 

The low charge density polymer is abbreviated PCE LC, the high charge density polymer PCE HC. 

Their added amounts were adjusted to a slump flow value of the respective concrete between 650 and 

700 mm after 30 minutes, which yields an addition of 0.62% solids for PCE LC and of 0.38% solids 

for PCE HC (Table 1, columns 1 and 3). Since the superplasticizer addition was adjusted to a flow 

performance after 30 minutes, when a significant interaction of aluminates and sulphates had already 

taken place, it can very roughly be assumed that 0.62% of PCE LC and 0.38% of PCE HC occupy 

comparable charges on clinker and hydrates.  

Not only the charges but also the total amount of solids may have an influence on the system. 

Therefore another modified mix was generated with PCE LC such that the amount of solids was 

identical with the amount of solids of PCE HC, regardless of the resulting flow properties. This 

mixture, designated PCE LC-0.38%, can be found in the second column of Table 1.  

The mixes were investigated in an automatic Vicat device according to EN 196-3:2005 (Toni 

Technik), an isothermal heat flow calorimeter (TAM Air) and two parallel shrinkage cones 

(Schleibinger), of which the surface was sealed to prevent drying of the paste. The latter device 

measures the height loss of a specimen with a laser reflector. Due to the 30° angle of the apex of the 

cone, which is turned downwards, radius and height deform to the same rate, when isotropic shrinkage 

is assumed. The Vicat specimens were stored under water throughout the whole test in water tempered 

to the testing temperature. The calorimeter was calibrated to each particular climate, which made it 

necessary to store the whole device in a climate chamber for the measurements at 5 °C, in order to 

avoid condensation. The shrinkage cones were stored in a climate room adjusted to each particular 

climate for all investigations. All components were adjusted to the testing temperature before mixing. 

The mixing, however, was conducted at 20 °C. Each test was repeated twice out of the same batch. 

 
Table 1: Mixture composition and admixture variations 

Mixture composition of the binder 

 PCE LC-0.62% PCE LC-0.38% PCE HC-0.38% 

Cement [kg/m³] 1044 

Limestone filler [kg/m³] 389 

Water [kg/m³] 523 

Admixture adjustment 

 PCE LC-0.62% PCE LC-0.38% PCE HC-0.38% 

PCE bulk [% by weight of cem.] 2.25 1.38 1.90 

PCE solids [% by weight of cem.] 0.62 0.38 0.38 

VMA [% by weight of water] 0.04 0.04 0.04 

 

 

Results and Discussion 

 

Initial and final set according to Vicat occur significantly earlier, when the high charge PCE is used 

(Figure 1). This effect however, is basically caused by the lower polymer content that is required to 

achieve the specified rheological properties. When the low charge PCE is used at the same solid 

content as the high charge PCE, initial set takes place earlier at all temperatures than in the case the 

high charge PCE is used. This observation is in line with the observations presented in (Zingg et al., 



2009), where the setting is defined as the onset of the increasing heat flow curve. This point is much 

closer to the initial than the final set. Observing the final set (Figure 1) shows a different picture. 

Independent of its molecular structure, PCE LC-0.38% and PCE HC-0.38% have comparable final set 

times at all observed temperatures, whereas the times significantly diverge with PCE LC-0.62%. 

Hence, the final set seems to be much more affected by the total amount of polymers than by their 

molecular structure. This may fit in with the observations presented by Sowoidnich and Rößler (2009), 

that show that the retardation of the C3S hydration is not caused by blocked hydration due to 

adsorption but rather by modified crystal growth due to the presence of not adsorbed, excess PCE. 

The Vicat results are confirmed by heat flow calorimetry (Figure 2). For a better overview, in these 

figures, vertical lines of the same grey level as the heat flow curves represent the respective final Vicat 

setting times. The retardation of pastes with PCE LC-0.62% is significant. At identical solid contents 

the heat flow curves behave similar, independent of the PCE type. The earlier increase of the heat flow 

curves with PCE LC-0.38% compared to those with PCE HC-0,38% is in line with the earlier 

respective initial set from the Vicat test. At identical solid content, the low charge density polymers 

cause slightly earlier setting than those with the high charge density. This confirms the results shown 

in Zingg et al. (2009) and Schmidt et al. (2009a). The effect occurs more pronounced at 30 °C. 

However, the influence of the charge density is significantly lower than the influence of the solid 

content. Considering that PCE is typically added in order to achieve required flow properties, it can be 

stated that in practical applications, high charge density PCE will retard setting less, due to the fact 

that less solids are required to achieve the flow specifications. 

The different characteristics of the sulphate depletion peaks suggest that temperature, and PCE type 

and amount, strongly affect the early interaction between aluminates and sulphates, and that 

intercalations of PCE into C3A hydrates might play a certain role. However, a discussion of the 

sulphate depletion peak would go beyond the scope of this paper. 

 
 

  

Figure 1: Initial (left) and final (right) set according to the Vicat needle penetration test 

 

 
 

Figure 2: Heat flow curves at varied temperature, and PCE type and content compared to the final set 



 
 

Figure 3: Heat flow rate curves with varied PCE amounts and modifications at different temperatures 

 

 

The time of final setting varies between the first third and the second third of the period marked by the 

onset and the maximum heat flow. In order to better analyse the exact time of the final set, the first 

derivative of the heat flow curve was calculated. From a physical point of view its unit J/s² may appear 

meaningless. However, as it is the second derivative of the energy with respect to time, it can be 

interpreted as a kind of energy acceleration curve. Regardless of the physical meaning, such a curve 

helps to identify distinctive points of the heat flow curve more clearly. The curves, which are 

described here as heat flow rate, are demonstrated in Figure 3. The final set according to Vicat takes 

place very close to the maximum of the heat flow rate curve, which is the inflexion point of the heat 

flow. This is also valid, when the final set deflects distinctively from the half distance between onset 

and maximum of the heat flow curve. This relation but without PCE was already described by Taylor 

(1997). No prominent ettringite reactions take place during this period, which emphasises the strong 

interrelation between the formation of C-S-H and the final set. The occurrence of the final set very 

close to the inflexion point of the heat flow shows that the decelerated hydration due to increasing 

densification of the microstructure, which reduces the mobility of reaction partners, takes place in 

parallel to the formation of a solid macrostructure.  

Unlike the final set, a relation between initial set according to Vicat and heat flow cannot be observed. 

Whereas the final set is a prominent step during early hydration representing the transition from a 

plastic to a solid state, the initial set according to Vicat is rather a rheological phenomenon. For 

example, it would be easily possible to generate a highly viscous yield stress fluid that hinders the 

needle to drop to the bottom without any formation of a solid structure. For all samples, the initial set 

takes place at a time, when the heat flow curve already increases significantly, yielding the conclusion 

that also the initial set is indeed driven by C-S-H formation, as also described by Ylmén et al. (2009). 

However, there is not an identically clear correlation between heat flow and Vicat results regarding the 

initial set as it is for the final set. It is thus also likely that other effects, affecting the rheology, like the 

re-crystallisation of ettringite (Locher et al., 1980), may overlap with the C-S-H formation. 

In parallel to the observations of hydration and setting, the early deformations were studied. The test 

setup cannot distinguish the sources of these deformations, which are basically caused by settlement, 

and chemical and autogenous shrinkage. These are typically driven by the water-to-powder ratio, the 

particle size distribution, and the presence of surface active agents. The mixes used in this study have 

identical water-to-powder ratios and particle size distributions, and all mixes contain superplasticizers. 

As a result, the rates of deformation after water addition at particular temperature do not strongly 

differ, independent of the amount of PCE or its molecular architecture. In contrast to this, as shown 

before, these parameters strongly affect the time of the final set. Hence, the question arises, of which 

magnitude deformations occur after the final set has taken place. These deformations are most critical, 

since concrete is already in a solid state but the strength is still low. This makes the system prone to 

cracks caused by restrained deformations.  

Figure 4 displays those deformations at three temperatures occurring after the final set according to 

Vicat. At 20 °C deformations after the final set are generally low for all three mixes. PCE LC-0.38% 



exhibits higher deformations than PCE LC-0.62% at 5 °C and PCE HC-0.38% yields the largest 

deformations. At 30 °C again the PCE LC-0.62% has the lowest strain, PCE HC-0.38% exhibits 

higher and PCE LC-0.38% highest deformations. At all temperatures PCE LC-0.62% shows very low 

deformations, whereas the other modifications show significantly higher strains at 5 and 30 °C. The 

earlier setting of those mixes with lower content of polymers cause that a larger part of the 

deformations takes place when the pastes are already in a solid state. For the paste with higher 

polymer content the opposite is true: The majority of deformation take place in a still plastic state of 

the material. A higher solid content of PCE polymers, thus, reduces the risk of early cracks due to 

retarded setting. Hence, it can be concluded that, if the workability specifications are fixed, a low 

charge density polymer is beneficial, as a higher PCE solid content is required. 

 

 

 

Figure 4: Strain occurring after the final set according to Vicat 

 

 

Conclusions 

 

Investigations of setting, heat evolution and early deformations have been conducted at identical paste 

mixtures, modified with a high charge density PCE at 0.38% solid content and a low charge density 

PCE at 0.38% and 0.62% solid content. 

The observation of the setting times according to Vicat show that the final set is influenced by the type 

as well as by the amount of PCE. However, as the influence of the polymer type at identical solid 

content of polymers is rather small, the influence of the total amount of PCE more than clearly 

outweighs this influence. PCEs are typically added to mixes in order to achieve specified flow 

properties, i.e. a given flow rate. It can thus be concluded that, in spite of the positive effect of their 

molecular structure, low charge density PCEs yield higher retardation of the setting than high charge 

PCE, since the latter typically demands less solids for identical flow properties. 

The influences of the PCE type on the setting is confirmed by the heat flow curves. A good correlation 

between the final set and the inflexion point of the heat flow curve can be demonstrated. This 

emphasises that the final set is predominantly driven by the formation of C-S-H. 

The initial set shows less systematic interrelations with the heat evolution. As differing from other 

methods, the initial set according to Vicat is more related to rheological phenomena than to effects of a 

solid structural build-up. Other reactions (like crystalline transformation of ettringite) may superpose 

with effects of C-S-H formation. This distorts the interpretation of the initial set when the Vicat 

method is used. The effect of the polymer modification and particular the required amount of solid 

PCE for specified flow performances is significant. However, at identical mixture compositions, there 

is no such significant influence of the PCE modification or amount on early deformations. As a result, 

higher contents of PCE solids reduce the risk of early cracks, since the formation of a solid structure is 

delayed and a bulk of quickly occurring large deformations takes place still in plastic state of the paste. 

The research was conducted with cement-limestone filler pastes, including VMA, calculated from real 

application self-compacting concrete compositions, which means, the PCE content was high. Hence, it 



cannot be excluded that at lower PCE contents other conclusions can be drawn. Furthermore, the 

influence of the limestone filler and the VMA addition was not explicitly discussed. However, the 

results are in line with those of other researchers (with and without PCE). The demonstrated results 

may thus contribute to a field of research, which to date is still highly controversially discussed. 
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Abstract 

The cement and concrete market in East, Central and Southern Africa is highly fragmented. The concrete industry in 

this area consists of multiple parties, including producers and suppliers of construction materials, formal and informal 

contractors, engineers and architects, unions of trades persons and workmen, governmental bodies and formal 

institutions of research and education. All these institutions mostly do not interact adequately, which makes building 

with cementitious materials susceptible to damage and failures. Completely opposed to the situation in Europe or North 

America, cement in Africa is often unaffordable, while manpower is cheap, which results in a questionable 

economisation of cement. Typically, there is not sufficient awareness of methods to sensibly reducing the cement 

content in concrete or replace Ordinary Portland Cement by adequate alternative materials. Research activities in this 

field of technology are often missing completely. Only few countries in the area, such as South Africa, are exempted 

from these issues. 

This paper presents the SPIN project, which is a joint project of a consortium of 8 African and 3 European partners 

within the ACP Science and Technology Programme. The project is funded by the EC and ACP Secretariat is the 

project body. The main objective of the current project is to strengthen the cement and concrete industry in the East and 

Central African regions. The project shall generate reasonable solution strategies to implement clean, safe and 

sustainable cement and concrete technology on the African continent, including general and specific guidelines for 

sensible application. Furthermore it shall be the kick-off for future projects, research activities and the world-wide 

expansion of a European-African network.  

The paper addresses special problems the cement and concrete market in Eastern, Central and Southern African 

countries has to face. Several options are presented in detail, which shall help overcoming the current situation. 

Customized solutions for the African market include rational methods for reducing the amount of cement used and the 

replacement of Ordinary Portland Cement with cheaper alternatives. The use of recycled concrete through a new and 

economically effective method, as well as the opportunity of using locally available resources is also discussed.  

 

Originality 

The paper addresses the main topic “Chemistry and Engineering of the Construction process”. The paper provides 

information on the developing Eastern and Central African construction world and gives solutions to better 

implementation of the standards to cement and concrete technology. It also gives emphasis on the use of alternative 

materials to cement production that not only decreases hazardous effects to the environment but also provides a 

beneficial solution to the East and Central African economy.  

 

Chief contributions 

The paper focuses less on direct recent research activities but rather on how state-of-the-art knowledge can contribute 

towards the implementation of future oriented and sustainable cement and concrete production under very special 

circumstances. Hence the paper contributes to the development of guidelines, international research exchange and new 

approaches to cement and concrete technology. Knowledge transfer and international cooperation are essential to the 

advancement in the building industry of East, Central and Southern Africa. These concepts are combined with 

innovative technical solutions related to the local market. 
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Introduction 
 

Africa has a raised level of technology and an elaborate infrastructure for cement and concrete use, 

but this is rather the exception than the rule in the Central- and South- African region. In East-African 

countries, and particularly the ones that suffered heavily from civil wars of the nineties such as 

Burundi, Rwanda and Uganda, the availability of cement and concrete is poor and these materials are 

not common in every day building practice. While in permanent buildings, concrete is one of the 

standard materials, in the semi-permanent building type concrete is typically used only for the ground 

floor and it is not at all used for temporary buildings. This means single projects that demand 

significant concrete volumes are rare, whereas there is a multitude of projects that only demand for 

small volumes. Most of the population relies on indigenous forms of construction requiring wood, 

ultimately contributing to deforestation. 

The use of cement is by far less developed in East, Central and Southern African countries than in 

Europe, South Asia or North America. Many contractors offer services they do not provide 

permanently or for which the required equipment has to be borrowed (A study that was published in 

2000 about the situation in Tanzania pointed out that only ca. 15% of the enterprises that offer 

concrete works own a concrete mixer (Mlinga et al., 2000)). Because of policy changes cut backs in 

public investments and a decrease of employment in the private sector have been observed in many 

countries (Wells et al., 2003). Furthermore, a shift from registered companies to informal contractors 

could be noticed (Wells et al., 2003, Mlinga et al., 2000, 2002). This situation makes it difficult for 

cement producing companies to expand and invest in a reliable cement and concrete infrastructure as 

established in most European countries.  

In Europe, the material costs are typically very low and labour costs are the ones which increase the 

price for concrete structures. In many Eastern African countries, the situation is exactly the opposite. 

In Uganda for example, the retail price for a 50 kg bag of cement is about 12 $, which increases the 

pressure to reduce the cement content in concrete, regardless of technical aspects, or sometimes 

makes building with concrete simply unaffordable considering the income level in this country. 

 

General context 

 

The East-, Central- and South African countries share a number of environmental conditions that need 

to be taken into account in the field of construction with cementitious materials. 

 

 Exposure conditions – The climatic conditions in East and South Africa can be equatorial, 

semi-arid and marine, each bearing particular problems. The temperature and humidity 

changes can vary widely during one day, affording special considerations about the use of 

special cements such as sulphate resistant cement.  

 Maritime climate conditions – East and Southern Africa have an enormous coast line, making 

building in these regions prone to corrosion problems, which would suggest the use of e.g. 

slag or pozzolan blended cements. 

 ASR – Many regions provide disadvantageous climatic conditions (warm and humid) that 

accelerate problems related to alkali silica reaction. Low alkaline cements would help 

avoiding numerous problems. 

 

Earthquakes and other hazards - Seismic activities in the eastern and central African region often 

occur between 4,0 and 7,5 on Richter scale (Twesigomwe et al., 1997) and are thus serious 

geographical dangers for concrete constructions. Figure 1 below shows earthquake events in 

Stilfontein. Furthermore, floods and storms are repeatedly reported during the last decades. Besides 

these natural factors, human-related shortcomings further increase the number of challenges the 

construction industry in the East-, Central- and South- African region has to face. 



 
Figure 1: Building failures due to earthquakes in Stilfontein, South Africa (March 2005) 

 

Engineers are typically well educated, even though cement is a rather new material in Africa. The 

experiences of Europe and North America, where building with concrete has been established for a 

long time, are well known and adopted. However the African education system typically does not 

allow training skilled concrete workers that are aware of the risks related to this material either during 

installation or due to handling (e.g. cement dermatitis). The responsibility for the safe application is 

much more on the side of engineers and material providers-, since standards and guidelines are 

missing.  

This lack of regulations, combined with the need to reduce the high material costs as much as 

possible, lead to numerous sources for construction failure, which in turn often brought about harmful 

and even life threatening health issues for a high number of people: 

  

 A ten storey building under construction collapsed in Dar es Salaam in June 2008. Although 

no permit for the project was issued, the work started already the year before. 

 A three storey office building under construction collapsed in Johannesburg, South Africa, in 

October 2008 after occurrence of deep cracks was ignored. Two people died, 14 were injured. 

 A three-storey business building in Kampala, Uganda, fell down in March 2009, after the 

foundation was loosened due to neighbouring construction works, 8 people died, 18 were 

injured.  

 

The main causes for these disasters are man-made, such as poor cement quality, imprudent concrete 

production and formwork removal, poor workmanship, incompetent supervision, lack of testing, 

missing quality management and external control systems. These problems are compounded by very 

limited research and the lack of industrial coordination for proper functioning and advancement. 

Besides the necessity of improving building practices, awareness in the environmentally friendly and 

healthy treatment of cementitious materials is often missing. In most of the mentioned countries 

neither regulations nor awareness of how to protect health and environment exist. This applies for the 

exhaust during the cement processing as well as for the handling on the construction side, e.g. 

chromate reducing agents are largely unknown.  

 

Solution strategies 

 

Cement production in East and Central Africa is mostly handled by large companies or institutions. 

The future potential on the African market suggest strong synergies between local producers and 

established global players. Lafarge, Heidelberger and Holcim are traditionally strong in South and 

East Africa. Just recently HeidelbergCement agreed a cooperation with George Forrest, in order to 

triple cement production capacity in the Democratic Republic of Congo. Schwenk just finished the 

construction of a new cement plant in Namibia, also with focus on the neighbouring countries, 

Botswana and Angola. In Tanzania there are only three large known cement manufacturers, the 

leading being Twiga Cement (Heidelberg Group), followed by Tanga Cement (Holcim Group) and 

after Mbeya Cement (Lafarge Group). For production in Tanzania, the quality of cement has to be 

passed by the national standards produced by Tanzania Bureau of Standards (TBS). Every cement 



manufacturer is visited by a TBS official in the department of quality control to run a number of tests 

in order to approve the cement product before it is put on the market. This is the same for imported 

cement; a sample has to be tested first before put on the market. Once approved the label TBS has to 

be imprinted on the product. However there are many construction sites that are using cement that do 

not have the imprint of TBS, hence buildings are subjected to failures causing deaths and injuries. A 

better implementation of the regulations would decrease the frequency of such events. 

African cements are traditionally often blended cements. This, however, is a result of the necessity to 

save energy and not of technical considerations. In 2008, green cements were firstly established in 

South Africa. The general availability and the variety of raw materials in Africa are huge and open up 

enormous future potentials for the further development of improved environmentally friendly cements 

and cementitious binders. The infrastructure, however, makes it difficult to bring quality materials 

where they are needed. Hima Cement in Uganda, another subsidiary of Lafarge Group, has completed 

a major expansion project worth Ush265 billion ($118 million) with installed capacity of 10 million 

bags per year, as it seeks to satisfy growing demand and environmental compliance requirements (The 

East African Nairobi, 2010). The new production capacity is said to be capable of eliminating the 

need for cement imports in the next two to three years. Also, the advanced technology at the new 

plant will ensure little or no dust emissions because of its ability to treat waste with both normal and 

generator-driven power supply. 

In Tanzania the majority of construction takes place in the urban areas where 75% of the total 

population lives.  The major building materials are concrete and sandcrete blocks (Egmond - de Wilde 

De Ligny et al., 2004). It is estimated that the demand for these building blocks in Tanzania might 

almost triple from the currently estimated 87.4 million tonnes in 2009 to 219.0 million tonnes in 2050 

respectively (Woodbridge et al., 1997, WBCSD, 2009). The share of locally available raw materials 

used to produce building materials in Tanzania is about 47% of the required amount (in 1992); the 

rest is imported which puts strain on the country’s economic situation. An increased use of local 

resources and a disproportionate future demand for the availability of local materials will result in a 

decline of the natural resources due to expansion of the construction industry (Mufuruki Tobias et al., 

2007, Sabai et al., 2009). A comparable situation can be expected for the neighbouring countries. 

The disposal of construction waste in most African countries is largely not regulated. Therefore, the 

waste is often dumped in landfills or near wet lands, not only contaminating water reserves but also 

becoming health hazards by turning into breeding grounds for various diseases. In Tanzania, for 

instance, an increasing generation of construction and demolition waste (C&DW), including concrete 

rubble, can be observed, which is currently deposited in dumping sites (not landfills) or just anywhere 

(Sabai et al., 2009). Waste generation could be turned into an opportunity to provide the construction 

industry with useful building materials, a practice generally accepted all over the world. In its report 

on "Recycled concrete", WBCSD (2009) gives a breakdown of C&DW recycling on European 

countries, between others. Among the total C&DW recovery, recycled aggregate accounts for 6% to 

8% of aggregate use. The greatest users are the United Kingdom, the Netherlands, Belgium, 

Switzerland and Germany. In the US, recycled aggregates are produced by natural aggregate 

producers (50%), contractors (36%) and debris recycling centres (14%). In Japan, the concrete 

recycling ratio reached 96% in 2006, from only 48% in 1990, and it is mostly used as sub-base 

material in road construction (Oikonomou, 2005). In China, the amount of C&DW has reached 30–

40% of the whole city solid wastes, with waste concrete occupying a large percent (around one third), 

according to Li (2008). In the case of using recycled concrete aggregates (RCAs) for concrete, 

different countries have their own limit of use (Bossink and Brouwers 1996). In the WBCSD report 

(2009), the US is mentioned to have a limit of 10% RCA as substitute for new aggregates. UK 

recommends a maximum of 20% RCA, Australian guidelines state that up to 30% replacement has no 

undesired effect, while in Germany the guidelines allow up to 45% replacement with RCA in certain 

cases. Other local waste products among others are Rice husks ash, Saw dust ash, Waste burnt clay 

and Corn cob ash. These can be used as additions for concrete, however, if treated sensibly, they can 

also increase the benefit for the cement industry, as they posses pozzolanic properties and hence the 

potential to create a new generation of blended cements in Africa.  



Given the maritime climate conditions, durability regulations are also necessary in East and Southern 

African countries. A rapid chloride migration (RCM) test used in Europe and North America could be 

implemented, as it only requires a basic setup, is fast, cost-efficient and easy to use. In Europe, the NT 

Build 492 and the German BAW-Merkblatt “Chlorideindringwiderstand” regulate the use of this test 

and explain its relation to structure lifetime. In the US, the “AASHTO TP64-03 Standard method of 

test for prediction of chloride penetration in hydraulic cement concrete by the rapid migration 

procedure” provides the instructions for the RCM use. 

 

The SPIN project 

 

The construction sector has traditionally been an important source of employment in African towns. 

The present situation in most of the project partners’ countries (apart from South Africa) offers high 

future potentials. Demography and poor infrastructure suggest enormous building needs. Concrete as 

the most common building material will play a major role in the future construction technology in 

Africa. Over the last ten years, growth in cement consumption in the E.A region increased by at least 

46% and the industry features parallel growth in other related sectors such as aggregates or natural 

puzzolanas. The future potential is underlined by the increasable production of cement per capita in 

eastern Africa, which is ≈ 0,033 tons. In Germany, it is more than ten times higher, although urban 

areas and infrastructure are already largely on high level.  

Worldwide, cement and concrete experts are at the cutting-edge to sustainable, green, healthy but 

nonetheless high-performance concrete. The current relatively low development of the cement and 

concrete industry in Africa offers the unique chance to start directly on the best achievable and 

sustainable level, if only expertise is sufficiently available. It should not be neglected that concrete is 

a product with comparably low transport ranges, which means that an improved concrete market will 

mainly support the local economy without exceeding financial drains to the international market, thus 

fostering the fight against poverty, which is an urgent need in most African countries. 

In 2010, a consortium generated from institutions from seven African and three European countries 

commenced working on a project with the acronym SPIN with the duration of 3 years, related to the 

establishment of future oriented cement and concrete technology with focus on East, Central and 

Southern Africa. The acronym stands for “Spearhead Network for innovative, clean and safe Cement 

& Concrete Technologies”. The project partners are listed in Table 1 below. The main objective of the 

project is to strengthen the cement and concrete industry in the East and Central African regions. The 

project shall be the kick-off for future projects, research activities and the expansion of the network.  

 
Table 1: SPIN project partners 

Partner (Institution) City, Country 

University of Lubumbashi (UNILU) Lubumbashi, Democratic Republic of Congo 

Department of Geological Survey (DGS) Entebbe, Uganda 

Université de Burundi (UBB) Bujumbura, Burundi 

Kigali Institute of Science and Technology (KIST) Kigali, Rwanda 

University of Dar es Salaam (UDSM) Dar es Salaam, Tanzania 

Eduardo Mondlane University (EMM) Maputo, Mozambique 

University of Witwatersrand (WITS)        

Advanced Cement training & Projects cc 
Johannesburg, South Africa 

BAM Federal Institute for Materials Research and Testing  Berlin, Germany 

Eindhoven University of Technology (TUE) Eindhoven, The Netherlands 

Institut IGH d.d (IGH) Zagreb, Croatia 

 



SPIN aims to improve African concrete technology by unveiling to key actors the crucial issues and 

opportunities related to environmental impact, health protection, alternative energy sources and 

affordability. The network will foster the establishment of modern, green and sustainable cement and 

concrete technology and promote alternative and appropriate technologies that uniquely contribute to 

development or poverty reduction in Africa. It is obvious that proper cement and concrete technology 

can only be established if experts are cross-linked, have the access to current knowledge world-wide 

and the measures to bring scientific results quickly into practice. Therefore, the SPIN project is 

generated as a knowledge exchange network of experts with links to research and education, public 

authorities and industrial research and consulting. 

SPIN will increase the expertise in cement and concrete technology in Africa by offering chances for 

African institutions to get expert consulting about chances and possibilities in modern concrete 

technology. This is exercised by worldwide workshops and laboratory analyses. Furthermore work 

placements in high-level institutions will strengthen the handling and understanding of modern testing 

facilities. A concluding international conference about cement and concrete in Africa is currently in 

planning stage. The major output of the consortium’s work is a handbook for excellent concrete 

technology in and for Africa with the character of a direction sign, addressing to the topics and 

objectives shown in Figure 2 under consideration of the specific boundary conditions Africa exhibits. 

It will give a clear prospectus of the state of the art of cement and concrete in Africa and offers proper 

solutions for affordable technology that can improve Africa’s economy. All participating institutions 

should become established as “Spearhead Institutions”, fostering proper cement sciences and 

technologies in a wide area. Figure 2 shows the interrelations between overall topics and objectives. 
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Figure 2: Schematic representation of topics and objectives of the SPIN project 



The open structure of the SPIN network allows the integration of friend institutions and industry as 

well as the future expansion. The project’s internal analysis allows increasing capacities of each 

institution and the formulated guidelines and roadmaps foster the implementation of research policies. 

The generation of joint research projects based on the network and its cooperation are a major goal of 

SPIN, as well as the dissemination of knowledge to the industry and the scientific community by 

publications, workshops and conferences. Finally, the training of experts and the consulting on 

laboratory structures and equipment will improve the research quality of the particular institutions 

significantly.  

The project will generate the necessary knowledge and technology that will considerably improve the 

technological status of the African cement and concrete sector. SPIN aims, as a flagship and 

ambitious project to transform the rather traditional cement and concrete sector in East, Central and 

South African countries into a modern, competitive and knowledge-based industry through the 

introduction of radical innovations and the incorporation of emerging technologies from South Africa 

and the EU partners. The technologies to be introduced address the complete production-value chain 

(raw materials processing, transport, supply and application, new products and materials) and also 

activities relating to dissemination and training, support and technology transfer issues. 
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Abstract 

 

The development of hybrid binders based on combinations of conventional Portland clinkers and alkali-activated 

aluminosilicates as a mean of improving the sustainability of the cement production and reducing CO2 emissions is 

currently attracting increasing interest. The normal approach in these binders, as with pure alumino-silicate systems, 

is to use alkali silicate or hydroxide activators; although the production of these chemicals is energy intensive 

compared to alkali sulfates. New alkali-activated binders in the system Na2SO4 (NS) – white Portland clinker – 

metakaolin (MK) have been synthesized by designing the precursor mixes based on the desired final phase 

assemblages. Compared to conventional blended Portland cements, these systems have the added advantage of 

allowing the use of much higher amounts of supplementary cementitious materials (SCMs) (up to 60% MK of total 

binder) without any loss in performance. 

The activation-hydration products of these binders formulated with different contents of NS and MK/(MK+limestone) 

ratios have been primarily assessed by 
29

Si and 
27

Al MAS NMR along with powder X-ray diffraction (XRD) at 28 days 

of curing. 
29

Si MAS-NMR shows the formation of silicate chain structures with Al substitution (Q
2
(1Al) sites) within the 

binder. The incorporation of tetrahedrally coordinated Al in the C-S-H phase is also observed by 
27

Al MAS NMR. 

These spectra also reveal that at lower levels of NS addition, AFm phases (e.g. monosulfate and/or monocarbonate) 

and AFt phases (ettringite) are the main aluminate phases formed in approximately equal proportions, whereas an 

increased NS content in the binder leads to the formation of additional ettringite at the expense of the AFm phases. 

Formation of an X-ray amorphous aluminosilicate gel is also identified in all samples, and the content of this phase 

increases as a function of reaction time and the content of NS in the binder, which is associated with the activation of 

the MK included in the system.  

 

Originality 

 

The alternative activator used in this work (NS) has previously been used to activate metallurgical slags and as a 

secondary component of some geopolymeric systems based mainly on fly ash. However, its combination with Portland 

clinker and MK has not been studied before. The approach of this work is also to target specific phase assemblages in 

the final product by thermodynamic modeling which has not previously been attempted in alkali-activated binder 

systems. The combination of solid-state NMR and X-ray diffraction represents a powerful approach to analyze the 

complex phase assemblages predicted in these systems. 

 

Chief contributions 

 

The present work represents the first study of the NS – clinker – MK system and the first application of 

thermodynamically predicted phase assemblages in the development of an alkali sulfate-activated binder. The systems 

studied have the potential of being an important alternative to traditional Portland cement-based binders in the drive 

towards environmental sustainability in the construction materials industry. The phases responsible for formation of 

the binder systems have been identified and the coexistence of calcium-aluminate and aluminosilicate phases is 

achievable using widely available precursors.   
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1. Introduction 

 
One approach to reduce the environmental impact associated with the production of Portland cement 

(PC), at equal or improved performance including long term durability, is the partial substitution of 

PC in the binders by hydraulic active nanopowders, or supplementary cementitious materials (SCMs). 

In recent years, attempts to completely substitute conventional Portland cement have lead to a 

significant amount of research in alkali-activated binders (Davidovits, 2008; Shi et al., 2006; Provis 

and van Deventer, 2009). These binders use an alkaline activator in conjunction with a solid silicate 

powder to initiate a reaction sequence which results in the formation of a solid material with 

properties comparable to traditional hydraulic cements (Shi et al., 2006). The desire to combine the 

beneficial properties of both PC and alkali-activated binders has lead to increased focus on hybrid 

systems comprising components of both types of cement over recent years. These novel binders are 

expected to provide both high mechanical strength and durability, relying on the stable coexistence of 

reaction products resulting from hydration of Portland clinker (mainly C-S-H phases) and alkali-

activated aluminosilicates (“geopolymeric” gels).  

Several factors related to the differences in the mechanisms of structural development in Portland 

clinker and alkali-activated aluminosilicates have been assessed in the literature. The use of an 

alkaline activator is required during the activation process of an aluminosilicate source, to supply the 

system with enough alkalinity to promote the dissolution of the active species from the precursor, and 

to provide the conditions for the formation of stable hydrates of low solubility (Duxson et al., 2005; 

Shi et al., 2006). Studies related to the hydration of Portland cement under different alkaline 

conditions, provided by the use of activators such as NaOH, Na2CO3, Na2SiO3 and Na2SO4, have also 

been carried out (Blazhis et al., 1994; Brykov et al., 2006; Li et al., 1996; Martínez-Ramírez et al., 

2001a; Palomo et al., 2007; Way et al., 1989). Increased basicity of the pore water is expected and 

modifications in the mechanism of reaction and hydration products formed have been reported.   

Some studies have focused on the assessment of the mechanical strength of concretes based on hybrid 

alkali salt-aluminosilicate-clinker binders (Gelevera et al., 1994; Fundi, 1994; Sanitskii, 1999). 

Sodium sulfate (NS) has been identified as the most effective additive (Fundi, 1994; Sanitskii, 1999), 

leading to increased compressive strength in blended systems with a high alkali salt content when 

compared with samples formulated without alkalis. However, there is not yet a full understanding of 

how hybrid alkali-activated binders can be produced under optimal conditions in order to reach the 

desired hydrate phase structure and mechanical performance. Specifically, for the systems assessed in 

the present study (NS – Portland clinker – metakaolin (MK)), no results have been reported in the 

literature. Thus, the present work is the first application of thermodynamically predicted phase 

assemblages in the development of alkali sulfate-activated binders. Hybrid sulfate-activated binders 

represent important alternative materials in the drive towards environmental sustainability in the 

construction materials industry. The phases formed in the binder systems are identified by X-ray 

diffraction in combination with 
27

Al and 
29

Si MAS NMR which are also used to probe effects of 

different parameters used in the formulation of the mixtures. 

 

2. Experimental program 

 

2.1. Materials 
A white Aalborg Portland clinker (Aalborg Portland, Malaysia) has been used along with metakaolin 

produced by thermal treatment of kaolinite (Imerys Premium Grade) at 480°C for 20h. The chemical 

composition for both raw materials is shown in Table 1. 

 

2.2. Sample preparation and test procedure  
From a prediction of the specific phase assemblages in the final products by thermodynamic modeling 

(Bernal et al., 2011), the formulations of the hybrid alkali sulfate-activated Portland clinker – MK 

blends were determined. All binders have been prepared as pastes with 40 %wt clinker in the solid 

blends, a water/solid ratio of 0.57 where the solid phases include the clinker, MK, limestone (ls) and 



NS. The pastes were cured for 28 days at room temperature (∼20°C). The hardened specimens were 

ground to a powder, then mixed with acetone and stirred for 20 min, and finally dried in a desiccator 

in order to dehydrate the system and prevent further evolution of the material.  

X-ray diffractometry was conducted on specimens hydrated for 28 days using a STOE powder 

diffraction system (701-0995) with CuKα radiation (λ = 1.54060 Å). The instrument was operated at 

40kV and 40mA in transmission mode, and a step rate of 0.015°/sec.  Solid-state 
29

Si MAS NMR 

spectra were acquired at 79.4 MHz on a Varian INOVA-400 (9.4T) spectrometer using a home-built 

CP/MAS probe for 5 mm o.d. zirconia (PSZ) rotors and a spinning speed of νR=12.0 kHz. The 
29

Si 

MAS experiments employed a rf field strength γB1/2π= 50 kHz, a pulse width of 2.5 µs, a relaxation 

delay of 30 s, and typically between 4300 and 6500 scans. Solid-state 
27

Al MAS NMR experiments of 

the samples cured for 28 days were obtained on a Varian Direct Drive VNMRS-600 spectrometer 

(14.1T) using a home-built CP/MAS NMR probe for 4 mm o.d. PSZ rotors and a spinning speed of νR 

=13.0 kHz. A pulse width of 0.5 µs for a rf field strength of γB1/2π = 60 kHz was used to ensure 

quantitative reliability of the intensities observed for the 
27

Al central transition for sites experiencing 

different quadrupole couplings. A 
27

Al MAS NMR spectrum of the probe itself with an empty 

spinning (νR=13.0 kHz) PSZ rotor showed a broad resonance of very low intensity. This spectrum was 

subtracted from the 
27

Al MAS NMR spectra of the binder samples prior to the evaluation of the 

observed intensities. 
29

Si and 
27

Al chemical shifts are referenced to external samples of 

tetramethylsilane (TMS) and a 1.0 M aqueous solution of AlCl3·6H2O, respectively. 

 
Table 1: Oxide compositions for the white Portland clinker and kaolinite.  

Precursor 
Component (mass % as oxide) 

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 MnO Na2O K2O P2O5 

White clinker  23.80 4.00 0.21 67.30 1.11 - - 0.08* 0.55 - 

Kaolinite 44.50 33.50 1.21 0.12 1.82 0.77 0.006 0.06 0.82 0.08 

 

3. Results and discussion  

 

3.1. X-ray diffraction 
For the hybrid binders formulated without NS, the diffraction patterns in Figure 1 show that the major 

X-ray crystalline phases are unreacted larnite (β-C2S) (Powder Diffraction File (PDF) #00-033-0302) 

and alite (C3S) (PDF# 00-042-0551) from the white Portland clinkers. As reaction products the AFm 

type phases calcium hemicarboaluminate hydrate (“hemicarbonate”, Ca4Al2O6(CO3)0.5(OH)·11.5H2O, 

PDF#00-041-0219) and calcium monocarboaluminate hydrate (“monocarbonate”, Ca4Al2O6CO3-

·11H2O, PDF#00-041-0221) are identified. The presence of the carbonate AFm phases is well known 

in limestone Portland cement systems with and without sulfate (e.g. Lothenbach et al., 2008). A 

calcium silicate hydrate (C-S-H) type product (Ca1.5SiO3.5.xH2O, PDF# 00-033-0306) is also 

identified. In addition to these phases, the samples formulated with the MK/(MK+ls) ratio of 0.80 also 

include calcium carbonate as calcite (PDF# 01-072-1214), reflecting the presence of unreacted ls. The 

absence of calcite reflections in samples with low contents of ls (Figure 1b) indicates that all of the ls 

supplied to the system has been consumed. Thus, ls is most likely the primary source of carbonate 

ions for the hydration reactions, given that the samples were kept in sealed containers during 

hydration. The incorporation of NS, even at low proportions (4 %wt), promotes the formation of the 

AFt phase ettringite (PDF# 00-037-1476). In the absence of sulfates (Figure 1b), higher contents of ls 

seem to decrease the intensities of the reflections from the AFm phases and promote crystallization of 

the C-S-H as seen by a sharpening and marked increase in the intensity of the reflections assigned to 

this phase. The corresponding 
29

Si MAS NMR spectra (vide infra) do not reveal differences in peak 

intensities from the C-S-H phase, when different contents of ls are used, showing that the total 

amount of C-S-H does not change with the ls content. The intensities of the reflections associated 

with hemicarbonate and monocarbonate are reduced when the NS content of the binders is increased. 

A notable increase in the amount of ettringite is also observed, along with an increased intensity for 



the reflections from the C-S-H phase at 10% NS. These effects are more pronounced when higher 

contents of ls are used in the blends. Calcium carbonate in its vaterite form (AMCSD # 04853) is also 

observed, which may be due to the carbonation of imperfectly crystalline portlandite (Ca(OH)2). 

Portlandite has not been identified by XRD as a reaction product in these hybrid binders and 

therefore, it is expected that some of this reaction product, which is not participating in the pozzolanic 

reaction, is quickly carbonated.  

 

 
Figure 1: X-ray diffraction patterns of the hybrid sulfate-activated binders hydrated for 28 days and 

including 40 %wt clinker, a MK/(MK+ls) ratio of (a) 0.80 and (b) 0.96, and NS contents of 0, 4, 10 

%wt.  

 

3.2.  27
Al MAS NMR 

27
Al MAS NMR spectra of samples formulated with MK/(MK+ls) ratios of 0.8 and 0.96 are shown in 

Figure 2a and 2b, respectively. For the samples without NS, the spectral region for octahedrally 

coordinated Al (20 to -10 ppm) contains a narrow peak at 10 ppm and two low-intensity resonances at 

5 ppm and 13 ppm. Based on the reported 
27

Al quadrupole coupling and isotropic chemical shift 

parameters for synthetic aluminate hydrates (Skibsted et al., 1993), the narrow centerband at 10 ppm 

corresponds to AFm phases, the sharp, low-intensity peak at 13 ppm to an AFt phase, while the 

slightly broader resonance at 5 ppm is assigned to the “third aluminate hydrate phase”, - an 

amorphous aluminate hydrate formed as a separate phase or as a nanostructured surface precipitate on 

the C-S-H phase (Andersen et al., 2006). In the spectral region for tetrahedrally coordinated Al (90 to 

50 ppm), the 
27

Al NMR MAS spectra exhibit a broad resonance between 50 and 80 ppm, which 

cannot be associated to a single well-defined aluminum environment and is more likely related to an 

Al site in a less crystalline structure such as an aluminosilicate type gel. An aluminosilicate type gel is 

expected as a key reaction product in processes involving alkali-activation of aluminosilicate 

materials, including metakaolin (Palomo and Glasser, 1992; Duxson et al., 2005). It is important to 

highlight that crystalline aluminosilicate type phases such as zeolites are not identified by X-ray 

diffraction, suggesting that the aluminosilicate type product formed in these systems is highly 

amorphous. Along with this centerband, a somewhat narrower, low-intensity resonance is observed as 

a shoulder at ∼74 ppm, which originates from the tetrahedrally coordinated Al incorporated in C-S-H 

phase (Richardson et al., 1993; Andersen et al., 2003).  

The 
27

Al MAS NMR spectra of the samples formulated with different NS contents and MK/(MK+ls) 

ratios contain the same resonances as mentioned above but with distinct variations in intensities and 



line widths. In general, an increased content of NS leads to a reduction in the intensity of the 

resonance from the third aluminate hydrate phase (δiso ∼ 5 ppm) when compared with samples 

formulated without NS, along with a substantial enhancement in the amount of the AFt phase. These 

results are coherent with observations by Andersen et al. 2006 who reported that in hydrated white 

Portland cement, an increased quantity of sulfates (added as gypsum) results in a decrease in the 

quantity of the third aluminate hydrate phase and an increase in the quantity of ettringite formed. 

When 10 %wt NS is used in the blend, the transformation from AFm to AFt phases is favored, as 

reflected by the predominance of the 13 ppm resonance. 

 

 

 

  

 

 
Figure 2:  

27
Al MAS NMR spectra of hybrid sulfate-activated binders with MK/(MK+ls) ratios 

of(A) 0.80 and (B) 0.96, recorded after 28 days of hydration, as a function of the sodium sulfate 

content. The diamond indicates the centerband assigned to Al in the C-S-H while the resonances 

from the AFt, AFm, and third aluminate hydrate phases are indicated by E, M, and T, respectively. 

 

The hybrid binders prepared with lower MK/(MK+ls) ratios (Figure 2a) exhibit an increased intensity 

of the resonances from the AFm phases, especially for the mixtures without added NS. The presence 

of similar proportions of AFm and AFt type phases is observed for the samples formulated with a 

MK/(MK+ls) ratio of 0.96 and including 4 %wt of NS. However, higher contents of limestone favor 

the transformation of AFm to AFt, as seen by a notable increase in intensity for the AFt resonance. 

The incorporation of higher contents of NS (10%) in the binders increases the availability of divalent 

anions (i.e., adding sulfate ions to the carbonate ions supplied by the limestone), thereby providing a 

medium where the AFm phases are less favorable relative to AFt phases (Mehta, 1982). 

In the region for tetrahedrally coordinated Al, an increased intensity is observed for the broad, 

asymmetric centerband between 50 and 80 ppm when the NS content is increased. Moreover, an 

increase in intensity with increasing NS content is also observed for the high-frequency shoulder/peak 

(δ ∼ 74 ppm) for both MK/(MK+ls) ratios. This suggests that in addition to the expected pozzolanic 

reaction between metakaolin and calcium from the clinker, contributing to the formation of the C-S-H 

phase, the alkalinity conditions provided by the system are sufficient to promote the reaction of 

additional metakaolin to form an aluminosilicate gel as a secondary reaction product. Sodium is of 

course also an essential component in stabilising the aluminosilicate gel, balancing charge as Al 

replaces Si on the tetrahedral sites. It is noted that the centerband from the latter gel is slightly broader 

when the samples are prepared with lower MK/(MK+ls) ratios, suggesting a wider range disorder of 

the tetrahedrally coordinated Al sites in the structure of the gel, as compared with the blends including 

lower contents of ls. 
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3.3.  
29

Si MAS NMR  

The 
29

Si MAS NMR spectra (Figure 3) include overlapping resonances from the two calcium silicates 

alite and belite (-68 ppm to -72 ppm) where the narrow resonance at -71.3 ppm originates from belite 

(β-Ca2SiO3). These phases have been also identified by XRD, and the two methods thereby 

demonstrate a partial reaction of the clinker included in the binder after 28 days of hydration. Small 

variations in peak intensities of the clinker phases are observed for the different formulations. 

 

  
Figure 3: 

29
Si MAS NMR spectra of the hybrid sulfate-activated binders after 28 days of curing 

with MK/(MK+ls) ratios of (A) 0.80 and (B) 0.96 and as a function of the NS content. 

 

All 
29

Si NMR spectra show a low intensity shoulder at -80 ppm associated with Q
1
 type species and 

high intensity and relatively sharp peaks at -82 ppm and -86 ppm, corresponding to Q
2
(1Al) and 

Q
2
(0Al) resonances, respectively. These resonances are assigned to the C-S-H phase where the 

assignment of the Q
2
(1Al) resonance is based on the investigation by Richardson et al. (1993). Upon 

increasing the NS content from 0 to 10 %wt, the Q
1
 resonance becomes less prominent and the 

Q
2
(1Al) resonance increases in intensity which is most pronounced for the samples with lowest 

limestone content (Figure 3b). From a visual inspection of the spectra and taking into account the 

equations used to calculate the average silicate chain length and Al/Si ratio of the C-S-H structure 

(Richardson et al., 1997), the presence of high contents of Q
2
(1Al) species indicates an increased 

SiO4/AlO4 chain length and Al/Si ratio in the C-S-H for the binders at high contents of NS. On the 

other hand, the reduction in line width and improved definition of the resonance at -86 ppm with 

higher inclusion of NS can potentially reflect contributions from the peaks for the Q
4
(4Al) 

aluminosilicate gel network previously identified by 
27

Al MAS NMR, in addition to the Q
2
 signal from 

C-S-H. A broad peak in the region from -90 to -110 ppm is also observed in all 
29

Si NMR spectra, 

which is assigned to unreacted MK (Duxson et al., 2005) and the Q
3
 and Q

4
 species comprising the 

aluminosilicate type gel of hydration product. For this resonance, a gradual decrease in intensity with 

increasing addition of NS for each of the series of samples with different ls content is observed. This is 

most pronounced in the binders produced with a lower content of MK and it is consistent with the 

observations from the 
27

Al MAS NMR spectra presented above.  

 

4. CONCLUSIONS 

 

Novel hybrid sulfate-activated binders have been synthesized from mixtures of white Portland clinker, 

metakaolin, finely ground limestone, and sodium sulfate. The hydration of these blends of these 

starting materials results in the formation of an assemblage of crystalline and non-crystalline phases. 

A B 

 NS - 10 

 NS - 4 

 NS - 0 



Carbonate and sulfate AFm and Aft phases are the main crystalline calcium aluminate hydrate phases 

formed, along with the third aluminate hydrate phase. Ettringite dominates in the sulfate-rich samples. 

All samples also contain both a C-S-H phase and aluminosilicate type gels with the highly coordinated 

aluminosilicate gels (resembling those formed in most alkali activated aluminosilicate binders) as the 

most prominent phase when the content of NS is increased. We believe that the phase assemblages 

identified in these blends offer a novel approach in the development of durable, fit for purpose 

concretes with low embodied CO2 emission.  
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Abstract 

Nowadays, amorphous silica waste is often used as a replacement material in Portland cement. The most common 

waste materials are granulated slag from blast furnaces, silica fume, and fly ash. Another alternative material with 

reactive silica is glass waste. This material is commonly used as a raw material for the manufacture of new glass but 

can also be used as aggregate for Portland cement concrete or asphalt concrete or as a raw material for products made 

of clay. The fine waste dust from polishing, cutting of edges and drilling holes in glass has a grain size of around 2 µm 

and requires careful handling.  It is usually disposed of in landfills in Brazil. This study evaluates use of this waste as a 

mineral additive to clinker and to Portland cement blended with blast-furnace slag. The results indicate that adding 

glass dust does not affect the mechanical strength, increases strongly the Young modulus and decreases the rate of 

water absorption of mortar made with blended cements. However, new studies are necessary to help understand the 

influence of the glass dust size and the reactions between glass waste  and the compounds that make up cement. 

 

Originality 

Study of use the glass powder waste in simple Portland cement and blended cement with granulated slag from blast 

furnace.  The comparison of the results indicates a positive interaction possible between the sodium hydroxide (NaOH) 

from glass and the compounds. 

 

Chief contributions 

This research contributes for the development of more sustainable cementitious products and it brings positive effects to 

the environment once it shows one way to reduce the problems associated to disposal the fine powder waste from 

polishing, cutting of edges and holes in glass.  
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1. Introduction 

 

Portland cement, the main ingredient of concrete, is one of the materials most used in engineering; its 

basic component is clinker. The production process of this material is responsible for emission of 

various greenhouse gases, the main offender among them being carbon dioxide (CO2). 870 kg of CO2 

is launched into the atmosphere for each ton of clinker produced (Ruiz-Santaquiteria et al, 2009). 

According to Malhotra (2002), around 7% of all CO2 emissions (around 1.4 billion tons per years) 

result from Portland cement production. World clinker production is based in three countries: Brazil, 

China and India (Malhotra, 1996). In the present carbon economy, a great challenge for the cement 

industry in these countries is to produce cement with less environmental impact.  

Today, various lines of research are being developed to discover the viability of utilization of 

industrial and/or agricultural waste in cement and concrete production. According to characteristics 

such as grain size, silica content and crystalline degree, waste can be used as aggregates or additive 

minerals with pozzolanic effects and/or filler. The most common waste materials used are blast 

furnace slag, fly ash and silica fume (Babu, 1995; Tavares, 2009). More recently, adding glass waste 

to concrete has aroused the interests of researchers and manufacturers (Fragata, et al, 2007; Kolle, 

2007; Santos, 2009; Kruger et al, 2008).  

Glass waste is a 100% recyclable inert non-biodegradable material (Abnt, 2004) appearing as slivers 

or dust. In recycling, one kilo of waste produces one kilo of glass; the main advantages of this are 

preserving natural raw materials such as sand, soda ash and limestone. In Brazil, around a third of all 

glass produced is recycled. Only in the packaging sector and bottles are recycled about four hundred 

and seventy thousand tons of waste glass each year (Cempre, 2010). Basically, slivers are recycled.  

Waste dust from polishing edges and drilling holes ends up in landfills in Brazil, damaging the 

environment.  

There have been recent studies in Australia and the United States seeking to utilize glass dust as a fine 

aggregate in concrete manufacture (Crentsil, 2001; Meyer, 1999). This use isn’t taken advantage of 

often in Brazil. Adopting this practice could make a significant contribution to better final usages of 

glass dust, minimizing its environmental impacts. The objective of this study is to identify the 

potential of using this waste at different percentages as a concrete additive in Brazil. For this purpose, 

different small percentages of waste glass dust were used as additives in CP V Plus and CP III and 

experiments were carried out to chemically, physically and mechanically quantify them.  

 
2. Materials and Method  

 

High initial-resistance Brazilian Portland cement (CP V Plus) and cement mixed with blast furnace 

slag (CP III).  The physical/chemical descriptions of these agglomerates are presented on Tables 1 and 

2. High purity quartz sand with grain sizes of 0.6, 1.2, 2.4 and 4.8 mm were used as aggregates.  

Table 1. Description of chemicals in the cement.  

 

 

 

 

 

 

 

 

 

 

 

Compound 
% by mass 

CP V RS CP III 

SO3  2.58 1.9 

CaO  64.12 49.63 

MgO  0.81 2.94 

Al2O3  4.44 9.01 

SiO2  19.49 28.39 

Fe2O3  2.96 3.14 

CaO livre 1.59 0.62 

 Na2O + K2O (alkaline equivalent) 0.65 0.81 

In soluble waste  0.22 0.98 



Table 2. Physical properties of the cement.  

 

 

 

 

 

 

The glass waste utilized came from polishing and processing of tempered glass from the Pestana 

Vidros Ltda facility (Belo Horizonte, Brazil). The material collected was wet since water and Acecool 

6511 coolant are used in the process and were partially incorporated in the waste. For this reason the 

material had to be dried in an oven at 100°C and later disintegrated in a ball mill. The toxicity of the 

waste was evaluated in solubility and leaching tests.  

The glass waste was analyzed by X-ray diffractometry (XRD -Rigaku, Geigerflex 3034) with CuK 

radiation, 40kV and 30mA, time constant of 0.5 s and crystal graphite monochromator. The composite 

composition and morphology were evaluated by a Shimazdu EDX-800 X-ray emission spectrograph 

and by scanning electron microscopy (FEI Quanta 200).  A Cilas model 1190L grain size meter was 

utilized to determine the grain size distribution of the dust by laser diffraction. Morphology and 

average particle size were tested using a high-vacuum scanning electron microscope (FEI Quanta 

200). Reactivity of the glass waste with calcium hydroxide (pozzolanicity) was evaluated using a DM-

32 Digimed model bench conductivity meter utilizing the method proposed by Luxan et al (1989). 

This method consists of measuring conductivity variations of 200ml of a solution saturate with 

Ca(OH)2 maintained at 40°C before and after adding 5g of the material to be evaluated.  

The diameter of the test assemblies built was 50mm and the height was 100mm. They used 

agglomerate and aggregates at a ratio of 1 cement to 2.6 natural sand with a water/cement ratio of 0.55 

(the factor recommended in Brazilian guideline NBR 6118 for concrete buildings (ABNT, 2004). This 

composition was specified in order to obtain a slump of 60 mm. Mortar was made using glass waste as 

an additive at concentrations of 5, 10 and 15% of the cement mass. The water/cement ratio of these 

samples varied from 0.53 to 0.55 in order to keep the same composite slump without adding waste. 

The mixture was prepared in a planetary mixer and the molds followed current regulations. All of the 

samples were cured at 25°C in a saturated environment for 3, 7 and 28 days.  

After curing, the test assemblies were capped with sulfur and underwent coaxial compressive strength 

testing as described in NBR 7215 (ABNT, 1996a) in an Emic press at a speed of 0.8 MPa s-1. To find 

the natural vibration frequency and the elasticity modulus, an Erudite MKII device from C.N.S. 

Electronics was used as described in regulation ASTM-C215 (2002). The trial was carried out using 

the forced resonance method with vibrations in the 5,000 to 15,000 Hz range at a initial voltage of 

0.1v. Apparent porosity of the compounds was evaluated using a water absorption test. For this 

purpose, after they had cured for 28 days, the test assemblies were dried in an oven until constant 

weight was reached, then immersed in water and weighed again. The absorption index was calculated 

using the difference of mass before and after immersion (ABNT, 1987).  

 

3. Results 

 

As stated in Brazilian regulations NBR 10,004 and 10,005 (ABNT, 2004), tempered glass waste is not 

a dangerous waste since its pH, level of sulfates and cyanides fall within the ranges recommended by 

the regulations, as do the composition of the leachate liquid. It is a class IIA inert waste since the 

concentration of barium, lead and sodium are above those recommended by NBR 10,006 (ABNT, 

2004). It should be noted that the compounds that make up Acecool 6511N coolant are incorporated in 

this analysis.  

Properties 
Average value 

CP V CP III 

Blaine (cm
2
/g ) 4670 3680 

Average partical diameter  (µm) 19.1 15.2 

Compression resistance at 3 days (MPa) 41.5 12.9 

Compression resistance at 28 days (MPa) 55.0 40.1 



Table 3 shows the phases present in the glass dust obtained by X-ray emission spectrometry. The data 

show that the material has high levels of silica and its composition is similar to soda-lime glass.  
Table 3. Substances in glass dust obtained by X-ray emission spectrometry.  

Oxide % by weight 

SiO2 (silica) 72 

Al2O3 (alumina) 1.5 

Fe2O3 (iron oxide) 0.2 

CaO (calcium) 8 

MgO (magnesium) 2.5 

Na2O (sodium) 14 

K2O (potassium) 0.5 

 

Figure 1 shows an X-ray diffractogram obtained for glass waste. The data are similar to the standards 

of common glass (Shi, Zheng 2007). Note the diffuse spectrum commonly attributed to the glass phase 

(Calliser, 2006), which shows that the material has the characteristics of an amorphous material 

without crystalline phases.  

 
Figure 1: X-ray diffractogram of glass waste. 

 

Figure 2 shows the morphology of glass dust obtained using a scanning electron microscope. The 

images show irregular particles of different sizes. Note that there are tube and sheet structures. 

  

                          
Figure 2. Morphological characteristics of glass waste deposited on carbon tape obtained by a scanning Electron 

Microscope with 10,000 times magnification. 
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The distribution of grain sizes in glass dust obtained by laser grain size testing is given in Figure 3. It 

shows that after disintegration by grinding, glass waste has an average particle size of 16.78 µm. This 

value is of the same order of magnitude of the cement particles utilized (Table 2), showing that glass 

waste is similar to cement in terms of specific surface area with reactive potential.  

 

  
 

Figure 3. Grain size distribution in glass dust. 

Results of the electric conductivity test for pozzolanic evaluation of the samples are shown on Table 4. 

Note that conductivity lowered when glass waste was added to the calcium hydroxide-saturate 

solution. This means that the amount of Ca2+ and (OH) - ions in the solution diminished because of 

the reaction with silicate in the glass. The reductions of 0.409 and 0.347 S cm
-1

 at 25°C show that 

glass dust is a weak pozzolanic material (Luxan et al, 1989).  

 
Table 4. Reactivity measurements of glass waste and calcium hydroxide (pozzolanicity) using the method 

proposed by Luxan et al (1989).  

Sample 
Electric current at 25ºC (µS cm

-1
) 

Initial Final Variation 

1 7.430 7.021 0.409 

2 7.442 7.095 0.347 

 

The data obtained in the compression tests on mortars with different additives are shown in function to 

days of curing. Compression strength development is shown in Figures 4. Each figure shows the 

average strength value.  

Adding silica to pure CP V cement in the form of glass waste doesn’t affect the mortar’s compression 

strength at 3 days. However, strength as time passes is reduced by 5-6 MPa regardless of glass dust 

additive level.  

It was also noted that adding glass wastes to CP III cement didn’t affect compressive strength at short 

curing times. The use of silica waste is associated with a small lowering the strength at 28 days.  
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Figure 4. Compression strength of mortar made with cement CP V with cement spiked with slag (CP III) and 

spiked with 5, 10 and 15% glass waste.  

 

Figures 5 show elasticity modulus values of the samples. Adding glass waste reduces a little the 

Young modulus of mortar made of cement CP V regardless of curing time. Reduction intensity did not 

depend on additive level. For CP III, the effect of glass waste additive was only noticeable at 28 days; 

using 5, 10 or 15% glass increased the Young modulus by 33%.  

 
Figure 5. Elasticity modulus of mortar made with cement CP V with cement spiked with slag (CP III) and spiked 

with 5, 10 and 15% glass waste.  

Figure 6 shows apparent water absorption percentage of the samples with and without glass waste 

additive. In CP V samples, use of glass waste apparently made the sample more porous. Adding silica 

in the form of glass to the cement compound lowered the compound’s permeability.  
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Figure 6. Water absorption percentage of samples with or without added glass waste. 

 

4. Conclusions 

The chemical makeup and the results of X-ray diffractometry of tempered glass waste showed that 

these materials can act as pozzolanic materials in cement assemblies. The electric conductivity test 

indicates that the glass is a weak pozzolan.  This apparently contradictory result could be related to the 

size of the particles of dust glass and it could influence the compression strength values obtained. The 



adding glass dust to cement reduced compression resistance by 10% at 28 days for CP V and CP III 

mortars. Adding glass dust reduced a little  the Young modulus in CP V samples and increase strongly 

in CP III samples at 28 days. Regarding permeability, adding glass dust made CP V samples more 

permeable and CP III samples less permeable. These results could point to eventual reaction of waste 

glass dust with the compounds in the cement. The study shows that glass dust can be used in cement 

compounds and suggests new studies to help understand the influence of the glass dust size and the 

reactions between glass waste  and the compounds that make up cement.  
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Abstract 
A new type of cementitious material named Celitement has been developed at Karlsruhe Institute of Technology (KIT). 
Celitement is characterized by its low energy demand and CO2 emissions during production. Celitement is made in a 
two step process including hydrothermal processing and further mechanochemical treatment of the products together 
with silicates or silica. Basically Celitement is composed of hydraulic calcium hydrosilicates and non-reactive 
components, i.e. in contrast to OPC it contains structural water. 
  
This study presents the hydration behavior of one particular product of the Celitement family. The starting material was 
obtained by hydrothermal treatment of Ca(OH)2 and quartz sand at 200°C and co-milling of the autoclaved product 
with granulated blast furnace slag (BFS). The bulk material (90wt% as seen by XRD) is amorphous and built up mainly 
of monomeric (SiO4) and dimeric (Si2O7) silicate species, which were identified by spectroscopic methods. The 
crystalline part (10wt%) consists of non-hydraulic α-dicalcium silicate hydrate (α-C2SH). 
 
The hydration of Celitement was investigated on pure paste samples by in-situ XRD. Due to the nearly amorphous 
nature of Celitement it is relatively easy to detect and distinguish between the phases formed in course of the hydration 
process. In the first 17 hours of hydration we did not observe any newly formed hydrates detectable by XRD. After 17-
20 hours well ordered C-S-H phase becomes visible in XRD. The period 20-30h is characterized by an increased 
growth of C-S-H, AFm (C8A2C(bar).24H) and subordinated hydrotalcite. Maximum intensity of the main reflection of 
C-S-H phase (d=3.05Å) is reached after about 48 hours. The C-S-H phase built upon hydration of Celitement shows 
similar XRD features as that obtained as result of hydration of OPC. Spectroscopic evidence (IR, Raman, 
Trimethylsilylation) points to a higher connectivity of the silicon tetrahedra. No formation of Ca(OH)2 was observed.     
After adding water we observed a similar calorimetric curve as in OPC: initial wetting was followed by a dormant 
period of 4 hours succeeded by substantial release of heat with a maximum at 16 hours. After 7 days the heat of 
hydration was about 200J/g, which is comparable to composite cements of type CEM III and much lower than OPC. 
The results show that the main hydration process takes place in the first 48 hours of the Celitement hydration. The 
rapid evolution of the microstructure of the hardened Celitement paste as evidenced by SEM, mercury-porosimetry and 
tomography is the prerequisite for the excellent mechanical properties of this novel material.         
 
Originality 
This contribution presents for the first time the hydration behavior of one example of the Celitement family, a 
completely new hydraulic binder. It is the second of two papers, which we propose to the ICCC. For more information 
about the main concept, processing and further development please refer to CELITEMENT® � A NEW 
SUSTAINABLE HYDRAULIC BINDER BASED ON CALCIUM HYDROSILICATES by Stemmermann et al. The 
innovation involves a sustainable manufacturing process, which is completely different from the standard OPC 
production.  
The hydration behavior of Celitement shows on one side great similarities with OPC in terms of workability and 
applicability, making Celitement a real alternative to OPC. On the other side there are important differences regarding 
phase composition, heat of hydration, development of microstructure and resulting durability.  
 
Chief contributions 
Beyond its environmental friendly production in terms of energy and CO2 emissions the new hydraulic binder 
Celitement is characterized by its broad applicability and durability. These properties are highly influenced by the 
development of microstructure of the hardening paste during hydration. The composition and the structural features of 
the resulting C-S-H phases are key issues for the understanding of the hydration behavior and further development of 
the new binders. The application of a broad band of complementary investigation methods including conventional and 
synchrotron based techniques is a necessary prerequisite for understanding the challenging amorphous structure of 
both: Celitement itself and the resulting hardened Celitement paste. 
 
Keywords: Celitement, Hydration, In situ XRD 
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Introduction 
 
Celitement is a general name for a new family of binding materials which have been developed at 
Karlsruhe Institute of Technology (KIT). The main feature of Celitement is its production in a two 
step process including hydrothermal preparation and further mechanochemical treatment of the 
products together with silicates or silica (Stemmermann et al., 2010, Beuchle et al., 2007, Beuchle et 
al., 20081,2,3). This results in two very important properties of Celitement: 1) highly variable in the 
C/S, and 2) low energy demand and CO2 emissions during production. In terms of phase composition 
there is a large difference between Celitement and Ordinary Portland Cement (OPC). Whereas the 
OPC consists of clinker minerals and hydrous and anhydrous calcium sulfates, Celitement is built up 
of hydraulic calcium hydrosilicates.  
In this paper we will describe the hydration behavior of Celitement on one example and highlight the 
similarities and differences to OPC.  
 
Experimental procedure 
 
Synthesis. The sample upon investigation was prepared in a two step procedure. Ca(OH)2 (4.6 m2/g) 
and SiO2 (quartz) (0.4m2/g) have been treated hydrothermally at 190°C for 6 hours. After drying the 
product at 60°C for 24 hours, it was treated mechanochemically in a ball mill together with an equal 
mass of blast furnace slag (BFS, Blaine 3000). 
XRD. XRD was performed on an X`Pert MPD (PANalytical) in Θ/Θ geometry equipped with Cu tube 
and a multi strip PIXel detector. Measurements were done on powders (hydrothermal product and 
cementitious material) and cement pastes (in situ hydration). The first XRD in situ pattern was taken 1 
hour after mixing with water. Successively the sample was measured every 15 minutes. The sample 
was covered with Capton foil in order to avoid contact with atmospheric CO2. 
Vibrational spectroscopy. IR-spectroscopy was performed on KBr pellets with a IFS 66v/S 
spectrometer (Bruker) in MIR. Near infrared (NIR) spectra were acquired with a MATRIX-F 
spectrometer (Bruker) on powders and cement pastes.  
Calorimetry. Calorimetric investigations were performed with a TAM Air calorimeter.  
Compressive strength. Standard prisms of Celitement mortars (40x40x160mm) were prepared after 
DIN EN 196 T1 and tested for compressive strength after 1 day, 2 days and 28 days of hydration (2 
prisms for each test were used). The same samples were used for Hg-porosimetry tests. 
 
Results and Discussion 
 
1. Celitement. The phase composition of the hydrothermal product is shown in Fig. 1A. The main 
constituent is α-dicalcium silicate hydrate (α-C2SH) along with jaffeite, quartz and portlandite. 
Additionally, a minor quantity of calcite was observed. After mechanochemical treatment the sample 
consists of up to 90 wt% amorphous material. The crystalline part is built up mainly of α-C2SH with 
accessory quartz (Fig. 1B). In addition the X-ray diffraction pattern of hydrated Celitement (w/s=0.4) 
after 4 days of hydration is shown (Fig 1C).  
One of the main features of the Celitement is its water content, which is due to the presence of calcium 
hydrosilicates. It is manifested by the high lost of ignition (LOI) shown in Table 1, and by the IR-
spectra in the MIR and NIR regions which show H2O present as OH groups (α-C2SH), bonded 
molecular H2O and silanol groups involved in hydrogen bonding system. Additional striking feature is 
the low C/S ratio of Celitement (in this case C/S=1.64). 
2. Hydration behavior. Figure 2 shows the XRD patterns of hydrated Celitement as a function of time 
within a period of 95 hours. In the first 15 hours of hydration there are no visible changes in the 
diffraction pattern which could suggest formation of hydrated phases. After 16 hours an increased 
scattering is observed in the ranges 10-11°2Θ and 28-30°2Θ. This time interval is marked with a 
dashed red line in Fig. 3. In the former region a sharp reflection at 10.7°2Θ occurs belonging to the 
AFm phase tetra calcium aluminate hemicarbonate hydroxyl hydrate (or known as hemicarbonate, 



reflection 006). Its presence is due to reaction of carbonate (which in turn is formed via 1) carbonation 
of Ca(OH)2 used as starting material and 2) partial carbonation of the calcium hydrosilcates during the 
mechanochemical treatment) with the BFS. At the same time in the second region a broad scattering 
�hump� grows showing the formation of C-S-H phase of type C-S-H(I). This reflection could be 
assigned as (110) (Garbev et al., 2008). Direct observance of C-S-H in the X-ray pattern of hydrated 
OPC is rather unusual, but in the case of hydrated Celitement it is very pronounced. 
 

Table 1: XRF analysis of the Celitement sample after mechanochemical treatement. 

Oxides wt [%]
SiO2 34,3
Al2O3 6,0
Fe2O3 0,6
CaO 52,6
MgO 3,5
SO3 1,5
K2O 0,18
Na2O 0,48
P2O5 0,03
TiO2 0,67
Cl 0,02
Mn2O3

LOI

0,18

4.5

Oxides wt [%]
SiO2 34,3
Al2O3 6,0
Fe2O3 0,6
CaO 52,6
MgO 3,5
SO3 1,5
K2O 0,18
Na2O 0,48
P2O5 0,03
TiO2 0,67
Cl 0,02
Mn2O3

LOI

0,18

4.5  
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Figure 1: XRD patterns of autoclave product (A), Celitement (B) and hardened paste of Celitement after 5d 

reaction with water. Formation of portlandite during hydration was not observed. 



After 20 to 30 hours of hydration the growth of both C8A2CbarH24 and C-S-H is accelerated. In a 
further step of the hydration process (30-40 hours) the C-S-H phase shows a maximal intensity of the 
(110) reflection. Shortly after 40 hours of hydration a broad reflection right to the (006) reflection of 
hemicarbonate grows. This is centered at about 11.3°2Θ and most probably belongs to newly formed 
hydrotalcite (marked as LDH in Fig.2). The intensity of this reflection maximizes in a relatively short 
period of time (between 40-45 hours). After reaching its maximum after 40 hours of hydration the 
intensity of the (110) reflection of the C-S-H phase does not vary significantly until the end of the 
experiment. The intensity of the (006) reflection of the hemicarbonate reaches its maximum between 
60-70 hours and slowly decreases after that. Most probably CO2 present in the sample as amorphous 
carbonate reacts with the hemicarbonate upon formation of monocarbonate, C4ACbarH11 (Damidot, 
Glaser, 1995). This is indicated by a small shoulder in the broad reflection of the hydrotalcite 
occurring at about 11.6°2Θ. No formation of portlandite has been observed at any point of our 
investigation. 
3. Calorimetry. The calorimetric curve of the Celitement sample is shown in Fig. 3. Interestingly all 
features known from the calorimetry of Portland cements are also present in the Celitement curve. 
After wetting the sample a 3 hour dormant period follows. Between 4 and 16 hours after hydration a 
steep increase in the heat flow is observed. A maximum of the heat release follows between 16 to 20 
hours. After that a gradual decrease in the heat flow until 40 hours is observed. A small maximum at 
about 40 hours is immediately succeeded by a further gradual decrease in heat flow. In Fig. 3 the 
calorimetric curve is compared to the development of the peak area in the regions 8-12°2Θ comprising 
the (006) reflection of hemicarbonate, (003) reflection of hydrotalcite and (001) reflection of the 
monocarbonate from one side and 28-30°2Θ region characteristic for (110) of C-S-H on the other side.  
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Figure 2: XRD patterns of hydrated Celitement taken as function of time (from 1 to 96 hours). Dashed lines 

mark the formation of C-S-H and hemicarbonate (lower line) and hydrotalcite (upper line) 



A fairly good correlation is observed between the heat flow maxima and the crystallization of C-S-H 
and especially AFm phases. The sudden increase of the peak area in the range 10-12° 2Θ is related to 
the small maximum of heat release after 40 hours hydration and correlates with the formation of the 
hydrotalcite phase. This particular example shows one of the general properties of Celitement- its 
much lower heat flow (maximum 1,2 mW/g) compared to OPC (> 4 mW/g). This is due to the lack of 
portlandite and ettringite formation. As a result the investigated Celitement sample shows much lower 
total heat release after 7 days of hydration (200J/g) than CEM I 42.5R (320J/g) and CEM I 52.5R 
(370J/g) 
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Figure 3: Calorimetric curve of hydration of Celitement compared with the development of the peak area in the 

2Θ regions 10-12° 2Θ (C8A2CH24 and Hydrotalcite, LDH, blue) and 28-30° 2Θ (110 of C-S-H, red)  
 
 
4. Microstructure. Figure 4 represents scanning electron micrographs of rupture surfaces of a frozen 
hardened Celitement paste in different stages of hydration. In Figure 4A the very early hydration after 
only 10 min is shown. Characteristic spherical particles with a size between 100nm and 1-2µm are 
seen. No evidence of hydraulic reaction is visible. The grains of the BFS are �coated� with the 
Celitement binder. As no mechanical strength should be expected, the sample �breaks� along primary 
particles. In a further stage of the hydration (after 8 hours, Fig 4B) an amorphous (no evidence in 
XRD patterns) cellular microstructure around the primary particles is clearly distinguishable. Partial 
interconnection between single particles is observed, but still large pores (up to 1µm) are present. In 
Figure 4C taken after 24 hours hydration well formed hexagonal platy crystals up to 0.5µm large are 
filling the interstitial space. These belong to the AFm phase hemicarbonate. Although the C-S-H phase 
is not only bridging particles but also filling the space increasing with time, there are still pores up to 
200nm large. Figure 4D presents the microstructure of the hardened sample after 7 days hydration. In 
general, a very tight impermeable structure is seen with some sporadically distributed closed pores of 



up to several tens of nm. On the right hand side of the picture a freshly broken grain of BFS enclosed 
by C-S-H phase is present. Data from Hg-porosimetry support the idea of a rapid development of a 
tight microstructure pointing to a bimodal pore size distribution with maxima at 100 nm and 10 nm 
after 24 hours of hydration and an unimodal distribution with a maximum at 10 nm after 48 hours 
hardening (Fig. 5B). In comparison CEM I 52.5R shows after 48 hours a bimodal pore size 
distribution with maxima at 60nm and 7nm. 
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Figure 4: Microscopic images of frozen Celitement pastes after hydration time of 10min (A), 8 hours (B), 24 

hours (C) and 7 days (D) 
 
5. Compressive strength. In Figure 5A results from the tests on compressive strength of Celitement 
samples hardened at 20°C are shown. After one day hydration the compressive strength of Celitement 
is little worse than those of CEM I 42.5R but much better than CEM III B 42.5 N-LH/HS. After 2 days 
Celitement mortars show better results than CEM I 42.5R. The tests after 28 days show that 
Celitement possesses a mechanical strength comparable to that of CEM I 52.5R. In all cases 
Celitement shows better compressive strength than composite cements of type CEM III with blast 
furnace slag. 
  
Conclusions 
 
In this manuscript we present in one example some of the properties of a new hydraulic binding 
material of the Celitement family, which refers to novel cements produced via hydrothermal process 
and subsequent mechanochemical treatment of the products together with a silicate carrier (BFS in this 
particular case). Celitement possess a very low C/S ratio (1.64) thus building C-S-H and AFm phases  
upon hydration. No portlandite has been observed as a hydration product. Therefore Celitement shows 
much lower heat flow than OPC upon hydration. A very good correlation exists between the in situ 



observations with XRD, calorimetry, and electron microscopy. Upon hydration the new material 
shows rapid development of a tight impermeable microstructure. The backbone of this structure is the 
C-S-H phase, which shows cellular morphology to some extend different than that formed by 
hydration of OPC. The fact that the C-S-H phase could be distinguished very clearly in the XRD 
points to better ordering and simplicity of the phase composition of the hardened Celitement paste.  
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Figure 5: A - Compressive strength of Celitement prisms after 1, 2 and 28 days at 20°C;  

B � Results of Hg �porosimetry of the same test prisms compared to CEM I 52.5 R. 
 

The mechanical tests of the norm prisms show comparable compressive strength of Celitement and 
CEM I 42.5R and CEM I 52.5R. In all cases the mechanical properties of the investigated samples 
were much better than CEM III B 42.5 N-LH/HS.  
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Abstract 

As the construction sector uses 50% of the earth’s raw material and produces 50% of its waste, the development 

of more durable and sustainable building products is crucial. Nowadays, Construction and Demolition Waste 

(CDW) is already used as recycled aggregates in low-value concrete applications, since it is mostly inert 

material.  On the other hand, the general trend today for the cement industries is the use of alternative raw 

materials for the production of cement clinker. From this and the above mentioned need for high-value recycling 

of CDW, the concept of completely recyclable concrete (CRC) has been developed. After demolition of a CRC-

construction, the material cycle is closed as the concrete rubble is given a second life as raw material for cement 

production, without need for adjustments. Therefore, the concrete mixture is designed to be chemically 

equivalent to raw material for cement production by adequately incorporating limestone aggregates, different 

types of cement and industrial by-products. For this study, completely recyclable concrete was designed and 

produced. Within the design process, the chemical composition of the produced CRC was evaluated with the 

lime saturation factor, the silica modulus, the alumina modulus and the hydraulic modulus. In addition, the 

potential mineralogical composition was calculated according to the formulas of Bogue. Then, clinker was 

regenerated by burning ground CRC in a laboratory furnace by raising the temperature at a constant rate (15 

°C/min) to 1350, 1400 and 1450 °C and maintaining it for 30 minutes. After burning, the clinker was 

immediately air-cooled by removing it from the furnace. The quality of the produced clinker and the influence of 

the burning temperature thereupon were investigated by determining the free lime content, and by microscopic 

and X-ray diffraction analysis. Based on these results, the ideal burning temperature was selected to produce 

cement. This cement was produced by grinding the clinker with calcium sulphate anhydrite. The hydration heat 

of cement pastes was measured in isothermal conditions and mortars were produced for compressive strength 

tests. 

 

Originality 

Sustainability is a major topic since years and the importance thereof is highlighted within the cement industry 

by the topic of the 13th ICCC, namely cementing a sustainable future. Within this trend towards a more 

sustainable production of cement, this research aims for a new approach towards concrete recycling, namely the 

development of Completely Recyclable Concrete (CRC) following the cradle-to-cradle (C2C) principle. In C2C 

production, all material inputs and outputs are seen as either technical resources or as biological nutrients. 

Biological nutrients can be composted or consumed and technical resources can be recycled or reused without 

loss of quality. Completely recyclable concrete (CRC) becomes such technical resource after demolition, namely 

an alternative raw material for cement production. By recycling CRC, a great deal of construction and 

demolition waste, which consists for about 40% of concrete, could be valorised. In addition, CRC is made 

chemically equivalent to cement raw materials by incorporating industrial by-products which reduces the clinker 

content of concrete and thereby its energy consumption and CO2-emission. 

 

Chief contributions 

Within this research a new approach is studied towards a more sustainable construction. By designing a 

completely recyclable concrete (CRC), the production of clinker and cement out of concrete rubble is enabled, 

without need for adjustments. The  unusual clinker and cement regenerated from CRC rubble is investigated 

within this study. Because the cement minerals within this regenerated clinker and cement are not necessarily 

the classic cement minerals, the influence on the formation and hydration of these minerals needs to be assessed. 

The standard quality tests are extended by microscopic and X-ray diffraction analysis, whereby a good picture of 

the clinker and its components was provided. The hydration process is on the other hand evaluated by recording 

the hydration heat of a cement paste in isothermal conditions and monitoring the setting with the ultrasonic 

through-transmission method. 

 

Keywords: Completely Recyclable Concrete, Cradle-to-Cradle, clinker regeneration, cement regeneration 
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1. Introduction 
 

The European construction sector produces yearly around 850 million tons of waste, which represents 

31% of the total waste generation (Fischer and Werge, 2009). Concrete itself accounts for 40% to 

67% by weight of construction and demolition waste (CDW) (De Belie and Robeyst, 2007, ISO, 

2005). These big numbers explain the efforts researchers are taking to develop the recycling of CDW, 

and concrete rubble in particular. 

 

In general, recycling has an environment-friendly image: it reduces the demand upon new resources, 

it cuts down on transport as well as production energy costs, and it recycles waste which would 

otherwise be lost as landfill (Edwards, 1999). Nevertheless, e.g. Recycled Concrete Aggregates 

(RCA) still suffer a low acceptability, caused by a lack of trust in the quality of these products and 

compared to natural aggregates the higher cost (F.I.R., 2005). Therefore it is important that designers 

think ahead, and consider already in the design process the recycling of the waste produced by their 

products. This idea is better known as the Cradle-to-cradle (C2C) concept, which is worldwide 

promoted by McDonough and Braungart (2002). In C2C production, all material inputs and outputs 

are seen either as technical resource or as biological nutrients. Biological nutrients can be composed 

or consumed and technical resources can be recycled or reused without loss of quality. 

 

To enable this idea for concrete, one can look at the raw materials used for concrete and cement 

production and it is seen that they have common raw materials. From here, the idea aroused to design 

Completely Recyclable Concrete (CRC) as a technical resource for cement production. This is done 

by designing the chemical composition of CRC to be similar to that of cement raw materials. If CRC 

is then used on a regular basis, a closed concrete-cement-concrete material cycle will arise, which is 

completely different from the current life cycle of traditional concrete. 
 

 

2. Materials & Methods 
 

2.1. Design for reincarnation 

 

From a predesign state, Completely Recyclable Concrete is intended to be recycled as raw material 

within the cement production. This makes it necessary to aim for a chemical composition of CRC 

similar to those of a cement raw meal, of which the requirements are well known. If a cement raw 

meal is heated to about 1450 °C, traditional Portland clinker with hydraulic properties is formed. If 

this clinker is milled with calcium sulphate, Ordinary Portland Cement is produced. Portland clinker 

exists for about two thirds of calciumoxide (CaO), which makes it necessary to incorporate limestone 

aggregate into CRC. The second most important oxide is siliciumdioxide (SiO2), which is found in 

sand and fly ash. The other components,  Al2O3 and Fe2O3, can be provided by porphyry aggregates, 

copper slag or calcium aluminate cement. 

 

In the first step of the design of CRC, the chemical composition of the concrete materials is 

determined (see Table 1). With this information, it is possible to design the CRC using parameters 

normally used for the assessment of traditional cement raw meals. These parameters are the lime 

saturation factor (LSF), the silica modulus (SM), the alumina modulus (AM) and the hydraulic 

modulus (HM). The LSF is the ratio of the lime available in the raw meal, to the lime chemically 

necessary to react with the present SiO2, Al2O3 and Fe2O3 (Taylor, 1997): 

    
 (   )

    (    )      (     )       (     )
 (1) 

with m(x) the mass percentage of the element in the raw meal. Unlike the LSF, which has a 

theoretical basis, the other parameters are empirical (Taylor, 1997). Where the SM has a major 

influence on the formation of the melt, the AM only has a significant effect on clinker formation at 



low temperatures. The HM is used to evaluate the hydraulic activity regarding the strength 

development of the cement (Shih et al., 2003). These parameters for the designed CRC are given in 

Table 2, together with the boundaries found in literature. It is seen that almost all parameters meet 

these limits, only the AM is exceeding the limits of Galbenis and Tsimas (2006). 

 

Table 1: Chemical composition of used concrete raw materials 

Concrete materials CaO SiO2 Al2O3 Fe2O3 MgO 
Na2O-

equivalent 

Limestone sand  [kg/m³] 51.88 2.68 0.12 0.22 1.46 - 

Limestone aggregate 2/6 [kg/m³] 43.13 15.48 1.54 0.57 0.94 0.38 

Limestone aggregate 6/20 [kg/m³] 43.86 15.42 1.2 0.45 0.84 0.30 

CEM I 52.5 N [kg/m³] 63.43 18.9 5.77 4.31 0.89 0.95 

Fly ash [kg/m³] 2.42 47.99 33.5 3.8 0.47 1.26 

 

Table 2: Values of LSF, SM, AM and HM of CRC 

 Designed CRC 
Limits (Desired limits) 

(Galbenis and Tsimas, 2006) 
Limits 

(Taylor, 1997) 

LSF [-] 0.94 0.66-1.02 (0.92-0.96) 0.92-0.98 

SM [-] 2.66 1.9-3.2 (2.3-2.7) 2.0-3.0 

AM [-] 3.62 1.3-2.5 (1.3-1.7) 1.0-4.0 

HM [-] 2.16 1.7-2.3 (~2) - 

 

In this study the accurate chemical composition of CRC is achieved by using limestone aggregates, as 

lime stone is the main ingredient within the manufacturing of Portland clinker. Fly ash was used as 

cement replacement to provide the necessary SiO2 and Al2O3. The mixture proportions of the 

produced CRC are presented in Table 3. The influence of the cement replacement on the properties of 

concrete will not be discussed within this paper. 

 

Table 3: Concrete mixture proportions 

FA/B = fly ash to binder ratio; W/B : water to binder ratio 

Concrete materials CRC 

Limestone sand  [kg/m³] 614.2 

Limestone aggregate 2/6 [kg/m³] 378.0 

Limestone aggregate 6/20 [kg/m³] 666.5 

CEM I 52.5 N [kg/m³] 292.5 

Fly ash [kg/m³] 191.4 

Water [kg/m³] 180.0 

FA/B [-] 0.40 

W/B [-] 0.40 

 

2.2. Regeneration of cement 

 
An overview of the regeneration of cement is given in Figure 1. First, the designed CRC was 

produced and cured in the laboratory according to NBN B 15-001 (2004). At the age of one month, 

the produced concrete cubes were crushed in a jaw crusher and ground in a laboratory mill until a 

powder with a specific surface area of approximately 450 m²/kg was obtained. After mixing the 

resulting powders with water, small tablets (d=5mm, h=5mm) were formed in a perforated PVC-plate 

by drying at room temperature for 24 hours. 

 

Clinker was produced in an electric furnace by heating the raw meal up to 1350, 1400 and 1450 °C at 

a constant rate (15 °C/min) and maintaining this temperature for 30 minutes. After burning, all 

clinkers were air-cooled. The regenerated cements were produced by grinding the clinker burned at 



1450 °C in a laboratory mill with calcium sulphate anhydrite. The necessary amount of CaSO4, 

4.52%, was determined by the following formula: 

 (     )  
 (     )

 (   )
[    (     )   (   )] (2) 

where: m(x) is the mass percentage and M(x) is the molar mass of the element in the clinker. 

 

Figure 1: Regeneration process of cement out of Completely Recyclable Concrete 

 

2.3. Testing of clinker and cement properties 

 

The quality of the produced clinkers was evaluated by determining the free lime content. The 

ethylene-glycol method based on BS EN 196-2 and EN 196-2 was used to determine this parameter. 

Also a microscopic analysis was performed. The clinker sections were etched with HF and then 

observed using a light microscope. An X-ray diffraction analysis was executed based on Stutzman 

and Leigh (2002), using a Thermo Scientific ARL X'TRA Powder Diffractometer and the FullProf 

Suite software (Rodriguez-Carvajal, 1990) for Rietveld analysis. 

 

The hydration heat was measured on cement pastes with a w/c ratio of 0.4 with an isothermal 

calorimeter (TAM AIR). The regenerated cement was tested by a compressive strength test according 

to NBN EN 196-1 (2005) on standard mortars.  
 

 

3. Results & Discussion 
 

3.1. Quality of the regenerated clinker 

 

Table 4 presents the free lime (fCaO) content of the clinkers burned at different temperatures. To 

prevent the expansion of free lime in cement, the free lime content should be less than 3% (BBG, 

2006), which is the case for all burning temperatures. It is seen that higher burning temperatures result 

in a lower fCaO content, whereby more alite should be formed. Assuming all the fCaO is reacting 

with belite to produce alite, the additional amount of alite formed can be calculated based on the 

molar mass ratio of alite to fCaO, being 4.071. According to these calculations, burning at 1450 °C 

instead of 1350 °C should result in the formation of an additional amount of 3.14m% alite, which is 

rather a small amount. 

 

The microscopic analysis shows a porous heterogeneous clinker (see Figure 2) , which indicates an 

unsatisfying burning process. The alite crystals are rather small, and here and there belite crystals 

appear in clusters or between alite crystals. Remarkable is that the clinker burned at 1350 °C seems to 

contain less belite as the clinker burned at 1400 and 1450 °C while they are originating from the same 

raw material. It is possible that exposure time to HF-vapour was unsatisfactory for the clinker burned 

at 1350 °C, which will not colour the belite crystals blue. Also noticeable is the absence of an 



interstitial material nicely surrounding the alite and belite crystals within the clinker burned at 1400 

and 1450 °C, although XRD analysis and Bogue calculations based on chemical analysis prove that 

large amounts of aluminate should be present (see below). Within further research the burning process 

should be studied more in detail to improve the clinker quality. Probably keeping the maximum 

temperature for longer than 30 minutes will lower the porosity and will result in a homogenous 

clinker of good quality. 

Table 4: Free lime content (fCaO) of regenerated  

cements burned at different temperatures 

Burning  
temperature [°C] 

fCaO [m%] 
Additional alite  
formed [m%] 

1350 1.00 
}1.59 

}1.55 
1400 0.61 

1450 0.23 

 

a  b  

c  

Figure 2 : Micrographs of clinker regenerated from CRC burned at 1350 °C (a), 1400 °C (b) and  

1450 °C (c). The clinker section is etched with a HF-vapour and observed with light microscopy.  

The height of the images is 180 µm. 

 

An overview of the mineralogical composition of the CRC is given in Table 5. The mineralogical 

composition achieved by Bogue calculations on the designed chemical composition and on the results 

of a chemical analysis on the clinker burned at 1450 °C show a good similarity. In this table it is also 

seen that alite is the main phase, as it should be in a good clinker. The amount of aluminate phase is 

high compared with Taylor (1997), and the amount of ferrite is rather low.  

 

Comparing the Bogue calculations with the Rietveld analysis, were alite, belite, aluminate and ferrite 

were considered, it seems that within the Bogue calculations the amounts of alite and ferrite are 

overestimated and the aluminate content is underestimated. Taylor (1997) already suggested that the 

Pore 

Belite 
Alite 

Interstitial  

material 

Pore 

Alite 

Interstitial  

material 

Pore 

Alite 

Belite 



results from Bogue calculations can differ from the true phase composition, mainly because the 

composition of each clinker phase differs considerably from those of the pure compounds. On the 

other hand, the high content of alite and belite makes it harder to detect aluminate and ferrite by X-ray 

diffraction. To check the accuracy of the Rietveld analysis for minor phases, e.g. ferrite, the method 

of selective extractions described by Stutzman and Leigh (2002) could be used within further 

research. 

 

Table 5: Overview of the mineralogical composition of the clinker by (1) Rietveld analysis of X-ray diffraction 

patterns of clinker burned at 3 temperatures, (2) Bogue calculation on the designed chemical composition, and 

(3) Bogue calculation on the chemical analysis of the clinker burned at 1450 °C 

 
XRD 

Design Chemical analysis 
Literature 

Taylor (1997) 1350 °C 1400 °C 1450 °C 

Alite 47.71 51.88 50.85 53.50 56.52 50-70 

Belite 27.53 24.88 24.46 25.52 24.54 15-30 

Aluminate 21.61 21.76 21.83 15.30 14.24 5-10 

Ferrite 3.15 1.48 2.86 5.68 4.7 5-15 

 

 

3.2. Quality of the regenerated cement 

 

In Figure 3, the heat production rate and the cumulative heat production of the cement regenerated 

from CRC are compared with those of an Ordinary Portland cement. The very first hydration peak 

due to the first hydration reactions at the moment of mixing the samples will be neglected in this 

paper. Then the first peak observed is likely caused by the hydration of alite, similar to the hydration 

of CEM I 52.5 N. As it is seen in Figure 3, this peak is not as high for cement from CRC as for CEM I 

52.5 N. However, after 7 days the cumulative heat production of cement from CRC (295.08 J/g) is 

approaching the one of CEM I 52.5 N (312.98 J/g).  

 

The reactions causing the three small peaks indicated with an arrow in Figure 3 need to be identified 

by further study. XRD-analysis before and after these peaks could be performed to identify the 

reactions at these moments of hydration. 

 

  

Figure 3: The heat production rate q (left) and cumulative heat production Q (right) of cement pastes  

with W/C = 0.4 under isothermal conditions (20 °C) 
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The compressive strength at 28 days of mortars produced with regenerated cement was found to be 

45.88 ± 1.94 MPa. This result is good keeping in mind the relatively low specific surface area of 2591 

± 281 cm²/g (Blaine, according to NBN EN 196-6 (1991)), which should reach 4800 cm²/kg for a 

cement strength class 52.5. 
 

 

4. Conclusions 
 

This paper proves that a cement with a good strength can be regenerated from CRC. Nevertheless 

some aspects of the regeneration and hydration process should be studied more in detail. First of all 

the burning process should be improved to produce a homogeneous clinker with good quality. The 

fineness of the cement produced by this clinker should be increased, e.g. by wet grinding if dry 

grinding would not fulfil the requirements, what will result in higher strengths. Also the influence of 

the type and the amount of calcium sulphate added to the cement should be studied more in detail as it 

will influence the hydration process of the regenerated cement. 

 

After all, there is a need for high level recycling applications for concrete rubble and from this study it 

seems that the development of Completely Recyclable Concrete can be a solution. As CRC is 

designed to be recycled, CRC rubble is not a waste material, but instead a valuable material for the 

cement production. 
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Abstract 
The production of cement clinker counts for about 5% of the total man-made CO2-emissions. About 60 % of these 

emissions are caused by the decarbonation of limestone. For that reason a common strategy to reduce the emitted CO2 

is to replace the clinker in the cement by supplementary cementitious materials, like blastfurnace slag or fly ash. 

Therefore it is important to investigate the contribution of these materials to the hydration in blended cements. This 

study is dedicated to the contribution of a low calcium siliceous fly ash to the hydration of a blended cement. To assess 

this contribution a multi-method approach was chosen. The hydration of samples of Portland cement with and without 

50 wt% of fly ash and a reference sample containing 50 wt% of inert quartz powder was investigated by means of 

isothermal heat flow calorimetry, chemical shrinkage and image analyses of the backscattered electron (BSE) images. 

Furthermore the solid phases of the samples were characterized by means of X-ray diffraction and scanning electron 

microscopy (SEM). The EDX-studies of the C-S-H in the fly ash-samples showed a different Al/Si-ratio compared to the 

pure OPC samples.  

These results showed on one hand the well known promotion of the OPC by the inert filler materials and on the other 

hand the pozzolanic reaction of the fly ash starting already at hydration times of 1 d.  

 

Originality 

In cement and concrete, the material fly ash is commonly used as supplementary cementitious material (SCM) or as a 

filler. Especially low calcium siliceous fly ashes are attributed to act mainly as filler materials and to hydrate slowly, 

because of its low reactivity. Most of the studies concerned with class F fly ash investigate its influence on the long-

term development of the material properties. Especially the investigation of the reaction of fly ash at early ages is a not 

very well investigated field and sometimes it is even stated to be not existent. The problem of quantifying the hydration 

degree of fly ash in blended cements is thus approached by a new method of image analyses of the backscattered 

electron (BSE) images. These results will also be the basis for an improved thermodynamic model of the fly ash-

hydration in blended cements.  

 

Chief contributions 

The systematic combination of different methods in this study shows the contribution of fly ash to the hydration and the 

composition of the solid hydration products of blended cements. It could be shown that the fly ash is not a purely inert 

filler at hydration times earlier than 7 d, but that it starts to react after already 1 d of hydration. Furthermore the 

quantification of the degree of fly ash-hydration in the blended cement by BSE-image analysis is one of the key features 

needed for thermodynamic modelling. Finally the applied techniques help us to get a clearer understanding of the fly 

ash-hydration in blended cements.  

 

Keywords: Fly ash, hydration, blended cement, filler, pozzolanic reaction, C-S-H 
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Introduction 
 

The production of OPC clinker counts for about 5% of the total man-made CO2-emissions. About 

60 % of these emissions are caused by the decarbonation of limestone. One way to reduce the emitted 

CO2 is to replace the clinker in the cement by supplementary cementitious materials, like blastfurnace 

slag or fly ash. Besides the known beneficial effects of fly ash-application on durability aspects, it has 

been observed that the presence of fly ash increases the reactivity of the OPC clinker due to the “filler 

effect” (Gutteridge and Dalziel, 1990) while the fly ash itself is reacting rather slowly. In long terms, 

the reaction of the fly ash leads to a reduction of the portlandite content and the formation of a C-S-H 

with a reduced Ca/Si-ratio due to the pozzolanic reaction of the fly ash (Duchesne and Bérubé, 1995). 

In several studies the pozzolanic reaction is reported to start after 2-7 d of hydration or even later (e.g. 

Sakai et al., 2005; Lam et al., 2000). But since the “filler effect” overlays the start of the pozzolanic 

reaction and boosts the development of portlandite at hydration times shorter than 7 d, the start of the 

pozzolanic reaction is hard to be definitely marked. 
 

 

Materials and methods 
 

The investigated samples were an OPC (CEM I 42.5 N) and the same OPC blended with 50 wt% of a 

siliceous fly ash (type V according to EN 197-1) abbreviated as OPC-FA. As reference sample another 

blend of the same cement with 50 wt% of a quartz-powder was used (OPC-Qz). The particle size 

distributions of FA and Qz are similar. Table 1 shows the composition of the used fly ash determined 

by X-ray fluorescence (XRF) and quantitative X-ray diffraction (QXRD) and the mineralogical 

composition of the OPC determined by QXRD.  
 

 

Table 1: Composition of FA determined by XRF and mineralogical composition of FA and the OPC determined 

by means of QXRD. 

Fly ash     OPC  

XRF-Analysis [wt%] crystalline phases [wt%]   crystalline phases [wt%] 

SiO2 45.0 mullite 18.0  alite 57.1 

Al2O3 26.5 quartz 8.5  belite 7.9 

Fe2O3 8.5 magnetite 1.0  α' C2S 9.3 

CaO 5.6 hematite 1.1  C4AF 13.0 

MgO 2.8 anhydrite 0.7  C3A cubic 2.0 

K2O 2.0 periclase 1.1  C3A orthorh 2.0 

Na2O 1.3 lime 0.7  calcite 0.4 

TiO2 1.2 amorphous 68.9  dolomite 0.5 

Mn2O3 0.1    bassanite 2.6 

P2O5 1.1    anhydrite 2.8 

SO3 1.1    periclase 1.0 

     arcanite 0.5 

     siderite 0.2 

     magnesite 0.3 

     ankerite 0.3 

LOI 4.2      quartz 0.2 

Sum 99.4  100   100 

 



The heat flow of the samples was investigated by a TAM Air calorimeter at 23 °C with a water to 

solid ratio of 0.5. Chemical shrinkage was measured according to procedure A described in ASTM 

Standard C 1608-07 in a water bath at 23 °C. 

For investigations of the hydrated samples by XRD and SEM the cement pastes were prepared by 

mixing 900 g solid with 450 g deionized water (w/s 0.5) in a Hobart mixer for 3 min (EN 196-3). The 

samples were cast in polyethylene flasks, sealed, rotated during the first 24 hours to avoid segregation 

and cured at 23 °C. After different hydration times the samples were cut to slices and the hydration 

was stopped by immersion in isopropanol. After immersion of the samples for 5-30 minutes in 

isopropanol, X-ray diffractometry of the slices was carried out immediately. For the SEM 

investigations the samples were kept for 2 days in the isopropanol and afterwards dried at 40 °C. The 

preparation for the SEM was done by infiltrating the samples by a modified bisphenol-A-epoxy-resin. 

After polishing, the samples were carbon-coated and investigated under high vacuum conditions.  
 

 

Fly ash hydration measured by calorimetry, chemical shrinkage and BSE-image analysis 
 

Figure 1 shows the results of the isothermal heat flow calorimetry (average curves of three, well 

reproducible measurements) of the hydration of the OPC, OPC-FA and OPC-Qz.  
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Figure 1: Average curves of the specific heat flow and the released heat of the samples normalized to the amount 

of OPC. 

 

The heat flow normalized to the amount of OPC shows the start of the induction period after 1 h of 

hydration. The acceleration period of the OPC and the OPC-Qz begins after 2.5 h. This second heat 

flow maximum reaches 3.8 mW/g OPC. The FA-blend shows a different behaviour, its induction 

period lasts 2 h longer compared to the other samples with a heat flow reduced by 0.3 mW/g OPC. 

The second heat flow maximum of the FA-blend finally occurs 3.5 h later than in the samples without 

FA. This retardation of the hydration by fly ash addition was also reported in other studies (Langan et 

al., 2002; Baert et al., 2008). The reason for this retardation is not yet evident. One possible reason, the 

“dilution” of the OPC by the quasi-inert FA (Sánchez de Rojas et al., 1993) can not be supported in 

this study, since the reference blend with Qz does not show this behaviour. Another explanation 

(Fajun et al., 1985) includes a possible reaction of the aluminate in the FA with the Ca from the 

solution, which leads to a Ca sink and thus the retardation of C-S-H nucleation. Minard reported the 

delay of C-S-H nucleation by the presence of Al ions in solution, which might be increased by the 

dissolution of aluminates from the FA in the blended cements (Minard, 2003).  

∆H filler 

∆H fly ash 



After the second heat flow maximum the Qz- and the FA-blends show a shoulder, which is assumed to 

be correlated to the aluminate reaction due to the depletion of the calcium sulphate phases (Hesse, 

2011; Gallucci et al., 2010). Figure 1 also shows the cumulative heat normalized to the amount of 

Portland cement. The OPC-Qz starts to release more heat compared to the OPC after 10-12 h of 

hydration (indicated as ∆H filler). This so called “filler effect” is a result of the presence of the inert Qz-

powder, which provides additional nucleation sites for hydrate phases (Gutteridge and Dalziel, 1990). 

Furthermore, with a constant water-to-solid ratio, the effective w/c ratio is higher in the blends, which 

could promote the dissolution of the Portland cement phases and provide more space for the growth of 

hydrates. The “filler effect” is also observed in the FA-blend, although the curve of the released heat is 

a bit shifted to later times due to the longer and more pronounced induction period. However the 

parallel development of the released heat of the Qz- and the FA-blend until 20 h of hydration shows 

that the contribution of the FA is very little at these early times. After 28 h the OPC-FA develops 

additional released heat (indicated as ∆H fly ash) compared to OPC-Qz, which demonstrates the onset of 

the participation of FA in the hydration reactions.  

 

Another valuable method to characterize the development of hydration of the investigated blends is to 

measure and compare the chemical shrinkage. Figure 2 shows the chemical shrinkage of the 

investigated blends up to a hydration time of 28 d. Comparison of the FA- and the Qz-blend shows 

that their chemical shrinkage is similar until a hydration time of 1.5 d. The following increase in 

chemical shrinkage of OPC-FA compared to OPC-Qz is related to the pozzolanic reaction of the fly 

ash. The hereby indicated start of the pozzolanic reaction at 1.5 d agrees well with the results from the 

heat conduction calorimetry.  
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Figure 2: Chemical shrinkage normalized to the OPC content. 

 

Another possibility to determine the reaction of fly ash is the analysis of SEM-BSE images. Therefore 

a statistically sufficient number of BSE-images of the impregnated and polished sections of the 

samples are taken. Afterwards the amount of unreacted fly ash can be determined by the application of 

morphology and gray level specific filters (Ben-Haha et al., 2010). The detailed description of this 

method can be found in the reference. Table 2 shows the degree of fly ash dissolution analyzed by 

image analysis for another class F fly ash (F1) in a blend of 50 wt% OPC and 50 wt% F1 (OPC-F1). 

The maximal error of this measurement is ± 2.5 wt%. It shows that the main reaction of the fly ash is 

starting between 1 d and 2 d of hydration. These findings are in agreement with the correspondent 

results from the calorimetry and chemical shrinkage. Furthermore a partial dissolution of the fly ash is 



indicated by this method after already 1 d of hydration. A reaction of fly ash after 1 d was also shown 

in Girão et al., 2010. 
 

 

Table 2: Dissolved percentage of fly ash in OPC-F1, determined by means of SEM-BSE image analysis up to a 

hydration time of 7 d. The error of the measurements is ± 2.5 wt%. 

time of hydration [d] 1 2 7 

dissolved fly ash [wt %] 1.3 4.7 11.3 
 

 

Characterization of the hydration products by XRD 
 

The crystalline hydration products were characterized by XRD. Figure 3 shows a comparison of 

details of the XRD diffractograms of the investigated samples after 7 d of hydration. All samples show 

the development of the hydration products ettringite, portlandite and AFm phases (aluminium iron 

monophase). The blends also contain the inert phases mullite and quartz. Up to 7 d of hydration no 

significant difference between the FA and the Qz blend can be seen. The diffractograms in Figure 3 

show a more prominent development of AFm phases in the FA blend as well as in the Qz blend. This 

indicates that the stronger development of AFm phases at early ages is mostly related to the filler 

effect. At later ages (not shown here) the contribution of the FA can be seen by the tendency of 

decreased ettringite contents and slightly increased AFm contents compared to OPC-Qz (De Weerdt et 

al, 2011). This is attributed to a more pronounced conversion of ettringite to AFm phases, due to the 

provision of additional aluminium by the FA reaction while the available sulphate content remains 

low. 
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Figure 3: Comparison of the (detailed) XRD diffractograms of OPC, OPC-FA and OPC-Qz after 7 d of 

hydration. E: Ettringite; AFm: Aluminium iron monophases; *: not yet identified AFm phase; F: Brownmillerite; 

Mu: Mullite; CH: Portlandite; Qz: Quartz 

 



Analysis of the composition of the C-S-H by means of EDX 

 

Since the C-S-H phase is hard to characterize by means of XRD, SEM-EDX analyses of the hydrated 

OPC and FA-blends were carried out with a special focus on this phase. The EDX point analyses were 

targeted predominantly at the C-S-H phases but nevertheless the volume of the sample which is 

excited by the electron beam usually contains more than one phase, due to the dense intergrowth of the 

hydrates (Scrivener, 2004). One way to show the composition of the hydrates is to use certain 

element-ratio plots like Al/Ca versus Si/Ca (Harrison et al., 1986). This is shown for the samples 

OPC-FA after hydration times of 28 d and 90 d in Figure 4b and as a comparison the same plot is 

shown for the neat OPC after 250 d in Figure 4a. The data points of the OPC show the intergrowth of 

C-S-H with portlandite and AFm phases. By determining the slope from portlandite to the C-S-H 

points with the lowest Al/Ca ratio, which represent the least intermixed C-S-H analyses, the Al/Si ratio 

of the C-S-H can be obtained. In the OPC system the Al/Si ratio is determined to be 0.07±0.01. In the 

FA-blend the data points are more scattered because the hydrates are intergrown with the 

heterogeneous FA-particles. The direction to the Al/Ca versus Si/Ca ratio data point of the mean 

composition of FA is indicated by the dashed arrow. The Al/Si ratio is determined to be 0.16±0.02. 
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Figure 4a: Al/Ca plotted versus Si/Ca atomic ratios of the EDX-measurements of C-S-H of OPC after 250 d of 

hydration. The data show an Al/Si ratio of about 0.07±0.01 in the C-S-H. 
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Figure 4b: Al/Ca plotted versus Si/Ca atomic ratios of the EDX-measurements of C-S-H of OPC-FA after 28 d 

and 90 d of hydration. The data shows an Al/Si ratio of about 0.16±0.02 in the C-S-H. 



Conclusions 
 

The investigations show the different effects of a low calcium siliceous fly ash on the hydration of an 

OPC. At early ages, up to 1.5 d the fly ash seems to acts mainly as inert filler, which promotes the 

hydration of the OPC by providing additional nucleation sites and a higher effective w/c ratio, which 

provides more space for the growth of hydrates, due to the higher porosity. This promotion could be 

shown by heat flow calorimetry, chemical shrinkage and by qualitative XRD. Another measured 

contribution of the fly ash in the first hours is the more pronounced and prolonged induction period.  

After 1.5 d the start of the pozzolanic reaction of the fly ash is observed by the additional released heat 

and the additional chemical shrinkage compared to the reference sample blended with quartz. The 

BSE-image analysis indicates a reaction of fly ash after already 1 d of hydration. The EDX-analyses of 

the C-S-H showed a change of the Al/Si-ratio due to the FA-hydration.  
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Abstract: The resistance against sodium sulfate attack of an ordinary Portland cement with different calcium 

sulfate and silica fume contents is investigated. Mortar and paste samples were produced and exposed to a 

sodium sulfate environment. In the cements, which contain silica fume, less ettringite and gypsum precipitate 

and less expansion of the mortar bars is observed. Thermodynamic calculations support these experimental 

findings. The moderate addition of gypsum to the ordinary Portland cement also results in less ettringite 

formation during sulfate attack and in a reduced expansion as was expected from thermodynamic calculations. 

Originality: No study is available, which compares systematically the influence of different initial calcium 

sulfate and SiO2 contents on the experimentally determined phase assemblage of an OPC under sulfate attack 

and with the results of thermodynamic modeling. 

The coincident of both aspects (systematic variation and modeling) enables a better understanding of the 

important processes under sulfate ingress. The experiments are close to standard laboratory conditions but the 

gained insights will also be helpful when more complex environmental conditions are investigated.  

Chief Contributions: This systematic study compares the influence of different initial gypsum and SiO2 contents 

on the changes in the experimentally determined phase assemblage of an OPC under sodium sulfate attack with 

calculated phase assemblages providing new insights on the mechanism of sodium sulfate attack. The phase 

compositions are characterized experimentally and compared with each other and with thermodynamic 

calculations. 
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1. Introduction 

Hardened cement paste is chemically reactive and therefore capable to change its mineralogical 

composition depending on the service conditions. Such alterations are influenced by various factors 

like temperature, relative humidity (wetting / drying) and the chemical composition of the solution 

that exchanges ions with the cement paste. The physical and chemical properties of the cements play 

an essential role as well. Therefore, one ordinary Portland cement (OPC) was investigated, which was 

blended with gypsum (C$H2) or silica fume (SF). All of the mentioned decisive factors vary with time 

and space due to the involved transport mechanism. 

Sulfate attack is, due to those aspects, a very complex degradation mechanism for cementitious 

binder. Generally, it is believed that the expansion is driven by late ettringite and/or gypsum 

formation with no agreement on which mechanism is the driving force (Gollop and Taylor ,1992; 

Tian and Cohen, 2000; Santhanam et al., 2001). Thermodynamic calculations allow predicting the 

phase transitions in sodium sulfate solution. This type of modeling helps in combination with 

verifying experimental data to understand the different responses of the investigated cements 

(Lothenbach et al., 2010). 

 

2. Materials and Methods 

The ordinary Portland cement used (CEM I 32.5 R; OPC) was blended and homogenized with 

gypsum (OPC_C$H2; 2 mass percent C$H2) and two contents of silica fume (OPC_SF6 (6 mass 

percent SF); OPC_SF12 (12 mass percent SF)). The cements were mixed in the laboratory from the 

original compositions as shown in Table 1 and homogenized for 12 hours.  

Table 1: oxide composition of the used materials 

  OPC C$H2 SF 

L.o.I. % 1.0 22.7 2.7 

SiO2 % 20.3 7.8 92.8 

Al2O3 % 5.2 2.4 0.9 

Fe2O3 % 3.1 0.9 0.1 

CaO % 63.4 27.4 0.4 

MgO % 2.5 4.5 0.7 

SO3 % 2.4 33.2 0.5 

K2O % 0.9 0.8 1.1 

Na2O % 0.2 0.0 0.4 

TiO2 % 0.3 0.1 0.0 

Mn2O3 % 0.1 0.0 0.0 

P2O5 % 0.3 0.0 0.0 

Cl % 0.0 --- 0.1 

TC % 0.1 2.0 0.4 



  

The volumes of the cement, sand and water were kept constant to ensure a similar initial pore volume. 

The sand to cement volume ratio is 3.8. The mortar was produced with a water to binder ratio of 0.55, 

which increased slightly for the silica fume mixes (0.56 and 0.58), as silica fume has a lower bulk 

density than cement. 

Length changes were determined on mortar bars (2.5 x 2.5 x 15 cm
3
; all surfaces were cut to facilitate 

sulfate ingress). The specimen were cured for 28 days before exposure to 5% Na2SO4 solutions. To 

increase the accuracy of the length measurement, gauge studs were glued to the ends of the mortar 

bars. Length changes were measured in comparison to an invar bar at 7, 14, 28, 56, 91, 182, 273, and 

364 days of exposure. The test solutions were exchanged after every measurement. 

The elemental composition changes within the mortar bars were followed by Energy dispersive X-ray 

spectroscopy (EDX). EDX was performed with a Philips XL 30 ESEM FEG with and acceleration 

voltage of 15 kV on impregnated and polished mortar specimen. 

Crushed cement pastes (w/c = 0.40; < 2 mm)), which were exposed to 5% sodium sulfate solutions, 

were used to study changes in the hydrates employing TGA and XRD. The sodium sulfate solutions 

were not exchanged to avoid the loss of fine particles. Paste samples, instead of mortar bars, were 

used to obtain more uniformly reacted samples as it is difficult to generate representative samples 

from mortar bars for TGA and XRD, especially when the deterioration process is controlled by a 

transport process. Thermogravimetric measurements were performed with a Mettler Toldeo TGA / 

SDTA 851e. The temperature range was 30 – 980°C with an increment of 20°C per minute in a nitro-

gen atmosphere. X-ray diffraction was performed in a PANalaytical X’Pert PRO MPD diffractometer 

(θ-2θ) with an X’Celerator detector and copper Kα radiation.  

Thermodynamic calculations were carried out using the geochemical code GEMS 3 (Kulik, 2010). 

The built in PSI GEMS database was expanded with the CEMDATA07 database (Lothenbach et al., 

2008), which contains solubility products of solids relevant for cementitious systems. The degree of 

OPC hydration before the exposure to sodium sulfate solution was calculated using the approach of 

Parrott and Killoh (1984). It was assumed that 80 % of the silica fume had reacted. 

3. Results and Discussion 

3.1 Experimental results  

Table 2 indicates that the two silica fume blended mortars have the lowest coarse porosity, as 

determined by image analysis, and no or very little portlandite. Also the addition of gypsum leads to a 

reduction of coarse porosity in comparison to OPC. 

Figure 1 shows the expansion of mortar bars produced with the OPC and its three blends. The 

expansions are relatively low until 91 days. After 91 days, mortars produced with OPC and 

OPC_C$H2 expand more than the two cements with silica fume; OPC_SF6 and OPC_SF12. A higher 

silica fume addition leads to less expansion. 



  

Table 2: coarse porosity and volume fractions of portlandite, other hydrates, and anhydrous phases in the mortar 

bars cured for 28 days before the exposure to sodium sulfate solutions as determined by image analysis (±2 %) 

coarse pores hydrates portlandite anhydrous cement 

%; normalized to cement paste 

OPC 14 60 20 6 

OPC_C$H2 12 60 20 8 

OPC_SF6 9 85 1 5 

OPC_SF12 5 91 1 4 

 

Small amounts of gypsum are detected in the cement pastes of the silica fume cements by XRD and 

TGA (Figure 2), while EDX measurements suggest the presence of relatively high amounts of 

gypsum in the surface zone of the mortar bars (Figure 3). The presence of larger amounts of gypsum 

in the mortar bars, compared to paste samples, might be due to the higher total sulfate content in the 

mortar bars (accumulation of sulfate due to the exchange of solutions) or due to the relative lack of 

portlandite (see Figure 2). Comparison of pastes OPC_SF6 and OPC_SF12 with the OPC indicates 

that less gypsum and somewhat less ettringite are formed during sulfate attack in the presence of silica 

fume.
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Figure 1: mortar expansion as a function of time 

Significant quantities of gypsum are detected in the pastes of OPC and OPC_C$H2 by XRD and TGA, 

agreeing with the presence of gypsum veins or layers in the mortars, which can be understood as filled 

cracks. Ettringite is found in all cements. Figure 4 displays the sulfur, calcium and silicon oxide pro-

files as obtained from EDX measurements in the cement paste of the OPC mortar. It is interesting to 

note that the detected relative mass of the silicon oxide increases in the surface zone where leaching 

takes place, while calcium oxide values drop as is expected. Sulfates accumulate just below the sur-

face. These effects are the result of the data acquisition method. The ZAF correction, as it is imple-

mented in the EDAX software, normalizes the elemental contents to the total mass measured. The 

solubility of silicon is lowest of the three elements shown in Figure 4. As calcium and sulfate are 

leached strongly, the relative amount of silicon increases therefore towards the surface while calcium 



  

and sulfur decrease. At a distance of 5 mm from surface, the phase assemblage seems to be not af-

fected by sulfate ingress anymore after 91 days of exposure. 
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Figure 2: TGA and DTGA curves of OPC and 

OPC_SF6 pastes after 1.5 years in Na2SO4  

 

Figure 3: EDX analysis of mortar OPC_SF6 after 

91 days of sulfate exposure 

After 1 year, the sulfate has penetrated the samples much further (Figure 5). The difference in sulfate 

uptake by the different cement pastes is striking. The sulfate level in OPC is more than doubled, even 

close to the center of the specimen, compared to the original SO3 content of 2.4 wt%. The sulfate con-

tent towards the core of the sample is even slightly higher for mortar OPC_C$H2 while the OPC 

seems to have more gypsum veins, also deeper in the sample. In contrast, the mortar OPC_SF12 is 

just affected to a depth of about 5 mm even after 1 year. 
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Figure 4: EDX profiles in mortar OPC after 

91 days of sodium sulfate exposure 
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Figure 5: SO3 profiles in mortar OPC, OPC_C$H2, 

and OPC_SF12 after one year of sulfate exposure. 

3.2 Thermodynamic modeling  

Using thermodynamic modeling, the oxide profiles of the different cement blends are calculated. Sul-

fate attack is mimicked by adding increasing quantities of sodium sulfate solutions to the cement. This 

approach is quickly calculated and has been proven to have a good qualitative agreement with meas-

urements but does not correlate with time and space (no true transport modeling; Lothenbach et al., 

2010). However, the overall characteristic of the oxide profiles are well described (Figure 6). The in-



  

teraction of the cement paste of a mortar specimen with sulfate solutions leads to the formation of a 

reaction front. The samples are leached at the surface. Gypsum and ettringite precipitate in surface 

near regions. Further within the sample the depletion of portlandite as well as the transformation of 

the AFm phases into ettringite is modeled as shown for similar cements elsewhere (Schmidt et al., 

2009). 

Figure 7 shows the calculated sulfate profiles for all cements. The peaks on the right hand side 

compare to the leached zone on the outside of the samples. Where the sulfate values exceed a value of 

about 13 to 14-% SO3, gypsum is predicted in the phase assemblages as indicated in Figure 7. The 

calculated profiles of the OPC and OPC_C$H2 are almost identical while the predicted gypsum mass 

for the silica fume cements decreases with an increase of silica fume. This agrees with the 

experimental results of the paste and mortar samples. 
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Figure 6: calculated sulfate, calcium oxide and silicon 

oxide profile (modeled with GEMS) 
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Figure 7: calculated sulfate profiles for the four 

different cements (modeled with GEMS) 

3.3 Comparison  

From thermodynamic calculations it is expected that an initial increase of calcium sulfate in the OPC 

stabilizes the ettringite during the hydration process (Lothenbach and Schmidt, 2009), leading to a 

densification of the microstructure. This agrees with the lower porosity determined by image analysis 

(Table 2). A lower porosity reduces the ingress of sulfate and thus slows down expansion. In addition, 

the formation of additional ettringite during early hydration lowers the amount of potentially 

expansive ettringite that can be formed during sulfate ingress thus also lowering the total expansion. 

This agrees with the observed lower expansion of mortar OPC_C$H2 compared to OPC (Figure 1). 

Blending of OPC with silica fume is calculated to lead to a reduced calcium to silicon ratio of the C-

S-H, slightly less ettringite (due to the dilution of the OPC), and to less gypsum precipitation (Figure 

7) as no portlandite is available. This agrees with the experimental findings. The observed lower 

expansion (Figure 1) could be due to lower coarse porosities of the OPC_SF mortars and therefore to 

much slower ingress of sulfate. In addition, the lack of easily accessible calcium in the phase 

assemblage limits the formation of gypsum and possibly also of ettringite thus leading also to a lower 



  

potential for expansion. Figure 7 indicates that the OPC has the potential to form the largest amount 

of gypsum while this is less pronounced in the other cements until one year of exposure. Table 2 

shows that the OPC has also the largest porosity. The expansion depends on both the chemical 

composition and on the permeability of the samples. The faster the sulfate can penetrate the samples, 

the larger the measured expansion is going to be, as long as sufficient reactants are present (mainly 

CaO and Al2O3). 

4. Conclusions 

Length changes of mortar bars stored in 5% sodium sulfate solution are determined. It could be shown 

that the response to sodium sulfate environment depends not only on the chemical composition but 

also on the permeability of the mortar. Higher initial calcium sulfate contents lead to a stabilization of 

more ettringite during early hydration so that less ettringite can be formed during sulfate ingress. The 

blending of OPC with silica fume leads to the formation of denser microstructures with less coarse 

porosity thus slowing down the ingress of sulfates. The presence of less portlandite intermixed with 

the C-S-H limits the formation of gypsum and ettringite and thus leads to a reduced amount of 

potentially expansive hydrates. It could be shown that the availability of calcium plays a mayor role in 

the response to sulfate attack.  
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Abstract 
Permeability of concrete depends of concrete’s microstructure and porosity, determines the rate of moisture release at 
normal and elevated temperatures, and has strong influence in the development of pore pressure within concrete at 
high temperatures. High performance concretes generally have lower permeability than normal strength concrete that 
leads to explosive fire induced spalling when are exposed to high temperatures.  
The present work has been developed under the collaboration of Group GIDAI from the University of Cantabria and 
CANDESA. An experimental methodology based on thermogravimetric methods has been proposed. The methodology 
permits the analysis of the moisture release rate of small concrete samples exposed to a fast unidirectional heating, by 
means of a conical frustum burner device. The chemical decomposition, thermal changes and mass loss at different 
temperatures were determined by thermogravimetric and differential scanning calorimetry analysis. For the analysis, a 
Case of Study is presented. A high strength self-compacting concrete made of calcareous aggregates was analyzed. 
Concrete mix was designed to achieve a compressive strength of 60 N/mm2 at 28 days. Two different types of synthetic 
fiber were used, in proportions that vary from 0.0 kg/m3 to 1.0 kg/m3. For mass loss rate analysis, samples of 100 x 100 
x 47 mm were mould and cast. Samples were kept aging for a minimum 90 days previous to the realization of the tests. 
Experimental works were conducted using a high precision load cell. The samples were exposed to a 50 kW/m2 heat 
flux for 60 minutes. Mass loss rate and temperatures in the exposed face were measured. The temperatures in the 
lateral face of the samples were also monitored using infrared thermography. 
 
Originality 
The underlying need for study, improvement and development of new types of concretes, capable to resist adequately 
the effects of the thermal stresses generated in buildings during a natural fire is a challenge of the highest scientific 
novelty and significance. This work shows the results of the collaboration between Group GIDAI from University of 
Cantabria and CANDESA to improve the behavior against fire of self-compacting and high strength concretes. 
While synthetic fibers like polypropylene have been used to reduce explosive spalling in concrete, the mechanisms 
underlying this benefit are not well understood. This is because only a few studies to date investigate the behavior of the 
fibers itself and the influence of heating on its molecular structures and its properties. 
Recent advances in Fire and Materials Science and Technology has enable the use of new test methods and tools, which 
allow to determinate the parameters that characterize the combustion and the behavior under thermal attack of 
materials. 
The present study proposes a methodology for the analysis of melting and vaporization process of fiber in raw form and 
as part of the concrete matrix and its influence in the moisture release mechanism of high strength self-compacting 
concrete at high temperatures.   
 
Chief contributions 
With this work, a preliminary approach to the analysis of the contribution of synthetic fiber to the moisture release in 
heated concrete has been made. Results obtained can help for the better understanding of the mechanism of synthetic 
fibers to prevent explosive spalling in high performance concretes.  
Results show that with the melting of the fibers, slightly changes occurred in the mass loss rate. Vaporization of the 
fibers increases the connectivity of isolated pores, leading to an increase in the moisture release rate.  
Data collected can be used as inputs into numerical and computational models for the prediction of concrete spalling in 
members with or without fibers subjected to fire exposure. 
The methodology proposed, based on small-scale test and thermogravimetry has shown to be effective for the analysis 
of different variables that influence the behavior against fire of high strength self-compacting concretes. 
 
Keywords: concrete, elevated temperatures, heat flux, moisture release, experimental program 
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Introduction 
 
Spalling is considered as one of the most serious phenomena that take place in concrete in case of fire. 
Spalling is not considered as a structural failure mechanism itself, but contributes to other mechanism 
like buckling, flexural etc. due to rapid losses of the net section of the element. The term spalling 
involves a series of phenomena related with the damage caused by the fire over the structure and 
includes surface spalling, aggregate spalling, corner spalling, explosive spalling and post-cooling 
spalling. Explosive spalling is the most severe and occurs in early stages of the fire due to the 
combined action of two main mechanisms: pore pressure and thermal stresses (Msaad, 2007, Zeiml 
and Lackner, 2007, Jansson, 2008, Gawin et al. 2006). 
Polypropylene fibres have proven to be an effective alternative to mitigate the explosive spalling on 
concrete exposed to high temperatures. However, the mechanisms that allow the relief of pore pressure 
generated in heated concrete are still under investigation. Also, studies to date have been focused on 
the behaviour of the composite fibre-concrete material instead of the study of the fibres itself and the 
influence of heating on its properties in relation of those introduced in concrete. 
Classical theories of pressure relief by mean of PP fibres include moisture and vapour migration 
during the melt stage of the fibres. However this theory is now under revision. Recent studies (Jansson 
and Bostrom, 2007, Khoury, 2008a, Khoury, 2008b, Khoury et al. 2009) have shown that due to the 
high viscosity of the molten fibres, the low affinity of fibres with concrete and the small size of the 
pore structure are unlikely that PP molecules can penetrate the pore structure of concrete. 
In the present work is proposed a methodology (Capote et al. 2010a, Capote et al. 2010b) to evaluate 
the effectiveness and the contribution of different types of fibres to the moisture release of self-
compacting high strength concrete exposed to high temperatures. The methodology is based on small 
scale mass loss calorimetry (Sarvaranta and Mikkola, 1994) and permits the simultaneous analysis of 
mass loss and temperatures. 
 
Experimental methodology 
 
1. Materials 
A high strength self-compacting concrete made of calcareous aggregates was analyzed. Concrete mix 
was designed to achieve a compressive strength of 60 N/mm2 at 28 days.  
Two different types of synthetic fiber were used, in proportions that vary from 0.0 kg/m3 to 1.0 kg/m3. 
 

Table 1: Dosages of the five concrete used 

Concrete G1 G2 G3 G4 G5 

Cement (%) 18.5 18.4 18.4 18.4 18.4 

Water (%) 7.0 7.2 7.4 7.2 7.4 

Fine Aggregate 
(%) 

47.3 47.2 47.1 47.2 47.1 

Coarse Aggregate 
(%) 

26.7 26.7 26.6 26.7 26.6 

Superplasticizer 
(%) 

0.4 0.4 0.4 0.4 0.4 

Viscosity 
modulator (%) 

0.1 0.1 0.1 0.1 0.1 

F1 (kg/m3) - 0.5 1.0 - - 

F2 (kg/m3) - - - 0.5 1.0 

 



Five different mix were designed, one without the addition of fiber, which was used as control, two 
mixes adding a new type of PP fiber specially designed to improve the fire behavior of self-
compacting concrete (adding 0.5 kg/m3 and 1.0 kg/m3) and two mixes using conventional PP fibers 
(addition of 0.5 kg/m3 and 1.0 kg/m3).  
To achieve the requirements of self-compactability a next generation of polycarboxylateether polymer   
superplasticizer was used plus a plasticizer to control viscosity. Table 1 shows the dosages of the five 
concrete studied.    
 
2. Sample preparation 
For the analysis, prismatic samples of 100 mm x 100 mm x 47 mm ± 3 mm were cast. Samples were 
kept in the moulds for 24 hours at a temperature of 23 ºC ± 2 ºC. After de-molding the samples were 
transferred to a chamber with controlled humidity and temperature (≥ 95 % RH and 20 ºC ± 2ºC) 
according to UNE-EN 12390-2:2009 until the age of 28 days, when were submitted to the Laboratory. 
After reception in Laboratory samples were prepared according to the test. Half of the samples were 
cover with a plastic film to avoid drying and the other half was place inside a climatic chamber at 60 
ºC and 25 % of relative humidity. The mass of the samples was monitored every 24 ± 2 hours until the 
constant mass criteria was achieved. 
Previous to the test, two holes of ϕ 2.5 mm and 45 mm of depth was drilled on the lateral face of the 
samples at a distance of 10 mm and 20 mm from the exposed face to insert two K type thermocouples. 
Other two thermocouples were place over the exposed face and in the rear face.  
 
3. Test method 
The proposed methodology is based on the simultaneous analysis of mass loss and temperatures 
experimented by concrete samples due to a radiant exposure. 
The burner device has an emissivity of 0.99 and operates at a maximum temperature of 1000 ºC. The 
heat flux is quasi-homogeneous over the exposed surface of the sample. The heat flux intensity can be 
adjusted from 1 to 100 kW/m2. This flux range allows reproducing different stages of the fire 
development. 
The energy transferred to the sample by radiation from the burner is determined by Eq. (1). 
 
q = A1F1→2σ(T1

4 – T2
4)          (1)  

 
Where: A1 is the area of the emissive surface, F1→2 is the view factor, T1 is the temperature of the heat 
source, T2 is the temperature in the exposed face and  is the Stefan-Bolztman constant. 
 
The test equipment includes a load cell with a precision of 0.1 grams and a measurement range from 
0.1 to 2350 grams, the burner and a sample holder.  
The samples were exposed to a heat flux of 50 kW/m2 during 60 minutes. Mass and temperature 
variation due to heat exposure are recorded with data acquisition equipment and transferred to a 
personal computer. Results are then processed to obtain the parametric graphs over time.  
 
Experimental Results and Discussion 
 
Polypropylene shows different phase changes as heated. In the range of (-10 ºC to 10 ºC) take places 
the crystalline phase transition of the molecule, followed by an endothermic fusion of the material that 
starts at 150 ºC and ends at 176 ºC. During this phase polypropylene becomes in a totally amorphous 
polymer. At 325 ºC starts the endothermic pyrolisis process.  
During this process the carbon skeleton is broken into small hydrocarbon molecules that are released 
in the form of gas. The peak of the process occurs at 460 ºC and ends at 475 ºC with the total 
vaporization of PP. 
According to the dosages and the size of the samples the mass of PP fibers inside the samples was 
estimated in 0.5 grams for the dosage of 1.0 kg/m3 and 0.25 grams for the 0.5 kg/m3 dosage.  



The position of the isotherm 475 ºC was estimated between 8 and 12 mm from the exposed face at the 
end of the experiment according to the temperature measurements and its represent between 1/5 and 
1/4 of the height of the sample. According to this analysis the mass of PP fibers that is loosed due to 
vaporization is 0.1 grams for the dosage of 1.0 kg/m3 and 0.05 grams for the dosage of 0.5 kg/m3 and 
can be ignored. 
Figures 1 – 5 shows the graphs of temperatures and mass loss rate versus time experimented by the 
five concrete studied during the calorimetry test for the different conditions of relative humidity 
analyzed. As shows in the figures, temperatures recorded in the tests with high moisture content are 
lower than temperatures reported in the test of the dried samples. 
 

 
Figure 1: Temperature and mass loss rate profiles obtained for G1 concrete during test. 

 
Figure 2: Temperature and mass loss rate profiles obtained for G2 concrete during test. 

 
Figure 3: Temperature and mass loss rate profiles obtained for G3 concrete during test. 



 
Figure 4: Temperature and mass loss rate profiles obtained for G4 concrete during test. 

 
Figure 5: Temperature and mass loss rate profiles obtained for G5 concrete during test. 

 
Figure 6 shows the effects of the addition of the different types and proportions of fibers on the 
average mass loss rate in comparison with the plain concrete. As is show in the figure, in the tests with 
high relative humidity were reported increments in the mass loss rate up to 325 % for the dosages of 1 
kg/m3 (G3 and G5). The increments in the mass loss rate reported in G3 was up to 36 mg/s of the peak 
value and an average increment of 5.2 mg/s during the first 1800 seconds of the tests. G5 experiments 
an increment of 32 mg/s of the peak value with an increment of 7.9 mg/s during the first 1800 seconds.  
In the test with low relative humidity no significant differences were appreciated.  
 

 
Figure 6: Influence of the addition of fibers on the mass loss rate compared to G1. 

During the first 1800 seconds of test G1 lose the 60.8% of the mass loss during test. With the addition 
of fibers the mass losses were 69.2 %, 76.3 %, 74.6 % and 79.6 % for G2, G3, G4 and G5. As 
expected samples with low moisture content do not report significant differences between the different 
types of concrete. G1 loss the 78.5 % of the total mass lost during the first 1800 seconds. G2, G3, G4 
and G5 losses respectively the 80.0 %, 80.8 %, 78.4 % and 78.7 %.      



Table 2 shows the results of the experimental program. 
 

Table 2: Test results 

Concrete Relative 
Humidity Test 

Mass 
Loss 
(g) 

Mass 
Loss 
(%) 

Max 
Mass 
Loss 
Rate 

(mg/s) 

Maximum Temperature 
(ºC) 

Exposed 
Face 

10 
mm 

20 
mm 

Rear 
Face 

G1 

95 %  
1 62.3 5.56 29 - - - - 

2 59.9 5.60 28 - - - - 

3 63.6 5.58 29 558.7 434.4 369.8 202.4 

25 % 
1 24.9 2.61 20 559.3 443.1 359.1 248.6 

2 26.5 2.57 21 - - - - 

3 25.6 2.59 21 - - - - 

G2 

95 %  
1 60.3 5.81 30 - - - - 

2 58.1 5.59 31 - - - - 

3 64.5 6.24 30 569.0 439.4 327.0 279.6 

25 % 
1 30.8 3.00 22 585.8 419.8 369.7 292.0 

2 29.4 2.83 24 - - - - 

3 27.5 2.85 24 - - - - 

G3 

95 %  
1 61.1 6.35 46 - - - - 

2 61.3 6.36 47 - - - - 

3 67.3 6.44 40 578.4 451.6 366.2 236.1 

25 % 
1 23.1 2.83 18 588.3 454.2 386.4 282.1 

2 27.0 2.82 15 - - - - 

3 23.8 2.77 16 - - - - 

G4 

95 %  
1 57.9 5.59 38 - - - - 

2 55.6 5.45 38 - - - - 

3 58.1 5.15 30 545.5 454.2 363.3 249.7 

25 % 
1 23.2 2.32 16 554.0 469.4 386.0 254.1 

2 22.0 2.16 13 - - - - 

3 19.1 1.94 13 - - - - 

G5 

95 %  
1 61.9 5.90 48 - - - - 

2 64.8 5.96 48 - - - - 

3 62.5 5.41 41 564.6 439.9 346.1 204.9 

25 % 
1 25.2 2.28 25 597.3 462.6 368.9 245.9 

2 24.1 2.40 29 - - - - 

3 25.3 2.50 27 - - - - 
 
Conclusions 
 
An experimental methodology for assessing of the moisture release in concrete exposed to high 
temperatures was presented in the present work. The test equipment used enables to determine, with a 
high precision, the evolution of temperatures, the mass loss and the mass loss rate experimented by the 
sample, due to the thermal exposure over the range of temperature analyzed.  
The initial moisture content plays an important role in the behavior of the material during tests 
retarding the increment of temperatures inside the material. 



Temperatures reported on the surface of the samples were slightly incremented as higher was the 
dosage of fibers so can be expected that fiber has a weak insulating effects. 
Results shows that the increments reported in the mass loss rate during the initial phase of the thermal 
exposure prior to PP vaporization reinforced the theory of the release of mass and vapor pressure 
through the mechanism of pressure induced tangential spaces. 
The methodology proposed, based on small-scale test and thermogravimetry has shown to be effective 
for the analysis of different variables that influence the behavior against fire of high strength self-
compacting concretes. 
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Abstract 

Calcium sulfoaluminate cements (CSA) have been known for several decades, but they have recently been considered as 

a promising low-CO2 alternative to Ordinary Portland cements and an opportunity for the wastes recycling. The key 

component of CSA cements is the compound calcium sulfoaluminate (C4A3$), due to its ability of generating ettringite 

when it reacts with water, lime and/or calcium sulphate.  

Various applications of these binders have been developed, for instance low-shrinkage, self-stressing and high early 

strength cements, depending upon the composition and on the reactivity of the cement.  

However the relationships between these factors and -mechanical properties have not been yet deeply studied in terms 

of mechanisms and kinetic of the hydration process and microstructure and composition of the resulting hydrated 

phases. In this study, both the hydration kinetic and products microstructure of an industrial CSA clinker were 

investigated. In particular the influence of the type of calcium sulphate (anhydrite and gypsum), the calcium sulphate 

addition and water/binder ratio on the hydration of CSA clinker have been exploited. The hydration kinetic is strongly 

influenced by the type of calcium sulphate, namely gypsum and anhydrite. The main differences are observed during the 

first day of hydration, in particular in the first 8 hours. The high solubility of gypsum leads to a rapid formation of 

hydrates in an amorphous form that lead to a more dense paste in the first 24 hours and to a high compressive strength.  

The slow dissolution kinetic of anhydrite favours the formation of a well crystallised ettringite network that lead to a 

rapid paste plasticity loss (lower setting time) and to the formation of a less dense paste with lower compressive 

strength. At later ages (2, 7 and 28days) the degree of hydration results to be similar in both the samples as the 

microstructure of the paste. The compressive strength is as a consequence similar, but some differences in the shrinkage 

behaviour are observed. Monosulfate is formed only after 2 days of hydration, when calcium sulphate is consumed. The 

presence of strätlingite was observed only in the case of low amount of calcium sulphate and high w/c ratio.  

                    
Originality 
Sulfoaluminate cement are widely used for different applications, but the hydration mechanism and products have not 

been so deeply studied. Only few works are available in the literature on this topic, and nor of them have explored at 

the same time the effect of w/c ratio and the calcium sulphate addition. Moreover in this work a relationship between 

the hydration process kinetic, the microstructure and composition the resulting hydrated phases and the physical 

mechanical properties has also been stated.  

                    

Chief contributions  

The results of this work emphasize the importance of the calcium sulphate reactivity on the hydration kinetic of CSA 

cements giving useful information on the hydration process and hydration products and their relationship with the 

physical-mechanical properties.  

This work lays the foundations of further studies on more complex systems containing CSA (CSA+Portland cement, 

CSA+admixtures). 

 
Keywords 

Calcium sulfoaluminate cement, calcium sulphate, hydration products, mortar properties 



INTRODUCTION 

 

The hydration of CSA depends mainly on the amount and reactivity of the added calcium sulphate (Sahu et 

al., 1991, Pera et al., 2003) as well as on the kind of minor phases present. In comparison to ordinary 

Portland cements, cements based on CSA react faster, and most of the hydration heat evolution occurs 

between 2 and 12 h of hydration [Zhang&Glasser, 1999]. As main crystalline hydration products ettringite 

and monosulphate are formed together with amorphous aluminium hydroxide (see reactions below): 

 

C4A3$ + 2C$ + 38H ↔ C6A$3H32 + 2AH3             (1) 

C4A3$ + 18H ↔ C4A$H12 + 2AH3       (2) 

 

Depending on the other phases present in CSA cements, various other hydration products may occur, such as 

C-S-H phases, monocarboaluminate, stratlingite, gibbsite or hydrogarnet. In particular, the reaction of 

ettringite formation when lime is available becomes: 

 

C4A3$ + 2C$ + 6CH + 74H ↔ 3 C6A$3H32        (3) 

 

Microstructural investigation revealed mainly the formation of large space filling ettringite needles, together 

with monosulphate, aluminium hydroxide and calcium silicate hydrates, leading to a very dense, low-

porosity microstructure. Compared to OPC, CSA cements reach higher early an late strengths. Their strength 

and volume stability depends on the kind and amount of the calcium sulphate added. Durability e.g. sulphate 

and carbonation resistance, seems to be sufficient. Besides the use as binder for mortar or concretes, the main 

applications of CSA are on one hand as expansive compound in shrinkage-compensated cements or as 

addition to special concretes like high early strengths concrete, self-levelling screeds, dry shotcrete 

applications (Pera&Ambroise, 2003, Georgin et al., 2008). 

In order to better understand the hydration mechanisms of CSA cements the hydration process and products 

with two different sulphates additions with a different solubility have been considered during this study. 

The influence of the calcium sulphate content has been also explored as the effect of the water to cement 

ratio. 

 

MATERIALS AND METHODS 
 

The samples were prepared using a commercial CSA clinker and two different calcium sulphates, a synthetic 

anhydrite and a natural gypsum. Two stoichiometric mixtures were prepared using the two calcium sulphate 

in order to obtain a SO3/Al2O3 molar ratio equal to 0.78 according to reaction (1) (samples A15_s and 

G18_s). For evaluating the effect of the calcium sulphate content on the hydration mechanism, mixtures 

containing  anhydrite or gypsum were prepared in order to obtain SO3/Al2O3 molar ratios from 0.5 to 1.0. 

The chemical composition of CSA was measured by X-ray fluorescence (XRF) and free lime content was 

determined according to Franke method. The mineralogical composition of CSA was obtained by X-ray 

diffraction (XRD)/Rietveld analysis (table 1). 

In order to study the hydration process, in particular the hydration products formed at the different steps, 

different pastes have been prepared for the different samples at 20°C with a w/c ratio varying from 0.3 to 0.7. 

The hydration process of all the samples was examined by heat flow curves obtained by conduction 

calorimetry with an apparatus according to Cembureau test method (1977) where 10g of samples were mixed 

with water for 1 minute and the heat evolution was followed up to 60 hours. 

In order to examine the hydration products, the hydration was stopped at the different ages crushing the  

pastes in a cyclohexane solution and then dried at 40°C for 12 hours.  

A 10% of internal standard (Rutile. TiO2) was added for XRD samples in order to quantify also the 

amorphous part of the sample (De la Torre et al., 2001). XRD data were collected with a Bruker D8 Advance 

diffractometer in a θ−θ configuration using a Cu Kα radiation equipped with a LinxEye detector. The data 

were collected from 5° to 70° 2θ and analysed by Rietveld method using the TOPAS Software (Bruker AXS, 

2003). The quantitative results have been normalised to 100g of dry cement, considering the bound water 

content obtained by TGA. The error for XRD/Rietveld results is considered the same found in previous 

works about the OPC hydration (Scrivener et. al., 2004). The TGA analyses were performed with a Mettler 

Toledo TGA/SDTA 851
e
 in N2 atmosphere at a heating rate of 5°C/minute up to 550°C. For scanning 

electron microscopy (SEM) the hydration was stopped always in a cyclohexane solution but not crushing the 



sample and then stored at 40°C for 2 days in order to study the microstructure of the paste and the 

morphology of the hydration products. The microscope was a LEO 1450VP equipped with a EDX system for 

semi-quantitative analyses. For the porosimetric analysis, the samples were dried in a vacuum oven for 12 h 

at 20°C and porosimetry evaluated by using a Thermo Electron Porosimeter PASCAL 240. 

For the setting time determination, tests were performed according to EN196-3, but with a fixed w/c ratio 

equal to 0.35. The compressive strength on mortar have been performed according to EN196-1 by 

demoulding the prisms after 4h and placed in a humidity chamber at 20°C and 98% relative humidity until 

24h. After this time, prisms were stored in tap water at 20°C. 

 

Table 1: Chemical analysis and mineralogical composition of the CSA sample. 

L.o.I. 

CaO 

free SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O SrO P2O5 TiO2 

0.46 0.4 6.88 34.18 0.99 39.94 0.7 14.33 <0.08 0.35 0.35 0.19 1.38 

C4A3$  

(Calos et al., 1995) 

α’C2S  

(Mumme et al. 1995) 

β C2S  

(Jost et al., 1977) 

Anhydrite  

(Hawthorne et al., 1975) 

CT  

(Kay et al., 1957) 

65.2 12.3 8.7 9.8 4.0 

 

RESULTS AND DISCUSSION 

  

Calorimetry 
The heat evolution curves of CSA clinker is strongly influenced by the calcium sulphate addition (Figure 1). 

The pure clinker exhibits a very intense peak in the first minutes of hydration. During this stage, as for 

Portland cement, there is a rapid dissolution of ionic species and the first hydrates formation. After the first 

period of fast hydration, the overall hydration rate slows down (induction or dormant period). An 

acceleration of the hydration process is observed between the first and the second hour and a second heat 

flow maximum occurs after 24 hours. The addition of anhydrite and gypsum lead to a different behaviour. 

For anhydrite containing samples, independently of the amount of anhydrite, the induction period is shorter 

(50-60 min) and the hydration of CSA is accelerated. Only for a SO3/Al2O3 molar ratio equal to 1, the heat 

flow maximum is delayed after 2.5 hours. The intensity of the first heat flow maximum increases with 

increasing the amount of anhydrite while the second peak disappears when the SO3/Al2O3 molar ratio is 

higher than the stoichiometric one, that is when an excess of sulphate occurs. For all the gypsum containing 

samples, the induction period is longer (more than 2 hours) and depends on the gypsum content. The peak of 

hydration occurs after 3 hours and, apart for the lowest gypsum addition, a second maxima or shoulder 

appears at 7 hours. Also in this case, the increasing of SO3/Al2O3 molar ratio lead to an acceleration of the 

hydration process; the intensity of the first peak increases and the second heat flow maximum occurs at 

shorter ages, disappearing when the SO3/Al2O3 molar ratio is higher than the stoichiometric one. 
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Figure 1 Influence of calcium sulphate addition on hydration heat flow of CSA pastes (w/c=0.5) a) anhydrite b) gypsum 

 

XRD and TGA 

The effect of the different calcium sulphate was investigated by XRD and TGA on the two stoichiometric 

samples. The main peak observed by calorimetric analysis seems to be related to the formation of crystalline 

ettringite (at 85 min for A15_s and at 3.5 h for G18_s). The second peak at 39 h for A15_s seems also to be 

a) b) 



due to the first reaction of the silicate phases (α’ and β C2S). For G18_s it seems that silicates start to react 

already in the first hydration steps. The presence of strätlingite (C2ASH8), due to the reaction between C2S 

and AH3 (Winnefeld&Lothembach, 2009) is observed only on the CSA sample (without calcium sulphate 

addition) with a w/c ratio 0.6 and 0.7 (figure 3); only in this situation, the strätlingite formation is permitted 

at earlier ages. The C2S degree of hydration is decreased by decreasing the w/c ratio (figure 4), due to the  

lack of water as a CSA needs more water than an OPC for its complete hydration. The main differences 

between the two samples are observed during the first two days of hydration. According to XRD results 

(table 2 and 3), the degree of hydration is higher for the sample with gypsum in the first 48 hours, after this 

period the degree of hydration results to be similar. This observation is confirmed by TGA. In fact the weight 

loss results to be higher for G18_s than A15_s up to 2 days. Another important difference is observed in the 

different development of ettringite and amorphous phase in the first two hours. In fact the ettringite content 

results to be higher for A15_s while the amorphous phase result to be higher in G18_s. Also this observation 

is confirmed by TGA, where the total weigh loss after 3 hours results to be similar, but the peak between 

100-150°C due to ettringite results to be higher for A15_s than G18_s. These differences (in the hydration 

degree and amorphous phase content) can be linked to the higher solubility of gypsum that lead to a higher 

amount of sulphates at disposal favouring the C4A3$ reaction; the high reaction rate certainly favour more 

the nucleation process rather than the growth process of ettringite, that lead to the formation of “amorphous” 

ettringite (or not detectable by XRD) (Ogawa&Roy, 1982).  

Table 2. Normalised Rietveld results for the sample A15_s at different ages – w/c = 0.5  

Time 0 5 min 40 min 85 min 3 h 39 h 2 d 7 d 28 d 

C4A3$ 55.4 53.8 47.6 44.2 40.7 16.0 15.2 12.6 11.0 

Anhydrite 24.1 22.9 21.3 20.5 18.8 8.5 8.1 6.4 5.7 

α’C2S 10.6 10.3 10.5 10.7 10.9 7.6 8.0 6.7 5.6 

β C2S 6.8 4.9 5.5 4.8 4.6 4.5 4.0 4.4 4.5 

CT 3.1 3.3 2.7 3.1 2.8 2.5 2.4 2.0 2.1 

Ettringite
* 
 0.0 6.8 9.4 17.4 21.8 37.5 43.0 47.8 49.0 

Amorphous 0.0 0.4 8.5 9.0 12.5 40.5 40.1 44.1 47.0 
*
(Goetz-Naunhoeffer and Neubauer, 2006) 

 

Table 3. Normalised Rietveld results for the sample G18_s at different ages – w/c = 0.5 

Time 0 5 min 85 min 3,5 h 6,5 h 2 d 7 d 28 d 

C4A3s 54.1 40.0 37.8 26.0 21.9 11.6 12.9 11.3 

Anhydrite 10.2 7.4 6.4 6.1 6.3 5.1 4.4 3.9 

Gypsum
&
 16.2 10.2 10.8 3.9 4.0 3.7 2.9 3.1 

α’C2S 10.4 8.6 8.0 8.5 8.8 7.5 8.0 7.1 

β C2S 6.1 4.8 4.8 4.9 4.8 5.2 5.0 4.7 

CT 3.0 3.0 2.7 2.6 2.5 2.6 2.8 2.2 

Ettringite 0.0 4.6 4.5 26.8 33.3 49.0 53.3 53.4 

Amorphous 0.0 23.8 30.5 33.8 34.4 37.3 43.4 51.9 
&
(Pederson, Semmingsen, 1982) 

 

 

 

 
Figure 2 Relative weight loss for sample and DTG curve after 3h, 1, 2, 7, 28 days of hydration at w/c = 0.5 for a) A15_s 

and b) G18_s ; AFt=ettringite; AFm=monosulfate; AH3=aluminium hydroxide; G=Gypsum 

a) b) 
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Figure 3. XRD of CSA pastes at 2, 7 and 28 days with 

w/c=0.5 (thin line), w/c=0.6 (bold line) and w/c=0.7 

(dotted line) ; St=stratlingite; AFt=ettringite; 

AFm=monosulfate 

Figure 4. C2S degree of hydration in  A15_s sample for 

different w/c ratio (time in logarithmic scale) 

 

Scanning electron microscopy and porosimetry 
The comparison between the two samples shows in the first minutes of reaction a different hydration 

mechanism (figure 7). For the sample A15_s, at 40 min, the ettringite appears well crystallised with a needle-

like form. This corresponds to the paste plasticity loss (final setting time in table 7).  At 85 min, in 

correspondence of the heat peak observed by calorimetric analysis (see figure 1), ettringite crystals starts to 

join forming an ettringite network. This observation is in agreement with other studies (Zhang&Glasser, 

1999). At the later ages, ettringite, AFm, AH3 and C-S-H continue to form filling the network to make the 

cement paste progressively denser. For the sample G18_s, in the first minutes (up to 85 min), the hydrates 

appears as compacted little crystals (< 1µ), probably “amorphous” ettringite (Ogawa&Roy, 1982). After 6 

hours, in correspondence of the main peak of hydration, a formation of well developed ettringite crystals in a 

dense surrounding matrix is observed. After 2 days, the two samples show a similar compacted structure of 

the cement paste; a re-crystallisation of gypsum is observed for the sample G18_s.  

The differences in the hydration mechanisms of the two samples lead to a completely different porosity 

evolution (figure 5 and 6). In fact for the sample A15_s, a higher total porosity with a big pore size (800 nm) 

is observed in the first steps of hydration (3h) while the G18_s sample shows a closer porosity with a 

bimodal distribution of pores at 800 nm and 30-40 nm size. 

The pores lower than 100 nm are usually due to hydration products, confirming the higher degree of 

hydration at 3h of sample G18_s.The total porosity is higher for the sample A15_s also at 1 and 2 days, with 

a similar pore distribution. At 7 and 28 days the total porosity and pore distribution result to be similar for 

the two samples with a pore size lower than 20 nm.  
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Figure 5 Evolution of the total porosity (w/c=0.5) for a) A15_s and b) G18_s   
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Figure 6 Pore size distribution at different ages of hydration (w/c=0.5) for a) A15_s and b) G18_s  

 

  

  

  
Figure 7 SEM images of FL 15 hydrated for 40 min (a), 85 min (b) and 2 days (c) and GL 18 hydrated for 85 min (d), 

6h (e) and 2 days (f) with a w/c=0.5 

 

Compressive strengths  

The strength evolution results perfectly reflects the different hydration process (table 4).  

The anhydrite containing sample shows shorter setting times (both initial and final) than gypsum containing 

samples. This behaviour can be linked to the more rapid formation of ettringite skeletons that brings to the 

loss of paste plasticity. The strength at early ages (8h and 1d) is higher for the sample with gypsum (ten 

times higher at 8h, 3 times higher at 1 d for the G8_0.6 and G18_s). In fact, the presence of a more soluble 

gypsum form, lead to the formation of amorphous ettringite; the resulting paste is denser with a low porosity 

a) t=40 min 
 

d) t=85 min 
 

b) t=85 min 
 

e) t=6 h 
 

c) t=2 days 
 

f) t=2 days 
 

a) b) 



and a higher strength. On the contrary, in the sample with anhydrite, an ettringite network, progressively 

filled by other hydrates, is formed, and the paste results to be less dense with a higher porosity and larger 

pore radius. At later ages, 2, 7 and 28 days, the two samples show a similar strength, confirming that the 

differences in the hydration mechanism between the two samples happen only in the first day of hydration.  

 
Table 4. Mechanical tests for the samples with varying the calcium sulphate content and type (w/c=0.5) 

 CSA A4_0.5 A8_0.6 A15_s A18_0.9 G4_0.5 G8_0.6 G18_s 

Initial Setting time (min)    26    38 

Final Setting time (min)    36    71 

8 h (MPa) 1.0 1.7 1.9 2.7 3.1 5.6 19.7 23.2 

1 d (MPa) 3.6 6.6 9.5 18.5 22.2 24.3 49.7 48.2 

2 d (MPa) 35.6 42.3 50.2 51.1 51.4 62.8 58.3 53.9 

7 d (MPa) 74.7 77.9 78.8 66.6 66.9 75.4 64.6 63.4 

28d (MPa) 80.0 84.2 80.4 74.5 73.4 76.0 67.7 71.5 

 

CONCLUSIONS 

 

From the present experimentation, the hydration kinetic of CSA results to be affected by the presence of 

calcium sulphate with different solubility. The strong differences are mainly observed during the first day of 

hydration, in particular in the first 8 hours. The addition of gypsum leads to a rapid formation of ettringite 

probably in an amorphous form (not detectable by XRD) and to a more dense paste in the first 24 hours with 

as a consequence a higher compressive strength. In contrast to gypsum, the slow dissolution kinetic of 

anhydrite favours the formation of a well crystallised ettringite network that leads to a rapid paste plasticity 

loss (lower setting time) and to the formation of a less dense paste lowering the compressive strength. At 

later ages (2, 7 and 28days) the degree of hydration and the microstructure of the pastes result similar leading 

to similar compressive strength. The increasing of calcium sulphate content favours the hydration of CSA 

and the ettringite formation, hindering the formation of monosulfate and strätlingite. The increasing of w/c 

ratio do not affect the CSA hydration at the first step of hydration. An higher degree of hydration, also of the 

silicate phases, was observed at 7 and 28 days.  
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Abstract 

In this study, a new approach for the evaluation of the effectiveness of pozzolanic and blastfurnace cements against 
Alkali-Silica Reaction (ASR) in concrete is proposed. This approach is based on the concepts of the Threshold Alkali 
Level (TAL) of the aggregates and the driving force (∆ASR) for ASR development. The TAL is defined as the minimum 
concrete alkali content above which deleterious ASR expansion is developed by a specific aggregate. The ∆ASR is 
defined as the concrete alkali content exceeding TAL. Thus, it is possible to derive a performance parameter specific for 
every blended cement, represented by the tolerable driving force (∆tol), i.e., the maximum concrete alkali content 
exceeding TAL that does not produce deleterious expansion. Such an approach was validated experimentally through 
different sets of expansion tests on concrete mixes made with four Italian blended cements conforming to EN197-1 (two 
pozzolanic cements made with natural pozzolana, one pozzolanic cement with siliceous fly ash, one blastfurnace 
cement) and three Italian aggregates of different alkali reactivity (TAL). Three different concrete expansion tests were 
used: the expansion test at 38°C and 100% R.H., the accelerated expansion test at 60°C and 100% R.H., and a new 
ultra-accelerated expansion test in alkaline solutions at 150°C. The experimental results indicate that: 1) the tolerable 
driving force, ∆tol, is a suitable parameter for qualifying the efficacy of blended cements against ASR; 2) the cements 
tested in this study are very effective in counteracting deleterious ASR expansion, being all characterized by very high 
∆tol values (2.9 – 4.6 kg Na2Oeq/m

3); 3) there exists a good correspondence between the ∆tol values determined with the 
three concrete expansion tests; 4) the ultra-accelerated concrete expansion test in alkaline solutions at 150°C has 
proved to be a rapid and reliable test method for evaluating the effectiveness of blended cements against ASR.  

 
Originality 
The practical experience points out that it is difficult, on the basis of the results of standardized laboratory tests, to 
make a reliable prevision of the potential development of the ASR in concrete. This paper describes a new approach for 
the evaluation of the effectiveness of pozzolanic and blastfurnace cements against ASR, based on the determination of 
three original parameters: the Threshold Alkali Level (TAL) of the aggregate, the driving force (∆ASR) for the ASR 
occurrence in concrete, and the tolerable driving force (∆tol) qualifying the efficacy of the cement. In the context of the 
research, a new ultra-accelerated method on concrete has been studied and validated through a comparative 
assessment with the standardized methods. 
 
Chief contributions 

1) Theoretical background of the original methodology  
2) Experimental testing procedures for the determination of the parameters on which the methodology is based 
3) Validation of the methodology through testing procedures on industrial cements 
4) Definition and validation of a ultra-accelerated test method, lasting three weeks, for the assessment of the 

occurrence of ASR in concrete 

Keywords: Alkali-silica reaction, concrete expansion test, tolerable ASR driving force, blended cement qualification. 
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1. Introduction 
 
Deterioration phenomena due to expansive alkali-silica reaction (ASR) in concrete made with 
aggregates containing alkali-reactive silica and showing no pessimum effect are linked to the alkali 
content of the concrete, the reactivity level of the aggregates and the relative humidity and tensional 
status of the built structure. In unconfined ASR-affected concretes, the higher the reactivity of the 
aggregate and the larger the alkali content of the concrete, the greater will be the free expansion. 
It is recognized that, when using ASR-susceptible aggregates, three are the key criteria that can be 
adopted upon mix design to prevent, or at least minimize, deleterious ASR expansion: i) limiting the 
alkalinity of the pore solution of the cementitious matrix by using low-alkali cements or cements 
containing supplementary cementing materials (SCM), such as natural pozzolana, coal fly ash, 
ground-granulated blastfurnace slag, condensed silica fume; ii) limiting the expansivity of the ASR gel 
by modifying its nature through the use of lithium compounds (Tremblay et al. 2010); iii) conforming 
to a numerical limit with respect to the available alkali content of the concrete. 
At present, the most widely adopted prevention criterion entails the use of cements containing SCM 
which, for the sake of brevity, are herein indicated as blended cements. 
The effectiveness of blended cements is basically linked to the type and content of the SCM but 
cannot be predicted theoretically, so that rapid and reliable performance tests are necessary. Presently, 
the only standardized test method is the ultra-accelerated ASTM C1567 mortar bar test (ASTM 2004) 
that is aimed at evaluating aggregate-blended cement combinations and that, in several cases, appears 
to be too severe. 
The present paper describes an innovative methodological approach to qualifying blended cements 
with regard to alkali-silica reaction. This approach is based on: i) the execution of expansion tests on 
concrete prisms under accelerated conditions (38°C and 100% R.H. (RILEM 2000)), and under ultra-
accelerated conditions (60°C and 100% R.H. (Nixon and Lane 2006) or by immersion in alkaline 
solutions at 150°C (Berra et al. 2005)), and ii) processing of the test results through the use of 
innovative reactivity parameters, such as the Threshold Alkali Level (TAL) of the aggregate and the 
driving force for the deleterious expansion process, ∆ASR. 
 
 
2. Theoretical aspects 
 
The theoretical approach aims at defining a specific quality parameter for blended cements, such as the 
tolerable driving force, ∆tol , based on the reactivity parameters TAL and ∆ASR (Berra et al. 2003).  
The TAL parameter is a measure of the alkali-reactivity of an aggregate in terms of the available alkali 
content of concrete, Lac (kg Na2Oeq/m

3), beyond which deleterious expansion occurs. The TAL value 
can be determined from a set of expansion tests on Portland (CEM I) or limestone-Portland (CEM 
II/A-LL) cement concretes made with the test aggregate at different values of the available alkali 
content of concrete Lac. Specifically, the TAL is the Lac value at which the expansion level, at the 
ultimate testing time, is equal to the limit set for the test. The lower the alkali-reactivity of aggregate, 
the higher the TAL. 
The driving force ∆ASR (kg Na2Oeq/m

3) can be generically expressed as: 
 
∆ASR = Lac max – TAL – ∆Lac     (1) 
 
with:    Lac max = Lacn+ Smax    (2) 
 
and: ∆Lac = ∆Lacn+ ∆Rac    (3) 
 
In the above equations, the term Lac max (kg Na2Oeq/m

3) represents the available alkali content of the 
concrete, which is obtained by summing the natural available alkali content, Lacn, and the maximum 
supplementary alkali input into the concrete, Smax, from other internal or external sources.  



Lacn is calculated on the basis of the weight composition of the concrete mix and the available alkali 
content of the various mix components, excluding the aggregate. The maximum supplementary alkali 
input, Smax, including any possible alkali release from the aggregate, cannot be easily forecast. Usually, 
a conservative value of 1.5 kg Na2Oeq/m

3 is assumed for the term Smax (BCA 1999).  
The term ∆Lac (kg Na2Oeq/m

3) is the actual reduction in the available alkali content of the concrete that 
is linked to the incorporation of an alkali aliquot (∆Rac) by the pozzolanic and/or hydraulic reaction 
products of the supplementary cementing material. Moreover, it takes into account the variation of Lacn 
(∆Lacn) as a result of the replacement of a Portland cement aliquot with the SCM. 
The ∆Lac value basically depends on the nature and content of the SCM used and is obviously equal to 
zero for Portland cement concretes (∆Lacn= 0; ∆Rac = 0).  
The ability of blended cement to counteract ASR expansion can be expressed through a parameter 
called tolerable driving force, ∆tol (kg Na2Oeq/m

3), which represents the maximum driving force at 
which no deleterious expansion is generated. This parameter can be defined as the ∆ASR decrease 
resulting from replacement of Portland (or limestone-Portland) cement with blended cement in 
concretes made with fixed Lac max and TAL values. Thus,  from equation (1) ∆tol can be expressed as: 
 
 ∆tol   = ∆Lac      (4) 
 
For a blended cement concrete having the maximum tolerable available alkali content, Lac max 0, at 
which no deleterious expansion is generated (∆ASR = 0), the combination of eqs. (1) and (4) yields: 
  
∆tol   = Lac max 0 – TAL      (5) 
 
where ∆tol corresponds to the maximum alkali content of concrete exceeding TAL, that does not 
produce any deleterious ASR expansion. Thus, ∆tol represents a suitable parameter for evaluating the 
effectiveness of blended cement against ASR: the higher ∆tol value, the greater the effectiveness of a 
specific type of blended cement. 
The ∆tol value can be determined experimentally from expansion tests carried out on concretes made 
with the specific blended cement at different available alkali contents Lac (Lac ≥ Lacn through NaOH 
addition to mixing water), i.e. at different values of the driving force ∆ASR, calculated as the difference 
between Lac and TAL. The ∆tol parameter is obtained as the ∆ASR value (corresponding to Lac max 0 –
TAL (eq.(5)) at which the expansion level of concrete is equal to the limit of non-deleterious 
expansion as set by the test method (see Table 2).  
 
 
3. Experimental  
3.1 Materials and methods 
 
In this study, three natural aggregates with different alkali reactivity levels were used and designated 
by letters A, B and C. These aggregates came from Italian quarries and were available in both coarse 
and fine size. Aggregate A consisted of sedimentary carbonatic rocks and sandstones with chert as the 
main alkali-reactive phase. This aggregate was classified as Class III (very likely to be alkali-silica 
reactive) according to the RILEM AAR-1 petrographic method (RILEM 2003). Aggregate B consisted 
of medium-to-fine grained sedimentary carbonatic rocks, mono- or polycrystalline quartz rarely 
showing undulatory extinction and chert; this aggregate, too, was classifiable as Class III. Aggregate C 
consisted of a very altered feldspatic effusive rock, featuring a vitreous bottom mass, and was 
classified as Class I (very unlikely to be alkali-reactive).  
Four blended cements, produced in Italy and conforming to EN 197-1, were investigated: two 
pozzolanic cements containing natural pozzolana, type CEM IV/B (P) 32.5R, marked as CEM 
IV/B(P)1 and CEM IV/B(P)2; a pozzolanic fly-ash cement CEM IV/A (V) 32.5R; a blast furnace 
cement CEM III/B 42.5N. The reference cement was limestone-Portland cement CEM II/A-LL 42.5R, 



representing one of the most widely diffused types of cement in Italy today. Table 1 shows the 
reactivity characteristics, in terms of TAL value, of the aggregates and the alkali contents (total and 
available) of aggregates, blended cements, and concretes investigated. 
 
 
Table 1: Alkalis contents of aggregates, blended cements and concretes (Lacn), and TAL values of aggregates  

Material Total alkalies (%) 
 Na2O         K 2O       Na2Oeq 

Available alkalies (%) 
Na2O       K 2O       Na2Oeq 

TAL  
(kg Na2Oeq/m

3) 
Lacn 

(kg Na2Oeq/m
3) 

Aggregate A 1.07 0.89 1.65 0.043 0.009 0.049 6.0 - 

Aggregate B 0.16 0.07 0.21 0.030 0.004 0.033 3.9 - 

Aggregate C 2.49 1.05 3.18 0.031 0.008 0.036 9.0 - 

CEM IV/B(P)1 1.02 1.97 2.32 0.47 0.93 1.08 - 4.75 

CEM IV/B(P)2 0.32 2.85 2.20 0.25 1.31 1.11 - 4.88 

CEM IV/A(V) 0.30 0.80 0.83 0.21 0.63 0.62 - 2.73 

CEM III/B 0.41 0.42 0.69 0.32 0.40 0.58 - 2.55 

CEM II/A-LL 0.44 0.84 0.99 0.42 0.83 0.97 - 4.27 

 
 
The available alkali contents of cements were calculated considering a 100% alkali release for clinker 
and limestone, and by using the available alkali content of the SCM, the latter being determined with 
the ASTM C311 test method (ASTM 2002). For the aggregates, RILEM AAR-8 test method was used 
to determine the available alkali content (RILEM, draft 2005). 
A total number of 38 concrete trial mixes  were made with different available alkali contents, Lac: two 
or three values of Lac (Lac ≥ Lacn ) for aggregate A (Lacn of Table 1, 4.5 and 5.5 kg Na2Oeq/m

3) , three 
values for B (Lacn, 5.5 and 7.2 kg Na2Oeq/m

3), and two values for C (Lacn and 7.5 kg Na2Oeq/m
3). The 

preset Lac values had been obtained by adequate additions of NaOH to the mixing water as an 
integration to the Lacn value calculated as described in paragraph 2. The aggregate gradation and mix 
proportions were those specified in the RILEM AAR-3 method (cement content = 440 kg/m3; free 
water/cement weight ratio = 0.50).  
From each batch, three triplets of prismatic specimens, 75x75x250 mm in size, were obtained. After 
undergoing preliminary curing, each triplet was subject to a series of expansion tests at 38° or 60°C 
and 100% R.H. or in alkaline solutions at 150°C. Table 2 summarizes test durations as well as the 
expansion criteria adopted for the three test methods in the case of blended cement concretes. 

 
 

Table 2: Test conditions and criteria adopted for testing blended cement concretes 

Test method Pre-curing  
20°C and R.H.>95%    alkaline solution at 20°C 

Expansion limit and test 
duration 

38°C; 100% R.H. 4 days* - 0.04% after 2 years (CSA, 
2000) 

60°C; 100% R.H. 4 days* - 0.03% after 150 days  

Immersion in alkaline 
solutions at 150°C 

3 days* 1 day 0.12% after 21 days of 
immersion at 150°C  

*This time includes 1 day of curing within the moulds 



 
3.2 Results and discussion 
 
Concrete expansion values were recorded at different ages as a function of test duration: weekly data 
were collected for the method at 150°C and weekly/monthly data were gathered for the methods at 38° 
and 60°C. Based on the expansion-time plots (not reported here) related to the various types of 
concrete (type of aggregate and/or cement, alkali content Lac) tested with the three methods, the 
expansion values (Eut %) corresponding to the ultimate time specified in each method were obtained.  
For each type of cement and test method, the Eut % values were plotted as a function of the driving 
force ∆ASR, using the TAL values given in Table 1. 
Figure 1 shows the Eut % - ∆ASR regression curves related to the limestone-Portland cement tested with 
each aggregate and test method investigated. The horizontal dotted lines in the figure indicate the 
expansion limits adopted for the three test methods. These limits are identical to those specified in 
Table 2, except for the expansion test at 38°C (0.04% after 1 year in place of 2 years). 
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Figure 1: Effect of ASR driving force on the ultimate expansion of concrete made with cement CEM II/A-LL  
 
 
As can be seen, for each test method, it is possible to derive a univocal relationship between the 
ultimate expansion and the driving force for the three aggregates used. Moreover, the resulting curve 
intersects approximately the horizontal line corresponding to the expansion limit at the point on the 
abscissa where ∆ASR= 0. Therefore, these data prove the validity of the methodological approach 
proposed here, based on the reactivity parameters TAL and ∆ASR (eqs. (1)-(5); ∆tol = 0).  
Figures 2(a)-2(d) show the Eut % - ∆ASR regression curves related to the four types of blended cements 
tested, along with the expansion limits adopted for the three test methods (Table 2). 
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Figure 2: Effect of ASR driving force on the ultimate expansion of concretes made with blended cements 

 
 

The data in Figures 2(a)-2(d) confirm that, whatever the aggregate type, a univocal relationship exists 
between Eut % and ∆ASR for each type of blended cement and test method considered. These data also 
highlight the effectiveness of the four cements in preventing deleterious ASR expansion. 
It can actually be noticed that, for concretes made with a given type of blended cement, deleterious 
expansion (Eut% > expansion limit) shows up at driving force ∆ASR values definitely greater than zero, 
and this in contrast with what has been observed for limestone-Portland cement concrete (Fig. 1). The 
tolerable driving force, ∆tol, for each type of blended cement and test method was obtained from 
Figures 2(a)-2(d) according to the procedure described in paragraph 2. The ∆tol values thus obtained 
are given in Table 3. 
 
 

Table 3: Tolerable ASR driving forces ∆tol of blended cements investigated  

Test method ∆tol (kg Na2Oeq/m
3) 

 CEM IV/B(P)1  CEM IV/B(P)2  CEM IV/A(V)  CEM III/B  

38°C; 100% R.H. 3.4 3.4 4.6 3.3 

60°C; 100% R.H. 3.6 3.6 4.5 2.9 

Immersion in alkaline 
solutions at 150°C 

3.1 3.2 3.8 3.5 

 
 
As can be seen, the ∆tol values of each cement do not vary significantly from one test method to 
another if the expansion criteria as specified in Table 2 are adopted. So, this actually opens the way to 
the possibility of using the concrete expansion test in alkaline solutions at 150°C as a rapid and 
reliable method for evaluating the ∆tol parameter (testing age = 21 days).  
The  ∆tol values in Table 3 (2.9-4.6 kg Na2Oeq/m

3) are always well above the maximum supplementary 
alkali input Smax envisaged throughout the service life of concrete structures (1.5 kg Na2Oeq/m

3). So, 
these data show the great ability of the four blended cements to prevent the development of deleterious 
ASR expansion as well as the possibility of distinguishing their effectiveness in terms of ∆tol.  
The practical implication of such a methodological approch is that it is possible to quantify the 
effectiveness of blended cement against ASR. In particular, for concrete made with a given aggregate 
(so, possessing a given TAL value), if blended cement is used, the available alkali content needed to 
avoid deleterious expansion is greater (up to a maximum extent of ∆tol) than the limit allowed for a 



Portland cement concrete. Alternatively, at equal alkali contents, it is possible to formulate blended 
cement concretes also using more reactive aggregates, characterized by TAL values being lower than 
those allowed when using Portland cement (up to a maximum extent of ∆tol). 
 
 
4. Conclusions 
 
The tolerable driving force associated with the deleterious ASR expansion process, ∆tol, is a valid 
parameter to qualify cements containing supplementary cementing materials with regard to alkali-
silica reaction. This parameter actually allows differentiating the effectiveness of the various types of 
blended cement and quantifying the benefits resulting from their use in place of Portland (or 
limestone-Portland) cement in the concrete formulations as specified in the test methods investigated. 
For a given blended cement type, the ∆tol value does not remarkably change when changing the test 
method, at least in the case of the three expansion test methods (38°C or 60°C and 100% R.H.; 
immersion in alkaline solutions at 150°C) and related expansion criteria adopted in the present study.  
The ultra-accelerated concrete expansion test in alkaline solutions at 150°C has proved to be a rapid 
and reliable method for evaluating the tolerable driving force, ∆tol.  
The four Italian blended cements investigated (three pozzolanic cements and a blastfurnace cement) 
have all been found very effective in preventing deleterious ASR expansion, as they are characterized 
by high ∆tol values (2.9 - 4.6 kg Na2Oeq/m

3). 
The application of this methodology at the concrete mix design stage will need further investigation 
aimed at verifying the general validity of the deleterious expansion criteria specified in the different 
test methods. 
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Abstract 

 

Cement industry is one of the largest emitter of CO2 other than power generation plants, which includes the emissions 

from combustion of fuel and also from calcination of limestone for clinker production. In order to reduce CO2 emissions 

from the cement industry an effective an economically feasible technology is to be developed. The carbonate looping 

process is a promising technology, which is particularly suitable for the cement industry as limestone could be used for 

capture and release of CO2. Integration of carbonate looping process into cement pyro-process has two advantages: 1) 

to capture emitted CO2 and 2) to generate power for internal use, because high quality energy can be recovered from 

carbonate looping which is operated at high temperature unlike amine process. A simple carbonate looping process 

model was developed based on average conversion of calcined limestone defined by Abanades et al. The model is used 

to investigate the influence of average conversion of limestone in the carbonator on the flow rates of different streams 

in the looping process and energy required in the calciner for re-activation. The model developed is used for studying 

the carbonate looping process integrated into cement pyro-process. The energy required for regeneration in the 

calciner increases with increase in average conversion of calcined limestone and energy that can be extracted from 

carbonator decreases with increasing average conversion. Further the influence of type of limestone on the calciner 

capacity is also investigated. The results from this simple model show the importance of cement industry to the carbon 

capture technology for its application to power plants.  

 

Originality 

A major step towards sustainable production of cement is to capture carbon emitted from the process. Presently there is 

no technology applied on large scale for carbon capture. The carbonate looping process has the potential to be applied 

at industrial scale and it is especially suitable for the cement industry. So as a first step a simple model was developed 

to investigate the influence of the average conversion of calcined limestone in the carbonator on all flow streams in the 

looping process integrated to a cement plant. 

 

 

Chief contributions 

 

The model estimates the energy to be extracted from the carbonator for e.g. electricity generation by carbonate looping 

integrated with the cement process. The carbonation energy increases with decreasing average conversion of the 

calcined limestone, whereas the energy required for calcination (regeneration) decreases with decreasing average 

conversion. The model provides an useful tool for optimization of the carbonate looping process applied to cement 

industry.  
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1. Introduction 
 

According to IPCC carbon capture from large stationary sources is considered as the mid-term 

mitigation option for climate change (Metz et al., 2005). The major sources of CO2 emitters are power 

plants and the other major industry is the cement plant, which involves CO2 emissions both from 

combustion, calcination process and indirect emissions by consumption of electricity. One of the most 

promising technologies for carbon capture applicable to any process is the Carbonate looping process, 

which is being investigated and developed aggressively by different research groups across the world. 

Carbonate looping process involves calcination and re-carbonation of sorbent material i.e. limestone, 

which is abundantly available and distributed across the globe. The main reaction of this process is 

calcination and carbonation of limestone, which is governed by equilibrium expression defined in 

(Baker, 1962). By controlling the equilibrium conditions (Temperature and Pressure) in two inter 

connected reactors, carbonation and calcination reactions are carried out for continuous capture of CO2 

from flue gas and release of captured CO2 in CO2 atmosphere, by looping the sorbent material (Shimizu 

et al., 1999). The energy required for calcination can be supplied by oxy-fuel combustion or alternative 

energy sources (Abanades et al., 2005) and high quality energy can be recovered from the carbon 

capture reaction in the carbonator. However, before realizing the potential of this process, there are 

still many challenges to the process like: reactivity of limestone with increasing number of cycles, 

large circulation of sorbent particles between two inter connected reactors continuously, energy 

required for regeneration of sorbent material, influence of composition of limestone etc.  Different 

research groups are focusing on these areas to overcome these challenges.  

 

One of the critical parameter which controls the whole process is the average conversion of calcined 

limestone in the carbonator. A simple model is developed to evaluate the influence of this parameter 

on: 1) the flow rates of streams in and out of the looping process 2) the flow rates of recycle streams, 

3) energy required for regeneration of limestone in the calciner and 4) the energy that can be extracted. 

Based on this model a case study is performed on de-carbonization of a cement plant.   
 

2. Modeling of carbonate looping process 

 

A simple carbonate looping process model is developed to investigate the influence of the average 

conversion of limestone on the calciner capacity and other flow streams in and out of the looping 

process. This model is applicable for any process releasing CO2 in the flue gas.  

 
Figure 1: Schematic representation of Carbonate Looping Process 

 

Carbonate looping process is schematically represented in the figure 1. In the process one of the 

important factors which influence the whole process is the reactivity of the recycled calcined 

limestone stream. The general characteristic of the calcined limestone is to lose its capacity to re-
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carbonate with increasing number of looping cycles mainly due to sintering effects (Wang and Anthony, 

2005). The degree of conversion of calcined limestone to re-carbonate with respect to cycle numbers is 

given by the equation defined by Abanades and Alvarez, 2003.  

(1 )N

N m m wX f f f= − +
             (1)

 

where XN is the degree of conversion, N is the cycle number and fm and fw are the characteristics 

constants of the type of limestone which influence the conversion based on structural properties of 

limestone. 

 

The best solution to this problem of losing reactivity of limestone is to select a limestone which has 

high residual reactivity. The other alternative is to purge a stream of limestone from the recycle stream 

and replace it with fresh limestone. The influence of the addition of fresh limestone on the average 

conversion of calcined limestone is given by eq.4 (Abanades et al. 2005): 

(1 )

(1 )

m w O
ave w

O R m

f f F
X f

F F f

−
= +

+ −
             (2)

 

where Xave is the average conversion of calcined limestone in the recycle stream FR and FO is the molar 

flow rate of purge stream and the fresh limestone respectively. Continuous addition of fresh limestone 

results in maintaining high reactivity in the carbonator and a high conversion of limestone. However, 

this requires more energy input to the calciner. 

  

2.1 Assumptions for the process model 

 

The amount of energy required for 1 kg of clinker production is around 2930 kJ, most of this energy is 

used for calcination of limestone (Larsen, 2007). Approximately 40% of the thermal energy consumed 

for clinker production is from combustion of fuel in the rotary kiln. CO2 emission from the calcination 

process can be eliminated by introducing the oxy-fuel calciner. Further, a small purge stream form the 

oxy-fuel calciner can be fed into the carbonator for capturing the rest of CO2 emitted from the rotary 

kiln. Thus cement production process can be completely free from the CO2 emissions. The table 1 

below summarizes the data related to the cement plant. 

 
Table 1: Cement Plant Specific Data 

Property Value Units 

Energy  2,93 MW/ kg cl 

Electricity 0,111 kWh/ kg cl 

Limestone 1,2 kg/kg cl 

Fuel into rotary kiln 0,05 kg/kg cl 

Flue gas from rotary kiln 0,48 kg/kg cl 
cl: clinker

 

 

It is assumed that the fuel is coal and the flow rate of the flue gas (fg,in) is considered as constant. The 

composition of fuel used is as follows C = 66 %, H = 3 %, S = 1 %, O = 8 %, H2O = 8 % and the rest 

is ash. The flow rate of CO2 (fg,in.XCO2) was estimated from the combustion of coal in the rotary kiln at 

excess air ratio of 1.1. The temperature of the flue gas in (Tfg,in) and out (Tfg,carb) of the system is fixed 

to 110 
o
C. The temperature of the inlet flue gas is considered as 110 

o
C so that this model can be 

applied to any process releasing flue gas to atmosphere at 110 
o
C. The temperature of fresh streams 

(Tin) is considered to be at 25
 o

C. The temperature of carbonator is 650 
o
C and the temperature of 

calciner is 950 
o
C. All the other parameters of the model like flow rate of recycle stream (fr,), flow rate 

of fresh stream (fo), flow rate of fuel ( fFuel), and flow rate of oxygen ( fO2) are estimated based on the 

average degree of conversion of calcined limestone in the recycle stream. 

 



 

 

The characteristic values of limestone used by Abanades group, fw is 0.17 and fm is 0.77 are considered 

in the model (Abanades and Alvarez, 2003). The average conversion (Xave) of calcined limestone was 

selected in the range of 0.2-0.7 for maximum capture of CO2 from the flue gas. Considering the 

minimum and maximum degree of re-carbonation based to the characteristic values of type of 

limestone ‘fw’ and ‘fm’. The flow rate of the recycle stream for capturing CO2 to its thermodynamic 

limit is estimated by equation (Abanades et al., 2005): 

2

_

CO carb

R

ave CaO cl

F E
F

X X

⋅
=

⋅
                  (3) 

_r R i cl i

i

f F X M= ⋅ ⋅∑              (4)

 

carbE is fixed to equilibrium capture which is 94% at 650 
o
C (Baker, 1962), _CaO clX  is the molar 

fraction of limestone in the raw meal, fr is the flow rate of recycle stream in kg/kg clinker. In raw meal 

70 % of the mixture is limestone (Larsen, 2007) and the rest includes SiO2, Al2O3 and Fe2O3, which are 

represented by Xi_cl and Mi is molecular weight of component i. 

The flow rate of fresh raw meal into the oxy-fuel calciner or the purge stream for clinker production is 

given by equation: 

( )(1 ) ( ) / ( (1 ) ( )O R m ave w m w ave wF F f X f f f X f= ⋅ − ⋅ − ⋅ − − −         (5) 

_o O i cl i

i

f F X M= ⋅ ⋅∑              (6) 

here fo is the flow rate of stream in kg/kg clinker. 

 

The flow rates of all the streams are estimated based on CO2 emitted per kg of clinker produced. Based 

on these assumptions the influence of the average conversion (Xave) of limestone on the calciner 

capacity and flow rates of all the streams in and out of the carbonate looping process are estimated 

along with energy capacities. The specific heat capacities of the gases and the solids are taken from 
Yaws, Carl L., (2009). 

 

3. Results  

 

3.1 Influence of average conversion of calcined limestone on the streams coming in and out of 

carbonator.  

 

Figure 2 and figure 3 shows the influence of average degree of re-carbonation on the streams of 

carbonator. Increasing the degree of re-carbonation (Xave) decreases the flow rate of recycle stream (fr) 

as the amount of calcined limestone required to capture CO2 decreases with increase in average degree 

of re-carbonation of calcined limestone. The inlet and outlet gas streams are constant based on the 

assumption that the flue gas comes from combustion of fossil fuel in the rotary kiln and that maximum 

CO2 is captured (see fig. 2). Since the flow rate of flue gas (fg,in) is constant the amount of energy 

(+Q,Fg,in) required to heat the flue gas to the carbonation temperature is also constant. The energy 

required to heat the flue gas from 110 
o
C to the carbonation temperature 650 

o
C can be supplied by the 

calcined recycled stream (fr) coming into the carbonator form the calciner at 950 
o
C. The energy (-QFR) 

carried by the calcined stream decreases with increasing average conversion as the flow rate of stream 

decreases. The cross over for the energy required for heating flue gas by the solid stream from the 

calciner to the carbonator is around conversion of 0.5, which means that additional energy has to be 

supplied for heating the flue gas to carbonation temperature as the average conversion of the limestone 

increases above this value. Further the energy that can be extracted from the carbonator will also 

decrease with increasing average conversion of limestone (see fig. 3). However if the inlet flue gas 

temperature is 650 
o
C instead of 110 

o
C additional energy can be extracted from the carbonator, which 

could be possible because the flue gas in the rotary kiln is very high. 



 

 

0.2 0.3 0.4 0.5 0.6 0.7
0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Average CaO conversion in Carbonator

F
lo

w
 r

a
te

 [
 k

g
/k

g
 c

l 
]

 

 

f
r

f
inact

fg
in

fg
carb

 

0.2 0.3 0.4 0.5 0.6 0.7
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Average CaO conversion in Carbonator

E
n
e

rg
y 

[ 
M

J
/k

g
 c

l 
]

 

 

-Q
FR

+Q
Fg,in

-Q
carb

 

                                                             
 

3.2 Influence of average conversion of calcined limestone on the streams of the calciner 

 

Figure 4 shows the relationship of average conversion of calcined limestone in the carbonator on the 

flow rate of fresh limestone stream (fo,in), the purge stream for clinker production (fo,out), flow rate of 

recycle stream (fr) and the flow rate of oxygen (fo2) which is dependent on the fuel consumption in the 

calciner.  
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The recycle stream from carbonator includes both the carbonated limestone and inactive calcined 

limestone. So as the average conversion in the carbonator increases the fraction of inactive calcined 

limestone decreases. This can be observed with flow rate of fresh limestone (fo,in) into the calciner 

which influences the active fraction (Xave) in the recycle stream. However, with the increasing average 

conversion of calcined limestone in the carbonator the amount of oxygen (fo2) required for the 

calcination of limestone in the calciner increases. The main energy consumer in the calciner (+Qcal) is 

the calcination reaction which is proportional to amount of carbonate. The amount of re-carbonated 

limestone is constant as the flow rate of CO2 into the carbonator is constant. So the energy required for 

the calcination reaction is controlled by the flow rate of the fresh limestone stream. The other sources 

for energy consumers are the heating of different streams like fresh limestone stream (Fo) from room 

temperature to calciner temperature, recycled stream (fr) from the carbonator temperature to 

Figure 3: Energy content of the streams 

in and out of the carbonator  

Figure 5: Energy capacity of the alciner and 

the streams in and out of the calciner 

Figure 4: Flow rate of the streams in and out 

of the calciner 

Figure 2: Flow rate of the streams in 

and out of the carbonator                  



 

 

calcination temperature, heating of oxygen and fuel from room temperature to calcination temperature. 

Thus, with increase in average conversion of calcined limestone the flow rate of fresh limestone 

increases which not only increases energy demand for calcination reaction but also increases energy 

demand for heating up the fresh stream (fo,in) (see fig.5). This will increase the flow rate of fuel and 

oxygen into calciner increasing overall energy capacity of calciner. 

 

3.3 Influence of different types of limestone 

 

The influence of different types of limestone was simulated to estimate the energy required in the 

calciner. The type of limestone was determined by the values of ‘fw’ and ‘fm’ found by Andersen F.M, 

(2009) for different limestone compositions. These values were found from fitting curves of the degree 

of re-carbonation obtained in looping cycles performed in normal Thermo gravimetric Analyzer. 

 
Table 2: Characteristic Values for Different Types of Limestone 

Limestone Type fm fw 

Faxe Bryozo 0.71 0.36 

Obajama 0.64 0.22 

Russian 0.55 0.5 

Hole 0.7 0.25 

Aggersund 0.6 0.48 

Abanades et al. 0.77 0.17 

 

The figure 6 below shows the energy capacity of the calciner with respect to average conversion of 

calcined limestone in the carbonator for different types of limestone. It can be observed that calciner 

required low energy at low average conversion for all the limestone mainly due to reduction in heating 

fresh limestone in the calciner. The type of limestone with the highest value for ‘fw’ has the lowest 

energy requirement in the calciner with respect to average conversion in the carbonator because it 

reduces the flow rate of re-circulating particles required for carbon capture.  
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Figure 6: Influence of different types of limestone on the energy required in the calciner for reactivation for 

different average conversion of calcined limestone in the carbonator. 

 



 

 

4. Conclusions and Future work 

 

The influence of average conversion of limestone in the carbonator on the calciner capacity and 

energy that can be extracted in the carbonator can be observed based on this model. The amount of 

energy that can be extracted from the carbonator integrated to cement pyro-process for capturing CO2 

form rotary kiln is around 600 MJ/ton of clinker produced at the highest conversion (see figure 3). The 

global average electricity consumption is 111 kWh per ton of cement (Evelien and Wouter, 2010). Thus, 

integrating high pressure steam cycle into the carbonator, electricity can be produced for internal 

consumption, which might help in reducing overall expenses for carbon capture from cement plants. 

 

Applying the carbonate looping process to a power plant where the flow rate of CO2 is much higher 

than flow rate from rotary kiln it can be seen from this model that capacity of the calciner will be as 

big as the power plant at low average conversion. So the carbonate looping process is another oxy-fuel 

power plant with a potential to reduce the overall all emission form the existing power plants. The 

capacity of calciner increases with increasing average conversion in the carbonator under the assumed 

conditions. Further, most of the energy spent in calcination of fresh limestone for high conversion in 

re-carbonator cannot be recovered unless it is converted to value added product like cement. So 

synergy with cement plant is necessary for power plants applying carbonate looping process unless a 

sorbent with high residual re-carbonation capacity is used for looping. 

 

In a cement plant maintaining high average conversion of limestone in the carbonator is not a problem 

owing to huge consumption of limestone in the clinker formation. The flow rate of limestone per kg of 

clinker produced is 1.2 kg. So the flow rate of the recycle stream is much less than the flow rate of the 

fresh stream which enables high activity in the recycle stream for carbon capture. However for 

applying the carbonate looping process to cement industry there are still many unknown factors like: 

oxy-fuel calcination of limestone, influence of inters from the limestone and fuel composition, 

influence of sulphur dioxide on re-carbonation, the size of particles in the cement production process 

is below 90 µm but most of the carbonate looping studies conducted until now used limestone 

particles much larger than 90 µm. In order to understand the influence of these factors on the looping 

process a circulating fluidized bed reactor setup has been built at DTU pilot facilities for conducting 

through studies as a PhD study with close co-operation with FLSmidth A/S. 
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Abstract 
In the present study, the activity of high calcium fly ash was evaluated on the basis of comparison of compressive 
strength binder containing 10 to 90% addition of ash to the strength CEM I Portland cement mortar. Physical 
and mechanical properties of Portland composite cements CEM II/A,B-M(S-W), CEM II/A,B-M(W-V) and CEM 
II/A, B-M (W-LL) with the addition of high calcium fly ash were presented. 
It was found that the high calcium fly ash (W), in particular after mechanical activation may constitute a 
valuable main component of cement. It was found that the presence of high calcium fly ash increases the 
boundaries of flow and plastic viscosity of mortars. 
 
Keywords: cement, high calcium fly ash, rheological properties.  
 
 
1. Introduction 
 
One of the main components of cements may be high calcium fly ash (HCFA), which are 
characterized by a more complex mineral composition compared with siliceous fly ash. This applies 
both to the glassy phase and crystalline components [1-7]. The basic crystalline components of high 
calcium fly ash are: anhydrite, tricalcium aluminate, tetracalcium suflate aluminate, gehlenite, 
anorthite, quartz, CaOfree. In case of the high content of calcium compounds and the appropriate 
synthesis conditions in the furnace chamber, phases characteristic of the clinker – C2S, C12A7, C2F, 
C4A3S can be formed, In comparison to the siliceous ash (V) components are reactivated with water 
and continue to give the ashes binding properties (pozzolana – hydraulic activity). 
In the present study, the activity of high calcium fly ash (W) with other mineral addictions was 
compared, the properties of Portland composite cements containing high calcium fly ash were 
determined. The effect of variation of physical and chemical properties of lime fly ash on the 
rheological properties of cement-fly ash mixtures was presented. 
 
 
2.0. Results and discussion 
 
2.1. Evaluation of the high calcium fly ash activity  
 
The activity of HCFA was carried out on a batch of high calcium fly ash with the chemical 
composition show in Table 1. The chemical composition of the fly ash was determined according to 
EN 196-2. Figure 1 shows the diffraction pattern of studied fly ash. The main crystalline components 
are: quartz, CaOfree, gehlenite, anorthite and anhydrite. 
 
 

Table 1: The chemical composition of high calcium fly ash 

Content in % by weight 
Loss of ignition SiO2 Al 2O3 Fe2O3 CaO CaOfree MgO SO3 Na2O K2O Cl- 

2,9 42,9 17,2 4,3 25,9 1,40 2,0 3,5 0,3 0,1 0,00 
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Figure 1: Mineral composition of high calcium fly ash (W) 

 
The activity assessment was performed on mixed cement binders containing fly ash from 10 to 90%, 
the addition to 100% was CEM I 52,5R Portland cement. The activity was determined for the fly ash 
specific surface area of 2640 cm2/g according to Blaine (indicated as W) and the ash after the milling 
of the surface area of 6440 cm2/g (indicated as W+). 
The activity was determined from the dependence: 

[%]100)( ⋅=
x

x

WP

WB
xWA ,                                                  (1) 

where: 
- WAx – activity index after 2, 7, 28, 90, 180 and 360 days of hardening [%]; 
- WBx – strength of the mortar with addition of the ash after 2, 7, 28, 90, 180, 360 days [MPa]; 
- WPx – strength of comparative mortar made with CEM I cement after  2, 7, 28, 90, 180 and 360 days [MPa]. 
 
The results of the ash activity are shown in Figure 2. The course of the curves presented shows that 
milling has significantly activated lime fly ash. In particular, it is evident in mixtures containing 50, 70 
an 90% of W+ fly ash (Fig.2). The characteristic of mixtures containing ground fly ash (W) is a 
significant increase in strength test at later dates.  
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Figure 2: Activity development of mortars with high calcium fly ash 

 
 
 2.2. The properties of Portland composite cements containing high calcium fly ash.  
 
Cements were prepared in the laboratory with careful homogenization of previously prepared and 
weighed components. For preparation were used: CEM I 42,5R Portland cement with a surface area of 
3500 cm2/kg, siliceous and aluminous fly ash (V) with a surface area of 2520 cm2/g, ground 
granulated blast furnace slag (S) with a surface area of 3720 cm2/g, ground limestone (LL) for each 
surface areas of 4100 cm2/g, high calcium fly ash (W, W+) with properties given in section 2. The 
share of individual additives in the composition of the cements are given under the various cements 
(Table 2, 3), CEM I 42,5R Portland cement was the complement to 100%. Table 2 shows the physical 
properties of cement and pastes, while in Table 3 mortar strength properties were presented. Physical 
parameters were determined according to the standards of EN 196-6 and EN 196-3, and the 
compressive strength according to standards contained in EN 196-1. 
 
 

Table 2: The physical properties of Portland composite cements with high calcium fly ash.  

Description of the cement 
Density 
[g/cm3] 

Surface area 
acc. to 
Blaine  
[cm2/g] 

Water 
demandness  

[%] 

Setting Times 
[min] Constancy 

of volume 
[mm] Initial Final 

CEM II/B-M (25%S;  10%W)                                                2,99 3200 28,6 190 245 0 
CEM II/B-M (15%S; 20%W) 2,93 3110 28,2 185 240 1 
CEM II/B-M (5%S; 30%W)                                                      2,88 3060 28,2 180 235 1 
CEM II/B-M (25%S;  10%W+)                                                3,04 3540 29,7 200 290 1 
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CEM II/B-M (15%S; 20%W+) 3,02 4430 29,5 160 255 0 
CEM II/B-M (5%S; 30%W+)                                                      3,01 4160 29,4 135 220 1 
CEM II/B-M (25%LL; 10%W)                                                     2,94 3790 27,1 160 240 1 
CEM II/B-M (15%LL; 20%W)                                                  2,91 3610 27,1 160 240 0 
CEM II/B-M (5%LL; 30%W) 2,88 3360 28,0 175 240 1 
CEM II/B-M (25%LL; 10%W+)                                                     2,88 3760 27,8 170 280 1 
CEM II/B-M (15%LL; 20%W+)                                                  2,97 4190 28,6 135 260 1 
CEM II/B-M (5%LL; 30%W+) 2,96 4440 29,8 120 265 1 
CEM II/B-M (25%V; 10%W)                                                     2,77 3290 26,5 155 290 0 
CEM II/B-M (15%V; 20%W)                                                    2,83 3280 26,8 165 310 0 
CEM II/B-M (5%V; 30%W)                                2,74 3370 25,6 245 340 1 
CEM II/B-M (25%V; 10%W+)                                                     2,78 3560 27,6 200 315 1 
CEM II/B-M (15%V; 20%W+)                                                    3,05 3770 28,5 150 295 0 
CEM II/B-M (5%V; 30%W+)                                                 3,09 4320 29,6 140 270 1 
 

Table 3: The compressive strength of Portland composite cements with high calcium fly ash. 

Description of the cement 
Compressive strength [MPa] after days: 

2  7 28 90 180 360 

CEM II/B-M (25%S;  10%W)                                                16,4 33,3 49,9 59,7 62,7 67,0 
CEM II/B-M (15%S; 20%W) 16,8 30,6 44,5 56,3 61,2 64,3 
CEM II/B-M (5%S; 30%W)                                                      16,0 27,9 38,7 49,8 57,2 60,8 
CEM II/B-M (25%S;  10%W+)                                                16,9 35,4 53,2 63,1 69,2 69,3 
CEM II/B-M (15%S; 20%W+) 18,3 34,8 53,0 63,8 69,7 73,6 
CEM II/B-M (5%S; 30%W+)                                            19,3 34,1 52,2 66,6 71,5 77,2 
CEM II/B-M (25%LL; 10%W)                                                     15,7 26,8 33,0 38,7 43,1 45,2 
CEM II/B-M (15%LL; 20%W)                                                  16,2 27,1 35,0 43,5 48,4 52,6 
CEM II/B-M (5%LL; 30%W) 16,7 27,0 36,2 46,0 51,2 54,4 
CEM II/B-M (25%LL; 10%W+)                                                     15,0 25,5 33,5 41,9 49,5 51,5 
CEM II/B-M (15%LL; 20%W+)                                                  15,9 28,5 40,7 52,7 58,3 60,0 
CEM II/B-M (5%LL; 30%W+) 16,9 30,4 45,5 58,3 66,2 67,1 
CEM II/B-M (25%V; 10%W)                                                     10,8 22,1 31,7 45,9 53,3 54,9 
CEM II/B-M (15%V; 20%W)                                                    12,3 22,3 32,3 46,7 54,9 56,3 
CEM II/B-M (5%V; 30%W)                                                 11,5 20,2 29,8 42,0 51,2 55,0 
CEM II/B-M (25%V; 10%W+)                                                     10,9 21,7 35,0 48,8 56,0 60,9 
CEM II/B-M (15%V; 20%W+)                                                    12,1 23,3 39,2 54,5 59,8 61,3 
CEM II/B-M (5%V; 30%W+)                                                 13,2 25,5 42,4 55,5 62,6 62,9 

        
Portland composite cements with ground HCFA are characterized by higher water demandness, which 
increases slightly as the amount of additive increases (Table 2). The opposite trend is observed in case 
of the beginning of binding time, which is reduced by increasing the amount of ground ash in the 
cement composition (Table 2). 
         Analyzing the results summarized in Table 3, it can be observed that the highest compressive 
strengths were achieved by cements containing the addition of the granulated blast furnace slag and 
HCFA ( CEM II/B-M (S-W; W+). These cements containing variable content of ground high calcium 
fly ash and ground granulated blast furnace slag have very similar levels of strength. It is concluded 
that after proper activation (joint milling in the mill) of HCFA of proper quality may be a full-fledged 
component of Portland composite cements CM II/A, B-M (S,W). The observed synergistic effect 
should be attributed to the presence in the composition of the ash constituents that may affect 
activating on the process of cement hardening with ground granulated blast furnace slag. These should 
mainly include free CaO and anhydrite. The positive influence of mechanical (milling) activation of 
HCFA is the more pronounced the higher its content is in the composition of cement. This confirms 
the earlier trends in assessing the activity of the fly ash cement mortar. In case of other cements [ CEM 
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II/A, B (W-LL), CEM II/A, B (W-V)], the positive effect of ground HCFA (W+) is visible during 
standard period (28 days). 
The lowest strength was reached by compound Portland cements containing the mixture of HCFA not 
activated by milling – CEM II/B-M (V-W). All tested cements are characterized by a large increase in 
strength in the later period of hardening (Table 3), which should result in increased strength of these 
composites. This is the subject of further research.  
 
 
3.0. The rheological properties of cement mortars.  
 
Rheological measurements were carried out on mortars. The cement in the mortar used to study the 
rheological properties was CEM I 42,5 R Portland cement (a reference cement) and mixed cements 
containing fly ash cement with 20% additive of activated or non-activated by milling high calcium fly 
ash. For the preparation of the mortar a standard san was used according to EN-196-1, the ratio w/s 
was 0,55. Composition of tested mortars is shown in Table 4. 
 

Table 4: The composition of tested cement mortars 
Component Mass [g] 

Mortar A,B,C,D,E,F Mortar CEM I 42,5R 
CEM I 360 450 
HCFA  90 - 
Water 247,5 247,5 

Standard sand 1350 1350 
 
Mortars were mixed In accordance with EN 196-1. After mixing the ingredients a mortar sample was 
placed in NT Viskomat ( Fig.3) fitted with thermostatic system and tested according to the procedure, 
which is presented on a graphical image of Fig.4. During the study, six calcium fly ashes with 
different chemical composition and different remains on the sieve 45µm were used (Table 5). 

  
Fig.3. Viskomat NT Fig.4. graphic image of the tested procedure  
 

Table 5: Parameters of calcium fly ashes used In the research 

  LOI SiO2 Al 2O3 Fe2O3 CaO MgO SO3 K2O Na2O Mn2O3 CaOfree 

Before 
grinding 
fineness 

[%] 

After 
grinding 
fineness 

[%] 

A 3,87 34,35 13,14 3,78 37,14 1,76 3,38 0,19 0,33 0,08 5,16 42,8 3 

B 2,45 43,14 21,75 6,34 20,34 1,4 2,47 0,43 0,11 0,07 1,16 52,8 28 

C 2,78 35,04 21,22 4,92 29,11 1,42 3,6 0,2 0,16 0,07 2,68 49,4 4,4 

D 2,38 37,29 24,7 6,45 23,28 1,31 2,69 0,17 0,14 0,06 0,94 54,2 29,6 

E 2,72 40,97 18 3,61 27,8 1,59 2,7 0,42 0,27 0,06 2,99 51,6 4,5 

 

R
p

m
 [1

/m
in

] 

Time [min] 
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Figure 5 shows the change of rheological parameters of mortars. The g  parameter  corresponds to the 
yield stress and h corresponds to mortar’s plastic viscosity. The increase in the value of yield stress 
results in deterioration of mortar’s workability. Changes in values of yield stress caused by the 
presence of the properties of lime ash are substantial. However  the character of yield value changes in 
time is similar (Fig.5). Addition of the lime fly ash causes the increase in the value of mortar’s plastic 
viscosity in relation to CEM I Portland cement (Fig.5), which impairs their mobility but increases the 
resistance to segregation to bleeding. 

The adverse effect of lime ash on the rheological properties can be reduced by its grinding. By 
applying this process, other value of yield stress in tested cases is reduced by 20-50%. 
  
a) 

 
b)  

 
 

 
Figure 5: The effect of time on the value of yield stress (a) and plastic viscosity (b) of tested mortars. 
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It is difficult to determine which of the chemical (phases) components or the physical properties of 
calcium fly ash has a significant effect on the rheological properties due to the complex nature of their 
actions. However, it can be observed that with increasing CaOfree in HCFA content, the value of the 
yield stress decreases [in the porous solution it will be Ca(OH)2]. The increase of Al2O3 (aluminate 
phases) in the composition of the ash causes the opposite effect. 
 
 
3. Summary 
 
          The presented results indicate that HCFA can be a valuable component of cement. The activity 
of fly ash (pozzolano-hydraulic) increases after milling process, the technological operation widely 
used in the cement industry for cement production. 
         High calcium fly ash is a valuable component of Portland composite cements CEM II/A, B-M, 
especially in the composition of ground granulated blast furnace slag. 
         Studies have shown adverse effects of HCFA added to the mixture on its rheological properties 
and workability. At the same time, however, studies show that the effect is much smaller when the 
HCFA is subjected to activation by milling. 
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Abstract 
The sustainable development is described as meeting the needs of the present without compromising the ability of future 
generations to meet their own needs. The manufacturing processes of building materials contribute greenhouse gases 
like CO2 to the atmosphere. There is a great concern and emphasis on reducing greenhouse gases emission in order to 
control adverse environmental impacts. Fired clays are still an alternative of pozzolanic material for cement and 
concrete, especially in developing countries. The temperature range for clay´s activation is lower than clinkering 
temperature implying less energy consumption and reduction in greenhouse gas emissions. In addition, clays activation 
only produces water vapour emissions to the atmosphere. Pozzolanic properties of pure kaolinitic clays are widely 
proved, but natural clay deposits present several impurities: Illite, Quartz, Anatase and feldspar, and the prediction of 
its pozzolanic properties are poorly investigated. 
The purpose of this investigation is to study the thermal activation of natural kaolinitic clays from different regions of 
Argentine. Five clays with different kaolinite content, different impurities and different degree of crystallinity were 
analyzed. The samples were tested by X-ray diffraction (XRD) and Fourier transformed infra-red spectrometry (FTIR). 
FTIR spectra provide immediate qualitative and quantitative information about the order or disorder of the structure. 
The clays were calcined at 700 º C and grounded to a particle size lower than 45 micron. Structural changes in the 
clays after calcinations were studied by FTIR and XRD, while the reactivity was assessed using the method of Fratini 
and lime consumption test. Among clays tested, four of them can be classified as pozzolanic by the Fratini test. The 
compressive strength of cement pozzolan mortars was tested at 7, 28 and 90 days. The pozzolanic reactivity of the clays 
showed good correlation with the content of kaolinite, and with the inverse of crystallinity determined by FTIR. Thus 
the potential of the clays for use as pozzolans could be simply determined. 
This study confirms that common clays from different regions of Argentina other than pure kaolinite can be interesting 
as pozzolanic materials when they are thermally activated. 
 
Originality 
Calcined clay could contribute to reduce the greenhouse gases emission into the atmosphere in order to control adverse 
environmental impacts. These clays are still an alternative of pozzolanic material for cement and concrete in developed 
countries. The temperature range for activation is lower than clinkering temperature implying less energy consumption 
and reduction in greenhouse gas emissions. In addition, clays activation only produces water vapour emissions to the 
atmosphere. Pozzolanic properties of pure kaolinite clays are widely proved, but common clays deposits present 
Quartz, Illite and feldspar, and the prediction of its pozzolanic properties are poorly investigated.  
Naturals fired clays with different kaolinite content, different impurities and different degree of crystallinity were 
classified as pozzolanic materials. The pozzolanic reactivity of the clays showed good correlation with the content of 
kaolinite and with the inverse of crystallinity determined by FTIR. This study confirms that natural clays other than 
pure kaolinite can be interesting pozzolanic materials when they are thermally activated. It could have important 
industrial application. 
 
Chief contributions 
This study allowed to characterize and to evaluate the pozzolanic activity of natural calcined clays with different 
kaolinite content, different impurities and different degree of crystallinity. The FTIR spectrum of natural clay provides 
immediate qualitative and quantitative information about the order or disorder of the structure. The pozzolanic 
reactivity of the clays showed good correlation with the content of kaolinite and the crystallinity determined by FTIR. 
This study confirms that natural clays other than pure kaolinite can be interesting pozzolanic materials when they are 
thermally activated. 
  
Keywords: kaolinite,  natural clays, pozzolana, cement.  
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1. INTRODUCTION 
 
In 1987, the World Commission on Environment and Development (WCED) published a report 
entitled «Our common future» where defines «Sustainable development is development that meets the 
needs of the present without compromising the ability of future generations to meet their own needs» 
(Brundtland report, 1987). 
The production of portland cement consumes a large amount of energy and emits large quantities of 
carbon dioxide (CO2) to the atmosphere making vulnerable its future as major building material. 
Energy is used for extracting, transporting and processing materials; the clinkerization process 
requires a very high temperature (1350 ºC). Also, the production of 1 ton of portland cement (PC) is 
accompanied with the emission of ≈ 0.8 ton CO2 (Yang et al., 2007).  
The key to reduce the overall environmental impact and energy consumption in the manufacture of 
cementitious materials is the replacement of part of the portland cement klinker by pozzolanic 
materials in mortars and concretes (Samet et al., 2007). A pozzolan is defined as a siliceous and 
aluminous materials, which react chemically with calcium hydroxide (Ca(OH)2) at ordinary 
temperature to form compounds that possess cementitious properties (Sabir et al., 2001). Natural 
pozzolans derived from volcanic activity (glass or ash) are available in several regions of the 
developing countries, but the large volume used by cement industry reduces its advantages when the 
quarry is far from factory due to cost and environmental impact of transport. The thermal activation of 
clays is another way to obtain pozzolans (Calleja, 1968). Clays often derives from water-rock 
interaction and they are composed by sheet silicates. The kaolinite (Al2O3.2SiO2.2H2O) is a clay 
mineral consisting of a layer of silica tetrahedra bounded to an octahedral alumina layer and it is 
including in 1:1 group clays (White, 2005). Metakaolin (Al2O3.2SiO2) is a pozzolanic materials 
obtained by calcining kaolinititic clays. This process causes the dexhydroxylation of kaolinite 
producing an amorphous aluminosilicate. Usually, the method for producing metakaolin (MK) 
consists in heating kaolin between 600 and 800°C (Sabir et al., 2001; Singh & Garg, 2006; Samet et 
al., 2007; Konan et al., 2009). 
Calcined clays are still an alternative of pozzolanic materials for cement and concrete in developing 
countries (Habert, 2009). The temperature range for activation is lower than clinkering temperature 
implying less energy consumption and reduction in greenhouse gas emissions. In addition, 
decomposition of clays only produces water vapour emissions to the atmosphere. 
The purpose of this work is to characterize and to evaluate the pozzolanic activity of natural calcined 
clays from Argentina with different kaolinite content, different impurities, and different degree of 
crystallinity.  
 
2. EXPERIMENTAL 
 
2.1. MATERIALS 
Five natural kaolinitic clays from different regions of Argentina are examined. Table 1 presents the 
chemical composition of the samples performed by ICP - AES analysis in external laboratory (ALS, 
Argentine). Analytical grade Ca(OH)2 was used to determine the reaction with lime solution. For 
Frattini test and mortar mixtures, the cement used is a Portland Cement (PC-CEM I) with a chemical 
composition reported in Table 1. Its Blaine fineness was 383 m2/kg. 
 

Table 1: Chemical composition of natural clays and porland cement (PC), in percent. 

Sample SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 LOI 
A1-clay 45.9 37.0 0.77 0.08 0.12 - 0.06 0.40 0.99 13.30 
A2-clay 51.4 31.3 0.92 0.40 0.19 - 0.36 0.38 1.42 12.15 
A3-clay 59.4 27.1 0.76 0.15 0.12 - 0.14 0.41 0.26 9.65 
A4-clay 65.7 21.1 0.85 0.26 0.22 - 0.07 0.68 0.43 7.77 
A5-clay 74.8 14.8 1.10 0.30 0.26 - 0.92 3.71 0.18 3.44 

PC 19.93 5.54 3.00 58.62 3.81 3.22 0.70 1.11 0.34 3.19 



 

 

2.2. EXPERIMENTAL METHODS 
 
Mineralogical composition of the natural and calcined clays was determined by X-ray diffraction 
(XRD) and Fourier transformed infra-red spectrometry (FTIR). XRD pattern were performed using a 
Phillips X´Pert diffractometer equipped with carbon monochromator and operating at 40 kV and  
20 mA. FTIR spectrums were obtained using a Nicolet Magna 500 spectrophotometer from 400 to 
4000 cm-1. 
The content of kaolinite (K) in natural clays was determined by thermogravimetric method. For this 
propose, the weight difference of natural clay dried at 100ºC and heat-treated clay at 950 ºC was 
determined. Results were corroborated with those obtained by DTA / TG analysis. 
The thermal treatment of the clays was conducted in a programmable laboratory furnace using a 
fixed-bed technique. The samples were heated at constant heating rate (13 ºC per minute) from 
ambient temperature up to 700 ºC and the time of residence at higher temperature was 5 min. The 
calcined clays were grounded in a mortar type mill (Fritsch Pulverisette 2) until fineness lower than 
45 µm.  
The pozzolanic activity of calcined clays was measured by several methods: Frattini test (EN 196:5 
standard), the proportion of Ca(OH)2 consumption in saturated lime solution (Frías et al., 2000) and 
the compressive strength of cement/calcined clay mortars.  
In Frattini test, the samples consist of a blend of 70% of Portland cement (PC) and 30% by mass of 
ground calcined clay. This test compares the amount of calcium ion (Ca2+) and hydroxyl ion (OH-) 
contained in an aqueous solution that covers the hydrated sample at 40ºC for a given time (7 and 28 days) 
with the solubility isotherm for calcium hydroxide in an alkaline solution at the same temperature. 
Calcined clay is considered as active pozzolana (positive result) when the calcium hydroxide 
concentration in the sample solution was lower than on the solubility isotherm. 
For the Ca(OH)2 consumption in saturated lime test, the calcined clays (2 g) was added to 20 ml the 
saturated lime solution at 40 ± 1ºC. At 1, 7, 14 and 28 days, the amount of Ca(OH)2 in solution was 
determined. Results are expressed as the ratio between [Ca(OH)2]obtained from the solution in contact 
with calcined clay and the [Ca(OH)2]0 at initial time.  
The compressive strength was assessed on mortars cubes (25 x 25 x 25 mm3) made with standard sand 
(1:3) and a water/cementing material ratio of 0.50. Mortars of blended cement (30% of calcined clays 
and 70% PC) were prepared using standard mixer. The specimens were cured in a moist cabinet for 
24 hours, then they were removed from the molds and immersed in saturated lime water at 20 ± 1 °C . 
At 7, 28 and 90 days, compressive strength was determined as the average in three specimens using a 
mechanical testing machine Instron 4485. 

 
3. RESULTS  
 
3.1. CHARACTERIZATION OF NATURAL CLAYS AND CALCINED CLAYS  
 
XRD pattern of raw clays (Fig. 1a) shows that A1-clay presents very strong peaks of kaolinite (K), 
and very low intensity of main peak of quartz (Q). For A2, A3 and A4 clays, XRD patterns show well 
defined peaks of kaolinite and quartz, accompanied with a weak main peak of illite (I). A5-clay 
presents kaolinite, quartz, illite and alkali feldspars as anorthite (An) and orthoclase (O). For all 
samples, XRD reveals a poor intensity peak of anatase (A). The intensity of the peaks assigned to 
kaolinite decrese from A1 to A5-clay in agreement with the kaolinte content obtained by 
thermogravimetric method (Table 2). The crystallinity of kaolinite phase was evaluated by the 
Hinckley index (HI, Aparicio & Galán, 1999) and results are reported in Table 2. This index indicates 
a less density of crystalline defect when it has a high value, while values less than 0.5 indicates a 
disorder crystalline structure. For the studied clays, kaolinite in A1-clay has the highest order in 
structure, and A2-clay has the lower ones. 



 

 

For calcined clays (Fig. 1b), XRD patterns shows that peaks corresponding to kaolinite disappear 
completely for A2, A3, A4 and A5 clays, but a very weak peaks are identified for A1-clay indicating 
that the temperature or residence time of heat treatment could be insufficient. 

 
(a) (b) 

Figure 1: XRD patterns: (a) natural clays, (b) calcined clays. (K=kaolinite; Q= quartz; I= illite; An= anorthite; 
O= Oorthoclase and A = anatase). 

 
Fig. 2a shows FTIR spectrums of natural samples, where the absorption bands corresponding to the 
constituent groups of the kaolinite are identified. The band near 3620 cm-1 arises from internal OH 
groups, and that near 3700 cm-1 arises from internal surface OH groups. Using this technique, disorder 
in kaolinite structure is detectable mainly in the OH-stretching region. For disorder kaolinite, the 3620 
cm-1 and 3700 cm-1 bands remain; while the 3669, 3652 cm-1 doublet is replaced by a single broad 
band at 3653 cm-1 (Wilson, 1987).  
To determined order/disorder kaolinite structure, the P0 index is the ratio between the intensities of the 
bands at 3620 cm-1 and 3700 cm-1. According to Bich et al., 2009, kaolinite is well ordered when 
P0>1. Table 2 reports the P0 index for the studied clays indicating that A1 and A5 clays have an 
ordered kaolinite structure; while  A2, A3 and A4 clays have disordered structure. 
In agreement with Chakchouk et al., 2009, changes in FTIR spectra of calcined clays (Fig. 2a) are: the 
absence of detectable -OH and Al-OH bands; the transformation of kaolinite Si-O characteristic bands 
initially present in the raw clay, to a single absorption which is characteristic of the amorphous silica; 
the disappearance of the band at 534 cm-1 relative to Al-O-Si; and the displacement of the Si-O band 
at 470 cm-1 to high wave numbers. 
XRD and FTIR analyses confirm the transformation of kaolinite to metakaolinite by heat treatment. 
Regarding the order/disorden of kaolinite, index shows that A1 and A5 clays have an ordered 
structure, while A2, A3 and A4-clays present a disordered structure. These appreciations are 
independent of the amount of kaolinite present in clay. 
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(a) (b) 

Figure 2: IR spectra of natural clays (a) and calcined clays (b). 
 

Table 2: Kaolinite content, P0 and HI indexes of natural clays to estimate the order/disorder of structure. 

Sample % K HI (XRD) P0 (FTIR) Structure 

A1-clay 99 0.72 > 0.5 1.121 > 1 Ordered 
A2-clay 87 0.19 < 0.5 0.477 < 1 Disordered 
A3-clay 72 0.30 < 0.5 0.805 < 1 Disordered 
A4-clay 56 0.47 < 0.5 0.898 < 1 Disordered 
A5-clay 27 0.55 > 0.5 1.687 > 1 Ordered 

 
3.2. POZZOLANIC ACTIVITY  
 
Fratini test: Fig. 3 shows [OH-] and [CaO] determined at 7 and 28 days. Results indicates that pastes 
containing A1, A2, A3 and A4 calcined clays present a very good pozzolanic activity at 7 and 28 
days. These clays consume a large proportion of Ca(OH)2 released by cement hydration. For A1 and 
A2 clays, there is a decrease of [OH-] from 7 to 28 days. For paste containing A5-clay, result is 
located below the calcium isotherm at 7 days and it change to upper location at 28 days due to the 
alkalis released from clays; while [CaO] remains. The chemical composition (Table 1) of this clay 
shows a large proportion of alkalies. 
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Figure 3:  Pozzolanicity (Fratini test). Figure 4: Results calcined clay-Ca(OH)2 reaction 
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Satured lime test: The rate of Ca(OH)2 consumption is shown in Fig. 4. At one day, the A2-clay 
presents a significant consumption of Ca(OH)2 indicating its high reactivity, while the A1-clay shows 
the less Ca(OH)2 consumption, although this clay has the higher content of kaolinite. After 7 days, the 
A3-clay consumes the same amount of Ca(OH)2 than A2-clays, while the A4-clay has an intermediate 
consumption. Paradoxically, A1 and A5-clays that contain the highest and lowest proportion of 
kaolinite, both have the same consumption of Ca(OH)2 at 7 days. After 14 days, A4-clay attains to the 
same consumption that A2 and A3-clays; while the progress of pozzolanic reaction of A1-clay is 
revealed by Ca(OH)2 consumption. On the other hand, A5-clay presents a slight Ca(OH)2 
consumption indicating the depletion of reactive compounds. At 28 days, A1, A2, A3 and A4 clays 
consume more than 90% of Ca(OH)2 present in solution. 
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Compressive strength: The 
results of compressive 
strength are summarized in 
Fig. 5. Data show that A2-
clay presents the highest 
strength at all test ages; while 
A3-clays have a very good 
performance. A1 and A4 
clays have a similar strength 
development despite its very 
different kaolinite content. 
Finally, A5-clay shows a poor 
development of strength.  

 Figure 5: Compressive strength of mortars. 
3.3. DISCUSSION 
According the method using to judge the pozzolanic activity, the performance of calcined clays is 
classified from best to worse in Table 3. It can be observed that for all test the best pozzolanic activity 
was obtained for A2 and A3 clays. Both calcined clays have a reasonable amount of kaolinite (87 and 
72 %), but their crystalline structures are judged as disorder by the two index used. Their high 
reactivity can be observed in the high consumption of Ca(OH)2 at 1 day. At 7 days, Frattini test and 
compression strength confirm its high pozzolanic activity with cement. High content of kaolinite in 
A2-clay justifies its best behavior. 
 

Table 3: Classification of Pozzolanic performance of calcined clays 

Test Fratini Ca(OH)2 consumption Compressive strength 
Age, days 7 28 1 7 14 28 7 28 90 

A2 A2 A2 A2 A2 A2 A2 A2 A2 
A3 A3 A3 A3 A3 A3 A3 A3 A3 
A1 A1 A4 A4 A4 A4 A1 A1 A1 
A4 A4 A5 A1 A1 A1 A4 A4 A4 

Best 
 

Performance 
 

Worse A5 A5 A1 A5 A5 A5 A5 A5 A5 
 
For A1 and A4-clays, the performance judged by Fratini test and compressive strength was similar. In 
these clays, the A1-sample contains a high proportion of kaolinite (99 %), while the A4-sample only 
contains 56% of kaolinite. The different behavior will be attributable to the order/disorder of the 
structure, the first clay has an ordered structure and therefore it has lower reactivity than A4, while the 
latter has a disordered structure conducting to more reactive calcined clay. The reactivity can be 
clearly seen by the difference in consumption of Ca(OH)2 at 1, 7 and 14 days of both clays. Finally, 
A5-clay has poor pozzolanic activity because it has low content of kaolinite (27%), and an ordered 



 

 

structure and high alkali content, which in this case contributes to poor compressive strength 
development. 
 
4. CONCLUSIONS 
 
Based on results of five natural kaolinite clays, calcined and tested for their potential use as 
pozzolanic material, the following conclusion can be draw: 

• The XRD and FTIR techniques allow to characterize kaolinitic clays from its mineralogical 
composition and to evaluate the order/disorder of kaolinite structure. 

• The pozzolanic activity with portland cement evaluated by Frattini test has good 
correspondence with the development of compressive strength, confirming that clays 
containing more than 50% of kaolinite and calcined at 700 ºC behave as very good pozzolana. 

• Regarding the order-disorder of kaolinitic structure, the clays containing low ordered 
kaolinite are much more reactive as pozzolanic materials than those with ordered structures. 

• The behavior of calcined clays as pozzolans is function of the percentage of kaolinite in 
natural clay and its degree of disorder.  
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Abstract 
In the production process of titanium dioxide from ilmenite, pollutants are produced that contain various 
hazardous substances. The treatment of said wastes produces a residue whose final end is dumping in authorized 
landfills. The aim of this study has been to determine the degree of inertization upon incorporation into an 
ordinary portland cement with lime additive, as well as the effect of its incorporation on the physical, 
mechanical, and chemical properties of the cement. Two types of cements were prepared: one comprising 77 % 
clinker, 18 % lime, and 5 % gypsum, and the other varying only in having 3 % of its lime exchanged for waste 
material. 
In accordance with the instruction for reception of cements (RC-08) in force in Spain, we determined the 
mechanical, physical, and chemical properties via a series of tests established in the Instruction. In addition to 
the mandatory tests, we have performed others (optional according to the Instruction) to determine various 
physico-chemical properties. The microstructure, mineralogy, and reactivity between the residue and the cement 
components are analysed by scanning electron microscope (SEM) with EDX for chemical analysis and X-ray 
diffraction (XRD) on samples at 1, 7, 14, and 28 days of age. 
The degree of inertization of residues in the cement has been determined by subjecting 28-day-old samples to 
leach assays following the EPA 1311 regulation (US Environmental Protection Agency). Inductively coupled 
plasma (ICP) was used for studying the chemical composition of the leachates. 
Based on the results of this work, we can state that the incorporation of 3 % waste material from the production 
of titanium dioxide from ilmenite does not negatively affect the cement studied. This comprises an opportunity to 
find a use for this waste material, with an added environmental benefit  
 
Originality 
The main focus for residue management policy in the European Union is based on establishing a hierarchy of 
management possibilities. In the first place it is to seek to reduce at the origin stage. After prevention, priority is 
given to activities involving reuse, recycling, and extracting value as opposed to dumping items in a landfill.  
The incorporation of waste material from the extraction of titanium dioxide from ilmenite into the manufacture 
of ordinary Portland cement (with no loss in its properties and in keeping with regulatory demands) proposed 
here by scientists from the University of Sevilla is a novel technique in cement production that is completely in 
line with the topic of sustainable production.  
 
Chief contributions 
A ordinary portland cement with the partial substitution of 3 % lime filler with waste material fulfils the 
chemical, physical, and mechanical requirements imposed by the instruction for reception of cements RC-08 
currently in force in Spain and absolutely mandatory. This study has demonstrated that the metals in the residue 
are fixed inside the cement matrix and that their mobilization is minimal and acceptable within the established 
environmental limits (Directive 1999/31/EEC), which makes this residue-bearing cement compatible with the 
regulations. 
 
Keywords: Portland cement, Ilmenite, waste, hazardous substances, residue-bearing 
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1. Introduction 
 
Manufacturing processes, industry, and municipal solid waste management, and so on, generate large 
quantities of waste and by-products. As a result, management of this waste is one of the world’s most 
important environmental objectives. Growing environmental awareness, shortages of landfill space, 
increasing costs, high consumption of natural sources, and more, have made finding new solutions for 
alternative waste utilization an attractive opportunity in harmony with sustainable development. 
The construction sector, as is well-known, is a major consumer of raw materials, thereby making it a 
good target for the responsible management of reclaimed products. The construction application with 
the greatest potential for use of waste as a secondary material is roadway construction, currently in 
solidification and stabilization (S/S) (X.D. Li et al., 2001), although in recent decades the cement 
industry has successfully used various industrial by-products (fly ash, silica fume and blast-furnace 
slag from steel manufacturing) as additives in cement manufacturing. This helps in reducing the cost 
of cement and concrete manufacturing, but it also has numerous indirect benefits, such as reduction in 
landfill costs, energy savings, and protecting the environment from possible pollution effects. Further, 
their utilization may improve the microstructural, mechanical, and durability properties of mortar and 
concrete, difficult to do using only ordinary Portland cement (Siddique, 2008).  
Therefore, in order to study the use of reclaimed products originating from industrial waste or by-
products as secondary material in construction applications, we must employ a methodology based on 
an approach that integrates technical and environmental testing (Åse Toger, 2006). 
This study is the result of a research partnership between the University of Sevilla, the CEBASA 
company (Cementos Barrero S.A.), and an international company specializing in recycling and waste 
management. In it, the tests and experiments needed to determine the degree of inertization of waste 
containing heavy metal elements in hydrated cement pastes have been conducted, and the 
technological properties (physical, mechanical, chemical, and other testing) of the cements obtained 
have been tested and compared with one of the cements manufactured by CEBASA and regulated, in 
Spain, by the mandatory cement regulatory instruction (RC-08). 
 
2. Type of cement, components, and proportions 

 
CEBASA manufactures two types of cements: CEM II/A-L 42,5R and CEM I 52,5R.  The cement 
chosen for use with incorporated waste was CEM II/A-L 42,5R. It was chosen because it is the most 
popular type manufactured by the cement manufacturer, and it also most easily allows the limestone 
additive to be partially replaced by waste supplied by the waste management company. 
The waste used is the by-product of pre-treatment that the waste management company performs on 
unattacked ilmenite and metallic sulfate in a pigment factory. This factory produces titanium dioxide 
using the "sulfate process", which consists in reacting ilmenite with concentrated sulfuric acid. This 
produces a solution of titanium sulfate and ferrous sulfate. The unattacked mineral is separated from 
the solution by decantation and filtration (Mantero et al., 2009). 
Therefore, the components that have been used to develop the CEM II/A-L 42,5R are: Portland clinker 
from China (CEBASA is a milling-process cement manufacturer), micronized limestone from Estepa 
(Sevilla), gypsum supplied by Afimosa from Morón de la Frontera (Sevilla) and waste from the 
extraction of titanium dioxide from ilmenite. 
 
It was decided that the amount of waste to be added to the cement should fall within the range 
intended for minor components, which for ordinary cements is between 0% and 5% (RC-08). The 
percentage chosen was 3%, which partially replaces the limestone so as to not alter the corresponding 
percentage versus the clinker core and gypsum. The final proportions for the CEM II/AL 45,5R used 
as the control and the one incorporating the waste are shown in Table 1. 
 
 
 



Table 1: Composition of control cement and W cement 

Name of cement in the study Clinker core + gypsum Limestone Waste material 
Control CEM II/A-L 42,5R  77% + 5% = 82% 18% 0% 

W 77% + 5% = 82% 15% 3% 
 
3. Methodology 
 
Major and minor chemical components of Portland clinker, gypsum, lime, and waste material were 
analysed by X-ray fluorescence (XRF) using a Panalytical Axios spectrometer. The mineralogical 
composition of the raw materials and hydrated cement pastes (1, 7, 14, and 28 days) was established 
by X-ray diffraction (XRD) using a Bruker-AXS D8. The diffractograms were obtained using the 
powder technique, XRD patterns in 2θ range 3º to 70°. 
The milling process consists of inserting all the cement components into a Los Angeles ball mill, 
Ibertest model IB40-430E/T, except the micronized limestone, which already has an appropriate 
particle size. The components are milled in the ball mill to ensure that between 91%–93% of cement 
particles, by volume, are 45μm or smaller. Particle size was measured using a Malvern Mastersizer 
2000 particle size analyser that determines the distribution of particle sizes within a sample. 
The chemical, physical, and mechanical requirements for ordinary cements were determined in 
accordance with RC-08 and UNE-EN standards: sulfate contents expressed as SO3 (EN 196-2:2006), 
chloride contents (UNE-EN 196-2: 2006), chromium (VI) contents (UNE-EN 196-10:2008), 
compressive strength at 2 and at 28 days (UNE-EN 196-1:2005), time of start and end of setting, and 
volume stability (UNE-EN 196-3:2005). In addition, we performed a series of non-mandatory quality-
control tests on the cement, such as: grain size, Blaine specific surface area, real density, loss on 
calcination, and additional compressive strength at 1, 7, and 56 days. 
In order to monitor the evolution of the microstructure, besides XRD, we analysed the samples by 
SEM at 1, 7, 14, and 28 days, employing a Jeol JSM 6460-LV microscope equipped with an energy 
dispersive X-ray (EDX) microprobe, a beryllium ATW2 window, and specific software (Oxford 
INCA) for point semiquantitative chemical analyses. SEM images in both secondary electron mode 
(SE) and in back-scattered electron mode (BSE) were acquired using several gold-plated samples. 
Finally, whole and crushed cement specimens of 1x1x1 cm3, aged 28 days, were subjected to leach 
assays for 24 hours in accordance with standard 1311 of the U.S. Environmental Protection Agency 
(USEPA Method 1311, 1992). Leachate solutions of pH 4.9 and neutral pH in 1:20 ratio (cement 
weight:leachate volume) were used to determine the amount of heavy-metal leached into the cement 
matrix by Inductively Coupled Plasma (ICP), using a Horiba Jovin Yvon 2000 unit.  
 
4. Results 
 
4.1. Chemical composition 
 

Table 2: Major and minor chemical components of clinker, gypsum, and micronized lime  

SAMPLE SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O 
CLINKER 

% 
21,370 5,330 3,480 0,120 1,290 63,570 0,140 

GYPSUM 5,280 1,440 0,590 0,010 2,450 35,780 0,040 
LIME N.D. 0,050 N.D. 0,000 0,170 55,040 0,020 

SAMPLE K2O TiO2 P2O5 SO3 Cr (ppm) Cl (ppm) PC TOTAL
CLINKER 

% 
0,650 0,340 0,100 0,290 84 54 1,036 97,720 

GYPSUM 0,340 0,060 0,020 43,090 17 42 6,314 95,417 
LIME 0,010 0,000 0,010 0,020 2 13 42,883 98,152 

 

 



Table 3: Major and minor chemical components of waste material 

SAMPLE TiO2 Fe2O3 SiO2 SO3 Al2O3 ZrO2 MnO K2O Na2O Nb2O5 
%WASTE  44,892 15,196 14,103 6,438 1,778 1,475 0,522 0,448 0,333 0,261 
SAMPLE CaO CeO2 MgO BaO HfO2 PbO Y2O3 CuO P2O5 ZnO 
%WASTE  0,238 0,122 0,103 0,078 0,040 0,070 0,030 0,048 0,028 0,032 
SAMPLE SnO2 Ta2O5 As2O3 SrO WO3 Cl Rb2O I PC TOTAL
%WASTE  0,019 0,005 0,015 0,003 0,004 0,015 0,000 0,000 13,643 99,940 

 
The results for the chemical composition of the Portland clinker, gypsum and micronized lime cement 
are shown in Table 2. It can be noted that this composition is within the typical ranges for each 
component. Chemical composition of the waste material cement (Table 3) is rich in Ti and Fe, as is to 
be expected due to the origin of the waste. It is important to note the presence of metals of 
environmental interest, such as Ba, Pb, Cu, Sn, and so on, which are the ones whose immobilization is 
sought and whose degree of inertization within this cement matrix is studied below.  
 
4.2. Structural composition of components 
 
The diffractogram obtained for the mineral composition of Portland clinker has allowed us to identify 
the following as major phases: tricalcium silicate (C3S), bicalcium silicate (C2S), tricalcium aluminate 
(C3A) and tetracalcium aluminoferrite (C4AF). Portlandite (CH) and periclase (M) have also been 
detected as minor phases. According to a quantitative analysis using the Rietveld method, provided by 
Cebasa, the contents are: C3S (57.77%), C2S (22.43%), C4AF (9.29%), C3A (8.64%), CH (1.46%), and 
M (0.41%).  
In the gypsum, the major phase is calcium sulfate dihydrate, and impurities have been identified as 
calcite (CaCO3) and quartz (SiO2); in the micronized limestone additive, only the presence of calcite 
with a small magnesium replacement (Mg0,03Ca0,97CO3) has been detected. 
The structural composition of the waste consists mainly of ilmenite (FeTiO3) and rutile (TiO2), and as 
minor phases, titanium sulfide (TiS3), greigite (Fe3S4), quartz (SiO2), and zirconite (ZrSiO4). 
 
4.3. Grain size and Blaine specific surface area  
 
To obtain a suitable distribution of particle size, based on CEBASA’s manufacturing experience, 91% 
to 93% by volume of the cement particles must be 45μm or smaller. To achieve this percentage, both 
the Control cement and W cement were subjected to 3.500 rotations in the ball mill. Table 4 shows the 
percentage by volume larger than 45μm and the Blaine specific surface area obtained for both 
samples. 
 

Table 4: Percentage in volume higher than 45μm and Blaine specific surface area of control and w 

SAMPLE % volume > 45μm Blaine specific surface area (cm2/gr) 
Control 7,27 5.855 

W 7,94 4.886 
 
4.4. Chemical, physical, and mechanical requirements 
 
The results obtained for the various chemical requirements are shown in Table 5. It was noted that 
both samples met the imposed limited for % SO3 and % Cl-, but in terms of chromium (VI), the 
cements exceeded the maximum value, set at 2 ppm. When this occurs, reductive additives are 
incorporated into the cement manufacturing process. In light of these data, keeping in mind that the 
Control did not meet this requirement, we can deduce that the main source of chromium (VI) is the 
clinker itself, and not the waste, since (as can be seen in Table 3) it does not contain detectable 
quantities of chromium. 
 



Table 5: Chemical requirements of Control and W 
 

SAMPLE % SO3 RC-08 % Cl- RC-08 
Cr (VI) 

ppm 
Limits by decree 

pre/1954/2004 ppm 
% PC 
550ºC 

% PC 
975ºC 

Control 2,3 ≤ 4 0,007 ≤ 0,10 2,46 2 0,83 9,51 
W 2,6 0,011 2,46 0,92 8,87 

  
As for the physical requirements, Table 6 shows that both cements comply with the times prescribed 
by RC-08, although there has been a slight slow-down for cement W, whose values are well within 
regulatory limits. For volume stability, once again it can be shown that both cements exhibit expansion 
values below those indicated by the RC-08. Finally, the values obtained for compressive strength 
(Table 7) meet the mandatory requirements at 2 and 28 days aging. It is noted that the incorporation of 
waste has had hardly any effect. 
 

Table 6: Physical requirements of control and W 
 

SAMPLE Initial setting 
(min) 

Final setting 
(min) 

RC-08 
(min) 

Expansion 
(mm) 

RC-08 
(mm) 

Real density 
(g/cm3) 

Control 165 212 ≥ 60  
≤ 720 

0.74 ≤ 10 3,079 
W 262 308 0.93 3,095 

 
Table 7:  Mechanical requirements of control and W 

 

SAMPLE Compressive strength at different ages (N/mm2) RC-08 (N/mm2) 
1d 2d 7d 28d 56d 2d 28d 

Control 15,3 25,9 38,6 49,5 53,9 ≥ 10  ≥ 42,5 ≤ 
62,5 W 16,5 25,5 39,7 50,6 55,4 

   
4.5. Mineralogical evolution of W 
 
The mineralogical study of the evolution in cement W over time was performed by XRD analysis at 
the ages of 1d, 7d, 14d, and 28d (Fig. 1). Calcite deriving primarily from micronized limestone added 
to the clinker has been identified, and the anhydrous clinker phases C3S, C2S, C3A, and C4AF 
disappear progressively as the cement ages, being transformed into the hydrated phases characteristic 
of cement: CH, ettringite (AFt), tobermorite (S-C-H) and hydrated calcium aluminate carbonate, by 
the action of environmental CO2. Some of these hydrated compounds, such tobermorite, are not very 
crystalline, which makes their identification on the diagram more difficult. No phase corresponding to 
the addition of waste has been identified, probably due to the low concentration in which it is found.  

 

 Figure 1: 

W diffractograms at 1d, 7d, 14d, and 28d. 
4 10 20 30 40 50 60 7

1d

7d

14d

28d

00-001-1012 (D) - Calcium Silicate Oxide - beta-Ca2SiO4
01-073-0599 (C) - Calcium Silicate Oxide - Ca3(SiO4)O
00-033-0251 (*) - Calcium Aluminum Oxide - Ca3Al2O6
01-072-1652 (A) - Calcite - CaCO3
CEBASA-I- 28D
CEBASA-I-14D
CEBASA-I-7D
CEBASA-I-1D

00-041-0221 (*) - Calcium Aluminum Oxide Carbonate Hydroxide Hydrate - Ca4Al2O6(CO3)0.5
01-087-0493 (C) - Calcium Aluminum Hydroxide Carbonate Hydrate - Ca4Al2(OH)12(CO3)(H2
00-013-0350 (D) - Ettringite - Ca6Al2(SO4)3(OH)12·26H2O
00-004-0733 (I) - Portlandite, syn - Ca(OH)2
01-074-0803 (C) - Iron Aluminum Calcium Oxide - Fe2O3Al2O3(CaO)4
00-002-0912 (D) - Calcium Aluminum Oxide - Ca5Al6O14/5CaO·3Al2O3



4.6. Scanning electron microscopy of W 
 
Several chemical specific elements of the waste material and their location in the W cement matrix 
have been analysed using SEM in back-scattered electron mode (BSE); these analyses allowed the 
differentiation of light zones - containing heavy chemical elements - and dark ones with chemical 
elements of low atomic weight (Fig. 2). 
 

 
Figure 2: Cement W SEM micrographs at 28d SE mode (A) in BSE (B), (C) EDAX spectrum of light particles. 
 
The lighter particles seen in the image (B) of Figure 2, embedded within the cement matrix, 
correspond to the waste, as shown by chemical microanalysis, which detects the majority presence of 
Ti, Fe, Mn, and Ca. These microanalyses were performed by X-ray spectroscopy at the age of 28 days, 
for various particles located in the contrast images (BSE), with Ti showing that the particle belongs to 
the waste, since this element is not present in the Control. 
 
4.7. Leaching 
 
The composition of  leachates in the various test conditions (samples crushed and not crushed, control, 
and W, neutral and acid pH) (Fig. 3) indicate that the concentration of heavy metals analysed and 
included in the reference standard selected for analysis of the level of hazardousness of these leachates 
(Directive 1999/31/EEC) does not exceed established limits. In addition, by way of illustration and as 
an extreme case, we have also compared the limits from Royal Decree 140/2003, which establishes 
water-quality criteria for potable water; its limits are not exceeded even in the case of the crushed 
samples. 
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Figure 3: Heavy metal leaching graphs: (A) whole cement specimen and (B) crushed cement specimen. 
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5. Conclusions 
 
The analysis of the results obtained from the various tests and techniques outlined in this paper allows 
us to reach the following conclusions: 
 
 Adding 3% waste material produced by extraction of TiO2 from ilmenite to type CEMII/A-L 42,5R 
cement, in partial replacement of limestone filler, has resulted in a cement that meets the physical, 
mechanical, and chemical requirements established in the mandatory Instruction for Cement 
Acceptance RC-08 currently in force. 
 
 Heavy metals from the waste are retained mechanically in the cementitious matrix, and they do not 
leach from it in the neutral and acid pH conditions tested, which could be interpreted as due to the 
existence of physical-chemical interactions between the metals and the amorphous matrix. Therefore, 
the addition of these wastes in the proportions tested is compatible with environmental requirements. 
 
 It is estimated that the addition of waste material in a proportion higher than those tested is possible, 
up to least the 5% allowed by the RC-08, given the limited effect on the characteristics of the cement. 
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Abstract 

Carbon Nanotubes (CNTs) have remarkable properties with respect to flexural strength and surface area. These 

properties are very interesting for their application in concretes, mortars and other construction materials. The 

knowledge of the basic processes during the hydration of cement based materials and the influence of carbon nanotubes 

therein is important for future applications.  

Experiments show an influence of multiwalled carbon nanotubes (MWCNTs) on the nucleation and crystal growth of 

calcium hydroxide during the hydration process of tricalcium silicate. This can be explained by incorporation of the 

carbon nanotubes into the micro- and nanostructure of the hydrated cement and their nucleation function. Until now 

there is no chemical proof for MWCNTs embedded in the hydrated tricalcium silicate. After 28 days of hydration a 

higher degree of condensation can be observed due to the function of MWCNTs working as crystal seeds. 
29

Si MAS NMR measurements have been performed to investigate the incorporation of MWCNTs. The incorporation 

leads to a change in silica tetrahedra Q
n
 distribution. The nucleation-effect of CNTs is supposed to be a reason for the 

acceleration of the hydration as proofed by calorimetric methods. 

 

Originality 

Carbon nanotubes are a high potential additive in concrete technology. We incorporated carbon nanotubes into the 

binder structure to improve the mechanical properties and the durability of cementitious materials. 

The durability of cementitious materials is closely linked to the structure. Broadening the knowledge of the processes 

that improve the structure integrity is inalienable to manipulate the systems such that high-efficient binders can be 

created.  

Spectroscopic methods are powerful tools to obtain information about reactivity and structure of cementitious 

materials. By combining different spectroscopic methods and microscopy structural properties can be assigned at a 

micro- and nanoscale. NMR-spectroscopy is a well-established method to investigate the bonding properties of 

chemical systems. The main advance is the opportunity to specify the connectivity of the silicate tetrahedra in CSH-

phases by means of 
29

Si MAS NMR. IR- spectroscopy yields additional information about functional groups and 

hydrogen bonds. Both methods are also useful to explain the hydration processes of cement-based materials. In 

combination with optical methods conclusions about the morphology can be drawn as well. Concerning measurements 

are mostly completed. 

The first-time combined application of these methods to analyze the structure and hydration processes of CNT--

reinforced binders is shown by our group. 

 

Chief contributions 

The incorporation of carbon nanotubes into CSH-phases is a crucial step in the improvement of ultra high performance 

concrete (UHPC). By using carbon nanotubes as reinforcement it is possible to create high-efficient components with 

higher flexural strength compared to concrete without CNTs. Because of the ability of CNTs to work as a starter for the 

crystal nucleation there also a higher compressive strength can be achieved. This causes a decrease of used clinker in 

cementitious materials because less cement is necessary to build up construction parts with the same mechanical 

properties. 

Higher mechanical strengths are useful by the ambition to build higher constructions. In the future this is very 

important because there is an increasing population growth rate and higher buildings will be necessary. 

By using UHPC lower clinker content is needed. This is an important contribution to the environmental protection by 

saving carbon dioxide. Carbon dioxide is produced during the cement fabrication. Less clinker means less CO2. 

Because of the nucleation-effect of CNTs denser structures in concrete can be achieved. These concretes reinforced by 

CNTs obtain a higher durability because there is less damage by aggressive media and acids. This leads to a long-term 

sustainability by saving resources.  

 

Keywords: carbon nanotubes, calcium silicate hydrates, microstructure, nuclear magnetic resonance 

                                                 
* Corresponding author: Email trettin@chemie.uni-siegen.de  Tel +492717402984, Fax +492717402938 

 

mailto:trettin@chemie.uni-siegen.de


1. INTRODUCTION 

 

The properties of multiwalled carbon nanotubes (MWCNT) are often mentioned in literature. (Ijima, 

1991) Beneath high flexural strength they include remarkable properties concerning the e-modulus, 

elasticity and the aspect ratio. Their application in construction industry has been mentioned by Makar 

and Beaudoin first. (Makar, Beaudoin, 2003) Makar and Chan showed in experiments with non-

functionalized singlewalled carbon nanotubes (SWCNT) clearly the ability to work as a crystal seed in 

hydration processes. (Makar, Chan, 2009) This is also shown in an acceleration of the hydration as 

proofed by calorimetric methods and with scanning electron microscopy (SEM) images of the obtained 

hydration products. (Jiang et al., 2005) SEM images show that microcracks are bridged by MWCNTs 

giving a connection between the edges of the crack. Previous research activities showed an influence on 

the mechanical properties. There is an increase of the flexural strength of samples including MWCNTs 

and tricalcium silicate up to 45% as a result of the incorporation of the MWCNT into the microstructure 

of hydrated tricalcium silicate and their function as a micro-reinforcement. 

Looking at the hydration products influenced by CNTs a significant change in the crystallinity of 

portlandite can be noticed. This finding is supported by X-ray diffractometry. At early hydration time a 

clear reduction of the reflex at 18.1° 2θ can be seen that describes the [0001]-direction of Ca(OH)2. The 

amount of the amorphous phase increases as a result of more amorphous Ca(OH)2. (Kowald, Trettin, 

2007) 

MWCNTs which are overgrown by hydration products are shown by AFM-images. (Kowald, Trettin, 

2004; Jiang et al., 2005; Kowald, Trettin, 2007; Makar, Chan, 2009) IR spectroscopic results show a 

connection of MWCNTs and CSH-phases but give no structural information. (Li et al., 2005) A change in 

the intensity of the bands describing the valance mode of hydroxyl groups at 3400cm
-1

 shows the 

influence of MWCNTs on the amount of obtained portlandite from the hydration.  
 

 

2. EXPERIMENTAL 

 

Triclinic tricalcium silicate (C3S) has been prepared at 1450°C in a high temperature furnace using 

calcium carbonate and silicic acid after determination of the loss of ignition. The free lime content has 

been <0,3 % after synthesis. For the study four samples of C3S have been used, being pure C3S (C3S), 

superplasticizer (SP) containing hydrated C3S (C3S+SP), and hydrated C3S that contains both, oxidized 

MWCNT and superplasticizer (C3S+CNT). All samples were chosen to have a water to binder ratio of 

0.22 and the chosen amount of superplasticizer and MWCNTs is 1.0 wt% solid referring to the binding 

material, respectively (Table 1). The utilized superplasticizer is a polycarboxylate ether-based (PCE) 

superplasticizer-dispersion with a dosage of 30,0 % solid. The oxidized MWCNTs are commercial 

available with carboxyl-groups on the surface and have been homogenized by ultrasonic methods. The 

complete amount of MWCNTs has been added to water and homogenized for 15 minutes under stirring. 

Then the superplasticizer has been poured into the dispersion and the mixture has been homogenized for 

another 15 minutes under cooling. The liquid components have been added to C3S and mixed for five 

minutes with a standard cement mixer. All samples have been hydrated for 28 days under standard 

conditions (95% humidity/25°C temperature) and dried afterwards at 35°C. The samples have been 

analyzed by X-ray powder diffraction techniques (XRD) and quantitative Rietveld-analysis and by 

infrared- (IR) and nuclear magnetic resonance (NMR) techniques for structural information. Reaction 

kinetics have been investigated by differential calorimetric analysis (DCA). (Weitzel et al., in progress) 

The samples have been stored in a desiccator until the measurements.  

X-ray diffraction (XRD) patterns were collected on a Panalytical X’Pert Pro MPD diffractometer 

measured by step scanning at angular intervals of 0.01° using copper Kα radiation. A copper anode X-ray 

tube was used. The samples have been ground in a laboratory rotation mill until a particle size of <64 µm 

was reached sieved and prepared on a Standard Sample Holder of PW18xx Sample Holder series. 
29

Si MAS NMR measurements were carried out on a Bruker DSX-300 spectrometer employing a 7 mm 

H-X probe. Samples were ground and packed as fine powders. All experiments were recorded using a 



spinning frequency of 7.0 kHz, 30 s relaxation delay, and a flip angle of 45° for an νrf of 50.0 kHz. β-C2S 

was (with a purity of 99.9%) as an external reference (δiso = -71.33 ppm). All spectra were analyzed and 

deconvoluted with DmFit. (Massiot et al., 2002) 

 
Table 1: Sample composition 

Sample W/B wt% SP wt% MWCNT 

C3S - - - 

C3S+SP 0,22 1,0 - 

C3S+CNT 0,22 1,0 1,0 

 

 

3. Results and Discussion 

 

After 28 days of hydration there are certain observations. In the first case the amount of crystalline 

Ca(OH)2 with C3S+CNT has increased compared to C3S+SP due to the higher degree of hydration  

depending on the amount of crystal seeds given at the early hydration as proven by XRD (Figure 1).  

 
Figure 1: X-ray diffractogram: portlandite reflex at 18,0°2 

 

 

Tricalcium silicate provides a spectrum including nine different signals between -68 and -75 ppm 

representing nine nonequivalent Si sites as known from the triclinic crystal structure (Figure 2). The 

signal at -71,3 ppm refers to impurities of β-C2S. 

There is a change in the structure as it can be seen in the NMR spectra (Figure 3). The amount of Q
1
- and 

Q
2
-connected tetrahedra of C3S+CNT has increased compared to that of C3S+SP. After integration of the 

spectra an increase of the signals for Q
1
- and Q

2
-connected tetrahedra at -79 and -85 ppm can be 

observed. The amount of both sites increases up to three times higher in C3S+CNT compared to C3S+SP. 

Polycarboxylate ether based superplastisizers are known to decrease the hydration speed in cementitious 

systems. The incorporated MWCNTs increase the hydration speed after addition to the same system. So 

the MWCNTs inhibit the retardation by the superplasticizer. This can also be explained by their ability to 



work as a nucleation-site in the system. The functionalized MWCNTs provide different reaction sites for 

the crystal growth. As known from literature hydration products grow on the surface of carbon nanotubes. 

(Li et al., 2005) 

 

 
Figure 2: Crystal structure of triclinic C3S (Golovastikov et al.,1976) 

 

 

The distributions of the Q
1
- and Q

2
-sites show that the resulting CSH-phases consist of silicate dimers and 

longer chains according to the 3n-1 rule (Taylor, 1997). The ratio between Q
1
 and Q

2
 is 5:1 in the case of 

C3S+SP and 3:1 in the case of C3S+CNT. This shows that the MWCNTs influence the chain length and 

the amount of the CSH-phases. CSH-phases from the hydrated system containing just superplasticizer and 

tricalcium silicate include dimers and higher homologues. The same system with added MWCNTs leads 

to longer chains. This is also caused by the faster hydration due to the combined nucleation and template 

effect. 

 

 
 

Figure 3: NMR spectra of C3S, C3S+SP and C3S+CNT 



CSH-phases bind to the MWCNTs at the carboxyl-sites by interaction of the Ca
2+

-ions of the pore 

solution. Therefore the carboxyl group-density on the surface of the MWCNTs can influence the chain 

lengths of the grown CSH-phases. With this reaction the MWCNTs work as a kind of template during the 

hydration. The CSH-chains can grow along the MWCNTs (Figure 4). 

 
 

 
 

Figure 4: Scheme of the incorporation of CNT into CSH phases 

 

 

This template-effect is also supported by the obvious line broadening in the range of the Q
1
 and Q

2
-

tetrahedra from -79 to -85 ppm as a result of the paramagnetic interaction with CNTs. This illustrates that 

the CNTs are homogeneous incorporated into the CSH-phase. 

 

 

4. CONCLUSIONS 

 
29

Si MAS NMR measurements have been performed to show the influence of multiwalled carbon 

nanotubes on the hydration and structure of tricalcium silicate and the CSH-phases. MWCNTs work as a 

reinforcement that cure microcracks (Jiang et al., 2005) and as a crystal seed for the hydration products. 

The amount of portlandite in the system C3S+CNT increases by addition of MWCNTs compared to the 

system C3S+SP as measured by XRD showing that the hydration speed increases. This leads to a better 

connectivity within the system C3S+CNT and a lower amount of silicate dimers. MWCNTs act as a 

template and stabilize the CSH-chains during hydration. Line-broadening of the spectra signals indicate 

that MWCNTs are incorporated into the CSH-phases. The nucleation-effect of the MWCNTs 

compensates the well-known retardation-effect of the most PCE-SPs in parts. The difference in the degree 

of hydration between the different samples has been shown by XRD- and NMR-methods. 
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Abstract 
 
Cement is a vast domain of use for chemical admixtures. The so-called superplasticizers of kind polycarboxylate grafted 
poly(ethylene oxide) (PCP) demonstrated their efficiency for fluidity improvement. High costs of these admixtures imply 
to reduce added amounts. But the sole adsorbed PCP is efficient for improving the fluidity. To predict the optimum 
dosage, it is interesting to study the relationship existing between the rheology and the adsorbed amount. The 
adsorption is more representative than the dosage as used in several previous studies. Here we chose a calcite system 
to avoid cement reactivity and to mimic properties of a cement paste at the early age of hydration. Comb-type 
superplasticizers with various side chains density were studied in sulfated solution. The adsorption was evaluated by 
measuring the adsorbed amount and the PCP equilibrium concentration. A mini-cone slump test permitted to deduce 
the yield stress of the same paste. We found that the adsorption isotherms depend on the pore solution and the grafting 
degree. Without sulfate, the three PCP have the same adsorption ability. On the contrary, an effect of the side chain 
density is revealed in a sulfated pore solution. The amount of adsorbed PCP declines because PCP competes with the 
sulfate ions. A more charged PCP will be more resistant to the competition with sulfates. By combining the rheology 
with the adsorption, we highlighted a unique relationship “log(yield stress) vs. adsorbed PCP” for a sulfated solution 
whatever the sulfate concentration [60-120mmol/L] and the ester ratio [20-38%].  However in a sulfate-free solution, 
the previous relationship was not valid and thus depends on the ester ratio. A sulfate-free solution is far away from a 
cement pore solution. The established relationships are valid for an adsorption in the slope of the isotherm. In this case, 
the relationship is slightly curved showing that the first adsorbed PCP are the most efficient to improve the fluidity 
whatever the pore solution. When the amount of adsorbed PCP is close to the saturation dosage of the surface, the 
relationship becomes more linear and is no more influenced by the pore solution. Each PCP has the same fluidizing 
efficiency when it manages to adsorb in these ionic conditions. The knowledge of the adsorption and the relationship 
obtained is a necessary step to reduce dosages and improve fluidizing efficiency. 
 
 
Originality 
 
The sustainable production and the emission of greenhouse gases are two problems in which the admixtures can 
provide solutions. Comb-type superplasticizers, used in this study, enhance the properties of fresh concrete such as the 
fluidity. This study was led on an inert calcite system with various amounts of sulfate to mimic the cement and its pore 
solution. Our model system leads to highlight a unique relationship between fluidity and adsorption whatever the 
sulfate concentration or grafting degree of the comb-type superplasticizer. The improvement of fluidizing efficiency of 
this kind of admixtures is directly related to understanding and improving their adsorption. 
 
Chief contributions 
 
The improvement of properties of fresh concrete is an important industrial area for chemical admixtures. The industrial 
applications require to predict the approriate amount of PCP for a specified workability. Thus it is interesting to study 
the relationship existing between the adsorption and the rheology. In this study, a inert cement-like system permited to 
highlight the unique relationship existing between yield stress and PCP adsorbed quantities with various amounts of 
sulfate and with different grafting degree. Therefore the understanding of the adsorption is a crucial point to enhance 
the efficiency of comb-type superplasticizers. For this purpose, we have demonstrated that the first PCP adsorbed are 
the more efficient to improve the fluidity whatever the PCP and the pore solution. 
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1. Introduction 
 
Nowadays cement and concrete industry is subjected to two principal constraints: environmental by 
reducing the emission of greenhouse gases and technological by increasing the mechanical strengths 
of hardened concrete. However both aims are in contradiction with the workability of a concrete in the 
fresh state. To overcome this rheological loss, organic admixtures are used as so-called 
superplasticizers made of a polymethacrylate backbone partially esterified with poly(ethylene oxide) 
(PEO) chains. These comb-like copolymers are referred to hereafter by the acronym PCP. The main 
constraints are the cost of admixtures and the improvement of fluidizing efficiency. The sole adsorbed 
PCP is efficient for improving the fluidity. In fact an added amount of PCP shares between the pore 
solution and the adsorption on surfaces. Because of the alkaline pH of the cement suspension (pH 
>12), the non-esterified methacrylic groups (MAA) are ionized. Thus these groups have a role to 
adsorb on the solid surfaces covered by Ca++ ions. Graft chains generate steric hindrance effects which 
overcome the attractive forces responsible for the flocculation of cement particles and hydrates (e.g. 
Uchikawa et al., 1997). The polymer adsorption is very sensitive to the concentration of divalent ions 
like sulfate ions as a consequence of their competitive adsorption (e.g. Yamada et al., 2001). The 
initial workability of the cement paste made with PCP is consequently dramatically affected in 
presence of high sulfate ions concentrations (e.g. Hanehara et al., 1999). Numerous studies already 
reported the influence of the characteristic of the polycarboxylate grafted poly(ethylene oxide) (PCP) 
such as the molar mass, the number and the length of the PEO side chains  (e.g., Yamada et al., 2000) 
on the rheology omitting results analysis in sight of the adsorption behavior. 
Industrial problems are the prediction of the superplasticizer added amount to keep the fluidity 
constant up to several hours. To have good slump retention, PCP should cover surfaces of anhydrous 
and hydrated phases. During the hydration of cement, the dissolution of anhydrous phases leads to the 
precipitation of hydrated phases. Thus these hydrates will not be covered and a slump loss can occur. 
The prediction of the dosage involves knowing the surface of hydrated phases and the relation 
fluidity/PCP adsorption. Our study focuses on the relationship fluidity/adsorption. A linear correlation 
between the paste flow and the adsorption per gram of cement was shown by Schober (2003) and by 
Flatt (2006) for various structures of PCP. Hanehara (2007) highlighted a linear relationship between 
the adsorption amount of PC per surface area of hydrated cement and slump flow depending on the 
water to cement ratio. These previous studies were done for a unique dosage as the entire surface was 
covered. The originality of our work is to study the contribution of the first adsorbed PCP on the 
relationship between the polymer adsorption and dispersion ability in presence of sulfate ions. 
 
2. Materials 
 
2. 1. Minerals 
Yamada (2003) has shown the difficulty to study the relationship fluidity/adsorption by working with 
nine kinds of cement. To work solely on this relationship without the effects of hydration, an inert 
system, calcium carbonate, was chosen to faithfully duplicate rheological properties of a cement paste. 
Calcium carbonate gets surface and colloidal properties close to cement particles at the first steps of 
hydration. Calcite has got in saturated lime water solution a zeta potential and a specific surface area 
(both main parameters governing the adsorption) similar to unhydrated cement (Mikanovic et al., 
2006). Thus aqueous calcite (CaCO3) suspensions can provide an inert system model for early age 
cementitious materials by simulating superplasticizer/cement interactions and their consequences on 
rheology without the chemical reactivity of a cement.  The calcite betocarb P2-OG was supplied by 
OMYA France. The specific surface area determined from nitrogen adsorption using the BET 
equations was found to be equal to 0.77 m2 g-1.   
 
2. 2. Superplasticizers 
In order to study the effect of the anionic groups, three different PCP were synthesized by 
conventional radical polymerisation of PEO methacrylate and methacrylic acid (MAA) with an 



average molecular weight close to 30 000g/mol. The length of the side chains was set at a constant 
value of 1100 g/mol. Then the chosen grafting ratio or ester ratio (POE/(POE + MAA)= XX %mol) 
was 20%, 30% and 38% respectively designated by PCP-20, PCP-30 and PCP-38.  
 
3. Sample preparation and methods 
 
3. 1. Synthetic pore solution: 
All the solutions used are saturated with respect to calcium hydroxide in order to keep the surface 
charge of calcite unchanged. For the initial solutions, this was done by adding 1,8g of CaO to 1L of 
distilled deionised water. In order to evaluate the effect of the sulfate ions on the performances of the 
three PCP, three solutions containing different sulfate concentrations were prepared. The first solution 
consists in a previous CaO saturated solution. The solutions with various sulfate concentrations were 
obtained by adding respectively 10,8g and 19,9 g of Na2SO4 to 1L of the CaO saturated solution. 
These suspensions were continuously stirred at 25°C and then filtered through 0.3 µm millipore filters. 
The ionic concentrations were then determined by atomic emission spectroscopy: 
-without sulfate: [Ca2+] = 21±1mmol/L  
-with sulfate: [Ca2+] = 15±1mmol/L and [sulfate] = 60±2mmol/L or [Ca2+] = 12±1mmol/L and 
[sulfate] = 120±3mmol/L  
 
3. 2. Calcite suspension: 
The suspension is prepared using a Waring blender and according to the following procedure: 
- 27.2 mL of initial solution is poured into the blender. 
- 80g of calcite and 150 mg of calcium hydroxide (added to compensate calcium consumption due to 
Ca2+ adsorption on calcite) were mixed dry for about 5 seconds by hand outside the blender. 
- The powder is then poured into the blender. 
- Mixing is then performed according to the next procedure: 1 minute speed 5000 rpm, 1 minute 
without mixing, 1 minute speed 5000 rpm. 
Using this procedure, the liquid/solid ratio of the suspension is equal to 0.34. According to Hanehara 
(2007), the higher the solid volume fraction is, the higher the sensitivity of the relationship 
fluidity/adsorption is. The liquid to solid ratio was chosen to be the most sensitive for the rheology 
experiments. 
 
3. 3. PCP adsorptions measurements: 
The PCP adsorption onto the mineral particles in the different pastes was determined by measuring the 
residual concentration of polymer in the liquid phase of the suspensions. Again, immediately after the 
rheology experiment, a part of the paste was centrifuged and the filtered supernatant was also acidified 
with H3PO4 to avoid carbonation. The total organic carbon (TOC) of the pore solution was then 
measured by using a Shimadzu TOC analyser 5000A. The amount of PCP adsorbed is therefore 
deduced from the reference TOC measurements of initial solution prepared before the calcite addition.  
 
3. 4. Rheology experiments: 
A part of the paste was used for adsorption measurements and the other part permitted to evaluate the 
yield stress (τ0) by using a mini-cone test. The slump or spread measurement involves filling a 
normalized cone (38mm lower and 20mm upper diameter and a height of 55mm) then lifting it up at a 
constant speed and finally measuring the diameter (R) of the paste spread disk onto the glass plate. A 
preliminary study had confirmed that the relation between the yield stress and the slump can be 
predicted by the law (e.g., Zimmermann et al., 2009): 
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where: ρ = paste density, V = volume of the cone and λ = parameter which takes into account the wet 
angle and the liquid-vapor interfacial energy (it was fixed at 0,003). 
The slump measured values were converted into yield stress thanks to the previous relation (1). 
Results of the previous studies on the relationship fluidity/adsorption (e.g. Schober, 2003, Flatt, 2006) 
were plotted in paste-flow in millimeter. The use of the yield stress makes the comparison of results 
easier. 
 
4. Results and discussion 
 
The adsorption and rheology measurements will be analyzed according to the sulfate concentration 
and the grafting degree. Each pore solution is different by its ionic strength, pH and ions 
concentrations, conditioning the interfacial properties of the calcite. 
 
4.1. Adsorption isotherm 
The adsorption isotherms of the three PCP are plotted according to the sulfate concentration: without 
sulfate (fig. 1), 60mmol/L of sulfate (fig. 2) and 120mmol/L of sulfate (fig. 3). 
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Figure 1: Adsorption isotherm without sulfate. The 
three PCP have the same plateau value and a strong 
affinity for the surface of the calcite. 
 
Figure 2: Adsorption isotherm with 60mmol/L of 
sulfate. The adsorbed amount and the affinity for the 
surface decrease with an increase of the side chains 
density. 
 
Figure 3: Adsorption isotherm with 120mmol/L of 
sulfate. The adsorbed amount and the affinity for the 
surface decline more strongly than in presence of 0 or 
60mmol/L of sulfate. 

Figure 3  
 
The adsorption isotherms of the three PCP are very similar in a sulfate-free solution (figure 1). The 
behavior of the three PCP reveals a strong affinity for the surface. A same plateau value is obtained 
whatever the structure of the PCP: 0,56mg/g of calcite. The calcite surface without sulfate is favorable 
to the PCP adsorption revealed by the high affinity values.  



The influence of sulfate ions will be studied thanks to both adsorption isotherms with 60 (figure 2) and 
120mmol/L of sulfate (figure 3). In general, both the adsorbed amounts and the affinity for the surface 
i.e. the solution/adsorption distribution decline with the sulfate concentration and/or the ester ratio. 
Sulfate ions allow to highlight different adsorption behaviors linked to the PCP structure.  
The slope of the linear part of the isotherm describes the affinity for the surface. In both sulfate 
concentration, the structure effect is observed because the order of the slope is unchanged: PCP-20 > 
PCP-30 > PCP-38. To adsorb onto the surface, PCP must compete with sulfates: the capacity as a 
competitor depends on the charge of the PCP. A highly charged backbone (PCP-20) implies a good 
resistance to sulfate/PCP competition and thus a low decrease of the affinity is observed contrary to a 
poorly charged backbone (PCP-38). 
The plateau values for both PCP-20 and PCP-30 seem to be very close. However, this plateau 
decreases from 60 to 120mmol/L of sulfate: 0,5mg/g of calcite to 0,45mg/g of calcite. The pore 
solution is different by its ionic strength, pH and ions concentrations, conditioning the interfacial 
properties of the calcite. Due to the gypsum equilibrium, the sulfate increase will lead to a calcium 
lowering (21→15→12mmol/L) and consequently to a surface charge density reduction. By this fact, 
the adsorption is going to decrease. PCP-38 shows a different behavior by the shape of the isotherm. 
The plateau value and the affinity are quite different from the others PCP. 
In the following rheology experiments, the adsorbed amount is always inferior to 0,3mg/g of calcite. 
So the dosage range allows to always be in the linear part of the isotherm and to study the contribution 
of the first adsorbed PCP on the relationship fluidity/adsorption. 
 
4.2 Rheology experiments 
 

 
The yield stress of the calcite paste (in logarithmic scale) versus the PCP adsorption in a sulfate-free 
solution is plotted in figure 4. It clearly appears that the logarithm of yield stress linearly decreases 
with the PCP adsorption. Thus the adsorbed PCP layer has a strong effect by reducing the attractive 
forces acting between the calcite particles. The higher the adsorbed PCP amount is, the more separated 
the curves are, denoting an influence of the ester ratio. Surprisingly at same adsorption level for high 
dosages, PCP-38 leads to a stronger decrease of the yield stress. A better knowledge of the PCP 
conformation could possibly explain this behavior. 
The yield stress is plotted as a function of the amount of adsorbed PCP (in mg per gram of calcite) for 
the three PCP and for the two different sulfate concentrations (Figure 5). A unique relationship 
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Figure 4: Yield stress (in logarithmic scale) decreases 
as a function of the amount of adsorbed PCP in a 
sulfate-free pore solution. This relationship is affected 
by the ester ratio. 

 

Figure 5: Yield stress (in logarithmic scale) decreases 
as a function of the amount of adsorbed PCP. This 
relationship remains the same whatever the ester ratio 
[20-38%] of the PCP studied and the sulfate 
concentration [60-120mmol/L]. 



fluidity/adsorption for a sulfated pore solution is highlighted whatever the sulfate concentration and 
the ester ratio except the PCP-38 at 120mmol/L of sulfate. The sulfate concentration (60 to 
120mmol/L) of the pore solution does not modify the dispersion ability of the adsorbed polymer. The 
ionic strength of both experiments is respectively 0.20 and 0.36mmol/L. These results are consistent 
with the conclusions of Borget (2005) who found that the hydrodynamic radius of different PCP in 
alkaline solution remains the same in a large range of ionic strength (0.03 < I mmol/L < 0.40) obtained 
by modifying the sulfate concentration for example. He concluded then that electrostatic interactions 
between the carboxylate groups are completely screened under these conditions. Under the 
experimental conditions the yield stress can simply be expressed as an exponential decrease of the 
amount of adsorbed PCP, and this relation remains the same whatever the ester ratio of PCP studied 
and the ionic strength of the calcite suspension by varying the Na2SO4 contents.  
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Figure 6:  Yield stress (in logarithmic scale) decreases as a function of the amount of adsorbed PCP. A slightly 
curved relationship is obtained for dosages in the slope of the isotherm. On the contrary, an almost linear 
relationship fluidity/adsorption is obtained on the plateau of the isotherm as for PCP-38 at 120mmol/ of sulfate. 
 
The figure 6 summarizes trends observed for the relationships fluidity/adsorption with and without 
sulfate. The exception of PCP-38 at 120mmol/L of sulfate is also plotted. As stated above, PCP 
dosages studied are located in the first part of the slope of the isotherms. In this case, both 
relationships “log(yield stress) vs. adsorbed PCP” are slightly curved. On the contrary, dosages studied 
for PCP-38 at 120mmol/L of sulfate reach the plateau value of the isotherm and the relationship 
fluidity/adsorption is almost linear. Both relationships are compared on figure 6. First the yield stress 
measured without PCP is lower in a free sulfate solution. This observation is still valid in presence of 
PCP for low adsorption levels (<0,25mg/g of calcite). For an adsorption amount inferior to 50% of the 
plateau value, the yield stress is influenced by the adsorbed PCP and also by the colloidal properties of 
the free PCP paste. Divalent sulfate ions could cause a further contribution to the attractive forces such 
as ionic correlation forces in addition to the attractive forces of van der Waals leading to an increase of 
the yield stress. When the adsorption becomes superior to 50% of the plateau value, the yield stress is 
then governed by the steric repulsion of POE 
This study allows conclusions about the contribution of the first adsorbed PCP. On one hand, when the 
amount of PCP adsorbed is inferior to 50% of the value of the plateau, the workability is governed by 
the paste properties and by the free PCP pore solution. However, the first adsorbed PCP are the most 
effective in improving the fluidity and the relationship fluidity/adsorption is slightly curved. On the 
other hand, when the amount of PCP adsorbed is getting close to the plateau value, only the amounts 
of PCP adsorbed influence the fluidity and a linear relationship “log(yield stress) vs. Adsorbed PCP” 
is obtained. So the improvement of fluidizing efficiency by lowering the dosage requires a detailed 
knowledge of the adsorption, which is influenced by the ester ratio, as sometimes omitted in the 
rheological studies.  



5. Conclusions 
 
To avoid cement reactivity a calcite system was chosen to mimic properties of a cement paste at the 
early age of hydratation. This study focused only on the effects of the ester ratio and sulfate ions on 
PCP adsorption and rheology behavior. We can draw conclusion about the relationship 
fluidity/adsorption and the contribution of the first adsorbed PCP. 
Differences on the adsorption behavior have been noticed depending on the ester ratio and the sulfate 
concentration. The study without sulfate confirms the high affinity for the calcite surface. The number 
of carboxylate groups on the backbone within the range studied does not influence the adsorption. 
With an increasing sulfate concentration, the plateau value and the affinity for the surface decline 
more dramatically. A more negatively charged PCP will have a greater affinity and plateau because it 
competes more effectively with sulfate ions. 
By combining the rheology with the adsorption, a unique relationship “log(yield stress) vs. adsorbed 
PCP” was highlighted for a sulfated pore solution whatever the sulfate concentration [60-120mmol/L] 
and the ester ratio [20-38%].  However in a sulfate-free solution, the previous relationship was not 
valid and thus depends on the ester ratio. It is worth noting that a sulfate-free solution is far away from 
a cement pore solution. The established relationships are valid for an adsorption in the slope of the 
isotherm. In this case, the relationship is slightly curved showing that the first adsorbed PCP are the 
most efficient to improve the fluidity whatever the pore solution. When the amount of adsorbed PCP is 
close to the saturation dosage of the surface, the relationship becomes more linear and is no more 
influenced by the presence of sulfate ions in the pore solution . 
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Abstract 
The aim of the work done was to research the mechanism of influence of a complex of mineral and chemicals 
admixtures  of multifunctional action on process of hardening of composite anhydrite binding of increased 
water resistance.  
Researches were held with application of the electronic paramagnetic resonance method (EPR), 
spectrophotometry method and sorbtion of organic dyes, electronic microscopy, and also standard techniques of 
strengthening tests. 
Maximum strength indicators and the degree of hydration of the anhydrite are observed at the structure of the 
composite anhydrite binding distinguished by the highest concentration of surface negatively and positively 
charged centers. 
When adding mineral fillers into the structure of anhydrite binding - limestone, dolomite and quartz increase in 
degree of hydration of anhydrite binding and strength indicators of a gypsum stone occurs in process of 
increase of crystal chemical similarity to gypsum in the following line: quartz - dolomite-limestone. Density of 
increase of crystals of neogenic gypsum on carbonate substrate is higher, than that of quartz substrate. 
Possibly, it is connected with the fact that carbonates have high concentration of surface defects which are 
carrying out the role of the centers of crystallization. Supposing, presence of admixture radicals SO3

-, SO2
-, 

which are related to anhydrite and gypsum, in carbonate fillers as structural defects raises efficiency of these 
additives effect, in comparison to adding ground quartz sand with lower concentration of surface defects and 
other nature of structural defects.  
Lime additive is characterized by the highest concentration of positively charged centers; it creates the alkaline 
environment raising speed of anhydrite dissolution, hydration degree of the anhydrite binding and durability of a 
gypsum stone. When lime and zeolite containing additives interwork sparingly soluble low based hydrosilicates of 
calcium which densify pore structure of a gypsum stone are formed. Adding supersoftener "S-3", which is 
characterised by high concentration of the surface negatively charged centers, causes decrease in water requirement 
of the binding, which, in turn, increases average density of a gypsum stone and leads to high durability. 
 
Originality 
Correlation between concentration of the surface charged centers for various structures of the composite anhydrite 
binding with degree of hydration of the anhydrite and density indicators of a gypsum stone is revealed. 
Representations about the mechanism of influence of additives of mineral fillers of limestone, dolomite and 
quartz on hardening process of the anhydrite binding substance are developed. 
It is revealed, that optimum indicator values of properties of composite anhydrite binding are reached when 
using a complex of additives of the multifunctional action raising solubility of the anhydrite, accelerating 
crystallization of neogenic gypsum, softening and densifying structure of a gypsum stone at the expense of pore 
filling by sparingly soluble hydrate new growths. 
 
Chief contributions 
The received views about the mechanism of influence of mineral and chemicals admixtures  on hardening 
process of the composite anhydrite binding allow to predict additives effect and to carry out their optimum 
choice for the purpose of the directed regulation of properties of composite anhydrite binding. On the basis of 
the received results of the researches composite anhydrite bindings of high durability (marks «300», «400», 
«500») and water resistance are received for the purpose of manufacturing of high-quality finishing materials. 
 
Keywords: composite anhydrite bindings, mineral additives, chemicals admixtures , surface defects 
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INTRODUCTION 
 
Chemical compounds possessing binding properties are characterized by defects in the structure and 
thermodynamic instability (Mchedlov-Petrosyan, 1988).  The authors in their previous studies 
(Altykis M.G., 1996) when considering the hydration of the anhydrite binding in the presence of 
mineral and chemicals admixtures  the significant structural role of surface defects which appear on 
the surface of minerals during processing technology for obtaining a compositional anhydrite binding 
was established. At the same time in the works devoted to the theory of hardening of bindings, the 
relationship of surface defects and internal defects is not fully highlighted. Uncompensated charges of 
positive and negative signs on the surface of the crystals, which lead to a change in the distribution of 
surface potential, are considered as surface defects by the authors. Isomorphous cationic and anionic 
quartz binding are considered to be the internal structural defects. 
The aim of the work was to study the mechanism of the effect of the complex mineral and chemicals 
admixtures  of multifunctional action on the process of hardening of the composite anhydrite binding 
of increased water resistance.  
 
 
MATERIALS AND RESEARCH METHODS 
 
The subject of the study were samples of the experimental-industrial batch of the compositional 
anhydrite binding of increased water resistance produced in Kazan plant of expanded clay gravel and 
silicate wall materials. Gypsum stone of Kama-Ustyinsky field was used as raw material for obtaining 
a composite anhydrite binding, lime of class III with the maintenance active CaO + MgO - 75-78 %- 
as hardening activator. Ground limestone of Aldermysh field, dolomite of Matyushinsk field, quartz 
sand of "Golden Island" were used as additives- fillers. Ground zeolite rock of Tatar-Shartrashansk 
field containing 30% of clinoptilolite was used as an active mineral additive. Super plasticizer «S-3» 
was used as the plasticizing additive. Super plasticizer «S-3» base consists of sodium salts obtained 
from condensation of naphthalensulfonic acids and formaldehyde. The phase composition of the 
feedstock was controlled by X-ray diffractometry method. 

Table 1: Chemical composition of gypsum stone of Kama-Ustyinsky field (wt%) 
SiO2 Al2O3 + Fe2O3 CaO MgO SO3 hydration water 
0,49 0,05 32,75 0,47 46,58 19,52 

Table 2: Mineralogical composition of gypsum stone of Kama-Ustyinsky field (wt%) 
gypsum anhydrite dolomite quartz and clay minerals 
92-94 4,5-5,5 1-1,5 0,5-1 

Table 3: Chemical composition of zeolite rock (wt%) 
SiO2 FeO Al2O3 Fe2O3 MnO CaO MgO Na2O3 K2O P2O5 SO3 LOI 
55,9 0,2 3,7 1,4 0,01 15,3 0,8 0.06 1,0 0,06 0,03 16,8 

Table 4: Mineralogical composition  of zeolite rock (wt%) 
clinoptilol

ite 
mont-

morillonite 
calcite cristobalite micaceous 

minerals 
glauconite metallic 

mineral 
30 94 23 15 3 2 3 

Table 6: Chemical composition of carbonate rock (wt%) 
The rock name  CaO MgO insoluble residue LOI 

limestone of Aldermysh field 50,58 0,86 5,41 40,95 
dolomite of Matyushinsk field 30,18 21,09 0,40 47,08 



Table 7: Chemical composition of quartz sand (wt%) 
SiO2 Al2O3 Fe2O3 CaO MgO LOI 

94,2-96,5 0,45-0,58 0,21-0,32 1,02-1,96 0,40-0,69 0,58-0,98 

Surface defects in individual components of the composite anhydrite binding and options of blends 
were studied by optical absorption spectroscopy with adsorption of organic dyes (Komokhov et al., 
1997). Reduction in concentration of dye solutions was determined to change the maximum of optical 
density of the absorption spectrum of dyes on fixed wavelength. Optical absorption spectra of dye 
solutions before and after exposure of the composites there were recorded on a spectrophotometer set 
during two hours. The structural features of the anhydrite and additives- fillers (limestone, dolomite, 
sand) were studied by EPR. Automated compact spectrometers of x - range «PS100.H» и «DH70-02» 
(Minsk city) were used to register powder spectra of EPR. The spectra of individual radicals, 
isomorphous impurities of Fe, Cr, Mn were automatically recorded with optimally selected 
parameters for a given program.  
Strength tests of compositional anhydrite binding were carried out in accordance with GOST 310.3-
76, the degree of hydration of gypsum stone was determined by the content of hydration water in 
accordance with GOST 23789-79. Age of the gypsum samples -based on anhydrite binding was 28 
days.  
 
 
RESULTS AND DISCUSSION  
 
When studying anhydrite and additives included in the composite anhydrite binding, negatively and 
positively charged surface centers were detected. Concentration of surface charged centers on the 
individual components and on compositions 1-5 of composite anhydrite binding are shown in Fig. 1 
and 2. The tests data of strength characteristics and the percentage of hydration water in gypsum stone 
are shown in Fig. 3 and 4. 

 

Figure 1: The concentration of surface negative (black) and positive (white) charged centers of the components 
of the composite anhydrite binding: 

1 - anhydrite, 2 - limestone; 3 - dolomite; 4 - lime, 5 - quartz sand; 6 – super plasticizer «S-3», 7 - zeolite rock 
 



 

Figure 2: The concentration of surface negative (black) and positive (gray) charged centers in the compositions 
of the composite anhydrite binding: 

1 - anhydrite binding, 2 - anhydrite, lime; 3 - anhydrite, lime, limestone or dolomite, silica sand; 
4 - anhydrite, lime, limestone (dolomite, quartz), super plasticizer «S-3»; 

5 - anhydrite, lime, limestone, super plasticizer «S-3», zeolite rock 
 

Figure 3: Strength parameters (compressive strength, 28 days) samples of gypsum stone, obtained on the basis 
of compositional anhydrite binding: 

1 - anhydrite binding, 2 - anhydrite, lime; 3 - anhydrite, lime, limestone or dolomite, silica sand; 
4 - anhydrite, lime, limestone (dolomite, quartz), super plasticizer «S-3»; 

5 - anhydrite, lime, limestone, super plasticizer «S-3», zeolite rock 
 



 

Figure 4: Degree of hydration (hydration water content) of the anhydrite in the gypsum stone samples obtained 
on the basis of compositional anhydrite binding: 

1 - anhydrite binding, 2 - anhydrite, lime; 3 - anhydrite, lime, limestone or dolomite, silica sand; 
4 - anhydrite, lime, limestone (dolomite, quartz), super plasticizer «S-3»; 

5 - anhydrite, lime, limestone, super plasticizer «S-3», zeolite rock 
 
Shown in Fig. 1 an experimental data of surface concentrations of negatively and positively charged 
centers of composite anhydrite binding components, obtained by processing the optical absorption 
spectra of dyes before and after holding each of the components of a binding in them, show their 
different surface activity. Anhydrite is characterized by the lowest concentration of surface charged 
centers of all the components of the composition. The quantities of surface concentration of charged 
centers of mineral additives, fillers (limestone, dolomite and quartz) are close to each other and do not 
exceed this quantity performance of anhydrite. Concentration of surface charged centers of lime, 
super plasticizer «S-3» and zeolite rocks is twice-three times higher than that of the anhydrite and 
mineral additives.  
Fig. 2 shows the results of measurements of surface concentrations of negatively and positively 
charged centers of the composition 1-5 of anhydrite binding. Comparing the data of surface 
concentrations of charge centers in Fig. 1 and 2 shows that the compositions of the anhydrite binding 
simple summation of the concentration of surface charged centers of the components is not observed, 
which reflects the physical and chemical interaction between the components in the process of 
mechanical activation of the binding.  
Comparing the results presented in Fig. 2-4 reveals a correlation between the results on the strength 
and hydration of anhydrite results in the concentration of the surface of negatively and positively 
charged centers of composition 1-5 of composite anhydrite binding. Both correlation coefficients were 
positive and very high (r = 0.99). Maximum quantities of strength parameters and the degree of 
hydration of anhydrite are observed for the composition 5 of composite anhydrite binding, 
characterized by the highest concentrations of the surface of negatively and positively charged 
centers. 
Anhydrite binding without additives is characterized by low rates of strength and it hydrates slowly. 
With the introduction of the anhydrite binding of mineral fillers (limestone, dolomite, quartz) with 
optimal dispersion and amounts when increasing crystal-chemical similarity to the gypsum in series of 
quartz - dolomite-limestone the degree of hydration of anhydrite binding and strength parameters of 
gypsum stone at its base increases. Effectiveness of introducing additives correlates with the 



concentration of surface charged centers of additives.  According to electron microscopy studies of 
the gypsum stone structure obtained from hardening of the anhydrite with carbonate fillers additions 
is denser and represents conglomerate. Density of growth of the newly formed crystals of gypsum on 
carbonate substrate is higher than on a substrate of quartz. This is probably due to the fact that there is 
a large carbonate concentration of surface defects that act as crystallization centers. 
The study (Nuriyeva et al., 1997) was devoted to the problems of the relationship of surface 
properties to the internal defect of the anhydrite structure. Model experiments have revealed the 
relationship of defect centers behavior O-, O2

-, SO3
-; РО4

- in the structure of the anhydrite and 
concentration of the surface negatively charged centers.Anhydrite, gypsum, limestone and dolomites 
are characterized by similar conditions of mineral formation and crystal structures of proximity. 
According to the EPR in the structure of the studied limestone and dolomite impurity cation (Mn, Cr, 
Fe) and anion (SO3

-, SO2
-) defects are present that are detected in the raw gypsum (Ikeya, 1993). Set 

and concentration of impurity defects in carbonates reflect, in our opinion, the variation of acid-base 
and redox conditions of mineralization. EPR signal of the paramagnetic center E was recorded in 
quartz sand samples. Center E is an oxygen vacancy in silicon-oxygen tetrahedron structure of quartz. 
The presence of carbonate additives impurity radicals of SO3

-, SO2
-, related to anhydrite and gypsum, 

increases the efficiency of the additives of lime and dolomite. A smaller effect was observed when 
introducing supplements of quartz sand with a lower concentration of surface defects and the other 
nature of structural defects. 
Part of the composite anhydrite binding in the optimized amount of maturing agent activator - lime – 
is characterized by the highest of all the additives concentration of positively charged centers, which, 
due to electrostatic interaction, enhances strength. Adding lime creates an alkaline medium, which 
enhances the dissolution rate of anhydrite II. Apart of intensification of the process of hydration of the 
binding, carbonation of lime leads to the formation of carbonate of lime. These factors explain the 
effectiveness of air - hardening lime additive, leading to increase in strength and degree of hydration 
of the anhydrite binding. 
To improve the strength characteristics and water-resistant of gypsum-based anhydrite binding, the 
effect on the properties of plasticizing additives «S-3» is studied. Super plasticizer «S-3» is 
characterized by a high concentration of surface negative charged centers; it reduces the thickness of 
the ζ-potential of the electric double layer around the particles of anhydrite and mineral supplements. 
Introduction of the optimal amount of super plasticizer additives causes a decrease in the normal 
density of the binding, which increases the average density of gypsum and enhances durability. 
To improve the water resistance of gypsum-based anhydrite binding the possibility of introducing 
zeolite rocks additives along with the addition of lime and «S-3» additives is studied. Additives of 
zeolite rocks are characterized by high concentration of surface negative charged centers as there is 
active invading of the cat ion solution of Ca and Na in water solution. The interaction between the 
addition of lime and zeolite rocks forms insoluble low-based hydrosilicates of calcium, which seal the 
pore structure of the gypsum stone. 
As it follows from literature data and is confirmed by experimental studies of the authors, the 
optimum combination of properties of the compositional anhydrite binding is achieved by using 
additives of multifunctional action to increase the solubility of anhydrite, accelerating the 
crystallization of the newly formed gypsum, plasticizing and sealing the structure of gypsum stone by 
filling the pores by sparingly soluble new formations. 
 
 
CONCLUSION 
 
The correlation of the concentration of surface charged centers of compositional anhydrite binding, 
strength characteristics and the degree of hydration of the anhydrite are detected. 
Theoretical concepts about the mechanism of action of mineral additives of limestone, dolomite and 
quartz are developed. Increase of strength of gypsum and degree of hydration of anhydrite is 
associated with the presence of mineral additives – fillers of surface negatively and positively charged 



centers. Density of growth of the newly formed gypsum crystals on the substrates of mineral 
additives- fillers increases in series of quartz - dolomite - limestone. This correlates with the 
concentration of surface charged centers of additives and is associated with a greater than that of 
quartz crystal-carbonates proximity to anhydrite and gypsum. The presence of carbonate impurities of 
SO3

-, SO2
- in the structure related to anhydrite and gypsum has an impact on the crystallization of 

gypsum. 
Mechanism of action of additives of lime, super plasticizer «S-3», zeolite rock differs from the 
mechanism of action of mineral additives and has electrochemical nature. These additives are 
characterized by high concentration of surface charged centers, which help to increase contacts in the 
gypsum, a substantial change in pH - medium intensifies the process of transformation of anhydrite 
(CaSO4 II) into gypsum. 
An understanding of the mechanism of the effect of mineral and chemicals admixtures  on the 
hardening process of the compositional anhydrite binding can predict the effectiveness of additives 
and make their best choice to guide management of the properties of the compositional anhydrite 
binding. 
Based on the results of the studies due to the introduction of appropriate-fit complex of chemical and 
mineral additives compositional anhydrite bindings of increased strength (grades «300», «400», 
«500»), and water resistance for high-quality finishing materials are produced. 
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Abstract 
Concrete reinforcement is susceptible to corrosion when chlorides from de-icing salts, seawater or marine aerosol 
penetrate into concrete and exceed a certain level of concentration at the rebar surface. This chloride threshold plays 
an important role on service life analysis of reinforced concrete structures and thus values close to field exposure 
conditions contribute to a more realistic analysis. Most of experimental work published on this topic was carried out 
under laboratory conditions and analysed several variables that influence on this critical chloride content. Studies 
based on field exposure experiments and in real structures are still scarce. Although they take a longer time than 
laboratory experiments, there is the expectancy that they can help on setting chloride thresholds closer to realistic 
conditions of concrete structures. The present work aimed to analyse results from both exposure conditions and set 
relationships between them. Reinforced concrete specimens cast with distinct cements and a large range of 
water/cement ratios were exposed in marine atmosphere zone of Northeast Brazilian coast. Electrochemical parameters 
of the rebar embedded in the specimens were monitored along about eight years until identifying reinforcement 
depassivation. After corrosion has been initiated, the concrete specimens were broken and the total chloride content at 
the rebar level was measured and assumed as the chloride threshold for starting corrosion.  In addition to this, 
laboratory tests were carried out with the same materials and under weekly wetting and drying cycles. Electrochemical 
monitoring and chloride content determinations were done in a similar way to field exposure tests. Results show that 
average total chloride threshold varies in a range between 1.8 and 2.4 (% cement mass) and between 0.8 and 1.6 (% 
cement mass) for laboratory and field exposure experiments, respectively. A good correlation could be obtained 
between both experimental conditions, which helps on transporting laboratory results to field conditions.  
 
Originality 
Considering that results from field experiments on chloride threshold analysis are still scarce, the incorporation of new 
results from field exposure on chloride threshold analysis can be considered an aspect of originality. Furthermore, the 
proposal of a relationship between laboratory and field experiments concerning chloride threshold measurements is 
another aspect of originality on reinforcement corrosion field.  
 
Chief contributions 
Although aspects like cement type and water/cement ratio have been previously analysed concerning chloride threshold 
studies, this work contributes with this analysis incorporating Brazilian cements.  Results obtained show a slight 
influence of water/cement ratio and alkaline reserve of cement matrix. 
 
The main contribution of this work is related to field exposure results. They show results that are significantly lower 
that those obtained from wetting and drying cycles, which can be explained by the differences on environmental 
exposure conditions and its influence on materials behaviour. On the other hand, this study also shows that it is 
possible to set a relationship between laboratory and field experiments, helping on transporting results between the 
experimental conditions adopted in this work.  
 
Keywords: Chloride threshold, corrosion, concrete, durability. 
 
 



 

1. Introduction 
 
Corrosion of reinforced concrete structures in marine environment start after a certain level of 
chloride content is exceeded at the rebar surface. This chloride content is known as chloride threshold 
for starting corrosion (Hausmann, 1967; Gouda, 1970) and depends on a significant number of 
parameters, which can be joined in groups related to concrete characteristics, environmental 
parameters or steel-concrete interface (Glass and Buenfeld, 1997). 

Considering material characteristics that influence chloride threshold, cement composition and its 
binding capacity (Breit and Schiessl, 1997), the use of mineral admixtures (Thomas, 1996), water to 
cement ratio (Petterson, 1992) and aging / curing conditions (Hansson and Sorensen, 1990) are some 
of the main variables that are reported in literature as influencing the critical chloride content. Steel 
composition (Cascudo, 2000), steel surface roughness (Alonso et al., 2000) are material 
characteristics related to reinforcement that also influence this critical content. Considering 
environmental parameters, moisture content and oxygen supply are essential for corrosion process and 
thus their rareness contributes for a higher chloride threshold (Glass and Buenfeld, 1997, Angst et al., 
2009). Taking into account steel-concrete interface, the presence of voids can generate weaker 
passivation films and contribute for pit formation (Glass and Buenfeld, 2000). The surface condition 
of the steel also contribute for different critical chloride content values, depending on if it is used pre-
rusted, covered with mill scale or polished (Li and Sagués, 2001). 

A common way for representing chloride threshold is total chloride content as a percentage of cement 
mass, which has the advantage of relative easy determination procedures (Angst et al., 2009). 
Considering that only free chlorides represent a risk for starting corrosion, chloride threshold can also 
be represented by the free chloride content as a percentage of cement mass. This is some times 
criticised by the fact that bound chlorides can become free, depending on phenomena like carbonation 
e. g. Another way for representing chloride threshold is by ][][ −− OHCl ratio, which concerns the 
inhibitive role of hydroxides and is considered a more accurate way for representing critical chloride 
contents (Alonso et al., 2000; Ann and Song, 2007).  

A significant number of studies focused on this topic has been carried out since sixties, which 
consider solutions and cement based materials studied in laboratory or studies based on field exposure 
conditions (Pettersson, 1994; Pettersson and Sandberg, 1997; Thomas 1996). Results from these 
studies show a significant scatter for chloride threshold, which happens as a consequence of several 
influencing parameters as previously commented (Alonso et al., 2000; Angst et al., 2009, Alonso and 
Sanchez, 2009).  

Studies focused on field exposure conditions that consider external sources of chlorides from marine 
environment are not numerous. However, laboratory-based studies represent a large number of cases.  
Taking into account field-based experiments and laboratory experiments based on external sources of 
chlorides, it is possible to see that chloride threshold level obtained for the first set of studies usually 
vary in a lower range then the last one. Concerning this aspect, the differences on environmental 
conditions between both cases can play an important role and thus contribute for these differences 
(Meira, 2004). 

This work studied the chloride threshold to start corrosion process in concrete specimens exposed in 
marine atmosphere environment and subjected to wetting and drying cycles in laboratory using 
Brazilian cements. Relationships between laboratory and field experiments are presented to help on 
transporting laboratory results to structures exposed to field conditions. 

 
2. Experimental work 
 
Cubic concrete specimens were cast with the dimensions 80 x 80 x 80 mm, using Brazilian cements 
CPIIF (Filler-modified Portland cement) and CPIV (Portland pozzolan cement), whose  physical and 



 

chemical characteristics are presented in Table 1. Water to cement ratios were set at 0.50, 0.57 and 
0.65, representing materials with a large range of porosity characteristics and composing the mixtures 
C1 – C6 (Table 2). Compressive strength, concrete slump and mercury intrusion porosimetry were 
also measured to characterize the concretes (Table 2). 

Table 1: Chemical composition and physical properties of cements 

Composition / property Portland pozzolan cement (I) Filler  modified  cement (II) 
SO3 (%) 2.96 3.21 
SiO2 (%) 29.34 18.11 
Al2O3 (%) 5.72 4.31 
Fe2O3 (%) 2.40 2.27 
CaO (%) 48.40 59.87 
MgO (%) 3.44 3.61 
Na2O (%) 0.37 0.21 
K2O (%) 2.17 1.51 
Insoluble Residue – IR (%) 22.67 1.45 
Loss on Ignition – LI (%) 4.18 5.50 
C3A content (%) 5.40 6.80 
Natural pozzolan content (%) 25.4 - 
Blaine (cm²/g) 4820 3650 
Specific density (g/cm³) 2.98 3.06 

Table 2: Concrete mixtures and properties 

Concrete C1 C2 C3 C4 C5 C6 
Cement type I I I II II II 
Cement (kg/m3) 320 356 406 320 356 406 
Sand (kg/m3) 840 812 769 840 812 769 
Aggregate (kg/m3) 947 947 947 947 947 947 
Plasticiser (kg/m3) - 1.06 1.22 - 1.06 1,22 
w/c ratio 0.65 0.57 0.50 0.65 0.57 0.50 
Slump (mm) 9 ± 1 8 ± 1 8 ± 1 8 ± 1 8 ± 1 8 ± 1 
Compressive strength (MPa) – 28 days 21.0 26.9 32.0 20.3 27.0 31.0 
Total porosity (mercury intrusion 
porosimetry –180 days) – (%vol.) 

15.5 13.8 12.8 15.7 13.7 13.0 

 

Two reinforcements were embedded in each concrete specimen, which were previously cleaned 
following ASTM G1 (2003) procedures. After being removed from the moulds, the concrete 
specimens were cured for seven days in wet chamber. After curing period, specimens remained in 
laboratory environment until 28 days and then had five of their six faces painted with epoxy resin. A 
unique free face was used for the penetration of chlorides into concrete with the objective of 
simulating a unidirectional flux. After that, these specimens were subjected to field and laboratory 
exposure procedures. Three specimens and, consequently, six reinforcements were used for each 
experimental condition. 

Specimens under field exposure conditions were placed at a monitoring station close to the sea (10 m 
from the sea) subjected to the influence of marine aerosol. These specimens were periodically 
monitored by corrosion potential (Ecorr) and corrosion current density (icorr) measurements using linear 
polarization technique, which were used to identify the reinforcement depassivation. The thresholds 
of -350 mV (CSE) and 0.1 µA/cm2, which are widely accepted in literature (ASTM C 876, 1999; 



 

Andrade and González, 1981), were adopted for this purpose. Immediately after reinforcement 
depassivation identification, concrete specimens were softly broken and samples were extracted from 
the region close to the depassivation point using a diamond-based tool. This was a dry process of 
extraction which generated samples with around 3 mm thickness that were powdered in a small will. 
These samples were prepared according to RILEM (2002) recommendations for total and free 
chloride measurements and were analysed by potentiometric titration with silver nitrate solution 
(ASTM, 1992). The chloride contents obtained by these procedures were assumed as the chloride 
thresholds for reinforcement depassivation. 

The second set of specimens was subjected to weekly wetting and drying cycles in 1 molar sodium 
chloride solution. In a similar way, corrosion potential (Ecorr) and corrosion current density (icorr) 
measurements were took at the end of each semi-cycle to identify reinforcement depassivation. After 
that, sample extraction and chloride titration were conducted in the same way as field exposure 
specimens. 

 

3. Results and discussion 
 
Regarding the differences on experimental conditions, experimental work under field exposure took 
more than eight years, in proportion as around one year was necessary for finishing all laboratory 
experiments. This shows that field experiments have their importance on studying this topic, but they 
are not the way for usual applications. 

Figures 1 and 2 show the results obtained for field and laboratory experiments, which range in 
agreement with limits observed in previous studies (Angst et al., 2009). Considering material 
characteristics influence, results show that there is a decrease in chloride threshold as water to cement 
ratio increases. There is also a slight decrease in chloride contents for concretes made with Portland 
pozzolan cement.  

 
Figure 1: Total chloride thresholds obtained from field and laboratory experiments. 

 
 

The influence of w/c ratio can be explained by the fact that concretes with lower w/c have different 
conditions for reinforcement passivation, as well as a better stability of moisture conditions around 



 

reinforcement and higher resistivity (Petterson and Sandberg, 1997; Sandberg, 1999). Furthermore, as 
lower w/c concretes have higher cement contents in this case, the buffering effect in the interfacial 
transition zone (ITZ) can also be added to this explanation (Page, 2009).  

 
Figure 2: Free chloride thresholds obtained from field and laboratory experiments. 

 

Regarding the influence of cement type, filler modified Portland cements have higher C3A contents 
and, consequently, lower free chlorides in porous network solution (Hussain, 1995; Glass and 
Buenfeld, 1997). On the other hand, lower pH values in porous network solution are observed for 
Portland pozolanic cement, which contributes for less chloride ions necessary to start corrosion 
process (Byfors, 1990; Petterson, 1994). In addition to this, the lower buffering action of cements 
with pozzolanic additions contributes to lower chloride thresholds (Page, 2009). Although w/c and 
cement influence can be observed in both experiments, cement influence is easily observed in 
laboratory experiments. For field experiments, Duncan’s test showed that there are no significant 
differences between filler-modified and Portland pozzolan cements for a significance level of 5 %. 

Analysing the behaviour of field and laboratory data, it is possible to see that field results are 
systematically lower than laboratory results. In first case, average total chloride contents remained in 
the range between 0.8 and 1.6 % of cement mass for field and between 1.8 and 2.4 % of cement mass 
for laboratory. Regarding free chlorides, average values ranged between 0.4 and 0.8 and between 1.0 
and 1.4 % of cement mass, respectively. This can be attributed to the differences of environmental 
exposure conditions and its influence on materials behaviour, as well as to a possible better hydration 
of laboratory samples due to the wetting semi-cycles.  

Taking into account the behaviour of Ecorr before depassivation, a low decrease in its average values 
(from -110 mV level to -180 mV (SCE) level) was observed when w/c varied from 0.5 to 0.65. This 
was similar for both experimental conditions. No further influence of potential could be clearly 
observed. Previous studies consider that the influence of potential on chloride threshold is clear only 
for potentials lower than -200 mV (SCE) (Izquierdo et al., 2004). 

On the other hand, a linear fitting between field and laboratory data show that it is possible to set a 
relationship between chloride thresholds obtained from field exposure conditions and the similar ones 
obtained from wetting and drying cycles in laboratory environment. This relationship is presented in 
Figure 3 and means that, for the studied cases, results from laboratory can be transported to field 



 

conditions by the expression Cl(field)=0.786.Cl(lab)-0.373, where Cl(field) is the chloride threshold for 
field exposure conditions and Cl(lab) is the chloride threshold for wetting and drying cycles in 
laboratory environment. It is possible that different experimental conditions could lead to different 
relationships. However, this approach contributes for shortening the distance between field and 
laboratory chloride threshold data.  

 
Figure 3: Relationship between field based chloride thresholds and laboratory based thresholds. 

 
4. Concluding remarks 
 
Critical chloride content is affected by w/c and admixtures in cement. As these variables increase they 
contribute for lower chloride thresholds, as a consequence of aspects like different conditions for 
reinforcement passivation, higher moisture content for higher w/c concretes, lower binding ability and 
lower hydroxide content in porous network solution for concretes made with pozzolanic cements and 
the lower buffering effect of cements with pozzolanic additions. 

On the other hand, from the present study, it was observed that chloride thresholds from field 
exposure experiments are lower than those obtained from wetting and drying cycles in laboratory 
experiments. However, this behaviour can be represented by a linear relationship between both 
exposure conditions. This way, considering the limitations of this study it is possible to transport 
results from laboratory experiments to field exposure conditions by the equation Cl(field)=0.786.Cl(lab)-
0.373, which has the advantage of a shorter time in obtaining critical chloride results. 
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Abstract: 
Limestone reserves are known to contain wide ranges of sulfate content. The cement industry in general uses limestones 
containing not more than 0.8% SO3 without any bypass. This leaves vast limestone reserves with higher sulfate levels 
unutilized. 
 
The present investigation is a systematic attempt to delineate the upper limits of sulfate content in limestone that could 
be used for cement making with and without by pass arrangements. Towards this objective, a set of exploratory 
clinkerisation studies has been carried out with limestones containing sulfate phase up to 2.0% in a muffle furnace 
ensuring little loss of sulfate from the system. Present paper deals with this set of trials with progressively increasing 
SO3 contents in raw mixes, their sintering characteristics, retentivity of sulfates in different clinker phases, effects on 
phase formation and relative proportions. The microstructure characteristics have also been studied. 
 
In such closed firing systems, it appears that the SO3 contents more than 1.6% has significant harmful effects on alite 
formation, general micro structural features and even hydration characteristics. 
  
Originality:  
Currently many of the production units are left with vast quantities of marginal grade limestone reserves containing 
deleterious minor constituents like pyrites in notable amounts.  To maintain sustainability of these units it is important 
to use such limestone reserves after making suitable changes in technology for overcoming operational problems and 
environmental challenges. However before undertaking such upgradations it is desirable to assess influence of 
increasing pyrites in limestone on clinker quality, microstructure and its functional properties by carrying out lab scale 
trials. Such an investigation was expected to answer many crucial aspects like maximum levels of SO3 suitable for 
clinkrisation, extent of its volatility, its impact on clinker microstructure, form of entrapped sulfates in clinker and their 
role in cement hydration.  
 
Chief contributions:  
The study tries to address issues faced by the production units while use of limestone containing higher amounts of SO3. 
Experimental results provided clues to following aspects which are relevant for sustainability of the clinkerisation.  

• Form of sulfur and its distribution in given limestone 
• Form and amount of sulfur reaching clinkerisation stage 
• Effect of increasing kiln feed SO3 content on clinker microstructure and reactivity 
• Maximum SO3 levels in raw mixes without affecting properties of clinker 
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1.0 Introduction: 
Limestone reserves are known to contain wide ranges of sulfate content. However because of harmful effects of 
sulfur during clinkerisation (Kurdowski 1999, Jons 1999, Miller et al. 2001) and of sulfate containing phases on 
clinker microstructure and functional properties (Gartner 1987, Dreizler et al. 1985, Taylor 1999, Uda et al.1998, 
Horkoss 2009, Kurdowski 2002, Miller 1996), the cement industry in general uses limestones containing not 
more than 0.8% SO3 without bypass. This leaves vast limestone reserves with higher sulfate levels upto 2-2.3%, 
unutilized. Lately there has been significant surge in the interest of using such high sulfate containing limestone 
for clinkerisation. Despite the obvious technical importance of knowing the effect of increasing sulfates on 
process and product quality, and the economic incentive to use higher sulfur containing limestones, the literature 
contains limited information on the topic. In the present investigations a systematic attempt is made to describe 
the upper limits of sulfate content in limestone that could be used for cement making. 
 
2.0 Experimental:  
2.1 Raw materials and clinkerisation 
Natural raw materials like high SO3 containing limestone, iron ore, laterite, purple shale and fly ash were used in 
the formulation of a cement raw mix with increasing sulfate content (in the range of 0.77-1.93%), with and 
without addition of reagent grade alkali before burning, to give clinkers of varying alkali and sulfate contents. 
During raw mix design of these unusual clinkers, LSF of the raw materials was allowed to decrease in the range 
of 113-99 with simultaneously increasing SO3 content, which resulted in clinkers having marginally lower 
potential C3S.   
 
Basic characterization of sulfate form in the limestone is done with standard wet chemical analysis. To ascertain 
the decomposition behavior of the pyrites (which is a major form of sulfate present in the given limestone), a few 
raw mix samples having 0.95% SO3 were heated in a furnace at various temperatures in the range of 400-950 deg 
C and in presence of different gaseous compositions similar to the pyro-processing. The samples were 
subsequently analyzed for their sulfate content using ASTM C25-99 method and for mineralogical form using 
Bruker D8 Advance X-ray powder diffractometer (XRD). 
 
Batches of raw mixes having similar finenesses (sieve residues of 4-4.5% on 212µm and 18-18.5% on 90µm as 
practiced industrially) were proportioned and blended prior to mixing with adequate double distilled water for 
making nodules of about 8-10mm size. It should be noted that while preparation of raw mixes coal ash to the 
tune of 5.5% (made from low grade Indian coal having 35-37% ash content) was also added to simulate actual 
pyro-processing chemistry and it was maintained constant throughout the experimental program irrespective of 
raw material LSF. The oven dried nodules (at 105 deg C) were then sintered in platinum crucibles using 
programmable high temperature furnace (Nabertherm) at 1400 deg C by employing a heating rate of 20 deg 
C/min and a retention time of 30 min at final temperature. After sintering the samples were removed from the 
furnace rapidly followed by air cooling and were stored carefully for detailed chemical and mineralogical 
characterization.  
 
2.2 Clinker analysis and characterisation 
Actual mineralogical compositions of all the clinker samples were determined using XRD. The clinker samples 
were subsequently subjected to selective extraction using two techniques namely 1. Salicylic acid in methanol 
(SAMX) to extract the calcium silicate phases and the free lime, and concentrate the calcium aluminates, 
aluminoferrites, and sulfate phases, and 2. KOH-sugar extraction method, which removes all phases except the 
calcium silicates, free lime, and periclase. The corresponding extracted interstitial phases were then also 
subjected to XRD characterization. A few clinker grains were embedded in a low viscosity epoxy resin under 
vacuum, ground planar with SiC and polished with diamond powder for preparing specimen for microanalysis. A 
Zeiss Evo40 environmental scanning electron microscope (ESEM) was used for backscattered electron imaging, 
for microanalysis and recording of elemental maps using energy dispersive X-ray analysis (Oxford) of the 
prepared samples. Microanalysis was performed for three clinkers having SO3 content of 0.77, 1.42 and 1.93% at 
more than 35 sites in different grains for each of the clinker. Elemental mapping for at least 8-10 different grains 
was also carried out for these three clinkers.  
 
Polished sections of epoxy-embedded clinker grains were also etched for 15 s with HF vapors (48% 
concentrated) and the phase composition was studied in reflected light mode in an optical microscope (James 
Swift). A mechanical point counter is used for the sample movement so that around 1000 grains could be 



counted. The phases identified and quantified were alite, belite, and interstitial material (including aluminate, 
ferrite, free lime, periclase and sulfate phases).  
 
2.3 Clinker hydration studies 
For studying hydration behavior of the clinkers having higher SO3 contents, clinkers were crushed in a laboratory 
crusher and ground in a laboratory ball mill to a surface area of 290-300 m2/kg. After determination of the 
clinker SO3 content, the ground clinkers were mixed with mineral gypsum so that all the laboratory cements 
contained 2.3 wt.% total SO3. However for the clinkers having inherent SO3 content more than the said value no 
gypsum was added externally. Laboratory cement (10 g) was mixed with 4.5 ml water and then 5 g of the paste 
was placed in a TAM AIR isothermal calorimeter (Thermometric) for 7 days. The reaction heat rate was 
recorded as a function of time. Apart from above hydration studies, 5 kg clinker samples were prepared in 
laboratory having SO3 content of 0.95 and 1.9% SO3 for comparing their physical properties including strength 
development upto 28 days. 
 
3.0 Result and discussion: 
3.1 Limestone characterization and clinkerisation: 
The limestone chosen for the study is found to be having majority of sulfur in the form of pyrites (FeS2). Typical 
nature of pyrite grains in the given limestone sample is shown as photomicrograph of thin section as inset in the 
Figure 1. It also shows sulfate contents in the samples on ignited basis after heat treatment, suggesting 
sulfatization of limestone in the range of 90-95%. The presence of 2.5% oxygen was found to be enough to 
oxidize the pyrite present. Mineralogically the ignited samples were found to contain Anhydrite, irrespective of 
experimental conditions. 
 
The moduli values of selective raw mixes employed in the study with the amount of main volatiles present are 
shown in Table 1. Clinker analysis of the corresponding samples determined using wet chemical analysis and 
their actual phase composition are shown in Table 2. With the given raw mixes clinkers upto 2.44% SO3 content 
were prepared. Free lime content of all the clinker samples is found to be less than 1% irrespective of raw mix 
SO3 content unlike that reported in the literature (Dreizler et al. 1985, Taylor 1999, Horkoss 2009). The lower 
free lime content of all the clinkers is most probably attributed to presence of MgO in the raw mix (1.7-2.2%), 
which is reported to reduce harmful effects of SO3 in clinkerisation when present in moderate quantities (Gartner 
1987, Liu 2005). 
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Figure 1: Influence of gaseous environment and 
heating temperatures on conversion of sulfide to 
sulfate for raw mix having 0.95% SO3 content; 
heating rate: 35 deg./min, holding time: 5 min. 
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Figure 2: Influence of increasing raw mix SO3 
content on actual alite and belite content in clinker; 
□ C3S, ∆ C2S, filled symbols: without alkali balance, 
open symbols: with alkali balance 
 

 

Pyrite 



Figure 2 shows the actual alite and belite content of the clinkers with increasing raw mix SO3 content. It is 
observed that the SO3 content in raw mixes up to 1.4% did not affect the clinker phase composition significantly. 
However a significant decrease in clinker alite content is observed for the raw mixes having sulfate content 
beyond this value because of belite stabilization in presence of increasing SO3. Similar findings were also 
evident in optical microscopy results. However no such trends are noted between aluminate or ferrite phase 
percentages and the raw mix SO3. With increasing SO3 content in the raw mixes, the alite grain sizes are 
observed to be increasing from 20µm to 25µm due to fusion effect at the boundaries for samples made without 
addition of alkali (Figure 3). However, belite sizes remained largely unaffected with increasing SO3 content at 
17-18µm. Above mentioned effect of increasing SO3 content on alite size was absent when the raw mixes are 
stoichiometrically balanced for keeping alkali-sulfur molar ratio around unity.  
 

Table 1: Moduli values and major volatile content of raw mix designs used in the study 
Raw mix samples Parameter 

[%] 1 2 3 4 5 6 7 8 9 10 11 
LOI$ 35.9 35.3 35.2 34.2 34.6 33.5 35.8 35.5 35.4 35.2 34.9 
MgO 1.87 2.22 2.25 1.7 2.22 1.67 1.93 2.01 2.21 2.22 2.06 
Na2O 0.13 0.16 0.17 0.15 0.17 0.15 0.20 0.20 0.24 0.29 0.29 
K2O 0.63 0.82 0.9 1.13 0.97 1.11 0.79 1.11 1.29 1.43 1.64 
SO3 0.77 1.42 1.6 1.93 1.72 1.89 0.93 1.19 1.41 1.59 1.77 

M.R.* 1.10 1.57 1.62 1.67 1.65 1.66 1.01 0.99 1.0 1.0 1.0 
            

LSF 113 113 112 106 103 100 114 112 113 112 109 
SM 1.97 1.94 2.05 2.52 2.07 1.82 1.94 2.09 1.92 2.08 2.28 
AM 0.95 0.99 1.04 1.73 1.05 0.90 0.8 0.93 0.95 1.08 1.5 

$ Loss on Ignition, * M.R.: molar ratio on ignited basis, moles of SO3/(moles of Na2O + moles of K2O)  
 

Table 2: Chemical analysis and actual mineralogical phase composition of clinkers 
Clinker samples Parameter 

[%] 1 2 3 4 5 6 7 8 9 10 11 
SiO2 21.6 20.6 21.0 23.1 22.8 23.1 21.0 21.2 20.7 21.2 21.1 
Al2O3 4.86 5.69 5.55 5.84 6.85 6.62 5.01 4.98 5.04 5.15 5.9 
Fe2O3 4.23 5.02 4.46 3.89 4.67 5.50 4.48 4.6 4.97 4.37 3.35 
CaO 63.9 61.54 61.24 59.44 60.16 57.36 62.97 63.11 62.4 62.3 60.37 
MgO 3.51 2.53 2.55 2.04 2.71 2.33 1.72 2.17 2.2 2.21 2.92 
Na2O 0.16 0.13 0.13 0.46 0.15 0.40 0.26 0.25 0.31 0.36 0.37 
K2O 0.36 0.98 1.09 1.5 1.01 1.27 1.01 1.24 1.52 1.58 1.68 
SO3 0.7 1.66 1.8 2.44 1.14 2.10 1.42 1.53 1.9 2.51 2.07 

CaO free 0.66 0.77 0.70 0.66 0.44 0.34 0.50 0.77 0.60 0.50 0.48 
M.R.* 1.36 1.66 1.64 1.30 1.08 1.31 1.19 1.11 1.12 1.39 1.09 

            
C3S 56.8 47.5 42.7 8.7 25.7 3.7 55.3 53.8 46.9 46.7 31.9 
C2S 24.8 30.4 35.9 71.5 51.2 75.2 25.0 27.1 30.6 30.8 46.1 
C3A 0.85 1.03 0.94 3.96 1.87 0 0.83 1.33 1.35 1.66 4.51 

C4AF 14.9 17.6 16.3 13.9 17.6 19.4 15.7 15.4 17.3 15.6 13.6 
MgO 2.2 2.2 2.4 1.4 2.1 1.2 2.2 1.3 1.8 2.4 1.9 

Minor phases# 0.25 1.26 1.64 0.56 1.46 0.53 0.98 1.09 1.45 2.77 1.93 
* M.R.: Molar ratio, moles of SO3/(moles of Na2O + moles of K2O) in clinker, # alkali / calcium or alkali Sulfates 
 
3.2 Clinker characterization: 
Microanalysis of alite and belite grains in clinker showed increased SO3 entrapment in silicates with increasing 
raw mix sulfur content as reported in literature Taylor (1999). As far as MgO entrapment in alite and belite 
grains is concerned, it is seen to be decreasing with increasing SO3 content. This suggests presence of interactive 
effects of SO3-MgO on clinkerisation and free lime content probably due to opposite effects of SO3 and MgO on 
the melt viscosity (Gartner 1987, Liu 2002, Liu 2005, Osokin 2003). Calcium oxide to silica ratio for alites is 
observed to be almost constant for examined SO3 contents at around 2.63. But in case of belites the ratio is found 
to be marginally decreasing from 2.04 to 1.92 with increasing SO3 content.  



The volatility of alkali and sulfur was assessed by comparing their concentration in clinker with that calculated 
for raw mixes on ignited basis (Table 4). Since the experiments were carried out in a muffle furnace, no specific 
observations on the volatilization of the sulfate could be made. But interestingly it is seen that there was some 
loss of sulfate from the raw mixes that did not have molar balance of alkali and sulfur. Such losses were totally 
prevented in the alkali balanced raw mixes.  
 

Table 4: Amount of volatiles (wt.%) in raw mix, clinker and SAM residues of clinkers 

 
 
Based on the XRD scans of SAM residues of clinkers, minor phases were found to be consisting of alkali or 
calcium-alkali sulfates apart from Periclase. The compounds readily identified, in order of abundance, are 
Arcanite (K2SO4), Anhydrite (CaSO4), Ca-Langbeinite (K2SO4·2CaSO4), Thenardite (Na2SO4) and Aphthitalite 
(3K2SO4·Na2SO4). They were observed as black areas in the optical microscope and dark gray areas in the 
backscattered images. The X-ray elemental maps for clinker made with 1.93% SO3 in raw mix are shown in 
Figure 4. Coincidence of sulfur, alkali and calcium in the maps confirms the presence of alkali in sulfate or 
double sulfate salt phases in all the clinkers. However, quantitative prediction of sulfate phases using procedure 
suggested by Taylor (1999) did not match with quantification of sulfates in SAM residues satisfactorily. 
Preliminary observations of XRD scans of KOH-Sugar extraction residues suggested relative increase of M3 type 
alite with increasing raw mix SO3 for samples without alkali balance. However, because of inadequate peak to 
noise ratio for the samples and inherent deficiencies of the method (Taylor 1999), definitive conclusion about the 
influence of increasing SO3 on alite polymorphic forms could not be drawn. 
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Figure 3: Influence of increasing raw mix SO3 (without alkali balance) on alite and belite grain sizes 

 
Figure 5 shows a few hydration curves of cements made with increasing SO3 content. Clinkers having higher 
SO3 content showed intense initial activity at the beginning of hydration apart from shifting of second peak 
towards left. However, due to reduced alite content the intensity of heat flow at time period of about 10-20 hours 



is reduced considerably for clinker containing 2.44% SO3. Further, total heat released in 7 days is reduced from 
297 J/g for clinker having 1.22% SO3 to 257 J/g for clinker having 2.44% SO3. While casting of cement samples 
made with clinker having 2.44% SO3 content, flash set tendencies were noted. Strength development of two 
cements having 1.22% and 2.44% SO3 content respectively with other physical properties are also shown in 
Figure 5. The strength development of the cement made with high sulfate bearing limestone showed notable 
decrease in early strength values but the later strengths are comparable to those of typical blended cements 
without problems related to expansion.  

 
Figure 4: Backscattered electron images and X-ray mapping of magnesium, sulfur, sodium, potassium and 
calcium in clinker made with raw mix containing 1.9% SO3. Dark areas in the X-ray maps correspond to a high 
concentration of the element. 
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Setting time 

min. 
Compressive strength at 

different ages, MPa 
Expansion Sr SO3 in 

clinker 
% 

M.R.$ SO3 in 
cement 

% 

Blaine 
surface
m2/kg 

Normal 
consistency 

% Initial Final 1 d 3 d 7 d 28 d AC@, 
% 

LC#, 
mm 

1 1.22 1.49 2.30 289 25.75 140 190 23.8 43.5 54.9 70.6 0.10 0.8 
2 2.44 1.30 2.44 293 25.75* - - 8.9 19.5 31.8 54.5 0.19 1.0 

* due to flash set tendency normal consistency could not be determined, $ M.R.: Molar ratio of sulfur to alkali in clinker, 
@ AC: Auto clave, # LC: Le-Chatelier 

 
Figure 5: Hydration behavior and strength development of clinkers made with increasing raw mix SO3 content 

To explore possibility of improving the strength development of the product further, attempts are being currently 
made to make clinker using raw mix having 1.93% SO3 and 2% MgO with optimized dosage of mineralizer like 



CaF2 at burning temperatures below 1300 deg C. These experiments are expected to reduce the volatility of 
sulfur phases apart from increasing alite content slightly for achieving acceptable early strength development. 
 
4.0 Conclusions: 
Clinkers are made using high sulfur bearing limestone by preparing raw mixes with SO3 content in the range of 
0.77-1.93% with and without balancing it with alkali. Based on the experimental results obtained so far 
following conclusions are drawn. 

1. Percentage SO3 in raw mixes up to 1.4% did not affect clinker alite content significantly. But it is found to 
be reducing substantially beyond this value. Incorporation of increased SO3 is seen to be having much 
greater role in decreasing C3S and stabilizing C2S as compared to that caused by reduced raw material LSF. 

2. Presence of magnesia in the raw mix design in the range of 1.7-2.2% with high sulfate content is observed to 
be useful in keeping free lime content below 1% despite stabilization of belite phase. Their simultaneous 
presence during clinkerisation is also seen to be influencing polymorphic form of alite.  

3. Alite size in the clinker is found to be increasing from 20 to 25µm with increasing SO3 content without 
alkali addition. However, for alkali balanced raw mixes this such effect is absent. Belite size remained 
almost constant in clinkers irrespective of alkali addition. Based on the microanalysis of the alite and belite 
grains, SO3 substitution in silicates is found to be increasing with increasing raw mix sulfate content. But 
simultaneously, MgO entrapment in the belite decreased considerably, showing strong interactive effects of 
SO3 and MgO in clinkerisation.  

4. Apart from substitution in alite and belite, the sulfate in clinker is also seen to be present as alkali sulfate salt 
or alkali-calcium double salts. Arcanite and Ca-langbeinite are found to be dominating sulfate salts in high 
sulfate clinkers. 

5. Cements made with increasing SO3 content are found to be exhibiting intense initial activity during 
hydration. Subsequently, the heat flow is seen to be reducing because of lower alite content. As far as 
strength development is concerned, the clinker made with high sulfate content is seen to be capable of 
providing reasonable later strengths.  

6. Present exploratory studies on the use of high sulfate bearing limestone clearly suggested potential of 
making non-conventional clinkers and is expected to be a step forward for making cement manufacturing 
more sustainable. 
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Abstract 

 

Since the 1970s, it can be observed that many concrete structures in Brazil have suffered a growing degradation. The 

concern with the durability of these structures is the cause that motivated a substantial research in the country, aiming 

to improve the quality and to the reduction of cost related to maintenance and repairs. This work deals with the 

durability of high-performance concrete elaborated with two types of addition. The first one is the rice husk ash that 

partially replaces the cement, and the second one is the rubber waste produced from scraped tires, that partially 

replaces the aggregates. The tests of durability, applied to the concrete specimens, seek to represent many of the 

degradation processes, such as the actions of water, of temperature, of salts and of acid solution. The analysis of the 

results showed that the use of the additions influenced the effect of the harmful actions in the concrete. The tested 

specimens were made with Silica Fume, Rice Husk Ash, and tire rubber waste. In general, the study showed that the 

durability was not affected with the addition of the residues. It was observed that the presence of tire rubber residue in 

the concrete was very effective to combat the actions of chemical agents, of the high temperatures and of the 

penetration of water. Rice Husk Ash, even with larger particles, had similar results to that of the Silica Fume. 

 

Originality 

The study showed that the durability was not jeopardized with the addition of the residues, in addition, the rubber 

proved very effective to combat the action of chemical agents, high temperatures and the penetration of water. Rice 

Husk Ash, even with larger particles, had similar results to that of the Silica Fume. 

 

Chief contributions 

Interference of the additions to prevent the harmful actions in the concrete were verified for the parts dosed with Silica 

Fume, Rice Husk Ash, adding tire rubber to both of these. 

 

Keywords: Durability, High Performance Concrete, Rice Husk Ash, Tire Rubber. 
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Introduction 
 

Each year the construction industry has shown innovation in the market in search of better quality and speed in 

construction, raising concern about safety and durability of concrete structures. 

The durability of a structure is related to the materials contained therein. Examples in the civil construction are 

aggregate, cement, steel, water and additions used in the manufacture of concrete. The construction process is 

another small part to the durability, so a well executed work has great influence on the durability of the structure. 

The durability of concrete is not a quantity to be measured accurately. In Brazil and in the world and there are 

several other experimental and empirical models that can be performed to measure the durability of concrete, but 

the boundary conditions are many and usually specific to each type, location and aggressive agents in the 

vicinity of the works. 

According to Mehta and Monteiro (1994), the durability can be expressed as the capacity of a structure to 

maintain a minimum performance in a given period of time under the influence of aggressive agents. This 

requires knowing the type and purpose of the aggressors of this structure to analyze its behavior over time. 

Mehta and Monteiro (2008) 40% of investments in construction, in the industrially developed countries are 

destined for the maintenance of structures and only 60% are for the construction of new structures. This fact 

encourages professionals to provide appropriate solutions for each type of construction with the concern focused 

on the durability and functionality. 

With regard to abrasion resistance, the values found for concretes with additions of Rice Husk Ash (RHA) and 

waste rubber together showed weight loss and lower when compared to concrete made using only silica fume, 

taking values of 0 29% and 1.73% respectively. The fact could be explained by the action of the effect of 

microphylous pozzolanic reactions with the CCA and the absorption of impact energy by waste rubber, 

improving the abrasion resistance of concrete (BARBOSA, 2006). 

Liu, Yen and Hsu (2006) the component materials of concrete plays a major role in the test results of abrasion / 

erosion, another factor of relevance can be seen in the increase of the water / binder that going from 0.28 to 0.50 

increased 76% in weight loss. 

The results of Zerbino, Giaccio and Isaia (2010) showed that the incorporation of rice husk ash in concrete is a 

good alternative because of the properties offered and is also a way to give a purpose to this residue, representing 

a positive aspect in relation ecological impact, and made feasible the use of buildings in this small scale. 

To Yilmaz and Değirmenci (2009) the compressive strength of the mixtures decreased with increasing particle of 

waste rubber to cure all ages, but the resistance of the mixtures increased with increasing ash. The use of such 

waste in the construction industry in large quantities appears to be a reasonable solution to the environmental 

aspect. The use of rubber tires and debris and ash in composite materials is an opportunity to recycle these 

wastes.  

To Saraswathy and Song (2007) the incorporation of rice husk ash by up to 30% substitution reduces chloride 

penetration, decreases permeability, improves the corrosion resistance properties. 

According to Salas et. al. (2009) the high content of amorphous SiO2 in the ash of rice husk promotes a greater 

reactivity and a significant increase in the compressive strength of concrete can compare the results obtained 

with concrete made with silica fume with the same replacement level. The improvement in durability can also be 

noticed with refining the pore structure. 
 

 

Experimental Program 

 

Materials 

 

Rice Husk Ash (RHA) 
The RHA was obtained by burning process without temperature control, although the firing temperature could be 

measured, reaching 850ºC. The RHA has a light gray color and its test of diffraction of X-ray showed a deviation 

from the baseline between 15 degrees and 17 degrees. So this material has an amorphous characteristic. The 

Table 1 shows the physical and the chemical characterizations performed on the rice husk ash, comparing its 

results with the concrete and with the silica fume. 

 
 

 

 

 



Table 1: Physical and chemical characterization of the CCA 

Physical-chemical analyses of the Cement, RHA and Silica Fume  Cement RHA Silica Fume 

Absolute density       (g/cm³) 3,08 2,15 2,18 

Analysis 

Chemical 

(%) 

Loss to fire 3,97 3,79 4,34 

SiO2 23,89 90,37 91,73 

Fe2O3 2,72 0,43 0,14 

Al2O3 8,91 0,12 0,29 

CaO 51,27 1,25 0,37 

MgO 4,48 0,27 0,36 

SO3 3,55 0,17 0,54 

Na2O 0,18 0,02 - 

K2O 0,96 0,48 - 

 

 

Methodology  

 

Dosage and production of concrete 
The Table 2 presents the four mixture proportioning adopted in this study. The mixtures that contain tire rubber 

waste (RTR) had the substitution of the sand by the waste in 3% by volume. 

 

Table 2: Composition of the trace of the concrete 

MATERIALS 5% SF 5% RHA SF with RTR  RHA with RTR 

Cement (kg/m³) 428,8 428,8 428,8 428,8 

Silica Fume (kg/m³) 16,0 - 16,0 - 

RHA (kg/m³) - 15,72 - 15,72 

Coarse Aggregate (kg/m³) 1081,1 1081,1 1081,1 1081,1 

Fine Aggregate (kg/m³) 812,6 812,6 733,1 733,1 

RTR (Kg/m³) - - 34,5 34,5 

Water (l/m³) 170,9 170,9 170,8 170,8 

Admixture (kg/m³) 2,257 2,257 2,257 2,257 

Water/Binder (w/b) 0,35 0,35 0,35 0,35 

Slump (cm) 21,3 20,0 21,0 19,8 

 

 

Tests Performed 

 

Water absorption by immersion 
To realize the water absorption test and the porosity test, NBR 9778 (2005) recommends the molding of three 

cylindrical specimens, with dimension of 100mmx200mm, to be tested at ages of 7 days and 28 days. 

 

Cyclic Water/Oven Test  
The cyclic test was conducted over a period of four months. The specimens suffered 120 cycles alternating wet 

and dry environment conditions, in order to observe the behavior of them in this condition so adverse. 

For each mixture proportioning, three cylindrical test specimens with dimension of 100mmx200mm were 

molded. After the period of curing, the specimens were left in a moist chamber for the realization of the initial 

weight and then immersed in water for 14 hours. After that, they were dried in an oven for eight hours and then 

they were left to cool at room temperature for 1 hour, concluding a cycle. The test procedure was resumed with 

the re-weighing, with the evaluation of cracks and with the measurement of the loss of mass. 

 

Test of resistance to chemical attack by lactic acid 

For each mixture proportioning, six cylindrical test specimens with size of 100x200mm were made. 

After 28 days of curing, they were dried at room temperature, weighed and placed in solutions 

containing lactic acid at a concentration equal to 14% for a period of 5 days. In order to accelerate the 



degradation process, these cylindrical test specimen were removed from the container of acid and then 

washed to remove the concrete waste and the soluble salts resulting from chemical changes between 

the cement and acid solution deposited on its surface, leaving them to air dry for 6 days. After that, it 

ended a cycle of 11 days, initiating another one. It carried a new weighing and then the cylindrical test 

specimen was dipped again, until the specimen complete all the cycles. For the same specimen, the 

weight measured indicated mass loss for each cycle. 
 

Test of Resistance to Abrasion/Erosion 

The loss of material due to deterioration of the structure by the wear of the surface was expressed by 

percentage of weight loss. The wear was due to the contact among the cylindrical specimen with size 

of 300mmx100mm and the steel balls, which are placed in a sort of cylinder which is immersed in 

water. 

The wear is calculated in function of the percentage of the initial mass. The specimen was weighed 

before starting the test and after 10, 24, 48 and 71hours. The specimens were tested at an age of 7 days 

and 28 days. 
 

 

Results and Discussion 

 

Compressive strength of concrete and water absorption 

The compressive strength test was done according to the procedures of the NBR 5739 (2007). The 

addition of RHA showed satisfactory results for water absorption by immersion,. However, the 

mixture proportioning with the silica fume was more effective in reducing water adsorbed than the one 

with the RHA. The addition of rubber waste also promoted the decrease in absorption when compared 

with the other mixture proportionings without this addition. There was no large variation of the 

absorption between 7 and 28 days. Figures 1 and 2 contain the results of the compressive strength test 

and water absorption by immersion, respectively. 
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Figure 1: Strength of mixes Studied 

4,83%

3,04%

3,97%

2,94%

3,96%3,54%

3,13%

4,05%

0,00%

1,00%

2,00%

3,00%

4,00%

5,00%

6,00%

SF
 - 

5%
  -

 C
on

tro
l -

 7
da

ys

SF
 - 

5%
 - 

C
on

tro
l -

 2
8d

ay
s

R
H

A
 - 

5%
 - 

7d
ay

s

R
H

A
 - 

5%
 - 

28
da

ys

SF
 e

 R
TR

 - 
7d

ay
s

SF
 a

nd
 R

TR
 - 

28
da

ys

R
H

A
 e

 R
TR

 - 
7d

ay
s

R
H

A
 e

 R
TR

 - 
28

da
ys

A
bs

or
pt

io
n 

(%
)

 
 

Figure 2: Water Absorption of Concrete 

 

 

Water absorption by immersion 

 

Cyclic Water/Oven Test 

To increase the effect of temperature change and climate, it was decided that during the execution of 

the test, the specimens would be removed from the oven, which was at a temperature of 105°C, and 



immersed in sequence in a tank with water. The Figures 3-6 show the appearance of efflorescence due 

to the leaching of Ca(OH)2, removing the calcium carbonate that is soluble in the interior of the 

concrete and carrying it to the surface. 
 

 

Figure 3: RHA 

 
 

Figure 4: SF 

 
 

Figure 5: RHA and RTR 

 
 

Figure 6: SF and RTR 

 

 

Resistance to chemical attack by lactic acid 

The mixture proportioning containing only RHA had a higher percentage of weight loss, while the 

mixture proportionings that had the addition of rubber waste were more successfully managed to 

prevent the entry of harmful agents, showing its greater capacity for waterproofing. The Figure 7 

presents for each mixture, the loss of mass for two cycles. The Figures 8-11 show a comparison 

among the degraded surfaces. 
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Figure 7: Loss of Mass due to chemical attack by lactic acid 



 
 

Figure 8: RHA 

 
 

Figure 9: SF 

 
 

Figure 10: RHA and Rubber 

 
 

Figure 11: SF and Rubber 

 

 

Resistance to Abrasion/Erosion 

The soundness of the mortar was observed in the erosion/ abrasion test, showing little variation in 

mass loss among the mixtures studied. The mixtures with rubber waste had the smallest mass loss as 

shown in Figure 12. 
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Figure 12: Mass Loss by Abrasion/Erosion 



Conclusion 

 

The decrease of compressive strength in the mixtures was observed when RHA and rubber waste were 

used. It was observed a reduction of 10% when RHA is added, of 20% when tire rubber is added, and 

30% for the same mixture proportioning in relation to the reference mixture made with silica fume.  

The test results of water absorption by immersion showed increased absorption for the mixtures with 

the addition of ashes to SF. The features with SF and RTR had results within the same range of the 

sampling interval. The absorption of water by capillary showed no significant influence on the 

additions in the study. 

The decrease in compressive strength test in cycling water / oven showed similar values for SF and 

RHA, 14MPa and 15MPa, respectively, and RTR obtained the lower falls, 11MPa for both mixtures 

and RTR and Rubber SF and RHA were more resistant to this request. 

For the chemical test -attack by lactic acid-, the mixtures containing RTR showed that this addition 

provides a lower loss of mass in the cylindrical test specimens. The mixture containing only RHA 

showed higher weight loss when compared to silica fume. 

For abrasion / erosion test, mixtures containing rubber waste had the lowest mass loss, showing a good 

quality of the concrete. 

The durability was not decreased with the addition of waste proposed by the work, moreover, the 

rubber waste showed, even with the lower density of the mixtures without this addition, similar values 

for water absorption and was very effective in combat action chemicals and water/oven cycles. 

So, the main contribution of this work was to show that the use of RHA can offer good results of 

durability, compared to mixes made with silica fume. 
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Iron Ore Fractionation and caracterisation  

Abstract 

The present work will study the influence of particle size distribution coming from the milling on the 

composition and properties of matter that constitutes them. To achieve this goal, iron ore, was selected. Iron ore 

is crushed, split and analyzed. The analysis of particle size distribution curves showed that 20% of particles in 

fractions smaller than 63 microns are PM10 (particles smaller than 10 μm) that once released in the 

atmosphere have a harmful effect on health.  

The growth of the moisture with the fineness of particles enables them to play a role as condensation nuclei in 

the atmosphere by absorbing moisture of the air, allowing them to be the site of gas-solid reactions causing 

secondary pollution resulting from the transformation of gaseous pollutants emitted by industrial activity and 

gas vehicle exhaust.   

The ignition loss is determined according to standard: EN 196-2 increases with the fineness particles. 

According to the results of X fluorescence, we found out that SiO2, Al2O3, CaO, K2O, TiO2 and M4O have 

increasing levels with the fineness of particles unlike MgO, P2O5 and Na2O which have constants contents 

whereas while the iron is less enriched with the fineness of particles. 

A further splitting of the material may be made for a more comprehensive study of the reactivity of fine 

particles.  

ORIGINALITY: Material properties are determined by the nature of chemical bonds, atomic arrangement and 

microstructure. Their usage is subject to their availability, cost, and easiness of shaping and (in view of the 

environmental requirements of the time) their compatibility with environment.   

The extraction of raw materials, the physical and various chemical changes which it undergoes for obtaining 

materials is accompanied by an accumulation of waste and emissions of various toxic substances up to the air , 

as the case of solid particles from crushing and grinding.  This work contributes to the evaluation of powdery 

material compatibility with the environment. 

 CHIEF CONTRIBUTIONS: The industrial processes of materials production and processing (enrichment, 

crushing and splitting), are a potential source for dust emissions of which effect on the environment had been 

shown (Fernandez et al., 2003),(Schlesinger et al., 2003), this effect is closely linked to characteristics of such 

dust (Samet, 2000). Iron ore is used in the composition of the raw material for the clinker. In order to 

understand the reactivity of ambient air dust from cement manufacture, we propose in this work the study of the 

influence of particle size range on the chemical composition of iron ore.  

Keywords: iron ore, powdery materials, particle matter. 
 

 

1. INTRODUCTION 

The air pollution is closely linked to cardiovascular mortality lung among the population of urban 

centers. Particles dust is a complex mixture from sources of pollution and various atmospheric 

conditions, the identification of their specific components responsible for effects on health is 

difficult. As first approach to the study of atmospheric particles in the present work, the particles are 

prepared in the laboratory by crushing and splitting.  

 Industrial processes of materials production and processing (enrichment, crushing and splitting), are a 

potential source for dust emissions of which effect on the environment had been shown (Fernandez et 

al., 2003), (Schlesinger et al., 2003), this effect is closely linked to characteristics of such dust (Samet, 

2000). 

 

2. POWDERY MATERIALS  

With the industrial revolution, most of the technological effort was to produce in quantity at the 

expense of material deposits, and ecological risks caused by pollution.  



The main environmental problems caused by punctures (raw material and energy) and wastes (air 

emissions, liquid effluents and disposals) of industries are consumption of natural resources, pollution 

(oxidant smog, acid rain, greenhouse effects etc..) and degradation (land occupation) (SETAC 1993) . 

The production capacity of materials is closely linked to natural resources and opportunities for 

recycling waste.  

The extraction of raw materials, the physical and various chemical changes it undergoes for obtaining 

materials is accompanied by an accumulation of waste and discharge in the water course and in the air 

of various toxic substances which solid particles come from the crushing and grinding. 

Material properties are determined by the nature of chemical bonds, atomic arrangement and 

microstructure. Their usage depends on their availability, cost, easiness of shaping and (given 

the environmental requirements of the moment) their compatibility with environment (Kuzz et al., 

1991). 

Most properties of materials depend very strongly on the type interaction between atoms or molecules 

that ensure their cohesion. Their characteristics can be classified by intrinsic 

characteristics (mechanical, thermal, electrical, magnetic properties, etc ....) interactive (measure the 

behavior against chemical attacks or with the wearing out of a material put in connection with another 

material or with a given environment) and attributed characteristics (price, available forms, easiness 

of implementation etc...) (Rouessac et al.,  2004). 

We can distinguish three categories of properties according to the type of external stresses: 

mechanical properties, physical properties and chemical properties that characterize 

materials subjected to a more or less aggressive environment.  

In many cases, the internal structure of materials is composed of grains or microscopic particles with a 

determined morphology constituting the microstructure defined by the composition and atomic 

arrangement, the relative amount, the morphology and the size of these grains (Kuzz et al., 1991). 

A powdery material is a split state of matter, it is a solid under the form of particles of smaller size 

than one tenth of millimeter with a large specific surface allowing them fast interactions with the 

dispersing environment, air or liquid, and gives to the particles a high reactivity, they then serve as 

catalysts and accelerators of reactions (Maillot, 2001).  

Thus the grains used in metallurgy have dimensions between about 0.1 and 400μm. The shape of the 

particles depends mainly on their mode of production. 

The powders prepared by mechanical processes have a lamellar shape, those prepared by reduction of 

a metallic combination at high temperature have a jagged shape and the metallic powders prepared by 

electrolysis have a dendritic form (Duran, 1997).  

The chemical stability of a powder is much lower than that of the compact material due to its large 

specific surface. In some cases, the big chemical affinity of the powders is advantageous (manufacture 

of metal and absorbers (Maillot, 2001)) but when these solid particles are ejected into the atmosphere, 

their chemical affinity becomes a nuisance and a threat to public health.  

This work will study the influence of grain size distribution coming from grinding on the chemical 

composition constituent of matter particles. To achieve this objective, the iron ore is crushed, split and 

analyzed by grain size distribution class.  

3. RESULTS AND DISCUSSION  

3.1. FRACTIONATION AND GRANULOMETRIC ANALYSIS 

An average sample of about 3 kg of iron ore reduced by crushing is homogenized and then separated 

into different grain size distribution classes through a column of sieves placed on an electrical 



sieve for an hour to get a good separation. After one hour, the refusal of each sieve is collected, 

weighed, the ponderal percentage of each class is calculated to construct the granulometric curve of 

the sample.  

The results obtained (Fig. 1) show that 2.72% of iron ore are in a particle size below 63μm, forming 

particles likely to remain suspended in the air. 

 
 

Figure 1: Granulometric curve of iron ore. 

An analysis by laser particle size distribution of fractions of 32, 63 and 80μm was  

carried out to assess the quality of fractionation. The results are shown in Fig.2, 3 and 4. 

 

Figure 2: Frequency and cumulative of <32μm fraction 

3.2. MOISTURE  RATE 

The moisture rate is determined for some classes of prepared fractions; the results obtained are shown 

in (Fig. 5). The growth of the moisture with the fineness of particles enables them to play a role as 

condensation nuclei in the atmosphere by absorbing moisture of the air. 



 

Figure3: Frequency and cumulative of <63μm fraction 

 

 

Figure 4: Frequency and cumulative of <80μm fraction 

   

 

Figure 5: Moisture rate as a function of particle fineness 



3.3. LEAD CONTENT  

The lead content increases with particle fineness as shown in (Fig. 6). 

 

Figure 6: Concentration of Lead with the fineness of the particles. 

3.4. X FLUORESCENCE ANALYSIS OF FRACTIONS  

The ignition loss (LOI) is determined according to standard: EN 196-2.The results obtained are given 

in Table [01]. 

Table 1:  LOI per grain size distribution class 

 

Classe 

 

0,1   ÷ 0,08 

 

0,08   ÷  0,063 

 

0,063 ÷  0,040 

 

0,040 ÷ 0,032 

 

<0,032 

LOI 3,95 4,05 5,08 6,49 6,56 

 

The loss on ignition (LOI) being determined, the results show that it increases with the fineness of the 

particles, indicating an increase in the content of volatile elements.  

Analysis of fractions by X fluorescence (Table 2) shows that SiO2 Al2O3, CaO, K2O, TiO2 and MnO 

have increasing contents with the fineness particles, unlike MgO, P2O5 and N a2O have constant 

contents while the content of Fe2O3 decreases with the decrease in particle volume. These results are 

of some interest to understand the chemical reactions which occur in the atmosphere.  

Table 2:  Results of the analysis by X florescence  

 



4. CONCLUSION 

In this study we were interested in splitting iron ore and studying the chemical composition of 

fractions with a diameter lower than 80 m.  

At first iron ore was crushed then separated by size grain distribution class. The results show that 

2.72% of the iron ore are in a particle size below 63μm. 

The analysis of fractions by laser granulometry showed an efficiency of splitting, the grain size 

distribution curves obtained show that 20 % of particles in the fractions with smaller diameter than 63 

m are PM10. 

For the analysis of chemical composition, the loss on ignition (LOI) is determined in a first step, the 

results show that the LOI increases with the fineness of particles; we therefore conclude that 

the concentration of volatile species increases in the particles with low grain size distribution.  

 A growth of moisture rate with the fineness of the particles was observed. This adsorption capacity of 

moisture allows the particles in suspension to be the place of gas-solid reactions causing secondary 

pollution resulting from the transformation of gaseous pollutants emitted by industrial activity and 

vehicle exhaust. 

The content in Fe2O3 determined by X fluorescence decreases with the decrease in particle size, so 

these are particles not enriched with iron therefore not recoverable, can be found in discharges from 

industrial facilities for crushing and grinding to enrich iron ore. 

Finally, increasing the lead content with the finesse of particles has been demonstrated, hence the 

increased toxicity of these particles.  

A further splitting of some powdery materials may be achieved for a more comprehensive study of the 

adsorption and the volatile fraction contained in the fine particles coming from grinding.  
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Abstract 

Lithium-based additives have shown satisfactory results in the expansion reduction due to alkali-silica reaction (ASR), 

but many doubts remain about the mechanisms of ASR. The study herein assessed the effects of a lithium nitrate based 

(LiNO3) chemical addition, using several dosages, in order to understand its expansion mechanisms due to ASR. The 

study of the effects of LiNO3 on ASR was conducted by the accelerated mortar bar method (ASTM C-1260), using two 

kinds of reactivate aggregates, consequently, the test lasted up to 30 days. Mortar bars were also molded with a fly ash 

(FA) based mineral addition to compare the effects of a mineral addition with a chemical one on the expansion due to 

ASR. The results from the ASTM C-1260 test indicated that the LiNO3 addition was effective in the expansion reduction, 

but presented different addition values for the acceptable threshold of 0.10% at 14 days for each kind of aggregate. It 

was also observed that mixtures containing LiNO3 reduced the expansion up to 30 days, while for the mixtures 

containing fly ash the expansion continued to increase throughout the test.  The test indicated that the dosages of 

lithium addition (Li2O/Na2Oeq), efficient in the expansion reduction for the acceptable threshold of 0.10% at 14 days, 

were very high when compared to those found in the literature. Folliard et al. (2003), states that the use of cement with 

a high alkali content (Na2Oeq = 0.9 ± 1.0%) and the modification of the ASTM C-1260, would be the best solution to 

obtain lithium addition values compatible with field applications. 

 

Originality 

The study of the effects of the LiNO3 in ASR was conducted by the accelerated mortar bar method, using two kinds of 

reactivate aggregates, consequently the test lasted up to 30 days. 

 

Chief contributions 

The test indicated that the dosages of lithium addition (Li2O/Na2Oeq), efficient in the expansion reduction for the 

acceptable limit of 0.10% at 14 days, were very high compared to those found in the literature.  

 

Keywords: alkali-aggregate reaction, expansion, lithium composed, mortar. 
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Introduction 
 

The Alkali-Silica Reaction (ASR) is a pathological phenomenon that occurs internally in concrete structures due to the 

chemical reaction between some mineralogical constituents contained in the aggregates and alkali hydroxides (mainly 

from cement and other sources, for example, mixing water, aggregates, pozzolans and external agents) released during 

the hydration process of Portland cement, which are dissolved in the concrete pore solutions. The reaction results in the 

formation of an expanding water-absorbing hygroscopic gel, which occupies the concrete pores, hence swelling in the 

presence of water. After filling the pores, the gel promotes the appearance of interstitial pressures that can cause cracks 

and shifts in the concrete structures, causing structural as well as operational problems. This reaction is the most 

prevalent type of Alkali-Aggregate Reaction (AAR) and this particular phenomenon has been widely examined and is 

better understood, since it usually occurs more rapidly, depending on the forms of reactive silica minerals involved. 

Conducting previous studies to understand the characteristics of the concrete materials used in a new construction can 

reduce the possibility of ASR, especially when measures are adopted to attenuate the favorable conditions for its 

occurrence, thus avoiding possible damage to the concrete structures. These measures can be divided into three: using 

cement with low alkali content, using non-reactive aggregates, and including chemical or mineral additions to the 

concrete. However, each of these measures is limited. For example, mineral additions such as silica, fly ash and 

pozzolans are already being used in many concrete constructions to prevent ASR, but not all mineral additions are 

equally effective and the amount of these additions to control ASR may not be acceptable for other reasons. 

The need to find alternative means to prevent the damage caused by ASR and has led research studies to focus on the 

use of chemical additions. The chemical additions became another addition alternative to prevent ASR, as long as they 

do not affect the mechanical properties of concrete, also considering that this addition may be just delaying the reactive 

evolution. 

McCoy and Caldwell (1951) were the first to report that ASR expansion could be inhibited by some chemical additions. 

Since then, measures using chemical additions to inhibit ASR have increasingly received attention. This initial study 

and subsequent studies showed that certain chemical substances, such as lithium mixtures, can reduce the expansions 

caused by ASR. The lack of understanding the mechanism or mechanisms by which these chemical substances reduce 

the expansions and their effects on the properties of concrete is perhaps the greatest obstacle to the practical use of such 

chemical additions. Without understanding the control mechanism and its effects on the properties of concrete, it is 

difficult to predict the efficiency of a chemical addition, in order to predict its performance control or to recommend 

dosages (MONTEIRO and KURTIS, 2003). Another obstacle to the practical use of chemical additions is associated to 

environmental factors, such as water projects, the most susceptible to this pathology, as there is a great risk of 

contaminating the water, fountain springs and soils. 

Of all the studies using chemical additions, the most satisfactory results were those obtained using lithium compounds, 

due to its particular efficiency in reducing ASR expansion. Research has shown that all the lithium compounds studied, 

including LiF, LiCl, LiBr, LiOH, LiOHxH2O, LiNO3, LiNO2, Li2CO3, Li2SO4, Li2HPO4 and Li2SiO3 are effective in 

reducing expansions caused by ASR in concrete, provided they are used in appropriate dosages. Several mechanisms 

describing the effects of lithium-based compounds to reduce ASR-related expansion have been proposed, with studies 

such as those by Ramyar et al. (2004), Feng et al. (2009) and Schneider et al. (2008) which showed that lithium alters 

the composition of the ASR gel, resulting in a product with little or no ability to absorb water and to expand. Compared 

with the other lithium-based compounds, the researchers believe that the lithium nitrate (LiNO3) represents the most 

promising one. The use of LiNO3, an entirely soluble neutral salt, does not generate a significant increase in the 

concentration of hydroxyl ions and thus reduces the risk of ASR acceleration, while improving its effects. 

There are several studies using lithium-based compounds, but there are still many questions to be clarified as to its 

effect (MO, 2005). 

Despite the wide use of mineral additions in many projects, the availability of mineral additions that are effective in 

preventing ASR may be limited in certain regions and the demand may exceed the local source, and also not all of these 

additions are equally effective for this role and the amount for ASR control may not be acceptable for other reasons. 

Thus, it would be advantageous to use the lithium-based compounds in the prevention of ASR due to its easy 

accessibility and efficiency, as long as the amount is also acceptable due to other reasons. 

This research contributes with the study of a LiNO3-based chemical addition in the expansion due to ASR, through the 

accelerated mortar bar method, observing its effects in reducing the expansion and compared to a mineral fly ash-based 

additive. 

 

 

 

 

 

 

 

 

 

 



Materials and Experimental Program 

 
The mortar bars were prepared with one type of cement and two types of reactive aggregates, in accordance with ASTM 

(2005). The lithium nitrate and the fly ash were used as additions in the mixtures. The cement used was the CPV-ARI-

PLUS with an alkali content (%Na2Oeq) of 0.70%. The aggregates used had high reactivity according to the mortar bars’ 

expansion test, in accordance with ASTM (2005) and they are: basalt and gravel. table 1 shows the chemical 

composition of the cement and fly ash. The lithium nitrate used was a commercial product with 95% purity. 

 

Table 1: Chemical composition of cement and fly ash (wt, %) 

Material 
Composition (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SiO3 Na2O K2O Na2Oeq
(*) 

Cement 18.97 4.80 2.52 59.17 5.30 3.53 0.13 0.87 0.70 

Fly ash 44.26 21.73 13.15 2.22 0.23 0.19 - - 0.48 
      (

*
)
 %Na2Oeq = %Na2O + 0.658%K2O 

Mixing characteristics of the mortar bars 

The expansion tests were performed to analyze the behavior of the aggregates under potential reactivity, and to study 

the effects of LiNO3 in reducing the expansion of the mortar bars, in accordance with ASTM (2005). According to the 

test method, three mortar bars for each type of mixture were prepared. The dimensions of the bars were: 25mm x 25mm 

x 285mm, with a cement/aggregate ratio of 1:2.25 and water/cement ratio of 0.47 (mass). 

The prisms remained cast for 24 hours in a suitable environment and after the mold was removed, they were fully 

immersed in water at a temperature of 80
o
C for an additional 24-hour period. After this procedure, the reference length 

was determined and the prisms were kept in a sodium hydroxide (NaOH) solution at 1 N at 80
o
C for 28 days. The 

readings of the length changes were periodically measured and the results were expressed in percentage of expansion, 

corresponding to the averages of three mortar bars for each type of addition. 

For the tests, the control mortar bars, which did not contain the addition of LiNO3, were prepared and the bars 

containing various dosages of LiNO3, according to the molar concentration ratio of lithium oxide by the molar 

concentration of sodium oxide (Li/Naeq) were used. The molar ratios used for the dosage of LiNO3 were as follows: 

Li/Naeq = 0.72, 0.79, 0.86, 0.93, 1.5, 3.0 and 4.5. Equation [1] was used to calculate the dosage of LiNO3, and table 2 

shows the amount of the mortar bars’ component materials for each dose of the addition. 
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0      [1], (Folliard et al, 2003) 

 

Table 2: Components in the mortar bars with LiNO3. 

Li/Naeq Cement (g) Aggregate (g) Na2O (mol) Addition of Li (g) Water (g) 

0.00 440 990 0.0113 0.00 206.8 

0.72 440 990 0.0113 5.19 206.8 

0.79 440 990 0.0113 5.70 206.8 

0.86 440 990 0.0113 6.20 206.8 

0.93 440 990 0.0113 6.71 206.8 

1.50 440 990 0.0113 10.82 206.8 

3.00 440 990 0.0113 21.65 206.8 

4.50 440 990 0.0113 32.47 206.8 

 

 

 

 

 

 

 



Where M is the amount of LiNO3 to be added to the mixture (g), M0 is the molecular weight of LiNO3 (g/mol), MNa2O is 

the molecular weight of Na2O (g/mol), Pm is the amount of cement to be used in the preparation of the bars (g), Am is 

the molar ratio Li/Naeq required, Bm is the amount of Na2Oeq in the cement (%), n0 is the molar amount of Li per mixture 

mole  and N0 is the pure  percentage of Li in the mixture. 

The required LiNO3 dosage was added to the mixing water, but if the lithium compound is in the form of an aqueous 

solution (solution with 30% of LiNO3), the amount of water in the solution should be removed from the mixing water in 

order to keep the same water/cement ratio required by the standard (FOLLIARD et al., 2003). 

Mortar bars with a fly ash mineral-based addition were also prepared, in order to compare the expansive behavior of 

these ones with the mortar bars prepared with the LiNO3-based chemical addition. The replacement of fly ash by part of 

the cement in the mortar bars were prepared in different dosages for each aggregate and without using any additive, in 

order to obtain expansions of less than 0.10% at 14 days of testing: for basalt, 60% of cement and 40% of fly ash; and 

for gravel, 70% of cement and 30% of fly ash. Table 3 shows the amount of component materials in the mortar bars 

with the replacement of a part of the cement by fly ash for the aggregates used. 

 

Table 3: Components in the mortar bars with fly ash 

Mixture 

Absolute 

Density of 

Cement 

(g/cm³) 

Absolute 

Density of 

Fly Ash 

(g/cm³) 

Cement 

(g) 

Fly Ash 

(g) 

Aggregate 

(g) 

Water 

(g) 

Fly Ash (40%) 

Basalt 
3.14 2.36 264 132.28 990 206.8 

Fly Ash (30%) 

Gravel 
3.14 2.36 308 99.21 990 206.8 

 

 

Results and Discussion 
 

Expansion of mortar bars with LiNO3 
The cement samples (bars) were prepared in order to observe the effects of LiNO3 on reducing the expansion due to 

ASR. Figures [1a] and [1b] show the expansion of the mortar bars prepared with LiNO3, compared to the expansion of 

the control mortar bars prepared without the addition of LiNO3 for the basalt and gravel, respectively. It is observed that 

for all dosages tested, the mortar bars showed reduced expansion for both types of aggregates. The first dosages with 

[Li/Nae] of 0.72 to 0.93 were used based on the literature referenced in this work, given that in the literature, these 

molar ratios were sufficient to reduce the expansion without exceeding the threshold (> 0.10%) at 14 days. For both 

types of aggregates these molar ratios reduced the expansion, but exceeded the threshold at 14 days, reaching high 

levels of expansion. According to Folliard et al. (2003), for the test method ASTM (2005) to be efficient in the lithium 

dosage, the cement used in the mortar bars must have Na2Oeq of 0.9 ± 1.0%, because the alkali content in the Portland 

cement is not currently specified in ASTM (2005), since it was shown that the effects of alkalinity in the solution (1N 

NaOH) far exceed any effect of alkalinity on the cement when tested with reactive aggregates. Therefore, using a 

cement with low Na2Oeq ratio would result in a low content of lithium, which would be suppressed by the 1N NaOH 

solution. Also according to Folliard et al. (2003), the lithium should be added to the immersion solution of the mortar 

bars in order to achieve the same molar ratio inside the bars (based on the alkalinity of the cement), this would prevent 

the lixiviation of lithium in the bars for the solution due to the concentration difference, avoiding high levels of lithium 

addition.  

As the ASTM (2005) test in this work used a cement with a low Na2Oeq ratio equal to 0.70% and lithium was not added 

to the immersion solution of the bars with the same molar ratio, the first molar ratios taken from the literature did not 

show the same effects on this study. Thus, the molar ratio [Li/Naeq] was increased until the expansion below the 

threshold of 14 days was achieved. Also with regards to the first molar ratios, there was a small difference in the 

expansion reduction with the ratio increase for both types of aggregates, and for the basalt, these ratios had a greater 

effect in reducing the expansion of the bars than for the gravel. 

Increasing the molar ratio [Li/Naeq] to 1.50, there was a greater reduction in the expansion of the bars for both aggregate 

types, given that the lithium effect on reduction was greater for the basalt. Despite the expansion reduction of the mortar 

bars, this ratio exceeded the expansion threshold at 14 days. 

For a molar ratio [Li/Naeq] of 3.00, there was a great expansion reduction of the bars for both types of aggregates. 

Despite the bars demonstrating the same reaction with the increased molar ratio for both types of aggregates, only the 

bars cast with the basalt reduced the expansion to the acceptable threshold at 14 days, while the bars containing the 

gravel exceeded this threshold. 

By raising the molar ratio [Li/Naeq] to the same proportion (from 1.50 to 3.00 and then to 4.50), the mortar bars showed 

different expansion reduction reactions for both types of aggregates. The gravel bars exhibited reduced expansion 

within the acceptable threshold at 14 days, however the bars with basalt, with an increase in the molar ratio value, there 



was no expansion effect with regards to [Li/Naeq] equal to 3.00; but still kept the expansion within the acceptable 

threshold at 14 days. 

Another observation to be made is that increasing the molar ratio [Li/Naeq] at a proportion of 1.50 (1.50 to 4.50), the 

mortar bars showed different expansion behaviors. With the increase of [Li/Naeq] from 1.50 to 3.00, there was a 

significant reduction in the expansion of the bars for both types of aggregates; however with the increase [Li/Naeq] of 

3.00 to 4.50, this reduction was smaller. 

The bars containing gravel showed greater expansion reductions with the increase in the same proportions of the molar 

ratio [Li/Naeq], however for the bars cast with basalt, this reduction was smaller, given that for the molar ratio of 3.00 to 

4.50, the lithium increase had no reducing effect. This decrease in the expansion reduction intensity of the bars with the 

increased lithium amount may be due to the existence of an addition limit in which the lithium no longer has a reduction 

effect on the increase, as shown by Collins et al. (2004).  

It was also observed that although both types of aggregates exhibit similar reactions with the molar ratio increase 

[Li/Naeq], the intensity in the expansion reduction was different. This shows that each type of aggregate requires a 

different amount of addition to reduce the expansion to acceptable thresholds, in accordance with the standard. 

According to Hasparyk (2005), the reactivity of the aggregate governs the efficiency of the addition in reducing the 

silica solubility, thus the optimal concentration of additions to be used vary. 

 

Figure 1a: Expansion of mortar bars (basalt) over time with/without LiNO3 

                 

                  Figure 1b: Expansion of mortar bars (gravel) over time with/without LiNO3 

 

Comparison of the effects of LiNO3 with fly ash on alkali-silica reaction 

The mortar bars were prepared with fly ash to compare the LiNO3 effects to fly ash expansion due to ASR. Figures [2a] 

and [2b] show the expansion of mortar bars prepared with/without LiNO3 and with the addition of fly ash, for the basalt 

and gravel, respectively. There was a different behavior between the expansion curves of the bars with the addition of 

LiNO3 and fly ash. The expansion curves of the bars with LiNO3 tend to follow the development of the control bar 

curve without LiNO3 for both types of aggregates; on the other hand, the expansion curves of the fly ash exhibit a more 

rectilinear expansion development for both types of aggregates. However, it can be observed, especially in the 

expansion curves of the basalt bars, that LiNO3 tends to stabilize the reaction throughout the test, while the bars with fly 

ash continue to expand throughout the test. Ramyar et al. (2004) compared the expansion effects of the mortar bars cast 



with the addition of lithium and fly ash through ASTM (2005), taking the test up to 56 days, which demonstrated that 

the bars containing lithium ceased expansion at 28 days of testing, while in mixtures containing fly ash, the reactions 

continued, increasing the expansion throughout the 56 days of testing. 

The difference in the added amount of fly ash to reduce the expansion to the acceptable threshold of 14 days for both 

aggregates is due to the reactivity difference of the aggregates. 

 

 

Figure 2a: Expansion of mortar bars (basalt) over time with/without LiNO3 and fly ash 

 

 

Figure 2b: Expansion of mortar bars (gravel) over time with/without LiNO3 and fly ash 

 

 

 

Conclusion 

 
With the materials used and the test method applied in this study, the following conclusions can be drawn: 

1. The expansions are reduced by increasing the addition of LiNO3; 

2. The test method, in accordance with ASTM (2005), should be modified, keeping the same molar ratio [Li/Naeq] 

inside the bars with the immersion solution and the cement with Na2Oeq content between 0.9 ± 1.0 should be used to 

obtain lithium addition values compatible with those used in the field; 

3. There may be a threshold value for the addition of lithium, in which there is no more increase in the expansion 

reduction; 

4. The lithium additions tend to stabilize the expansion over time, while in the fly ash additions the expansion 

continues to increase over time; 

5. The addition amount of lithium and fly ash to reduce the expansion to acceptable threshold values, in accordance 

with the standard, vary depending on the reactivity of the aggregate used. 
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Abstract 

Rice production in Brazil in 2008 was approximately 12 million tons, and to achieve that amount several planting techniques 

were used with different strains of rice in different rice-growing areas. Since Rice Husk Ash (RHA) is the pozzolan of 

vegetable origin that is most studied by researchers working in the field of pozzolanic materials, this paper evaluates the 

influence that the form of planting, climate, soil, strain of rice and the origin/amount of nitrogen-based fertilizers used in rice 

cultivation have on the chemical composition and crystallographic properties of RHA. The results obtained in this paper 

confirm the importance of carrying out routine chemical analysis and X-Ray diffraction to maintain the quality control of the 

CCAs produced because in situations of large-scale production, husks of different origins may be used. 

 

Originality 

This paper evaluates the influence that the form of planting, climate, soil, strain of rice and the origin/amount of 

nitrogen-based fertilizers used in rice cultivation have on the chemical composition and crystallographic properties of 

RHA. 

 

Chief contributions 

The results obtained in this paper confirm the importance of carrying out routine chemical analysis and X-Ray diffraction to 

maintain the quality control of the CCAs produced because in situations of large-scale production, husks of different origins 

may be used. 

 

Keywords: Rice Husk, Rice Husk Ash, Chemical Analisys, X-Ray Diffraction 
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Introduction 
 

By definition, the rice husk is a coating or protective cape formed during grain growth, low density 

and high volume. It is a fibrous material whose major components are cellulose (50%), lignin (30%) 

and inorganic waste (20%). The inorganic residue contains an average of 95% to 98% by weight of 

silica, making up 13% to 29% of the shell (HOUSTON, 1972). 

According to Amick (1982), Della (2005) and Gava (1999), the chemical composition of RHA may 

vary with the variety of the plant, the system of cultivation, the climate and geographical conditions, 

the year of harvest, the tenors and types of fertilizer used in planting, sample preparation and 

analytical methods. However, papers by these authors did not have as its main objective the analysis of 

these variables in the composition of rice husk ash.  

Thenabadu (1977) did a study of the location of the silica contained in rice hulls of four strains of rice 

planted in seven different locations, covering three distinct climatic zones of Sri Lanka. The author 

showed a significant difference in the quantity of silica in five of the seven sites evaluated. 

Thus, this paper aims to contribute to the knowledge of the different variables that make up the 

production of rice husk and its consequences in the final characteristics of the RHA, which is an 

important agro-industrial residue to be used as pozzolan in mortar/concrete and its improves the waste 

re-use. 

 

Materials 
 

Most samples of rice husks for the analysis of the variables soil type, climate, strains of rice and 

source/quantity of fertilizer they originated from an agronomic research, aimed to verify the 

application of doses taken as high (up to 200 kg of nitrogen per hectare). We evaluated four doses of 

nitrogen (50, 100, 150 and 200 kg N ha -1) applied at planting or top dressing. As nitrogen sources 

were used to Entec (with nitrification inhibitor and sulfur in its composition), ammonium sulfate and 

urea. The experiment was conducted in Selvíria, MS, Brazil, in a latossolo vermelho distroférrico 

típico, previously occupied by cerrado vegetation, sprinkler irrigation on the occurrence of deficits 

water. Within this group of samples were taken a few individuals to the development of this paper. 

They are: ammonium sulfate 50 kg N ha-1, ammonium sulfate 200 kg N ha -1, urea 50 kg N ha -1, 

urea 200 kg N ha-1 and Entec 200 kg N ha- 1. All these samples are strain of rice Curinga because of 

its more homogeneous behavior of productivity. Besides these samples, two others were taken from 

different regions of the country in order to check the variables of climate, soil and other strains of rice. 

One is from the region of Dourados, MS, and the other originated in northeastern Brazil, more 

specifically of Maranhao’ state. Table 1 shows the characteristics of each rice husk used in this phase 

of research. 
 

Table 1: Samples of Rice Husks 

. 
Farming 

System 
Climate Strains of rice  Soil Type Fertilizer 

Quantity of 

fertilizer 

SA 50 Terras altas 
Humid 

Tropical  
Curinga 

Latossolo vermelho 

distroférrico típico 

phosphorus, 
potassium and 

ammonium sulfate 

50 kg de N ha-1 

SA 200 Terras altas 
Humid 

Tropical 
Curinga 

Latossolo vermelho 

distroférrico típico 

phosphorus, 
potassium and 

ammonium sulfate 

200 kg de N ha-1 

UR 50 Terras altas 
Humid 

Tropical 
Curinga 

Latossolo vermelho 

distroférrico típico 

phosphorus, 
potassium and uréia 

50 kg de N ha-1 

UR 200 Terras altas 
Humid 

Tropical 
Curinga 

Latossolo vermelho 

distroférrico típico 

phosphorus, 
potassium and uréia 

200 kg de N ha-1 

ET 200 Terras altas 
Humid 

Tropical 
Curinga 

Latossolo vermelho 

distroférrico típico 

phosphorus, 
potassium and Entec 

200 kg de N ha-1 

MA Terras altas 

Semiarid 

with 

rainfall 

Possíveis: 

Aimoré, Bonança, Colosso, 

Primavera, Talento, Caiapó, 

Canastra, Carajás e Carisma 

Latossolo 
phosphorus and 

potassium 
– 

MS Terras altas Wet 

Possíveis: 

Aimoré, Primavera, Caiapó, 

Carajás, Carisma e 

Maravilha 

Latossolo 
phosphorus and 

potassium 
– 



It is observed that the wealth of information from samples obtained from the agronomic paper is 

higher for samples MS and MA. This happened because of the difficulty of achieving informations on 

the origin of husks in the processors where they were collected. 

 

Experimental Programme 
 

The first phase was performed to monitor the harvest of the rice plant on the farm of agronomy at 

UNESP and collect the sample from the Maranhao’s state and the region of Dourados, Mato Grosso 

do Sul’s state. After harvest, rice was subjected to the processes of threshing and processing, for 

subsequent use of the husks.  

With the acquisition of samples from rice husks, they have gone through a washing process, in order  

to determine possible impurities. To this end, we used deionized water purified by reverse osmosis. 

This washing was done manually in a ratio by volume of water 2 to 3 husks. After manual mixing with 

a spatula for 5 minutes, the wash water was sieved and filtered on filter paper. Thereafter, the 

evaporated water washing up to dry, which then were taken to a furnace and calcined at 650 º C for 4 

hours. For the calcination of the samples of rice husks, the firing system was used with the furnace 

temperature control, heating rate (15 ºC/min) and temperature plateau (650 ºC) for the burning 

conditions were exactly the same for all samples of rice husk. Importantly, for the tests in the RHAs, 

the samples were calcined rice husks without the washing process, because such activity could 

compromise the evaluation of the influences studied to achieve the objective of paper. 

 

Results and Discussion 
 

Rinse water from rice husks 

According to Della et al. (2006, p. 1175), it is important that the rice husks go through a process of 

rinsing with deionized water to remove surface dirt (dust and soil) and possibly other contaminants 

present. After the treatments carried out in the wash water, it was observed that the residue from the 

washing water of the husk, MA, presented a bluish much more pronounced than the others. Waste was 

added HNO3 diluted with water and then they were neutralized with NH4OH diluted to litmus paper. 

Neutrality, part of the residue of sample MA flocculate in a much more pronounced than in other 

samples, which may indicate the presence of metallic materials. Della et al. (2006, p. 1178) argue that 

in cases of bleach and acid washing, metallic substances are separated and subsequently removed. 

Without the presence of these substances, carbon is normally released during calcination, as it ceases 

to be trapped inside the liquid phase formed on the surface of ash particles by dissociation and 

subsequent fusion of the metal oxide fluxes (KRISHNARAO; SUBRAHMANYAM; KUMAR, 2001). 
 

Spectrophotometer 

Besides the samples described above, calcined in a furnace, is also presented the results of chemical 

absorption of atomic mass of calcined MS sample in an oven with no temperature control (MS-Forno) 

and sample of RHA from the company a rice Josapar SA, the region of Pelotas, Brazil, which has 

arrived calcined. To complement was also performed chemical analysis of the MA sample calcined in 

oven.  

The Table 2 presents the results of chemical analysis of all samples of RHA evaluated. Making a 

general analysis of the results, it is observed that all samples had the result of SiO2 + Al2O3 + Fe2O3 

above the minimum quantity required by the NBR 12653 (ABNT, 1992), which is 70%, with all 

samples above 90 % of these constituents, which is consistent with the literature. Regardless of the 

variables involved in the process, the quantity of silica present in the RHA is very high.  

With regard to item loss on ignition, the samples, the RS, made up the ceiling stipulated by the 

standard, which is 6%. This is attributed to the way the husk was burned (flash burns, which traps 

carbon due to melting metal oxide prior to oxidation of carbon). The MA sample, which showed a 

bluish residue in your washing water after evaporation, showed the second highest, 4.31%. 
 

 

 



Table 2: Chemical Analysis Results 

 

The figure 1 compares the quantity of silica compounds and the sum of SiO2 + Al2O3 + Fe2O3.The first 

analysis to make the graphic is the difference between the quantity of silica samples MS-Forno/MA-

Forno and MS / MA, by virtue of the difference between the procedures used for the roasting. Both the 

MS as the MA, calcined in a furnace, have larger quantity of SiO2, Al2O3 and Fe2O3 that calcined in 

the oven, which shows the influence on the chemical burning of the same sample under different 

conditions. 
 

     
          Figure 1: Quantity of SiO2 and SiO2 + Al2O3+ Fe2O3                   Figure 2: Quantity of Na2O + K2O 

 

Analysing the same samples, but setting the variable type of burning, you realize that although they 

are regions where soil, climate, strains of rice and fertilizer employees are different, the difference in 

silica tenor was low, regardless of the firing. 

The RS sample had the lowest percentage of silica among all evaluated. The fact that a higher loss on 

ignition just decreasing the quantity of silica percentage in the RHA, which subsequently disrupts their 

reactivity on two aspects: a smaller quantity of silica to promote pozzolanic reactions and greater 

quantity of carbon, which will require more water and / or superplasticizer in mortars and concretes. 

According to the results observed in the samples originated from RHAs of agronomic research, note 

that setting the same variables: soil, climate, strains of rice and fertilizer used, there may be difference 

in the quantity of silica present in the RHA. There is a difference of 3.83% silica in the samples SA 50 

and SA 200. This indicates that the difference of 150 kg / ha of ammonium sulfate was responsible for 

this difference. In the case of urea, the difference between samples UR 50 and UR 200 was lower, 

2.76%, demonstrating that there is a direct correlation between the quantity of fertilizer and its 

Tests 
MS-

Forno 

MA-

Forno 
RS MS MA SA 50 SA 200 UR 50 

UR 

200 
ET 200 

Especificacions NBR 

12653 

Absolute Density 

(g/cm³) 
   2,15 n/d 2,16 n/d n/d n/d n/d n/d n/d n/d minimum Máximum 

C
h

e
m

ic
a
l 

A
n

a
ly

si
s 

(%
) 

Loss on 

ignition 
3,79 4,31 6,17 1,69 3,00 3,06 2,28 3,02 2,34 2,46 - 6 

SiO2 90,37 90,54 88,55 94,88 93,00 93,42 89,58 90,65 93,41 92,21 - - 

Fe2O3 0,43 0,24 0,74 0,21 0,16 0,23 0,02 0,13 0,41 0,13 - - 

Al2O3 0,12 0,13 1,74 0,31 0,52 0,22 0,58 0,25 0,15 0,37 - - 

CaO 1,25 0,04 1,11 0,14 0,04 0,04 0,04 0,04 1,34 0,04 - - 

MgO 0,27 0,20 0,32 0,20 0,20 0,33 0,36 0,40 0,33 0,40 - - 

Al2O3 + Fe2O3 0,55 0,38 2,45 0,52 0,68 0,45 0,60 0,38 0,56 0,50 - - 

SiO2 +Al2O3 + 

Fe2O3 
91,28 90,92 91,00 95,40 93,68 93,87 90,18 91,03 93,97 92,71 70 - 

Na2O 0,02 0,05 0,13 0,01 0,12 0,01 0,02 0,01 0,02 0,02 - - 

K2O 0,48 1,08 0,36 0,24 0,60 0,48 0,68 0,13 0,48 0,48 - - 

E. A. (Na2Oeq) 0,16 0,77 0,37 0,17 0,52 0,33 0,50 0,10 0,33 0,34 - - 



influence on the silica tenor of the RHA. The ET 200 sample showed a median value compared with 

the others.  

By comparing these samples of agronomic research with MS and MA, when all variables are different, 

is a variation of up to 5.3% silica, confirming the results found in the literature (IRRI, 1982; 

THENABADU, 1977). 

With regard to metallic substances Na2O and K2O, Figure 2 shows the result. The quantity in the 

sample MA-Forno explains its darker after roasting in the oven so as to furnace. This indicates that the 

husk, from the Maranhao, presents a different condition from the others because, although the quantity 

of silica was not affected, the high tenor of Na2O + K2O may have contributed to make the RHA 

darker (Figure 2). 

This fact could derail their use because of cosmetic damage, since the other samples were colored 

light, including MS-Forno, burned in the same oven without temperature control. Although the sample 

SA 200 also had a high quantity of these substances, their coloration was not affected. Figure 3 

illustrates the influence of Na2O and K2O in the loss on ignition of the material. 

Disregarding the RS sample, which was burned instantly, the MA-Forno, as expected, had the greatest 

loss on ignition. This reflects the high tenor of Na2O + K2O, responsible for the trapping of carbon. 

The only case which fell outside this rule was the sample UR 50, whose loss on ignition was not small, 

though low in Na2O + K2O. 
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Figure 3: Loss on Ignition and quantity of Na2O + K2O 

 

In general, it is noticed that samples of agronomic research had a similar performance as the 

percentage of Na2O + K2O and loss on ignition, indicating that the variation of quantity and source of 

fertilizer used in the culture did not influence more significantly these properties. This shows that 

other variables such as soil type, climate and crops, especially in the sample of Maranhao, favored the 

presence of Na2O + K2O RHA, which consequently increased its loss on ignition. 
 

X-Ray diffraction 

The experiment of X-ray diffraction, it was found that most of the samples calcined in a furnace 

presented an amorphous structure of their silica, which shows that when calcined under appropriate 

conditions, even RHAs with high levels of impurities, may have an amorphous structure. There is also 

the variable type and source of fertilizer did not affect the tenor of amorphicity RHAs. The following 

figures show the test results of samples of the agricultural research. It appears in Figures 4 and 5 that 

the UR 50 and 200 samples showed no peak in their results and that the deviation from the baseline 

between the angles of 15 and 30 degrees indicates the amorphous samples. 
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                                 Figure 4: X Ray Diffraction UR 50      Figure 5: X Ray Diffraction UR 200 
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                                 Figure 6: X Ray Diffraction SA 50       Figure 7: X Ray Diffraction SA 200 

 

Figures 6 and 7 also describe trajectories of amorphous material, small peaks of cristobalite and 

tridymite were found in the sample ET 200 (Figure 8), however it turns out they are not sufficient to 

conclude that such sample to be fertilized with fertilizer Entec with 200 kg/ha, was responsible for the 

formation of these peaks . Moreover, it appears that the deviation of the baseline between the angles of 

15 and 30 is in agreement with other amorphous samples. 
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                             Figure 8: X Ray Diffraction ET 200           Figure 9: X Ray Diffraction RS 

 

The diffractogram of sample RS (Figure 9) indicates a crystalline behavior, verified through the peaks 

of cristobalite and tridymite showing the crystallography of the material. This happened as a function 

of how the husk was burned. 
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                                Figure 10: X Ray Diffraction MS             Figure 11: X Ray Diffraction MA 
 

The figures 10 and 11 show the MS and MA samples burned in a furnace. It appears that the MS 

sample is amorphous, and the MA, however, there is a peak of cristobalite higher, around 23 of the 

MA sample. 

Analyzing the behavior of these samples of RHA, one sees little influence of the variables soil type, 

climate, strains of rice and type/quantity of fertilizer used. This is attributed to the form of burning, 

which is ideal for the disposal of the impurities, and low temperature firing, which prevented the 

crystallization of the RHA.  

For samples MS-Forno and MA-Forno, different behaviors were observed in Figures 12 and 13. 

As the sample MS-Forno presents amorphous, with only a small peak of cristobalite, MA- Forno has 

many peaks of tridymite and cristobalite. As the furnace temperature reaches 850 º C and stays there 

over 16 h, possibly in excess metallic substances present in the sample MA-Forno accelerated the 

crystallization process of silica (KRISHNARAO; SUBRAHMANYAM; KUMAR, 2001). Moreover, 



it is believed the lower stability of MS-Forno due to higher CaO compared to MA-Forno, as shown in 

Table 6. The CaO is a powerful agent of glazing used in the manufacture of glass. 

Figure 11 has presented evidence (cristobalite peak around 23) that the silica contained in the MA 

sample could crystallize more easily than the other samples, where the calcination temperature 

increased. 
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                       Figure 12: X Ray Diffraction MS-Forno    Figure 13: X Ray Diffraction MA-Forno 

 
 

Conclusions 
 

Through this paper, we conclude that all variables are addressed (way of planting, climate, soil, satrain 

and source/quantity of nitrogen-based fertilizers) influence on the quantity of silica, the presence of 

metallic materials and the loss on ignition RHA. With respect to the crystallographic property, we can 

conclude that the variable source and quantity of fertilizer used did not exert significant influence. 

However, it was found in a sample of RHA (MA) assessed a strong tendency to crystallization of 

silica, while the MS sample, subjected to the same calcination process without temperature control, 

appeared amorphous. Thereafter, there is the importance of making testing routine chemical analysis 

and X-ray diffraction to maintain quality control of RHAs produced because, in a situation of 

production of RHA in a large scale, can be used husks different origins. Moreover, it is concluded that 

the approach of the variables involved in the planting of rice can enrich the discussion and 

understanding of research results that address the use of RHA in the civil building. 
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Abstract 

Recently, a lot of problems concerning the contamination of the soil and groundwater by heavy metals such as 

chromium and lead have occurred, and the enlargement of the pollution area by diffusion of their ions has been 

also extremely worried.  In addition, the arsenic pollution of well water in South Asia nations is a serious 

problem though it is not a metallic element.  It was expected that the reaction of arsenic with cement compounds 

was similar to that of chromium, because both elements were dissolved in water as oxyanion.  In general, large-

scale facilities for chemical multi-staged process are necessary to remove the toxic anions such as chromate, 

arsenite and arsenate ions (denoted as Cr[VI], As[III] and As[V] respectively).  The removal of those anions 

from the contaminated water by hydration of cement or cement compound is an advantageous method 

technically and economically because it needs neither large-scale facilities nor the elaborate setup. 

Many researches concerning the immobilization of Cr[VI] in mono-sulfate type hydrate (AFm) or tri-sulfate 

type hydrate (AFt) by hydration of calcium aluminates such as C3A have been reported.  Moreover, coauthors 

are also planning to report on the immobilization of Cr[VI] by hydration of calcium alumino-zincates in this 

symposium.  In this report, the immobilization process of As[III] and As[V] by calcium alumino-zincates, the 

influence of Cr[VI] coexisting in their arsenic solutions and the effect of Ca(OH)2 addition on the removal 

reaction were investigated.  The compound 14CaO.5Al2O3.6ZnO (C14A5Z6 for short) was used as calcium 

alumino-zincate.  The results obtained were summarized as follows: 

1) Both As[III] and As[V] were removed from aqueous sample by addition of C14A5Z6, however, the removal 

rates of them were much lower than that of Cr[VI]. 

2) The removal of As[III] from aqueous sample was accelerated by Cr[VI], though that of As[V] was hardly 

affected. 

3) The addition of Ca(OH)2 to C14A5Z6 was effective to the removal of As[III] and As[V] from aqueous sample, 

and the removal rate of As[V] was considerably larger than that of As[III]. 

 

Originality 

1) The research to which harmful ions such as Cr[VI], As[III] and As[V] were removed from the polluted water 

by C14A5Z6 was none at all. 

2) There were no reports on the simultaneous removal of Cr[VI] and either As[III] or As[V] by C14A5Z6. 

3) It was reported for the first time that the immobilization reaction of As[III] and As[V] was accelerated by the 

addition of Ca(OH)2. 

 

Chief contributions 

1) Application growth of cement compound: The new use for C14A5Z6 was found. 

2) Purification of industrial wastewater and contaminated natural water using cement compound: It became 

possible to remove As[III] and As[V] from aqueous sample economically. 

3) Solidification of contaminant: The enlargement of the pollution area by toxic anions was able to be prevented 

by using C14A5Z6 as soil stabilizer. 

 
Keywords: Calcium Alumino-zincate, 14CaO.5Al2O3.6ZnO, Immobilization of Hazardous Substance, Arsenic, 

Chromium 
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Figure 1: Experimental procedure of As[III], As[V] and 

Cr[VI] immobilization using C14A5Z6.
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Cr[VI] immobilization using C14A5Z6.

1. Introduction 
Arsenic is mainly used as a component of the semiconductor materials such as gallium arsenide, indium arsenide 

and aluminum arsenide; moreover, arsenic compounds were historically used as an herbicide, a wood 

preservative and a raticide.  In addition, the arsenic contamination of groundwater and well water in Bangladesh 

and neighboring countries is a serious problem of natural origin.  Arsenic is known as a harmful and hazardous 

substance, therefore, removal from contaminated soil and polluted water is important social issues that should be 

immediately solved.  

Arsenic exists in aqueous solution as oxyanion such as arsenite ion (AsO3
3-

, shown as As[III]) and arsenate ion 

(AsO4
3-

, shown as As[V]) in general.  There are a lot of treatment methods to remove arsenic, and they are 

classified as (a) Flocculation method (Han et al., 2002), (b) Adsorption (Wilkie et al., 1996), (c) Reverse osmosis 

method (Chan et al., 2008), and (d) Adsorbing colloid flotation (Peng et al., 1994), etc.  It is well recognized that 

sulphate ion and chromate ion (CrO4
2-

, shown as Cr[VI]) are immobilized into the cement hydrates (Takahashi et 

al., 2003. Morioka et al., 2005).  Removal of As[III] and As[V] with and without Cr[VI] from aqueous solution 

by the addition of 14CaO.5Al2O3.6ZnO (C14A5Z6 for short) were investigated in this study.  In previous studies, 

formation process of C14A5Z6 in CaO-Al2O3-ZnO system and its hydration behavior was reported by 

Barbanyagre (Barbanyagre, 1997).  Synthetic condition of C14A5Z6 by using stoichiometric raw mixture in detail 

(Sango, 2005) and the influence of zincates addition on setting and hardening of ordinary Portland cement were 

examined by the authors (Sango et al., 2008).  The new use for C14A5Z6 is expected to be found by this research. 

 

2. Experimental procedures 

2.1. Synthesis of 14CaO.5Al2O3.6ZnO 

Reagent grade of CaCO3, Al(OH)3 and ZnO were used as starting materials. In the experiment of 

14CaO.5Al2O3.6ZnO (C14A5Z6 for short) synthesis, they were weighed out so as to give the desired 

stoichiometric composition, and were mixed for 30 minutes to prepare a uniform mixture. The mixture 

was burned at 1200 
o
C for 4 hours in an electric furnace, and then the operation was repeated after 

crushing of burned product until single phase formed. The phases in the burned product were 

identified by powder X-ray diffractometry (XRD) using a Rigaku RAD-IIA diffractometer with Ni-

filtered CuKα1 radiation. Synthesized powder sample was identified with a single phase of C14A5Z6 by 

XRD measurement and its specific surface area was 0.71m
2
/g by BET method using a Micromeritics 

Flow Sorb II2300.  The images of unhydrate and hydrate were observed by scanning electron 

microscope (SEM, Hitachi S-3000H).  

 

2.2 Quantitative analysis of arsenic and chromium 

Arsenic and chromium in aqueous sample were determined by graphite furnace atomic absorption 

spectrometer (GF-AAS, Hitachi Model Z8270) equipped with an arsenic or a chromium hollow 

cathode lamp (Hamamatsu Photonics), and a 

Zeeman background corrector and pyrocoated 

graphite cuvettes (Hitachi part No.190-6003) 

were used.  Measurements were made in the peak 

height mode.  In this report, the concentration of 

As[III], As[V] and Cr[VI] in aqueous sample 

shows the mass of arsenic or chromium as an 

atom contained in a liter of the solution. 

 

2.3 Immobilization process of arsenic and 

chromium in aqueous sample 

Laboratory investigations were carried out by 

using synthetic contaminated aqueous samples.  

The sample solutions were prepared by adding 

reagent grade solutions of As[III] (As2O3 standard 

solution), As[V] (Na2HAsO4) and Cr[VI] 

(K2Cr2O7 standard solution) in distilled water and 

were adjusted to pH 7 with potassium hydroxide 



solution. The outline of experimental procedure was shown in Figure 1.  

 

3. Results and discussion 

3.1 Removal of As[III] and As[V] from aqueous sample 

It was assumed that the equilibrium concentration of arsenic was able to be expected from change in 

concentration of residual arsenic.  Figures 1 and 2 show the change in concentration of residual arsenic 

in As[III] and As[V] solutions respectively.  The amount of total arsenic in the solution was measured 

because chemical species of arsenic were affected by changes in pH and oxidation-reduction potential. 
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Figure 4: SEM images of C14A5Z6 soaked in various arsenic solutions.

a) Before hydration; b) in 25 mg/L As[III] soln., after 10 days; c) in 25 mg/L As[V] soln., after 10 days

b) c)

5 m 5 m

c)a) b)

5 m 5 m5 m

Figure 4: SEM images of C14A5Z6 soaked in various arsenic solutions.
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From 25 to 100 mg/L solutions of both 

arsenic ions were prepared and 20 mg of 

C14A5Z6 was added to 10 mL of each 

solution.  It was recognized that 

concentrations of arsenic in 75 and 100 

mg/L of As[III] solutions were decreased 

until 14 days gradually, on the other hand, 

those of As[V] solution were settled to an 

almost constant value in 7 days and were 

kept in high value comparatively.  The 

concentrations of residual arsenic in 25 

and 50 mg/L of As[V] solutions were 

decreased to less than 0.01 mg/L of the 

Drinking Water Quality Standards in 

Japan (WHO’s: 0.01 mg/L) within 5 and 7 

days respectively.  In the cases of 75 and 

Figure 5: XRD patterns of solid phase of C14A5Z6 distributed in 

As[III] and As[V] solutions for 10days.
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100 mg/L solutions, however, the concentrations 

of residual arsenic in As[V] solution were higher 

than those in As[III] solution.  

It was thought that the removal of the arsenic 

was not the immobilization into the AFm phase 

analogous to the case of Cr[VI], because 

hydrates such as hexagonal plate were not 

confirmed from the SEM observation (Figure 4).  

Moreover, not only AFm phase but also the 

other hydrates were not identified by XRD 

(Figure 5).  These results proved clearly that the 

hydration of C14A5Z6 was remarkably retarded 

by both As[III] and As[V].  It was therefore 

expected that the main mechanism to which the 

arsenic was removed from solution was 

adsorption to unhydrated C14A5Z6. 

Figure 6 shows the removal amounts of arsenic calculated by the concentration of residual arsenic in 

solutions.  Immobilization capacity of arsenic after 14 days obtained by using 100 mg/L of As[III] and 

As[V] solutions were 45.2 and 40.4 mg/g respectively.  The former was approximated to the value 

obtained from the Langmuir plot, however, the correlation of the latter was a little low value (refer to 

section 3.2).  

 

3.2 Adsorption isotherm and immobilization capacity for As[III] and As[V] by C14A5Z6 

The results shown in Figure 2, 3 and others were analyzed within the Langmuir adsorption isotherms.  

The double reciprocal of the Langmuir equation is expressed as:  

 

        1/q = 1/b + 1/(bKC)                                  (1) 

 

where, q: amount adsorbed 

b: maximum adsorption capacity 

K: Langmuir equilibrium constant 

C: equilibrium concentration 

 

The relationship between the quantity of As[III] 

adsorbed and the residual concentration in 

aqueous phase was able to be expressed by the 

linearized Langmuir adsorption isotherm (Figure 

7).  The linear equation obtained is shown as 

follows: 

 

1/q = 0.0206 + 0.118/C     (R2
 = 0.965)     (2) 

 

The maximum adsorption capacity and the 

equilibrium constant found were 48.5 mg/g and 

0.175 L/mg respectively.   

On the other hand, the linear equation of As[V] 

was obtained as follows (Figure 8):  

 

1/q = 0.0179 + 0.187/C     (R2
 = 0.844)     (3) 

 

The maximum adsorption capacity and the 

equilibrium constant obtained were 55.9 mg/g 

Figure 7: Langmuir plot for As[III] adsorption.
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Figure 7: Langmuir plot for As[III] adsorption.
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Figure 6: Immobilization capacity of arsenic a gram of 
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Figure 6: Immobilization capacity of arsenic a gram of 

C14A5Z6.  Initial soln.: ● 100 mg/L As[III], ▲ 100 mg/L 
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Figure 8: Langmuir plot for As[V] adsorption.
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Figure 8: Langmuir plot for As[V] adsorption.
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and 0.0958 L/mg respectively by the above equation (3), however, the correlation coefficient (R) of 

As[V] was lower than that of As[III].  Because the pH of the solution was nearly neutral, if the arsenic 

was adsorbed to the surface of the unhydrated C14A5Z6 as expected in section 3.1, chemical species of 

As[III] and As[V] were thought to be H3AsO3 and HAsO4
2-

 respectively (Pourbaix, 1974).  It seemed 

reasonable to conclude that As[III] was adsorbed to the point different from As[V], therefore, the 

difference of adsorption rate was caused by the electric charge of the adsorption particle. 

 

3.3 Simultaneous removal of arsenic and chromium from aqueous sample 

Removal rates of As[III] and As[V] from aqueous solution containing Cr[VI] were shown in Figure 9.  

Initial concentrations of Cr[VI] and both arsenic ions were set to 75 mg/L and 10 mg/L respectively.  

It was admitted that Cr[VI] did not influence on removal rate of the arsenic from As[V] solution, on 

the other hand, the removal reaction of the arsenic from As[III] solution was promoted by the 

coexistence of Cr[VI].  In the equilibrium concentration of arsenic, the solution of As[III] was higher 

than that of As[V], and this observable fact proves clearly that compounds immobilized arsenic were 

different in those cases.  The results showed that the inactivation which was observed as a hydration 

retardation of C14A5Z6 was improved by Cr[VI], and the adsorption point of As[III] was increased.   

 

Figure 9: Influence of Cr[VI] on removal rates of As[III] or As[V] from aqueous sample.

a) 10mg/L As[III] in 75mg/L Cr[VI] soln.; b) 10mg/L As[V] in 75 mg/L Cr[VI]soln.
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Figure 9: Influence of Cr[VI] on removal rates of As[III] or As[V] from aqueous sample.

a) 10mg/L As[III] in 75mg/L Cr[VI] soln.; b) 10mg/L As[V] in 75 mg/L Cr[VI]soln.

0

2

4

6

8

10

0 6 12 18 24 30 36

Reaction time (hr)

To
ta

l A
s 

in
 s

ol
ut

io
n 

(m
g/

L)

0

2

4

6

8

10

0 6 12 18 24 30 36
Reaction time (hr)

To
ta

l A
s 

in
 s

ol
ut

io
n 

(m
g/

L)

in Cr[VI] soln.without Cr[VI] in Cr[VI] soln.without Cr[VI]

0

2

4

6

8

10

0 6 12 18 24 30 36

Reaction time (hr)

To
ta

l A
s 

in
 s

ol
ut

io
n 

(m
g/

L)

0

2

4

6

8

10

0 6 12 18 24 30 36
Reaction time (hr)

To
ta

l A
s 

in
 s

ol
ut

io
n 

(m
g/

L)

a) b)

0

2

4

6

8

10

0 6 12 18 24 30 36

Reaction time (hr)

To
ta

l A
s 

in
 s

ol
ut

io
n 

(m
g/

L)

0

2

4

6

8

10

0 6 12 18 24 30 36
Reaction time (hr)

To
ta

l A
s 

in
 s

ol
ut

io
n 

(m
g/

L)

in Cr[VI] soln.without Cr[VI] in Cr[VI] soln.in Cr[VI] soln.without Cr[VI]without Cr[VI] in Cr[VI] soln.without Cr[VI] in Cr[VI] soln.in Cr[VI] soln.without Cr[VI]without Cr[VI]

0

2

4

6

8

10

0 6 12 18 24 30 36

Reaction time (hr)

To
ta

l A
s 

in
 s

ol
ut

io
n 

(m
g/

L)

0

2

4

6

8

10

0 6 12 18 24 30 36
Reaction time (hr)

To
ta

l A
s 

in
 s

ol
ut

io
n 

(m
g/

L)

a) b)

 
 

The reason why the removal reaction of As[III] was 

promoted by Cr[VI] was not clear.  However, a 

similar phenomenon which was caused between the 

sulfate ion and the chromate ion was reported by 

Ohya et al. (Ohya et al. 2010).   

Figure 10 shows the concentration of residual 

chromium as function of the reaction time for 

experiment.  Removals of Cr[VI] from both 5 mg/L 

of As[III] and As[V] solutions were examined, and 

initial concentration of chromium was 75 mg/L.  

Both arsenics had interference in the removal 

process of chromium from their solutions, and the 

influence of As[V] was larger than that of As[III].  

Concentration of total chromium in solution without 

arsenic was decreased to 0.49 mg/L in 30 minutes, 

and then to 0.04 mg/L within 60minutes.  Chromium 
Figure 10: Influence of As[III] or As[V] on removal 

rates of Cr[VI] from aqueous sample.
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in the solution of As[III] was removed to 0.28 mg/L within 120 minutes, however, the concentration 

of chromium in As[V] solution was hardly decreased.  It was reported that removal of Cr[VI] from 

aqueous sample by addition of C14A5Z6 was caused by the immobilizing in AFm phase 

(3CaO.Al2O3.CaCrO4.12H2O) (Hirano et al. 2011).  Therefore, it was expected that the hydration 

product formed from C14A5Z6 reacted on the removal of chromium from As[III] solution.   

Then, removal of both arsenic and chromium from their mixed solution was examined and residual 

concentrations of them are shown in Figure 11.  Concentrations of arsenic and chromium in As[III] 

solution were decreased to 0.28 and 0.25 mg/L within 72 hours respectively.   

 

Figure 11: Removal rates of chromium and arsenic from their mixed solution.

a) 75 mg/L Cr[VI] with 25 mg/L As[III], b) 75 mg/L Cr[VI] with 25 mg/L As[V] 
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Figure 11: Removal rates of chromium and arsenic from their mixed solution.

a) 75 mg/L Cr[VI] with 25 mg/L As[III], b) 75 mg/L Cr[VI] with 25 mg/L As[V] 
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Figure 12: SEM images of C14A5Z6 hydrated in mixed solution of arsenic and chromate after 72 hrs.

a) 25 mg/L As[III] with 75 mg/L Cr[VI]; b) 25 mg/L As[V] with 75 mg/L Cr[VI]
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Figure 12: SEM images of C14A5Z6 hydrated in mixed solution of arsenic and chromate after 72 hrs.

a) 25 mg/L As[III] with 75 mg/L Cr[VI]; b) 25 mg/L As[V] with 75 mg/L Cr[VI]
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On the other hand, the removal rates of arsenic and 

chromium from the solution including As[V] were 

comparatively low and they were decreased to 3.8 

and 59.8 mg /L respectively in 72 hours.   

The SEM photographs of the solid phase after 72 

hours in hydration are shown in Figure 12.  The 

hydrate like the hexagonal plate expected as AFm 

phase was observed in As[III] solution (left), on the 

other hand, a large amount of unhydrate particles 

were confirmed in As[V] solution (right). 

 

3.4 Effect of Ca(OH)2 addition on removal of 

As[III] and As[V] from aqueous sample 

The authors reported that simultaneous adding of 

C14A5Z6 and Ca(OH)2 is effective to the removal rate 

of Cr(VI) (Hirano et al., 2011).  The result clearly 

Figure 13: Effect of Ca(OH)2 addition on removal 

rates of As[III] and As[V] from aqueous sample. 
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Figure 13: Effect of Ca(OH)2 addition on removal 

rates of As[III] and As[V] from aqueous sample. 
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showed that the amount of AFm phase including CrO4
2-

 was increased by the addition of Ca(OH)2.  

Figure 13 shows the removal rate of arsenic from aqueous sample.  Initial concentrations of As[III] 

and As[V] were 25 mg/L, and the amount of Ca(OH)2 was two grams per a liter which was the same 

amount of C14A5Z6 added.  The removal reaction of the arsenic was promoted by adding Ca(OH)2, and 

the effect on As[V] solution was larger than that on As[III] solution.  The promotion of removal 

reaction by Ca(OH)2 addition was able to be explained by the acceleration of hydration of C14A5Z6 and 

it is likely that As[V] was precipitated as calcium salt such as Ca3(AsO4)2.   

 

4. Conclusions 

The results obtained were summarized as follows: 

1)  Both As[III] and As[V] were removed from aqueous sample by adding C14A5Z6, and that of the 

latter was particularly decreased to less than 0.01 mg/L.   

2)  It was considered that arsenic was removed from aqueous sample by the adsorption on the surface 

of C14A5Z6.  The adsorption amounts of As[III] and As[V] to C14A5Z6 calculated by a Langmuir 

isotherm were 48.5 mg/g and 55.9 mg/g respectively.   

3)  The hydration of C14A5Z6 was retarded in arsenic solution remarkably. 

4)  Even if Cr[VI] coexists with either As[III] or As[V], those arsenic ions were removed from 

aqueous sample by adding C14A5Z6.  

5)  The removal rate of Cr[VI] was decreased by the arsenic ions, in addition, the effect of As[V] was 

larger than that of As[III]. 

6)  The removal reaction of As[III] was accelerated by the coexistence of Cr[VI] though that of As[V] 

was not affected.   

7)  Removal rates of As[III] and As[V] from aqueous sample were increased by the addition of 

Ca(OH)2 to C14A5Z6, especially, the effect of As[V] was larger than that of As[III]. 
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Evaluation of the Quality of Concrete at Early Age 

 by Ultrasonic Measurements 

Abstract  

 

The technology of concreting and operating conditions and hardening of the concrete are the origin of disorders 

that affect the compressive strength of concrete. The mechanical properties of a concrete prepared and made in 

laboratory don't reproduce the quality of the one realised in yard.  Although norms and rules of construction 

take in consideration this particularity by the affectation to the concrete strength of a security coefficient of 1.5, 

reports done after earthquake of Boumerdes 2003 and Al Hoceima 2004, revealed that the quality was far away 

from the one mentioned by laboratories. These reports become a source of divergences between enterprises of 

realization and services of construction control technique.   

The advances in non-destructive testing methods of the quality of concrete allow overcoming this problem. The 

ultrasonic characterization highlighted as a method adapted better for this kind of control.  The correlation 

between the quality of concrete and measurements of longitudinal and shear wave velocities requires the 

knowledge of the influence of some parameters that enter in the formulation of concrete and hardening 

conditions.   

The present work deals with an experimental evaluation of the influence of the water evaporation of mixing on 

the variation of the longitudinal wave velocity propagating in concrete sample at early age.  The obtained 

results reveal the variation of the longitudinal wave velocities according to the reduction of the water content 

and hardening of concrete. This result must be taken in analysing of a concrete quality by using ultrasonic 

measurements.  

 

Originality of the research  
 

The mechanical properties of the hardened concrete depend on its properties in a fresh state. Evolution of the 

resistance of the concrete at early age is accompanied by a loss of weight due to evaporation of water and the 

hydration of cement.  These phenomena are at the origin of the hardening and the increase in the resistance of 

the concrete.  This experimental study consists in finding a correlation between destructive measurements and 

the nondestructive evaluation by ultrasounds of the properties of the concrete at early age. Measurements of the 

influence of the absorption of water by the concrete hardened on the variation ultrasonic speed are presented.   

 

 Chief contributions made by the research  
 

Evaluation of the mechanical properties of the concrete by velocity ultrasonic measurement in the concrete 

holding account of water evaporation and the hydration of cement in the first days.   

 
 

I. Ultrasonic method 

 

I.1 Velocity measurement of ultrasonic longitudinal wave propagation  

 

One produces an impulse train of vibration by means of a transmitter applied to one of the faces of the 

element to control. After having crossed a length of course (L) in the concrete, the impulse of 

vibration is converted into an electrical signal using a receiver and the electronic base of time makes it 

possible to measure the travel time of the ultrasonic waves (T). 

The propagation velocity of the ultrasounds is given by the formula:     V=L/T. 

 

I.2 positioning of the transducers  

 

It is possible to make velocity measurements of propagation while placing the two transducers in 

position (direct transmission), adjacent (direct semi transmission) or on the same plan (indirect 

transmission or of surface). 

 

I.3 Formulation of the concrete 

The ultrasonic wave propagation is directly related to the mechanical properties of materials. The 

phase velocity makes it possible to go back with the density and the modules of compression and 



shearing, while the attenuation is related to the microphones and macros fissuring, as well as the 

degree of heterogeneity of material. These last are directly related to the formulation of the concrete  

The method used to formulate our concrete is that of Dreux-Gorisse, (Dreux et al., 1998) which rests 

on the use of granular curves of reference, making it possible to approach by calculation or 

geometrical construction. The optimal proportions of the various fractions of aggregates are presented 

in (table I.1) 
 

 

 

 

 

 

 

 

Table I.1: Proportioning of the various components of the concrete   

 

 

 

 

 

 

 

 

 

I.4 ultrasonic Measurements 

       Measurements velocity of the ultrasounds were carried out in direct mode of transmission, this 

mode provides the maximum of energy. They are carried out by an ultrasonic tester 58-E0048 

(Controls mark), (figure I.3) including a transducer of transmission and a transducer of reception of 

frequency 54 KHz. A type of transducer of diameter D = 49.5 mm was used. The transducers are put 

in contact on the faces of the test-tubes via one coupling (figure I.2). The travel time of the wave 

through the concrete is visualized on a digital bill-poster. 

 

 

 

 

  

 

 

 

The length of the course is of 320 mm and transverse dimension is of 160 mm. The velocity of the 

ultrasounds was determined by measurements of run time on a series of three test-tubes. For each 

 

The components  

dose 

Volume (l) Mass (kg) 

Cement (ACC) 120 375 

water 158 158 

sand  
Baghlia 210 558.6 

Boussaâda 70 184 

Gravel  3/8 175 469 

Gravel  8/15 245 654.15 

(c) (b) (a)  

Figure I.1.Vibrations Modes: (a) Direct transmission, (b) semi-direct Transmission, 

                                (c) Indirect Transmission or of surface 

 

Figure I.3.: Tester with ultrasounds   Controls 58-E0048                

 
Figure I.2: Positions of the transducers 



test-tube one takes 5 points measured by tests (figure I.4). The test-tubes remained at a temperature 

with 20°C. 
 

 

 

 

 

 

 

 

  

 

II. Influence quantity of water evaporated on ultrasonic velocity 

The concrete is a material very sensitive to the absorption and the evaporation of water. These last 

disturb velocity and the attenuation of the ultrasonic waves. 

In this experiment, one measures the initial weight of the test-tube (Mi), and then his weight is 

measured each day until the 28 day (Mf). The experiment was carried out with room temperature of 

20°C; the percentage of evaporated water is calculated by the following relation: 

 

100 evaporated water ofQuantity 
)1(
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With each water content we measured corresponding ultrasonic velocity.  The results of 
measurements are gathered on the following graphs (figure II.1). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

In figure II.2, the increases in the propagation velocity of the ultrasonic wave according to the quantity 

of evaporated water.  The variation of this velocity is much accelerated in the first ten days, it pass at 

3200 m/s in the first day to 4100 m/s in the tenth day. In this time interval the variation is linear. 

Velocity at ten days accounts for 70% from velocity at 28 days.  

Figure I.4. Positions of points of ultrasonic measurements 

Figure II.1. Variation of the quantity of water evaporated with the age of the test-tubes 



 

 

 

 

 

 

 

 

 

Figure II.2. Variation of the propagation velocity of the ultrasonic waves with the quantity of evaporated water 

 

From the tenth day it is stabilized to reach a velocity of 4300 m/s at 28 days. The evaporation of water 

influences the propagation velocity of the ultrasonic wave, it is necessary to take into account this 

parameter in the characterization non destructif of the concrete by ultrasounds. 

  

III. Evolution ultrasonic velocity according to the age of the concrete  

The purpose of the study is to follow the  evolution of longitudinal  ultrasonor velocity   with the age 

of the concrete.  Measurements are taken on three test-tubes of cylindrical size (16 /32) cm. The 

results are represented on (figure III.1).  

    

 

 

 

 

 

 

 

 

 

 

 

It is noticed that the evolution ultrasonic velocity according to time follows the same tendency as that 

of the evaporation of water.  

 

IV. Correlation enters the ultrasonic velocity and the strength of the concrete  

In order to establish a correlation between the propagation velocity and the compressive strength of 

concrete used, one carried out measurements velocity for various ages of the concrete. 

The results of measurement were compared with the strength of the concrete obtained by the 

destructive tests. The strength of the concrete for various ages was obtained, by using the relation 

recommended by the BAEL 99 (Fuentes, 2003). Thus the strength of the concrete to J days is given by 

the following relation: 

28
83,076,4

ccj f
j

j
f 


  

Figure III.1: Evolution ultrasonic velocity according to the age of the concrete 

(IV-1) 



This method of measurement made it possible to reduce the number of test-tubes to be crushed to 

establish the correlation between the strength and the velocity of the ultrasonic wave.                                                                                              

The compressive strength fc28 of the crushed test-tubes (16-32) cm, varies from 24 MPa with 28 MPa. 

The variation of strength in time according to formula (IV-1) is represented on figure IV.1 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

The results of measurement ultrasonic velocity according to the variation of strength of the concrete 

are represented on figure IV.2  

 

  

 

 

 

 

 

 

 

 

 

 

It is noted that the propagation velocity increases with the increase in the strength of the concrete. 

The increase ultrasonic velocity in the first days is almost linear. It passes from 3200m/s to 24 h of 

strength of the order 4 MPa, to reach a velocity of 3600 m/s at the 8 days age for a stress of 18 MPa. 

In the interval of strength from 18 to 22 MPa from 8 to 10 days, velocity varies from 3600 to 4100 

m/s. With the die of the tenth day, ultrasonic velocity tends to be stabilized with a value between 4200 

and 4300 m/s for strengths from 20 to 26 MPa. 

Although the strength of the concrete increases significantly in the first ten days, the increase 

ultrasonic velocity does not follow the same tendency. That is with the presence of the water which 

slows down the propagation velocity of the waves in the concrete with young age. This report 

confirms the results of work (Payan C. 2007). 

Figure IV.1. Relation of the stress according to the age of the concrete 

Figure IV.2: Ultrasonic velocity according to the variation of strength of the concrete 



Beyond the tenth day, the ultrasonic velocity is marked by an abrupt variation the velocity of the order 

500 m/s for a variation of the strength from 18 to 22 MPa. This phenomenon results from the 

hardening of the concrete and the reduction in the water content.  

 In the nondestructive characterization of the concrete by ultrasounds, one must hold in account 

of the effect of the water content on the propagation velocity of the ultrasonic waves. 

  

V. The influence of the hydration of the concrete hardened to the ultrasonic measures  
 

The concrete is a material very sensitive to the absorption of water. This phenomenon of absorption 

disturbs the velocity measurements of the ultrasonic waves (Cheroun et al 2002). 

The variation ultrasonic velocity in the concrete with young age utilizes two parameters, the 

evaporation of water by dehydration of the concrete and the increase in strength. 

To evaluate the influence of the hydration on the propagation ultrasonic speeds in the concrete, a test 

complementary on concrete test-tubes hardened to summer carried out. This approach enables us to 

measure the influence of the absorption of water by the concrete on the variation ultrasonic velocity. 

For that, test-tubes were immersed in water. Ultrasonic velocity measurements were taken with time 

intervals of 10 min.  

The results of measurement are represented on (V.1 figure). 

 
 

 

 

 

 

 

 

 

 

Figure V.1. Effect of the absorption of water on ultrasonic velocity 

 

The curve shows the influence of water on the measured values the velocity of the longitudinal 

ultrasonic wave. It is noted that velocity is decreased in a considerable way as of the first times of 

immersion,  to stabilize oneself beyond 30 min. It is thus necessary to take into account this effect in 

order to eliminate the errors of measurement.  

The reduction in the values ultrasonic velocity according to time of immersion is due to the absorption 

of water by the concrete. This reduction can also be explained by the effect of the filling of the porous 

structure of the concrete by water. Spaces or the concrete’s vacuum fill by a denser medium which 

modifies the characteristics of the concrete.     

According to the results which we obtained, ultrasonic velocity in the concrete with young age or on a 

saturated hardened concrete must be increased about 60-80 m/s. 
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Abstract 

The production of Portland cement clinker accounts for about 5% of the total man-made CO2-emissions, as the 

manufacturing of 1 t cement clinker generates about 800 kg of CO2. A promising low-CO2 alternative is the production 

of clinkers based on calcium sulfoaluminate (CSA). Unlike Portland cements, where the main hydrates are calcium 

silicate hydrates and portlandite, calcium sulfoaluminate cements are systems based on calcium aluminate sulfate 

hydrates. They are produced by burning a CSA clinker from limestone, bauxite and calcium sulfate at about 1250°C 

and blending the clinker with 15-25% calcium sulfate.  

In this study, the hydration of CSA cements was examined at hydration times between 1 hour and 28 days by (i) solid 

phase analyses (X-ray diffraction, thermogravimetry, energy disperse X-ray microanalysis), (ii) quantification of 

unhydrated cement, hydrate phases and capillary porosity by image analysis of backscattered electron images, (iii) 

analyses of the pore solution composition and (iv) thermodynamic modelling of the hydration processes.  

The main hydration product of CSA is ettringite, which forms together with amorphous Al(OH)3 until the calcium 

sulfate is consumed after around 1-2 days of hydration. Afterwards, monosulfate is formed. In the presence of belite as 

minor clinker phase, strätlingite forms as an additional hydration product. The pore solution is dominated during the 

first hours of hydration by potassium, sodium, calcium, aluminium and sulfate and exhibits a pH of around 10.5. When 

the calcium sulfate is depleted, the sulfate concentration drops by a factor of 10, causing an increase of the pH to 

around 12.5.  

The image analysis of backscattered electron micrographs reveals that CSA cements exhibit a very rapid development 

of their microstructure leading to a very dense system with low porosity. The quantification of anhydrous cement 

particles and hydrates by image analysis correlates very well with the findings from X-ray diffraction and 

thermogravimetric analyses.  

A thermodynamic hydration model for CSA cements based on cement composition, dissolution kinetics of clinker phases 

and calculations of thermodynamic equilibria by geochemical speciation has been established. The modelled phase 

development with ongoing hydration agrees very well with the experimental findings. It is shown as well that it can be 

used to predict the phase development of CSA binders modified by addition of Portland cement or supplementary 

cementitious materials like limestone powder. 

 

Originality 

The paper highlights that a multi-method experimental and modelling approach is needed to fully assess the hydration 

mechanisms of calcium sulfoaluminate cements. Besides standard methods like X-ray diffraction, thermogravimetry and 

pore solution analyses, quantitative image analysis of backscattered electron images of polished sections was applied. 

With this method the anhydrous CSA cement particles (and thus the hydration degree), the hydrate phases and the 

capillary porosity were quantified depending on hydration time. EDX analyses were used to identify and characterize 

the hydrate assemblage. The obtained data from the microstructural analyses were used to verify and refine previously 

developed thermodynamic hydration model of CSA cements. The model allows predicting the hydration mechanisms of 

CSA based binders, especially the development of hydrate phases and pore solution over time. 

 

Chief contributions 

CSA cements represent a cementitious binder that has attracted new interest during the climate debate. In order to 

apply this kind of cements in construction materials like mortars or concretes, a deep understanding of the mechanisms 

concerning hydration and durability is needed. Thus, it is crucial to determine nature, amount and composition of the 

relevant hydrate phases and capillary porosity and their development with time. The thermodynamic model can be used 

to assess the thermodynamic stability of the hydrates in the CSA system. It allows the prediction of phase development 

of calcium sulfoaluminate cements and their blends with other materials like supplementary cementitious systems (e. g. 

limestone, blast-furnace slag) or ordinary Portland cement, which is demonstrated in the present contribution.  

 

Keywords: calcium sulfoaluminate cement, hydration products, microstructure, EDX analysis, thermodynamic 

modelling 

 

                                                 
* Corresponding author: Email frank.winnefeld@empa.ch Tel +41-44-823-4535, Fax +41-44-823-4035 

 



Introduction 

 

Concrete, mainly based on Portland cement (OPC), is the most used material worldwide with a 

production of about 1.7∙10
9
 tons per year (Gartner, 2004). The production of Portland cement clinker 

accounts for about 5% of the total man-made CO2-emissions, as the manufacturing of 1 t cement 

clinker generates about 800 kg of CO2. Thus, there is an increasing driving force for research and 

development in the field of more environmental friendly binders like blended Portland cements and 

non Portland cements. 

Calcium sulfoaluminate cements (CSA), which contain ye’elimite (C4A3s; cement notation is used 

throughout the document: A = Al2O3, C = CaO, H = H2O, S = SiO2, s = SO3) as major constituent, are 

regarded as a promising low CO2 alternative to Portland cements due to several reasons (Gartner, 

2004): (i) ye’elimite releases during its synthesis only 1/3 of the CO2 released by the production of 

alite, (ii) firing temperature is about 200°C lower than for OPC clinker, (iii) various industrial by-

products can be used in the kiln feed, and (iv) CSA clinker is easier to grind than OPC clinker or 

supplementary cementitious materials like ground granulated blast furnace slag or fly ash. 

About 15-25 wt.-% of gypsum is usually interground with the clinker for optimum setting time, 

strength development and volume stability (Wang and Glasser, 1996; Zhang and Glasser, 2002). The 

amount of calcium sulfate added (maximum around 30%) determines the ratio of the main hydration 

products ettringite and monosulfate in the hydrate assemblage (Winnefeld and Barlag, 2009; 

Winnefeld and Barlag, 2010). The required water/cement ratio for complete hydration is higher 

compared to OPC, e. g. 0.78 for pure ye’elimite reacting with 2 moles of anhydrite or around 0.60 for 

technical cements (Glasser and Zhang, 2001). Technical cements contain accessory phases, like belite, 

calcium aluminates or ferrate (Zhang et. al, 1999). These phases participate in the hydration reactions 

and lead to the formation of additional hydration products like strätlingite (C2ASH8) calcium 

aluminate hydrates (e. g. CAH10) or C-S-H phases. 

The objective of this study is to extend the experimental data on the development of the solid and the 

liquid phase of two commercial CSA cements (see Winnefeld and Lothenbach, 2010) by an enhanced 

microstructural approach involving the quantification of hydration degree and coarse capillary 

porosity by quantitative image analysis of backscattered electron images and EDX-analyses. The 

experimental data serve as a basis to refine the thermodynamic hydration model of CSA cements. 

 

 

Materials 

 

Two commercial CSA cements were investigated; their chemical analysis is given in Table 1. The 

main constituents of CSA-1 (density 2.78 g/cm
3
, Blaine surface area 4860 cm

2
/g) as derived from X-

ray diffraction and XRF analyses were ye’elimite (50%), gehlenite (15%), calcium aluminate (8%) 

and gypsum (22%). CSA-2 (density 2.84 g/cm
3
, Blaine surface area 4630 cm

2
/g) consisted of 

ye’elimite (54%), belite (19%) and anhydrite (21%). Minor phases in both products were mainly 

perovskite. Gehlenite and perovskite can be regarded as hydraulically inactive. 

 
Table 1: Chemical composition of the used CSA cements (L.O.I = loss on ignition) 

 CaO 

wt.-% 

SiO2 

wt.-% 

Al2O3 

wt.-% 

Fe2O3 

wt.-% 

MgO 

wt.-% 

Na2O 

wt.-% 

K2O 

wt.-% 

TiO2 

wt.-% 

SO3 

wt.-% 

L.O.I. 

wt.-% 

CSA-1 34.4 3.2 35.5 0.88 0.76 0.05 0.21 1.8 16.8 5.1 

CSA-2 41.2 6.9 26.8 0.88 0.75 0.13 0.40 1.2 19.5 1.8 

 

 

Methods 

 

Hydration experiments at various ages were carried out on cement pastes, which were prepared with 

water/cement ratios of 0.72 (CSA-1) and 0.80 (CSA-2) and hydrated at 20°C. 



Pore solution was first extracted either by pressure filtration (unset samples) or by the steel die 

method. The pore solution data is reported elsewhere (Winnefeld and Lothenbach, 2010). The 

hydration of the solid phase was stopped by solvent exchange (isopropanol). A part of the sample was 

ground < 0.063 mm and analysed by thermogravimetric analysis (TGA) and X-ray diffraction (XRD. 

The dissolution kinetics of C4A3s, CA, C2S and anhydrite were determined semiquantitatively from the 

intensities of the corresponding XRD reflections and corrected for the amount of bound water. 

Unground pastes were examined by scanning electron microscopy (Philips FEG-XL30 ESEM) using 

backscattered electron images (BSE). Sample preparation included pressure impregnation with epoxy 

resin, cutting, polishing and coating with carbon. 

On one hand energy dispersive X-ray (EDS) analyses of the hydrate phases was carried out. Due to 

the, in comparison to the hydrate phases, large interaction volume of the electron beam with the 

sample, in general a scattering of the analytic data occurs due to analysis of phase mixtures. Thus the 

graphical display of atomic ratios of the elements of interest was used to show trends in chemical 

composition of the hydrate phases. 

On the other hand the samples were studied in the backscattered electron (BSE) mode in order to 

quantify their hydration degree and coarse capillary porosity by image analysis (Scrivener et al., 

2004). The sensitivity of BSE to the chemical composition of the analyzed materials leads to the phase 

contrast observed in BSE images. The higher the average atomic number of a phase, the higher the 

number of generated BSE, and consequently the brighter the phase will appear in the image. 

Therefore, the different phases can be distinguished by a difference in their grey level on the acquired 

images. The phases can be discriminated in the grey level histogram (distribution of the grey level of 

all pixels of the image). 

As cementitious materials are heterogeneous, phase quantification by image analysis is usually done 

on a large number of fields. At a magnification of 1000x, 60 images were found to be sufficient to 

ensure that the results are statistically relevant. The procedure is similar to the segmentation reported 

previously (Ben Haha et al., 2010). It is not possible to segment the CSA clinker purely on the basis of 

grey level since it overlaps with the grey level of the paste, thus various morphological filters were 

employed. Figure 1 shows an example. 

Thermodynamic modelling (Lothenbach and Winnefeld, 2006) was carried out using the geochemical 

GEMS-PSI software, coupled with the cement-specific CEMDATA database. As a first step, the pore 

solution composition was used to calculate the saturation indices of possible hydrate phases. Based on 

the experimental data, a thermodynamic model of the hydration process of CSA cements was set up 

based on the chemical composition of the cements and the dissolution kinetics of the reactive phases. 

 

 

Results and discussion 

 

Hydrate assemblage and pore solution composition 

 

XRD analyses (Figure 2, left) of CSA-2 reveal that even after 1 h of hydration a part of the C4A3s and 

anhydrite are consumed, and ettringite is formed as a new crystalline phase. Secondary gypsum is 

never detected by XRD, as sulfate originating from the dissolution of anhydrite is rapidly consumed 

by the formation of ettringite. Between 1 and 4 h a moderate progress of hydration is visible. After 2 d 

of hydration, when the formation of ettringite is terminated, traces of monosulfate are detectable, 

while anhydrite is almost depleted. After 28 d, strätlingite (C2ASH8) is formed from belite and 

aluminium hydroxide. At 28 d the crystalline phase assemblage consists of the hydrate phases 

ettringite, strätlingite and traces of monosulfate, as well as some non reacted traces of C4A3s, anhydrite 

and inert phases. It can be assumed that Al(OH)3 (gibbsite) occurs as an amorphous form since it is not 

detected by XRD. The XRD results are confirmed by the TGA analyses (Figure 2, right). Contrary to 

the XRD measurement, Al(OH)3 is detectable due to its water loss around 300°C. After 1 h of 

hydration, ettringite (weight loss at 50°C-120°C) has formed together with some Al(OH)3. Hydration 

continues until 2 d exhibiting an ongoing formation of ettringite and Al(OH)3. Af-ter 2 days of 



hydration, monosulfate starts to form (weight loss at about 190°C), and ettringite content stays 

constant. There is no significant increase of Al(OH)3 between 2 d and 28 d. This can be explained by a 

consumption of Al(OH)3 to strätlingite, as the belite takes part in the hydration process after several 

days. The strätlingite formed can be identified in the sample hydrated for 28 d (weight loss at 160°C) 

besides ettringite, Al(OH)3 and traces of monosulfate. 

CSA-1 (not shown here) shows as well a rapid consumption of C4A3s and calcium sulfate (gypsum in 

this case) by the formation of ettringite, amorphous Al(OH)3 and traces of monosulfate. Strätlingite is 

not formed, as no hydraulic silica containing phases are present. Pore solution analysis (see Winnefeld 

and Lothenbach, 2010) revealed for both cements that after the depletion of calcium sulfate, a strong 

decrease of Ca and S concentrations in the pore solution and an increase of pH from about 10-11 to 

12.5-12.8 occurs. More details on the results of the phase analyses and the pore solution are given in 

(Winnefeld and Lothenbach, 2010). 

 

     

Figure 1: Original BSE image (left), corresponding histogram (centre) and segmented image (right) of CSA-1 

hydrated for 2 d 
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Figure 2: Selected XRD (left) and TGA (right) data of CSA-2 pastes 

 

EDX analyses of hydrate phases 

 

The chemical analysis of CSA pastes (figure 3) shows that the hydrate assemblage of CSA-1 at all 

investigated sample ages is dominated by ettringite, which occurs in mixtures with mainly Al(OH)3. 

The chemical composition of the hydrate assemblage does not show a clear dependance from sample 

age. Also in CSA-2 the matrix is domated by ettringite, but a time dependance of the compositon of 

the hydrate assemblage can be identified. After 16 h and 2 d, there are more data points towards the 

composition of Al(OH)3 than after 7 and 28 d. On the contrary, after 28 d data points towards the 

composition of strätlingite occur, confirming the findings from XRD and TGA analyses. 



Hydration degree and porosity 

 

Hydration degree and coarse capillary porosity of the CSA pastes at four sample ages between 16 h 

and 28 d are shown in figure 4. After 16 hours already a high degree of hydration is reached (68% for 

CSA-1, 50% for CSA-2), which is remarkably higher compared to OPC (Scrivener et al., 2004). 

Hydration degrees after 28 days are > 80%, however it can be considered that the unreacted fractions 

consist mainly of the non-hydraulic phases. 

Despite the high water/cement ratios applied, the measured capillary porosities are very low, as CSA 

cements exhibit a higher water demand for complete hydration compared to OPC. The porosity data is 

in good agreement with the dense microstructures generally observed in CSA cements (see figure 1 

and e.g. Zhang and Glasser, 2005; Winnefeld and Lothenbach, 2010). 
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Figure 3: EDX analyses of CSA-1 (upper row) and CSA-2 pastes (lower row), grey squares: pure phases, 

Aft = ettringite, Ms = monosulfate 

 

Thermodynamic modelling 

 

Figure 5 shows the thermodynamic modelling of the phase development (volume based) of CSA-1 and 

CSA-2 pastes with ongoing hydration. The dissolution kinetics of the anhydrous clinker was veryfied 

and refined by using the hydration degree obtained from the quantitative image analyses. 



In the CSA-1 paste, the dissolution of ye’elimite and calcium aluminate leads during the first 8 hours 

to a continuous consumption of gypsum. As hydrate phases ettringite and amorphous Al(OH)3 form, 

and the amount of pore solution decreases. After 8 hours the gypsum is depleted, and thus ettringite 

formation stops. Instead, monosulfate now forms together with amorphous Al(OH)3. The reaction of 

ye’elimite to monosulfate results in a higher rate of Al(OH)3 formation compared to the reaction of 

ye’elimite with gypsum to ettringite. After 28 d, ettringite is the main hydration product; it is 

accompanied by Al(OH)3 and monosulfate as minor hydrate phases.  
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Figure 4: Degree of hydration and coarse capillary porosity of CSA-1 and CSA-2 pastes by image analysis of 

SEM/BSE images 

 

In the CSA-2 pastes, ye’elimite, belite and anhydrite are dissolving with time. In contrast to the 

gypsum in CSA-1, a dissolution kinetics was assigned to the anhydrite. Thus it is not consumed after 

28 days of hydration. As hydration products ettringite, amorphous Al(OH)3 and strätlingite form. 

Monosulfate occurs only after about two days of hydration, when the main part of ye’elimite and 

anhydrite has already dissolved. At this time, also the formation of Al(OH)3 is terminated, and its 

amount decreases slightly while more strätlingite is formed. After 28 d, ettringite and strätlingite are 

the main hydration products. For both cements, the modelled phase developments correlate very well 

with the experimental data obtained by XRD, TGA and EDX analyses. 
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Figure 5: Modelled hydration progress of CSA-1 (left) and CSA-2 (right) based on the dissolution kinetics of the 

anhydrous phases  



Conclusions 

 

The hydration mechanism of two CSA cements has been investigated by experimental means as well 

as by thermodynamic modelling. By quantitative image analyses of backscattered electron images on 

polished sections the quantification of the CSA degree of hydration and of the coarse capillary 

porosity could be achieved. CSA cements reach already after 16 hours a quite high degree of hydration 

(50-70%), and after 28 days > 80% is hydrated. The unreacted part of the CSA pastes after 28 days 

refers mainly to the non-hydraulic phases present like gehlenite or perovskite. The coarse capillary 

porosity was found to be very low (< 20 Vol.-% after 16 h and < 10 Vol.-% after 28 days) despite the 

high water cement ratios used in this study. This high density of the CSA matrix agrees with findings 

from field samples and shows the high potential of CSA cements for the production of durable 

construction products. 

EDX analyses confirmed the nature of the hydration products as determined by XRD and TGA 

analyses. The hydrate assambles is during the first days dominated by ettringite and contains also 

some amorphous Al(OH)3. Whe the calcium sulfate is depleted, monosulfate and – in the case of belite 

present in the CSA clinker – also strätlingite forms. 

The thermodynamic model of the hydration of CSA cements was refined by the new experimental 

data. It allows an easy and fast parameter variation like clinker composition, amount of calcium sulfate 

or water/cement ratio and can be used to calculate the composition of the solid and the liquid phase 

during the hydration progress. 
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Abstract 
The alkali–silica reaction (ASR) in concrete occurs by reaction of certain silica phases in the aggregates with 
alkalis and hydroxide ions in the pore solution of the hydrating cement to produce a hydrous alkali-silicate gel. 
This gel can swell by incorporating large amounts of water, causing severe and irreversible expansion and 
cracking of the concrete. The level of expansion and disruption in concrete containing reactive aggregate 
depends on the alkali content of the concrete and the reactivity of the aggregate. The levels of alkali that trigger 
the expansion depend, however, on the reactivity of the aggregates. Alkalis from Portland cement (OPC) are 
one of the major sources of these ions in concrete. The use of industrial by-products such as fly ash and slag has 
been found to be an effective preventive measure against ASR in concrete. 
This article presents the performance of biomass fly ash - an industrial by-product - in the mitigation/inhibition 
of ASR in concrete. Laboratory expansion tests were conducted to evaluate the performance of biomass fly ash, 
in replacement of OPC by 20% and 30% (w/w) in the experiments (ASTM C1260/ASTM C1567). The results 
revealed that biomass fly ash has a good potential in the expansion inhibition due to ASR. 
 
Originality 
In recent years, pressures on global environment and energy security have led to an increasing demand on 
renewable energy sources, and diversification of Europe’s energy supply. Among these resources the biomass 
could exert an important role, since it is considered a renewable and CO2 neutral energy resource once the 
consumption rate is lower than the growth rate, and can potentially provide energy for heat, power and 
transports from the same installation. Currently, most of the biomass ash produced in industrial plants is either 
disposed of in landfill or recycled on agricultural fields or forest, and most times this goes on without any form 
of control. However, considering that the disposal cost of biomass ashes are raising, and that biomass ash 
volumes are increasing worldwide, a sustainable ash management has to be established. It is reported that the 
biomass fly ash collected as wastes from the industrial plants in Portugal can be effectively used as a cement 
substitute. The present work aims to discuss the role of biomass fly ash on the ASR mechanism in concrete. 
 
Chief contributions 
The biomass fly ash was collected from an industrial plant in Portugal and was sieved through 75 micron mesh 
and washed prior to the incorporation in mortars and concretes. The characterisation of the ash was done using 
different techniques such as particle size distribution, loss on ignition, TGA/DTA, XRD, XRF and pozzolanic 
activity test. The biomass fly ash is irregular in shape and fine in nature. The chemical characterisation 
revealed that the biomass fly ash is similar to a class C fly ash and contain around 25% CaO, being expected to 
react also hydraulically. 
Accelerated mortar-bar tests were conducted according ASTM C 1260/ASTM C 1567 to evaluate the behavior 
of the biomass fly ash in the ASR inhibition mechanism. These mortars were done with 20 and 30% of cement 
substitution, in weight, by fly ash. The results obtained shown a clear reduction in expansion due to ASR in the 
biomass fly ash mortars. Currently, we are doing the concrete prism expansion tests according the RILEM AAR-
3 and RILEM AAR-4 test methods to confirm the good response of biomass fly ash in mortar-bar tests. 
1
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Introduction 
 
Damage of concrete structures by the alkali silica reaction (ASR) has become a major concern in 
construction. It is widely accepted that ASR gel product is formed by the reactions between alkali 
cations (K+, Na+) and hydroxyl groups (OH-) present in the pore solution and poorly crystallized 
siliceous minerals found in some aggregates that results in the expansion and cracking of the concrete 
[Lane, 1999]. The use of industrial wastes, such as fly ash or blast-furnace slag have been proved 
effective means of controlling the deleterious expansions due to ASR [Malvar, 2006, Haster et al., 
2005]. Researches have proved the significant possibility of using biomass fly ash, another industrial 
waste material for cement replacement [Dockter, 2003, Wang, 2007, Rajamma et al, 2009]. However, 
biomass fly ash is excluded from additions in concrete according to the current standards because of 
its non-coal origin. Recently, the new standard EN-450-1 included fly ash obtained from co-
combustion of specific co-combustion biomass materials up to 20% by mass of the total fuel. Class C 
fly ashes with high CaO content are also reported to be useful in mitigating ASR and biomass fly 
ashes usually are high calcium fly ashes. [Maciejewska et al., 2006, Dockter, 2009]. However, the 
high alkali content in biomass ash seem to be a big concern of ASR in concrete and detailed 
investigation is needed on the role of biomass fly ash in the ASR expansion of concretes.  
The present work aims to discuss the role of biomass fly ash on the ASR mitigation mechanism using 
the ASTM C1260/ASTM C1567 procedure of accelerated mortar-bar tests. The biomass fly ashes 
used in the investigation are collected from two industrial power plants located in Portugal which are 
reported similar to a class C type fly ash in chemical composition. 
 
 
Experimental procedure  
 
 Biomass fly ash characterization 
The biomass fly ash samples used were collected from the electrostatic precipitators of a biomass 
thermal power plant and of a co-generation plant, both located in Portugal. Both plants use forest 
wastes as main fuel (mainly eucalyptus wastes, resulting from logging and wood processing 
activities). The fly ash F1 was collected from a biomass thermal power plant dedicated to electricity 
production, which uses forest residues for energy production and water cooled grate furnace for fuel 
combustion.  The fly ash F2 was collected from a biomass co-generation plant, from a pulp and paper 
industry in which fluidised bed technology is used for the firing process.  
The fly ashes were sieved through a 75 µm mesh and underwent a leaching process with distilled 
water prior to incorporation in the mortars specimens in order to control the soluble salts content in 
the fly ashes. The particle size distributions of the fly ashes were studied using a Coulter LS particle 
size analyser (LS230FM). The surface area of the fly ashes was determined by BET (Brunauer, 
Emmett, and Teller method). The mineral compositions were characterised by X-ray diffraction 
(XRD) (RIGAKU-Geigerflex, power 40kV/30mA, scan mode continuous/speed-3º2θ/min). Thermo 
gravimetric and differential thermal analyses (TG/DTA) of the fly ashes were performed up to 1000ºC 
with a heating rate of 10ºC/min, in a simultaneous TG/DTA (STA 409 EP). The sieved fly ashes were 
dried at 120ºC before performing the thermal analysis (TGA/DTA). The chemical composition of the 
fly ashes was studied by X-ray fluorescence spectroscopy (XRF). The pozzolanicity of the ashes was 
determined using modified Chapelle test [NF P 18-513, Annexe A]. This test consisted of placing 
1.000 g of mineral admixture and 2.000 g of calcium oxide in a water volume of 250.0 ml. The 
solutions were kept for 16 h in an oven at 85±ºC. At the end of the period, the CaO content was 
determined for titration with hydrochloric acid (HCl) solution and using phenolphthalein as indicator. 
The results were expressed in terms of fixed CaO, which is equal to the difference between 1.000 g 
and the mass of CaO obtained from titration.  
 
 
 



Expansion Testing 
The cement mortars were prepared meeting ASTM C 1260/ASTM C1567 specifications with a CEM 
I 42.5 R cement type, a water/binder (W/B) ratio of 0.47 and binder/aggregate (B/A) ratio of 0.44 
(weight ratios). A blend of 20% of each biomass fly ash and 10% metakaolin was also tested. The 
components were weighed and mixed thoroughly in a laboratory mixer using a super-plasticizer to 
keep up the workability. This was measured with a flow table and plasticizer content was decided in 
order to keep a similar workability, around 120-130 mm spread diameter in all the samples. Table 1 
shows the mortars formulations. 
 

Table 1. Mortar formulations (W/B =0.47, B/A= 0. 44). 
 Sample Biomass 

fly ash 
(%) 

Metakaolin 
(%) 

Superplasticizer 
(% of  binder 

used) 
Reference 0 0 0 

20 F1 20 0 1  
30 F1 30 0 2  

20 F1+ 10M 20 10 2  
20F2 20 0 1.4 
30F2 30 0 2.4  

20F2+10M 20 10 4  

 
 
 
 
 
 
 
 
 
 
A potentially reactive fine aggregate (siliceous sand) with a granular range from 0.15 mm to 4.75 mm 
was used in this study. Fly ash replacement levels selected were 20% and 30% in weight of cement. 
Three mortar bars of dimensions 275 mm x 25 mm x 25 mm in size were made for each mix.  
The moulds with mortars were covered and placed in a moist curing room at 23º±2C and Relative 
Humidity (RH) >95% for the first 24 h. Then the mortars were removed from the moulds and the 
initial expansion readings were taken using a digital length comparator accurate to 1 µm. After this 
the mortars were preconditioned for 24 h in water maintained at 80±2ºC during 24 h. The length of 
the mortar bars were measured and then the bars were immediately transferred to storage containers 
filled with 1N NaOH solution maintained at 80±2ºC. Length of the mortar bars were periodically 
measured over a 28 day period.At the end of accelerated mortar-bar tests, the mechanical strength was 
evaluated by compression and flexural tests carried out according to EN 1015-11:1999, using a 
Standard Universal Testing Machine (Shimadzu). The prisms were first mechanically tested in three-
point bending mode, after which each part was tested in compression. 
 
Results and Discussions 
Materials Characterisation  
The main components in mineral composition by XRD in the F1 and F2 biomass fly ashes were 
quartz and calcite (Figure 1).  
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Figure 1. XRD patterns of the biomass fly ashes. 



 
The XRF analysis and TG/DTA analysis confirmed these results. Two major variations in temperature 
were seen in the TG/DTA in the range of 300ºC-600ºC and at around 800ºC in both ashes, indicating 
the presence of organic matter and calcite (Figure 2). The organic combustion of wood materials 
occurs in the range 300º-600ºC and the decomposition of CaCO3 (calcite) at 800ºC. The XRD patterns 
indicate the presence of amorphous material as a slight hump between 15º-30º but disturbed by the 
crystalline quartz peaks. The presence of higher carbon content can suppress the amount of 
amorphous silica in the fly ashes. The modified Chapelle test showed a CaO fixation of 618 mg/g and 
701 mg/g for the biomass fly ashes F1 and F2, respectively, indicating the slight pozzolanic nature of 
the biomass fly ashes confirming the same.  The physical and chemical characterizations of the 
materials used in the tests are summarized in Table 2. The difference in combustion technology used 
in the plants influenced the chemical properties of the biomass fly ashes. The fly ashes were similar to 
a class C material (EN450).  
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Figure 2. TG/DTA of biomass fly ashes a) F1 and b) F2 respectively. 

 
Table 2.  Physical properties and chemical analysis of raw materials. 

 Composition Cement (%) Biomass fly ash 
F1 (%) 

Biomass fly ash 
F2 (%) 

Metakaolin (%) 

SiO2
19.74 52.10 25.10 54.66 

Al2O3
4.74 13.30 0.07 37.98 

Fe2O3
2.69 12.10 5.18 1.22 

CaO 63.54 15.90 40.10 0.01 

MgO 2.42 3.31 6.63 0.05 

SO3
3.11 0.45 0.71 0.02 

K2O 0.62 4.14 2.07 0.01 

Na2O 0.08 1.05 3.61 0.01 

TiO2 + P2O5 --- 2.57 2.64 
 

--- 

Loss on Ignition 1.66 10.35 3.50 0.94 

Cl- --- 0.10 0.40 --- 

BET --- 28.56 m2/g 1.74m2/g --- 

Particle size --- <50  µm (mean 
diameter 17.15  

µm) 

< 50 µm (mean 
diameter 21.32 

µm) 

<45  µm (mean 
diameter 6.03 µm) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 



Accelerated Expansion test  
 
Accelerated expansion results for the mixes presented in Table 3 are shown in Figure 3. The 14 and 
28 days expansion are also shown in Table 3. According to the ASTM C 1260 test-method, an 
aggregate is considered reactive if the average expansion of the three bars of mortars at the end of 14 
days of immersion in NaOH is greater than 0.20%. The expansion of the reference mortar prepared 
with the OPC CEM I type was 0.31% at 14 days and 0.51% at 28 days. This confirms the high 
reactivity of the aggregate used in these experiments.  
 
 
Table 3. Expansion results at 14 and 28 days according ASTM C 1260/ASTM C 1567 method. 

 
 Expansion (%) Sample 

14 days 28 days 

Reference 0.30 0.51 

20F1 0.25 0.39 

30F1 0.23 0.35 

20F1+10M 0.03 0.06 

20F2 0.24 0.37 

30 F2 0.21 0.31 

20F2+10M 0.06 0.11 

 
 
 
 
 

 
 
 
 

 
Figure 3. Results of the ASTM C 1260 mortar-bar tests. 

 
 
The expansion results for mortar mixtures containing 20% and 30% biomass fly ash showed a distinct 
reduction in the expansion compared to the plain cement mortars. It was observed that the expansion 
rate of biomass fly ash mortars was high in the initial stages and after that it seems to decrease. This 
can be due to the limited pozzolanic reactions resulting in a marginal reduction in expansion until 
pozzolanic reaction starts to influence the microstructure development and pore solution composition 
[Xu, 1995]. However, the expansion values for the biomass fly ashes were more than 0.2% and 0.3% 
at 14 days and 28 days, respectively. The addition of metakaolin in the blend with biomass fly ash did 
a significant improvement in the expansion results, indicating the effective use of biomass fly ash 
along with metakaolin in mitigating the ASR. The metakaolin was much effective in inhibiting the 
ASR even when used at lower rates of cement replacement than the biomass fly ash. The greater 
relative effectiveness of metakaolin when compared to the biomass fly ash is likely related to its 
smaller particle size and primarily alumina-siliceous chemical composition which results in its greater 
reactivity [Silva et al., 2010, Moser et al., 2010]. The 20B+10M blend mortars show a mixed 
behaviour of both metakaoline and biomass fly ash. The ASR gels formed were not having any 
significant difference when comparing based on the chemical compositions of the fly ashes and 
metakaolin. Figure 4 shows the SEM/EDX of ASR gels formed in the biomass flyash/metakoline 
incorporated mortars after 28 days of expansion test. The similar pozzolanicity of both the fly ashes 
can be an indication for the similar expansion behavior of the fly ashes even though they are having 
significantly different chemical compositions. 
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Figure 4. SEM/EDX of ASR gels formed in a) 20F1+10M and b) 20F2+10M mortars at 28 days in ASTM C 
1260 tests. 

 
Table 4 shows the flexural and compressive strength of the mortars in terms of the content of the 
biomass fly ash and metakaolin after expansion tests. An improvement in the flexural strength was 
noticed in the metakaolin blended with biomass fly ash mortars compared to biomass fly ash cement 
formulations. The strength properties can be influenced by the compactness of the mortars, the 
amount of the hydrated materials and the additives used in the mortar preparations. The total water 
content was kept constant in all the mortars. It was observed that variation in densities caused the 
variation in the mortar strength. The high mortar strength values indicate that there is no significant 
damage occurred in the mortars due to ASR expansion.  Fly ash F1 was finer than Fly ash F2 that in 
turn affected the compactness of the mortars. Currently, the concrete prism expansion tests according 
the RILEM AAR-3 and RILEM AAR-4 test methods are being done to confirm the good response of 
biomass fly ash in mortar-bar tests.  
 

Table 4. Mechanical Strength properties of expansion tested mortars. 
 

Sample Flexural 
Strength 
(MPa) 

Compressive 
Strength 
(MPa) 

Density 
(g/cm3) 

20F1 4.16 46.08 2.53 

30F1 4.50 50.19 2.63 

20F1+10M 7.28 41.81 2.30 

20F2 3.63 42.45 2.25 

30F2 3.57 32.20 2.05 

20F2+10M 6.34 36.36 2.07 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions 
 
Accelerated mortar-bar tests were conducted according to ASTM C1260/ASTM C1567 to evaluate 
the behavior of the biomass fly ash in the ASR inhibition mechanism. Two biomass fly ashes having 



slightly different chemical compositions were used for the evaluation tests. The fly ashes were 
pretreated by sieving at 75 µm and were also subjected to a leaching process in order to remove the 
excess soluble salts. The mortars were made with 20% and 30% of biomass fly ash substitution of 
cement in weight. A blend of 20% biomass fly ash and 10% metakaolin was also tested. The results 
obtained have shown a clear reduction in expansion due to ASR in the biomass fly ash mortars. 
Further investigation is in progress on concrete prisms made of biomass fly ash replaced cements to 
confirm the results obtained in mortars. 
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Abstract 
Environmental aspect of building materials has become a public concern for this century. Among the strategies to 
reduce the energy consumption and CO2 emission, the production of Portland limestone cement (PLC) is described as a 
fast and economical technical solution for cement industry around the world. Developed in France, PLC was adopted 
by European standard allowing up to 35% of limestone filler (LF). Today, the production of these cements is extendedly 
around the world. 
Negative impacts of incorporation of large amount of LF in cement are centered on the durability aspects, especially 
due to increase the susceptibility to sulfate attack and thaumasite formation. The conjecture is if this problem could be 
reduced using a denser mixtures (low w/cm) and a low C3A Portland clinker as code requirements proposes.  
The objective of this paper is to study the sulfate resistance of PLC containing up to 33% of LF and low C3A Portland 
clinker to determine the evolution of attack at different temperatures and the influence of LF content and w/cm on the 
sulfate performance. The experimental work was divided in two phases: the first correspond to paste specimens (w/cm 
= 0.50) exposed to sulfate (33.8 g/l SO4

2- and 4.3 g/l Mg2+) at 5 and 20 ºC for 36 months. The second one, correspond 
to mortar specimens where the w/cm was adjusted according to LF content in PLC in order to obtain the same effective 
w/c (0,50) and exposed to the same conditions during 12 months. 
After 36 months, paste prisms either with or without LF presented a large surface damage at 5 ºC, while the same 
specimens remain undamaged at 20 ºC. But, this damage is only limited to 2-3 millimeter depth. The surface damage 
increases when increase the proportion of limestone filler. According to XRD results, damage is attributed to ettringite 
formation at expanse of AFm phases, which is promoted by low temperature. At 20 ºC, Mg2+ and CO2 dissolved in 
solution form a surface protective layer of brucite-carbonate that delays sulfate attack. Deposition of carbonate is 
firstly in calcite form and later in aragonite form depending on the [[Ca2+]/[Mg2+] into the pore surface. 
For the mortar specimens, visual aspect and compressive strength show that reduction of w/cm according to the level of 
LF replacement contributes to mitigate the penetration of sulfate ions and degradation of surface. The depth of altered 
zone determined using optical microscopic techniques on thin sections is large at low temperature.  
 
Originality 
This paper studied systematically the sulfate performance at low and mild temperature of PLC manufactured using a 
low C3A Portland clinker, while vast literature about thaumasite formation is focused on middle or high C3A Portland 
cement clinkers. The second is related to sulfate performance measured for mortars at the same w/cm and the same 
effective w/c to prove that ingress of aggressive ions is closely related with the w/cm used and the limestone filler 
content in PLC. This approach contributes to extend the use of PLC, especially cement containing up to 20 % of LF, to 
meet the environmental goals of cement industry with the durable and technical requirements of sustainable concrete 
structures. Thaumasite formation was always the last stage of deterioration.  
 
Chief contributions 
This paper is the experimental validation that sulfate performance of PLC is related to LF content and C3A content in 
clinker. The increase of LF content increases the vulnerability of mortars with w/cm =0.50 and it may be corrected by a 
reduction of w/cm. Low C3A Portland clinker contributes to reduce the instable phases in sulfate solution and delay the 
cracking of paste that produces the later decalcification of CSH and thaumasite formation. After 3 years in severe 
MgSO4 environment, the damage was limited to 3 – mm depth. The best performance of PLC at mild temperature is due 
to the development of protective layer of brucite and carbonates on the surface of specimens. 
 
Keywords: Sulfate attack, Portland limestone cement, magnesium sulfate, durability  
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1. Introduction 
 
Production of Portland limestone cements (PLC) has increased around the world, and some 
controversies have emerged about its sulfate performance, especially concerning with thaumasite 
formation. The sulfate performance of cementing materials depends mainly on the w/cm ratio that 
reduces the SO4

2- transport. Additionally, low C3A cement contributes to limit the amount of unstable 
phase (AFm) in paste preventing expansion due ettringite formation in sulfate environment. 
A literature review (Irassar, 2009) presented a conceptual analysis showing that sulfate performance of 
PLC depends on the effective water-to-cement ratio (w/c = (w/cm)/(1-LF) where LF is % of limestone 
filler in PLC) and C3A content in the parent cement. In MgSO4 solution, conceptual graphic showed 
that surface deterioration of PLC specimens (Fig. 1) is more extended at low temperature and it is 
significantly reduced when mixture is properly designed (effective w/c ≤ 0.50 and C3A < 5%). At mild 
temperatures (> 15 ºC), surface deterioration is negligible for specimens made with a moderate sulfate 
resistant mixture (effective w/c ≤ 0.60 and C3A < 8%). This behavior can be attributed not only to 
thaumasite formation suggesting the formation of protective surface layer that delays sulfate attack. 

 
Figure 1: Conceptual graphics on the sulfate performance of PLC exposed to MgSO4 solution at mild and cold 

temperature. Each point and number in brackets correspond to cited reference in previous review (Irassar, 2009) 
 
There are few experiences (Hartshorn, 2002; Kakali, 2003; Skaropoulou, 2009) comparing the MgSO4 
performance of PLC at cold and mild temperature. Both tests were made on specimens with a w/cm of 
0.50, 0 to 35% of LF and normal Portland cement (C3A > 5%). Results showed that PLC specimens 
presented an extended surface damage and strength loss at cold temperature, whereas specimens stored 
at mild temperature showed no sign of attack. At cold temperature, samples from the surface revealed 
the presence of thaumasite, gypsum, brucite, calcite, aragonite and the complete depletion of CH. But, 
no systematic data of mineralogical composition of specimens at mild temperature were reported.  
The objective of this investigation is to compare the relative sulfate performance of low C3A cement 
with LF exposed to MgSO4 solutions at different temperatures and rehearsing a response in order to 
understand the different behavior at cold and mild temperature. 
 
2. Experimental Details 
 
This study consists of two phases: the objective of phase I is to determine the evolution of surface 
layer and the depth of damage of paste made with low C3A cement with and without LF at different 
temperature, and the objective of phase II is to determine the influence of the w/cm and the amount of 
LF on sulfate performance of mortars exposed to MgSO4 solution. 
2.1.1. Materials  
For phase I, a sulfate resistant portland cement (C0F) and two PLC (C12F and C18F) obtained from 
the same portland clinker were used. The potential composition of portland clinker was C3S = 58 %, 
C2S = 18 %, C3A = 2 % and C4AF = 13 %, gypsum was used as set regulator (SO3 = 2.8 ± 0.1%) and 
the LF content was 0, 12 and 18 % by mass for C0F, C12F and C18F cements, respectively. In the 



 

 

phase II, Portland cement (M0F) has similar mineralogical composition (C3A = 3.8 %) and the LF 
content was 11, 22 and 33 % by mass for M11F, M22F and M33F cements, respectively.  
2.1.2. Specimen preparation and storage 
Paste specimens of phase I (25 x 25 x 40 mm3) were prepared using a w/cm of 0.50; while mortar 
specimens of phase II (25 x 25 x 25 mm3) were made using the same w/cm and a sand to cement ratio 
of 3. To obtain mixtures with the same effective w/c (0.50), mortars with a w/cm of 0.45, 0.40 and 0.34 
were elaborated using the M11F, M22F and M33F cement, respectively. All specimens were stored 24 
hours in moist cabinet, demolded and water cured for 27 days. For paste specimens, surfaces were 
epoxy-coated with exception of one surface perpendicular to cast face. Thereafter, specimens were 
immersed in plastic recipient containing a combined Na2SO4 and MgSO4 solution (33.8 g/l SO4

2- and 
4.3 g/l Mg2+) with a few drops of pH indicator. One group was stored at room temperature (20 ± 2 ºC) 
and the other group was stored in a laboratory refrigerator at 5 ± 1 ºC. In both cases, sulfate solution 
was refreshed every six months (6 m). The visual aspect of specimens was evaluated at regular 
intervals of 6 m and photographic record was obtained in both phases. 
2.1.3. XRD analyses 
After 0, 6, 12, 24 and 36 m, the composition of surface was determined using XRD analysis. Prisms 
removed from solution were immersed in acetone and then dried at 40 ºC overnight. Sample of surface 
layer (1 mm depth) was obtained using the wearing device and grinding to pass through 45 µm sieve. 
After 36 m, the compound profile was studied using the layer by layer analysis from the surface to the 
core of specimens at 1-mm depth step. 
XRD were performed on Philips X’Pert diffractometer equipped with a graphite monochromator using 
CuKα radiation and operating at 40 kV and 20 mA. Semi-quantitatively analysis by XRD was made 
integrating the area below the selected peak. Selected peaks were: ettringite-thaumasite (E-T) at 9.08º 
2θ, gypsum at 11.59º 2θ, monocarboaluminate (Mc) at 11.67º 2θ, CH at 18.04º 2θ , calcite at 29.41º 
2θ, and aragonite at 26.2º 2θ. Thaumasite can be identified by its characteristic peak at 2θ =19.35º, but 
the amount of E-T cannot be discerned by this technique. In PLC, main peak of gypsum and Mc is 
overlapped, but gypsum is clearly identified by their strong peaks at 2θ  = 20.74º and 29.14º.  
2.1.4. Compressive strength and optical microscopy 
Compressive strength tests were carried out on four 25 mm cube mortar specimens, and performed 
after 0, 6 and 12 m of exposure. At 12 m, thin sections of M22F mortar were obtained from the middle 
section of the specimen and then examined under the optical microscope. 
 
3. Results 
 
3.1 Phase I: Cement paste specimens 
3.1.1. Visual aspect: 
Fig 2a shows a photograph of paste prism stored in sulfate solution for 36 m. At 20 ºC, C0F, C12F and 
C18F specimens shows no sign of damage. A white precipitate is only observed on the surface of the 
specimens. For specimens stored at 5 ºC, the surface was spalled like sheets causing a mass loss after 
36 m. The C18F specimens present the worst visual appearance. 

(a)  (b)
Figure 2: Visual appearance: (a) Prism of paste after 36 m. (b) Cube of mortar after 6 m 



 

 

3.1.2 Evolution of mineralogical composition of exposed surface of paste specimens 
Before sulfate exposition (28 days), XRD analysis of C0F reveals the presence of CH, ettringite (AFt-
phase) and unhydrated cement compounds (C2S and C4AF); while monosulfoaluminate (AFm – phase) 
cannot be identified. For C12F and C18F pastes, hydrated compounds identified were CH, ettringite 
and Mc (AFm - phase) (Irassar, 2005). 
Results of semi quantitative analysis of surface layer of C0F and C18F paste exposed at 5 and 20 ºC 
are presented in Fig. 3. The evolution of compounds in C12F paste is quite similar to C0F paste. 
For three cements, XRD analysis shows the formation of ettringite after 6 m surrounding by CH, 
calcite formation and unhydrated cement compounds. At 12 m, the same compound assembly is 
determined accompanied by brucite deposition. For low temperature, gypsum, ettringite, aragonite and 
CH are detected after 24 m. Finally, the surface layer is composed by adhered material to prisms and 
spalled material, which are analyzed separately. In the adhered material, ettringite-thaumasite and 
gypsum peaks are well identified, whereas CH presented a wide peak indicating that it is poorly 
crystallized. XRD analysis of spalled material reveals the formation of thaumasite, gypsum and CaCO3 
mostly crystallized as aragonite. At this stage of attack, CH is absent and brucite is detected. For mild 
temperature, the main change is the incipient formation of aragonite at 24 m. After 36 m, the surface 
layer is composed by ettringite, CH, calcite and aragonite. Gypsum formation is very weak or null. 
For C0F paste at 20 ºC, Fig. 3a shows that CH decreases after six-month’ exposure, and there is an 
increase in calcite deposition and the later formation of aragonite. The amount of ettringite increases 
until a maximum at 12 m, and then it decreases. The absence of gypsum after 36 m evidences that 
surface layer is no completely corroded. For specimens stored at 5 ºC, CH content decreases (Fig. 3b) 
and the amount of ettringite increases after immersion, while the amount of gypsum increases after 24 
m. Calcite deposited is lower than those precipitated at 20 ºC and the final stage is dominated by 
aragonite. Finally, the amount of E-T is very high in the spalled layer of surface (sample 36-S). 
For C18F paste at 20 ºC, Fig. 3c shows that ettringite increases and CH declines with the time of 
exposure. An incremental deposition of CaCO3 as calcite form is detected from 6 to 36 m; while 
aragonite augments after 24 m. At 5 ºC, Fig. 3d shows that the amount of ettringite increases at higher 
rate than the corresponding paste exposed to 20 ºC. A large amount of gypsum appears at 24 m and 
then it decreases at the spalled surface. It is accompanied by depletion of CH. As occurred in C0F 
paste at 5 ºC, calcite deposition does not progress and deposition of aragonite increases after 24 m. 

 
Figure 3: Evolution of composition of surface layer of paste prism exposed to MgSO4 at 5 and 20 ºC for 36 m. 

3.1.3. Compound profile of paste specimens 
To evaluate the alteration zone of attack, XRD-semiquantitative analyses of cement pastes at different 
depths are presented in Fig. 4 after 36 m at 5 ºC. Spalled layer (1-S) of C0F paste (Fig. 4a) presents 
large amount of E-T, gypsum and CaCO3 (calcite and aragonite), and CH is absent. At a greater depth, 
amount of E-T, gypsum and calcite decreases and inversely CH-amount increases. After a 3 mm-
depth, composition and amount of compounds is similar to sound paste. For C12F paste (Fig. 4b), 
surface layer is composed by E-T, gypsum, aragonite and small amount of brucite. CH has been 
complete depleted. 



 

 

Mineralogical composition changes 
drastically in the adhered layer of paste 
(1-A). There is low proportion of E-T, 
gypsum and CH. From a 2-mm depth 
below the surface, paste remains unalter-
ed containing CH, Mc and unhydrated 
cement. Surface layer (1-S) of C18F 
paste is mainly composed by E-T and 
calcite-aragonite. CH is absent and 
gypsum appears poorly crystallized. In 
adhered layer (1-A), E-T, gypsum and 
calcite are the most important crystallized 
phases. CH is well crystallized on the 
contiguous layer accompanying by 
ettringite and gypsum. At 4-mm depths, 
the paste appears unaltered (CH and Mc). 

Figure 4: Mineralogical composition at different depth layer of 
paste prism exposed to MgSO4 at 5 ºC for 36 m. 

3.2 Phase II: Mortar specimens 
3.2.1 Visual aspect  
Fig 2b shows appearance of mortar cubes after 6 m at 5 and 20 ºC. The surface damage initially occurs 
at the corners of the mortar cubes following by cracking along the edges. Progressively, expansion and 
spalling took place on the surface of the specimens, especially the cast face. At 5 ºC, the M33F mortar 
showed the worst performance (cracking at the corners, edges and faces), while M0F and M11F 
mortar cube showed very small cracks at the corners and edges. Slight corroded edges were observed 
in M33F and M22F specimens at 20 ºC; while no evidence was detected on M0F and M11F cubes. 
The surface of specimens was covered with a white substance. For cubes made with the same effective 
w/c = 0.50, the visual appearance only presents slight cracking running along the edge in M33F (w/cm 
= 0,34) and M22F (w/cm = 0.40) cubes; while M11F (w/cm = 0.45) cubes show any sign of damage. 
3.2.2 Compressive strength of mortar  
Fig. 5 shows the compressive strength of mortar specimens prior to sulfate exposure (28 days) and 
after 6 m of exposure in MgSO4 solution. Due to cement design parameter, the 28 days´ compressive 
strength for M0F, M11F and M22F was very close, while it was slight lower for M33F. 
After 6 m at 5 ºC, a significant loss of strength was observed in M33F and M22F mortar specimens. 
Particularly, the loss of strength was 64% of the initial strength for the M33F cement and 28% for 
M22F cement. In contrast, the M11F mortar presents an strength gain of 11 %; while the strength of 
M0F mortar cubes remains. When the w/cm was reduced to obtain an effective w/c of 0.50, there was 
no reduction of strength for M11F and M22F mortar. At 20 ºC, the compressive strength remained or 
increased for all mixtures. This phenomenon is attributable to the filling up of pores, thereby 
densifying the structure of mortar and increasing its compressive strength. 
3.2.3. Optical microscopy  
Fig 6 shows the microphotograph of thin section for M22F mortar specimens stored at 20 and 5 ºC 
during 12 m. In both samples there are two well defined zones. The first is the near surface layer 
carbonated and the second is related to sulfate attack zone. Ettringite formation was observed in both 
samples analyzed. It is located near-surface region of mortar filling voids. A layer of brucite of several 
micrometers in thickness had developed and a zone of CaCO3 can be observed. In both samples the 
core of mortar specimens is completely intact. 
 
4. Discussion 
 
Results of this research are placed in conceptual graph (Fig. 1 - star symbol). It can be observed that:  
• Specimens containing cement with large proportion of LF replacement behaves worse (M33F at 

20 ºC or M22F and M33F at 5 ºC) 
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Figure 5: Compressive strength of mortar specimens Figure 6 : Thin section of M22F mortar at 20 and 5ºC 
  

• Specimens of low-C3A cement with or without LF present more severe attack at 5 ºC storage than 
those stored at 20 ºC. 

To explain the worse performance of PLC with large content of LF, the modification on transport 
parameters of mortar could be taken account. When LF content increases, the capillary porosity of 
paste or mortar at the same w/cm also increases. Transport of ions is mainly governed by diffusion 
through capillary porosity (φ) of specimen and the value of relative diffusion coefficient (D/D0) 
increases significantly when capillary porosity becomes interconnected (φ ≥ 0.18) (Garboczi., 1999). 
Assuming the complete hydration of cement (α  = 1), the capillary porosity will be disconnected for 
C0F or M0F specimens (φ < 0.18), it will be close to threshold limit for C12F and M11F (φ ≈ 0.19) 
and it will be impossible to disconnect for C18F, M22F and M33F specimens (φ = 0.23, 0.25 and 0.31, 
respectively). Dilution effect produces an increase in capillary porosity due to the large effective w/c 
that cannot be compensated by full hydration of cement. Thereafter, when the w/cm of mortars was 
reduced in accordance to LF content in the cement, mortars at low temperature show a significant 
reduction of surface damage and they have a similar behavior in compressive strength.  
To understand the different performance at low temperature the type and the kinetics of sulfate 
reaction could be taken account. At both temperatures, the sequence of sulfate reactions appears to be 
the same: ettringite formation causes edge cracking, gypsum formation produces spalling of surface 
and thaumasite formation reduces the surface to a pulpy material. But, its kinetics appears to be 
accelerated by low temperature. From mineralogical characterization at different temperature, it can be 
observed that the more important change is the development of carbonated surface layer. As in 
seawater media (Buenfeld, 1986), two opposite phenomena occur in MgSO4 solution: a) superficial 
protection caused by layers of brucite and CaCO3 closing the porosity and, b) consolidation-damage 
produced by growth of ettringite formation into the pores. Depending on the intensity of this 
phenomenon, it can shift the performance of cements at different temperatures. 
After immersion, Mg2+ in solution reacts with (OH)- leached from the paste producing a quite 
insoluble layer of Mg(OH)2 at the exposed surface. Precipitation of calcite depends on several factors 
(temperature, PCO2 and pH). Regarding temperature effect, Ksp of calcite decreases when temperature 
rises in contrary to most of species. Semi-quantitative XRD analysis (Fig 3b and 3d) shows that calcite 
increases with time on the surface of specimens stored at 20 oC; while calcite precipitation at 5o C is 
very low due to the extremely slow reaction. Thereafter, temperature of solution controls the layer 
thickness governing the diffusion rate of SO4

2-, and then the rate of deterioration at different 
temperatures (Santhaman, 2002; Santhaman, 2003; Brown, 2002). At later stages (24-36 m), aragonite 
is formed due to the increase in [Mg2+]/[Ca2+] in the pore solution.  
Mineralogical analyses (Figs 3, 4 and 6) always indicate that ettringite formation is the first detectable 
alteration of cement paste with or without LF. According to the thermodynamic theory (Ping, 1992), 
expansion occurs when the crystals growth in confined condition and the activity product of the 
reactants in the pore solution are greater than the solubility product of ettringite under atmospheric 
pressure (Ω = Ksp/Ksp

0>1). Crystallization pressure of ettringite depend on [Ca2+] and [OH-] in the pore 



 

 

solution provided by the Ca(OH)2 dissociation. Regarding the effect of low temperature on ettringite 
crystallization pressure, it can be pointed out that: CH is more soluble (Taylor, 1997); ettringite is 
more stable (log Ksp = -47.3 at 5 ºC and log Ksp = -45.3 at 20 ºC) (Perkins, 1999), and very low [SO4

2-] 
in the pore solution are needed to ettringite formation (Höglund, 1992). Thereafter, local expansion 
into the pores caused by ettringite formation at low [SO4

2-] is promoted by high [Ca2+] at low 
temperature, causing enough stress to produce the microcracking. 
After microcracking, gypsum crystallized near the surface of specimens causing spalling, consuming 
completely the CH and contributing to complete the decalcification of cement paste. Finally, 
thaumasite was found at later stages of deterioration accompanied by deposition of aragonite-calcite. 
 
5. Conclusions 
Specimens made with low-C3A cement either with or without LF are susceptible to MgSO4 attack at  
5 ºC, while same specimens exposed at 20 ºC remain undamaged after 36 m. 
Damage increases when LF content increases in PLC. It is attributed to increase of connected capillary 
porosity that enhances ions transport and it could be mitigated reducing the w/cm. 
At both temperatures, first front of attack is characterized by ettringite formation at expense of AFm 
phases. Low temperature promotes the formation of ettringite with low [SO4

2-] that produces 
microcracking of bulk paste causing the massive sulfate penetration. Then, gypsum deposition causes 
the complete depletion of CH. At this local point, the equilibrium of C-S-H is affected by severe 
decalcification. Finally, thaumasite is observed as the last sulfate phase during attack when the 
microstructure is completely damaged by previous processes. 
Interaction of Mg2+ and CO2 dissolved in solution with paste produces a deposition of protective layer 
of brucite-carbonate on the surface. At 20 ºC, precipitation of brucite and calcite produces a thick 
protective layer. At both temperatures, deposition of carbonate is firstly in calcite form and later in 
aragonite form attributable to the reduction of [Ca2+]/[Mg2+] in the surface.  
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Abstract 
Addition of mineral admixtures to cement is an effective way to reduce of CO2 emission by cement industry. On the 
other hand, Japanese cement industry utilizes more than 26 million tons of waste materials and by-products every year. 
When the unit amount of waste materials and by-products in cement raw material is increased, the amount of C3A in 
clinker will typically increase. In this study, the influence of the amount of C3A in cement on the strength development 
of cement with blast furnace slag and/or limestone powder was investigated. The amount of minerals and hydrates in 
cement and hardened cement was quantified by XRD/Rietveld analysis and the pore size distribution of hardened 
cements was measured by mercury intrusion porosimetry. As a result, following conclusions were obtained. The 
strength of mortar prepared with high C3A cement (C3A=12%) was about 10 MPa lower than that with cement with 3 
and 7% of C3A. However, the high C3A cement with 15% of blast furnace slag and 5% of limestone powder developed 
comparable mortar strength with the others. In cement paste prepared with this blended cement, the amount of coarse 
pores was less by-production of much amount of mono- and hemi- carbonate hydrates, and the Al2O3 content and 
CaO/SiO2 ratio of amorphous phase was significantly low. It is considered that these changes of hydrates and hydrated 
texture contributed to the increment of the strength development. Consequently, the high C3A cement can contribute to 
utilize wastes and by-products and develop comparable strength with ordinary Portland cement by blending 
appropriate amount of blast furnace slag and limestone powder that contribute to reduce CO2 emission. 
 
Originality 
Generally, it is considered that the increment of C3A in cement negatively affect to the properties of cement such as 
strength development, etc. This study suggested that high C3A cement with 15% of blast furnace slag and 5% of 
limestone develops comparable strength with ordinary Portland cement. Also, the mechanisms of strength development 
of the blended cement were considered from the results of hydration analysis. 
 
Chief contributions 
This study suggested that the properties of high C3A cement could be improved by mineral admixtures appropriately. 
Therefore, the results of this study will contribute to the reduction of CO2 emission and the utilization of waste 
materials and by-products of cement industry. 
 
Keywords: C3A, Limestone powder, Blast furnace slag, Hydrates, Compressive strength 
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1. Introduction 
Japanese cement industry reuses as much as 26 million tons of wastes and by-products each year in 
order to take a significant role as the core industry in the nation's drive to build a recycling-oriented 
society with requirements for even greater contributions. Many wastes and by-products have more 
Al2O3 content than the ordinary Portland cement. Increased use of wastes and by-products in cement 
manufacturing is expected to raise the amount of Al2O3 and C3A contained in Portland cement in the 
future. However, Portland cement with high C3A content is not actively manufactured at present 
because a higher C3A content is believed to degrade cement's fluidity, hydration heat, long-term 
strength and durability. One of the solutions for this quality issue is to use mineral admixtures. For 
example, limestone powder (LSP) is known to improve fluidity and to promote hydration of Portland 
cement. Blast furnace slag (BFS) and fly ash initiate the pozzolanic reaction to enhance the long-term 
strength development and durability of hardend cement. Adding various mineral admixtures to 
Portland cement also reduces the use of clinker, and therefore represents one of effective measures for 
reducing CO2 emissions in the cement industry. 
The authors have already reported the effect of LSP on the optimum gypsum content of high C3A 
cement (Hirao et al., 2007). However, many aspects remain unclear about the effect of mineral 
admixtures on the physical properties of high C3A cement. In this study, cement with the C3A content 
from 3 to 12% is blended with LSP and BFS powder and examined for the resulting hydration, pore 
size distribution and strength development. 
 
2. Experimental 
2.1 Sample preparation 
The characteristics of materials used are shown in Table 1. Three types of Portlnad cement used had 
different Al2O3 content. The C3A (Al2O3) content of Cement E, N and M were 12.4 (7.25), 9.5 (5.28), 
3.5 (3.91)%, respectively. As shown in Table 2, the C3A content obtained by XRD/Rietveld analysis 
of E, N and M were 11.8, 7.0, 3.1%, respectively. The SO3 content of E was highest because of highest 
C3A content. However, the SO3 content of N and M were almost same. The fineness of cement was 
higher in the order of E, N and M. BFS with blaine specific surface area of approximately 4,000 cm2/g, 
that is widely distributed in Japan, was used in this study. The Al2O3 content of BFS was 
approximately 15%, which is more than that of E. LSP with blaine specific surface area of 
approximately 10,000 cm2/g was used on the assumption that LSP was interground with cement 
clinker in mill. The calcite content in LSP was 99%. Cements with up to 20% of LSP and/or BFS were 
examined in this study as shown in Table 3.  

 
2.2 Experimental methods 
(1) Compressive strength 
Compressive strength of cement was evaluated according to JIS R5201. The compressive strength was 
measured by rectangular mortar bars having 4*4*16 cm dimension, 3.0 of sand / cement ratio, 0.5 of 
water / cement ratio. No chemical admixture was added. Specimens were cured in water at 20 ºC. 
(2) XRD/Rietveld analysis (Hoshino et al., 2006) 
Cement paste was prepared with water / cement ratio of 0.5. The paste was mixed by a hobart mixer 
for 3 min and filled in a mold. The material segregation was prevented by remixing at appropriate age 
before molding. The mixed paste was kept in a sealed container at 20 ºC. The sample measured by 
XRD was prepared by mixing a ground paste which hydration was stopped by immersing in acetone 
and 10 mass% α-Al2O3 (corundum) having an average particle size of 0.4 µm.  

Table 1 Chemical and mineral composition of materials used 

ig.loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 MnO Cl Total
C3S C2S C3A C4AF

E 4210 1.86 16.99 7.25 4.02 62.23 1.92 3.61 0.54 0.02 0.82 1.32 0.11 0.02 100.69 59.4 4.0 12.4 12.2
N 3480 0.62 21.36 5.28 2.66 65.02 1.46 2.08 0.29 0.48 0.27 0.24 0.09 0.01 99.86 57.1 18.3 9.5 8.1
M 3150 0.72 23.66 3.91 4.04 64.36 0.91 2.09 0.26 0.33 0.22 0.21 0.18 0.00 100.89 44.1 34.6 3.5 12.3

BFS 4070 - 35.03 14.75 0.31 42.43 6.09 0.00 0.20 0.39 0.58 0.00 0.35 0.00 100.08 - - - -
LSP 10500 43.66 0.06 0.04 0.03 55.45 0.18 0.00 0.00 0.00 0.00 0.01 0.01 0.00 99.44 - - - -

Blaine
surface

area

(cm
2
/g)

Mineral composition by
Bogue's equation (%)

Chemical composition (mass%)



The measurement condition of XRD with a multichannel detecter was the tube voltage / current of 50 
kV/ 350 mA, the scan range of 2θ = 5-65º, the step width of 0.0234º, and the scan speed of 0.13 
sec/step. Software used for Rietveld analysis was TOPAS (Bruker AXS). The phases quantified were 
calcite, gypsum, bassanite, portlandite (CH), ettringite (AFt), monosulfate (AFm), monocarbonate 
(Mc), hemicarbonate (Hc) depending on the sample as well as basic minerals such as alite (C3S), 
belite(C2S), cubic-C3A, orthorhombic-C3A, and C4AF. Regarding to the amount of C3A, although two 
kinds of C3A were measured by Rietveld analysis, both polymorphs were treated as a sum. 
The amount of amorphous phase was calculated by Eq. (1). 
 

G＝100*(A－R)/{A*(100－R)/100}                (1) 
 
where: G is the amount of amorphous phase (mass%), R is the added ratio of corundum (mass%), and 
A is the measured value of corundum (mass%). 
Regarding the quantified values of each phase in hydrated sample, the mass that the ig.loss amount 
was subtracted from the mass of original sample is shown, in other words, the value is the mass ratio 
against the unhydrates.  
(3) Quantification of BFS 
Salicylic acid – acetone – methanol method (Kondo et al., 1969) was adopted to quantify the amount 
of BFS. 10 g of Salicylic acid, 140 ml of acetone, and 60 ml of methanol were mixed and 2 g of 
sample was added in this solution and mixed for one hour by a stirrer. The mixture was kept until 24 
hours. Then, the insoluble residue was separated by suction filtration on a paper filter. The residue was 
heated at 850 ºC for 15 min to incinerate the paper and the insoluble residue was weighed. 
Simultaneously the insoluble content of plain cement paste without BFS at the same age was evaluated 
and this value is subtracted from the measured value of cement paste with BFS to obtain the content of 
unhydrated BFS. 
(4) Pore size distribution 
The cement paste used for the measurement of porosity was prepared as the same manner with XRD 
measurement. The paste was immersed into acetone to stop the hydration at a given age and applied 
for the measurement after D-drying for 7 days. The pores of diameter from 3.0*10-3 to 3.8*102 μm of 
cement pastes were quantified by mercury intrusion porosimetry, MIP. 
 
      Table 2 Mineral composition by XRD/Rietveld analysis (mass%) 

 
3. Results and discussion 
3.1 Mortar compressive strength 
(1) Effects of cement types 
Fig.1 (top) shows the mortar strength of cement containing LSP or BFS. Without mineral admixtures, 
E is around 5 MPa lower than N at the age of 3 and 7 days, and as low as 10 MPa at the age of 28 days. 
Meanwhile, M has the lowest strength at the age of 3 days and 7 days, and developed 58 MPa at the 
age of 28 days, approaching the performance of N.  These results are attributed to the facts that the 
finess and the content of C3A, which increase initial strength, are high in E and low in M, and that the 
content of C2S, which gives a high level of long-term strength development, is low in E and high in M. 
(2) Effects of LSP 
With the LSP content of 10%, E suffered a slight decline in strength at the age of 3 days compared to 
the case when no admixtures were added, but showed an equivalent strength at the age of 28 days. 
With the LSP content of 20%, E's strength dropped at all ages compared to the case without 
admixtures. N's strength showed almost no difference between the LSP content of 0% and 20% at the 

C3S C2S C3A C4AF MgO f.CaO Gypsum
Hemi-

hydrated
gypsum

Calcite Total

E 48.0 14.2 11.8 15.9 1.0 0.6 1.5 5.9 1.2 100.0

N 60.1 18.2 7.0 11.0 0.5 0.2 0.0 3.0 0.0 100.0
M 51.1 28.2 3.1 14.3 0.1 0.0 0.5 2.7 0.0 100.0

Cement LSP BFS
C100 100
L10 90 10
L20 80 20
S10 90 10
S20 80 20
L05S15 80 5 15
L10S10 80 10 10
L15S05 80 15 5

Table 3 Mix proportion of 
materials (mass%) 



Fig.1 Compressive strength of mortar with cement with various C3A 
 

age of 3 days. However, at the age of 7 days and 28 days, the strength declined with the LSP content 
of 10% or above. As for M, with the LSP content of 20%, the strength was lower than the case without 
admixtures at all ages. Since the loss of strength due to the addition of LSP at the age of 3 days was 
small with N, which has high C3S content, LSP is suspected to have an effect  promoting C3S 
hydration at the initial stage. Also, since E, which has a high C3A content, did not show much loss of 
strength from LSP addition at the age of 28 days, the increase of aluminate hydrates, caused by the 
reaction between LSP and C3A, is suspected of contributing to the increase of strength at a later stage. 
(3) Effects of BFS  
E's strength tended to decline with the increase of BFS addition up until the age of 7 days but 
recovered slightly at the age of 28 days. Both N and M showed a similar tendency, but N showed an 
almost constant level of strength at the age of 28 days regardless of the amount of BFS added, whereas 
M showed a slight reduction of strength as the content of BFS increased. It is generally believed that 
the higher the C3S and gypsum content is in cement, the faster the BFS reaction becomes. M, which 
has low C3S content, is suspected to have suffered a smaller effect in strength development. 
(4) Effects of adding both LSP and BFS at the same time 
Fig.1 (bottom) shows the mortar strength of cement containing LSP and BFS. E's strength was the 
highest at all ages with the LSP content of 5% and BSF content of 15%. At the age of 28 days, in 
particular, the strength far outperformed that of E without admixtures and was equivalent to that of N 
and M without admixtures. 
As for N and M, the 
strength at the age of 3 days 
was higher with a higher 
LSP content, while the 
strength at the age of 28 
days was higher with a 
higher BFS content. Yet, the 
strength of N and M did not 
substantially increase with 
the addition of the 
admixtures at any content. 
Based on the above results, 
in N and M, LSP promotes 
hydration at an early stage, 
and BFS initiates a reaction 
to generate hydrates at a 
later stage to increase 
strength. 
 
3.2 Cement minerals and BFS reaction 
The change of mortar strength by admixtures shown in Fig.1 is considered to be caused by the filling 
of pores by production of hydrates. Therefore, in this section, the reaction ratios of cement minerals 
and BFS that change the amount of hydrates are investigated. Fig.2 (top) shows the transition of each 
cement's C3S reaction ratio. Without admixtures, the C3S reaction ratio is higher in the order of E, M 
and N at all ages. However, the figure reaches above 90 % at the age of 28 days for all the cements 
with negligible differences among themselves. With LSP added, C3S reaction substantially increased 
in N and M. This effect was maintained even when both LSP and BFS were used together. With BFS 
added, the C3S reaction ratio of N increased to the same level achieved with the addition of LSP. 
Fig. 2 (middle) shows the transition of each cement's C3A reaction ratio. Without admixtures, the C3A 
reaction ratio is higher in the order of N, M and E at the age of 3 days, altough that reached more than 
95% in all three at the age of 28 days. With LSP added, the ratio of C3A reaction substantially 
increased for E and M to be the ratio equivalent to that of N. This effect was maintained even when 
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Fig.3 Theoretical volume fraction of cement and hydrates 

both LSP and BFS were used together. With BFS added, E's ratio of C3A reaction substantially 
increased to reach the same level as that of N, whereas the increase was marginal for M. 
Fig.2 (bottom) shows the transition of each cement's BFS reaction ratio. BFS's reaction ratio was the 
highest when it was added to E. In the combination use of BFS and LSP, the BFS reaction stagnated 
for N and M at the age of 7 days thereafter, while continued to increase with the age for E, resulting in 
a significant difference at the age of 28 days. In view of its mineral composition, E's high ratio of BFS 
reaction may be attributable to its high gypsum content even if it has a lower C3S content than N. 
 
3.3 Hydration products 
The amounts of cement minerals and 
hydration products, obtained in 2.2 (2), 
were divided with their densities to 
calculate their volume fractions for each 
phase. The amorphous (C-S-H) volume of 
samples containing BFS was obtained by 
deducting the amount of non-reacted BFS, 
obtained in 2.2 (3), from the amorphous 
volume obtained in 2.2 (2). Fig.3 shows 
the chronological changes in the volume 
of cement minerals and hydrate products. 
Without admixtures, E had much AFt 
formation from the start due to its high 
C3A and gypsum contents. N showed the 
formation of AFm instead of AFt. The 
total volume of aluminate hydrates (AFt, 
AFm, carboaluminate hydrates [mono-carbonate and hemi-carbonate hydrates]) was also more for E 
and M compared to N. The amorphous volume was similar for E and N, but slightly less for M. 
Amorphous phases include not only CaO and SiO2 but also Al2O3. The greater the total hydrate 
volume is, the more total pore volume becomes filled to increase strength. However, the total hydrate 
volume was almost identical for N and E, and slightly less for M even at the age of 28 days, 
suggesting that the mortar strength is not solely determined by pore volume. 
When LSP was added, carboaluminate hydrates were produced to increase the total volume of 
aluminate hydrates. Aluminate hydrate volume increased for N and M, and to a greater extent E, 

Fig.2 Reaction ratio of clinker minerals and BFS 
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Fig.4 Chemical composition of amorphous phase (C-S-H) at 28 days 

because the hydration of C3A was promoted compared to the case without admixtures. At the same 
time, despite the increased reaction ratio of C3S, the amorphous volume decreased for E and M. This is 
believed to be because Al2O3, contained in amorphous phases when no admixtures were added, was 
used for the formation of aluminate hydrates upon the addition of LSP and decreased as a result. 
When BFS was added, the AFt volume decreased slightly, while the AFm volume increased. This is 
attributable to BFS reaction that supplied Al2O3. In the case of E, the aluminate hydrate volume 
decreased slightly despite a higher reaction ratio of C3A compared to the case without admixtures, 
suggesting the increase of Al2O3 in amorphous phases. E, which had the highest reaction ratio for BFS, 
had the amorphous volume slightly increase compared to the case without admixtures, but it stayed the 
same for N and M. 
Adding both LSP and BFS increased the amount of aluminate hydrates and decreased the amorphous 
volume compared to the case without admixtures. The increase of aluminate hydrates was notable for 
E, which had a higher reaction ratio of C3A than in the case without admixtures, and had a higher 
reaction ratio of BFS compared to the case with the addition of only BFS. 
 
3.4 Composition of amorphous phases 
As explained in 3.3, the volume of each hydrate phase changes substantially depending on whether the 
reacted Al2O3 forms hydrates or becomes included in amorphous phases. For this reason, this section 
calculates the ratios of CaO, SiO2 and Al2O3 contained in the amorphous phases. Fig.4 shows the 
results. 
Without admixtures, the ratio of C/S (ratio of CaO to SiO2) and Al2O3 in the amorphous phase was 
higher in the order of E, N and M. This reflects the mineral composition of these cements. 
Adding LSP did not change C/S very much, but reduced the ratio of Al2O3, due to the formation of 
aluminate hydrates, including carboaluminate hydrates. Adding BFS raised Al2O3 slightly and 
increased SiO2, as the reaction of BFS boosted the presence of these components. Adding both LSP 
and BFS increased SiO2 and reduced Al2O3, thereby lowering C/S as a result.  This is believed to be 
because of BFS supplying SiO2 and Al2O3 and LSP reaction causing Al2O3 to be used for the 
formation of carbonate hydrates. Amorphous C/S and Al2O3, generated in the hydration of E on its 
own, were 
substantially reduced 
with the combined 
use of BFS and LSP 
to the level 
equivalent to M 
without admixtures.  
 
3.5 Pore volume 
Fig.5 shows the pore size distribution of the cement pastes. Without admixtures, E had a similar level 
of pore volume as N at an early age. However, at the age of 28 days, E had the total pore volume of 
35% and the pore volume more than 20nm of 26%, which was greater than the equivalent figures for 
N. These results are reflected to mortar compressive strength. M had the pore volume more than 20nm 
of 23% at the age of 28 days, which was slightly lower than that of E, but had the total pore volume of 
36%, which was very similar to E's figure. 
Adding LSP tends to increase the pore volume more than 20nm and total pore volume of all the 
cements, which, in turn. Adding BFS tends to decrease the pore volume more than 20nm in all the 
cements. Adding LSP and BFS at the same time increased N's total pore volume and the pore volume 
more than 20nm at the age of 28 days by 5% and 12% respectively compared to the case without 
admixtures. The total pore volume and the pore volume more than 20nm for E and M were the same as 
the case without admixtures.  
Generally speaking, the total pore volume and strength have a negative correlation. In other words, 
when cement compositions and admixtures were changed, the resulting formation of hydrates filled 
pore space to increase the final strength. However, there were some cases whereby strength varied for 



cements despite them having similar pore volume. For example, see Fig.5 for the pore size distribution 
of E-L05S15, which showed the highest strength among E-based samples in Fig.1. Compared to E-
S20 and E-L10S10, E-L05S15 showed a high level of strength.  However, it also had the highest level 
of total pore volume and similar or higher level of the pore volume more than 20nm to the other two. 
E-L05S15's high strength development could not only be explained with its pore size distribution.  
Enhancement of strength with the addition of admixtures is suspected to be attributable to changes in 
the types of hydrate products and amorphous compositions as well as the filling of coarse pore space 
with increased hydrates. 

 Fig. 5 Pore size distribution of cement paste 
4. Conclusions 
Cement-E, N and M, which contains 11.8, 7.0 and 3.1 mass% of C3A respectively, were blended with 
limestone powder (LSP) and blast furnace slag powder (BFS) and examined for the resulting 
compressive strength, reaction ratio of each phase of cement, hydration products and pore size 
distribution. The results obtained are as follows.  
 
(1) Without mineral admixtures, E produced more amounts of aluminate hydrates but less amount of 
amorphous phase (C-S-H) than N. E’s amorphous phase has higher Al2O3 content and CaO/SiO2 ratio 
than the others. The total pore volume and the pore volume more than 20nm were more than the others. 
As a result, the compressive strength with E was the lowest among all the cements. 
(2) When LSP was added, carboaluminate hydrates were produced to increase the volume of 
aluminate hydrates. LSP addition tends to increase the pore volume more than 20nm and decrease the 
compressive stregth. When LSP was added to E, however, formation of aluminate hydrates filled pore 
space. Consequently, E did not show much loss of strength from LSP addition. 
(3) When BFS was added, the amount of aluminate hydrates decreased slightly and the amount of 
amorphous phase increased. BFS addition tends to decrease the pore volume more than 20nm and 
increase the compressive stregth. E showed higher reaction ratio of BFS than the others. Consequently, 
the amount of amorphous phase of E increased compared to the case of no admixtures. 
(4) When LSP and BFS were added at same time, the amount of aluminate hydrates increased and the 
amount of amorphous phase decreased. LSP and BFS addition decreased Al2O3 content and CaO/SiO2 
ratio in amorphous phase. These  effects were significant in E. E’s strength was the highest at all ages 
with the LSP content of 5% and BFS content of 15%. At the age of 28 days, the strength far 
outperformed that of E without admixtures and was equivalent to that of N and M without admixtures. 
This blended cement believed to contribute to the reduction of CO2 emmision and expanding use of 
wastes and by-products. Enhancement of strength with the addition of admixtures is suspected to be 
attributable to changes in the types of hydrate products and amorphous compositions as well as the 
filling of coarse pore space with increased hydrates. 
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Calcium silicate – calcium aluminate interactions  
and their influence on cement early hydration   
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Abstract 
Cement hydration is characterized by the reaction of calcium silicate, calcium aluminate and calcium sulfate 
phases with water. Understanding the chemical reactions which lead this material to harden is fundamental for 
the prediction of performance and durability. Extensive studies have been carried out in the past on simple 
systems such as alite and C3A-gypsum to understand the basic mechanisms occurring during cement hydration. 
However, the hydration of real cements is much more complex as many reactions occur simultaneously and the 
interactions between the main cement phases are still unclear. This work aims at investigating the interactions 
between silicate and aluminate phases using model cements of controlled compositions. A C3A/C3S ratio close 
to cement compositions was chosen and gypsum was added in different amounts to influence the time of 
occurrence of the aluminate reaction. The hydration of these systems was studied from the point of view of their 
kinetics and phase assemblage. The results obtained on model cements were compared to pure systems (alite 
and C3A-gypsum) in order to understand the nature of the interactions between aluminate and silicate phases 
and their effect on hydration. 
 
We observed that extra peaks were present in heat evolution profile of the model cements compared to pure 
systems. These extra peaks were attributed to interactions between the cement phases. Differences in the 
evolution of the aluminate- sulfate phase assemblage when hydration occurs in the presence of alite are 
thought to be at the origin of these differences in the calorimetric curve. In model cements ettringite continues 
to form after the depletion of gypsum; while in pure C3A-gypsum systems the ettringite starts to dissolve 
together with C3A directly after gypsum consumption. The EDS analysis of the C-S-H showed that the sulfate 
ions adsorbed on C-S-H can be released to form more ettringite after gypsum depletion.    
  
Moreover, it was observed that the presence of C3A-gypsum effects significantly the alite hydration. We 
observed an acceleration of the alite reaction in the presence of C3A and gypsum for properly sulfated cements 
and a slow down of this reaction for undersulfated cements.  
 
Originality 
In this study on hydration mechanisms, not only are the kinetics aspects of the reaction studied, but also the 
influence of the original mix design on the phase assemblage and the microstructural development was 
followed to determine the nature of the interactions between the main cement phases.  
Moreover, as increasing attention is returning to the problem of undersulfation, some low sulfate compositions 
have also been investigated. The reason for renewed interest in this phenomenon is that sometimes commercial 
cement may behave in an undersulfated manner when used in the field with additives or mineral additions.  
 
Chief contributions 
With this study on model cements made of pure phases we have shown that the heat evolution curve of cements is 
not the direct sum of the contribution of its constituents. First of all, the hydration kinetics of the individual 
cement phases is modified when hydration occurs in multi-phase systems.  Moreover, additional exothermic 
peaks appear in multiphase systems due to the interaction between the cement phases. The controversial origin of 
the shoulder sometimes observed on the silicate peak in Portland cements was of particular interest. We were 
able to show that this shoulder is associated with a second ettringite formation by reaction of C3A and sulfate 
ions absorbed on C-S-H.   
 
Keywords: Calorimetry, hydration, model cements, alite-C3A interactions, second ettringite formation  
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Introduction 
Cement is mainly composed of calcium silicate, calcium aluminate and calcium sulfate phases. All 
these phases react and interact during hydration (Corstanje et al. 1973; 1974a; 1974b; Minard 
2003).Understanding the chemical reactions underlying hardening is fundamental to predict 
performance and durability. Extensive studies have been carried out in the past on pure phases. 
However, cement hydration is not only the simple sum of the reactions of its constituents, but the 
result of interactions between all the phases. The understanding of these interactions, notably the 
influence of the cement composition (in particular the amount of C3A and the sulfate balance), on the 
alite hydration is necessary for the development of new materials with increased levels of additions 
and aluminate in clinker. The problem of undersulfation, which leads to improper setting and 
hardening, is also of major interest: it is sometimes found that commercial cements which are properly 
sulfated from the point of view of hydration without additives or additions may behave in an 
undersulfated manner when used in the field with additives or mineral additions (Sandberg et al. 
2003).   
 
This work aims at investigating the differences between the reaction of individual cement phases when 
hydration occurs in pure systems or in multi-phase systems to identify the effects of the interaction 
between the cement phases.  For this study, model cements of controlled composition were prepared 
with synthesized alite and C3A. Gypsum was then added to the system. Since gypsum controls C3A 
hydration it was possible to influence the aluminate hydration and study its interaction with alite 
depending on the relative time of occurrence of both reactions. Three gypsum additions, which 
produced undersulfated and properly sulfated cements, were studied. The influence of the presence of 
aluminates on the alite reaction was studied comparing the heat evolution profiles of the model 
cements to the ones of the pure systems (alite and C3A-gypsum). The differences were attributed to 
interactions between the phases and were investigated using in-situ x-ray diffraction (XRD) and 
Energy Dispersive Spectrometry (EDS).  
 
 
Materials and methods 
Alite and C3A were synthesized by firing reactants at high temperature. The purity of the phases was 
checked by x-ray diffraction. Model cements were prepared by dry mixing alite, C3A and gypsum as 
according to Table 1.  

Table 1: composition of the samples 

Samples wt% alite wt% C3A wt% gypsum 
alite 100   

C3A_20G  80 20 
C3A_30G  70 30 
C3A_40G  60 40 
M_2%G 90.19 7.84 1.96 

M_4.1%G 88.23 7.67 4.13 
M_5%G 87.37 7.60 5.03 

 
Pastes were prepared by mixing with deonized water at a w/c ratio of 0.4 for the alite and cement 
pastes and 1 for the C3A-gypsum pastes for 2 minutes at 500 rpm. The heat evolution profiles were 
obtained by isothermal calorimetry at 20°C. The hydration reaction of the samples prepared for 
microanalysis in the SEM was stopped by freeze-drying.   
 
 
Results  
Figure 1 shows the calorimetric curves of model cements used in this study. The gypsum additions of 
the model cements were chosen to obtain undersulfated cement and properly sulfated cements. Cement 
M_2%G is undersulfated as the characteristic sharp peak of the aluminate reaction occurs before the 
silicate reaction and this later reaction is delayed and its peak lowered compared to the properly  



sulfated cements (Lerch 1946). The attribution of peaks to the reaction of silicate or aluminate phases 
was verified by XRD in-situ measurements.  

The other systems can be called properly sulfated as the aluminate reaction to form 
monosulfoaluminate occurs after the silicate one. The peak due to aluminate reaction is delayed with 
increasing gypsum content. This aluminate peak becomes broader and lower as the gypsum content in 
the cement increases.  
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Figure 1: Calorimetric curves of the model cements 

 

Comparing the heat evolution profile of the pure alite with those of the multi-phases systems, two 
different effects of the presence of C3A and gypsum on the alite hydration can be observed depending 
on the undersulfated or the properly sulfated nature of the systems.  In the case of the undersulfated 
cement, the alite reaction is slightly slowed down compared to the pure alite system. The reasons for 
this are not clear.  There could be a “poisoning” of alite by the aluminate or there could be effects on 
the space for nucleation and growth of hydrates (Bishnoi 2008).  It is interesting to note in the 
cumulative heat curves, that the overall degree of reaction in the three systems is almost identical at 30 
hours (Figure 2). 
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Figure 2: Cumulative heat curves of the model cements 

 



For the properly sulfated cements, the alite reaction in model cements is accelerated compared to the 
pure system. This acceleration can be related to the presence of gypsum as we observed a similar 
effect in systems containing only alite and gypsum. The acceleration of the alite reaction in the 
presence of gypsum was already reported by Minard (Minard 2003) and was attributed to the 
modification of the growth mode of C-S-H due to the adsorption of sulfate ions. However she did not 
report any acceleration in the presence of both C3A and gypsum as we observed with our samples.  

The aluminate reaction is also modified in multi-phases systems compare to a pure C3A-gypsum 
system, especially in the case of properly sulfated cements.  In pure C3A – gypsum systems, the heat 
evolution profile is characterized by only one sharp exothermic peak, while in multi-phases systems 
three peaks can be attributed to the aluminate reaction (Figure 3).  The three exothermic peaks that 
follow the silicate peak (named S in Figure 3) were all attributed to the aluminate reaction as their time 
of occurrence is influenced by the gypsum content of the system.   
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Figure 3: Colorimetric curve of the model cement M_5%G (left) and C3A with different gypsum amounts 

(right). The C3A to gypsum ratio of the model cements corresponds to the ratio of the samples 
C3A_40%G 

 
Aluminate peak 1 (A1 in Figure 3) was attributed to the second ettringite formation by Scrivener et al.  
(Scrivener et al. 1984). The in-situ XRD measurements on model cements carried out in this study 
show that in pure C3A-gypsum systems ettringite starts to re-dissolve immediately after gypsum 
consumption, together with C3A to form monosulfoaluminate (Figure 5), whereas in the presence of 
alite, continued ettringite formation was observed after gypsum depletion together with a surge in C3A 
dissolution (Figure 4). In addition, the chemical analyses of the C-S-H during the first hours of 
reaction show a decrease of the sulfur content of the C-S-H with time (Figure 6). The same feature 
was also observed in Portland cement by Gallucci et al. (Gallucci et al. 2010). Some of the sulfate ions 
absorbed on C-S-H can therefore be released to form more ettringite after gypsum depletion. This 
difference in the evolution of the phase assemblage between the pure C3A-gypsum systems and the 
model cements can explain the presence of multiples peaks in the calorimetric curves of model 
cements. The evolution of the phase assemblage presented in Figure 4 was measured on a model 
cement composed of alite-C3A polyphase grains with an addition of 4.1wt% of gypsum that presented 
the same multi-aluminate peaks in its heat evolution profile. Its overall reaction is accelerated compare 
to a standard cement as the measurement were carried out at 25°C instead of 20°C like the other 
calorimetric curves presented in this paper. 
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Figure 4: Evolution of the phase assemblage measured 
by in-situ XRD for a model cement. Polyphase model 
cement with 4.1% gypsum. (AFm 14= 144 HSAC ) 
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Figure 5: Evolution of the phase assemblage measured 
by in-situ XRD for a pure C3A-gypsum system 
(65%C3A+35%Gypsum). (AFm 14= 

144 HSAC ) 
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Figure 6: S/Ca ratio of outer C-S-H at different ages 

 
The peak A2 is the largest aluminate peak that can be compared to the peak observed in pure C3A-
gypsum system. However, this peak appears earlier in model cements than in pure systems for the 
same C3A/gypsum ratio (Figures 1 and 3) because some of the sulfate ions can be adsorbed on the C- 
remains adsorbed, on C-S-H (Figure 6) and are therefore not available for reaction with C3A. 
Moreover this peak that is usually very sharp in pure C3A-gypsum systems becomes broader and 
broader with increasing gypsum content. The same feature was observed in C3A-gypsum systems but 
seems to be intensified in the presence of alite. This peak broadening can probably be attributed to the 
fact that for properly sulfated systems the matrix is already filled by silicate hydrates at the time of 
aluminate reaction A2.  
 
 

The third peak (A3) could not be clearly explained but it is probably related to the formation of 
monosulfoaluminate. It was observed that this peak is less pronounced when the w/c increases. It is 
therefore hypothesized that this peak is related to a second formation of AFm that occurs due to space 
constrains.    

 
Conclusions  
 
The hydration reaction of the individual cement phases is affected when hydration occurs in multi-
phases systems. Heat evolution curves of the main cement constituents (alite and C3A-gypsum) were 



subject to change when hydration occurs in multi-phase systems (alite-C3A-gypsum) due to 
interactions between the cement phases.  
  

 Comparing the kinetics of hydration of alite in pure systems and in the presence of C3A and 
gypsum a significant acceleration of the alite hydration was observed for the properly sulfated 
cements. The acceleration was attributed to the presence of gypsum as the same acceleration 
was observed in alite-gypsum systems. The presence of sulfate ions adsorbed on C-S-H may 
be at the origin of a modification of the growth mode of the C-S-H (Minard 2003).  

 
 In the case of undersulfated cement a severe retardation and a lower rate of the alite reaction 

was observed.  A poisoning of the alite by Al ions or an effect on the space for nucleation and 
growth can be hypothesized.   

 
 While only one exothermic peak was observed in pure C3A-gypsum systems, three peaks were 

present when hydration occurs in the presence of alite.  The first peak which occurs after the 
depletion of the solid gypsum is associated with the continued formation of ettringite from 
sulfate ions desorbed form C-S-H.  The second peak can be compared to the peak observed in 
pure C3A-gypsum systems. The reaction rate during this period of the reaction was shown to 
be influenced by the reduction of the space available for the reaction due to the precipitation 
of C-S-H and CH. The origin of the third peak is still unclear but seems to be also related to 
space constrain.  

 
This work on model cements shows the complexity of the interactions that occurs between the cement 
phases during the hydration reaction. The hydration of Portland cement is even more complex with the 
addition of other phases and elements, like alkalis, that modify the pore solution and influence also the 
hydration reaction of the main constituents.  
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Abstract 
In order to better understand the factors affecting the rate of reaction of SCMs in cementitious blends it is essential to 
have an accurate method to evaluate it independently from the degree of reaction of the clinker component. Methods of 
measuring the degree of reaction of anhydrous clinker phases were improved and provided the starting point for the 
study of hydrated systems. Secondly, the effect of slag on clinker phases was identified. It was found that slag favoured 
the hydration of the ferrite phases and significantly retarded the hydration of belite and, consequently, the degree of 
reaction of cement. 
It was also observed that the slag modified the composition of the hydrates of the cement. Analyses of hydrated cements 
with and without slag show a higher substitution of Al for Si and lower C/(S+A) ratio in C-S-H in blended systems.  The 
amount of calcium hydroxide, relative to clinker content is not significantly reduced, confirming that slag is hydraulic 
rather than pozzolonic. 
To measure the reactivity of slag in blended pastes at later ages, different methods were studied. Scanning electron 
microscopy with elemental mapping appeared to be the only accurate method to quantify the degree of reaction of slag, 
despite being time consuming. However the difference in cumulative calorimetry curves of slag blends in comparison to 
blends with inert filler also allowed the reaction of the slag to be isolated. Calibration of these techniques using the 
SEM-IA-mapping results is a promising method to understand and quantify the reactivity of slag. 
 
Originality 
To study the microstructural development of cementitious systems, conventional techniques like quantitative X-ray 
diffraction, thermal analysis, scanning electron microscopy and isothermal calorimetry have been used. However, even 
for these well established techniques, many details need to be taken into account to optimise the final results. In this 
way, one part of this work was dedicated to the evaluation and optimisation of methods to study microstructural 
development of cementitious systems with or without slag.  
On the other hand, many studies have been conducted on slag in blended pastes, but their degree of reaction within a 
blend is very difficult to quantify. Independent repeatability tests allowed the limitations of different techniques to be 
identified and highlighted the interest to combine methods. The objective and the originality of the project were to 
develop a methodology to study the reactions of clinker and slag separately in blended cements. 
 
Chief contributions 
In this work a methodology was established to study cementitious systems including slags:  

 The accuracy of characterisation methods for anhydrous and hydrated materials with and without slag was 
evaluated. 

 A specific approach was developed to follow the influence of slag and isolate its contribution in blended systems. 
To quantify the reaction of slag, the following conclusions were established:  

 Even if SEM-Image analysis mapping is time consuming, it appeared to be the only accurate method to quantify the 
degree of reaction of slag.  

 The difference in cumulative calorimetry curves of slag blends and blends with inert filler (quartz) allowed the 
reaction of the slag to be isolated. 
 
Keywords: slag, microstructure, reactivity, XRD-Rietveld refinement, SEM-Image analysis mapping and isothermal 
calorimetry. 
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Introduction 
It is well known that slag generally reacts at relatively slower rates than cement clinker and this limits the levels 
of substitution, due to the need for sufficient properties at early ages. To optimise the use of these supplementary 
cementitious materials (SCMs), the relations between their characteristics and performance in paste have to be 
better understood. For this reason, an accurate method is needed to determine the actual rate of reaction of the 
different components in blended systems.  

This paper highlights parts of the PhD thesis of Kocaba [1] whose objective was to develop a methodology to 
follow the microstructural development of cementitious systems including SCMs. In first part, investigations 
were made to evaluate the characterisation methods and their accuracy. In the second part, a study of slags in 
blended paste was made to develop methods to isolate and understand the reactivity of slag itself.   
 
 
Materials and methods 
The chemical composition of the cement and the two slags investigated is given in Table 1. Mixes of 60wt% of 
cement and 40wt% of slag were preblended together to ensure a good homogenisation. Hydrated mixes were 
prepared at room temperature (20°C) with de-ionised water. 160g of paste was mixed in one batch to provide the 
specimens for all analyses (XRD, calorimetry, TGA and SEM). The neat cement pastes were prepared at a 
water-to-cement (w/c) ratio of 0.40 (by weight) while the water-to-cement ratio of the blend pastes was adjusted 
so that the volumetric water-to-binder (w/b) ratio is the same as for the pure cement; this corresponds to a 0.42 
water-to-solids ratio by weight for the 40wt% slag blend. The hydration was stopped at different ages. At early 
ages (< 1 day) the hydration was stopped by freeze-drying. At later ages (> 1 day), the water in the samples was 
removed by solvent exchange in isopropanol. Once dried, specimens for SEM examination were impregnated 
under vacuum in an epoxy resin and carefully polished with diamond powders down to ¼ μm. 

Table 1: chemical composition of raw materials from X-ray fluorescence analysis 
Oxides  Cement B Slag 1 Slag 8 Error 
SiO2  20.51 36.61 34.60 0.40 
Al2O3  5.10 12.21 19.98 0.20 
Fe2O3  3.33 0.85 0.47 0.10 
CaO  61.29 41.59 32.48 0.40 
MgO  2.82 7.18 9.17 0.10 
SO3  2.78 0.63 1.99 0.10 
K2O  1.40 0.28 0.78 0.04 
Na2O  0.24 0.18 0.16 0.03 
MnO  0.05 0.14 0.06 0.01 
TiO2  0.19 0.35 0.67 0.01 
P2O5  0.37 0.01 0.01 0.01 
LOI 1.94 -0.03 -0.37 0.10 
Na2Oeq 1.16 0.36 0.67 0.07 
Total 100 100 100 - 

 
 

Table 2: mineralogical composition of raw materials from X-ray diffraction-Rietveld refinement analysis 

  Phases Alite Belite Ferrite Aluminate Lime Periclase Calcium 
sulfate Arcanite Total

  Formula C3S (M3) C2S C4AF C3A C M CaSO4-xH2O K2SO4  
Average (wt%) 49.1 25.5 10.7 5.8 1.6 2.2 3.4 1.6 100.0Anhydrous 

Cement B Standard 
deviation (wt%) 0.6 0.8 0.3 0.1 0.2 0.2 0.7 0.2 - 

             

  Phases Quartz Melilite  Amorphous   Total
  Formula  SiO2 Ca2(Mg0.5Al0.5)(Si1.5Al0.5O7)     

Average (wt%) 0.5 0  99.5   100 Anhydrous 
Slag 1 Standard 

deviation (wt%) 0.1 0  1   - 

Average (wt%) 0 5.8  94.2   100 Anhydrous 
Slag 8 Standard 

deviation (wt%) 0 0.5  1   - 

 



Results and discussion 
1. Adjustement of methods 
Even for well established techniques, many details need to be taken into account to optimise the final results.The 
initial work on the anhydrous phases concentrated on XRD-Rietveld refinement with optimisation of the control 
files as a function of the different types of cements and slags. For anhydrous cements, complementary studies [1-
4] compared the contents of clinker phases with SEM-Point counting, Bogue and modified Bogue calculation 
and 29Si NMR. The alite/belite ratio from XRD-Rietveld (Table 2) agreed with SEM-Point counting 
investigation but there was disagreement a slight variation with results from 29Si NMR [3-4], which could be 
related to the presence of some amorphous material at the surface of alite grains. 

To study the hydrated systesm, one specimen from same batch was analysed by: XRD, isothermal calorimetry, 
TGA and SEM. Independent repeatability tests allowed the limitations of different techniques to be identified 
and highlighted the interest to compare and combine all the methods together. 
 
2. How the slag affects the reaction of cement? 
The influence of slags on the hydration of blended pastes was studied using isothermal calorimetry in order to 
assess the effect of adding slag in blended pastes on the rate and total heat of hydration at 20°C. Partial 
replacement of cement with slag changes both the rate of heat evolution and the total amount of heat evolved.  
Figure 1 illustrates the heat evolution of the cementitious pastes: pure cement pastes, reference pastes blended 
with quartz and also cementitious pastes of blends with the two slags. In order to isolate the slag contribution, 
with the consideration that it did not react so much at early ages, all the heat curves are normalised by the weight 
of cement (ground clinker) component. The quartz inert filler was used with a similar particle size distribution 
compared to OPC and slags powders. 
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Figure 1: heat flow of cementitious B pastes (a) at early ages (b) at longer ages 

 
The reactions associated with the main parts of the isothermal calorimetry curves can be detailed as follow: 

 Period I is associated with dissolution: heat of wetting of the cement, hydration of free lime, hydration of 
calcium sulfate hemihydrate and the formation of ettringite primarily from the aluminate phases.  

 After the initial peak, an induction period (II) occurs during which the heat output significantly decreases.  
 After this induction period, a sudden increase in the rate of heat output occurs resulting in the acceleration 

period III which is the result of alite hydration and the production of calcium hydroxide and C-S-H gel. The 
setting of the paste occurs before the maximum of peak III.  

 The period IV corresponds to a deceleration period. 
 The period V is a slow rection period where the rection happens mainly by diffusion through hydrate layer. 

 
In the case of blended pastes, there was generally a slight retardation of period III. In addition, there appears a 
very pronounced shoulder peak associated with the hydration of the aluminate phase as noted previously [5-13]. 
The XRD-Rietveld refinement at 12 hours for pastes blended with Cement B reveals the presence of ettringite 
but not AFm. So the second peaks are probably due to the formation of ettringite, as suggested by Richardson 
[10] and not due to AFm as mentioned by Bensted [14]. Neverthless, detailed analysis of these peaks did not 
provide any evidence that there was any reaction of the slag itself during these peaks. It appears that the C3A 
reaction occurs over a shorter time period and so is more intense. Similar effects can be produced by inert fillers 
such as rutile as it was found in previous work [15]. 
Figure 2 shows the consumption of alite, which seems to be little affected by the presence of slag. Figure 3 
shows the evolution of belite phase which clearly shows that the hydration of this phase is significantly retarded 
in the presence of slag contrary to claims in previous work [9]; Slag 8 appears to have the stronger effect. Figure 
4 shows that slags did not have a strong influence on hydration of C3A phases; taking into account the low 
content and the corresponding error, despite the big effect of slags on the aluminate hydration peak noted above. 
The slags seem to enhance the hydration of the ferrite phase as shown in Figure 5.  
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Figure 2: evolution of C3S content 

in cementitious B systems 
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Figure 3: evolution of C2S content 

in cementitious B systems 
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Figure 4: evolution of C3A content  

in cementitious B systems  
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Figure 5: evolution of ferrite content  

in cementitious B systems
 
a) For pozzolanic reactions can be followed from 
reduction in the portlandite content. However for slags 
close examination of the experimental methods and 
accuracy of previous investigations [16-21] provides 
little evidence of any significant decrease of calcium 
hydroxide content with hydration time.  
b) This is not really suprising as slag the C/S ratio of 
slag is still in the typical range of C/S of C-S-H and 
slags are usually considered mainly latently hydraulic 
rather than pozzolanic. Figure 6 illustrates the 
portlandite average content from XRD and TGA 
normalised by cement weight (in blended pastes there is 
only 60 wt% of cement). It was evident from our data 
that the portlandite content of blended pastes decreased 
only slightly at long ages.  
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Figure 6: Portlandite average content from XRD and 

TGA normalised by cement weight versus time  
 

The chemical composition of C-S-H in the various hydrated pastes was measured with energy dispersive 
spectroscopy (EDS) and examined in terms of element ratios. A statistical treatment was done (300 analysis 
points for a given system at a given age). In the case of blended pastes with slag, there were typical hydrates rims 
generated around the slag grains.  

In the silicate chains of C-S-H, aluminium can substitute for silicon [22]. So instead of the Ca/Si ratio, the 
Ca/(Si+Al) ratio is shown for the 3 systems. The evolution of the composition of the C-S-H with time is 
presented Figures 7 and 8 where Ip are inner products and Op outer products. The mean Ca/(Si+Al) atomic ratio 
of the C-S-H in blended pastes is lower than that found in cement pastes as reported in previous studies [23-25].  
For pure cement paste, the Ca/(Si+Al) atomic at 28 days are around 1.9-2.0. In contrast, the slag blended pastes 
have lower Ca/(Si+Al) ratios around 1.55. This can be directly linked to the initial low Ca/(Si+Al) ratio of slag 
respectively 0.94 for Slag 1 and 0.97 for Slag 8. Therefore the average Ca/(Si+Al) is lowered. It is important to 
note that the composition of the C-S-H tends to even out throughout the paste, with very similar compositions of 
inner and outer product.  The C-S-H in the blend with slag 8 are slightly lower than in Slag 1 blends, especially 
at earlier ages. This could be due to the higher reactivity of Slag 8 compared to Slag 1. 



With both slags a significant increase in the aluminium content of both inner and outer C-S-H is observed in 
blended pastes (Figure 8). The Al/Ca atomic ratios are systematically higher in outer than in inner C-S-H due to 
the presence of more intermixed phases in the outer products. The higher Al/Ca ratio with Slag 8 is clearly 
linked to the high initial content of aluminium from this slag as compared to Slag 1. 

So the reaction of the slag, with a lower C/S ratio than the clinker led first to a decrease in the Ca/(Si+Al) ratio of 
the C-S-H and then at later ages to some decrease in CH. This decalcification of C-S-H can be explained by  
C-S-H acting as a source of calcium for slag hydrates. 
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3. Measuring the degree of reaction of slags in blended pastes 
Image analysis from BSE grey level images and EDS mappings from SEM 
Knowing the original volume of the slag in the paste, the degree of reaction of slag can be estimated by image 
analysis of the area fraction (equivalent to volume fraction) remaining at a given time [26]. Figure 9 shows the 
degree of reaction of slag 1 and slag 8 when mixed to cement B. With a fast EDS detector it was possible to 
obtain results with reasonable precision; the errors indicated in Figure 9 take into account the deviation between 
different sets of images from the same sample and the deviation from different possible treatments to define the 
border of slag grain. The errors are higher at early ages. The results clearly show that Slag 8 is more reactive 
than Slag 1.  

The determination of the degree of reaction of slag using SEM with image analysis and elemental mapping 
treatment was the most reliable methods for pastes at discrete time intervals examined in this study and 
compared well with results from NMR given by Poulsen [3, 27]. However this method has some limitations: 

 First, it is rather time consuming, the essential prerequisite is a well polished sample, this takes about 5 hours 
and it is especially difficult to obtain good sample preparation at young ages (up to one day).  

 Second, the differentiation of the slag grey level alone is not reliable for some compositions, due to the close 
similarity of the grey levels of slag and calcium hydroxide. For some slag compositions, the use of 
appropriate filters can differentiate these two phases, but nevertheless these image processing steps will mean 
that very small particles are not well measured, which increases the error at young ages. For other 
compositions the BSE images must be combined with Mg maps to isolate the slag, which requires an image 
acquisition time of around 10 hours (although this process can be automated and carried out overnight). In 
both cases, the low amount of slag remaining leads also to relatively low precision in the degree of hydration. 
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Figure 9: degree of reaction of slag from SEM-BSE-IA-mapping in systems B 

 



Isothermal calorimetry 
Figure 10 shows the cumulative heat evolution curves, normalised by the clinker content, of blended pastes over 
a period of 28 days. After about 1 day the nromalised heat evolved from the blended pastes beomes increasingly 
more than from the pure cement paste. This difference includes both the reaction of the slag itself (chemical 
effect) and the impact of the physical presence of slag on the rate of hydration of the clinker phases (filler effect). 
To separate these, a blend with 40% quartz (ground to have a similar particle size range as the slag and presumed 
inert) was used as a reference. For each system, all calorimetry experiments were run concurrently over 28 days. 
All the experiments were repeated twice. Figure 10 shows that the repeatability between different batches was 
good even for long term acquisition. 

The divergence of the curves from the filler reference is attributed to the reaction of the slag itself. In agreement 
with the image analysis results Slag 8 is clearly more reactive than Slag 1. To quantify the contribution of slag 
the curve of the blend with quartz is subtracted from that of the blend with slag and then normalised by the 
amount of slag [26]. However the resulting curve of J.g-1 of slag cannot be directly related to a degree of reaction 
as we do not know the heat evolved by the reaction of a unit weight of slag. A value of 460 J.g-1 of slag can be 
found in the literature [28] but, it seems [29] that this was derived from the adiabatic heat rise in the first day, 
when the degree of reaction of slag is negligible and in fact describes the filler effect of slag on the hydration of 
cement. To obtain calibration values for the enthalpy of slags, the difference curve from calorimetry was 
compared to the values of degree of reaction from image analysis (Figure 11). Given the larger error in the BSE-
IA results at early ages the curves were calibrated from the values at 28 days. 

Consequently, isothermal calorimetry, if performed in a well calibrated and stable instrument is a potentially 
powerful method to measure degree of reaction. The technique provides continuous and precise values, but is 
difficult to calibrate. Calibration against the image analysis results was done in this study and some results seem 
anomalous, so more work is needed on a wider range of materials.  
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Figure 10: normalised cumulative heat 

curves for systems B 
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Conclusions and perspectives 
Regarding the effect of slag on the reaction of the clinker phases: 
 There was no evidence for slag itself reacting in the shoulder peak after the main silicate hydraton peak. The 

“sharpening” of this aluminate peak is a “filler” effect due to the physical presence of slag. 
 The presence of slag significantly retarded the hydration of belite. 
 The slags favoured the hydration of the ferrite phase. 

The slag modified the composition of hydrates. The significant change in C/S ratio of the C-S-H between pure 
and blended paste is enough to account for the difference in overall C/S ratio of the blend, without any 
significant consumption of CH at early age. At longer ages, the C/S ratio continues to decrease slowly, but there 
is also a small decrease in the amount of portlandite in blended pastes.  

Most previous studies have paid little attention to the precision and errors of techniques to measure the degree of 
reaction of slag. Even if SEM-IA-mapping is time consuming, it appeared to be the only accurate method to 
quantify the degree of reaction of slag. The cumulative heat evolution of slag blends compared to blends with 
inert filler (quartz) allowed the reaction of the slag to be followed continuously. Calibration of this method by 
SEM-IA-mapping seems to be a promising technique to understand and quantify the reactivity of slag.  
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Abstract 
 
This paper investigates the resistance of alkali-activated binder to leaching. This type of binder was 
obtained by alkali-activation of blast-furnace slag. The slag was activated by aqueous solution of 
sodium silicate. The resistance of alkali-activated slag to leaching was studied on mortar prisms, with 
the use of an accelerated test with concentrated solution (50%) of ammonium nitrate at 20oC. Strength 
of mortar was determined after 30, 60, and 90 days of exposure to ammonium nitrate solution. 
Portland-slag cement (CEM II/А-Ѕ 42.5R) was used as the reference material.  
After 30 days of exposure to ammonium nitrate solution the strength of alkali-activated slag, with 
respect to control samples, was slightly reduced (about 5%). At the same time the reference Portland-
slag cement sample showed drastic strength reduction (over 50%). After 90 days of exposure the 
reduction of Portland-slag cement strength was over 80%. In the case of the reference cement sample, 
significant loss of portlandite, i.e. calcium, was established by X-ray and scanning electron microscopy 
(SEM/EDS) analysis. The loss of calcium lead to a progressive decalcification of calcium–silicate–
hydrates (C–S–H), drastic reduction of strength and destruction of the samples studied. In comparison 
with the reference cement sample decalcification of alkali-activated slag was a very slow process, 
whereby a minor change in the structure was observed.  
Based on the results of investigation it can be concluded that alkali-activated slag has showed high 
resistance to leaching. 

 
ORIGINALITY: The tests of alkali-activated slag durability are most commonly related to the acid 
corrosion resistance, chloride penetration, carbonation, and alkali–silica reaction, but seldom to 
resistance to leaching (decalcification). Different test methods were developed to perform mortar 
and/or concrete decalcification experiments. Immersion tests in water (deionized or mineralized) are 
mainly used for characterizing the leaching process. Since calcium leaching is a relatively slow 
process, various accelerated tests have been developed. In this work, the resistance of alkali-activated 
slag to leaching was investigated by using accelerated test with concentrated solution (50%) of 
ammonium nitrate 
 
CHIEF CONTRIBUTIONS: Decalcification changes the bulk density and the pore structure of the 
hydrated cement paste. The use of supplementary cementing materials, combined with adequate curing, 
decreases the permeability of mortar and concrete and changes the kinetics of calcium leaching. The 
beneficial influence of supplementary cementing materials is due to the reduction in the initial 
portlandite content and to a significant reduction of the transport properties of the mixtures. The 
results of these investigations provide useful information for better understanding of the leaching 
process of alkali-activated binders and for the long term service predicting. This investigation could 
help to open the way to a wider practical application of alkali-activated binder. 
 
Keywords: alkali-activated slag, leaching, strength 
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1. INTRODUCTION 
 

Over the past few decades, alkali-activated materials have emerged as a promising alternative 
to traditional construction materials, particullary Portland cement mortar and/or concrete. This 
is due to the lower carbon dioxide emissions, greater chemical and thermal resistance, and 
greater mechanical properties at both atmospheric and extreme conditions. Alkali activated 
materials also represent possible solution to the treatment of toxic and radioactive wastes.  
The durability tests of alkali activated materials are most commonly related to the acid 
corrosion resistance, chloride penetration, carbonation, and alkali–silica reaction, but seldom 
to resistance to leaching (decalcification). Different test methods were developed to perform 
mortar and/or concrete decalcification experiments. Immersion tests in water (deionized or 
mineralized) are mainly used for characterizing the leaching process (Haga, 2005). Since 
calcium leaching is a relatively slow process, various accelerated tests have been developed 
(Hidalgo, 2007.). Some of these procedures are carried out with strongly acidified solutions 
(like ammonium nitrate) instead of deionized water. In some cases, organic acids were used to 
accelerate the leaching process (Bertron, 2005), while in others, leaching was accelerated by 
applying an electrical potential.  
In this work, the chemical resistance of alkali-activated slag (resistance to leaching) was 
investigated by using accelerated test with concentrated solution (50%) of ammonium nitrate. 

 
 

2. EXPERIMENTAL 
 
2.1. MATERIALS 

 
The following materials were used in the experimental work:  
 Granulated, blast-furnace slag (BFS) from “US Steel – Serbia”, Smederevo. 
 Aqueous solution of sodium silicate (Na2O.nSiO2) - “water glass” (D=1,36g/cm3, 

8,5%Na2O, 25,8%SiO2, modulus n=3,04), “Centrochem”, Serbia, and sodium hydroxide 
(NaOH, 98%) “Lach-Ner”, Czech Republic, as alkali-activator. 

 Portland-slag cement (CEM II/А-Ѕ 42,5R), “Titan”, Serbia, as the reference material. 
 Ammonium nitrate (NH4NO3, 99%), “Superlab”, Serbia. 

 
2.2. METHODS 
 
Blast-furnace slag was alkali-activated by aqueous solution of sodium silicate (Na2O.nSiO2), 
whereby sodium silicate modulus (the SiO2/Na2O mass ratio) was 0,6 (adjusted by adding 
NaOH). The sodium concentration was 3%, calculated as Na2O in relation to the mass of slag.  

 
2.2.1. MORTAR STRENGTH  - Strength testing of reference Portland-slag cement (CEM II/А-Ѕ 
42,5R) mortar was carried out according to Serbian SRPS EN 196-1 standard, which is in 
compliance with European EN 196-1 standard. Mortar prisms of standard dimensions 
40x40x160mm were used for testing. Water/cement ratio was 0,5, and sand/cement ratio was 
3:1. Strength of alkali-activated slag mortar was also determined by using standard mortar 
prisms. Sand/slag ratio was 3:1. The same water/binder ratio of 0,5 was not applicable for 
alkali-activated slag testing due to the following mortar segregation. Therefore, water/binder 
ratio was adjusted so the equal mortar workability to the reference Portland-slag cement was 
obtained (the mortar flow was measured on a flow table). Water/binder ratio was 0,38, where 
water represents total water in the mixture (including water in the activator), and binder 
represents total mass of slag and solid activator. The alkali-activated slag mortars were 
prepared first by adding the activator into water, and then by mixing the solution with slag 
and the standard sand. Two series of mortar prisms were prepared. The first series of mortar 
prisms was prepared based on alkali-activated slag, while the second series of mortar prisms 
prepared based on Portland-slag cement. Each series of mortar prism is divided into two 
groups: the first group was planned for the resistance to leaching, while the second was the 



control samples. The mortar prisms were placed for the first 24 hours in a mold in an air-
conditioned room at room temperature (20±2oC and 50±5% rel. hum.), and after taking out of 
the mold, in a humid chamber (20±2oC, rel. hum.>90%) until investigated (after 28 days). 
Thereafter, the resistance to leaching was tested. 

 
2.2.2. RESISTANCE TO LEACHING  - investigation was carried out by fully submerging mortar 
prisms in 50% solution of NН4NO3 at 20oC, up to three months. After the expiry of the 
scheduled period (30, 60 and 90 days), the mortar prisms were taken out from the aggressive 
medium, after which the compressive strength was measured. Evaluation of alkali-activated 
slag resistance to leaching is given by comparing the compressive strength of mortar prisms 
exposed to the influence of ammonium nitrate and of control samples - not exposed (cured for 
the same period of time in a humid chamber). Evaluation of alkali-activated slag resistance to 
leaching is also done by comparing the characteristics of alkali-activated slag with the 
characteristics of reference material i.e. Portland-slag cement.  
  
2.2.3. STRUCTURAL AND MICROSTRUCTURAL CHARACTERIZATION  - The structural changes of 
alkali-activated slag and Portland-slag cement, which occurred during the leaching process, 
were studied on pastes by X-ray diffraction analysis. 
The paste samples of alkali-activated slag were prepared first by adding the activator into 
water, and then by mixing the solution with slag. The paste samples of Portland-slag cement 
were prepared by mixing cement with water. After the period of curing, the reaction was 
stopped by soaking and grinding the specimens in isopropyl-alcohol, then washed with 
acetone, and dried at 50°C to constant mass. 
The structural characterization was carried out by PHILLIPS PW 1710 powder diffractometer 
under the following conditions: CuKα=1,54178Å, U=40kV, I=30mA, 5-50o2θ, with a step of 
0,02o and holding time of 0,5 s for each step. 
The microstructural changes of alkali-activated slag and Portland-slag cement, occurred 
during the leaching process, were studied on the fractured surface of pastes by Tescan VEGA 
TS 5130 MM scanning electron microscope (SEM). Energy-dispersive X-ray analysis (EDS) 
was carried out by INCAPentaFET-x3 device (Oxford Instruments). The specimens were 
coated (Mini Sputter Coater SC7620) with gold – palladium mixture prior to the analysis. 
 
 
3. RESULTS AND DISCUSSION 

 
3.1. CHEMICAL COMPOSITION  
 
Chemical composition of blast-furnace slag and Portland-slag cement is given in Table 1.  

 
Table 1: Chemical composition of materials 

 LOI at 
1000оC 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 S MnO Na2O K2O

BFS 0,42 38,26 9,32 0,60 40,49 8,70 0,47 0,42 0,81 0,40 0,39
CEM  2,58 24,99 6,20 2,07 56,67 3,52 2,38 0,08 0,20 0,50 0,33
 
 
3.2. STRENGTH 
 
Compressive strength changes of alkali-activated slag mortar and Portland-slag cement, 
during the process of leaching, are shown in Figure 1. The same figure shows the strength of 
mortar control samples, which were cured in the same period in a humid chamber. 
Based on the data shown in Figure 1 it can be clearly seen that during the same period of 
exposure (up to 90 days) alkali-activated slag showed several times higher resistance to 
leaching compared to Portland-slag cement.  



Changes in relative compressive strength (mortar samples exposed to leaching versus mortar 
control samples, in a humid chamber) of alkali-activated slag mortar and Portland-slag 
cement, during the process of leaching, are shown in Table 2. 
In the case of alkali-activated slag the compressive strength decrease, as the result of 90 days 
leaching process, was 15%, while in the case of Portland-slag cement the compressive 
strength decrease over the same period amounted to 81% 
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Figure 1: Compressive strength of mortar control samples (humid chamber) and samples exposed to 
leaching (50%NH4NO3)  

 
Table 2: Relative mortar compressive strength (samples exposed to leaching/control samples)  

Leaching time (days)  Alkali-activated slag  Portland-slag cement  
0 1,00 1,00 

30 0,95 0,42 
60 0,91 0,23 
90 0,85 0,19 

 
 
3.3. X-RAY DIFFRACTION ANALYSIS  

 
The structural changes of alkali-activated slag and Portland-slag cement, studied by X-ray 
diffraction analysis after 30 days of exposure to leaching, are given in Figure 2. 
The results of X-ray diffraction analysis of alkali-activated slag control sample indicated the 
presence of melilite (Ca,Na)2(Al,Mg,Fe2+)(Si,Al)2O7 and merwinite Ca3Mg(SiO4)2, two 
crystalline phases that are normally present in the slag. The main product of alkali-activation 
of slag was poorly crystallized calcium-silicate hydrate C-S-H (I), but one should have in 
mind that chemistry of the C-S-H phases is more complex than suggested by XRD. After 30 
days of exposure to leaching, none of the crystalline product of the reaction with ammonium 
nitrate was clearly differentiated. At the same time the intensity of peaks corresponding to 
merwinite was reduced. This probably means that merwinite is soluble in the concentrated 
ammonium nitrate solution. More attention within future investigation should be addressed to 
this phenomenon.  
Based on the compressive strength results (Figure 1a and Table 2), it is obvious that 
merwinite dissolution did not have significant impact on mechanical characteristics of alkali-
activated slag mortar.  
The results of X-ray diffraction analysis of Portland-slag cement control sample indicated the 
presence of portlandite (calcium hydroxide), secondary calcite, as well as poorly crystallized 
calcium-silicate hydrate C-S-H (I), the main product of cement hydration. After 30 days of 
exposure to leaching, none of the crystalline product of the reaction with ammonium nitrate 



was clearly differentiated. However, the intensity of peaks corresponding to portlandite was 
significantly reduced, which means that in a concentrated solution of ammonium nitrate 
intensive dissolution of portlandite took place. Based on the compressive strength results 
(Figure 1b and Table 2), it is obvious that portlandite dissolution had huge impact on 
mechanical characteristics of Portland-slag cement mortar. 
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Figure 2: Diffractograms of paste control samples (humid chamber) and samples exposed to leaching 
(50%NH4NO3) for 30 days 

 
 

3.4. SCANNING ELECTRON MICROSCOPY (SEM/EDS)  
 

Microstructure of alkali-activated slag control sample and of sample exposed to leaching for 
30 days are given in Figure 3. Microstructure of Portland-slag cement control sample and of 
sample exposed to leaching for 30 days are given in Figure 4.  
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a) Control sample b) Exposed to leaching for 30 days 

Figure 3: Microstructure of alkali-activated slag  
 



                        20μm                                          20μm 
a) Control sample b) Exposed to leaching for 30 days 

Figure 4: Microstructure of Portland-slag cement 
 
After 30 days of exposure to leaching, as a consequence of merwinite and portlandite 
dissolution (XRD analysis), an increase of porosity of alkali-activated slag (Figure 3a and 3b) 
as well as of Portland-slag cement (Figure 4a and 4b) was noticed. Other authors have also 
reported that leaching of cementitious materials leads to an increase in porosity, which has 
important consequences on transport and mechanical properties (Burlion, 2006). 
Since leaching in concentrated solutions of ammonium nitrate represents a method that 
efficiently removes calcium from the solid while largely preserving silicate and other ions 
(Chen, 2006), EDS analysis was focused on the calcium content (Table 3). 

 
Table 3: EDS analysis of alkali-activated slag and Portland-slag cement 

Ca (atomic %)  
AAS CEM II 

Control sample 9,88 16,89 
Exposed to leaching for 30 days 8,51 13,61 
   
Relative calcium content after leaching –  
in relation to control sample (%) 86,13 80,58 

 
In the case of alkali-activated slag after 30 days of exposure to leaching the content of 
calcium was ~14% lower compared to the control sample, while in the case of Portland-slag 
cement the content of calcium was ~20% lower. So, higher loss of calcium of Portland-slag 
cement, as the result of the leaching process, was established by EDS analysis. However, the 
compressive strength decrease of Portland-slag cement after 30 days of exposure to leaching 
was several times higher than of alkali-activated slag (55% compared to 5%, respectively). 
The total amount of calcium leached from alkali-activated slag was probably the result of 
simultaneous dissolution of C-S-H as well as of merwinite, thus having less impact on the 
strength.  
Calcium leaching is a coupled diffusion–dissolution process involving dissolution fronts that 
propagate through the sample. Under the influence of an aggressive solution pH of the pore 
solution decreases. The first hydrate likely to be leached is the portlandite (calcium 
hydroxide). After complete dissolution of portlandite, the calcium-silicates hydrates (C-S-H) 
are then decalcified. So, possible explanation for the significant differences in the strength 
decrease between alkali-activated slag and Portland-slag cement might lie in the fact that 
portlandite dissolution is associated with an important increase in capillary porosity, and 



consequently with significant strength loss, while the decalcification of C-S-H results only in 
slight changes of porosity (Burlion, 2006). In any case, certain attention within future 
investigation should be addressed to this phenomenon. 
 
 
4. CONCLUSIONS 
 
In this paper, the resistance of alkali-activated slag to leaching has been investigated. Alkali-
activated binder was obtained by alkali-activation of blast-furnace slag. The slag was 
activated by aqueous solution of sodium silicate.  
The resistance of alkali-activated slag to leaching was studied on mortar prisms, with the use 
of an accelerated test with concentrated solution (50%) of ammonium nitrate. Evaluation of 
the resistance of alkali-activated slag to leaching was given by comparing compressive 
strength of mortar prisms exposed to ammonium nitrate solution with control samples cured 
equal period in humid environment. Comparison of strength of alkali-activated slag with the 
reference Portland-slag cement (CEM II/А-Ѕ 42.5R) was also performed. 
After 90 days of exposure to ammonium nitrate solution the strength of alkali-activated slag, 
with respect to control samples, was reduced about 15%. At the same time the reference 
Portland-slag cement sample showed drastic strength reduction (over 80%). 
In the case of the reference cement sample, significant loss of portlandite, i.e. calcium, was 
established by X-ray and scanning electron microscopy (SEM/EDS) analysis. Furthermore, 
the loss of calcium lead to progressive decalcification of calcium–silicate–hydrates (C–S–H), 
drastic reduction of strength and destruction of the samples studied.  
In comparison with the reference cement sample decalcification of alkali-activated slag was a 
very slow process, whereby a minor change in the structure was observed. Based on the 
results of investigation it can be concluded that binder based on alkali-activated slag has 
showed high resistance to leaching. 
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Abstract 

The aim of the study is to characterize the healing process of cracks in cementitious materials and tests have 

been developed for this purpose. The experimental program consists of creating a crack in a concrete or cement 

paste specimen and sealing the formed crack by percolation with a fluid containing carbonates. The paper first 

focuses on the description of the experimental device developed for percolation tests.  The second part of the 

paper presents the results obtained and assesses the effects of the experimental parameters (crack width, 

hydraulic gradient and carbonate content of the percolating fluid) on the healing process. The different 

phenomena involved in the healing process  are also highlighted with a view to its further modeling.   

 

Originality:  
This paper describes an original experimental device allowing the healing process of a crack to be characterized 

in various experimental conditions. The experiment includes crack generation, crack width measurement, 

preparation of percolating fluid and implementation of the apparatus developed for percolation tests.  
.  

Chief contributions 

Few studies on the self healing process of cracks in cement based materials are available in the scientific 

literature. This paper aims to provide better comprehension of the crack healing induced by carbonation.  

 

Keywords:  Crack, healing, carbonation, percolation 
 

Introduction 
 

The prediction of the lifetime of concrete structures is based on the modeling of degradation 

phenomena but should also consider the healing phenomena that may occur. This concerns, for 

example, concretes constituting nuclear waste repository structures in deep geologic formations. Due 

to T.H.C.M factors (Thermal: cement hydration reactions and exothermicity of nuclear wastes, 

Hydraulic: drying of the concrete during the exploitation phase then wetting, Chemical: leaching of 

the concrete during the wetting phase, Mechanical: Soil convergence), these concretes are subject to 

cracking.  

However, the coupled effects of moisture transfers, carbonation and leaching (dissolution-precipitation 

reactions) are also responsible for the healing of the cracks formed. To explain the healing 

phenomenology, let us consider a crack in a cementitious material (Figure 1). If gaseous CO2 flows 

through the crack, a sequence of physicochemical reactions occurs:  drying of the zone surrounding 

the crack, convective transport of calcium ions Ca2+ from pore solution to the crack edges and, finally, 

the chemical reaction between Ca2+ and CO3
2- to form calcium carbonates CaCO3, which heal the 

crack. If carbonated water flows through the crack, the displacement of calcium ions Ca2+ to the crack 

edges is the result of diffusive transport. This removal of calcium ions from the matrix induces the 

decalcification of the crack-surrounding zone as shown on Figure 1.  
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Figure 1: Mechanism of carbonation healing process in a crack 

Of course, carbonation is not the only factor which may heal cracks in cement based-materials. The 

other possible factors are  the continuation of cement hydration reactions, the presence of impurities in 

the fluid flowing through the crack and the presence of particles produced by the cracking itself 

(Hearn, 1997) (Edvardsen, 1999). The study focuses on the healing process induced by carbonation 

and aims to evaluate the effects of experimental parameters (crack width, hydraulic gradient and 

carbonate content of the percolating fluid) on the healing process. The characterization of the 

phenomena involved in the healing process is also necessary with regard to its further modeling.  

This paper comprises two parts: 

-Description of the experimental device for cracking and percolation tests. 

-Evaluation of effects of  experimental parameters on the healing process and characterization of the 

phenomena involved in the process.  
 

1. Description of the experimental device 

 

1.1 Materials 

 

Tests were performed on concrete (C) and cement paste (CP) specimens made with Ordinary Portland 

Cement (OPC). The composition of the concrete is given in Table 1. This is the formulation 

envisioned by Andra (French radioactive waste management agency) for nuclear waste repository 

structures in deep geologic formations. The cement paste was formulated with a water/cement ratio 

equal to 0.5. The samples were stored in endogenous curing conditions for over three months. Their 

hydration degree was probably pronounced, given the results obtained by Baroghel Bouny (Baroghel 

Bouny, 1994) on similar materials (close to 1).   
 

Table 1: Composition of studied materials. 

 Concrete C Cement Paste CP  

Cement (kg/m
3
) 400 1218.8 

Limestone sand (0/4mm) 858  

Limestone gravel  5/12.5 (kg/m
3
) 945  

Superplasticizer (kg/m3) 10  

Total water (kg/m
3
) 178 609.4 

 



 

1.2 Crack generation and measurement  

 

The creation of a crack on a ring-shaped specimen was obtained by the “expansive core” system 

developed by Gagné et al. (Gagné et al., 2001). It allows a radial displacement to be set for a PVC 

ring. The tensile stress field thus generated in the specimen is responsible for the apparition of a crack 

(Figure 2).  The cracking tests were performed in the percolation cell (Figure 3) which was subjected 

to a lateral confinement pressure in order to obtain unidirectional fluxes during percolation tests. The 

crack width was measured via a transducer with an accuracy of 10 µm. In order to obtain a single 

crack, a reinforcement (rod 6 mm in diameter) was inserted in the sample, leaving a non-reinforced 

gap.  

 
 

Figure 2: Generation of a crack in a ring shaped specimen 

 

1.3 Experimental device for percolation tests   

 

An experimental device was developed for tests of percolation through the cracked specimen (Figure 

3). The fluid was carbonated water or gaseous CO2, prepared in a sealed Plexiglas cell equipped with a 

CO2 sensor, connected to a solenoid valve, which was, in turn, connected to a CO2 cylinder. The 

system allowed the CO2 partial pressure to be kept constant. For these tests, the CO2 partial pressure 

was fixed equal to 5% of atmospheric pressure. The carbonated water was prepared by pouring 30 

liters of deionized water into the Plexiglas cell. The gaseous CO2 dissolved in the water to form 

carbonic acid H2CO3. The dissociation of carbonic acid released hydrogenocarbonate ion HCO3
2- and 

the dissociation of hydrogenocarbonate ion led to the formation of carbonate ions CO32-.. The 

hydraulic gradient was managed via a membrane cell filled with the carbonated water. Because the 

flow path in the crack was short (30 mm), the differential pressure between inlet and outlet of the 

crack did not exceed 1 bar, with a minimum value of 0.1 bar. During tests, the evolution of the output 

flow was recorded until it stabilized, in a minimum of 24 hours.   



 
Figure 3: Experimental device for percolation tests  

2. Results and discussion 

 

Percolation tests with water in equilibrium with atmospheric CO2 have already been conducted by 

(Edvardsen, 1999). Three crack widths were tested (100, 200 and 300 µm) with different hydraulic 

gradients between 0.625 and 5 bars/m. The results highlighted a reduction in water flows over time, 

showing that the crack healing process was possible for the chosen experimental conditions. They also 

showed that a “threshold” value of crack width (above which a crack cannot seal) is associated with 

each pressure gradient. This “threshold” value ranged between 200 and 300 µm for pressure gradients 

between 0.625 and 1.5 bar/m. Beyond 2.5 bar/m, the reclosing of 200-µm-wide crack seemed 

impossible. By analyzing the solution collected during percolation tests, Edvardsen  detected the 

presence of HCO3
2- and especially of CO32- ions. This means that the partial pressure of CO2 is not a 

limiting factor in relation to the healing process. Nevertheless, the carbonate content of the percolating 

solution helps to accelerate the process during its initial phase when calcium ions are available on the 

crack surface. For the same duration of exposure to carbonated water, we noted that the output flow 

reduction was greater than that observed by Edvardsen. Edvardsen proposed relationship (1) to 

estimate the initial output flow q (l/h/m of visible crack) depending on  crack width w (mm) and 

pressure gradient I (m/m). This relationship was based on Poiseuille’s law for laminar flow between 

two plates but modified to take physical effects into account, such as tortuosity, crack width 

irregularities, etc.  

 q=740Iw3             (1) 

In the framework of the present study, the minimum value of the differential pressure between inlet 

and outlet of the crack was 0.1bar. Referring to the previous results obtained by Edvardsen, the 

threshold value of the crack width should not exceed 200 µm. Thus, the crack width range involved in 

our tests (from 15 to 240 µm) was appropriate to the study. Tests were performed on 2 cement pastes 

(CP-1 and CP-2) and 3 concretes (C1, C2 and C3). For each test, the differential pressure value (Δp), 

the effective and theoretical values of crack width (weff and wt - calculated from equation (1)) and the 

initial output flow value (q0) are given in Table 2.  

 

 

  
 



Table 2: Differential pressure, crack widths and initial output flow values  

 
Sample 

references 
Δp (bar) weff (µm) wt (µm) q0 (g/min) 

Cement 

Pastes 
CP-1 1 - 15 0.78 

 CP-2 0.1 - 135 50.32 

Concretes C-1 0.1 147 147 65 

 C-2 0.2 100 111 56 

 C-3 0.1 240 240 283 

 

The effective crack width values were not measured on cement pastes but only estimated because of 

problems occurring in the transducer. Our approach is validated by results obtained on concrete 

specimens for which the theoretical and effective values of the crack width are quite similar. The 

output flows measured during percolation tests were associable exclusively with the crack. The 

uncracked part of the specimen was assumed to be impermeable because of the low values of 

differential pressure and the composition of percolating fluid promoting the surface carbonation of the 

samples.    

 
 

Figure 4: Variations of the output flows versus time   

 

The variations of the output flows over time are shown on Figure 4. These variations highlight 

physicochemical changes in the crack due to the movement of grains and/or local chemical imbalances 

like the precipitation of calcium carbonates. The lowest values of the output flows were observed on 

concrete C-1 and cement paste CP-2, for which the differential pressure value was equal to 0.1 bar. 

These results show that the hydraulic gradient is a limiting factor in relation to the healing process of 

the crack and are confirmed by the existence of a residual output flow detected on concrete C-2 and 

cement paste CP-1, for which the differential pressures were 0.2 and 1 bar respectively. For concrete 

C-3, the crack was so wide (240 µm) that  the membrane cell emptied in one hour of percolation. No 

significant evolution of the output flow was recorded during this period. From the initial and final 



values of output flows, the thickness of the calcium carbonate layer formed can be estimated using 

equation (1) with the assumption that the evolution of the output flow is exclusively associated with 

the evolution of the crack width. The sealing of the crack on cement paste CP-2 is shown in Figure 5.  

 

 
 

Figure 5: Crack sealing (Cement Paste CP-2) 

       

                                               
 

Figure 6: Calcium carbonate field covering the crack edge (a)-and identified as calcite by XRD (b).  

After the percolation tests, the phenomena involved in the healing process (carbonation and leaching) 

were characterized by XRD and SEM+ EDS analyses. The SEM picture (Figure 6.a) shows a calcium 

carbonate field covering the entire surface of the crack. The calcium carbonate crystals were identified 

by XRD as calcite (Figure 6.b). The other varieties of calcium carbonate (vaterite, aragonite) were not 

detected because they mainly exist at low relative humidity when the quantity of water is insufficient 

for their transformation into calcite. Immediately after the surface of the crack (Figure 7), a gradual 

increase in CaO content is observed in Figure 7. This proves that the zone adjacent to the crack is 

subject to decalcification. The depth of the decalcified zone is about 40 to 50 µm.  

 



    

 

                   
Figure 7: Characterization of the leaching phenomenon in the healing process  

 

Conclusions 
 

Percolation tests with carbonated water were performed on a cracked specimen in order to characterize 

the crack healing process induced by carbonation. For this purpose, an original experimental device 

was developed. It included crack generation, crack width measurement, preparation of percolated fluid 

and apparatus developed for the percolation tests. The results obtained show that there is a “threshold” 

value of crack width, above which the crack cannot seal, associated with each hydraulic gradient 

value. The crack healing process is not affected by the carbonate content of the percolating fluid. 

However, the latter helps to accelerate the healing process during its initial phase, when calcium ions 

are available on the crack surface. The characterization tests performed in the zone surrounding the 

crack showed that the healing process was exclusively associated with carbonation. The leaching was 

also observed in the area adjacent to the crack. These are important results with regards to the 

modeling of the process, which is based on a pore network model and is developed in the second part 

of this paper.   
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Abstract 
By introducing trace elemental and isotopic signatures supplementary to the main elemental composition, mineralogy, 
and microstructure of solids new fundamental insights in individual reaction paths can be obtained.  
For instance, CO3

2- in thaumasite or calcite may be attained from CO2 absorption, dissolution of aggregates or 
infiltration of carbonate containing solutions. Results from case studies clearly indicate dissolved inorganic carbon 
(DIC) of infiltrating groundwater as carbonate source for thaumasite formation. This is based on δ13C values of DIC 
(VPDB) in local groundwater reacting with the concrete and thaumasite within the deteriorated concrete. In contrast 
calcite sinter can be referred to CO2 absorption. The sulphate source in thaumasite, ettringite, and gypsum was 
deciphered by δ34S values (VCDT). In a case study δ34S values of thaumasite and sulphate from interacting 
groundwater indicate that sulphate in thaumasite is related to infiltrating groundwater. Interstitial solutions of a 
deteriorated concrete that has suffered Thaumasite form of Sulphate Attack (TSA) were extracted by squeezing devices. 
Extracted solutions contain up to 65 g l-1 total dissolved solids (TDS). The δ2H and δ18O values (VSMOW) of the water 
display a strong enrichment of the heavy isotopes versus the local infiltrating solution. As this trend is in accordance 
with a respective enrichment of conservative (trace) elements e.g. Rb+, K+ and NO3

-, TDS can be quantitatively related 
to the isotope fractionation during evaporation of the interstitial solution. Accordingly, multiproxy approaches provide 
promising tools to reconstruct complex dissolution-precipitation behaviours for neo- and transformation of in a water-
cement-aggregate system.  
 
Originality 
The originality of our research is mostly referred to develop concrete durability by detailed knowledge on reaction 
mechanisms and paths during potential destruction of concrete. In our contribution we present new and advanced tools 
to decipher individual reaction mechanisms which cause deterioration of concrete. Highlight in this focus is the 
application of trace elements and stable isotope signatures. This includes the usage of trace elements such as Sr2+, Rb+ 
and Br-, as well as stable isotope ratios of 34S/32S, 13C/12C, 18O/16O, and 2H/H. Such kinds of proxies are widely used to 
reconstruct the environmental conditions during mineral formation in natural and applied systems, e.g. paleoclimatic 
and environmental studies by analysing marine sediments or speleothems as well as carbonate scaling. The potential of 
respective multiproxy approaches will be displayed by presenting case studies, where individual sources of components 
and related reaction mechanisms are deciphered.  This topic is related to further studies of our group presented at this 
conference (Mittermayr et al. 2011; Tritthart et al. 2011). 
 
Chief contributions 
The main contributions made by our research on the tasks above are to carry out lab and field experiments on trace 
elements and isotope distribution during mineral formation and to conduct related field studies. Results of experiments 
are used for the interpretation of the apparent conditions in the field. In our group and within international scientific 
cooperation we focus on both natural and applied systems. Main focus in applied systems is given on sulphate attack of 
cements and on secondary carbonate formation. Tasks for sulphate attack range from ettringite, thaumasite to gypsum 
formation, where both mechanisms of formation and the individual sources of components are considered. We 
successfully applied stable isotopic composition of e.g. sulphur and carbon to verify our conclusions from 
microstructural and -chemical analysis as well as from solution chemistry. Hydrogeochemical modelling with respect 
to the chemical composition of the interstitial and infiltrating solution provides necessary data on saturation degrees of 
mineral phases and exchange behaviour with atmospheric constituents, e.g. internal partial pressures of CO2. Special 
expertises exist on characterization of environmental changes during mineral formation. Accordingly, Sr2+ and Mg2+ 
signals as well as distribution of isotopes in solids are used to invoke information about the apparent precipitation 
rates and changes of environmental parameters like solution composition, pH, and temperature.  
 
Keywords: Stable isotopes, trace elements, thaumasite, origin. 

                                                 
1 Corresponding author: Email martin.dietzel@tugraz.at Tel +433168736360, Fax +433168736876 
 



Introduction 
 
Deterioration of concrete involved by water-rock interaction is of great economic interest. Various 
degradation processes such as the Thaumasite Form of Sulphate Attack (TSA) and Alkali-Aggregate 
Reactions (AAR) have repeatedly been discussed (Glasser et al. 2008; Hagelia and Sibbick 2009; 
Irassar 2009; Lee et al. 2008; Lukas 1975; Pipilikaki et al. 2008; Schmidt et al. 2009; Schmidt et al. 
2008; Skaropoulou et al. 2009). Remediation and maintenance charges can be significantly reduced if 
recipes and materials used for concrete production are tailored to individual environmental demands. 
This requires detailed knowledge of apparent environmental conditions and an advanced 
understanding on how individual parameters and components will act within the individual water-
cement-aggregate system. Although literature dealing with deterioration reactions of concrete is 
voluminous, numerous mechanisms, reaction sequences and causal sources of components have not 
yet been fully perceived. This includes for instance the origin of components for thaumasite formation 
(Thomas et al. 2003). Various potential sources of carbonate are discussed, like atmospheric CO2, 
carbonate aggregates, ground water or anthropogenic material (Collett et al. 2004). 
The field of stable isotopes has successfully been introduced to inorganic binder research to gain a 
better understanding of processes like setting of carbonate mortar, carbonatisation of concrete or sinter 
formation in drainage systems by groundwater-concrete interaction (Dietzel 1995, 2000; Kosednar-
Legenstein et al. 2008; Létolle et al. 1992; Rafai et al. 1992; Rafai et al. 1991). In former studies on 
thaumasite formation these techniques have rarely been applied (French 2005; Iden and Hagelia 2003; 
Pye and Schiavon 1989). However, by introducing trace element and isotope signatures supplementary 
to the main elemental composition, mineralogy, and microstructure of solids new insights in individual 
reaction paths can be obtained. This includes microprobe analyses as well as measurements of trace 
elements and stable isotope ratios of H2O itself and of dissolved compounds. In this study the 
deterioration mechanisms of concrete in tunnel systems were investigated.  
 
 
Sampling and Analytics 
 
Solids and aqueous solutions were collected from several Austrian tunnels. Solids comprise 
deteriorated and non-altered concrete as well as carbonate sinter. Solutions range from drainage 
solution to local ground water. Moreover, interstitial solutions were extracted from the sampled 
damaged concrete material using a special squeezing device (Tritthart et al. 2011).  
 
1. Solid analyses 
Solids were analysed by X-ray diffraction (XRD), scanning electron microscopy (SEM), microprobe 
(EPMA), and micro Raman spectroscopy. Distribution of stable isotopes of carbon (13C in o/oo, 
VPDB) and oxygen (18O in o/oo, VSMOW) were obtained by isotope ratio mass spectroscopy (IRMS) 
using the common phosphoric acid method. In the case of sulphur isotopes, the solid samples had to be 
pre-treated by dissolution in diluted HCl. In the filtrated digestion the dissolved sulphate ions were 
quantitatively precipitated as BaSO4 by the addition of BaCl2. Subsequently, 34S values (in o/oo, 
VCDT) were analysed by mass spectrometry.  
 
2. Aqueous solution analyses 
The pH, electric conductivity (EC) and temperature of drainage solution and ground water were 
measured in the field. Subsequently, alkalinity was determined by titration with 0.05M HCl. Major 
and trace ion content were analysed by ion chromatography (IC) and inductively coupled plasma mass 
spectroscopy (ICP-MS). 13C values of dissolved inorganic carbon (DIC) were achieved by adding 
phosphoric acid and using mass spectroscopy. Dissolved SO4

2- was pre-treated with BaCl2 for sulphur 
isotopic analysis as described above. 18O values (o/oo, VSMOW) of H2O molecules were analysed by 
the classical CO2-H2O equilibrium technique. The isotopes of hydrogen (2H in o/oo, VSMOW) were 
measured using a mass spectrometer coupled to a high-temperature oven by chromium reduction. 



Results and Discussion 
 
Carbonate in thaumasite and calcite is assumed to be gained from CO2 absorption, dissolution of 
aggregates or infiltration of carbonate containing solutions (see Fig.1). Results from a case study 
clearly indicate dissolved inorganic carbon (DIC) of infiltrating carbonate-rich groundwater as 
carbonate source for thaumasite formation. This is based on δ13C values of DIC in local groundwater - 
interacting with the concrete - and of thaumasite from the deteriorated concrete, as both values are 
close to -7 ‰. In contrast calcite sinter with δ13C values from -40 to -25 ‰ is referred to the 
absorption of gaseous CO2, where δ13C = -25 ‰ is obtained from absorption of CO2 from the Earth’s 
atmosphere and lower values are related to the impact of CO2 from combustion of fossil fuels (e.g. 
power engines). In contrast, carbonate from aggregates, which consists of marine limestone, are close 
to 0 ±2‰. The latter carbonate source is not a valid precursor for both, thaumasite and calcite 
formation. 
 

 
Figure 1A: Secondary electron image (SEI) of thaumasite needles in deteriorated concrete (width of the image: 
30m). Figure 1B: Backscattered electron (BSE) image of calcite sinter from a drainage system. Differences in 

brightness represent variable elemental content, mainly Mg, Sr and Fe (width of the image: 2mm). 

 
In case of thaumasite and ettringite the sulphate source can be deciphered by δ34S values (Fig.2). In a 
recent study δ34S of thaumasite, soot from the tunnel wall, and dissolved sulphate from interacting 
groundwater, which is recharged from an area containing Triassic evaporates (calcium sulphates), 
were analysed. As δ34S values of thaumasite and groundwater sulphate are within the same range, the 
source of sulphate in thaumasite is clearly related to the infiltrating groundwater. Accordingly, 
sulphate for thaumasite formation originated from other sources, like oxidation of soot or pyrite, can 
be ruled out.  
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Figure 2: δ34SVCDT values of the thaumasite, local ground waters and soot compared with values from the 
literature (Craddock et al. 2008; Iden and Hagelia 2003; Spötl and Pak 1996). 
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In a further study interstitial solutions of concrete, which was deteriorated by Thaumasite Form of 
Sulphate Attack (TSA), were extracted by squeezing. Extracted solutions contain very high content of 
total dissolved solids up to 65 g l-1 TDS. Both, major and trace elements are present at elevated level 
in the interstitial solutions, but highest enrichment versus ground water was obtained for  K+, Cl-, Rb+ 
and Na+, in rising order (Tab.1).  
 

Table 1: Chemical composition of locally occurring sulphate-rich ground water (GW) and an extracted 
interstitial solution from deteriorated concrete material (IS). Values for ion content are given in mg l-1. 

     GW        IS
pH     7.67        8.76
Ca2+  219    757
Mg2+    34.2   1097
Na+      4.1   7367
K+      0.9     307
NO3

-      1.9       68
Cl-      5.9   2832
SO4

2-  545 17250
HCO3

-  168      200
Rb+      0.00087         0.62

 
Analysed 2H and 18O values of H2O display a strong enrichment of 2H and 18O versus 1H and 16O 
isotopes comparing to the local infiltrating ground water, which can be followed by an evaporation 
trend (Fig.3). This isotopic behaviour is in accordance with the respective enrichment of conservative 
compounds, e.g. Rb+, NO3

- and Na+, in the solution. Thus, elevated TDS of extracted interstitial 
solutions can be directly and quantitatively related to the isotope fractionation during evaporation. 
Elemental and isotopic data give clear evidence for TSA caused by liberation of H2O from the 
interstitial solution into the atmosphere. Moreover, analyses of Sr2+, Mg2+, δ13C and δ18O of calcite 
sinter from concrete alteration were successfully used to make reliable assumptions about changes of 
solution composition, pH, and precipitation rates during formation history. 
 

-100

-80

-60

-40

-20

-15 -12 -9 -6 -3

18OVSMOW

2 H
V

SM
O

W

Interstitial Solutions
Ground Water

Figure 3: 2H versus 18O values of extracted interstitial solutions from concrete with intense damages 
caused by thaumasite formation. LMW: Local meteoric water line (dashed line). Solid line: 

Regression line indicating evaporation. 
 



Conclusions and Outlook 
 
Multiproxy approaches provide promising tools to reconstruct complex dissolution-
precipitation behaviours for neo- and transformation in water-cement-aggregate systems. For 
instance, (i) isotopic signatures indicate the sources of CO3

2- in calcite as well as CO3
2- and 

SO4
2- in thaumasite, (ii) chemical and isotopic composition of the interstitial solutions give 

evidence for evaporation as driving force for TSA, and (iii) solution composition can be 
monitored by chemical and isotopic composition of calcite sinter. Promising proxies are non-
traditional isotope systems, like 26Mg/24Mg and 44Ca/40Ca ratios, which may be used in future 
studies to verify the approaches above and to extend our understanding on cation release and 
fixation.  
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Abstract 

In the first part of this paper we showed that the healing of a crack in a cement-based material is governed by 3 

phenomena: moisture transfers, decalcification and carbonation. The modeling of the healing process has to 

consider these different phenomena and especially  pore size variations in the zone surrounding the crack, which 

are due to alteration of the cement matrix, and lead to an evolution of transfer properties. For this purpose, we 

have developed a pore network model which predicts water sorption/desorption isotherms by taking the 

hysteresis effect into account. This is very important as the hygral behavior of the material depends on its 

humidity history.    

 

Originality: This paper describes an original experimental plan which was carried out to quantify the evolution 

of cement paste microstructure under various chemical changes, such as decalcification and carbonation. 

Transfer properties and water retention curves were determined on altered materials in order to propose a 

model capable of predicting the hygral behavior according to the microstructure changes . 
.  

Chief contributions: The chief contribution concerns the proposed model, which links the water retention curves 

(with special attention paid to the hysteresis effect) to the microstructure of the cement paste. It is based on a 

physical description of the pore size distribution and its connectivity with a small number of fitting parameters, 

making its a numerical implementation easier.  

 

Keywords:  Pore network, isotherms, hysteresis, model  
 

Introduction 
 

The healing process of a crack involves 3 phenomena: moisture transfers (drying or wetting of the area 

adjacent to the crack), leaching (due to calcium ion removal from the pore solution) and carbonation 

(formation of a calcite layer which heals the crack). It is necessary to model the healing process if the 

lifetime of the structure is to be predicted. The modeling is, of course, based on the coupling of 

elementary models associated with each phenomenon governing the healing process and has to take 

account of the micro-structural modifications (due to cement matrix alteration) in the zone 

surrounding the crack, which lead to an evolution of the transfer properties. We have developed a pore 

network model that aims to predict water sorption/desorption isotherms, paying special attention to the 

hysteresis effect. The crack-surrounding zone is subjected to drying-humidification cycles which 

affect its hygral behavior. The prediction of other parameters, such as relative permeabilities to gas 

and liquid, is also necessary in relation to the modeling of drying or wetting. In this paper, we focus on 

the presentation of the pore network model and its ability to reproduce a hysteresis loop. The paper 

includes two parts: 

-Description of the model elements   

-Validation of the model  
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1. Description of the model elements  

 

1.1 Pore size distribution 

 

The model is based on the one proposed by Ishida et al., (Ishida, 2007). It consists of an “ideal” pore 

size distribution with 3 modes associated with C-S-H pores and with narrow and wide capillary pores 

respectively. The wide capillary pores are assumed to be made up of microcracks resulting from 

restrained shrinkage due to the presence of aggregates in the cement matrix (case of mortar and 

concrete). We hypothesized that these wide capillary pores are strongly interconnected, promoting 

material drying at high relative humidities. So, we assume that these capillaries play an essential role 

in the water permeability of the saturated material. A porous mode is represented by four portions of 

parabolas, each of which is set to a range of log (r) equal to δ and height on the axis dV/ dlog (r) equal 

to  / 2. Each of the three modes is characterized by three parameters: the radius of the central mode 

rmode, the amplitude δ and the height  (Figure 1). 

 
 

Figure 1: Mode representation with four portions of parabola  

For a distribution with 3 modes, we have:   

  

     
        

            
           

  

   

   

 

   

   

 

(1) 

Where the coefficients ji
k
 (k=1 to 3) depend on rmode, δ and .  

Referring to the classification proposed by Mindess et al. (Mindess et al, 2002), the following values 

were imposed: δ = 0.4 associated with a value of rmode fixed at 1.5 nm for the first mode (rC-S-H ) and 

9.5 nm for the second mode (rnarrow). The radius of the central mode corresponding to the wide 

capillaries (rwide) is calculated from the intrinsic permeability measured with ethanol or gas by using 

the model developed by (Dullien, 1979) (Equation 2). In this relationship, K is the intrinsic 

permeability, wide the porosity of the third mode and T the tortuosity, which is determined empirically 

(Ranaivomanana, 2010).  

 

  
          

 

   
 

(2) 

As mentioned earlier, the water permeability of saturated material is strongly associated with the third 

mode. However, we think that water permeability is not appropriate to characterize the pore structure 

because water can react with the cement matrix. Microstructural modifications induced by 

dissolution/precipitation phenomena are also possible.   



The height of each mode is assumed to be proportional to its porosity.  The 1st mode, corresponding to 

C-S-H pores, is calibrated by calculating the volume of C-S-H formed with an intrinsic porosity equal 

to 28% as frequently mentioned in the literature. To calculate the volume of C-S-H, we use the method 

proposed by Adenot (Adenot, 1992), the input being the chemical composition of the cement, the 

formulation of the material and the degree of hydration. The volume of the 3rd mode, associated with 

wide capillaries, is directly deduced from the sharp drop of the desorption isotherm at high RH. The 

volume of the 2nd mode, corresponding to narrow capillary pores, is the complement needed to reach 

the water porosity.   

 

1.2 Hysteresis 

 

To model the isotherms while paying particular attention to the hysteresis effect, we hypothesize that 

the drying of a pore is possible only if it is connected to the dry fraction of the pore network. The 

hysteresis between the desorption and the adsorption isotherms is the consequence of the presence of 

“ink bottle” shaped pores.  This leads to the emptying of the bulk volume of liquid at low RH. We can 

therefore consider that, the drier the material, the higher the probability of connection of a saturated 

pore to the dry fraction of the pore network. This seems to provide a logical explanation for the 

decrease of hysteresis in the area of low RH. If we assume a constant pore volume, then the smaller 

the pore cross-sectional area, the longer the pore. So, the probability of connection, Pc, may be 

approximated by the ratio of the total length of pores with radii larger than that affected by drying for 

a given RH, to the total cumulative length of all pores of the network (Equation 3). In this relationship, 

a (r) is the pore cross-sectional area (Equation 4) and r1 is the pore radius affected by drying for an RH 

equal to h1, given by the Kelvin-Laplace equation.   

 

         
 

 
    

  
     

     
    
  

 
 
    

    
    

  
     

     
 

(3) 

This probability of connection Pc concerns the C-S-H pores and the narrow capillaries only because 

the connectivity of wide capillary pores is assumed to be maximal (Pc=1). So, we propose to normalize 

the function Pc with respect to the porosity corresponding to each mode (C-S-H, narrow and wide). We 

have the following relationship (4) (4) 

 

                         

  
         

                           

  
        

 
 
                            

 

(4) 
 

 

If the humidity decreases from h1 to h2 < h1, then the pores with radii between r1 and r2 (corresponding 

to h2), are partially drained. The residual saturation degree of pores with radii greater than r2, noted Sink 

is, in the context of the present model, dependent on their connectivity to the dry fraction of the 

network. As a first approximation, we adopted the following relationship (Equation 5).  

 

         
        (5) 

If the relative humidity increases from h1 to h3> h1, the pores with sizes between r1 and r3 

(corresponding to h3) which belong to the dry portion of the network are instantly saturated 

again. Of course, the volume of water in pores with radii greater than r3 but drained only via 

smaller pores, remains constant. By taking Sr as the degree of saturation of a pore with radius r and 



   the rate of change of relative humidity during time dt, the mechanisms can be summarized as 

follows (Equation 6).  

             

                   

                   

            

                  

                                     

 

(6) 

It is clear that the management of saturation increments based on relative humidity increments 

is easy only on a numerically discretized porous network. With this in mind, the pore size 

distribution was discretized and the probability of interconnection (Equation 5) was 

approximated by a linear interpolation from one discrete radius to another. 

From a statistical point of view, it is estimated that a pore with a long developed length is more likely 

to be connected with the rest of the porous network. However, if we consider a cylindrical shape for 

the pores, the finest will have very long lengths, leading to a pronounced hysteresis at low relative 

humidities. A flattened shape, approximated by an oblong geometry is then adopted. This form can be 

characterized by an aspect ratio Ap (Equation 7) defined as the ratio between the width and the height 

of the pore cross-section (Figure 2). 

 
 

Figure 2: Oblong-shaped pore 

 

      
 

  
         

   
 
     

(7) 

rcr is a calibration parameter called the “critical radius”. This parameter may be interpreted as the pore 

radius below which pores possess a more oblong than cylindrical shape, and could be the threshold  

between capillary and C-S-H pores. By an inverse analysis, the appropriate value of rcr is 1.6 nm. The 

pore cross-sectional area a(r) is given by the relationship (8): 

 

                    
  (8) 

2. Validations of the model  

 

The model was run for concrete (C), mortar (M) and cement paste (CP) made with Ordinary Portland 

Cement (OPC). The formulation of the materials, together with some characteristics necessary for the 

model calibration, are recorded in Table 1:  

 

 



 

 Table 1: Formulation and characteristics of study materials. 

 Concrete C Mortar M 
Cement 

Paste CP 

Cement (kg/m3) 400 400 1218.8 

Limestone sand 0/4 mm (kg/m3) 858   

Siliceous sand (kg/m
3
)  1212  

Limestone gravel 5/12.5 mm 

(kg/m
3
) 

945   

Superplasticizer (kg/m
3
) 10   

Total water (kg/m
3
) 178 200 609.4 

Porosity (%) 12.3 17.2 
45 

 

 

 
Gas permeability (x10

-17
m

2
) 4 8 20 

 

The theoretical water sorption isotherms at T=20°C provided for these materials by the model are the 

following. The model reproduces the experimental results realistically. The relative humidity values 

were fixed by saturated salt solutions. Tests were conducted under an atmosphere low in carbon 

dioxide to avoid carbonation reactions, which could have modified the pore networks of the samples. 

 
 



 

Figure 3: Experimental results (symbol) and simulated results (solid line)  

The model is also able to predict relative permeabilities to gas and liquid (krl and krg) by using an 

approach based on that proposed by (Burdine, 1953) (Equations 9 and 10).  
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(10) 

The terms under the integral (ql and qg) represent liquid and gas flow rates, respectively, through a 

pore with radius r given by Poiseuille’s law. (Sr)  is the tortuosity factor of  the liquid phase while (1-

Sr)  is the tortuosity factor of the gaseous phase. The appropriate value of   seems to be 5.5 referring 

to (Monlouis Bonnaire, 2003). However, this value overestimates the relative permeabilities to gas at 

low RH. So we suggest expressing the exponent   as a function of Sr ( =2 when Sr = 0 and  =5 when 

Sr =1). We thus have:  

                   (11) 

The relative permeabilities  krl and krg  to liquid and gas for concrete C and cement paste CP provided 

by the model are given in Figure 3. These values were previously validated through the resolution of a 

drying model, which takes into account liquid and vapor phases of water (Ranaivomanana, 2010). The 

model is based on a mass balance equation which associates a convective flow with the liquid phase 

(governed by Darcy’s law) and a diffusive flow with the vapor phase (governed by Fick’s law). The 

parameters of the model: the water vapor sorption-desorption isotherms and the relative permeabilities 

to liquid, are those obtained from the pore network model. These parameters were validated by 

comparing the theoretical drying kinetics (weight loss versus time) and those obtained experimentally.    

 



   

Figure 3: Relative permeabilities to liquid and gas provided by the model. 

Conclusion 

 

In order to model the healing process of a crack in cement-based materials, we have developed a pore 

network model that takes account of the modifications of the microstructure due to the alteration of the 

cement matrix, which cause an evolution of transfer properties in the area adjacent to the crack. The 

pore network model is based on an idealized pore size distribution assessed from parameters which are 

easily measurable or computable: the water porosity and intrinsic gas permeability. The other 

necessary data are the chemical composition of the cement, the formulation of the material and the 

hydration degree. The distribution is represented by polynomials of degree 2.The modal radius values 

are fixed except that of the  mode associated with the coarse pores, calibrated from gas permeability. 

The amplitude of each mode is also fixed. To predict water sorption isotherms while paying particular 

attention to the hysteresis effect, a function describing the connectivity of the porous network is 

adjoined to the model. This is the essential originality of this work. The only remaining calibration 

parameter is the critical radius, which corresponds to the transition between the cylindrical shape 

associated with capillary pores and the oblong shape associated with C-S-H pores. The simulated 

results agree with those obtained experimentally. The model can also estímate the  relative 

permeabilities to liquid and gas. The water sorption isotherms and the relative permeabilities are very 

important  parameters in relation to the modeling of the healing process because the zones surrounding 

cracks may be subject to drying or wetting.  Of course, the model of the healing process has to include 

the variations of these parameters in the case of decalcified or carbonated materials.   
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Abstract 
Cement Kiln Dust (CKD) from a Cementos Argos S.A. cement plant, to produce synthetic gypsum after the 
treatment of a leachate (or Acid Mine Drainage, AMD) generated in a coal biodesulfurization process was used. 
An experimental design was elaborated and tests to neutralize the AMD with CKD were conducted. The 
precipitated sludge was dried and then, chemical and mineralogical analyses, to determine its composition and 
the presence of dihydrated gypsum, were conducted. Characterization techniques such as, chemical analysis of 
main oxides using X-Ray Fluorescence (XRF) and Thermogravimetric analysis and Derivative 
Thermogravimetry (TG-DTG) were carried out. Finally, two laboratory produced cements with synthetic 
gypsum and mined gypsum were prepared; two variables to determine the behavior of both cements were 
selected: time of setting and compressive strength, according to ASTM Standards. Initial sulfate concentration in 
the leachate was approximately 30200 mg SO4

2-/l and pH value was 1.75 pH units. CKD analysis using XRF 
showed that calcium carbonate was the principal component of this waste. In the tests pH was increased until 
neutral values (7.57 – 8.05 pH units) and sulfate removal from the AMD was between 67% and 70%. The 
moisture content of precipitated samples was between 69% and 81%. Combining different techniques, the best 
precipitated synthetic gypsum obtained was selected, and its TG analysis showed that it was composed of 
dihydrated gypsum with a 48% minimum pureness; other components included calcium carbonate (32%) and 
water (20%); XRF allowed to determine that sulfur in the synthetic gypsum was about 50% of that reported for 
mined gypsum. Both laboratory produced cements complied with type I Portland cement compressive strength 
and time of setting requirements. 
 
Originality 
This initiative meaningful innovation, it aims at solving various environmental problems. High sulfur content 
coal, which otherwise could not be used due to high SO2 emissions, can be used after a desulfurization process 
that would render this low quality coal a cleaner coal. AMD with very low pH values can be neutralized and 
high sulfate concentrations and other ions in solution would be removed with the use of CKD, a solid waste in 
the cement industry that is difficult to dispose of. The use of this residue will close a material cycle and render 
the process more sustainable in various ways. Less SO2 emissions would be generated, fewer residues, less 
landfill space consumed and less non-renewable resources (gypsum) will be consumed. Different authors had 
reported that synthetic gypsum production during the neutralization process can cause scaling in equipments 
and pipes, this research took advantage of that situation, changing it into an opportunity. The replacement of 
natural mined gypsum with synthetic gypsum from residues in the cement industry leads to a sustainable 
production via waste valorization. Closing cycles is the best option in environmental management, because it 
stops transferring the problem from one medium (water, air or land) to another. 
 
Chief contributions 
In addition to environmental benefits, laboratory produced cement on which synthetic gypsum was used, 
developed a 28 day compressive resistance similar to industrial cements, with some further improvements in the 
neutralization process this gypsum could be used for producing cement at industrial level. 
It is possible that CKD can also be used to treat acid effluents from other industrial processes in an efficient and 
economical way. Another important reason for its use is the good sulfate and metal removal achieved; specially 
divalent and trivalent metals. The cycle can be closed if the synthetic gypsum produced can in fact be used as a 
replacement of natural gypsum in the fabrication of cement. Cementos Argos S.A. is conducting research in this 
topic and positive results have been observed so far. The generation of an important raw material such as 
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gypsum, from a highly acid effluent from one of its mines, treated with a solid residue generated in the process, 
becomes an interesting project which aims at a more sustainable cement production and reduces pressure on 
non-renewable resources. 
 
Keywords: Synthetic gypsum, Cement Kiln Dust, Acid Mine Drainage, Sulphate Removal 
 
1. Introduction 
Acid Mine Drainage (AMD) generation in coal mining is normally related to sulfur oxidation of 
metallic sulfur compounds like pyrite. This process can occur through natural processes in contact 
with water and oxygen or through anthropogenic processes like desulfurization. The presence of sulfur 
in coal affects its energetic potential in the cement industry due to ring formation in the clinker kilns 
(Peray, 1986), and it also can be transformed to sulfur dioxide (SO2), which is one of the gases that 
generate acid rain. For these reasons its removal before coal combustion, becomes necessary. “Coal 
desulfurization through physical, chemical or biological means can be achieved” (Cara, 2003; Cara et 
al., 2005). In particular, in research initiatives conducted by Cementos Argos in cooperation with 
Universidad Nacional de Colombia and Servicio Nacional de Aprendizaje (SENA), to biodesulfurize 
coal with high sulfur content, from El Guacamayo (Puerto Libertador, Colombia) coal mine, it has 
been found that leachates that are generated have a high sulfate content and low pH values. These 
leachates must be treated before discharged to any body of water. The searching for adequate methods 
for AMD treatment has been subject of various research initiatives (Dold, 2003; Kalin et al., 2006; 
INAP, 2003; Aubé, 2004; Aubé et al., 2004; De La Cruz, 2006; Cravotta III, 2009; Watten et al., 
2005). Using limestone and/or lime it is possible to neutralize the AMD while removing sulfates and 
precipitating synthetic gypsum (Dold, 2003; Kalin et al., 2006; INAP, 2003; Aubé, 2004; Cravotta III, 
2009; Watten et al., 2005). This process is widely referenced in literature and its use is due to its low 
cost compared with other alternatives. Another important reason for its use is the good sulfate and 
metal removal achieved; specially divalent and trivalent metals. 
Cement kiln dust (CKD) is considered a residue in many cement plants because its reintroduction to 
the process can generate an increase in the alkali content of cement and because it produces 
rheological changes inside the kiln, which can adversely affect the clinker burning process (Peray, 
1986). This material is disposed in abandoned mines, open pits or landfills, and become a burden due 
to large volumes produced. The composition of CKD depends on the clinker raw materials and on the 
process, but in general calcium oxides can be found. The calcium oxide content varies between 10% 
and 70%, which shows an opportunity for its use in the precipitation of sulfates present in AMD. 
Gypsum formation in AMD treatment processes can be solved by attempting to use CKD in the 
treatment. The production of AMD, with very low pH values and high sulfate content, would be 
neutralized and sulfates and other ions in solution would be removed. This will close a material cycle 
and render it more sustainable in various ways. Fewer residues, less landfill space consumed and less 
non-renewable resources (mined gypsum) will be consumed. Synthetic gypsum production from the 
neutralization process would replace natural gypsum. Closing cycles is the best option in 
environmental management, because it stops transferring the problem from one medium (water, air or 
land) to another. The cycle can be closed if synthetic gypsum can, in fact, be used as a replacement of 
natural gypsum in the fabrication of cement. Cementos Argos is conducting research in this topic and 
positive results have been observed so far. The generation of an important raw material such as 
gypsum, from a highly acid effluent from one of its mines, treated with a solid residue generated in the 
process, becomes an interesting project which aims at a more sustainable cement production and 
reduces pressure on non-renewable resources. 
 
 
2. Materials and methods 
 
2.1 Materials used 
A sample of leachate (AMD), from El Guacamayo (Puerto Libertador, Colombia) coal mine 
biodesulfurization research project (Cementos Argos S.A., Universidad Nacional de Colombia and 



SENA), was taken. A CKD sample from Argos Cement Plant was obtained from the electrostatic 
precipitator (ESP). Characterization results for both materials can be seen in Tables 1 and 2. A sample 
of Dominican gypsum (DG) was used to compare its composition with the precipitates obtained. 
 
2.2 Analytical methods 
A pH meter (model Handylab pH 11, Schott) was used to measure pH in AMD. Other AMD 
physicochemical parameters (listed in Table 2) were measured by Corantioquia’s (environmental 
agency) environmental quality laboratory. Neutralization tests were mounted on a magnetic stirrer 
with heating and thermocouple temperature control (model PC-420D, Corning). A spectrophotometer 
(model Genesis 10uv scanning, Thermo) was used to measure sulphates concentration in AMD before 
and after the treatment process. Gravimetric tests were made with a balance (model Mix-H, Lexus). 
An experimental design was elaborated and tests were conducted to neutralize the effluent with CKD. 
Both, the precipitated material and CKD were characterized, to determine its chemical and 
mineralogical composition, using techniques such as: X-Ray Fluorescence (XRF, model XCEM 1660, 
Philips) and Thermogravimetric Thermal Analysis and its Derivative (TGA-DTG, model Universal 
V2.3C 2950 HIRS, TA Instruments). 
 
2.3 Bench-scale experiments 
Initially, the AMD was homogenized and pH was measured to set the initial value that would be 
neutralized. During the neutralization process temperature and revolutions of the stirrer were adjusted 
according to a two level fractional factorial design (Gutierrez et al., 2008). CKD was added to each 
vessel and an agitation of one minute was performed to ensure an appropriate mix of CKD with the 
AMD. Completed the rapid mix, a slow mix process was initiated at 60 rpm during 10 or 20 minutes 
depending on each test. The pH was measured during the test, immediately terminated the slow mix 
process and subsequently measured every hour, during the following 12 hours, after 24 hours and a 
final measurement after 192 hours (8 days) was taken. Treated samples were characterized to measure 
sulphates and other metal ions concentrations. An analysis of variance (ANOVA) with sulphates 
concentration data was performed and an equation adjusted for significant factors was obtained. After 
pH measurements, precipitated sludge was separated from clarified water and dried up to 45 °C (to 
avoid mineralogical changes in material precipitated) during 14 days until getting constant weight 
(less than 0.1% weight variation) to determine the percentage of moisture in the precipitate. After 
these steps, a characterization with the methods mentioned in section 2.2 was performed. 
 
 
3. Results and discussion 
 
3.1 AMD neutralization 
Neutralization process was performed using CKD, which particle size is lesser than 45 microns. 
Composition was verified using XRF. Results, recorded in Table 1, show that CaO is the oxide with 
higher content in the sample. Considering that Loss of Ignition (LOI) includes released CO2, this 
material still contents unreacted limestone (CaCO3) after leaving the clinker kiln, which means that 
this material has a neutralizing potential. 
 
 
 
 
 
 
 
 
Table 1. Chemical CKD characterization using FRX. 
 

Sample 
Oxide Content (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O LOI 

CKD 7.88 3.21 2.80 48.23 0.49 0.44 0.20 0.00 36.53 



The AMD, from El Guacamayo (Puerto Libertador, Colombia) coal mine biodesulfurization research 
project (Cementos Argos S.A., Universidad Nacional de Colombia and SENA), was characterized 
before and after neutralization treatment with CKD (a composed sample of 9 treated AMD was sent to 
the laboratory), results are recorded in Table 2. 
 

Parameter (units) AMD 
Neutralized 

AMD 
Removal (%) 

<Conductivity (µS/cm) 25250 10230 59.49 

pH (pH units) 1.75 7.57 N.A. 

Sulphates (mg SO4
2-/l) 30204 8987 70.25 

Total acidity (mg CaCO3/l) 11850 34.0 99.71 

Total iron (mg Fe/l) 2530 <0.050 100.00 

Total Manganese (mg Mn/l) 14.3 0.868 93.93 

Total dissolved solids (mg/l) 27422 12548 54.24 

Total solids (mg/l) 27510 12602 54.19 

Total Zinc (mg Zn/l) 3.93 0.015 99.62 

 
Table 2. AMD characterization. 
 
According to results in Table 2, conductivity, sulphates and solids, presented lower removals 
compared with the other parameters; this gives an opportunity to combine CKD with other materials, 
such as lime, to improve the neutralization process. Conductivity, is usually related to cations such as 
H+, NA+, K+, Ca2+, Mg 2+, and anions such as OH-, HCO3

-, CL-, SO4
2-, etc. (Sawyer et al., 1978), in 

this case, removal was not higher because sulphates presented an important concentration after 
treatment with CKD. Total acidity and pH values reflect the high content of H+ ions released during 
coal biodesulfurización, and after treatment, as can be seen in Table 2, neutralization occurred and 
neutral pH was obtained. Immediately after completed rapid and slow mix processes, pH was 
measured and values were greater than six pH units, after an hour there was a small pH increase; after 
24 hours, pH values reached close to eight units; and after 192 hours pH remained located within the 
permissible range (5 - 9 units) stated by Colombian environmental regulations; this situation promotes 
CKD as a good neutralizing agent. 
 
3.2 Precipitate composition 
Precipitated sludge samples were dehydrated at controlled temperature (45 °C), to avoid a possible 
gypsum (presumed in the precipitate) phase change in accordance with the approaches of Nesse and 
Ramachandran et al. (Nesse, 2000; Ramachandran et al., 2002). After 14 Days, constant weight was 
obtained and sludge moisture content was in a 69% - 81% range. Aubé found that sludge moisture 
content may vary approximately between 70% and 99% (Aubé, 2004), which is consistent with the 
results of this research. Thermogravimetric Analysis and its Derivative (TG-DTG) to determine 
gypsum percentages in the precipitates and in DG were used. Ramachandran et al. reported that in the 
natural gypsum phase change to bassanite, there is, approximately, a 15.7% weight loss 
(Ramachandran et al., 2002). Payá et al.demonstrated that gypsum dehydration to hemihydrate 
presents an initial weight loss of 15% near 150 °C, and then in the dehydration of the hemihydrate, 
there is a 5% weight loss near 200 °C (Payá et al., 2008). Precipitated samples only presented close to 
10% weight loss at 150 °C, and this can be related to the presence of limestone, DG showed a 15.68% 
weight loss at the same temperature. Considering this analysis, it was concluded that the precipitate 
could be considered as synthetic gypsum (SG) with high limestone content, Figure 1 shows the water 



weight loss (1.91%), gypsum dehydration weight loss (9.99%) near 150 °C, consistent with the 
literature (Ramachandran et al., 2002; Payá et al., 2008) and another weight loss (13.91%) was found 
near 750 °C, which shows the limestone carbon dioxide loss. Table 3 shows the SG and DG FRX 
characterization. Iron concentration is bigger in SG than in DG, due to its presence in AMD. 
Comparing SO3 percentage to CKD (Table 1) it can be seen an increase which corresponds to 
neutralization reaction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Precipitated Sample (SG) TGA-DTG  
 
 
 
 
 
 
 
 
 
Table 3. Chemical SG characterization using FRX. 
 
3.3 Cement production at laboratory level 
The SG was ground with clinker to produce cement in a laboratory mill; control cement was prepared, 
using the same clinker and DG. All variables were kept equal for both cements and then time of 
setting and compressive strength following ASTM C 109/C 109 M – 02, ASTM C 187 – 98, ASTM C 
191 – 01a and ASTM C 305 -99є1 were tested. Normal consistency was the same for both cements 
which complies with ASTM C 187. Table 4 shows the clinker FRX characterization.  
 

 
Table 4. Chemical clinker characterization using FRX. 

Sample 
Oxide Content (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O LOI 

SG 5.98 3.39 6.36 33.55 1.28 22.49 0.24 0.13 26.59 

DG 4.29 0.96 0.68 29.81 2.06 41.41 0.14 0.04 20.61 

Sample 

Oxide Content (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O SM AM C3S C3A LOI 

Clinker 21.79 5.17 3.52 65.57 0.94 0.45 0.45 0.19 2.51 1.47 56.46 7.75 0.13 



 
3.3.1 Time of setting 
The control cement produced was added with 5% Dominican gypsum (DG) by weight, according to 
plant specifications. Considering that natural mined gypsum is not pure, it is important to determine 
sulphates content (percentage) in the material. To determine the SG quantity to be used, its gypsum 
content was compared to content in DG, thus the SG amount to be added was determined to be 6.8%. 
Table 5 shows times of setting for both samples, these results comply with ASTM C 150-04 and 
ASTM C688 (Vicat test) specifications.  
 

Cement type Initial time of setting (min) Final time of setting (min) 

Control cement 128 170 

Synthetic gypsum cement 139 200 

 
Table 5. Experimental setting time. 
 
SG caused a delay in both times of setting; this could be related to its reactivity and to the effect of 
contaminants precipitated with it. This delay could also allow a time increase in workability. 
 
3.3.2 Compressive strength 
The ambience temperature during mortar preparation was 22.6 °C and relative humidity was 69%, 
complying with ASTM C 109 requirements (temp: 23.0 ± 3.0 °C and relative humidity higher than 
50%). Compressive strength data for 3, 7 and 28 days can be seen in Figure 2, results show that 
synthetic gypsum (SG) cement, developed lower compressive strength resistance than the control 
cement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Compressive strength development with time. 
 
 
4. Conclusions 
 
Research results show that the synthetic gypsum obtained from the neutralization of the leachate from 
a coal biodesulfurization process using an industrial residue can be used to produce cement. This 
proves that there are many ways to prevent environmental problems by modifying or optimizing 
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industrial processes; involving innovative ways to use byproducts and residues at intermediate and 
process final stages. This is all about closing cycles; material and energy cycles that can be closed 
represent an environmental benefit and favor sustainability. 
Gypsum formation is a generalized problem occurring in many AMD treatment processes, it is then 
highlighted that its use as an input in cement production solves a problem in the AMD treatment. 
As the laboratory produced cement which used synthetic gypsum developed 28 day compressive 
resistance strengths that are similar to industrial cements, it may be concluded that with some further 
improvements in the process this gypsum can be used for producing cement at industrial level. 
It is possible that CKD can also be used to treat acid effluents from other industrial processes in an 
efficient economical way. 
Under this project conditions, it can be concluded that approximately 1.5 g of CKD are required to 
react with 1 g of sulphates in an AMD in order to produce a synthetic gypsum that can be exploited 
industrially. It is important to highlight that this relationship is not as a definitive recipe because it 
corresponds to the specific conditions of this research. It is important to consider that laboratory 
conditions vary from industrial cement production (grinding operation conditions are different), so 
results should be validated in industrial trials. 
Both cements complied with type I Portland cement compressive strength requirements according to 
ASTM C150. 
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Abstract 

Calcium nitrite acts as a corrosion inhibitor for embedded steel. Additionally it is used as an accelerating admixture to 

increase early strength development or counteract slow strength gain of concrete in cold conditions. Hydrated cements 

contain mainly portlandite and a gel-like phase, a calcium silicate hydrate termed C-S-H while the alumina combines 

with water and calcium, etc. to form AFt and AFm phases. Experimental work was undertaken to determine the impact 

of calcium nitrite. It strongly interacts with AFm.  

The layered double hydroxide corresponding to Ca4Al2(NO2)2(OH)12·4H2O, was synthesized and characterised by XRD 

and TG/DTG. Solubility was determined experimentally. Ion concentrations were measured after several months of 

equilibration (water/solid ratio around 30). Ionic speciation and log Ksp was calculated using the GEMS-PSI code. 

Thermodynamic modelling was applied to predict phase changes from added Ca(NO2)2. A key purpose of the 

calculation was to determine the binding power of AFm for nitrite in competition with sulfate, carbonate and chloride 

at the high pH characteristic of cement. Relevant experiments on phase assemblages were performed to verify 

thermodynamic predictions.   

The implications for retention of nitrite in cement undergoing attack in service environments are presented. Cements 

containing nitrite exhibit ‘smart’ behaviour. Nitrite can be stored within the AFm phase even in competition with 

hydroxide, sulfate and carbonate but is released in response to chloride ingress: chloride displaces nitrite from the 

AFm and is bound in by forming Ca4Al2Cl2(OH)12·4H2O (Friedel’s salt). Nitrite ions thus released are concentrated in 

the aqueous phase and result in increased [NO2
-
]/[Cl

-
] ratio which is important to assure that steel reinforcements 

remain passivated. This mechanism is described and quantified and suggestions for optimising its ‘smart’ behaviour 

are made. 

 

Originality 
There is lack of quantitative characterization data regarding nitrite in cement hydrates in the literature and purpose of 

the present study was to address this lack and simulate the availability and retention of nitrite in cement pastes in 

competition with hydroxide, sulfate, carbonate and chloride.  

 

Chief contributions 
Ca(NO2)2 is a soluble salt and might be expected readily to leach from cement, thus giving rise to concerns that it could 

be a transient component of the cement. We reported a broader study of the chemical-mineralogical impacts of nitrite 

on cement. Nitrite can be stored within the AFm phase. It was discovered that nitrite AFm behaves as a ‘smart’ 

material, releasing nitrite only in response to chloride ingress and keeping system within the envelope of passivating 

conditions. The storage capacity of cement systems for nitrite which is influenced by design of the cement system was 

evaluated by calculation. 

 

Keywords: AFm phases, Thermodynamic modelling, Equilibrium, Gibbs free energy, Calcium nitrite 
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Introduction  

Calcium nitrite is added to concrete to accelerate setting time (e.g. to counteract low temperature 

conditions, which slow hydration) or to inhibit corrosion of reinforcing steel in concrete. Additionally 

nitrites may ingress from environment and interact with cement but their fate and redistribution amongst 

cement hydrates is largely unknown. 

Hydrated cements contain portlandite-Ca(OH)2 and a gel-like phase, a calcium silicate hydrate, termed C-

S-H, coexisting with aluminium- bearing phases designated as AFm and AFt. AFm has layer structure 

which is derived from that of portlandite (Ca(OH)2) but with one third of the Ca2+ ions replaced by a 

trivalent ion, nominally Al3+ or Fe3+. The charge imbalance resulting from this substitution gives the layers 

a positive charge and results in intercalation of charge- balancing anions (e.g. SO4
2-

, OH
-
, Cl 

-
, etc.), as 

well as additional H2O. Studies have shown a multiplicity of AFm hydration states (Aruja 1961; Pöllmann 

2007) resulting in variation in their physical densities (Balonis 2009).  

Chloride typically migrates into concrete from the service environment and, upon reaching embedded 

steel and exceeding a certain critical concentration, destroys its normally passivated surface state and 

initiates an active corrosion regime (Chatterjee 1978). Chloride migration in the cover concrete is partly 

rate-limited by binding, such that chloride is partly soluble in the cement pore fluid and partly bound into 

cement solids, particularly in AFm (Zibara 2001; Nielsen 2003). 

The action of nitrite ions in delaying the onset of corrosion has been widely reported (Gaidis 1987; Berke 

2004; Ann 2006). Chloride destroys the passivating oxide layer on steel forming complexes with ferrous 

ion giving rise to a complex cycle of transport and oxidation, leading to formation of expansive corrosion 

products (Monosi 1990; Sagoe Crentsil 1993). Nitrite ions interrupt this process by quickly oxidizing 

ferrous ions-the first product of corrosion- to ferric ions, which then precipitate in the alkaline pH 

environment of concrete thus interrupting the corrosion cycle (Andrade 1973) (Eq. 1): 

 

                          Fe
2+  

+ 2OH
-
 +2NO2

-
 = Fe2O3 + 2NO + H2O                                                                     (1) 

 

Only those nitrite ions dissolved in the pore solution of the cement matrix are free to migrate to the steel 

and able to inhibit corrosion. Nitrite dosages, derived from the aqueous threshold [NO2]/[Cl] values 

necessary to inhibit corrosion, are determined empirically and vary in a range of 0.7 to 1.5 (Andrade 

1973; Gaidis 1987; Gonzalez 1998; Berke 2004). 

In our earlier work, the binding mechanisms of nitrite have been studied (Balonis 2010; Balonis 2010-in 

press). Nitrites were found readily to displace hydroxide, sulfate and carbonate from the AFm, so AFm is 

confirmed as mainly responsible for storing nitrite in cement solids. At 25˚C nitrite ions entering the 

system displace sulfate from monosulfoaluminate (SO4-AFm) forming nitrite AFm. Liberated sulfate ions 

react with calcium and aluminium forming ettringite, formation of which has potential for volume 

expansion. Nitrite ions also have the ability to displace carbonate from the monocarboaluminate phase 

(CO3-AFm) and form nitrite AFm. Released carbonate ions form calcite. However in the presence of 

chloride, nitrite are displaced from the AFm structure (Balonis 2011). 

Other researchers also reported that bound nitrite can be released into the pore fluid by chloride ingress 

(Tritthart 2001) but the underlying release mechanism has not been quantified. Brown (Brown 2004) 

reported that when 3CaO·Al2O3·Ca(NO2)2·10H2O is added to fresh concrete as a pre-formed particulate 

solid, chloride from de-icing salts, reacted with formation of Cl-AFm (Friedel's salt).  

 

Synthesis and methods 

Nitrite AFm was synthesized using: 3CaO·Al2O3 (C3A), CaO and analytical reagent purity NaNO2 in a 

1:1:1 molar ratio. All the samples were mixed with previously degassed double distilled water (water/solid 

ratio ~10) at 23±2ºC subsequently stored with agitation in HDPE-bottles for 10 days until filtered at 

23±2°C under nitrogen. To remove sodium, samples were flushed with double distilled water. Tricalcium 

aluminate, 3CaO·Al2O3, was made by heating together in a platinum crucible a 3:1 molar ratio of reagent 

grades of CaCO3 and low-alkali Al2O3 at 1400°C. Mixtures of CaSO4, CaCO3, Ca(NO2)2, CaSO4 and 

CaCl2 were reacted with previously degassed double distilled water at 25±2ºC and stored with agitation in 

HDPE-bottles for 45 days until reaction was quenched by filtration under N2 at 25±2°C.  

Solid phases present after reaction were characterized by XRD using a Bruker D8 advance powder 

diffractometer. Data were collected using Cu Kα radiation at 23±2°C.  

For thermal analysis a Stanton Redcroft STA-781 was used. The observed temperature range was between 

25ºC and 1000ºC. The heating rate was set at 10ºC/min 

Aqueous chloride and nitrite concentrations were analysed using a “Dionex” DX-120 IC ion 

chromatograph. Aqueous calcium and aluminium were analysed by atomic absorption spectrometry using 
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a Varian” SpectrAA” 10 flame AAS. The pH was measured using a Mettler Toledo system with a pH 

electrode. 

Aqueous ion activities and speciation were calculated using the GEMS database, applying the Truesdell-

Jones modification of the extended Debye-Hückel equation to correct for activities (Matschei 2007). 

Calculations used the GEMS-PSI software package (Kulik 2003), a geochemical modelling code which 

requires as input a bulk elemental composition and uses Gibbs energy minimization to compute 

equilibrium phase assemblages and speciation. Data for cement hydrates were taken from (Matschei 2007; 

Balonis 2010; Balonis 2010-in press). The relevant thermodynamic parameters of chloride/nitrite-

containing hydrates used in the calculation are presented in Tab. 1. 

 
Table 1: Standard molar thermodynamic properties of chloride AFm (Friedel’s salt) and nitrite AFm at 25˚C taken 

from (Balonis 2010; Balonis 2010-in press).  

                         log KS0     ∆fG°     ∆fH°       S°         a0             a1            a2               a3            C°p          d 

                                       [kJ/mol]     [kJ/mol]  [J/K/mol]  [J/(mol⋅K)]  [J/(mol⋅K2)]     [J⋅K/mol]     [J/(mol⋅K0.5)]   [ J/K·mol]   [kg/m3] 

    C4ACl2H10       -27.27  -6810.7  -7604      731      498         0.89    -2.03e+06    1503         829      2064 

   C4A(NO2)2H10 -26.24  -6606    -7493      799       565         0.99    -2.24e+06    703.3        876      2120 

* calculated density; KS0-thermodynamic equilibrium constant at To=298 K; ∆fG° - standard molar Gibbs energy of 

formation at To= 298 K; ∆fH° - standard molar enthalpy at To= 298 K; S° - standard molar absolute entropy at To= 

298 K; a0, a1, a2, a3 temperature independent empirical parameters characteristic of each solid; C°p- heat capacity at 

To=298 K. Abbreviation: e = exponential. 

 

Results 

The water state of NO2-AFm (nitrite AFm) was found to be relatively independent of moisture conditions. 

Nitrite AFm gave a main peak with basal spacing = 7.91 Å, corresponding to 2 theta: 11.23˚ for the wet 

sample and 11.04˚ following drying at 35% RH (Fig. 1). The sample dried in more aggressive conditions 

(85˚C) gave a decreased d spacing (basal spacing = 7.85 Å). Unit cell parameters were refined from the 

powder diffraction patterns (23 reflections) using CELREF 2 software. Ca4Al2(OH)12(NO2)2·4H2O cell 

dimensions were determined assuming a trigonal space group R3c giving a = 5.7498 Å, c = 15.9306 Å: 

the calculated unit cell volume and density are 456.10 Å3 and 2120 kg/m3 respectively.  

To calculate the water content of nitrite AFm, authors assumed that it contains initially 4 molecular water 

per formula: Ca4Al2(NO2)2(OH)12·4H2O (formula weight: 582.41 g/mol). All the molecular water is lost 

below 160˚C (peak 1, Fig. 2). This would correspond to a weight loss of 12.36 % (measured loss at 160˚C 

was 11.96 %, corresponding to 3.87 H2O molecules). Peaks 2-5 are ascribed to decomposition of hydroxyl 

and nitrite groups. At around 540-560˚C nitrite decomposition overlaps with loss of water from structural 

OH groups.  

Solubility product (Kso) of nitrite AFm was calculated after 12 months of equilibration at 25˚C 

(water/solid ratio ~30) according to the dissolution reaction presented  in Eq. 2.  

 

Ca4Al2(OH)12(NO2)2·4H2O = 4 Ca2+ + 2 AlO2
- + 2 NO2

- + 4OH- + 8H2O                                                (2) 

 

Discussion 

A key purpose of the thermodynamic modelling was to determine the binding power of AFm for chloride 

in competition with nitrite and other abundant anions of cement systems, hydroxide, carbonate and sulfate. 

All calculations assumed alkali-free conditions. 

Fig. 3(a) shows the impact of chloride diffusing into a model plain Portland cement containing calcium 

nitrite such that all alumina is initially combined as equilibrium mixtures of AFt and NO2-AFm. Under these 

conditions, nitrite is relatively insoluble, ~100 mmolar, in the aqueous phase (Fig. 3(b)). Given these input 

assumptions, the initial phase proportions are shown at the left hand side of the diagram and the impact of 

increased chloride is assessed by constructing a vertical line and sweeping this line to the right, noting the 

length of line segments intercepted at field boundaries to determine phase proportions: aqueous functions are 

given in the appropriate matching Fig. 3(b). C-S-H is not included in the model because it interacts only 

weakly with both chloride (Beaudoin 1990) and nitrite, although a caution should be noted that no data 

appear to have been reported in the literature showing nitrite sorption on C-S-H. Portlandite is however 

included in the calculation because it helps buffer pH in the range 12-12.5, thus controlling, or nearly so, one 

potential variable- the [OH] activity. Modern cements often contain up to 5% of calcium carbonate as 

permitted for example by EN-197-1, and even initially carbonate-free matrices may also gain carbonate in  
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service conditions. Thus Fig. 4(a,b), in which carbonate is admitted to the calculation of chloride impacts on 

nitrite, depict the changing distribution of nitrite in commercial cements supplemented by calcite. Calcium 

carbonate is not completely inert in this application as it reacts with AFm in the course of hydration, 

displacing sulfate and hydroxide ions with formation of hemi- and monocarboaluminate (Matschei 2007). 

As chloride permeates the matrix, it will react sequentially displacing other anions in AFm. Under conditions 

depicted in Figures, reaction continues to a Cl/NO2 mole ratio ~0.8 with eventual conversion of nitrite and 

carbonate forms of AFm to Friedel’s salt (Cl-AFm). The reaction is effectively a buffer for aqueous chloride 

concentration, with the result that chloride aqueous concentration remain low, around 30 mmolar in Figs. 

3(b) and 4(b), until the buffering capacity is of the solids exhausted, which point is reached when ettringite, 

Friedel’s salt and calcite (Fig. 4(b)) coexist with other cement phases: portlandite and C-S-H (if present).  

To link data obtained in this work to corrosion studies, where the literature is generally agreed that the 

boundary between passivation and active corrosion of embedded steel is defined by the aqueous [NO2
-]/[Cl-] 

ratio, selected numerical values of the nitrite: chloride ratios are shown (arrowed) in Figs. 3(b) and 4(b). 

Calculated phase assemblages for example those in Figs. 3(a), 4(a) were also verified experimentally [Figs. 

3(c), 4(c)]. Calculations and experimental results were thus in agreement. Composition of Friedel’s salt is 

variable, and under some conditions up to 80% of the theoretical Cl content can be replaced by OH (Balonis 

2010), under conditions imposed on calculations in the title study, the Cl content of Friedel’s salt will remain 

close to theoretical with the result that potential for chloride binding is high, close to theoretical. But pH 

rising above the threshold conditioned by portlandite, as may occur in very alkaline pH cements, could 

diminish the chloride binding in Friedel’s salt by lowering its maximum chloride content as (OH) 

increasingly replaces Cl. On the other hand, the high pH is itself protective. 
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Figure 2. TG/DTG characteristics of nitrite AFm. Values of the mass losses were determined from the TG 

curve by the points of deviation for the tangent lines of weight loss slope versus temperature. The initial sample 

was dried at RH 35%. See text for assignment of features. 

 

Figure 1. XRD powder patterns of nitrite AFm phases at different moisture conditions. 
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Figure 3(a): Calculated total volume of phases of a hydrated model mixture consisting of  0.01 moles C3A, 0.015 moles 

portlandite, 0.01 moles Ca(NO2)2, 60 ml H2O and with fixed initial sulfate ratio (SO3/Al2O3=1) showing phase 

development and its dependence on changing chloride content at 25°C; subscript ‘ss’ indicates possible solid solution 

(OH
-
 substitution). 
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Figure 3(b): Calculated and experimental aqueous composition of hydrated model mixture consisting of 0.01 moles 

C3A, 0.015 moles portlandite, 0.01 moles Ca(NO2)2, 60 ml H2O and with fixed initial sulfate ratio (SO3/Al2O3=1) 

showing its dependence on changing chloride content at 25°C. Error bars are shown where appropriate. 

 

 
Figure 3(c): XRD patterns showing mineralogical changes and influence of CaCl2 addition for the system 0.01 moles 

C3A-0.01 moles Ca(NO2)2-0.01 moles CaSO4-0.015 moles Ca(OH)2- 60 ml H2O at 25±2˚C; 1-no CaCl2 2-0.01 moles of 

CaCl2 added; high intensities of phases in pattern 1 are due to preferred orientation. 
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Figure 4(a): Calculated total volume of phases of a hydrated model mixture consisting of  0.01 moles C3A, 0.015 moles 

portlandite, 0.0075 moles CaCO3, 0.01 moles Ca(NO2)2 and 60 ml H2O and with fixed initial sulfate ratio 

(SO3/Al2O3=1) showing phase development and its dependence on changing chloride content at 25°C, subscript ‘ss’ 

indicates possible solid solution (OH
-
 substitution). 
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Figure 4(b): Calculated and experimental aqueous composition of hydrated model mixture consisting of 0.01 moles 

C3A, 0.015 moles portlandite, 0.0075 moles CaCO3, 0.01 moles Ca(NO2)2 and 60 ml H2O and with fixed initial sulfate 

ratio (SO3/Al2O3=1) showing its dependence on changing chloride content at 25°C.  

 

 
Figure 4(c): XRD patterns showing mineralogical changes and influence of CaCl2 addition for the system 0.01 moles 

C3A-0.01 moles-0.01 moles Ca(NO2)2- CaSO4-0.015 moles Ca(OH)2-0.0075 moles CaCO3- 60 ml H2O at 25±2˚C; 1-no 

CaCl2 present; 2-0.01 moles of CaCl2 added. 
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The total capacity of the cement solids for chloride binding is not shown because it depends primarily on 

cement composition. Cements, with low SO3/Al2O3 ratio, will have initially more AFm formed and therefore 

higher capacity for nitrite storage and, subsequently, for chloride binding into solids. That is the capacity of 

the cement to behave as ‘smart’ material in respect to corrosion control is itself a function of cement 

composition. 

 

Conclusions 

‘Smart’ behaviour of cements containing nitrite corrosion inhibitor has been described. Nitrite can be stored 

within the AFm phase. Sequestered nitrite is, however, released in response to chloride ingress. Entering 

chloride displaces nitrite from the AFm and is bound by forming Friedel’s salt. Released nitrite ions are 

liberated to an aqueous phase and increase [NO2
-]/[Cl-] ratios, which assure corrosion inhibition of embedded 

steel. The storage capacity of cement systems for nitrite is influenced by design of the cement system. 

Alumina and sulfate contents, which affect the balance between AFm and AFt phases and accordingly, total 

AFm, are important variables with which to optimise in the first instance, nitrite storage and subsequently, 

the ‘smart’ release mechanisms triggered by chloride ion penetration. However, maximising sequestered 

nitrite is not the only factor for optimisation. In general, the, corrosion protection afforded by nitrite is not 

believed to be much affected by calcite additions or the presence of soluble alkalis at low concentrations. 
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Abstract 
In this study we are gaining new insights into the conditions that can lead to the dissolution of dolomite in concrete. We 
investigated concrete samples from Austrian tunnels that show partially dissolved dolomite aggregates. Petrological 
analyses such as microprobe, SEM and Raman spectroscopy, hydrochemical analyses of interstitial solutions and 
ground water as well as modelling with PhreeqC-2 were carried out. In addition a series of batch experiments was set 
up. Dolomite aggregates in concrete showed incongruent dissolution and newly formed calcite (CaCO3) and brucite 
(Mg(OH)2) replacement. Phases were characterized in situ by EMPA and Raman spectroscopy. Modelling using 
PhreeqC-2 indicates a possibility for incongruent dissolution of dolomite in the alkaline range when Ca2+ is added to 
the solution. In this case dolomite starts to be getting more and more unstable versus calcite. In ground water Ca2+ can 
be highly enriched by e.g. the dissolution of calcium sulphates (gypsum and anhydrite) in the catchment areas. 
Additional Ca2+ can be gained from dissolution of portlandite (Ca(OH)2) from concrete. Furthermore high ionic 
strength is influencing the dissolution behaviour of dolomite. Extracted interstitial solutions are dominated by Na+ and 
SO4

2- and reach concentrations up to 65 g l-1 TDS. High pH values further accelerate the process of dedolomitisation as 
Mg2+ is precipitated as brucite. Analogous dedolomitisation mechanisms are evident from the experimental results, 
where fine-grained dolomite crystals are incongruently dissolved by precipitation of calcite and brucite in alkaline 
solutions within 60 - 120 days. Dolomite dissolution under alkaline conditions is a dynamic process of dissolution and 
precipitation stimulated by high Ca2+ concentration, high ionic strength, low temperature and high pH due to low Mg2+ 
concentration. 
 
Originality 
In this contribution we present new approaches to understanding complex reactions in the field of the alkali aggregate 
reactions (AAR) that lead to the deterioration of concrete. We want to highlight our research of the so called Alkali 
Carbonate Reaction (ACR). From concrete samples - initially investigated for the thaumasite form of sulphate attack 
(TSA) - it became evident that partial dissolution of dolomite aggregates occurred. Thermodynamic modelling of water-
rock-cement-aggregate-interstitial solution interactions, petrological analyses, and experimental approaches show that 
more parameters have to be considered as previously assumed. This topic is related to further studies of our group 
presented at this conference (Dietzel et al. 2011; Tritthart et al. 2011). 
 
Chief contributions 
The main contribution of our research is to demonstrate the complexity and the mechanisms responsible for the 
dedolomitisation of aggregates used in concrete. Acquiring data from affected concretes found in different 
constructions, knowledge about interacting ground water, interstitial solutions, data from experiments and 
thermodynamic modelling lead to a better understanding of AAR. 
 
Keywords: Dolomite, alkali aggregate reaction, AAR, alkali carbonate reaction, ACR, thaumasite
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Introduction 
 
Chemical alteration of concrete has gained much attention over the past decades as many cases of 
deterioration due to sulphate attack, thaumasite formation (TSA) or alkali silica reactions (ASR) have 
been reported in various constructions (Lee et al. 2005; Lee et al. 2008; Ma et al. 2006; Romer et al. 
2003; Shayan et al. 2010; Tong and Tang 1997). Much less is known about the so called alkali 
carbonate reaction (ACR). In general it is believed that dolomite aggregates can react with the alkalis 
from the cement, dissolve and form calcite and brucite (Galí et al. 2001; García et al. 2003a; García et 
al. 2003b; Katayama 2004, 2010; López-Buendía et al. 2006; Xu et al. 2002). Due to the very low 
solubility of dolomite in alkaline solutions this reaction seems doubtful and further mechanisms have 
to be taken into account (Appelo and Postma 2007; Ayora et al. 1998; Merkel and Planer-Friedrich 
2008; Pokrovsky and Schott 2001).  
Initially, concretes that were found to show incongruent dolomite dissolution were collected in 
Austrian tunnels to study the Thaumasite Form of Sulphate Attack (TSA) (Dietzel et al. 2011; 
Mittermayr et al. 2008; Tritthart et al. 2011). Application of the electron microprobe (EMPA) revealed 
partial dissolution of the dolomite aggregates and the crystallisation of new phases (Fig. 1). The major 
questions that arise with this finding are: Why are dolomite aggregates dissolving under alkaline 
conditions and is this connected with the thaumasite formation? In this study we gained new insights 
into the conditions and reactions that lead to the incongruent dissolution of dolomite in concrete using 
various petrological and hydrochemical methods combined with experimental and modelling 
approaches. 
 
 

Figure 1 (A) (B): Back scattered electron images (BSE) of different concretes from Austrian tunnels which show 
partially dissolved dolomite grains. The reaction products of the incongruent dolomite (Dol) dissolution are 

calcite (Cal) and brucite (Bru). The cement matrix is completely altered and mainly consists of thaumasite (Tha). 
The width of each image is 300m. 
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Samples and Methods 
 
1. Case Studies 
Solid and aqueous samples were taken from Austrian tunnels where the concrete was significantly 
damaged at several places. Solid samples include deteriorated and non-altered concrete. Petrological 
analyses comprise EMPA, scanning electron microscopy (SEM), X-ray diffractometry (XRD) with 
phase quantification by Rietveld refinement, Fourier transform infrared spectroscopy (FTIR) and 
Raman spectroscopy. Aqueous samples are local ground water, drainage water and extracted 
interstitial solutions from damaged concretes (Tritthart et al. 2011). The pH, electric conductivity (EC) 
and temperature of drainage solution and ground water were measured on-site. Alkalinity was 
determined by titration with 0.05M HCl. Major and trace ion concentrations were analysed by ion 
chromatography (IC) and inductively coupled plasma optical emission (ICP-OES) and inductively 
coupled plasma mass spectroscopy (ICP-MS). 
 
2. Experimental  
For all experiments pure dolomite in gemstone quality from Eugui, Spain, was taken. Idiomorphic 
dolomite crystals were crushed in an agate mortar to a fine powder (< 63m). About 0.25g of dolomite 
powder were placed in gas-tight glass reactors with a volume of 300ml. Experimental solutions were 
prepared using Titrisol for NaOH and CaCl2, Na2SO4·10H2O, NaCl (pro analysi) chemicals and MQ 
water. For Ca(OH)2 solutions portlandite (pro analysi) was dissolved in MQ water under an Argon 
atmosphere and filtered through 0.45µm membrane filter to remove calcite impurities. After adding 
the experimental solutions to the dolomite, the reactors were kept gas-tight at temperature of 5, 20 and 
75° C up to 4 months. At the end of the experiment the pH was measured and solids were filtered 
through 0.45µm membrane filter, rinsed with ethanol and dried at 40°C. Samples of all initial and final 
solutions were collected and acidified to 2% HNO3 for inductively coupled plasma optical emission 
spectroscopy (ICP-OES) analyses. 
 
3. Modelling 
For modelling approaches of the specific solution properties and designing the experiments the 
computer code PhreeqC-2 was used, which is based on the thermodynamic and kinetic databases 
published by Parkhurst and Apello (1999).  
 
 
Results and Discussion 
 
Samples from both case studies and experiments indicate incongruent dolomite dissolution at various 
alkaline conditions. This result is in contrast to the general concept that carbonates including dolomite 
are less soluble with increasing pH (Pokrovsky and Schott 2001). Thus further factors besides already 
known mechanisms in concrete have to be considered (Glasser et al. 2008; Katayama 2010).  
 
Thermodynamic modelling approaches using PhreeqC-2 show a possibility for dedolomitisation in the 
alkaline range when additional Ca2+ ions in solution cause dolomite to become more and more 
undersaturated as calcite supersaturates. Associated local ground water is enriched in Ca2+ and 
saturated with respect to gypsum as marine evaporites are found in the catchment area. Portlandite 
(Ca(OH)2) from the concrete can act as an additional Ca2+ source. Similar mechanisms are described 
for geological settings when Ca2+ rich ground water is reacting with dolomite. E.g. rocks that have 
formed by the replacement of dolomite by calcite which is driven by the infiltration of Ca-rich water 
are described as dedolomites (Ayora et al. 1998). A further incongruent dolomite dissolution reaction 
is given by Appelo and Postma (2007) where the interacting SO4

2- and Ca2+ bearing ground water 
dissolves dolomite. Local ground water is usually much more abundant in Ca2+ versus Na+ and K+. 
 



 
Figure 2 (A): BSE image of an incongruently dissolved dolomite aggregate grain surrounded by calcite and 

brucite. (B): Elemental mapping of the Ca K line. Ca concentrations range from 0 to 40 wt %. Red indicates 
high and black low concentration. (C) Elemental mapping of the Mg K line. Mg concentrations range from 0 - 

42 wt %. White indicates the highest and black low concentration. The dissolution of dolomite aggregates is 
caused by the reaction with Ca2+ and SO4

2- rich ground water at pH > 10. The existence of brucite (Mg(OH)2) 
provides evidence of high pH. The width of each image is 250m. 

 

 
However, some interstitial solutions, extracted from concrete which has suffered TSA, are dominated 
by Na+ and SO4

2- and reach concentrations up to 65 g l-1 TDS (Dietzel et al. 2011; Tritthart et al. 
2011). It is believed that solutions can even reach saturation with respect to mirabilite (Na2SO4·10 
H2O) as respective efflorescences are found on the tunnel walls. Dolomite solubility increases with 
increasing ionic strength and the solubility in the system calcite - dolomite depends also on 
temperature. Dolomite has a solubility maximum at around 6°C, where calcite has a minimum at this 
temperature (Merkel and Planer-Friedrich 2008). This effect is highly relevant in underground 
constructions especially at low temperatures. At pH > 10 the removal of Mg2+ by brucite (Mg(OH)2) 
precipitation further accelerates the dedolomitisation process. Accordingly, brucite and calcite were 
detected by EMPA and Raman spectroscopy surrounding partially dissolved dolomite grains (Fig. 2). 
Similar dissolution products were described as magnesium-rich residue, but could not clearly be 
identified as brucite (Leemann and Loser 2010). Magnesium silicate hydrate gels, which had been 
discussed as products of ASR, have not been found in our samples as the accumulation of silicon is 
not detected by elemental mapping within the area of the dissolved dolomite aggregates (Brew and 
Glasser 2005).  
Analogous dedolomitisation mechanisms are evident from the experimental results, where dolomite 
grains are incongruently dissolved by precipitation of calcite, aragonite and brucite in alkaline 
solutions within 60 to 120 days. These minerals were identified by XRD and quantified using Rietveld 
refinement. Brucite or Mg-OH-CO3-phases were not detected by XRD analyses in all experiments. 
However, apparently poorly crystalline or gel-like brucite was detected by FTIR and Raman 
spectroscopy.  
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Figure 3 (A) Secondary electron image (SEI) of a dolomite from a dissolution experiment, where crushed pure 
dolomite reacted with 0.02 m NaOH (120 days, 5°C). Calcite (Cal), Aragonite (Arg) and Brucite (Bru) were 

detected. The width of the image is 6m. (B) SEI of a dolomite from a dissolution experiment, where crushed 
pure dolomite reacted with 0.02 m Ca(OH)2 (120 days, 5°C). Etching of the dolomite surface and new crystal 

growth of calcite and brucite on the dolomite surface has been detected. The width of the image is 3m. 

 
 
Conclusions 
 
● Dolomite dissolution can be associated with thaumasite formation as the cement matrix becomes 

unstable and the interstitial solutions can penetrate more easily. Both processes are favoured at 
low temperature.  

●  Calcite is more stable than dolomite at the given physicochemical conditions. Thus calcite should 
be favourable when used as aggregate. 

●  Dolomite aggregates in concrete dissolve preferentially with interacting ground waters at high 
Ca/Mg ratio.  

●  At pH >10 the amount of dolomite that can be dissolved per time increases as Mg2+ is removed 
from the solution by brucite precipitation. 

●  The so called “Alkali-Carbonate Reaction“ can take place in absence of Na+ and K+.  
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Abstract 
 
In 2005 EU Directive 2003/53/EC limited the content of soluble chromates in cement to a maximum of 2 mg/kg. 
The determination of soluble chromates content became really important to adjust the needed amount of 
reducer. Study of the release mechanism of soluble chromates should help us to a better understanding of the 
hydration and release mechanisms. 
 
We studied the release mechanisms of hexavalent chromium in various Portland clinkers from ten cement plants. 
Behaviour of hexavalent Chromium has been investigated according to the European standard EN 196-10. 
The various analyses carried out on this study emphasize the following points: 
 

- Sulfates, alkalis and more generally sulfatic modulus of clinkers play the most important role  
- The gypsum addition could causes the significantly increase of the hexavalent Chromium in cement.  
- A recent study (Kwang-.Suk. Y, 2007) showed that sulfates in solution developed a greater aptitude to 
form ettringite than chromates to form chromo-ettringite. Results obtained in this study accredit the 
thesis of a more effective release of Cr (VI) in the presence of gypsum.  
 

Originality  
 
Due to environmental and health-related policies reinforcement particularly in Europe, the amount of 
hexavalent chromium found in Portland cement is coming under increasing scrutiny. Soluble chromium has long 
been linked to chromate-sensitive contact dermatitis of workers exposed to wet cement or concrete. That’s why 
in 2005 EU Directive 2003/53/EC limited the content of soluble chromates in cement to a maximum of 2 mg/kg.  
This is generally accomplished by intergrinding clinker and gypsum with the chemical reducing agent, ferrous 
sulfate, which maintains hexavalent chromium below 2 ppm. The proposed paper brings new ways of 
understanding the major role played by clinker mineralogy on soluble content of cements. 
 
Chief contributions  
 
This work is in line with the issue of hexavalent chromium control in an industrial framework, where 
mineralogy, soluble chromium and solubles sulfates of clinker can fluctuate due to process or raw meals 
modifications. Furthermore, set regulator addition may require adjustments, considering its impact, notably 
mechanical performances and admixtures compatibility, on cement characteristics. Therefore, final objective of  
this understanding step is a better optimization of reducing agent quantity introduced in various products from 
CEM I type Portland cement to ready to use pre-mixes.   
 
Keywords: Hexavalent chromium; Clinker mineralogy 
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Introduction 
 
Due to environmental and health-related policies particularly reinforced in Europe, the amount of 
hexavalent chromium found in portland cement is coming under increasing scrutiny (Bagdon and al., 
1991). Soluble chromium has long been linked to chromate-sensitive contact dermatitis of workers 
exposed to wet cement or concrete (European Commission, 2002). Council and European parliament 
directive 2003/53/EC of 18 June 2003, restricted the soluble chromates content of cements produced 
in Europe to a maximum of 2 mg of Cr(VI) per kg of cement. 
The determination of such soluble chromates content in cements is performed using the EN 196-10 
standard. An analysis was conducted of data over many years of Cr(VI) contents in cements produced 
by the Italcementi Group subsidiary Ciments Calcia based in France before the addition of chemical 
reducers,  to try to identify main physico-chemical drivers of hexavalent soluble chromate contents. 
 
Firstly, five industrial clinkers coming from three cement plants were analyzed particularly regarding 
their soluble Cr(VI) contents. Then, main observed characteristics were analysed and potentially 
highlighted in laboratory experiments using synthetic C3A.  
 
After the analysis of these results, a potential explanation for soluble Cr(VI) content levels and the 
mechanisms of release through EN 196-10 test linked to the clinker properties is proposed. The 
proposed approach brings new ways of understanding the major role played by clinker mineralogy on 
soluble Cr(VI) content of cements. 
 
 
 
Experimental 
 
1. Materials 
 
Three Portland clinkers were analyzed, particularly concerning their chemistry, mineralogy and 
hexavalent chromium after a co-grinding with 5% of natural Taverny gypsum (95, France) in a closed 
circuit laboratory mill. Obtained fineness were about 3500 cm2/g Blaine specific surface areas for 
each of laboratory cement. Such prepared laboratory cements were then mixed in mortar paste using 
CEN Standard sand and water primarily to the requirements of EN 196-1 standard. Each batch 
consisted of 450 ± 2 g of cement, 1350 ± 5 g of sand and 225 ± 1 g of water (i.e. water/cement ratio 
0.50). After mixing, interstitial water was extracted on fresh pastes and the hexavalent chromium level 
was determined according to the EN 196-10 standard. 
 
Pure C3A aluminates phase were synthesised from pure Ca(NO3)2. 4 H2O and Al(NO3)3. 9 H2O 
powders (99.9% of purity, VWR, France) mixing and placing the appropriate proportions in a muffle 
furnace to 1050°C according to (Cuney, 1998). The cubic C3A mineral that was obtained was then 
ground and characterized by X-Ray Diffraction analysis. X-Ray diffraction pattern of the obtained 
sample is given in figure 1.  



 
Figure 1 – XRD pattern recorded from the pure C3A cubic phase 

 
Two different sulfates sources were used as set regulators, and mixed with the synthetic C3A that was 
previously produced: A natural gypsum from Taverny (95, France) and a potassium chromate K2CrO4 
(99.9% of purity, Sigma Aldrich, France). 
 
 
 
2. Results 
 
 
2.1 Synthetic C3A experiments 

20 grams of C3A were mixed with 5 grams of natural gypsum and with 2.5 grams of synthetic arcanite 
(K2SO4), (99.9% of purity, Sigma-Aldrich, France). Such mix hydrated with 100 ml of pure water 
containing 17.4 mg/l of hexavalent chromium (brought by dissolution of pure K2CrO4 chemical 
(99.9% of purity, VWR, France). 
 

Table 2 – Experiments with pure synthetic C3A 
 20g C3A + 5g of gypsum 20g C3A + 5g of gypsum 

+ 2.5g of K2SO4 
Water (ml) 100 100 

Initial Cr(VI)  
concentration (mg/l) 17.4 17.4 

Residual Cr(VI) concentration 
after extraction (mg/l) 0.94 1.64 

 
Synthetic C3A experiments allow to measure a different content of hexavalent chromium according an 
adapted EN 196-10 method. In this case, the addition of 2.5g of arcanite to the initial amount of 
gypsum added with synthetic C3A leads to an important increase of measured soluble Cr(VI). 
 
 
All these experiments on industrial or synthetic C3A demonstrates that soluble hexavalent content 
parameter is driven by clinker chemistry and a careful analysis and discussion of these obtained results 
could lead to a more general understanding of mechanisms of release of Cr(VI). 



 
2.2 Industrial clinkers characterization and experiments 
 
Five clinkers coming from 3 cement plants, named CK A, A’, B, B’ , C and C’, were taken just after 
the reciprocating grate. Samples were then ground to 80 µm for X-Ray Fluorescence (using 
PANalytical MagiX instrument) and to 40µm for quantitative Rietveld X-Ray powder Diffraction 
analysis (using PANaytical X’Pert instrument). The chemical and mineralogical data that were 
obtained are given in table 1.  
 

Table 1 – Chemical and mineralogical characterization of industrial clinkers. 
 CK A 

(wt. %) 
CK A’ 
(wt. %) 

CK B 
(wt. %) 

CK B’ 
(wt. %) 

CK C 
(wt. %) 

CK C’ 
(wt. %) 

XRF Analysis       
CaO 66.85 66.79 66.22 66.58 64.98 
SiO2 21.02 21.30 21.20 21.47 21.05 
Al2O3 5.59 5.56 5.80 5.72 4.84 
Fe2O3 3.68 3.61 2.44 2.38 2.89 
Na2O 0.03 0 0.07 0.09 0.46 
K2O 0.16 0.26 1.13 0.84 0.09 

Na2Oeq 0.13 0.17 0.80 0.64 0.68 
SO3 0.38 0.39 1.09 0.48 0.85 
LSF 0.985 0.974 0.977 0.974 0.977 
SR 2.27 2.32 2.57 2.66 2.72 
AR 1.52 1.54 2.38 2.39 1.67 

MSO3 = SO3/(1.29Na2O + 

0.85 K2O) 
2.18 1.76 1.04 0.58 0.97 

      
Quantitative XRD 

analysis      

C3S 63.6 68 75.2 69.8 66.4 
C2S 17.3 13.6 4.2 11.1 13.7 

C3A cubic 6.7 6.4 13 8.7 8.6 
C3A orthorombic - - - 4.1  

C4AF 11.6 11.8 6.9 5.2 8.6 
Arcanite, K2SO4 - - 0.4 - - 

Cr(VI), EN 196-10 
(mg/kg) 0.7 0.9 11.7 6.2 5.7 0.3* 

* Cr(VI) was measured  on pure ground clinker  C  without gypsum addition. 
 
The SO3 content of clinkers are also varying a lot depending of raw material chemistry but also from 
used combustibles in the kiln. As previously well-known, alkalines and SO3 have a mineralizing effect 
during the clinker burning process. Moreover, alkaline and sulfate contents of clinkers directly affect 
the clinker mineralogy. Particularly, a sulfatic modulus inferior to 1 leads to the transformation of 
cubic C3A into partly or wholly orthorhombic polymorph through the insertion of alkaline into cubic 
network of C3A (Taylor, 1997). 
 
A rapid analysis of results shows that there are three different chemistry type of clinker corresponding 
to the three plants they are coming from. Lime Saturation Factors, Alumina and Silica ratios are quite 
similar for each type of clinker but sulfatic modulus (molar ratio between SO3 to Na2O and K2O) 
expressed as MSO3 = SO3 /(1.85 Na2O + 0.85 K2O). )) are not. A clinker type is a low alkaline clinker; 
whether B and C ones exhibit much more alkaline content. 
 



Lowest hexavalent chromium contents are measured in A and A’ clinkers. 

B and B’ alkaline clinkers exhibits the highest soluble hexavalent chromium contents but in a widely 
different proportion due to clinker mineralogy. For clinker B, where the MSO3 modulus is nearly 
equal to one, C3A remains under the cubic polymorph and a small amount of arcanite occurs. This 
mineralogy contributes to obtain the most elevated soluble Cr(VI) content measured. For the same 
clinker type, B’, a lowest sulfatic modulus inferior to 1 conducts to transformation of a part of C3A 
into the other orthorhombic polymorph. This clinker mineralogy, leads to reduce drastically the 
soluble hexavalent content measured.   

In case of C and C’, which are the same clinker, only differing for the Cr(VI) measurement where 5% 
of natural gypsum were added for C’ whether no gypsum were added for C type clinker. It is shown 
that the hexavalent chromium measured differs radically. Quite undetectable in clinker C, a value of 
5.3 ppm of soluble Cr(VI) were determined for C’ one. 
 
 
3. Discussion 
 
 
Synthetic C3A clinkers experiments: 
 
These experiments clearly demonstrate that soluble hexavalent chromium precipitate with C3A 
hydrates into chromo-ettringite like usual sulfo-ettringite which precipitate with the added gypsum. 
The second experiment with gypsum and arcanite seems to accredit that rapid dissolution of sulfate 
(brought by arcanite dissolution) in solution lead to a more important precipitation of sulfo-ettringite 
at the expense of chromo-ettringite. This result is in accordance with those of (Kwang-Suk, 2007). 
 
 
Industrial clinkers experiments: 
 
A and A’ low alkaline clinkers, with a sulfatic modulus largely higher than one and relatively low 
alkaline content, are the conditions in which soluble Cr(VI) are the lowest. In this case, small amounts 
of alkali sulphate should precipitate or mainly as inclusion in silicate crystals. In this case, most of SO3 
should be distributed between silicate and aluminate phases. Then, few or very low amounts of rapidly 
soluble sulphate shall be available (Newkirk, 1954). Most of soluble chromate then precipitated into 
chromo-ettringite and remaining soluble chromates are low (0.7 and 0.9 ppm).  
 
 
Much higher values of hexavalent chromium were measured with clinker B and B’ which also have 
more important amounts of alkali and sulfates. Carefully analyzing the chemical and mineralogical 
compositions of these two clinkers, it can be seen that they still differ from their sulfatic modulus 
mainly due to their difference of SO3 contents which is twice lower in clinker B. The result is that 
sulfatic modulus of clinker B is 1.04 when the one of B’ is 0.58. In this last case, left-over amounts of 
alkali which were not combined with SO3 are distributed in clinker oxides phases but will change a 
part of the usual mineralogical Bravais lattice of C3A from usual cubic one into orthorhombic C3A 
(Maki, 1973), (Gobbo L., 2004). Then in B’ clinker, 4.1% of orthorhombic C3A occurs.  
 
 
 
 
 
 



For B clinker in which alkali and SO3 were quite stoichiometric (sulfatic modulus of 1.04), usual cubic 
C3A is not affected and most of alkali and sulfate precipitate under K2SO4 crystals between the silicate 
ones (Taylor, 1997). Such crystals bring rapidly soluble SO3 and alkali in interstitial solution when 
they hydrate. Consequently, a very important precipitation of usual sulfo-ettringite occurs and let most 
of chromates in solution due to prior precipitation of sulfo-ettringite over chromo-ettringite (Kwang-
Suk Y., 2007). 
 
With B’ clinker, the remaining soluble chromates content will be lowered due to the lowest available 
soluble sulphate that precipitates less usual sulfo-ettringite and then more chromo-ettringite. 
Moreover, the highest reactivity and precipitation of orthorhombic C3A (Xu A , 1992) also participate 
to a higher precipitation of chromo-ettringite. In B’ clinker, more hexavalent chromium enters into 
sulfo and chromo-ettringite and less soluble chromates remains in solution. Consequently, these 
mineralogical modifications explain why the very high Cr(VI) content measured in B clinker is 
drastically reduced (from 11.7 to 6.2) in B’ one. 
 
 
For clinkers C and C’, we also have a drastic difference of measured soluble Cr(VI) depending on the 
addition or not of 5% gypsum. It should be notice that the sulfatic modulus of this clinker is also close 
to 1 (nearly stoichiometric between alkali and SO3) which should also lead to the precipitation of 
K2SO4 crystals with silicates ones. The fact that this arcanite phase is not detected through XRD 
analysis should also indicate that in this case such crystals should be less present possibly due to the 
lower SO3 content of this clinker. In this case, the addition of 5% of gypsum make the soluble Cr(VI) 
increasing from 0.3 to 5.6 ppm. 
In fact, C and C’ clinkers with medium alkali, SO3 contents,  without orthorhombic C3A and arcanite 
detected by XRD, could have a medium measured chromates content only when adding gypsum. 
Without gypsum, most of potential soluble chromates precipitate under chromo-ettringite hydrates and 
then shall give a very low residual soluble Cr(VI) content.  
Just the opposite, adding gypsum may bring a small fraction of rapidly soluble SO3 that could lead to 
prior precipitate usual sulfo-ettringite and could then increase the measured value of soluble Cr(VI). 
 
 
 
4. Conclusions 
 
The various analyses and experiments carried out in this study emphasize the following points:   
 

- Experiments with synthetic C3A demonstrate that ettringite hydrates are the trap of potential 
soluble hexavalent chromium but this mechanism is replaced by usual sulfo-ettringite 
precipitation one if some soluble sulfates (from arcanite for example) are present (Xu A , 
1992). Consequently, this would increase the measured soluble hexavalent chromium. 
 
- Sulfates and alkali contents of clinkers are the main drivers of level of soluble hexavalent 
chromium of cements. They fix some mineralogical changes of clinker (with or without 
arcanite and/or orthorhombic C3A) which controls the soluble hexavalent chromium content of 
cement. 
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Abstract 
The study contributes to the knowledge of properties of autoclaved aerated concrete (AAC) formed with the 
utilization of modified raw materials - new generation of fly ash from coal power plants (fluidized fly ash). The 
fluidized fly ash is a mixture of bed and fluid fly ashes, in the ratio 2 : 1. The data of chemical and phase 
composition confirmed the high contents of CaSO4,, CaO and clay minerals (illit, diaspor). The fluidized fly ash 
was used in doses of 0 – 30 – 100 %-ages. The AAC from commercial production (with fly ash from classical 
combustion) was used for purposes of comparison. Presented will be the results of long-range experiments 
aimed at the durability of that material, the results of three years tests are discussed.  
The strength of samples decreases with the addition of fluidized fly ash, the lowest values exhibiting by samples 
with 100 %-ages of fluidized fly ash in the raw mixture. Both phase analysis and strength values show the higher 
tendency of samples with fluid fly ash towards thaumasite formation as the result of partial conversion of 
hydraulic C-S-H and tobermorite-like phases to nonbinding thaumasite. However, the expansion of test probes 
connected with the formation of thaumasite, and also gypsum and ettringite, in AAC does not exert the scope of 
deterioration seen in the concretes. The difference is due to the sufficient and accessible pore space in AAC, 
these data contribute also to the discussion of topics of thaumasite formation vs. thaumasite sulfate attack. The 
results represent a basis of the proposals of modified production of AAC.   
 
Originality 
The manufacture of ash-based autoclaved aerated concretes (AAC), in difference with the sand-based AAC, 
utilizes and valorises the important amounts of wastes – fly ash, with the positive environmental impact also. 
Due to the technological changes in coal power plants, the challenge of utilization of new generation of fly ash 
as the modified raw material has got topical. Presented are the results of long-range experiments aimed at the 
durability of final product. The accomplished research and its results reflect the need to optimize the addition of 
fluidized fly ash so that it will be economically and commercially acceptable and will exert minimal (if any) 
negative consequence upon the strength and the other physico-mechanical properties of AAC. The results are 
discussed also from point of view of aspects of thaumasite formation vs. thaumasite sulfate attack. 
 
Chief contributions 
An ecologically related change of raw mix composition and a potential of the use of a new generation of fly ash 
formed in coal power plants - fluidized fly ash, in the production of the ash-based autoclaved aerated concretes 
(AAC) has been tested. The fluidized fly ash – a mixture of bed and fluid fly ashes in the ratio 2 : 1, was used in 
doses of 0 – 30 – 100 %-ages. The results of three years tests are discussed. Both phase analysis and strength 
values show the higher tendency of samples with fluidized fly ash towards thaumasite formation as the result of 
partial conversion of hydraulic C-S-H and tobermorite-like phases to nonbinding thaumasite. However, the 
expansion connected with the formation of thaumasite, and also gypsum and ettringite, in AAC does not exert the 
scope of deterioration seen in the concretes; the difference is due to the sufficient and accessible pore space in 
AAC. The results contribute also to the proposals of modified production of AAC in the region of Slovakia, 
Czech Republic and Poland. 
 
Keywords:  fluidized fly ash, autoclaved aerated concrete, thaumasite  
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Introduction   
 
The manufacture of ash-based autoclaved aerated concretes (AAC), in difference with the sand-based 
AAC, utilizes and valorises the important amounts of wastes, with the positive environmental impact 
also. Present technologies rely on bed fly ash; due to the technological changes in coal power plants 
has got topical the utilization of new generation of fly ash as the modified raw material [Balkovic S. & 
co-w., 2010]. These ecologically related changes of raw mix composition and a potential of the use of 
a new generation of fly ash formed in coal power plants – fluidized (fluid) fly ash, in the production of 
the ash-based autoclaved aerated concretes (AAC) are a challenge for both academe and industry. 
 
The dominant components of fluid fly ash are SiO2 and CaO. These represent 50 to 60 %-ages of the 
total mass of fly ash. Further are appearing in the compositions also SO3 and Al2O3 (tens of %-ages), 
Fe2O3, MgO, K2O (of %-ages), TiO2 and Na2O (tenths of %-ages), MnO and sulphides (traces). The 
content of free CaO in the fluid fly ashes varies broadly and may reach the level as high as 30 %-ages. 
CO2 is present in the primary CaCO3 (usually several %-ages), its content differs for various types and 
regimes of combustion employed in individual power plants. Due to the low combustion temperatures 
– around 850 oC, the fluid fly ash comprises the low amount of glassy phase.  
 
The challenge and conditions of the use of fluid fly ash for the production of AAC need to be verified 
by a concise experimental production. Thus, concerned interests comprise in this field among others 
the attempts to optimize the addition of fluidized fly ash so that the technology will be economically 
and commercially acceptable and will exert minimal (if any) negative consequence upon the strength 
and the other physico-mechanical properties of AAC [Balkovic S. & co-w., 2010, Mroz R. & co-w., 
2007]. The present contribution is focused towards the design and verification of modified production 
of AAC in the region of Slovakia, Czech Republic and Poland. The results are discussed also from 
point of view of aspects of thaumasite formation vs. thaumasite sulfate attack.   
 
 
Experimental procedures and methods  
 
Standardized probes (cubes of dimensions 10x10x10 cm) have been prepared from the AAC raw mix 
matrixes, one half of the probes have been “wet stored” at relative humidity of 80 %-ages (over water) 
whilst the second portion of probes – “dry stored”, have been tested on the effect of drying at ambient 
atmospheric conditions, both at room temperature (20 + 2 oC). The tests on physico-mechanical and 
phase changes, as described and discussed below, have been done on parallel series of probes in a 
monthly periods of the given exposures. The steady level of 6 to 8 %-ages of humidity has been 
achieved by tested AAC probes already after 3 months (cf. Fig. 1). Similar mode of drying is supposed 
in the building constructions. Mathematical and graphical evaluations of the strength values made 
visible both the trends during the drying of AAC and the interval of strength decrease, cf. in Fig. 2. 
 
Fragments of probes after the mechanical testing have been grounded and homogenized. The phase 
composition was identified from the data of X-ray phase analysis (digital STOE difractometer, CoKα 
radiation), simultaneous thermal analysis (sdt 2960 – T.A. Instruments), electron microscopy (Zeiss 
EVO 40 SEM) and electron microanalysis (Bruker axs). The presence of solid solution of ettringite – 
thaumasite, indicated from the DTA curves, has been followed in wet stored probes also by means of 
IR spectroscopy (MAGNA 750 of Nicolet, method of KBr discs).   
 
The scope of raw compositions tested by the above procedures and methods during the experimental 
production of novel AAC are summarised in the Table 1. The marks A, B, I., II, III are used 
throughout the text and Figures to enable an “easy-to-follow” indication of relations of the individual 
compositions and several challenging details and parameters of probes of given composition. The 



variables combinations have been followed for the entire duration of three years, employing the tests 
(as described in the text) with the monthly period frequency. 
 

Table 1  Variables combinations of composition of fly ash and exposure environment 

Composition  
of fly ash  

Exposure  
environment 

I 
 

100 % of bed fly ash 

II 
 

70 % of bed fly ash +  
30 % of fluid fly ash 

III 
 

100 % of fluid fly ash 

A, Dry (atmospheric 
humidity and CO2 

content) 

 
√ 

 
√ 

 
√ 

B, Wet (80 %-ages of 
relative humidity) 

 
√ 

 
√ 

 
√ 

 
  
Results and discussion 
 
Physico-mechanical properties 
 
The reference AAC produced from the mix with 100 %-age dosage of bed fly ash exerts approx. 7,5 % 
of humidity, that AAC produced from the mix with 30 % of fluid fly ash exerts 7 % of humidity and 
that AAC produced from the mix with 100 % of fluid fly ash exerts the lowest 6 % of humidity, all 
data are valid for one year exposures. During the spring (humid) season in the 2nd year the humidity 
has temporarily increased (from the reported values to around 10,5 % for dry-stored probes, and from 
around 30 – 35 % to the level of 40 – 45 % for wet-stored probes), afterwards dropped to the former 
level. Thus, the ability of AAC to undergo reversible drying and wetting is confirmed in both dry and 
wet storage, the lowest sensitivity exhibit probes of AAC from the mix with 100 % of fluid fly ash.  
 

 
Fig. 1     The course of drying of AAC probes in dry storage 

 
The strength of AAC during dry storage depends also upon the composition of fly ash portion in the 
raw mix; the level of strength drops within one year from 4,2 Mpa to 3,7 Mpa for bed fly ash based 
AAC, from 3,8 Mpa to 3,0 Mpa for AAC made of fly ash with 30 %-ages of fluid fly ash, and from 
3,7 Mpa to 2,7 Mpa for fluid fly ash based AAC. The strength of reference AAC (free of the fluid fly 
ash) in the wet conditions very slightly increases, as linear so polynomial expression represents 
approx. 0.1 MPa. Oppositely, the strength of probes of AAC produced with the use of fluid fly ash, as 
30 % so 100 %, slightly decreases by about 0.2 MPa. The crucial reason should be seen as follows: the 
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filling of pores by the environmental water inhibits the effect of CO2 – both the lower degree of 
carbonation and the lower decrease of strength occur than it is in the case of dry storage. The indicated 
strength changes (decrease) may be basically the consequence of re-crystallisation and carbonation 
during the elimination of post autoclaved moisture under the conditions of atmosphere containing also 
CO2 [Matsushita F. & co-w., 2000]. The appearance of suggested phase changes, and the relative 
content of these, has been followed further in more details by methods of thermal analysis, X-ray 
phase analysis, SEM & EDX and IR spectroscopy, and it is reported in the next chapters.  
 

 
 

Fig. 2 The values of strength of AAC probes in dry storage 
 

 
Thermal analysis 
 
The DTA curves, as presented in Fig. 3, display the leakage of surface- and hydrate- water molecules 
(at 60 and 105 oC), decomposition of thaumasite (at 130 oC), decomposition of C-S-H phase (at 
approx. 290 oC, the temperature characterizing the partial Si – Al substitution in this phase), 
decomposition of hydrogarnets (at 330 oC), and also portlandite and gypsym (between 370 – 400 oC). 
The curves confirm also that the complete consumption of CaO does not occur. Endotherms between 
530 – 650 oC represent the carbonated microcrystalline C-S-H and vaterite, while these at 750 – 780 
oC sign the crystalline calcite which is thermally more stable. Exotherms at 420 oC and 900 oC, 
respectively, indicate finalisation of the decompositions of portlandite, gypsum, carbonated 
microcrystalline C-S-H phase and modifications of CaCO3.  
 

       
 

Fig. 3 DTA-TG curves of AAC probes dry stored for 24 months 
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The course of thermogravimetric (TG) curves, seen also in Fig. 3, upto the temperature of 600 o C 
displays that mass losses accompanying the decompositions of individual phases can not be 
unambiguously distinguished, it suggests that studied probes are in a thermodynamic nonequilibrium. 
However, the DTA effects mark the temperature intervals of decomposition of individual phases and 
the relevant sequences of TG traces are indicative of the quantities of phases decomposed, i. e. 
thaumasite [Drabik M. & co-w., 2006]. The tested probes of AAC undergo in given duration and 
environment of storage continuous crystallisation, carbonation and/or re-crystallisation of hydrates. 
This process is more pronounced in probes kept in the wet environment and the outline of its 
mechanism has been proposed from the additional data below.  
 
X-ray phase analysis  
 
The data basically confirm the increased content of gypsum and the presence of ettringite and 
thaumasite. Detailed data show no qualitative phase changes/differences after 36 month term of 
storage of samples in either dry or wet environments. The minor differences of diffraction intensities 
are only due to the improved crystallinity as the result of higher degree of crystallization of individual 
hydrated/carbonated phases. This effect is more pronounced is samples stored in the wet environment. 
The traces indicating portlandite are in accord with the DTA curves. The results suggest, and are 
discussed in a way that, the periodicity of the appearance of portlandite is due to the sulphate attack in 
the periods when the sufficient amount of liquid phase is available in the pore space.  

 
Sulphate corrosion (ingress) of binding phase in AAC is a complex procedure starting by the 
dissolution of sulphates and followed by the attack upon the binding components (AFm phases, 
hydrogarnets, Al-containing phases and portlandite) [Skalny J., Marchand J. & Odler I. 2002]. When 
portlandite exhausted completely – at the duration around 12 months, the more acidic environment of 
pore solution and the atmospheric carbon dioxide cause the partial degradation of C-S-H phase and 
formation of solid solution of thaumasite-ettringite. The process is accompanied by the liberation of 
CaO to the pore solution. This course is typically pronounced for the AAC treated in the wet 
environment and with the source of sufficient amount of CO2.  
 
SEM & EDX 
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Fig. 4 SEM, AIII, dry stored for 36 month          Fig. 5  EDX spectrum, AIII, dry stored for 36 month 
Needle-like positions 1 & 4 showing the solid solution ettringite – thaumasite (EXD of point 4 cf. in 

Fig. 4), positions 2 & 3 represent the C-S-H and tobermorite-like structures.   



Crystalline new formulations seen by SEM and analysed by EDX represent predominantly CSH 
phases, ettringite and thaumasite. The frequency of appearance and positioning of individual phases in 
the tested probes of AAC is detailed in Figs. 4 and 5. The data fully support the results of both thermal 
analysis and X-ray phase analysis. Sticky needle-like crystals with characteristic data of EDX 
microanalysis are the solid solution of ettringite and thaumasite. The crystals of thaumasite are found 
in all probes of AAC produced with the fluid fly ash. The habitus of entities does not change with the 
increased duration of storage of probes. Anyway, the wet storage conditions, preferable for 
carbonation of probes, lead to the increase of the dimensions due to crystallisation and formation of 
carbonates, incl. cubic calcite. EDX spectra of probes of AAC stored as in dry so in wet environments 
differ with the duration (upto 36 months) only slightly. Predominantly the better crystallisations of 
new-formations of Mg, Fe – hydrogarnets and Na, K – doped C-S-H phase are seen as the result of 
prolonged storage (36 vs. 12 month) in either environment.  
 
The expansion and large deterioration of the construction materials are usually reported due the 
thaumasite sulphate attack [Skalny J., Marchand J. & Odler I. 2002]. Our results show that this 
phenomenon is in AAC far below the scope of deterioration usually seen in the concretes. The 
difference, and practically no thaumasite sulphate attack, is safeguarded by the sufficient and 
accessible pore space in AAC. That pores are at the disposal to be filled in by the thaumasite formed 
during the process of formation of AAC from the modified raw mixes.  
 
IR spectroscopy 
 

 
 

Fig. 6 IR spectrum of AAC probes wet stored for 10, 11 and 12 months 
 
IR spectra (Fig. 6) have been measured and analysed with the goal to explain the changes followed in 
the DTA data and to get more straightforward insight about the series of thaumasite-ettringite solid 
solution. The probes from the wet storage have been used, in these appear the most pronounced 
differences between 10th and 12th month of storage. The probe after 10 months of storage is composed 
of thaumasite-ettringite solid solution, and the IR spectrum exhibits band at 1438 cm-1 – characteristic 
of carbonates and broad band at around 1100 cm-1 – characteristic of  S-O bonds of sulphates, both in 
thaumasite [Barnet, S.J. & co-w., 2002 ]. The latest being distinguished in two sub-bands – at 1158 
and 1122 cm-1 confirms the internal changes in the thaumasite. Discussed sub-bands disappear from 



the spectra after 11 months of storage signing that the process of re-crystallisation reduces its scope in 
this period. The effect completely repeats again in the period of 22 – 24 months and, to lesser extend, 
in the final 3rd year also. In the remaining parts of the IR spectra there are the most intense bands at 
980 and 450 cm-1, these are typical of the tetrahedral coordination of SiO4 in C-S-H [Bensted J., 
Varma S. P., 1974.]. Bands of low intensities at around 875 cm-1 are typical of C-O bonds in CO3

2- 

ions and confirm the partial carbonation – formation of calcite [Bensted J., Varma S. P., 1974.]. 
 
 
Conclusions  
 

� The strength of dry stored AAC decreases with the duration of storage, the wet storage does not 
lower the strength. The key contributions towards the observed effect of duration upon the 
strength represent the carbonation of binding C-S-H phase and accompanying phase changes.  

� The crystalline phases formed comprise Fe, Mg- hydrogarnets, ettringite - thaumasite solid 
solution, C-S-H and tobermorite-like phases. The increased ratio of carbonated component 
(thaumasite) in ettringite - thaumasite solid solution after 36 months of storage was revealed.  

� The crystals of sticky habitus are the solid solution of ettringite and thaumasite, and are typically 
present in each probe of AAC produced with the use of fluid fly ash. The expansion, usually 
reported due to the thaumasite sulphate attack, does not far exert in AAC the scope of 
deterioration seen in the concretes, while thaumasite locates in the abundant pore space of AAC.  

� Negligible impact of wet conditions upon the course of strength values together with slightly 
improved formation of binding hydrates, and also the increase of the crystallization of thaumasite 
in wet conditions support the hypothesis that post-curing secondary phases, incl. thaumasite, 
occupy originally free pore space and, thus, do not destroy the development of technologically 
related properties of AAC neither in the conditions of atmospheric humidity and CO2 content. 

� The amount of admixed fluid fly ash should be further optimized (particularly lowered to, or 
below 25 %); accounting for the economic, technological and environmental aspects of such a 
modified production of AAC.  
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Abstract 
In this paper, the effect of grinding on the structure group and its chemical environment for fly ash were 
researched by FTIR, XRD, NMR and high resolution electron microscopy (HREM). After fly ash was ground, the 
vibration frequency of silicon-oxygen group and aluminum-oxygen group shifts, and the trough of wave number 
1479cm-1 appear. Silicates aluminum may appear in either six-coordination aluminum or four-coordination 
aluminum. Six-coordination aluminum is more stable than four coordination aluminum. After grinding, the 
chemical shift of four coordination aluminum changed. The existing status of silicate in fly ash is silicate oxygen 
tetrahedron Q4, but there is some aluminum near Q4. After grinding, the chemical shift of silicon changed. 
However, grinding didn’t effect the crystal phase constitution of fly ash. After grinding, the grain shape of fly ash 
changed. The original fly ash has many spherical grains, the amount of spherical grains decreased while the 
amount of irregular shape grains increased after grinding. 
 
Originality 
There are several originality in this paper. First, the change of structural group for fly ash after grinding was 
researched. Second, the change of chemical status for aluminum or silicon in fly ash after grinding was 
researched. Third, the change of grain surface for fly ash after grinding was researched. 
 
Chief contributions 
This paper describe the change of structure group and chemical environment for fly ash after it was ground. 
Maybe it can help to recongnize the activation mechanism for grinding.    
 
Key words: fly ash; coordination; chemical environment; grain shape 
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1. Introduction 
 
Fly ash is ash separated from the flue gas of a power station burning pulverized coal; it has been a 
kind of necessarily supplementary cementitous materials in high performance cement. The main 
chemical composition includes SiO2 and Al2O3, which are regarded as pozzolanic addition. There is a 
small amount of crystalline minerals, such as quartz, mullite, mica, etc., in the fly ash, but the 
amorphous glass is the main component (Fu et al., 2002). The activity of fly ash depends on the 
proportion of vitreous and crystalline minerals. The higher the proportion of vitreous matter, the 
greater the activity of fly ash is at the same chemical composition. Different approaches are used to 
accelerate the pozzolanic reaction of fly ash. These approaches include grinding (Paya et al., 1995, 
1996, 1997) accelerated curing and autoclaving, chemical activating. However, few studies deal with 
the effect of grinding on the structure group for fly ash. In this paper, the effect of grinding on the 
structure group and its chemical environment for fly ash will be studied by FTIR, XRD, NMR and 
high resolution electron microscopy(HREM). 
 
2. Material 
 
Chemical composition and 45μm sieve residue of fly ash are shown in Table 1. XRD pattern of fly ash 
is presented in Fig.1. 

Table 1 Chemical composition and 45μm sieve residue of fly ash 

Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Total Sieve residue/% 
2.02 42.85 41.26 4.32 3.89 0.56 0.16 0.57 0.21 95.84 13.5 
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Fig.1 XRD pattern of fly ash 

It can be shown from XRD test that the main crystal phase of fly ash is mullite.  
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3. Results and discussion  
 
3.1 FTIR analysis 
 
The structure group of different fly ashes (raw and after grinding) are measured by FTIR. FTIR 
spectra of fly ash are shown in Fig.2.  
It can be seen from Fig.2 that the vibration frequency of structure group shift after fly ash is ground. 
The wave number shifts to low at the range of 4000-1500cm-1 while the wave number shifts to high at 
the range of 1500-400cm-1. Obviously, the trough of wave number 1479cm-1 appears after fly ash is 
ground. Maybe it attributes to carbonate group.  
 
3.2 XRD analysis 
The XRD pattern of fly ash is shown in Fig.1. XRD test show that grinding doesn’t effect the crystal 
phase composition of fly ash. In other words, there isn’t any chemical reaction on the crystal phase 
composition of fly ash after grinding.  
 
3.3 NMR analysis 
The coordination of silicon and aluminum in fly ash, and chemical environment around coordination 
polyhedron in fly ash are measured by NMR spectra. Table 2 shows the chemical shift of element 
silicon and aluminum. NMR spectra of fly ashes are shown in Fig.3. 
The coordination number of aluminum in fly ash may be six or four. Six-coordination aluminum is 
more stable than four-coordination aluminum. After grinding, the chemical shift of four-coordination 
aluminum changed obviously while the chemical shift of six-coordination aluminum changed little. In 
other words, grinding can change the chemical status of four-coordination aluminum. 
The existing status of silicate in fly ash is silicate oxygen tetrahedron Q4, but there is some aluminum 
near Q4. After grinding, the chemical shift of silicon changed.  
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Fig.2 FTIR spectra of fly ash 

Wavenumber/cm-1 



Table 2 Chemical shift of element silicon and aluminum in fly ash（×10-6） 

Element Original Status 1 Status 2 
27Al +31.6, -6.3, -18.5 +39.2,-6.4, +17.3~18.5 +34.8,-6.4,-18.2 
29Si -57.7, -74.7 -57.9,-77.5 -53.0, -72.3 

 

 

Status 2 fly ash 

Status 1 fly ash 

Raw fly ash 

27A1/10-6 

(a)  27Al  NMR   
 
 

 

Status 2 fly ash 

Status 1 fly ash 

Raw fly ash 

29Si/10-6 

(b)  29Si  NMR   

Fig.3 NMR spectra of fly ash 



 
3.4 HREM analysis 
The change of grain shape and grain surface were both observed through high resolution electron 
microscopy (HREM), and diffraction patterns on some position were observed during the test 
procedure. The photograph of HREM for raw fly ash and fly ash after grinding were shown in Fig.4 
and Fig.5.  
The grain shapes of raw fly ash were mainly spherical shape, and there were some mutual 
conglutination for spherical shape grains. There were also some irregular shape grains or melting 
substance. The surface of most spherical grain is smooth, and the surfaces of some spherical grains 
have some heaves or conglutinate some smaller grains. 
After grinding, the grain shapes of fly ash were also spherical shape and irregular shape. The amount 
of spherical grains decreased while the amount of irregular shape grains increased. There still some 
mutual conglutination grain in samples. The number of spherical grains which conglutinate some 
small grain on the surface decreased.  
 

             
（a）×5.0k             （b）×10k              （c）×50k              （d）×30k     

Fig.4 HREM photographs of raw fly ash 
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（a）×12k           （b）×20k              （c）×12k            （d）×20k   

Fig.5 HREM photographs of fly ash after grinding 
 
 



4. Conclusions  
 
After fly ash was ground, the vibration frequency of silicon-oxygen group and aluminum-oxygen 
group shifts, and the trough of wave number 1479cm-1 appears.  
Six-coordination aluminum is more stable than four-coordination aluminum. After grinding, the 
chemical shift of four-coordination aluminum changed. The existing status of silicate in fly ash is 
silicate oxygen tetrahedron Q4. After grinding, the chemical shift of silicon changed. However, 
grinding didn’t effect the crystal phase constitution of fly ash.  
After grinding, the grain shape of fly ash changed. The original fly ash has many spherical grains, the 
amount of spherical grains decreased but the amount of irregular shape grains increased after 
grinding. 
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Abstract 
The durability, including resistance to solution of sulphate and inorganic acid, of geopolymers produced by 
calcined ore-dressing tailings of bauxite (hereinafter referred to as tailings) was investigated. The comparision 
of geopolymers mortar’s durability with that of Portland blastfurnace-slag cement and special cement, such as 
moderate sulphate resistance Portland cement, aluminate cement, early strength sulphoaluminate cement and 
anti-acid cement, was presented as well. The tests involved immersion mortars in solution of 3% sodium 
sulphate, 3% magnesium sulphate, 5% hydrochloric acid, 5% sulphuric acid  and in solution of concentrated 
sulphuric acid of acid/water ratio 4/10 (mass ratio, same below), concentrated hydrochloric aicd of 4/10 and 
9/10, respectively. The change of appearance, mass and flexural and compressive strength were measured. 
Compared to the flexural strength reduction or compressive strength decline of special cement mortars, 
geopolymer mortars show  a more excellent sulfate resistance as the subequal growth of flexural and 
compressive strength in different solution of sulphate salt is observed. The performance of geopolymer mortars 
is also superior to that of special cement mortar when expose them to solution of low concentrated acid, 
because geopolymer mortars can keep original appearance but also has the lowest mass loss and the slightest 
strength deterioration. When geopolymer mortars are attacked by concentrated acid solution, extraordinarily 
significant degradation such as appearance destruction in concentrated sulphuric acid and strength reduction 
more than 50% in concentrated hydrochloric acid happens, suggesting that geopolymers synthesized from 
calcined tailings are not be resistant to concentrated acid. 
 
Originality 
The ore-dressing tailings of bauxite, by-product of Bayer-mineral processing method and sinter-mineral 
processing method, become a new and unique kind of solid waste of Chinese alumina industry. It is glad that the 
tailings are rich in siliceous and aluminum minerals such as kaolinite, which meets the raw materials 
requirement of geopolymers to some extent. In fact, geopolymers synthesized from calcined tailings, slag and 
alkali-activator has been prepared successfully. The mortar cured at room temperature has good mechanical 
properties. Its 3 days flexural and compressive strength is 6.7 MPa, 39.3 MPa, respectively. The 28 days 
flexural and compressive strength is up to 10.0 MPa, 60.2 MPa, respectively. So the utilization of tailings as 
starting materials for geopolymers is first originality. 
It is well known that geopolymers produced by calcined kaolinite or other by-product has excellent resistance to 
chemical erosion. However, impurities such as corundum, anatase, hematite and magnetite in calcined tailings 
may do not undergo the reaction of geopolymersization, and may have negative effect on the durability of 
geopolymers. So the research on durability of geopolymers synthesized from calcined tailings in sulphate 
solution and acid solution is second originality. 
 
Chief contributions 
The technology of utilization this tailings as starting materials of geopolymers contributes to harmlessness, 
resource and reduction of ore-dressing tailings of bauxite which is difficult to stockpiles due to fine particles, 
high water content, slow precipitation and noncementitious. 
The clarification and comparision of  durability of geopolymers synthesized from this tailings facilitates us to 
understand its advantage, which is in favor of its utilization for engineering and prefabrication. 
 
Keywords: geopolymers, ore-dressing tailings of bauxite, durability, sulphate resistance, acid resistance 
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1. Introduction 
Geopolymers, referred to as green building materials and a new kind of eco-friendly cementitious 
materials，have attracted materials scientists pay into this filed over the past several decades (Duxson 
P. et al., 2007a). These materials, derived from siliceous and aluminum material such as metakaolinite, 
blast furnace slag and fly ash etc, provide comparable performance to traditional cementitious binders 
in a range of application, but with the added advantage of significantly reduced greenhouse emissions 
(Duxson P. et al., 2007b). In addition to preparation technology, the resistance of geopolymers to 
aggressive environment is anther focus. The previous achievements show that geopolymers 
synthesized from F fly ash have growing compressive strength in some cases when they are exposed 
to 5% magnesium sulphate solution (Bakharev T., 2005a). The performance of geopolymers derived 
from F fly ash and from F fly ash and slag is also superior to that of Portland cement when specimens 
are attacked by acidic solution and sulphate solution (Bakharev T., 2005b; Bakharev T. et al., 2002). 
Geopolymers prepared by F fly ash and by metakaolinite exhibit remarkable thermal stability as well 
(Bakharev T., 2006; Barbosa Valeria F. F. et al., 2003; Cheng T. W. et al., 2003).  
The ore-dressing tailings of bauxite (hereinafter referred to as tailings), by-product of Bayer-mineral 
processing method and sinter-mineral processing method, become a new kind of solid waste of 
Chinese aluminum oxide industry. Because of their fine particles, high water content, slow settling 
and noncementitious, tailings are very difficult to stockpile (Li Taichang et al., 2007). In order to 
realize the targets of harmlessness, resource and reduction, the technologies such as utilization of 
tailings as raw material for porous materials, sandy casting cement and bricks are being studied in 
laboratories (Li Taichang et al., 2007). 
Tailings are rich in siliceous and aluminum minerals such as kaolinite, which meets the raw material 
requirement of geopolymers to some extent. In fact, the previous studies show that the hardened 
geopolymers mortars synthesized from calcined tailings and activated by sodium silicate, cured at 
room temperature have good mechanical properties (Ye Jiayuan et al., 2010). However, the sulphate 
resistance and acid resistance of geopolymers synthesized here from calcined tailings may be different 
from that of those synthesized from slag or fly ash due to impurities and unactive minerals such as 
corundum, sericite, quartz and anatase. Although it is well known that geopolymers have a superior 
durability in aggressive environments as compared to Portland cement, yet these advantages are 
absolutely ambiguous as compared to special cement. This difference and ambiguity prompt us to 
compare the deterioration of geopolymers mortar in aggressive solution with that of special cement. 
2. Experimental 
2.1. Raw Materials 
Tailings were sourced from Zibo factory of aluminium corporation of China limited (CHALCO) in 
Shandong province, China. As seen from table 1, the siliceous and aluminum constituents are 
dominant compositions of tailings.  

Tab. 1 Chemical compositions of tailings /% 
Compositions SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2Oeq. LOSS

Content 28.0 10.0 45.0 4.0 0.3 2.3 0.85 9.59 
Tailings were heated in a muffle furnace at 800 ℃ for an hour to activate the kaolinite. Diaspore and 
kaolinite changed into corundum and metakaolin respectively due to dehydration during heating, the 
other minerals such as hematite, anatase, sericite and quartz in tailings suffered no change. Then the 
calcined tailings were ground by a ball mill to a fineness of 10% residue on a 45 μm sieve. 
The special cement, i.e. moderate sulphate resistance Portland cement, aluminate cement, early 
strength sulphoaluminate cement and anti-acid cement used for comparison of chemical stability were 
commercial product. According to Chinese standard titled Common Portland Cement (GB 175-2007), 
the Portland blast-furnace slag cement was prepared by blending 70% Portland cement with 30% 
ground granulated blast furnace slag.  
Sodium sulphate, magnesium sulphate, concentrated sulphuric acid of 98% and hydrochloric acid of 
36% used to prepare aggressive solution were chemical reagents. Technical grade sodium silicate 
solution with 13.64% Na2O, 32.13% SiO2 and Ms (molar ratio of silica oxide to sodium oxide) of 2.43 



was supplied by Hongxin Ltd., China. Solid sodium hydroxide used for modulus adjustment was also 
supplied by Hongxin Ltd., China. 
2.2. Experimental Process 
The modulus of sodium silicate was adjusted to 1.8 by adding solid sodium hydroxide. Then the 
capsulated suspension was heated on an electric resistance heater until the solution was boiling. The 
hot solution cooled down to room temperature and then stored for 1 day at least before use. 
The powders used to prepare geopolymer mortars consisted of 30% (mass ratio, same bellow) ground 
granulated blast furnace slag and 70% ground calcined tailings. Geopolymer mortar specimens with 
water/powder ratio of 0.5 and powder/sand ratio of 1/3 were prisms of 40×40×160 mm and were 
activated by 20% (mass ratio of solid sodium silicate to blending powders) sodium silicate with solid 
content of 48.9%. Other cement mortars have the same modelling parameters as that of geopolymer 
mortars except anti-acid cement mortars. Anti-acid cement prismatic mortars were prepared as the 
following ratio: 100g anti-acid powder, 100g ISO standard sand, 1.1g sodium fluosilicate, 52g liquid 
sodium silicate with modulus of 2.0 and solid content of 38.5%. All the mortar specimens were firstly 
cured in standard environment with RH 95%±5% and 20℃±2℃ for 1day except anti-acid cement 
mortars which were cured in open air at room temperature all the time before immersion. After 
demolding, the specimens were cured in hot water at 50 ℃ for 7 days except aluminate cement 
mortars which were cured in water at normal temperature. Then four groups of specimens of each 
kind of mortar were immersed in 3% sodium sulphate solution, 3% magnesium sulphate solution, 5% 
diluted sulphuric acid and 5% diluted hydrochloric acid for 28 days, respectively. Three groups of 
specimens of geoplymer mortars and anti-acid cement mortars were immersed in 4/10 concentrated 
sulphuric acid, 4/10 and 9/10 concentrated hydrochloric acid for the same ages as sulphate and diluted 
acid attack. The final specimens were immersed in water at 20±2 ℃ as control specimens. All 
specimens used to erosion test were put together in a large plastic sink. The average amount of 
solution is 1.5 litres per specimen. The pH value of aggressive solution was not adjusted during 
immersion. The appearance change, mass loss and strength deterioration were measured. 
In addition, in order to research on the volume stability of geopolymers in internal sulphate 
environment, 7% gypsum was added to geopolymer mortars and moderate sulphate resistance 
Portland cement mortars, respectively. The dimension of mortars used for expansion experiments was 
10×10×250 mm. The long prismatic mortars were cured in water at normal temperature for 
designed ages. The length of mortars was performed on a length comparator and the cumulative 
expansion ratio was calculated from the expansion value to original length of mortars. 
3. Results and Discussion 
3.1. Resistance to Sulphate  
All specimens have the original appearance after 28 days aggressiveness in sulphate solution except 
anti-acid cement mortars which crack along with seamed edges and some white substance as jelly 
yields at cracks.  
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(a) 3% sodium sulphate solution                            (b) 3% magnesium sulphate solution 

Figure 1 The strength change of mortar specimens after 28 days immersion in sulphate solution. 
The different change of strength in different sulphate solution is shown in figure 1. Because of 
cracking and softening, the strength of anti-acid cement mortar is not measured. Mortars, such as 



moderate sulphate resistance Portland cement (MSRC), Portland blast-furnace slag cement (BFSC) 
and aluminate cement (AC), suffer deterioration more or less. For example, although the flexural 
strength of MSRC significantly increases by 5.8% and that of BFSC has zero decrease in 3% sodium 
sulphate solution, the compressive strength decreases by 1.8% and 4.3%, respectively. In 3% 
magnesium sulphate solution, the two above specimens show a more remarkable increase by 15.1% 
and 12.2% and decrease by 3.9% and 5.2%, respectively. AC, non-resistant to chemical attack due to 
high C3A content, has reverse behaviour in sulphate solution as compared to MSRC and BFSC. The 
present of hydration products, including calcium hydroxide or calcium aluminate hydrate, in moderate 
sulphate resistance Portland cement, Portland blast-furnace slag cement and aluminate cement 
necessarily results in the formation of gypsum and ettringite, which may exert expansion, even crack 
on specimens and in consequence the strength reduction. 
The strength development of geopolymer mortars (G) is the same as that of early strength 
sulphoaluminate cement mortar (ESSAC), equipping with a growing strength in sulphate solution. 
Although the growth of flexural and compressive strength of ESSAC is up to 7.2% and 4.9% in 3% 
sodium sulphate solution, and 27.5% and 2.8% in 3% magnesium sulphate solution, is much higher 
than that of G, yet the final strength of G is fairly higher than that of ESSAC. The final flexural and 
compressive strength of G exceeds 10.0 MPa and 61.0 MPa respectively, while that of ESSAC is 7.4 
MPa and 44.7 MPa in 3% sodium sulphate solution, 8.8 MPa and 43.8 MPa in 3% magnesium 
sulphate solution.  
According to the strength development of geopolymer mortars, sodium sulphate solution and 
magnesium sulphate solution nearly have the same effect. The flexural strength both increase by 1.0%, 
while the growth rate of compressive strength, which is 1.8% and 2.0%, respectively, is also 
extremely near. However, the aggressive sulphate solution has dramatically different influence on 
flexural strength and compressive of other specimens. So it can be concluded that geopolymer mortars 
synthesized from calcined tailings have better strength stability in sulphate solution. 
Because of the absence of calcium hydroxide and the stable cross-linked aluminosilicate polymer 
structure to prevent the ions from migration and immigration, geopolymers doubtlessly possess the 
resistance to sulphate (Bakharev T., 2005a). The excellent sulphate resistance of early strength 
sulphoaluminate cement mortar may results from the absence of calcium aluminate hydrate, and the 
continuous hydration at surface area in sulphate solution and the formation of calcium 
aluminosulphate hydrate and gel may lead to the growth of strength.  
In addition to aqueous sulphate aggressiveness, the expansion in internal sulphate environment is 
another parameter to characterize the resistance to sulphate. The cumulative expansion ratio of 
geopolymer mortars (G) and moderate sulphate resistance Portland cement mortars (MSRC) is shown 
in figure 2. The cumulative expansion ratio of MSRC gradually decreases with curing ages due to the 
compensation of shrinkage. However, the expansion ratio of geopolymer mortars is still smaller than 
that of MSRC at every point of curing ages. Furthermore, geopolymer mortars can keep a lower and 
steadier expansion ratio as 0.018% and 0.021% at 28 days and 60 days, respectively, which indicates 
that geopolymer mortars equip with more outstanding volume stability in sulphate environment. 
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Figure 2 The cumulative expansion ratio of specimens for different curing ages 

3.2. Resistance to Acid  
3.2.1 Diluted Acid 



A thick precipitate of residue on the bottom of plastic sink after 28 days immersion in diluted acid 
indicates that some specimens destruct. In fact, the surface of mortars becomes irregular and rugged 
due to dissolution in 5% sulphuric acid except geopolymer mortars (G) and anti-acid cement mortar 
(AAC) as shown in figure 3. Especially, the sulphate expansion of BFSC makes its surface becomes 
much loosed. The appearance of specimens exposed to 5% hydrochloric acid for 28 days is shown in 
figure 4. Early strength sulphoaluminate cement (ESSAC) and aluminate cement mortars (AC) 
deteriorate badly, and their original prisms are sharpened as pyramid, while geopolymer mortars and 
other mortars almost keep the same appearance as before. 

                          
(a) MSRC          (b) BFSC             (c) AC           (d) ESSAC            (e) G               (f) AAC 

Figure 3 The appearance of mortars after 28 days aggressiveness in diluted sulphuric acid of 5% 

                         
(a) MSRC           (b) BFSC             (c) AC          (d) ESSAC             (e) G             (f) AAC 

Figure 4 The appearance of mortars after 28 days aggressiveness in  diluted hydrochloric acid of 5% 
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Figure 5 The mass loss of specimens deposited to diluted acid of 5% for 28 days 

Figure 5 shows the mass change of specimens immersed in diluted acid solution. The mass change of 
Portland blast-furnace slag cement mortars (BFSC) in 5% sulphuric acid is not presented here as its 
loosed surface adsorbs much solution and thus results in mass increment. The mass loss of 
geopolymer mortars, 2.6%, is fairly lower than that of other mortars after 28 days sulphuric acid 
attack. The diluted hydrochloric acid, whose aggressive capacity is different from that of diluted 
sulphuric acid, is drastically detrimental to ESSAC and AC. The mass loss of them is up to 18.83% 
and 8.90%, respectively, while that of G is only 3.69% and slightly higher than that of AAC. The 
lower mass loss of geopolymer mortars suggests that geoplymerisation products can tightly adhere to 
components and prevent specimens from destruction and deterioration. 



The remarkable reduction of strength is observed as shown in figure 6. The loss of anti-acid cement 
mortars in 5% hydrochloric acid is not presented because it is too soft to determine. The flexural and 
compressive strength deterioration of geopolymer mortars is the slightest when they are exposed to 
sulphuric acid for 28 days. For instance, the loss of compressive strength, 26.6%, is much lower than 
that of MSRC, BFSC and ESSAC. When mortars are attacked by 5% diluted hydrochloric acid, 
geopolymer mortars have the slightest deterioration of compressive strength, while their flexural 
strength loss is almost equivalent to that of other specimens.  
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(a) 5% sulphuric acid                                               (b) 5% hydrochloric acid 

Figure 6 The strength loss of mortar specimens after 28 days immersion in diluted acid. 
According to the serous reduction of strength, the special cement, such as moderate sulphate 
resistance Portland cement, aluminate cement and early strength sulphoaluminate cement, and 
Portland blast-furnace slag cement are not resistant to diluted sulphuric acid and hydrochloric acid. 
Anti-acid cement also deteriorates in diluted acid as it is not resistant to water and will be generate a 
egg-like specimens with a mud-like core and a hard shell.  
The reason why the Portland blast-furnace slag cement and special cement except anti-acid cement 
exhibit deterioration is the dissolution positively, cracks in the near-surface or the presence of needle-
like crystals (Li Gengying et al., 2009), while the formation of zeolites and depolymerisation may 
lead to a loss of strength of appearance-stable geopolymers (Bakharev T., 2005b).  
3.2.2 Concentrated Acid 
The appearance of geopolymer mortars is presented in figure 7 after 28 days immersion in 
concentrated sulphuric acid and hydrochloric acid. Mortars not only crack along with seamed edges 
but also loosen in 4/10 concentrated sulphuric acid. However, mortars exposed to concentrated 
hydrochloric acid nearly possess the same appearance as original. All geopolymer specimens undergo 
a faded incident and the original colour of red is changed into grey. Anti-acid cement mortars don’t 
dissolve in two above acid solution and can entirely keep the original shape. 

 
(a) 4/10 H2SO4   (b) 4/10 HCl      (c) 9/10 HCl 

Figure 7 The appearance of geopolymer mortars after 28 days aggressiveness in concentrated acid 
The mass loss of geopolymer mortars is no more than 6.13% after 28 days immersion in 4/10 and 
9/10 concentrated hydrochloric acid, and this value is equivalent to that of anti-acid cement mortars. 
However, geopolymer mortars exposed to 4/10 concentrated sulphuric acid demonstrate an increased 
mass because of adsorption. In 4/10 and 9/10 concentrated hydrochloric acid, the universal reduction 
of flexural and compressive strength more than 50% is observed in geopolymer mortars, indicating 
that the hydrochloric acid exerts a drastic demolition on geopolymer mortars in spite of original shape. 



4/10 concentrated sulphuric acid also has extremely harmful to the strength of geopolymer mortars, 
which makes the flexural and compressive strength decrease by 27.38% and 41.57%, respectively. 
Although the strength of anti-acid cement mortars in concentrated acid has an increase of 100% as 
compared to that of mortars cured in open air, yet their flexural strength does not exceed 7.0 MPa and 
compressive strength is no more than 10.0 MPa. 
Because of serous damage of appearance and extreme reduction of strength, geopolymers synthesized 
from calcined tailings are not resistant to concentrated sulphuric acid and concentrated hydrochloric 
acid. Although anti-acid cement equips with the capacity of concentrated acid resistance, it is only 
suitable for such unload-bearing structures as floor and overlay due to low strength. 
4. Conclusions 
Geopolymers synthesized from calcined ore-dressing tailings have excellent sulphate resistance. Its 
flexural and compressive strength both do not decline after 28 days aggressiveness of 3% sulphate 
solution such as sodium sulphate and magnesium sulphate, while special cement and Portland blast-
furnace slag cement have decreased flexural strength or compressive strength. Moreover, the final 
flexural and compressive strength of geopolymers is up to 10.0 MPa and 61.0 MPa, respectively, is 
much higher than that of early strength sulphoaluminate cement which also shows a great sulphate 
resistance. Geopolymers equip with excellent volume stability in internal sulphate environment of 7% 
gypsum as well.  
Geopolymers synthesized from calcined ore-dressing tailings have comparatively good diluted acid 
resistance. When mortars are attacked by diluted acid solution of 5% for 28 days, geopolymer mortars 
are able to keep original appearance and have the lowest mass loss and the slightest strength 
deterioration as compared to special cement mortars. 
Geopolymers synthesized from calcined ore-dressing tailings are not resistant to concentrated 
sulphuric acid and hydrochloric acid due to the serous damage of appearance and the extreme 
reduction of strength. 
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Abstract 
When commonly used Portland cement is mixed with water, the intensive exothermic chemical reactions start 
followed by massive release of hydration heat. Chemically, tricalcium (resp. dicalcium) silicates react with 
water to produce calcium silicate hydrates, calcium hydroxide, ettringite and other minor products. Further 
setting of this system is then associated with hydration of the two calcium-based constituents. 
At a very first stage of evolution, the clusters of a new phase – portlandite – start to form via nucleation within 
setting system, followed by formation of ettringite and basic hydrates. To nucleate clusters of Ca(OH)2, 
sufficiently high level of concentrations of calcium ions, Ca2+, and hydroxide ions, OH-, have to be reached.  
Our contribution is addressed to determination of concentration of the above building units (i.e., Ca2+ and OH- 

ions) using novel chemical method. For example, applying EDTA solution with following indirect Ca2+ 
determination titrated with Mg2+ ions in Schwarzenbach buffer medium allows to determine Ca2+ concentrations 
for different times. Similarly, concentration of OH- ions has been determined by titration method using HCl acid.   

 
Originality 
The reliable determination of concentration of Ca2+ and OH- in hydrating cement paste is impossible without 
stopping of the hydration. We propose a new procedure for both stopping the hydration and determination of the 
concentration of Ca2+ and OH-   ions. 
 
Chief contributions 
Time dependence of concentration of Ca2+ and OH-   ions is measured for different w/c ratio. 
 
Keywords: Hydrating cement paste, Early stage of hydration, Concentration of free Ca2+ and OH- ions.  
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Introduction 
 



Although the properties of cementious materials are intensively studied for many decades, the 
problems connected with the processes accompanying a very first stage of their setting are still open 
and unanswered. In this contribution formation of portlandite nanocrystals from supersaturated 
solution at very early stage of hydration process is considered. Usually, supersaturation ratio is 
spanned between 1.75 and 3.0 (Bensted and Barnes,2001).From the microscopical point of view, the 
formation of portlandite clusters of given hexagonal symmetry consists of the sequence of stochastic 
processes, during which the “monomers” Ca2+ and OH- built up mutual chemical bonds terminating in 
the formation of stable portlandite solid cluster. Consequently, the concentrations of Ca2+ and OH- ions 
play the key role in the kinetics of portlandite formation.  In our study, we have measured these 
quantities as functions of time for various water to cement ratios. Knowledge of real concentrations of 
forementioned ions within solution serve as input parameters for solution of nucleation equations, 
governing the evolution of portlandite clusters formation. 
When commonly used Portland cement is contacted with water, the intensive exothermic chemical 
reaction start, followed by massive release of hydration heat. Chemically, tricalcium (resp. minor 
dicalcium) silicates react with water to produce calcium silicate hydrates and calcium hydroxide 
(portlandite). Further setting of this mixture is then associated with hydration of the two calcium-based 
silicate constituents. Consequently, one of the essential entities strongly influencing this process is a 
time-dependent number density of free calcium ions. Ca2+ then play the role of building units 
(monomers) from which the newly-forming solid phase is successively built up: primarily by 
nucleation and then by subsequent growth of nucleated solid clusters.   
We suggest a novel procedure, firstly applied in this context, allowing to determine Ca2+ in hydrating 
cement paste (HCP). The method is based on addition of EDTA in excess to the mixture cement in 
water with given w/c rations at different time intervals followed by indirect Ca2+determination titrated 
with Mg2+ ions in Schwarzenbach buffer medium with Eriochrome black T as the indicator allowing to 
obtain calcium ion concentrations for different times. Proposed procedure of Ca2+ ions determination 
is simple and reproducible. Due to very high level of Ca2+ ions concentrations (about 400 mg Ca2+ ions 
per 1g of hydrated cement paste), the application of titrimetric method for cement paste seems to be 
suitable.    
 
 
Formation and stability chelates 
  
Anion of disodium salt ethylendiaminetetraacetic acid, Chelaton III, H2Y

2- (1) forms stable complex 
compounds, chelates with certain bi-, tri- and tetravalent metals (Ca, Mg, Cd, Cu, Pb, Bi, Ni, Zn) 
(Čermáková et al., 1984, Přibil, 1977). Formation and stability of chelates are influenced by pH-value 
of solution – the chelates of bivalent metals are stable in alkali, resp. weak acid medium, in contrast to 
the chelates of tri- and tetravalent metals, which are stable in acid medium. Bi- and trivalent cations 
exhibit, in addition, a relatively high strength and solubility of chelates in water.  

  

                                                           

(1)                        

 
 

 
 
Since the reaction constant of reaction of Ca2+ with Na2H2Y (2) is of order ~ 108 s-1 (Auley and Hill, 
1969) the process occurs practically immediately and quantitavely. It has to be stressed out, however, 
that this reaction takes place in alkali medium. Chelate Ca2+ with EDTA is stable just in this pH 
interval. 
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As known, EDTA, (Na2H2Y) belongs to strong calcium binding agent, releasing a flush of silicon into 
solution within the first few minutes of hydration (Thomas and Double, 1981).    
One of the applicable methods how to estimate the amount of Ca2+ ions in the chemically-reacting 
system [cement + water] is based on application of a certain type of retarding admixture.  
Proposed novel procedure of Ca2+ -ions determination is simple and reproducible.  Due to very high 
level of Ca2+ ions concentrations (about 400 mg Ca2+ ions per 1g HCP), the application of titrimetric 
method for cement paste seems to be suitable. 

 
 

Experimental 
 
1. Materials  

 
Ordinary Portland cement (OPC) CEM I 42.5 R, Mokrá, Czech Republic was used for hydration 
studies. The oxide and mineralogical composition of the cement are given in Tables 1 and 2 

 

Table 1:   Oxide composition of a Portland cement 

Oxide CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O MnO 

Comp 
(wt.%) 

63.77 20.51 4.74 3.3 1.05 3.07 0.15 0.95 0.09 

 

Table 2:   Phase composition of a Portland cement (Bogue) 

Mineral C3S C2S C3A C4AF’ C2F SO3-bound CaO 

Comp. (wt.%) 58.34 14.80 6.81 10.31 0 2.149 

 

2. Chemicals  
 
All chemicals applied are of purity p.a. 0.05-M EDTA, disodium ethylenediaminetetraacetate,  
0.05-M  MgSO4 . 7H2SO4 . Schwarzenbach buffer, Eriochrome black T, 0.05 HCl, fenolftalein.  

 

3. Methods  
 
Determination of Ca2+ ions in hydrating cement paste  

 
A novel procedure of determination of Ca2+ in hydrating cement paste is based on addition of EDTA 
(Na2H2Y) in excess to the mixture of cement with water with given w/c rations at different times 
followed by indirect Ca2+ determination titrated with Mg2+ ions in Schwarzenbach buffer medium with 
Eriochrome black T as the indicator allowing to obtain time dependence of calcium ion concentration. 
To prepare hydrated samples, 40g of cement was inserted in tall-form beaker and given amount of 
distilled water was added (water to cement ratios (w/c) were chosen to be 0.35, 0.40, 0.50, and 0.60). 
Before this operation, cement and distilled water have been kept in thermostat at 25°C. Cement has 
been thoroughly mixed with water manually for 1 minute and then the beaker with cement mixture 
was kept again in thermostat at 25°C.  
At fixed times 4, 10, 12, 16, 20, 24, 50, 70, 90, 120, and 150 minutes the cement mixture in thermostat 
was removed from the beaker and hydration was immediately stopped by adding of a very strong 
retardant 0.05-M EDTA, which is excess in solution. Filtering of mixture of cement paste with EDTA 
was performed using a fine filter paper and then instantaneous Ca2+ ion concentration in the filtrate 
was determined by indirect titration together with Mg2+ ions in Schwarzenbach buffer medium with 



Eriochrome black T as the indicator. The measurements were repeated seven times with the 
reproducible results. 
 
Determination of OH- ions in hydrating cement paste  
 
Concept of our method is based on the idea that the determination must be performed in the shortest 
time possible. As known, the reaction of OH- and H+ ions is the fastest reaction between ions, its 
reaction constant is of order ~ 1013 s-1. Since our goal is determination of OH- ions concentration, we 
have chosen acid-base titration with 0.05 M HCl solution using fenolftalein indicator. The whole 
process of measurement at a given stage of hydration took about 20 seconds which satisfies the 
condition of very fast determination. The detailed description of the procedure follows. 
To prepare hydrated samples, 20g of cement was inserted in a beaker and the given amount of distilled 
water was added (w/c ratio was chosen to be 0.50). Before this operation, cement and distilled water 
have been kept in thermostat at 25°C. Cement has been thoroughly mixed with water manually for 1 
min and then the beaker with the cement mixture was placed again in thermostat at 25°C. At fixed 
times 5, 10, 25, 35, 55, 65, 105, and 120 minutes exactly 0.1g of hydrating cement mixture in 
thermostat has been taken from the beaker by spatula and placed into 100 ml Erlenmayer flask. 
Immediately 50 ml of distilled water was added under constant steering and in this mixture OH- ions 
concentration was determined by neutralization titration together with 0.05 M HCl solution with 
fenolftalein as the indicator. This procedure is very well reproducible, simple and especially very 
quick. Measurement of pH hydrating cement paste is another way of determination of concentration of 
free OH- ions. However, the reproducibility of the method is poor because of high alkalinity of the 
environment. 
 
Results  
 
Concentrations of Ca2+ ions have been measured for various water to cement ratios (w/c = 0.35; 0.40; 
0.50; 0.60) as a functions of time. It may be readily seen that with increasing water content, the 
concentration of Ca2+ ions decreases with time (see Figure 1). Each of these curves has at least two 
peaks at the very beginning of hydration. Increasing of Ca2+ ions concentration for small time interval 
is caused by rapid exothermic chemical reactions at the initial stage of hydration. This fact is 
demonstrated by Figure 3, representing this initial stage in HCP measured by SETARAM C 80 
calorimeter. Our results (for w/c ratio 0.5) are in good agreement with those obtained with help of 
completely different method – Franke extraction (Sing et al., 1986, Rai et al., 2004).The dependence 
of concentration of free OH- ions was also determined for w/c ratio 0.5 (see Figure 2) and exhibits a 
maximum at approximately the same time as for Ca2+ ions on Figure 1 and calorimetric measurements 
on Figure 3. At large times concentration of ions decreases: within context of the standard models 
(Taylor, 1997, Barret and Bertrandie, 1997) this behaviour is caused by creation of some protective 
layers. Due to osmotic pressure, the membranes are destroyed followed by releasing of further Ca2+ 
ions. This mechanism corresponds to further increasing of concentration of Ca2+ ions (see Fig. 1, 2).  
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Figure 1: Concentration of Ca2+ (in mg) in HCP versus time related to total mass of HCP (t = 25°C). 

 
Finally the concentrations start to slowly and monotonically decrease. Origin of this behaviour can be 
related to a very early stage of phase transformation (solidification) – nucleation. Indeed, relatively 
freely moving Ca2+ ions can be understood to be a monomers, i.e., building units for the formation of 
clusters of a new, solid phase - Ca(OH)2, portlandite, hexagonal plate-like crystals. The decrease of 
Ca2+ concentration then can be explained as a depletion of monomers by nucleation in a closed system. 
In this sense, the results of our analysis can serve as the input parameters for more general nucleation 
model, in which the number density of Ca2+ ions plays a role of time-dependent concentration of 
monomers. 
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Figure 2: Concentration of OH- (in mg) in HCP versus time related to total mass of HCP (w/c = 0.5, t = 25°C). 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Initial stage in hydration process in HCP of Portland cement, Mokrá, (w/c = 0.5) measured by 
SETARAM 80 calorimeter. 
 
Conclusion 
  
We propose new procedures to determine the concentration of Ca2+ and OH- ions in HCP. Especially 
difficult was to develop a reliable method for determination of OH- concentration, since the hydroxide 
ions are very reactive and, therefore, the measurement must be performed very quickly. The method is 
based on titration of the sample together with HCl solution using fenolftalein as indicator. The 
proposed method is relatively simple, fast and yields reproducible results. Using our method we have 
compared the time dependence of concentration of Ca2+ and OH-

 ions in HCP for the typical value of 
water to cement ratio w/c = 0.5 at temperature 25°C (Fig. 1, 2). The obtained data may serve as input 
parameters for the nucleation theory model, describing the origination and growth of portlandite 
clusters during the induction period of cement hydration. It appears, that during the nucleation process 
the concentration of hydroxide ions remains practically at the same level, i.e. the supersaturation of the 
solution with respect to OH- does not change significantly. On the contrary, the concentration of Ca2+ 
is slowly decreasing with time due to consumption of calcium ions by nucleating and growing 
portlandite clusters, thus decreasing the degree of the supersaturation. Consequently, the correct 
nucleation model should take into account the depletion of Ca2+ monomers in the closed system, while 
the concentration of OH- monomers can be considered to be constant. 
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Organic acids’ attack on cementitious materials: aggressiveness and 
degradation mechanisms 

 
Abstract: Concrete in agricultural and agro-industrial media suffers severe degradation, notably linked with 
attack by waste waters. The waste waters, such as liquid manure, silage juices, whey, molasses and distillery 
residues all contain organic acids which are responsible for an acid attack on the concrete. A broad range of 
acids is found in the effluents: acetic and other volatile fatty acids, lactic, malic, succinic, citric, tartaric acids, 
etc. These acids have very varied chemical characteristics leading to significantly different aggressiveness to 
concrete. The problem is thus complex as each acid has to be considered individually with regard to its 
properties. 
The purpose of this paper is to help assess the influence of various organic acids’ chemical and physical 
features on their aggressiveness toward cementitious materials. The investigation used 6 organic acids with 
various characteristics with regard to pKa, poly-acidity and salts’ properties: acetic, succinic, malic, tartaric, 
oxalic and citric acids. Portland cement pastes were immersed in solutions of the different acids with the same 
concentrations for 12 months. The experiment was based on the comparison of alteration kinetics, assessed by 
altered depths and mass losses, and of mineralogical and chemical alterations analyzed by XRD, EPMA and 
SEM. The comparative aggressiveness of the acids was analyzed as a function of their properties. Results show 
that the increasing order of acid aggressiveness is: oxalic, tartaric, malic, acetic, succinic and citric acid. 
Calcium oxalate forms and protects the matrix. For other acids, the aggressiveness is discussed notably with 
regard to their poly-acidity and to the salts’ physical properties.  
 
ORIGINALITY: The paper addresses the issue of the durability of concrete in agro-industrial environments. 
Concrete is the most widely used material for the construction of many structures in this industry. The 
development of cementitious materials that perform satisfactorily in these environments is thus of considerable 
importance. It necessitates an understanding of the mechanisms of degradation by the various organic acids in 
the effluents. This paper is a synthesis work allowing the confrontation of results obtained from a large 
experimental campaign. Moreover, to our knowledge, the attack of hardened cementitious materials by malic, 
succinic and tartaric acids has been very little investigated, if at all, in the literature up to now. Moreover, the 
paper contributes new elements regarding the alteration induced by oxalic and citric acids on hardened cement 
matrices.  
 
CHIEF CONTRIBUTIONS: The paper allows the relative aggressiveness of the various organic acids to be 
assessed. It is shown that when the salt forms during the attack (case of tartaric, malic, citric and oxalic acids), 
it does not necessarily protect the matrix. A correlation is made between the salt’s physical properties (density 
and microstructure) and its deleterious/protective effect on the matrix. The very specific behaviour of tartaric 
acid, characterized by an evolution of the degradation mechanisms with time of immersion, is highlighted 
through the results. Calcium oxalate forms and acts as a sealant of the capillary porosity.  

1. INTRODUCTION  

Waste waters in agro-industrial environments contain a broad range of organic acids, which are 
responsible for acid attacks on concrete structures intended for the production, collection, storage and 
or treatment of these effluents (O’Donnel et al., 1995; De Belie et al., 2000; Bertron et al., 2005a). 
Acetic and propionic acids and other volatile fatty acids, as well as lactic, oxalic, succinic and tartaric 
acids, are found in the effluents. The total concentration may reach several hundreds of millimoles per 
litre. The pH is between 4 and 7 (Larreur-Cayol et al., 2011). 
The development of concretes that perform well in these environments requires an understanding of 
the acid/cement-based matrix interaction mechanisms. These acids have very varied chemical 
characteristics, which lead to significantly different aggressiveness to concrete (Medgyesi, 1970; 
Bertron et al., 2005b, 2007, 2009a; Israel et al., 1997, Pavlik, 1994a,b) Moreover, the waste waters 
generally contain several acids and the resulting attack of the mix of acids is not necessarily the 
superposition of the alteration caused by each acid taken separately (Bertron et al., 2009a, De Windt et 
al., 2010). The problem is thus complex and, as a first step of the investigation, each acid has to be 
considered individually with regard to its properties.  



From a general point of view, organic acids, which are weak acids, partly dissociate in water and react 
with hydrated (notably C-S-H and CH) and anhydrous phases of the cement paste to give mainly 
calcium salts or complexes. The degradation mechanisms are linked with the characteristics of the 
acids and their associated salts and complexes. The dissociation constant of an acid and the solubility 
of a salt are known to directly influence how aggressive the acid is (Medgyesi, 1970; Bertron et al., 
2005b, 2009a, De Windt et al., 2010). When the calcium salt is soluble (case of acetic and lactic 
acids), the alteration mechanisms are comparable to those induced by strong acids such as nitric and 
hydrochloric acids (Israel et al., 1997; Pavlik, 1994a,b). However, when the calcium salt is slightly 
soluble to insoluble (case of tartaric, citric, succinic, etc. acids), the alteration mechanisms of the 
cement paste are not well known as these acids have been little explored in the literature so far. On the 
other hand, previous studies suggest that the poly-acidity of the acid and the physical properties of the 
salts also influence the aggressiveness of the acids (Bertron et al., 2009a) but these influences are not 
well understood yet.  
The work reported here aimed to analyze the mechanisms of the cementitious matrix alteration 
induced by some acids, the calcium salts of which are slightly soluble to insoluble. The purpose of this 
study was to help assess the influence of the chemical and physical features of the acids and their salts 
on the acid’s aggressiveness toward cementitious materials. Five acids with different properties were 
selected: citric, tartaric, succinic, malic and oxalic acids. The alteration mechanisms and kinetics 
induced on the cement based matrix were compared to those obtained with the reference, acetic acid. 
Portland cement pastes were exposed to acid solutions with the same concentrations for one year. The 
alteration kinetics were assessed by weight loss and altered depth measurements. The chemical, 
mineralogical and microstructural changes were explored by EPMA and XRD.  

2. MATERIALS AND METHODS  

2.1 MATERIALS 

The specimens were CEMI 52.5 N cement pastes (W/C= 0.27), cast in cylindrical moulds (h=75 mm, 
diam=25 mm). After form removal, the specimens were stored in water at 20°C for 28 days, and then 
immersed in the aggressive solutions for 1 year. Some control specimens were kept in water. 

2.2 ORGANIC ACID DATA 

The chemical formulas and the dissociation constants of the six acids, as well as the solubility in water 
and the molar volume of the calcium salts are given in table 1.  

Table 1: Chemical and physical characteristics of acids and calcium salts (Lange, 1985; Kok et al., 1994; 
Walsdorf et al., 1989; Mathew et al., 1994, Karipides et al., 1980; Zabozlaev et al., 2007) 

Acid Acetic Tartaric Oxalic Malic Succinic Citric 

Formula C2H4O2 C4H6O6 /C4H5O5
- 

C2 H2O4/ 
C2HO4

- 
C4H6O5/ 
C4H5O5

- 
C4 H6O4/ 
C4H5O4

- 
C6H8O7/ C6H7O7

-

/C6H6O7
2- 

pKa (25°C) 4.76 3.04/4.37 1.25/4.27 3.46 /5.10 4.16 / 5.61 3.13/4.76/6.4 

Ca-
salts 

Formula 
Ca(C2H3O2)2/ 

Ca(C2H3O2)2.H2O/
Ca(C2H3O2)2. 

2H2O 

d-CaC4H4O6 4H2O/ 
dl-CaC4H4O6 

4H2O/meso-CaC4H4O6 
3H2O 

CaC2O4/ 
CaC2O.H2O 

CaC4H4O5 3H2O/ 
CaC4H4O5 2H2O/ 
CaHC4H4O5 6H2O 

CaC4H4O4.H2O/ 
CaC4H4O4. 

3H2O 
Ca3(C6H5O7)2.4H2O 

Solub. -
g/100ml 

37.4/43.6* 
/34.7**  

0.0266*/0.0032*/ 
I 

0.00067 †/i 
0.451●/1.224 

●/i* 
n.d./0.193* 0.085† 

Molar vol. 
cm3/mol 

105.44/ n.d./ 
n.d. 

n.d./143.137/ n.d. 63.416/66.41 128/ n.d./n.d. 
95.8-109.5 

n.d. 
518.4 

w: water, *: 0°C, †:18°C, **:20°C, ●:37.5°, i: insoluble, n.d.: no data 

Acetic acid is a monoacid. Tartaric, oxalic, succinic and malic acids are bi-acids. Citric acid is a tri-
acid. Regarding calcium salts, Ca-acetate is soluble in water (table 1). Ca-oxalate monohydrate is 
insoluble. The other Ca-salts are slightly soluble, with the following increasing order of solubility: Ca-
succinate, malate, citrate and tartrate. The salt’s molar volume is important information as the 
comparison between this volume and that of the original compounds of the cement paste gives 



information about the possible impact of the formation of the salt, deleterious or not, on the matrix. 
All the Ca-salts considered have higher molar volumes than those of the main hydrates of the cement 
pastes, C-S-H and Ca(OH)2 (125 cm3/mole and 33 cm3/mole, respectively, Tennis et al., 2000). The 
molar volume of Ca-oxalate is the lowest but it remains 2 times higher than that of Ca(OH)2.The molar 
volume of Ca-citrate is, by far, the highest among the salts considered. 

2.3 AGGRESSIVE SOLUTIONS 

The aggressive solutions were made with a concentration of acid of 0.28 M in accordance with 
previous investigations (Bertron et al., 2007, 2009a). This concentration is the highest total 
concentration of acids found in many agro-effluents. Different quantities of NaOH were added to 
bring the pH up to 4 (min. value in the effluents), except for oxalic acid because the reaction between 
NaOH and oxalic acid leads to the formation of Na-oxalate salt which is insoluble in water and 
disturbs the investigation of degradation mechanisms. The pH of the oxalic acid was 0.85. The 
specimens were immersed in the aggressive solutions for 350 days in static conditions (no agitation), 
to recreate the conditions occurring in effluent storage structures. All the solutions were renewed as 
soon as the pH of one of them reached 4.5. The solid/liquid volume ratio was 1/17.  

2.4 TEST METHODS 

Alteration kinetics were assessed through relative mass losses and altered depths measurements (using 
phenolphthalein). The chemical changes of the specimens were analyzed by electron microprobe 
(Cameca SX 50, 15 kV, 20 nA) with same procedure as (Bertron et al., 2009b).The mineralogical 
changes were analyzed by XRD (Siemens D5000, 35 kV, 30 nA).  

3. RESULTS AND DISCUSSION 

3.1 RELATIVE AGGRESSIVENESS OF THE VARIOUS ACIDS 

Figure 1 shows the aspects of the samples immersed in the various solutions after one month of 
immersion. On the surface of the samples immersed in citric acid, large amounts of white Ca-citrate 
salts (as determined by XRD) had formed. These salts dropped off the cement matrix easily. 
Moreover, samples in citric acid showed significant and rapid erosion of their outer part. The samples 
kept in acetic and succinic acids had an orangey colour. There was no visible precipitation of salts on 
specimens in acetic acid (in accordance with the solubility of Ca-acetate). Although acetic acid 
specimens kept their initial shape (no visible dissolution), specimens immersed in succinic acid 
showed (i) some dissolution of their outer layer and (ii) slight swelling which seemed to occur in the 
inner part of the degraded zone. XRD analyses showed that Ca-succinate had formed in this zone 
(Bertron et al., 2009a). Specimens in malic acid were covered with white salts. The outer part of the 
specimen was a greyish, gelatinous layer. Samples in tartaric acid did not show any sign of visible 
deterioration during the first month. Then, a macroscopic layer of yellowish salts appeared on their 
surface. The adhesion to the sample surface was quite low and the salts finally accumulated in the 
bottom of the tank. Then, after two months, the peripheral zone of the samples was gradually 
dissolved. Specimens in oxalic acid remained intact and kept their initial aspect (grey-coloured) and 
shape. Nevertheless, when touched, the sample surface felt quite rough. The aggressiveness of oxalic 
acid toward the pastes was null: altered depths and weight losses remained zero despite a much lower 
pH than in the other solutions (fig. 2). Tartaric acid showed some similarities with oxalic acid during 
the first few weeks: neither mass loss nor degraded depth was observed. However, after 60 days, the 
first mass losses appeared. Malic acid caused progressive but moderate alteration kinetics. Succinic 
and acetic acids were much more aggressive and had very similar behaviour in terms of altered depth 
kinetics. Mass losses were, however, higher for succinic acid, probably because of the progressive 
erosion of the outer parts of the specimens. Citric acid was by far the most aggressive. The outer zone 
of the samples was progressively and rapidly dissolved. The decreasing order of aggressiveness is: 
citric > succinic > acetic > malic > tartaric > oxalic acid. 



Citric Succinic Acetic Malic Tartaric Oxalic 

 
 
 
 
 
    

   

Figure 1: Aspects of the specimens after 1 month in the various acids 
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Figure 2: Alteration kinetics of specimens immersed in organic acids according to time of immersion 

3.2 DEGRADATION MECHANISMS 

Figure 3 shows the composition of oxides of a sample immersed in the citric acid solution for 4 weeks, 
according to the distance to the surface in contact with the aggressive solution and the composition of 
a control sample. Figure 4 provides the mineralogical data collected on the specimens.  
The citric acid attack on the cementitious matrices generated the precipitation of large amounts of Ca-
citrate salt on the specimens as shown through XRD analyses (fig 4.). This salt did not adhere to the 
surface of the sample and did not protect the matrix. The periphery of the samples was completely 
dissolved during the attack. Within the cement matrix, the attack resulted in a well-marked 
mineralogical and chemical zonation (fig. 3). Three zones were observed. Zone 1 or sound zone did 
not suffer any damage; its composition was the same as that of the control sample. Zone 2 was a so-
called “transition zone”. It was slightly decalcified and enriched in sulphates because of the 
dissolution of calcium hydroxide and of the precipitation of non-expansive secondary ettringite, 
respectively. Zone 3 was severely damaged: this zone was quasi-amorphous and completely 
decalcified, which revealed the dissolution of all the hydrated phases. 
As shown in previous studies, the samples attacked by acetic acid also showed a mineralogical and 
chemical 3-zone profile (Bertron et al., 2007, 2005b). Zones 1 to 3 had features similar to those 
described for citric acid attack. However, in the case of acetic acid, acetate salt did not precipitate 
(according to the solubility of the corresponding salts). In addition, acetic acid was less aggressive 
than citric or succinic acid as the peripheral area of samples was not dissolved during the attack. The 
degradation mechanisms common to succinic and acetic acids were (i) practically complete 
decalcification of the outer part of the degraded zone, (ii) progressive dissolution of the crystallized 
phases, and (iii) probable dissolution of C-S-H, considering the low calcium content of the degraded 
zone. However, using XRD analyses, precipitation of Ca-succinate was observed in the inner part of 
the degraded zone (Bertron et al., 2009a). This may explain the slight swelling of the specimens. The 
attack by malic acid was similar to that of citric acid. Three zones with different chemical and 
mineralogical features were observed inside the specimens. Zones 1 and 2 were similar to those 
formed by the other acids. Zone 3 was partially decalcified and amorphous; Ca-malate had 
precipitated in this zone. 
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Figure 3: Chemical composition 
profile of a cement paste specimen 
immersed in citric acid for 1 month 

– Absolute amounts of oxides in 
sound zone and in altered zone. The 
data were processed using a method 
described in (Bertron et al., 2009b). 
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Figure 4: X-ray traces of a cement 
paste specimen immersed in citric 
acid for 1 month and of the salt 

formed at the surface. 

0

5

10

15

20

25

30

35

40

0

10

20

30

40

50

60

70

80

90

0 200 400 600 800 1000 1200 1400 1600

%
 S

O
3

%
 O

xi
d

es
 T

o
t.

, C
aO

, S
iO

2 

Distance to the surface (micrometers)

% Total % CaO

% SiO2 % SO3

Immersed specimen Control specimen

Zone 1Zone 2

Outer 
layer

 

Figure 5: Chemical composition 
profile of a cement paste specimen 

immersed in tartaric acid for 10 
months.  

The attack by oxalic acid led to the formation of calcium oxalate salts on the surface which fully 
protected the cement matrix throughout the experiment. In the periphery of the matrix, calcium oxalate 
was formed from Ca(OH)2 (as determined through XRD) and, presumably at least a part of the C-S-H, 
without any loss of calcium from the matrix (EPMA). This salt prevented the penetration of the 
aggressive species deeper into the sample (Larreur-Cayol et al., 2011).  

3.3 RELATIONSHIP BETWEEN CHEMICAL PROPERTIES AND AGGRESSIVENESS OF ACIDS 

The first criterion for the evaluation of an acids’ aggressiveness is that of the solubility of the acid 
salts. When calcium salts are soluble, they do not provide any protection to the matrix and the 



alteration mechanisms are similar to those of strong acids the calcium salts of which are soluble 
(HNO3, HCl) (Israel et al., 1997; Pavlik, 1994b). When calcium salts are only slightly soluble or 
insoluble, they may or may not protect the matrix. Correlations can then be established between the 
properties of salts and their protective effect. 
Salts with lower solubility may protect the cement matrix if the difference between their molar volume 
and those of the reactants (CH and C-S-H, molar volumes of 33 and 125 cm3/mol) of the cement 
matrix is small. In the case of the acids considered, the protective effect increases with the decreasing 
gap between the molar volume of reactants and of calcium salts. Calcium oxalate and calcium tartrate, 
the molar volumes of which are moderate (66 and 143 cm3/mol) are very protective and moderately 
protective, respectively, while calcium citrate salt, the molar volume of which is very high (518 
cm3/mol) is not protective. Thanks to its suitable molar volume, the formation Ca-oxalate acts to seal 
the capillary porosity and prevents the penetration of aggressive species deeper into the matrix. 
Indeed, in a CEM I paste with E/C=0.27, Ca(OH)2 occupies about 15 % of the total volume of the 
paste (Bejaoui et al., 2007). The capillary porosity (pore diam.>10 nm), measured by MIP, is 10% 
(original data). The volume of Ca-oxalate being 2-fold that of Ca(OH)2, it may be assumed that the 
formation of the salt enabled (i) the initial volume of the dissolved Ca(OH)2, (ii) the capillary porosity 
and, maybe (iii) a small part of the hydrates porosity to be filled, without any damage to the matrix 
(Larreur-Cayol et al., 2011).  
The study also highlighted a correlation between the protective effect of salts and their affinity with 
the cementitious matrix: calcium citrate precipitates but does not adhere to the matrix, while oxalate, 
tartrate and malate salts precipitate in the cement matrix. The mesoscopic shape of the salt may also be 
evoked as another important parameter. The data on the shape of the salts and on and their affinity 
toward the cement matrix should be analyzed. 
When calcium salts are soluble or when they are slightly soluble but non-protective, the poly-acidity 
seems to influence the aggressiveness of the acids toward the cementitious matrix as can be seen 
through the attacks by succinic and citric acids. The very high aggressiveness of citric acid, which 
dissolves the specimen’s degraded zone and causes very high alteration kinetics as compared to the 
other acids studied, could be related to its poly-acidity. At pH 4, for one mole of acid in solution, citric 
acid generates 2 moles of H3O

+ versus 1 for acetic acid. Its reserve of conjugated base at pH 4 is very 
large. Besides, succinic acid, a bi-acid, was found to be more aggressive than acetic acid. 
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Abstract 
In the present paper, an improved solidification/stabilization (S/S) process for the production of cement-based granular 
materials from contaminated soils is described. The presented method is based on the use of Portland cement as a 
binder and superplasticizers (SPs). The effectiveness of this process on the immobilization of inorganic hazardous 
wastes has been tested on a contaminated soil from an industrial site, showing high levels of several heavy metals and 
metalloids such as copper, zinc, arsenic and lead. 
At first, a characterization of the contamination was carried out. The nature and distribution of contaminants have been 
investigated in detail by means of SEM-EDS (scanning electron microscopy with energy dispersive spectroscopy) and 
micro-PIXE (particle-induced X-ray emission) chemical mapping, both in the original soil and in the cement grains 
after the S/S treatment. The coupling of the high imaging capabilities of SEM with the excellent detection limits of 
micro-PIXE, allowed the identification of several metal-bearing phases in the investigated samples. The analyses 
showed that the main source of pollution is related to the presence of µm- to mm-sized particles of inorganic 
compounds, employed as pigments or additives by the glass production plant formerly operating at the studied area. 
In a second stage, the physico-chemical properties of the granular S/S materials were evaluated by means of 
mechanical and leaching tests. In particular, the attention was focused on the role played by superplasticizers in the S/S 
process. For this purpose, the performances of samples produced following the presented method have been compared 
with those of similar grains prepared without the addition of superplasticizers. Due to the lower demand of mixing 
water, the samples produced using superplasticizers showed a general improvement of performances in terms of 
decreased porosity, reduced leaching of contaminants and improved mechanical properties. The laboratory tests that 
were carried out showed that the granular materials produced with this improved S/S technique may be suitable for an 
in-situ re-use as filler or concrete aggregate and may be employed in several other large scale applications. 
 
Originality 
In the present work, an interesting example of valorisation of waste materials using an optimized solidification/ 
stabilization (S/S) process is described. By using specific production methods, contaminated soils and sediments are 
mixed with Portland cement with the addition of a polycarboxylate superplasticizer and transformed into granular 
materials that may be re-used in-situ. The proposed treatment aims at reducing the landfill volume required for normal 
waste disposal, allowing the contaminated materials to be recycled in civil engineering applications. Two 
complementary analytical techniques like micro-PIXE spectrometry and SEM have been applied to the characterization 
of S/S materials. In particular, the high sensitivity of PIXE spectrometry allowed us to map the distribution of selected 
elements (mainly heavy metals), even if present at very low concentrations, not detectable by conventional SEM-EDS or 
other spectroscopic methods. 
 
Chief contributions 
This research provides an important contribution to the characterization and improvement of cement based S/S 
materials. It is demonstrated here that the addition of superplasticizers in the formulation is a key-point in order to 
improve the overall performances of the final products, in particular for what concerns environmental compatibility 
and durability. The use of PIXE spectrometry, especially if coupled with other established experimental techniques, 
represents an effective approach for the investigation of many issues of interest for the cement and concrete scientific 
community. In this specific case, understanding the nature of the contamination and the mechanisms that regulate the 
incorporation of hazardous elements into a cementitious matrix is crucial in order to optimize the quality of the S/S 
processes. 
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Introduction 
 
The mitigation of the impact of anthropogenic activities on the environment (either atmosphere, 
hydrosphere or land) represents one of the most challenging goals in the wide field of environmental 
sciences. In particular, the study of soil pollution and the re-qualification of lands contaminated by 
hazardous wastes represent the major topics of investigation wherein the cement scientific community 
may be actively involved. The term “brownfields” refers to areas formerly occupied by abandoned 
industrial or commercial facilities (e.g. power plants, factories, chemical warehouses, junk yards, fuel 
stations, etc.) whose re-utilization is hindered by a strong environmental contamination. Brownfield 
sites are often located close to urban areas and this of course increases their degree of human and 
environmental hazard. Typical contaminants that may be found on these lands, both organic and 
inorganic, include hydrocarbons, dioxins, PCBs, PCDFs, heavy metals, metalloids and asbestos. In 
such critical situations, the classical approach based on the disposal of the contaminated ground in 
dumps and the subsequent refilling of the site with new materials is not sustainable anymore, both 
environmentally and economically. As a consequence, a specific treatment and recycling of the 
polluted soils and sediments, in accordance with the European directives, has become necessary. 
Nowadays, the solidification/stabilization (S/S) techniques (Cullinane et al., 1986) allow reducing the 
solubility and mobility of solid and liquid pollutants by mixing the contaminated materials with a 
binder (typically Portland cement), in order to obtain a final product characterized by increased 
physical and chemical stability. Their effectiveness depends not only on the physical mechanism of 
encapsulation into a high-strength and low-porous matrix, but also on chemical processes as the 
uptake of some elements by the cement hydration products (Glasser, 1994). Over the past two decades, 
S/S methods, both in situ and ex situ, have found increasing application in a large number of 
environmental remediation actions. Laboratory and in situ leaching tests have widely demonstrated 
that S/S techniques can substantially reduce the concentration of contaminants into the ground, well 
below the limits fixed by laws for the residential use. However, some controversial issues still remain 
about the long-term performance of such products, due to the degradation of the cement matrix. 
We present here an innovative S/S process, called “Mapintec HPSS” (High Performance Solidification 
and Stabilization) and founded on the principles of high performance concretes (HPCs). HPSS 
method, which is based on the use of polycarboxylate superplasticizers (SPs) and specific production 
systems, aims at creating cm-sized granular S/S materials (pellets), characterized by improved 
performances and environmental compatibility. In a preliminary stage of the HPSS process, the 
contaminated soil undergoes sieving and drying treatments in order to remove the grain fraction larger 
than 2 mm (typically less affected by the contamination) and the excess of water. The material is then 
mixed with Portland cement, water and a SP (plus other additives if required) in an intensive mixer, 
where the nucleation of some micro-seeds takes place. The resulting mixture is then transferred onto a 
rotating plate where the nuclei start to increase their size through a mechanism similar to that of a 
growing snowball. In this way, a granular material is formed whose final size depends on the 
rotational speed and the inclination of the plate as well as on the duration of the treatment. Typically, 
the final diameter of the grains ranges from 4 to 16 mm. One of the key aspects of the entire process is 
the use of SPs that allow a significant reduction of the amount of mixing water, with beneficial effects 
on the physical properties of the pellets. The procedure described above is effective in the treatment of 
soils and sediments characterized by inorganic contaminations; however, in situations where an 
organic pollution is also present, the method is integrated with a thermal desorption step at moderate 
temperature (200 °C) and low pressure (< 104 Pa). In this way, volatile and semi-volatile organic 
contaminants, along with volatile metals such as Hg, may be almost completely extracted, directly 
from the grains, and then treated separately. Due to the mild T and P conditions, the microstructure 
and the mechanical properties of the treated grains are not significantly degraded after this stage.  
In the present work, the application of the HPSS process to a contaminated soil from an industrial area 
is presented. Due to the mainly inorganic nature of the contamination, the second step for the removal 
of volatile compounds was not necessary. In order to identify the main phases responsible for the 
contamination and the mechanisms of stabilization, a characterization of both the untreated soil and 



the final solidified products was carried out by means of X-ray fluorescence (XRF), scanning electron 
microscopy (SEM) and particle-induced X-ray emission spectrometry (micro-PIXE). The 
effectiveness of the process, with particular attention to the role played by additives, has been also 
evaluated by comparing the results of laboratory tests performed on two sets of samples, prepared 
respectively with and without the addition of superplasticizers. 
 
 
Experimental 
 
The samples studied in this work were prepared using a contaminated soil from the "ex-Conterie" 
industrial site in Murano, Venice (Italy). In this area, for the first time, the HPSS process is currently 
being applied at industrial scale for the re-qualification of a contaminated site. In the "ex-Conterie" 
area, an ancient factory for the manufacture of artistic glass had been operating until 1990. This 
activity introduced a significant environmental contamination, mainly due to inorganic pigments and 
additives, based on heavy metals and arsenic. In the glass industry a great variety of compounds 
(oxides, chlorides, sulphates, etc.) may be added during the production process in order to modify the 
final properties of the glass, especially in terms of colour, opacity and refractive index. A total volume 
of approximately 30000 m3 of ground is estimated to have been affected by the contamination. 
The S/S granular materials were prepared by mixing the "ex-Conterie" soil with an ordinary Portland 
cement (CEM I 52.5R), water and the Mapeplast ECO1 polycarboxylate superplasticizer. This 
additive belongs to a new generation of organic SPs, characterized by high biodegradability and low 
toxicity, based on synthetic polymers derived from the co-polymerization of acrylic acid and 
polyetheracrylates. In a typical HPSS formulation, the solidification of 1000 g of dried soil requires 
400 g of cement along with 210 g of water and 11 g of superplasticizer. It should be pointed out that, 
without the addition of this latter, a larger amount of water (~ 280 g) would be necessary in order to 
achieve the same workability of the mix. SEM and PIXE analyses were carried out on both the starting 
material (i.e. the contaminated soil) and the final granular products of the S/S process. Thick polished 
sections were prepared after embedding the samples (pellets or loose soil) in epoxy resin. Sections 
were coated with a thin carbon film in order to ensure electrical conductivity of the surface and 
prevent accumulation of electrostatic charges. 
SEM backscattered electron (BSE) imaging and X-ray chemical micro-analyses were performed at the 
Department of Geosciences of the University of Padua (Italy) by means of a Camscan MX2500 
microscope, equipped with a Si(Li) energy dispersive spectrometer (EDS) and operating at an 
accelerating voltage of 20 kV. Micro-PIXE experiments were carried out using a 2.5 MeV Van de 
Graaff accelerator (AN-2000) installed at the Laboratori Nazionali di Legnaro (LNL, Legnaro, Padua, 
Italy) of the Istituto Nazionale di Fisica Nucleare (INFN). A description of the facility is given in 
Bollini et al. (1993). The system is equipped with an energy dispersive high-purity Germanium "Ortec 
IGLET-X" detector having a nominal resolution of 145 eV at 5.9 keV (Mn-Kα), an active surface 
diameter of 11 mm and a thickness of 10 mm. The detector was positioned at 45° relative to the beam 
that consisted of H+ ions with energy of 2 MeV; the beam current ranged from 0.5 to 1 nA. In order to 
decrease the strong contribution of the low-energy emission lines of major elements, a 112 µm thick 
Al filter was placed in front of the detector. This allowed increasing the current, thus enhancing the 
photon count rate for the emission lines of minor elements (mainly heavy metals). An integration time 
of approximately 40 minutes was adopted for the acquisition of elemental maps. The micro-PIXE 
spectra were analyzed by means of the GUPIX software (Maxwell et al., 1989).  
 
 
Results and discussion 
 
The ground of the "ex-Conterie" area may be roughly classified as a sandy silt, containing also a minor 
amount of coarser particles; only the granulometric fraction thinner than 2 mm (the same used for the 
production of the S/S pellets) was studied here. The results of an XRF analysis performed on the 



original soil are reported in Table 1. The significant amount of Pb, Ba, Sr, Zn, Cu and Cr detected, 
confirms the presence of a real contamination on the area. 
 

Table 1: Quantitative XRF analysis of a soil sample from the “ex-Conterie” site. As, Cd and Hg were not 
included due to their volatile behaviour and the lack of appropriate calibration standards. The analysis was 

carried out using a Philips PW 2400 sequential WDS spectrometer. 
 

Major elements (wt %) Trace elements (ppm) 
Na2O 0.96 CaO 35.62 S 5040 Zn 398 Ba 529 
MgO 7.97 TiO2 0.51 V 73 Rb 59 La 19 
Al2O3 7.47 MnO 0.09 Cr 105 Sr 490 Ce 42 
SiO2 40.32 Fe2O3 4.08 Co 9 Y 23 Nd 20 
P2O5 0.22 Total 98.55 Ni 35 Zr 150 Pb 719 
K2O 1.31 L.O.I. 28.75 Cu 201 Nb 16 U 3 

  
Initially, our investigation focused on the nature of the contamination, studying both the original soil 
and the solidified grains, by means of SEM imaging and EDS point analyses. Besides the occurrence 
of the typical rock-forming minerals (quartz, feldspars, phyllosilicates, calcite, dolomite, etc.) and 
secondary phases (clay minerals, pyrite), several other compounds, whose presence is directly related 
to the industrial activity that formerly operated on the site, were identified. Among these, the most 
abundant were of course glass fragments (typically sharp-edged and containing air bubbles), dispersed 
on the ground during the activity of the local glass production plant. SEM-EDS micro-analyses 
performed on several particles showed no evidence of hazardous metals, with the exception of a few 
fragments where relevant amounts of lead were detected. However, the contamination seemed to be 
mostly related to other particles, characterized by higher concentrations of potentially hazardous 
metals. The following phases (mostly non-hazardous) have been recognized by means of EDS spot 
analyses performed on high backscattering particles, ranging in size from the µm to the mm scale:  

- iron oxides and hydroxides, essential natural constituents of many soils; 
- pyrite (FeS2) with framboidal structure, quite a common phase in shallow water sediments, 

especially in the presence of organic matter; 
- rutile (TiO2) and ilmenite (FeTiO3), typical accessory minerals in magmatic and metamorphic 

rocks that tends to be concentrated in sediments. However, titanium dioxide is widely used in 
the glass industry as a white pigment; therefore, a fraction of rutile particles may have been 
directly introduced in the soil by the manufacturing processes; 

- zircon (ZrSiO4), a common detrital mineral in sediments. Its presence is probably not related 
to the industrial activity as Zr and its compounds find no applications in glass production 
(even though Zr is used in refractory materials); 

- barite (BaSO4), almost certainly related to the glass production. Barium sulfate is in fact 
widely employed as a white pigment; 

- Mn-bearing particles, probably in the form of MnO2, a typical additive used as a decolorizing 
agent in glass; 

- several metallic particles showing high contents of Cu, Zn, Sn or Pb, apparently in the form of 
oxides or alloys and often associated with Fe. Lead is widely employed in the glass industry as 
a flux and its oxides are among the most common pigments. At the same time, also Cu, Zn 
and Sn compounds find large application in this field. 

Due to the poor detection limit of the SEM-EDS technique, it was hard to demonstrate the presence of 
finely dispersed contaminants across the cementitious matrix of the S/S grains or their incorporation 
into the lattice of cement hydration phases. For this reason, the same samples were also studied using 
micro-PIXE spectrometry that allows measuring the concentration of trace elements, even if present at 
the ppm level. Micro-PIXE chemical maps were acquired at different scales on regions of interest 
previously investigated by means of SEM. By combining the information concerning the spatial 
distribution of minor and trace elements with those of major elements (Al, Si, K, Ca, Fe), the results of 
the phase identification described above were basically confirmed; in addition, in many investigated 



particles (including glass), several trace elements not detected using SEM were observed. In particular, 
elements such as Cr, Mn, Ni, Cu, Zn, As, Rb, Sr, Pb, Ba were found to be present in finely dispersed 
form, also across the cementitious matrix of the solidified samples (Figures 1-2). This may indicate 
that the fine-grained fraction of the studied soil significantly contributes to the contamination. 
However, this may also suggest the uptake of some chemical species into the crystal lattice of the 
cement hydration products. In fact, under the extreme pH conditions (> 12) of cementitious systems, 
some of the metallic elements that are present in solution, may precipitate as hydroxides but also enter 
the crystal lattice of the growing hydration phases as substitute ions (provided that their charge and 
ionic radius are appropriate). Nonetheless, due to the extreme differences in solubility and to the 
amphoteric properties of some metal and metalloids, the behaviour of each chemical species should be 
studied separately. Among the various hydration phases, ettringite represents probably one the best 
candidates for the fixation of contaminants into its crystal lattice. As reported by Klemm (1998), 
ettringite can accommodate into its structure significant amounts of oxyanions of amphoteric elements 
(e.g. Cr, As, Se) in substitution of SO4

2-. Moreover, cations like Ti, Cr, Mn and Fe can replace Al in 
the octahedral sites. Such mechanisms allow an additional immobilization of hazardous species into a 
highly insoluble matrix, preventing them from water leaching. 
In the second part of the work, the efficiency of the HPSS method was investigated. The performances 
of the granular materials produced according to the presented method were compared with those of 
similar grains produced using the same process but without the addition of SPs. As a consequence, in 
order to obtain the same workability of the fresh S/S mix, an increase of the water content became 
necessary. Laboratory leaching tests were carried out on the two sets of samples, as well as on the 
untreated soil. In addition, the physico-mechanical properties of both sets of S/S grains were tested 
according to the standard methods commonly used for concrete aggregates. All the results obtained are 
summarized in Tables 2 and 3. A general improvement of all the investigated physico-mechanical 
properties, as well as a reduced leaching of contaminants, can be observed for S/S granular materials 
prepared including SPs in their formulation. These are direct effects of the lower water to solid ratio 
achievable when using such additives. Due to the lower amount of mixing water, a more compact 
matrix, characterized by higher strength and reduced porosity, can be obtained. As a result, also the 
resistance to aggressive fluids from the environment and to freeze/thaw cycles is improved, with 
positive effects on the durability of the S/S products. 
 
 

 
Figure 1: Total X-ray spectra of the micro-PIXE elemental maps reported in Figure 2 (next page). The two 

spectra refer to a soil sample (left) and to an HPSS grain sample. The amount of Cl in the soil sample is 
overestimated due to a strong contribution from epoxy resin. 

 
Figure 2 (next page): SEM-BSE micrographs of two regions of interest and corresponding micro-PIXE chemical 
maps of selected elements for a sample of contaminated soil (upper) and a cementitious HPSS grain (lower). The 
colour scale in the maps is, from low to high concentrations: black-blue-cyan-green-yellow-orange-red. A large 

glass fragment encapsulated into the cement matrix is clearly recognizable in the second sample. 
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Table 2: Results of physico-mechanical tests carried out on S/S grains prepared with and without SP. 
 

Test Reference norm Unit S/S without SP HPSS with SP 
Specific gravity EN 1097-6 - 2.17 2.33 

Water absorption EN 1097-6 % 6.6 2.5 
Aggregate crushing value BS 812-110 % 29 24 
Los Angeles (abrasion) EN 1097-2 % 42 35 

Freeze/Thaw EN 1367-1 % 5.5 3.2 
Alkali-silica reactivity UNI 8520-22 - negative negative 

Total porosity (Hg porosimetry) - % 20.1 15.3 

Al Si K 

Ca Ti Cr 

Fe Mn Ni Zn Pb 



Table 3: Results of leaching tests carried out according to the EN 12457-2 norm on the “ex-Conterie” untreated 
soil and the pellets produced with and without SPs. The Italian regulatory limits for residential use are also 

reported. 100 g of each sample (grain size < 4 mm) were mixed with 1 L of de-ionized water (l/s ratio = 10) for 
24 hours. The eluates were then analyzed by means of ICP-MS, according to the EPA 6020A method. 

 

Concentration 
Element Unit 

Soil S/S without SP HPSS with SP Reg. limits 
As µg/L 1254 7 <1 50 
Cd µg/L 3.9 <0.1 <0.1 5 
Cr µg/L 64 <1 <1 50 
Cu µg/L 175 100 20 50 
Hg µg/L <0.1 <0.1 <0.1 1 
Pb µg/L 218 25 10 50 

 
 
Conclusions 
 
The results obtained indicate that polycarboxylate superplasticizers play a fundamental role in the 
achievement of improved properties also for granular S/S materials. As a consequence of the reduced 
amount of mixing water, all the physico-mechanical properties (e.g. permeability, strength) of the final 
products are significantly improved, with beneficial effects on their durability and environmental 
compatibility. In fact, due to the lower permeability of S/S grains produced following the presented 
method, also the leaching of contaminants may be reduced. In this regard, further investigations are 
needed in order to assess the performances of such materials over the long term (years, decades) and 
verify the possibility to re-use them in situ as back-filling materials or as aggregates in concretes. 
In addition, we demonstrated that micro-PIXE spectrometry, especially when coupled with other 
established experimental techniques (SEM imaging in particular), may represent a powerful tool for 
the scientific community involved in the study of cement-based waste management processes. In this 
kind of situations, a detailed understanding of the mechanisms that regulate the incorporation of 
hazardous elements and compounds into a cementitious matrix is a key point in order to improve the 
performances and the environmental compatibility of the solidification/stabilization methods. 
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Abstract 
The demand for alternative building materials to cement with better environmental profile is increasing. 
Substitution with pozzolanic materials such as calcined clays is known to improve concrete properties. However 
above a threshold of about 30% of substitution, these materials reduce the mechanical properties, especially at 
early age. High substitution rates of cement by very reactive pozzolans like metakaolin or silica fume can indeed 
lead to depletion of portlandite. But portlandite produced by the hydration of clinker which contributes 
significantly at early age to the mechanical strength  and its depletion can eventually stop the pozzolanic 
reaction and provoke the drop of the pH in the concrete structure, potentially harmful for armatures.  
Here a new category of substitution is investigated in order to compensate these mentioned drawbacks by using 
simultaneous limestone addition. It is established that 5% limestone totally reacts with cement and enhances 
properties. In this study the substitution of cement by blends of limestone and metakaolin has been investigated 
by X-Ray Diffraction, portlandite consumption by Thermogravimetry analysis, Mercury Intrusion Porosimetry 
and by Isothermal Calorimetry. We show that 45% of substitution by 30% of metakaolin and 15% of limestone 
gives better mechanical properties at 7 and 28 days than the 100% OPC reference. Our results show that 
calcium carbonate takes largely part to the hydration of the aluminates, forming supplementary amounts of AFm 
phases and stabilizing ettringite. It is also briefly shown that gypsum addition should be carefully balanced 
because it influences considerably the early age strength by controlling the very rapid aluminates reaction. 
Remarkably with increasing substitution the mechanical properties do not decrease proportionally. We 
interpreted it as an indication of a synergetic effect of the blended addition to cement, besides the commonly 
accepted pozzolanic reaction.  
 
Originality 
A novel blended system is investigated here where cement is blended with high quantities of calcined clays 
combined with calcium carbonates. The levels of substitution obtained as well as the ternary system calcined 
clay-limestone-OPC have been very rarely investigated. This gives the novel character to this study. In this study 
it has been shown that with a pozzolanic material containing high aluminates content such as metakaolin, the 
reaction is very rapid due both to the fineness of metakaolin but also to the high reactivity of the aluminates at 
early age. It has also been found out that the high aluminates content evolved in the blended system shift the 
reactions of hydration towards aluminates rich phases with important quantities of hemicarboaluminate phases 
as well as Strätlingite forming. The ettringite is stabilized too in these conditions. The high calcite content do not 
react entirely but participates to the reaction by reacting in synergy with the aluminates forming 
hemicarboaluminate, that is stable over the time in this study, in apparent contradiction with thermodynamic 
prediction. 
 
Chief contributions 
Very high levels of substitution with simultaneous addition of 30% of metakaolin and 15wt% of calcite have 
shown mechanical properties comparable to the 100% OPC reference sample at 7 and 28 days remained 
constant. The chemical equilibrium is displaced toward higher aluminates and carbonates content, forming 
carbonate-AFm and stabilizing ettringite. 
The CH consumption investigation by TGA also points out that the pozzolanic reaction in such condition is not 
only the reaction of portlandite with aluminates and silicates to form extra C-A-S-H phases as widely accepted 
in the literature, but also to form extra AFm phases. 
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1.  Introduction 
 
Supplementary cementitious materials (SCM’s) are nowadays commonly used to reduce the clinker 
factor of blended cement, as cement accounts worldwide for 5 to 8% of man-made CO2 emissions 
(Jones 2008). Industrial by-product SCM’s are effective (Fly ashes, Furnace-blast slags and silica 
fume) but only locally available compared to the increasing global demand. Alternative sources of 
SCM’s such as calcined clays are of interest. Kaolinite clays are largely available in the earth crust. 
Heat treatment between 600 and 800°C of the kaolinite allow the destabilization of the crystalline 
structure of kaolinite by dehydroxylation (He, Osbaeck et al. 1995).  The produced metakaolin 
demonstrates excellent pozzolanic properties. It improves mechanical resistance of mortars, refines the 
pore microstructure and enhances durability (Sabir, Wild et al. 2001). On the other hand, it is 
established that 5% limestone totally reacts with cement and enhances the properties (Lothenbach, Le 
Saout et al. 2008). Carbonates from the limestone are incorporated into the AFm phases, stabilizing 
ettringite (Matschei, Lothenbach et al. 2007). However addition of more than 10% is known to have 
deleterious effect (Hawkins 2003). The purpose of this study is to investigate the possibility to take 
advantage of these results and benefit from the reaction of systems containing large amounts of 
aluminates and carbonates. This is a novel approach, which has only barely been studied (De Weerdt 
2010). In order to take advantage of blending metakaolin clay and limestone, it was chosen to consider 
the stoichiometric formation of monocarboaluminate hydrate (MC): one mole of metakaolin reacts 
with one mole of calcium carbonate in presence of excess calcium ions in aqueous solution to give one 
mole of MC. In terms of weight percentage, it means a blended addition with a weight ratio of 2:1 
metakaolin: limestone. This provides the starting point of the investigation. 
 
 
2.  Experimental procedure 
 
For this study a standard Portland cement containing only trace amounts of limestone. A limestone 
“LS” powder has been used: Durcal 15 form Omya Switzerland.  Highly pure Optipozz Burgess (US) 
“MK” metakaolin was used, produced through flash calcination. Details about their chemical 
composition and size distributions are given in Figures 1.  
 
Oxides OPC "MK" "LS"
SiO2 21.01 50.62 0.04
Al2O3 4.63 46.91 0.06
Fe2O3 2.60 0.38 0.05
CaO 64.18 0.02 56.53
MgO 1.82 0.09 0.10
SO3 2.78 0.08 /
Na2O 0.20 0.28 0.04
K2O 0.94 0.18 0.04
TiO2 0.14 1.29 0.03
Others 0.44 0.16 0.02
LOI 1.26 0.00 43.09
Total 100.0 100.00 100.00  

Material Cement Metakaolin Limestone Quartz filler

Designation "OPC" "MK" "LS" "Q"

Comments No 
limestone

Flash 
calcinated

93% 
CaCO3

pure Quartz

BET [m2g-1] 0.77 7.64 0.44 -
d10 [μm] 3.43 0.37 1.5 3.26
d50 [μm] 21.14 2.28 19.94 43.86
d90 [μm] 59.32 16.06 70.88 156.63  

Figures 1: In the first figure are presented XRF data (APC Solutions SA). In the second figure are specified some 
key data about the raw materials. 

The formulations that were investigated are graphically represented on Figure 2. Mortars have been 
casted at a water/binder ratio of 0.5 and pastes at a water/binder ratio of 0.4. Blends and quartz 
references have been done, in order to compare with inert filler. The workability was adjusted when 
necessary using Rheobuild 5500 superplastisizer to keep constant workability (up to 3 wt% of binder 
for pastes and 2wt% for mortars).  
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Figure 2: The formulations of the blends “B” as well as the quartz references “Ref” 

Compressive strength measurements were conducted on a Walter & Bay 300 kN press at 1, 7, 28 and 
90 days on 6 mortar prisms of 4x4 cm section per batch. Thermogravimetry measurements on pastes 
were made with a Mettler-Toledo TGA/SDTA 851 balance using a 10°C/min ramp from 30°C to 
900°C under a 30ml/min flux of air. Mercury intrusion porosimetry (MIP) on mortars were done with 
POROTEC GmbH PASCAL 140 and PASCAL 440 instruments up to a maximal pressure of 400 
MPa. X-Ray Diffraction (XRD) have been carried out on pastes with a Panalatical X’Pert Pro MPD 
diffractometer in a θ-θ configuration using CuKα source (l=1.54 Å) with a fixed divergence slit size of 
0.5°. Samples were scanned on a rotating stage between 4 and 65 [°2θ] using a X’Celerator detector 
with a step size of 0.0167° 2θ and a time per step of 30 s. 
 
3. Results 
 
Relative compressive strengths compared to OPC and quartz references are given in Erreur ! Source 
du renvoi introuvable.. Except the 15% blend, always superior compared to OPC, all blends are 
significantly under OPC at 1 day but 15, 30 and 45% blends show higher compressive strength with 
respect to OPC at 7 and 28 days, within similar range of values.  It is also worth noting that the 60% 
blend shows 93% of OPC strength at 28 days (330% of the 60% reference) (Figures 3). All mortars 
containing MK showed improvement over the quartz references at 1 day.  
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Figures 3: Compressive strength of blends normalized to the strength of pure OPC (first figure) and to the quartz 
reference (second figure) mortars at 1, 7, 28 days.  

Results for MIP (Figure 4) suggest that there is a refinement of the pore microstructure for all the 
blended systems compared to the OPC, but the blended systems show all high porosity smaller than 10 
nm; the higher the blend rate, the higher the sub -10 nm porosity and the higher the total porosity.  
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Figure 4 : Cumulated porosity as a function of pore radius at 28 days. 

On Figure 5 , the XRD patterns are represented. The MK30 system containing only clay shows the 
formation of Ettringite (ET) and monosulfoaluminate (MS), as well as the formation of Strätlingite 
(ST) at 28 days. The limestone-OPC blend (LS15) shows the formation of hemicarboaluminate (HC) 
from 7 days and MC from 28 days at the expense of MS, which appears only at 1 day. When blending 
15% of LS and 30% of MK, ET formation seems enhanced from 1 day with its peak growing until 28 
days. MS seems absent from the system, while HC forms at 1 day and  its peak continuously grows 
with age and MC only forms in trace amounts from 7 days. More generally, all blends (15-60%) show 
the formation of HC at 1 day and smaller amounts of MC from 7 or 28 days. This is in apparent 
contradiction with the thermodynamic, which predicts formation of MC in such system rather than 
HC. It might be correlated to the mobility of the carbonate ions and the relatively coarse size of the 



limestone used compared to the metakaolin. Furthermore, ST is detected in both MK30 and MK-B45, 
proving aluminates availability in the systems. 
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Figure 5: X-Ray Diffraction patterns for MK30, LS15, and MK-B45 at 1, 7, and 28 days. 

Quartz and limestone reference samples show no signs of pozzolanic activity (Figure 6), while the 
blends show significant decrease in CH content, suggesting pozzolanic activity of the MK, also at 1 
day. The higher the substitution rate, the stronger seems to be the relative decrease in CH content. The 
60% blend shows apparent extremely high CH consumption, but dilution in this system, as well as in 
all highly substituted formulations, gives non-negligible error in the measurements.  In the B45 the 
Portlandite consumption seems very strong at early age, possibly larger than that of MK30, it can be 
postulated that the observed formation of considerable amount of AFm phases in the B45 system 
requires Ca2+ ions that are taken from the portlandite. 

 
Figure 6: Evolution of the CH content (determined from TGA mass loss) normalized to the anhydrous OPC 
content in the paste. 



On the Figure 7 below, the effect of sulphate on the compressive strengths is presented. It has been 
noted in the literature that gypsum can enhance metakaolin reactivity(Kurdowski and Pomadowski 
2001).  

 
Figure 7: Evolution of the mechanical strength of Blends systems at 45% substitution as a function of the 
gypsum hemihydrate added (in percent per total mass of blend, water/blend ratio corrected) at all ages. 

 Sulphate content has an important role at early age as the mechanical strength at 1 day varies 
considerably, while at later ages remaining unchanged. It is supposed that gypsum affects the 
hydration in two main manners: sulphate oversaturation delays the hydration of the aluminates peak 
(coming indistinguishably from both the C3A and the metakaolin), as observed on the calorimetry 
curve plotted on Figure 8. It consequently leaves more time to C3S hydration. Furthermore ettringite 
formation is enhanced, ettringite being the hydrate with the biggest water binding capacities and thus 
occupying more spaces. Later on, the hydration processes doesn’t seem to be modified as the 
mechanical properties remain the same at 7 and 28 days.  
  

 

Figure 8: Isothermal calorimetric curves plotted for blends systems at 45% substitution with different gypsum 
hemihydrate contents 



 
4. Conclusion 
 
We could show that 45% of substitution by 30% of metakaolin and 15% of limestone gives better 
mechanical properties at 7 and 28 days than the 100% OPC reference. With increasing substitution the 
mechanical properties do not reduce proportionally. The XRD results show that calcium carbonate 
largely takes part in the hydration of the aluminates, forming significant amounts of 
hemicarboaluminates and to a lesser extent monocarboaluminates. The TGA results confirm the high 
pozzolanic character of these blends. This is interpreted as an indication of a synergetic effect of the 
blended addition to cement; besides the commonly accepted pozzolanic reaction. The effect of 
sulphate content has also been studied; it mainly affects the 1 day mechanical strength value that is 
improved considerably by increasing the initial sulphate content available. It shows the possibilities to 
optimize such blends. On-going work is carried out to complete this investigation on this novel 
blended system, by studying the effect of the blend ratio, of the fineness and of the purity of the used 
clays as well as varying parameters of the blending. Further works on durability and comparison with 
thermodynamic GEMS calculations are planned too. The Fonds National Suisse is acknowledged for 
funding this project. 
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Abstract 

Fly ashes formed during coal combustion in fluidized bed boilers with flue gases desulphurization contains 

metakaolinite, free lime, CaSO4 II and CaCO3. Scientists are looking for an optimal way of utilizing it in building 

materials technology. The main goal of investigations was to better understand the hydration process of metakaolinite 

with crystalline compounds of fly ash. The investigations are focused on modification of binder and hydrothermal to 

allow utilization of fly ash from fluidal coal combustion in autoclaved aerated concrete technology  

Hydration of metakaolinite will take place in hydrothermal conditions at 180
o
C with length of hydrothermal curing 

periods varying from 12 to 48 hours. During first stage of investigations, the impact of Ca(OH)2, CaSO4 II and CaCO3 

on the structure and microstructure of resulting composite material was examined. In second stage of the investigations 

the influence of small amount, 1,0 and 1,5% of Na2O and K2O was tested  

 

Originality 

Data analysis and practical knowledge shows that from this scope scientists doesn
,
t have research. Fluidized ashes 

contain metakaolinit, CaOw, CaSO4 and CaCO3. The same components are in binding agent (lime+gypsum+part of 

aggregate(fly ash))  in autoclaved aerated concrete.  

 

Chief contributions 

Utilization of new generation fly ashes for the production of autoclaved aerated concrete (ashes from coal and biomass 
co-combustion (research project N 506 06 631/3156 - finish october 2008) and fluidized ashes (R&D project R04 
01 103 - finish march 2010)).  
Scientific purpose of this projects is to fully recognize the properties of ashes from coal and biomass co-combustion in 
dust boilers as well as fly ashes from burning of coal in fluidized boilers with desulphurization. The goal is also to 
determine the influence of these ashes on the technological process, macro and microstructure and functional properties 
of autoclaved aerated concrete (AAC). PGS is autoclaved aerated concrete manufacturing technology commonly used in 
Poland. As main raw materials it incorporates: siliceous fly ashes from hard coal combustion, burnt lime, natural 
gypsum and aluminum powder used as a pore generating admixture. Among ingredients burnt lime, gypsum and 
aluminum powder contribute mostly to the price of the final product. We also checked if it is possible to reduce the 
content of burnt lime and natural gypsum within the mix.  
In general introduction of fly ash from fluidized combustion causes alteration of phase composition, microstructure and 

structure of autoclaved aerated concrete. It results in changes of particular properties like strength, shrinkage, freeze-

thaw resistance. 
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1. Introduction 
 

Artificial pozzolans are materials which obtain pozzolanic properties as a result of structural 

transformations from thermal activation. Materials which belongs to this group are primarily clayey 

materials (loams, clays, kaolinites). Materials contain large amount of clayey minerals when they are 

heated at controlled temperatures between 600
o
C and 800

o
C undergoes thermal decomposition. 

Anhydrous aluminosilicates are being formed. Its structure is amorphous or highly disordered, what 

allows it to be reactive towards calcium hydroxide in the room temperature [Stoch 1974, Mielenez 

1950, Pytel 2003, Brindley 1959]. The most advantageous properties can be obtain for calcinated 

kaoline clays. During calcination of kaolinite in temperatures between 600 and 800
o
C metakaolinite is 

formed. Metakaolinite is very active towards Ca(OH)2.  

After thermal activation, material is subjected to chemical activation with calcium hydroxide. It 

hydrates. As a result of the process, phases similar to that characteristic for portland cement hydration 

are formed. Chemical composition of raw mix (mainly metakaolinite : calcium hydroxide ratio), 

curing condition (mainly time and temperature) are factors influencing the nature of products of 

hydration to a great extent. Introduction of mineral additives can intensify the hydration process. 

Results of investigations on the hydration of metakaolinite showed that main reaction products are 

hydrogehlenite and hydrated calcium silicates of C-S-H type. First person who described that was 

Strätling. Later other authors confirmed it [Pytel 2003, Serry 1979, Sträetling 1938, Meller 2005, 

Meller 2007, White Roy 1979]. Turriziani stated that hydrated gehlenite in the presence of Ca(OH)2 

transforms into hydrogarnet (C3AH6). In addition at 50
o
C  it is metastable towards hydrogarnets of the 

C3AH6 – C3AS3H4 series [Turrizian R. 1964].  

During initial stages of hydration at room temperature, among products of hydration, hydrated 

silicates and aluminates of the system CaO – Al2O3 – SiO2 – H2O can be found irrespectively of mix 

proportions. The most important stable under 100
o
C are: Ca(OH)2, gehlenite hydrate (C2ASH8) and 

hydrogarnet of nominal formula: C3AH6. Additionally, the system contains metastable but durable 

phase – C-S-H gel. Gehlenite is main crystalline product in case of all investigated mixtures. Its 

amount is highest in mixes rich in calcium hydroxide. Gehlenite hydrate is also metastable and in the 

presence of Ca(OH)2, as the hydration proceeds it is able to transform into one of hydrogarnets 

belonging to C3AH6 – C3AS3H4 series [Kapralik 1984, Shauman 1972, Nocuń –Wczelik 1999, 

Krzheminskij 1974, Kuatbaev 1982]. 

Increase of the temperature up to 100
o
C increase the rate of metakaolinite hydration, what results in 

the type and structure of products which are formed. It increase the amount of hydrogarnets of the 

CmAnSxHy type as well [Ambroise 1985].  

As it was mentioned earlier there is not much works in the literature dealing with hydrothermal 

hydration of metakaolinite with mineral additives [Meller 2005, Vektaris 1987, Baltakys 2010 

Ramachandran 1986]. Referring to this, in present paper will be presented results of the investigations 

of the influence of Ca(OH)2, CaCO3 and CaSO4 II and small amount of alkalis on the process of 

hydrothermal (180
o
C) hydration of metakaolinite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Experimental part 

2.1. Characteristics of raw materials 

 

To research were used: two kinds metakaolinite, CaSO4 II, Ca(OH)2, CaCO3, K2O and Na2O. 

Metakaolinit was obtained by roasting kaolin clay and carbon slate. 

The chemical composition and the pozzolanic activity metakaolinites were described in the table 1. 

 
Table 1. Physicochemical properties of metakaolinites 

 
Kind of metakaolinite 

Meant feature Participation in 

% mass 
MK I 

kaolin clay 

MK II 

carbon slate 

Loss on ignition 1100
o
C 1,85 2,50 

SiO2 53,90 58,72 

Al2O3 40,06 26,90 

Fe2O3 0,65 8,85 

CaO 0,71 0,57 

MgO 0,10 1,36 

SO3 0,08 1,10 

Pozzolanic activity  ASTM 

C379-65 

SiO2akt –  22,19% 

Al2O3akt – 18,18 % 

Σ = 40,37% 

SiO2akt   – 18,22 % 

Al2O3akt – 13,56 % 

Σ = 31,78 

 

2.2 Preparation of samples for research 

All applied elements for research were fragmented in the agate grinder and then was sieved through 

the 0.063 mm sieve. 

9 binders of MK metakaolinite were prepareded in first step of research to reflect following 

arrangements of research: 

A : MK I – Ca(OH)2 

B : MK I – Ca(OH)2 – CaSO4 II 

C : MK I – Ca(OH)2 – CaCO3 

D : MK I – Ca(OH)2 – CaSO4 II – CaCO3 

In second step of research, to chosen set from table 2 were added NaOH and KOH in amount 1 and 

1.5 %.  

 
Table 2. Composition of binders 

% mass Type of 

substance I II III IV V VI VII VIII IX 

MK I 55 50 52,5 50 50 65 62,5 60 60 

Ca(OH)2 45 40 42,5 40 40 35 32,5 30 30 

CasO4 II - 10 5 - 5 - - - 5 

CaCO3 - - - 10 5 - 5 10 5 

 

MK 2 was added to beloveds of the V and IX sets. 

To receive the homogeneity of binders, after weighing all elements out according to the proportion 

given in table 2, for the period 10 minutes binders were being homogenised. 

From every binder were prepared paste for the w/s = 0.3 and in the cylinder form with dimensions 

about 1.5 x 1.5 cm were formed . Later they were subjected to autoclaved in temperature 180ºC for 

period 8, 12 and of 24 hours. 

Alkali (NaOH and KOH) in amount 1 % were added to samples from I  to V and alkali (NaOH and 

KOH) in the amount 1.5 % to III and IV samples. 

 



 
2.2. Research phase composition and microstructure 

 

For research phase composition and microstructure mineral composition (XRD – X-ray diffraction 

and DTA/TG - thermal analysis) and grain morphology (SEM – scanning electron microscope 

observations ) were used. 

They stated, that in everyone autoclaved sets are new releases hydrogarnet from the row katoit – 

hibschit Ca3Al2(SiO4)3-x(OH)4x, hydrate silicates of calcium (C-S-H), and calcite; tobermorite and 

occasionally (sample IV i VIII) scawtite are appearing. A certain amount of nonreactive remains 

accompanying applied metakaolinite is appearing in samples - quartz and muscowite. Also remains 

are stated no-reactive of activators of metakaolinite in the form: Ca(OH)2, CaSO4 II and CaCO3 

(content two first out of listed is disappearing after extending the autoclaved period up to 24 h). On 

figure 1, 2 and 3 they presented diffraction pattern of beloveds of sets which are representative for all 

samples (autoclaved time12 h). 

DTA/TG examinations confirmed quantitative relations of overreact step ( consuming the calcium 

hydroxide in the pozzolanic reaction after balancing his remains and the content of carbonates); the 

course of DTA curves is confirming multi-phase character of hydrate. 
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Figure 1: Comparing the composition of samples with different modifying substances. (HG – hydrogarnets, K – 

calcite, P – portlandite, A – anhydrite, T – tobermorite, S – scawtite, C-S-H)[Małolepszy 2008] 
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Figure 2: Comparison diffraction pattern of samples with pozzolanic material of different origin (HG – 

hydrogarnets, K – calcite, P – portlandite, A – anhydrite, T – tobermorite, S – scawtite)[ Małolepszy 2008] 

 
 

Figure 3: Diffraction pattern of samples (set III) alloying with different substances, of 1 % sodium (La_IIINa24) 

and potassic hydroxide (La_IIIK24) – autoclaved 24h, (A – anhydrite II, C – calcite, H – hibschit, K- katoit, P – 

portlandite, , S – scawtite, T – tobermorite, Q – quartz, C-S-H) 

 

Observation SEM are confirming conclusions  taken from research with XRD and DTA methods, that 

the dominating phases are hydrogarnets and C-S-H. Chemical composition hydrogarnets is 

changeable between different layouts of binders. However it isn't affecting the sort and the size of 

crystal. In sets which anhydrite weren’t added, they weren't appear hydrogarnets from the group 

katoite and hibschite but they appear hydrogarnets of type hydroandradite (Ca3(Al,Fe)(SiO4)3-x(OH)4x. 



The extended autoclaved time causes the better formation of crystal structures - hydrogarnets 

assume the prismatic shape, and C-S-H form is left amorphous replaced with coniferous forms, 

moreover well developed tiles tobermorite appear. (figure 4) 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

Figure 4: Comparing the microstructure of samples about the extended autoclaved time , with the application 

different pucolan (samples 1 and 2) 

 

 

Conclusions 

 

As a result of conducted examinations, they stated that type of mineral additions accompanying the 

reaction on conditions hydrotermalnych of metakaolinite with the calcium hydroxide have influence 

for the phasic line-up hardened of paste. In particular applying addition of anhydrite causes changes in 

the structure coming into existence hydrogarnets (replacing hydroandradite katoite) and implementing 

the calcium carbonate causes coming into existence scawtite. Applying metakaolinite coming of 

processed carbon slate influence for increased amount tobermorite in comparing to synthetic 

metakaolinite. The extended autoclaved time causes better formation oneself of newly created 

crystalline phases so as - hydrogarnets, C-S-H and tobermorite.  The addition of the sparseness of the 

alkali causes increasing overreact of metakaolinite and increasing amount of forms 

submicrocrystalline C-S-H. In samples with the addition of anhydrite is watching higher step overact 

to calcite and coming into formation hydrogarnets in the presence of hydroxides. The presence of the 

sodium hydroxide is contributing to the change of the kind hydrogarnets in the arrangement (more 

hydrogarnets of type katoit). 
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Abstract 

Roman cement was extensively used to decorate facades during the nineteenth and beginning of 
twentieth Century. The interest of this material has been revisited recently in the field of 
conservation of architectural cultural heritage. This article gives results on the characterization of 
the roman cements (using XRD, SEM, EDS mapping analysis, selective dissolution) recently 
produced from the Lilienfeld marlstone (Austria), in comparison with a commercial roman cement 
(from Vicat, France). The mineralogical composition of the two cements strongly differs according to 
the presence of sulphate minerals in the marlstone and the temperature of calcination. XRD and 
SEM carried out on cement paste allow the identification of the AFm and AFt type phases as early 
age hydration products responsible of the flash setting typical to roman cements. The composition 
rich in alumina and the crystallinity of dicalcium silicates strongly differ in the Lilienfeld cement 
and influence their reactivity at the later ages.  

 

ORIGINALITY: This article gives new results on relatively unknown highly hydraulic binders so-called roman 
cements. The mineralogy of two types of roman strongly differs according to the difference in the raw materials 
and the calcination process. The characterization of the main amorphous reactive phases in the CaO-Al2O3-SiO2 
system used combined techniques such as selective dissolution and quantitative EDS mapping image analysis, 
which is a new technique allowing the mapping of atomic ratio.  
 
CHIEF CONTRIBUTIONS: The main challenge of this study is the characterization of amorphous reactive 
phases resulting from the calcination of marls stones at low temperature (800-1000°C), to reproduce natural 
cements with composition and performance comparable to those obtained in the natural cements produced in the 
XIXth century and which revealed good properties of durability and compatibility (chemical, transfers) with 
stone substrates. This paper presents combined techniques for anhydrous cement characterization, in particular 
EDS mapping image analysis allowing the discrimination of intermixed and non crystalline phases. 
 
Keywords: Roman cement, microstructure, quantitative EDS mapping, C-A-S phases 
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1. INTRODUCTION 
 
Patented in England by James Parker in 1796, roman cement was extensively used in civil engineering 
structures (Hughes et al. 2007a; 2007b; Royer 2006) before the invention and development of Portland 
cement. From the first half of the 19th century, roman cement was also used as binder for stone repair 
mortars and façade decoration of historical buildings all over Europe (Hughes et al. 2007a; Weber et 
al. 2008). Since the last decade, the properties and durability of historical roman cement mortars and 
their compatibility with stone substrates have been demonstrated by many studies (Cailleux et al. 
2006; Gosselin et al. 2009; Weber et al. 2008). The main advantages of roman cements for stone 
restoration can be summarized as followed: low energy consumption resulting from low calcination 
temperatures (800-1100°C), durability even in highly polluted environment (urban exposure and 
aggressive solutions), compatibility with historical building materials (aesthetical, chemical and 
transfers properties), and versatility of mortar formulations and applications techniques. Roman 
cement is produced from the calcination of raw marlstone with no addition of other materials during 
the grinding. The raw marlstones have a wide range of chemical composition and are calcined at 
temperatures where sintering and melting would not occur (800-1100 °C). The “clinker” is then finely 
ground and usually no further product was added. According to the literature (Gosselin et al. 2009), it 
was difficult to control the composition of roman cements due to the various compositions of 
marlstone calcined with heterogeneous process in shaft kilns. Vicat Company (France) remains a 
major company producing roman cement throughout the last two centuries in Europe (Avenier et al. 
2007; Sommain 2008). The Rocare project aims at making roman cement as a compatible and 
sustainable product as alternative solution to available products (lime, hydraulic lime and commercial 
roman cements) and adapted to local needs of restoration market in Europe. This necessitates the 
fundamental understandings of the mineralogical development during the calcination process and the 
subsequent hydration reactions once mixed with water, aggregates and chemical admixtures. This 
article presents the results on the characterization of two different roman cements, a commercial 
cement (Vicat prompt cement) and a roman cement recently produced resulting from the calcination of 
the Lilienfeld (Austria) marlstone in a pilot scale rotary kiln (920°C for 300 min), as reported in 
(Hughes et al. 2009). The main challenge of this study is the characterization of reactive amorphous 
phases resulting from the calcination of marlstone at low temperatures. Combined techniques for the 
anhydrous cement characterization (selective dissolution, XRD, EDS mapping) allow the 
discrimination of intermixed and non crystalline phases responsible for the workability and long term 
performances specific to these cements. 
 
2. MATERIALS AND METHODS 
 
The characterization of the cement reactants used selective dissolution methods according to the works 
of Stutzman et al (Stutzman and Leigh 2002). The Salicylic Acid/Methanol Extraction (SAM) 
dissolves alite C3S, belite C2S, and free lime. The KOH/sugar solution dissolves the interstitial phases 
of aluminate and ferrite leaving a residue of silicates and minor phases. The cement paste was 
prepared by adding water to cement (mass ratio W/C of 0.65) and mixed with a paddle mixer for 1 
minute at 1100 rpm. The fresh cement paste was cast in plastic vial, demoulded after 24 h and cured in 
de-ionized water. The hydration of the cement pastes was stopped by solvent exchange. XRD analysis 
was carried out with an X’Pert Pro PANAlytical diffractometer (Cu tube, λ=1.54 Å). Scanning 
Electron Microscopy (SEM, Philips Quanta 200) was used to study the microstructure of anhydrous 
cement powder. Pelletized raw cement and cement pastes were impregnated with epoxy resin and 
polished to obtain cross sections. The microanalysis of phases was done with Energy Dispersive 
Spectroscopy (EDS, Bruker AXS Quantax). Quantitative elemental mapping was performed using 
ultra-fast spectral imaging acquisition for 15 min. The Esprit software allows the acquisition of images 
with a simultaneous spectral accumulation in a database for each pixel. The set of acquired images 
were then treated to normalize the intensity of each chemical element with respect to its quantity 
determined by accumulated EDS spectra. Finally the atomic Ca/Si and Al/Si ratios were calculated 
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from the intensity of quantitative images (using Matlab routines) and mapped inside the most 
representative grains of the respective cements. 
 

3. RESULTS 

3.1. CHARACTERIZATION OF THE ANHYDROUS ROMAN CEMENTS 

3.1.1. XRD AND SELECTIVE DISSOLUTION  
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Figure 1: XRD patterns after SAM and KOH/sucrose selective dissolutions of the Lilienfeld and the Vicat 

cements (Q-quartz; mus- muscovite; alb- albite; til- tilleyite) 

Fig.1 shows the XRD patterns of the Lilienfeld and Vicat cements before and after selective 
dissolution. The main crystalline phases present in the Lilienfeld cement originate from the 
incompletely calcined marlstone, e.g. quartz and calcite in relatively high amounts and albite and 
muscovite as secondary phases from clayey fraction. Other crystalline phases result from the 
calcination of the minerals in the temperature range 800-900°C. Among these phases, the diffraction 
peaks related to calcium silicates β or α’-C2S show a relatively low degree of crystallinity in the 31-
34°2θ range, compared to the well crystalline β-C2S present in Vicat cement (Fig. 1). Secondary 
phases are identified as Portlandite, CH, presumably from pre-hydration of free lime. After extraction 
of the silicates phases by the SAM method, the XRD pattern reveals small amounts of gehlenite C2AS 
and a calcium silicate carbonate, tilleyite C3S2.2C C  occurring as a natural mineral whose formation 
has not been reported during the manufacture of cements (Taylor 1997), in contrast to spurrite 
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(C2S)2.C C , a carbonated form of C2S (Bolio-Arceo and Glasser 1990) identified as traces. One 
interesting result is in the strong similarity of the XRD patterns before and after the KOH/sucrose 
dissolution. The overlap of these two patterns indicates that the Lilienfeld cement contains no 
significant crystalline aluminate reactants, as  already suggested Vyskocilova et al (2008).  
 
The mineralogy of Vicat cement differs strongly from that of the Lilienfeld one and is composed of a 
wider range of silicates and aluminates reactants. Due to higher temperature of calcination (up to 
1200°C), the crystallization of β or α’-C2S is enhanced, as illustrated by the diffraction peaks in the 
31-34°2θ range and much less quartz remains compared to the Lilienfeld cement. The selective 
dissolution methods seem more suitable to the Vicat cement to discriminate the different phases. The 
main aluminates phases, identified after SAM dissolution, are C12A7, C3A, C4AF and C4A3S S and the 
main silicates phases identified after KOH/sucrose dissolution, are β or α’-C2S and spurrite 
(C2S)2.C C  and traces of C3S. Traces of calcium sulphate C S  were also identified in the XRD pattern 
of the raw Vicat cement. Compared to the Lilienfeld cement, the Vicat cement contains higher 
amounts of sulphate (Table 1) crystallized under the form of anhydrite C S  and ye’elimite C4A3 S  
which both contribute to significant changes in the hydration products (Fig. 6). The presence of 
calcium sulphate C S  can be explained by the release of sulphur from the weathered sedimentary 
pyrites included in the limestone grains. 
 

3.1.2. SEM AND EDS-MAPPING ANALYSES OF THE LILIENFELD CEMENT 

 

Figure 2: Microstructure of the Lilienfeld cement grains (left: raw cement – middle: after SAM dissolution – 

right: after KOH/sucrose dissolution) 

From Fig. 2, the morphology and composition of the nodules appear to be uneven in the sample, but 
some general features can be identified. As already suggested by XRD, many quartz and calcite grains 
remain in the nodules, surrounded by a reactive phase appearing whiter grey in BSE mode. This phase 
presumably results from the diffusion of calcium and silicate ions during the calcination process of 
marlstone. However the EDS mapping (Fig. 3) suggests that alumina is systematically present in 
significant amounts in this phase which is consequently referred to as C-A-S reactant in this paper. 
Fig. 3 shows the EDS mapping on a nodule containing quartz, calcite and K-feldspar grains 
surrounded by the C-A-S reactant. The elemental analysis gives a Ca/Si ratio evenly distributed in the 
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grain and close to 1. The Al/Si ratio ranges 0.2-0.4 in this specific grain. The non stoichiometric 
composition of this phase can explain the difficulty to relate the diffraction peaks in the 31-34°2θ 
range to actual β or α’-C2S. From Fig. 2, it is noteworthy that the morphology of cement grains 
remains unchanged after selective dissolution methods. First, the intragranular porosity, already 
observed in the raw cement, does not increase significantly after. Furthermore, SAM and 
KOH/sucrose dissolution do not affect the C-A-S phase surrounding quartz and calcite. 
 

 

Figure 3: EDS mapping of the raw Lilienfeld cement  

3.1.3. SEM AND EDS-MAPPING ANALYSES OF THE VICAT CEMENT 

The Vicat cement is produced at higher temperature and consequently better crystallized and 
discriminated phases are observed in Fig. 4. A typical grain is composed of C2S grains surrounded by 
a solid solution made of C3A, C4A3 and C4AF. Some clusters of periclase MgO, resulting from the 
decomposition of dolomitic materials, usually appear as dark areas in BSE mode. In consistence with 
the XRD results, the BSE images in Fig. 4 show that the rounded C2S grains are removed by SAM 
solution and that C3A and C4AF are dissolved in the KOH/sucrose solution. The EDS images for the 
Vicat cement (Fig. 5) show the suitability of the technique to map the silicate and the aluminate phases 
inside the most representative grains. In this cement grain, the C2S grains (blue in Fig. 5) have a 
stoichiometric Ca/Si ratio of 2 and are well differentiated from the aluminate phases (C3A, C4A3 S  and 
C4AF) illustrated in red according to the arbitrary scale bar related to the Al/Si ratio. 

 

Figure 4: Microstructure of the Vicat cement grains (left: raw cement – middle: after SAM dissolution – right: 

after KOH/sucrose dissolution) 
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Figure 5: EDS mapping of the raw Vicat cement grains 

3.1.4.  XRD ANALYSIS OF HYDRATED CEMENT PASTES 

 

Figure 6: XRD patterns of hydrated Lilienfeld and Vicat cement pastes  

Fig. 6 shows the XRD patterns of cement paste cured up to 90 days under water. In the Lilienfeld 
cement, C4A C H11 predominates after 24 h but with a relatively broad diffraction peak which could 
indicate a solid solution with initial hemicarboaluminate C4A C 0.5H12, as already suggested by 
Vyskocilova (2008). After 90 days, the hydration of the C2S and the C-A-S phase seems well 
advanced but no crystalline hydration products were identified. In the Vicat cement, the ettringite 
originally formed and hemicarboaluminate C4A C 0.5H12 remain stable for 90 days. The precipitation of 
monocarboaluminate C4A C H11 is initiated after 24 h and levels off after 28 days of curing under 
water. Compared to the C-A-S reactant in the Lilienfeld cement, very little C2S reacts before 28 days. 
The hydration of C2S is well advanced after 90 days and leads to the precipitation of calcium 
hydroxide CH co-precipitating with microcrystalline calcium silicate hydrates C-S-H.  

 

4. CONCLUSION 
 
This paper compares the mineralogy and hydration of two types of roman cements used for historical 
masonry. Due to the differences in the raw materials and the calcination process, the Lilienfeld and 
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Vicat cements have different mineralogy and hydration mechanisms. These two cements rapidly set (5 
to 10 minutes) and require retardation admixture for practical applications. The higher calcination 
temperature in the Vicat cement leads to the formation of crystallized belites. The presence of 
sulphates (pyrites) in the raw marlstone leads to formation of calcium sulphate and ye’elimite which 
rapidly hydrate to ettringite. After a few minutes, the sulphate concentration rapidly becomes 
undersaturated with respect to ettringite precipitation and the calcium aluminates hydrate to 
hemicarboaluminate. This phase is unstable in presence of calcite and monocarboaluminate slowly 
precipitates during curing under water. During the calcination of the Lilienfeld marlstone, incomplete 
crystallization of calcium silicates occurs within nodules containing significant amounts of calcite and 
quartz. A few grains of stoichiometric C2S are formed and were locally observed in a rim around the 
quartz grains. Remaining clay materials provide aluminate ions leading to the formation a non 
stoichiometric C-A-S phase. The XRD and SEM results after selective dissolution indicate that silicate 
and aluminate are intimately linked in this poorly crystalline C-A-S reactive phase. The diffusion of 
ions seems to be incomplete under these conditions of calcination to form crystallized C2S. The XRD 
pattern of this C-A-S phase would suggest a disordered structure of which the reactivity is enhanced 
compared to the crystallized β and α’-C2S. However crystalline hydrates as calcium hydroxide, which 
is the usual product of C2S hydration, were not detected after 90 days of curing. 
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Abstract 
The reduction of Portland cement content in paste, mortar or concrete can be successfully done by the fly ash 
addition. The many years experience is mainly related to the usage of siliceous fly ash from the bituminous coal 
combustion. There is significantly less information, as different fly ash materials from the fluidized bed 
combustion (AFBC) are concerned. In this work the cementitous materials composed of Portland cement, 
siliceous fly ash and fly ash from the fluidized bed combustion (AFBC), mixed at varying proportions were 
studied. The standard tests of mechanical properties and the other measurements of practical parameters were 
done. It has been found that these materials can be potentially used in road technology. Moreover, the results of 
heavy metals immobilization are very good - the leaching results are very similar to those obtained for common 
cements. 
 
Originality 
The originality of research presented in this paper, in the area of “sustainable production” (waste 
valorization), consists in the multicomponent and multifunctional character of proposed materials - AFBC for 
road technology and other geotechnical applications, where the environmental friendly with high 
immobilization potential binder could replace the other, traditional materials. 
 
Chief contributions 
The main issue of his work focused on the possibilities of usage by-products from fluidized-bed combustion 
(AFBC fly ash) to hydraulic road binders production.  
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INTRODUCTION 
 
From the process of carbon combustion during the electric or thermal energy production different 
electric “wastes” are formed as following: fly ash, slags, ash-slag mixes and wastes from 
desulphurization of combustion gases. The fly ash formed from carbon combustion is the most 
important energy waste. From many years the ashes are mostly used in the building materials 
production (Jarema-Suchorowska S., Kuczak B. 2009; Brendsteter J. et al., 1997). The utilization of 
fly ash produced in electric and thermal-electric power plants by reduction of the Portland clinker 
content in cements, gives possibility to use large amount of waste materials for cements modification 
and to usage of them in concrete. The changes in the procedures of solid fuel combustion in electric 
and thermal-electric power plants have resulted in the availability of fly ash from fluidized-bed 
combustion - Atmospheric Fluidized Bed Combustion (AFBC) besides siliceous fly ash (FA).  
AFBC fly ash is the mix of ash, desulphurization products (among others: calcium sulphate in form of 
anhydrite II), active CaO, certain amount of calcium carbonate and considerable amount of 
dehydrated clay minerals characterized with high pozzolanic properties. AFBC fly ash does not meet 
the requirements of EN 197-1 Standard for fly ash used as a main component of ordinary used 
cements. That is why, the AFBC fly ash is used in cement industry in a limited level (Gawlicki M., 
Roszczynialski W., 2003) and is only used as a substitution of gypsum part, so setting time regulator 
and the active pozzolanic additive (< 5%). Also, relatively high SO3, CaO and high LOI contents of 
AFBC fly ash do not meet the requirements of EN 450-1+A1:2009 Standard for concrete. That fact 
make difficulty in usage of AFBC fly ash and cause in large waste lagoon forming, which can be a 
menace to environmental and can result in other noxiousness (Pytel Z., Małolepszy J., 1999). There is 
still relatively little information refer to AFBC fly ash utilization in building materials industry 
(Brylicki W., Małolepszy J., 2000). Potential way to utilization of high amount of those wastes is 
usage of them in the grounds stabilization processes of the roads foundation. Besides the standard 
mineral binders (calcium and cement), AFBC fly ash can be a full value content of binding mixes 
used to soils improvement and to hardening. These mixes, besides AFBC fly ash, can contains 
cement, siliceous fly ash (FA) and others mineral additions, e.g. slags. Up to now, obligatory 
standards concerning usage of industrial wastes in road engineering indicate on usage of granulated 
blast furnace slag and conventional fly ash. The situation is going to change due to appearance of new 
standard projects: prEN 13282:2006-1 „Hydraulic road binders - Composition, specifications, and 
conformity criteria of rapid hardening hydraulic road binders” and prEN 13282:2006-2 „Normal 
hardening hydraulic road binders - Composition, specifications, and conformity criteria of normal 
hardening hydraulic road binders”, which determine the conditions of AFBC fly ash usage in road 
engineering. Efficient utilization of wastes, economic and ecological considerations results in AFBC 
fly ash usage in higher range.  
The main goal of his work is the assessment of possibilities of usage by-products from fluidized-bed 
combustion to hydraulic road binders production.  
 
CHARACTERIZATION OF RAW MATERIALS 
 
In this work the cementitous materials composed of Portland cement CEM I 42,5R, siliceous fly ash 
(FA) and fly ash from the fluidized bed combustion (AFBC), mixed at varying proportions were 
studied. The chemical analyzes of the two types of fly ashes were conducted according to EN 196-2 
procedures. Total sulphur and bounded sulphur in the form of SO4

2- was estimated. The determination 
of free CaO was made with the method according to EN 451-1 Standard. The results (calculated on 
dried material) are shown in Table 1. Also, the chemical composition of the Portland cement, used in 
the experiment is included in this Table. The analyzes were made by the ICP-AES (Inductively 
Coupled Plasma - Atomic Emission Spectrometer). The results of measurements were obtained from 
solutions from the mineralization of samples by the fused method with sodium peroxide. The XRD 
analysis was carried using PANALYTICAL X’Pert Pro diffractometer equipped with diffracted 
monochromator CuKα (5÷70°2θ, counter shift 2°/min). The fly ash obtained from the conventional 



 

 

boilers is a typical fly ash, in which glass phase predominates. The XRD analysis confirmed the 
presence of crystallite minerals such as mullite, quartzite, hematite and insignificant amount of 
periclase in the investigated ash. 
The AFBC fly ash consist mainly of dehydrated minerals derived from waste rock with almost 
amorphous microstructure, anhydrite and CaO. The XRD results showed also evidence of hematite 
(Fe2O3), periclase (MgO) and insignificant amounts of coal (graphite) and calcite (CaCO3). Probably, 
magnetite (Fe3O4) and larnite (β-Ca2SiO4) are also present. In AFBC fly ash, the mullite was not 
identified.  
 

Table 1: Chemical analysis of fly ashes 
 

Component concentration [% by mass] 
Component 

AFBC fly ash fly ash Portland cement 

     LOI 18,7 2,7 1,7 
     SiO2 36,1 53,2 19,5 
     Fe2O3 6,5 7,4 3,0 
     Al2O3 17,5 25,2 5,1 
     CaO 11,9 3,9 62,8 
     MgO 2,8 2,5 1,5 
     SO3 2,4 0,5 3,3 
     Na2O 1,0 1,2 0,2 
     K2O 1,9 2,4 1,0 
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Figure 1: X-ray diffraction patterns of ashes: a) FA fly ash, b) AFBC fly ash; 
 Q – quartz β, M – mullite, G – calcium aluminate, A – anhydrite, C – calcite,  Mu – muscovite (dehydrated) 

 
 
RESULTS  
 
COMPRESSIVE STRENGTH TEST 
 
A series of binders containing cement, AFBC fly ash or/and FA fly ash according to requirements in 
prEN 13282:2006-1 and 2 were prepared at the laboratory. Compositions of binders are presented in 
Table 2.  
 
 



 

 

Table 2. Composition of prepared ash binders 
 

[% by mass] 
Compressive strength of 

mixtures [MPa] 
Sample 

type Cement 
CEM I 
42,5R 

FA fly 
ash 

AFBC 
fly ash 

Sand 0-4 
mm 

Water/ 
binder 
ratio  At 

2 day 
At 

7 day 
At 

28 day 
At 

56 day 

Classification* 

0 25,0 - - 75,0 0,50 27,5 39,3 51,3 54,2 - 
1P 17,5 7,5 - 75,0 0,52 18,2 26,9 39,4 45,8 N4 
2P 12,5 12,5 - 75,0 0,54 8,3 16,4 25 32,2 N3 
3P 7,5 17,5 - 75,0 0,55 2,8 6,9 11,3 16 N2 
4P 5,0 20,0 - 75,0 0,56 1,4 2,8 5,3 7 N1 
5P 3,8 21,3 - 75,0 0,56 0,8 1,8 3,5 4,5 - 
6P 2,5 22,5 - 75,0 0,57 0,4 1 2,1 2,5 - 
7P 2,0 23,0 - 75,0 0,57 0,3 0,7 1,6 2 - 
1F 17,5 - 7,5 75,0 0,59 15,2 26,9 36,2 44,8 N4 
2F 12,5 - 12,5 75,0 0,65 4,7 16,8 24,9 28,2 N3 
3F 7,5 - 17,5 75,0 0,76 1,5 7,2 15,3 17,3 N2 
4F 5,0 - 20,0 75,0 0,79 0,8 5,6 8,6 9,7 N1 
5F 3,8 - 21,3 75,0 0,80 0,5 3,9 5,1 6,2 N1 
6F 2,5 - 22,5 75,0 0,82 0,3 2,8 3,7 4,6 - 
7F 2,0 - 23,0 75,0 0,85 0,2 2 2,5 3,4 - 
1PF 2,0 5.5 17,5 75,0 0,74 0,2 2,4 3,5 4,3 - 
2PF 2,0 10.5 12,5 75,0 0,64 0,3 2,6 3,9 4,5 - 
3PF 2,0 15.5 7,5 75,0 0,62 0,3 1,6 3 3,7 - 
4PF 2,5 7.5 15,0 75,0 0,73 0,4 3,2 4,3 4,3 - 
5PF 2,5 12.5 10,0 75,0 0,63 0,4 2,8 4,6 5 - 
6PF 2,5 17.5 5,0 75,0 0,59 0,4 1,8 4,1 4,3 - 
7PF 5,0 3.75 16,25 75,0 0,74 0,7 4,6 8,7 10,1 N1 
8PF 5,0 8.75 11,25 75,0 0,67 0,8 3,9 9,3 10,9 N1 
9PF 5,0 17.5 2,5 75,0 0,54 1,4 3,6 7,6 8,9 N1 
10PF 7,5 2.5 15,0 75,0 0,69 1,7 7,7 18,2 20,9 N2 
11PF 7,5 5 12,5 75,0 0,65 1,6 7,1 16,8 19,6 N2 
12PF 7,5 10 7,5 75,0 0,58 2,2 8,1 17,9 20,8 N2 
13PF 7,5 15 2,5 75,0 0,57 2,8 6,9 14,3 13,8 N2 
14PF 12,5 2.5 10,0 75,0 0,61 5,6 16 29,1 31,3 N3 
15PF 12,5 5 7,5 75,0 0,60 6 15 26,9 29,8 N3 
16PF 12,5 7.5 5,0 75,0 0,57 7,2 16,5 29 31,3 N3 
17PF 12,5 10 2,5 75,0 0,53 7,9 17,7 29,3 32,1 N3 
* Class  - Compressive strength in MPa at 56 days- according to prEN 13282:2006-2 

N 1 ≥ 5 ≤ 22,5         
N 2 ≥ 12,5 ≤ 32,5         
N 3 ≥ 22,5 ≤ 42,5         
N 4 ≥ 32,5 ≤ 52,5         

 
Test specimens, 40x40x160 mm were prepared according to EN 196-1 to determine compressive 
strengths. The water/binder ratio was selected by standard flow for all prepared mortars. The 
specimens were removed from the mould 24 h after preparation and next stored, pending the test, at a 
relative humidity of not less than 90 % at room temperature. The compressive strength tests were 
made according to EN 196-1 after 2, 7, 28 and 56 days of curing (Table 2). 
 



 

 

The tests of binder mixes, for which the content was shown in Table 2, indicate that with the 
increasing content of both fly ash grades, the increase of water demand is observed. The analysis of 
data shown in Table 2 indicates that in the mixes with AFBC fly ash the water demand is higher than 
for mixes with FA fly ash respectively. The possible reason of this is the difference of morphology of 
both fly ash grades (smoothness, glassy surface of the grains of conventional fly ash decrease the 
water demand). On the forming of mentioned property of the fly ash exerts also the sulphate content 
from AFBC fly ash and high difference of LOI for both fly ashes. The limitation of ash content in 
ratio to cement content results in the water demand decrease. 
The compressive strength tests of all prepared mortars contained binder mixes permitted to their 
classification on the basis of European standard projects prEN 13282:2006-1 and prEN 13282:2006-2. 
The classification is shown in Table 2. 
 
IMMOBILIZATION OF HEAVY METALS IN HYDRATED BLENDED ASH BINDERS 
 
The investigation of the heavy metals immobilization in hydrated blended ash binders were made on 
selected samples containing the highest amount of fly ashes, both FA fly ash and AFBC fly ash. The 
extraction of heavy metals from various types of materials has been the subject of many studies (e.g., 
Świniarski J., 1996). A review of the extraction of heavy metals from the various types of waste 
materials has been published by Świnarski and Rankers & Hohberg. Tests of binders were made with 
0,5 liquid/solid from samples, using salt solution, (CdCl2⋅2H2O, Na2CrO4⋅4H2O, Pb(NO3)2 and 
Zn(NO3)2⋅2H2O), that contributed additional Cd, Cr, ZN, Pb ions to the binder pastes in amounts of 1 
g each of metal in 100g of binder paste. From prepared pastes standard bars were cast, which were 
then stored in the water for 28 days. After 28 days of curing, the extraction of Cd, Cr, ZN, Pb ions 
was carried out by the methods described in references (e.g. Rankers R.H., Hohberg I., 1991). The results 
are presented in Table 3. 
 

Table 3: Immobilization degree of heavy metals in hardened ash binder pastes, containing added salts of 
specified metals 

 

Heavy metals content in extracts [ppm] 

Immobilization degree of heavy metals in hardened ash binder pastes [%] 

Type of binder 

Added 
element 

7P 7F 7PF 10PF 

Referent cement 
paste 

Cd 
0,14 

>99,99 

0,16 

>99,99 

0,15 

>99,99 

0,16 

>99,99 

0,15 

>99,99 

Cr 
165 

98,12 

181 

98,31 

167 

98,27 

173 

98,22 

188 

97,84 

Pb 
7,3 

99,94 

6,2 

99,96 

6,5 

99,93 

6,6 

99,96 

6,8 

99,92 

Zn 
8,2 

99,96 

8,4 

99,95 

7,7 

99,97 

8,1 

99,94 

7,4 

99,92 



 

 

Both types of binders with AFBC and with fly ash and also binders consist both types of ashes 
showed equivalent high degrees of immobilization ability for toxic metals, such as Cadmium, 
Chromium, Lead, and Zinc. 
The degree of heavy metals extraction from ash binders is very low, in consequence of considerable 
contents of OH- ions presented in solutions remaining in contact with AFBC fly ash, (high pH). The 
very low hydroxides of dissolution of heavy metals in high pH do not allow the passing of the 
mentioned metal cations into the solution. Additionally, during hydration process in binder samples 
with FA and AFBC ashes much denser matrix is produced, which is build by the semicrystaline C-S-
H and C-S-A-H gel characterized by very high specific surface, produced during reaction of Ca(OH)2 
with active silica and aluminum oxide which have significant influence on the immobilization of 
heavy metal ions. Sorption of heavy metal cations significantly reduce their migration into the 
solution. The Cd, Zn and Pb ions immobilization degree in all analyzed samples exceed 99,9% (Cd 
99,99%). The exception was constitute Cr (VI), for which the immobilization degree in experimental 
systems slightly exceeds 98%. It should be mentioned, that Cr(VI) exist in form of [CrO4]

2+
 ion, 

which in high pH environment chromium form with relatively high solubility, and immobilization of 
Cr(VI) in cement matrix first of all is based on the sorption in C-S-H and C-S-A-H. 
 
CONCLUSIONS 
 
1. The compressive strenght of ash-cement binders after 2, 7, 28 and 56 days of storage depend on 
cement content, in insignificant degree the strenght is depend on mutual ratio of conventional ash and 
AFBC ash.  

2. The cement content in the ash-cement mixes determinate their classification refer to strength 
classes included in prEN13282:2006-2. The mixes with 70% of CEM I 42,5R cement belongs to N4 
class, with 50% of CEM I 42,5R cement to N3 class, the mixes with 30% of cement to N2 class and 
the binder mixes with 20% cement content should be classified as N1 class. Additionally sample with 
15,5% CEM I 42,5R and 84,5% AFBC fly ash fulfill requirements for N1 class normal hardening 
hydraulic road binders.  

3. The water demand of ash-cement binders, independently from Portland cement content, is 
increasing when AFBC fly ash and conventional ash ratio is increasing. 

4. The introduction of AFBC fly ash  and conventional siliceous fly ash to cement-water system  
increasing the immobilization ability of the system. The immobilization degree of the Cd, Sn and Pb 
in analyzed samples contents between 99,93–99,99%. 

5. The considerable influence on heavy meal immobilization exerts gels, semicrystaline forms of C-S-
H and C-S-A-H with large specific surface. The heavy metal cations influenced by chemisorptions in 
those phases, what can considerably limited the migration of the cations to solution. 
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Abstract 

Environmentally friendly cements have been designed by means of the alkali activation of soils taken from the levelled 

ground in road building (chiefly clays), and from various industrial wastes (Ground Granulated Blast Furnace Slag 

and Fly Ash). Requirements of design based on mechanical strength and leaching have been established taking into 

account their use as a binder for road building. 

Binary mixtures of Ground Granulated Blast Furnace Slag, Limestone Filler, Silica Filler and Soil Filler were alkali 

activated with a mixture of sodium carbonate, sodium hydroxide and sodium silicate. Alkali activated binders were 

compared with three types of Ordinary Portland Cements: CEM I-42.5R, CEM I-42.5R/SR and CEM II-B/L 32.5N.  

Mechanical compressive strength tests were carried out with the target of achieving similar performance as cement 

types II B/L 32.5N (> 16MPa (7 days) and 32.5-52.5 MPa (28 days)) or types I-42.5N (> 10MPa (2 days) and 42.5-

62.5 MPa (28 days)).  

Leaching tests were carried out to guarantee the leaching of heavy metal concentrations in underground waters are 

within limits proposed by WHO (World Health Organization) or Spanish legislation. Two different tests were selected 

to study heavy metal leaching. A non-destructive test, which simulates the normal conditions of materials (samples, are 

in a monolithic stay) and a destructive one, which simulates extreme conditions of the material (samples are ground). 

These tests were carried out according to standards NEN-7345 34 (migration rate test) and NEN-7341 33 (diffusivity 

test).  

In all tested formulations, concentrations of leached heavy metals did not exceed the limits established by Spanish 

legislation and WHO conditions. 

The study concludes that more sustainable cements, based on industrial waste, soils and alkali solutions, can be 

employed in road building. They are technically efficient and environmentally friendly.  

 

Originality 

This work shows the feasibility of designing sustainable cements without clinker content by means of alkali-activation 

technology and by employing soils exposed during ground- levelling process in road building and various industrial 

wastes (Ground Granulated Blast Furnace Slag and Fly Ash) can also be used for concrete design and use in road 

building as base or sub-base. It has been proven by both, migration and availability leaching tests that these cements, 

even with heavy metal traces in their composition, are innocuous to the environment since toxic elements are 

encapsulated after hardening.  

 

Chief contributions 

The results of this work contribute to the development of sustainable cements for  use in road building. It has been 

demonstrated that these materials are more sustainable than traditional cements, technically feasible and 

environmentally friendly. Compared to traditional cements, they reduce CO2 emissions (60-80%) and only industrial 

wastes such as aluminosilicates are required as a starting material. Alkali sources and pH are minimized (pH 13.3) 

adjusting mechanical strengths required for their use (Rc>35 MPa) and by means of Na2CO3 as sodium source to 

decrease embodied energy, cost and corrosive effect of fresh cement respect traditional formulations of alkali activated 

cements (around pH 14). 

 

Keywords: Leaching, migration, availability, durability, alkali activated materials, metakaolin, Ground granulated 

blast furnace slag, fly ash, clays, roads. 
 



1. INTRODUCTION 
Since the Kyoto protocol and the evidence of a greenhouse effect in the atmosphere, there is an increasing 

demand for a reduction in CO2 emissions derived from different industrial sectors. The cement industry is 

responsible for around 5% of the total CO2 emissions to the atmosphere. More than 50 % comes from the 

limestone burning process, 40% from fuel combustion and 10% from transportation [COST C23, 2005].  
In recent years, Alkali Activated Binders (AAM) have been proposed as part of the solution to this problem, due 

to the reduction of energy and CO2 emissions in processing. AAM consist of natural or synthetic 

aluminosilicates mixed with alkalis. In a short time, at low temperatures (<80ºC) and atmospheric pressure, the 

oligomeric units derived from disaggregation of aluminosilicates in alkali media, polycondense forming more 

complex inorganic polymers or gels, which become solid amorphous 3-D networks of alumininosilicates with 

high mechanical properties[Davidovits J., 1991]. Their final behavior depends on several factors of composition 
and processing conditions. These types of materials can be used as mortar or concrete for building construction 

or for civil engineering [(Fernandez-Jimenez A, et al., 2005) (Izquierdo M. et al., 2009)].  
In this particular work, these materials have been studied for their use as binders in road building. The technical 

requirements asked for this use are not too high and thus, a saving in cost can be achieved reducing the amount 

of alkalis and Ground Granulated Blast Furnace Slag (GGBFS) incorporated in the formulations, substituted by 

fly ash and soils from the leveling ground extracted during the build road process. Once the technical 

requirements have been proven, it is important to demonstrate the harmlessness of these materials because some 

of them may contain a considerable proportion of heavy metals. There some works focused on the study of 

heavy metals leacheability in AAM but they do not employ a homogeneous leaching methodology [Zhang J. et 
al., 2008]. In this paper, it is presented the results of different leaching tests made to three different cements, 
selected as references and four different AAM mix designs selected for their adequate performance, competitive 

cost and lower corrosiveness in fresh state.  

 
2. MATERIALS AND METHODS 

2. 1. Raw materials and specimen preparation 
Three types of cements usually employed in road base applications or conventional concrete design were 

selected as references: CEM I 42.5N, CEM 42.5 N/SR, CEM II A-L 32.5N.  

The four AAM specimens studied were prepared using as raw materials: Ground Granulated Blast Furnace Slag 

(GGBFS), F type fly ash (FA), silica filler (SF), limestone filler (LF) and soil from the levelling ground 

extracted during the road building process with a high clay content (CS). The compositions of raw materials are 

shown in tables 1, 2 and 3. Physical properties of active aluminosilicates employed in AAM are shown in table 4 

 

Table 1: Composition of raw materials analysed by XRF 

% oxides CEM I 

42.5-R 

CEM I 

42.5-

CEM II 

B/L 32.5 
SF LF CS GGBFS FA 

SiO2 19.4 20.60 15.80 95.90 <0,01 6.90 34.70 42.70 

Al2O3 4.80 4.05 4.20 2.30 <0,05 1.60 13.10 27.10 

Fe2O3 3.13 4.15 2.53 0.09 0.02 0.54 0.46 19.00 

CaO 63.70 63.40 60.10 0.19 55.70 49.20 39.30 4.99 

MgO 1.32 1.48 0.96 0.02 0.08 0.54 7.84 1.18 

Na2O 0.11 0.18 0.07 0.03 <0,01 <0,01 0.29 0.20 

K2O 0.69 0.75 0.60 0.09 <0,01 0.28 0.52 1.39 

TiO2 0.25 0.19 0.21 0.05 <0,01 0.10 0.74 -- 

MnO 0.08 0.10 0.06 <0,01 <0,01 <0,01 0.40 -- 

P2O5 0.05 0.21 0.05 0.01 <0,01 0.01 <0.01 -- 



SrO 0.22 0.05 0.17 -- -- -- -- -- 

SO3 2.82 2.75 2.29 -- -- 0.06 3.05 -- 

PF 3.56 1.79 13.10 1.22 44.00 40.60 <0.10 1.79 

Sum 100.13 99.70 100.14 99.90 99.80 99.83 100.40 98.35 

 

Table 2: Heavy metal composition of raw materials analysed by ICP-MS 

µµµµg/g 

(ppm) 

CEM I 

42.5-R 

CEM I 

42.5-R/SR 

CEM II B/L 

32.5 N 
SF LF CS GGBFS FA SAND 

V 50.88 64.47 41.07 2.49 2.44 13.99 29.06 109.58 6.66 

Cr 36.48 49.22 25.06 2.1 0.27 9.42 9.76 77.23 6.2 

Co 6.82 7.7 5.87 0.71 0.54 3.45 0.14 20.58 62.13 

Ni 13.15 35.4 11.66 1.86 <0.7 6.6 <0.7 51.11 6.55 

Cu 13.16 19.39 17.31 1.36 <1.1 3.38 <1.1 287.66 1.62 

Zn 13.22 322.52 82.49 <4.4 9.3 <4.4 <4.4 134.25 12.96 

As 18.72 10.63 52.58 0.87 <0.2 2.01 0.3 52.89 2.48 

Se <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 

Mo 1.1 1.8 1.31 <0.2 <0.2 <0.2 <0.2 6.08 <0.2 

Cd 0.25 0.13 0.28 <0.1 <0.1 0.12 <0.1 0.44 <0.1 

Sb 1.35 1.94 3.31 <0.2 <0.2 0.25 <0.2 4.36 0.28 

Ba 243.82 109.31 180.42 33.05 55.8 33.67 875.89 595.33 165.54 

Hg <0.2 <0.2 <0.2 0.43 <0.2 <0.2 <0.2 <0.2 5.87 

Tl <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 1.59 <0.1 

Pb 15.64 13.24 60.49 7.28 1.14 2.36 0.19 53.01 7.61 

 

Table 3: Chemical composition of alkali activator 

Ref. Na2O, % SiO2, % H2O, % 

NaOH 38.7  61.3 

Na2SiO3 15 30 55 

Na2CO3 57.8  1.2 

 

Table 4: Physical properties of active aluminosilicates 

Ref. 
Density 

(Kg/m
3
) 

Blaine 

(cm
2
/g) 

<3µµµµm, 

% 

32-3 µµµµm, 

% 

>32µµµµm, 

% 

Vitreous 

Content, % 



GGBFS 2921 4098 14.7 74.9 10.4 >95 

FA 2530 2576 6.0 42.3 51.6 50.58 

 

2. 2. Specimen preparation and characterization 
Specimens were prepared according to standard UNE-EN 196:1 for mortars: sand/cement ratio, with aggregate/c 

= 3. Curing process was 28 days sealed with a plastic film at 25 ºC and 95 % RH, and 28 days without plastic 

film at 20 ºC and 50% RH. Specimen composition is specified in table 5 and compressive strength in table 6.  

 

Table 5: Chemical composition of mortar specimens 

Ref. 

CEMENT ALKALI SOLUTION 

Hardener  % 
Active 

filler 
% Inert 

filler 
% Na2CO3 NaOH Na2SiO3 H2O 

MAB 
CEM I-

42.5-N 
50 _ _ _ _ _ _ _ 50 

MAC 
CEM I-

42.5-N/SR 
50 _ _ _ _ _ _ _ 50 

MAD 
CEM II-

B/L-32.5-
50 _ _ _ _ _ _ _ 50 

MAE GGBFS 13.4 FA 31.3 _ _ 3.2 6.1 10 36.0 

MAF GGBFS 12.6 _ _ LF 29.4 3.2 6.1 10 38.7 

MAG GGBFS 13.4 _ _ SF 31.3 3.2 6.1 10 36.0 

MAH GGBFS 12.6 _ _ CS 29.4 3.2 6.1 10 38.7 

 

Table 6: Mechanical strength of specimens 

Ref. 

COMPRESSIVE STRENGTH (MPa) 

2 days 7 days 28 days 

MAB 22.8 ± 0.5 43.2 ± 0.6 60.2 ± 0.3 

MAC 27.9 ± 0.1 46.0 ± 0.6 55.4 ± 1.0 

MAD 15.6 ± 0.3 28.5 ± 0.2 36.3 ± 1.6 

MAE 23.3 ± 0.9 46.3 ± 0.3 67.2 ± 2.6 

MAF 19.4 ± 0.2 38.6 ± 0.6 48.0 ± 0.7 

MAG 9.2 ± 0.4 40.2 ± 0.3 57.9 ± 0.4 

MAH 21.1 ± 0.6 37.2 ± 0.4 44.7 ± 0.5 

 

2. 3. Leaching tests 
Two different tests were carried out to study the leachability of heavy metals content in the above specimens: 

1) NEN-7345:94 (tank test). The purpose of which is to simulate the leaching of inorganic components in 

monolithic materials under aerobic conditions as a function of time over a period of 64 days (8 extractions 

during this period). Two specimens of 40x40x160 mm were analyzed for each sample and placed in buckets with 



a volume of water (pH 4) of 1,5 l which is replaced in each extraction time. The heavy metals analyzed for each 

specimen (table 8) were those present in the raw materials (tables 2-5) included in the standard (table 7). 

 

Table 7. Heavy metal limits established by standard NEN-7345:94 

 

Table 8. Heavy metal analyzed for each sample in migration test and in availability leaching test 

Samples Heavy metals (NEN-7345:94) Heavy metals (EA NEN-7371-2004) 

MAB V, Cr, Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Ba, Hg, Pb Ni, As, Hg, Pb 

MAC V, Cr, Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Ba, Hg, Pb Ni, As, Hg, Pb 

MAD V, Cr, Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Ba, Hg, Pb Cr, Ni, As, Hg, Pb 

MAE V, Cr, Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Ba, Hg, Pb Cr, Ni, As, Ba, Hg, Pb 

MAF V, Cr, Co, Ni, Cu, Zn, As, Sb, Ba, Hg, Pb Ni, Hg, Pb 

MAG V, Cr, Co, Ni, Cu, Zn, As, Sb, Ba, Hg, Pb Ni, Hg, Pb 

MAH V, Cr, Co, Ni, Cu, Zn, As, Cd, Sb, Ba, Hg, Pb Ni, Hg, Pb 

 

For each component to be studied, it is calculated the measure leaching per fraction by: 

fxA

xVc
E i

i =
*

 (mg/m
2
)            (1) 

Where ci is the concentration of the component in fraction i (µm/l), V is the volume of the eluate in l; A is the 

surface area of the test piece in m
2
; f is a conversion factor: 1000 µg/mg).  

The materials are classified as a function of cumulative leaching value which is calculated by equation 2 for each 

component: 

∑
=

=

n

i

ii E
1

**
ε  for n=1 to N          (2) 

Where N is the number of periods (N=8 for this test). 

 

This standard classified materials in three categories: 

Category 1: When εi
*
 is lower than U1 for each heavy metal present in the sample. These materials do not 

present any environmental restriction in their use. 

Category 2: When εi
* 
is between U1 and U2 for each heavy metal present in the sample. These materials do not 

present any environmental restriction in their use but after their service life it is compulsory to remove the 

contaminant elements with concentrations higher than U1. 

Category 3: When εi
* 
is higher than U2. These materials have a limited utilization. 

 

2) EA NEN-7371-2004, for determining the availability for leaching of inorganic components from granular 

waste materials (availability test). The samples were ground and sieved below 125 µm. 16 g of dry sample was 

diluted in 800 ml of water. The pH of the solution was adjusted to pH 7 and maintained during 3h of constant 

shaking until filtration. The eluate was stored in a bottle and the solid residue was again diluted in the same 

amount of water and lead to pH 4, maintained during 3 h of constant shaking until filtration. The eluate was 

mixed with the first solution, lead to pH 2 and preserved in the fridge until analysis. 

The heavy metals analyzed (table 8) were selected depending upon the sample’s composition and the limits fixed 

by WHO, selecting the ones with higher concentration in samples than limits established by WHO.  

Limits 
51
V 

52
Cr 

59
Co 

60
Ni 

63
Cu 

66
Zn 

75
As 

95
Mo 

111
Cd 

121
Sb 

137
Ba 

202
Hg 

208
Pb 

U1 (mg/m
2
) 250 150 25 50 50 200 40 15 1 3.5 600 0.4 100 

U2 (mg/m
2
) 1500 950 200 350 350 1500 300 95 7.5 25 45000 3 800 



For each element it has been calculated the availability by: 

 

10

21 )2(

fm

VVV
cU o

avail
×

++
×=          (3) 

Where Uavial is the component availability (mg/kg dry material); c is the component concentration in leaching 

(µg/l); m0 is the initial sample weight (g) and f1 is a dimensionless conversion: 1000 µg/mg 

 

%100
0

x
s

U
UP avail

avail =           (4) 

UPavail is the relative availability (%); Uavial is the component availability (mg/kg dry material); S0 is the total 

component concentration determined by total digestion of the sample.  

 

Results and discussion 
The migration results present a classification U1 for each sample, indicating any environmental restrictions for 

their use. It is appreciated significant differences between OPC samples and AAM samples, respect to 

encapsulation effectiveness of some elements. Therefore, 
51
V, 

75
As, 

200
Hg and 

207
Pb are embedded in a big extent 

to OPC samples and 
52
Cr, 

60
Ni and 

137
Ba to AAM samples. 

 

Table 9. Results obtained by NEN-7345:94 test. 

 

Availability test, all the heavy metal present in samples with higher concentrations than established by WHO 

were embedded except Ni and Hg (neither sample) and As in sample MAE (coming from fly ash).  

Hg, present in all the samples, comes from selected sand. Thus, this element is not considered in the toxicity 

evaluation of new developed binders. In any case, it should be take into account that Hg is well embedded in 

neither sample. For Ni, as well as in the migration test, is embedded in a bigger extend for AAM samples than 

OPC ones. Anyway, it is not enough to pass WHO restrictions in case of complete destruction of sample.  

 

Table 10. Results obtained by EA NEN-7371-2004 

Sample Parameters 
52
Cr 

60
Ni 

75
As 

137
Ba 

202
Hg 

208
Pb 

MAB C(µg/l) X 76±14 5.0±0.1 X 3.6±0.6 3.0±0.2 

Pass? X No yes X No yes 

UP avail (%) X 0.091 0.008 X 0.008 0.003 

Samples Category 
51
V 

52
Cr 

59
Co 

60
Ni 

63
Cu 

66
Zn 

75
As 

95
Mo 

111
Cd 

121
Sb 

137
Ba 

202
Hg 

208
Pb 

MAB ε(8) (mg/m
2
)  2.97  2.16   0.48    7.69 0.07 0.11 

category  C1  C1   C1    C1 C1 C1 

MAC ε(8) (mg/m
2
) 7.13 4.14 0.04 13.15 1.7 3.22 0.25 0.45 0.00 0.14 3.16 0.00 0.13 

category C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 

MAD ε(8)(mg/m
2
) 3.83 3.32 0.03 1.70 0.63 2.03 0.30 2.06 0.01 0.06 1.40 0.01 0.11 

category C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 

MAE ε(8) (mg/m
2
) 56.50 0.83 0.12 1.58 0.34 1.62 37.62 10.59 0.01 0.89 0.56 0.19 0.13 

category C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 

MAF ε(8) (mg/m
2
) 22.81 0.38 0.19 1.47 0.96 1.95 1.27   0.01 1.11 0.00 0.11 

category C1 C1 C1 C1 C1 C1 C1   C1 C1 C1 C1 

MAG ε(8) (mg/m
2
) 26.08 0.31 0.18 2.58 0.48 1.80 1.98   <0.09 0.96 0.03 0.14 

category C1 C1 C1 C1 C1 C1 C1   C1 C1 C1 C1 

MAH ε(8) (mg/m
2
) 27.49 1.10 0.15 1.88 0.56 1.84 1.51  0.14 0.07 0.077 0.10 0.15 

category C1 C1 C1 C1 C1 C1 C1   C1 C1 C1 C1 



MAC C(µg/l) X 108±1 4.3±0.3 X 6.1±0.3 2.0±0.1 

Pass? X No yes X No yes 

UP avail (%) X 0.078 0.010 X 0.014 0.002 

MAD C(µg/l) 34.4±0.2 90±030 6±6 X 1.3±0.2 12.6±0.3 

Pass? yes No yes X No No 

UP avail (%) 0.032 0.112 0.004 X 0.003 0.006 

MAE C(µg/l) 3.4±0.4 79±18 21.1±0.5 700±50 21.0±1.1 2.1±0.5 

Pass? yes No No Yes No yes 

UP avail (%) 0.002 0.054 0.018 0.023 0.045 0.001 

MAF C(µg/l) X 34±7 X X 7.9±0.6 2.7±2.1 

Pass? X No X X No Yes 

UP avail (%) X 0.067 X X 0.018 0.005 

MAG C(µg/l) X 38±20 X X 23.0±0.3 1.4±0.2 

Pass? X No X X No yes 

UP avail (%) X 0.071 X X 0.051 0.002 

MAH C(µg/l) X 60±20 X X 26.5±1.7 1.93±0.12 

Pass? X No X X No yes 

UP avail (%) X 0.101 X X 0.062 0.003 

WHO (µg/l) 50 20 10 700 1 10 

 

Conclusions 
Results show that the binders designed are adequate for their use as road based applications not only for their 

technical feasibility, but also for their environmental harmlessness in respect to the leaching of heavy metal into 

underground waters (in monolithic state). 

In aggressive conditions, where the sample could be completely destroyed, these binders will involve an 

environmental risk for Ni leaching in concentrations higher than WHO established limits in drinkable waters 

(equal to OPC reference samples) and As (in case of fly ash-based AAM binders).  

The toxicity of AAM binders should be in consideration when fly ashes are incorporated, especially in 

applications exposed to severe environmental conditions. 

A deeper study of the leachability of toxic elements for Fly ash-based AAM is needed, correlating compositions 

and physical parameters with different scenarios (L/S, pH, particle size, leaching time, conductivity and liquid 

flow).  
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Abstract 
The cement industry, which production process is one of the most energy intensive in comparison with other building 
materials, is continuously investigating and adopting more energy-efficient technologies to improve its profitability and 
competitiveness . Nanotechnology guiding them to cost-effectiveness with superior results and how their modifications 
will help propel the entire sector may be a solution in a near future. 
The aim of this work is to evaluate the influence of nano raw materials (nano-silica, nano-alumina, nano-iron oxide and 
nano calcium carbonate) on the quantity of energy involved in the clinkerization process as well as on the quality of 
clinker (alite reactivity).  
Clinkers made from nano and micro pure raw materials were synthesized at different clinkerization temperatures 
(1250-1450ºC) . Raw materials and clinkers were characterized using different techniques such as XRF, XRD-Rietveld, 
Optical Microscopy and, SEM. The hydraulic reactivity of clinker was evaluated by means of Isothermal heat-
Conduction Calorimetry. 
Encouraging results were obtained using nano raw materials for manufacturing of clinker. Alite reactivity was 
improved with additionally decrease of the clinkerization temperature from 1450 to 1250 ºC, in comparison with using 
micro raw materials. In that sense, sustainability of cement production may be improved using nano raw materials. 
Energy, emissions and cost savings may be achieved from the clinkerization, clinker grinding and cement 
manufacturing process. 
 
Originality 
This work shows experimental data which proves the environmental benefits of using nano raw materials for clinker 
production.in terms of energy and emission savings. 
 
Chief contributions 
-Raw mix design data using nano and  micro raw materials 
-Characterization data of clinkers made from nano raw materials using different instrumental techniques 
-Data on key parameters on cement production (clinkerization temperature, time of residence, hydraulic reactivity of 
clinker) which show the enviromental advantages (less energy comsuption and alite content-quality improvement) by 
using nano raw materials. 
 
Keywords: sustainable cement, nanomaterials, raw materials, clinkerization. 
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Introduction 
 
Nowadays, the main objective of cement industry is to reduce the environmental impact involved in 
the production process of clinker. Such tasks cover from reducing CO2 emissions to decreasing energy 
consumption, the last one related with improving the clinkerization process efficiency. The state of the 
art refers to several solutions for lowering clinkerization temperature such us the use of mineralizers  
[1][2] or the production of other clinker types, e.g, belitic cements [3][4][5]. 
Nanoparticles may exhibit size-related properties different from those observed in bulk materials. 
They represent the connection between such bulk materials and molecular structures. At the nanoscale, 
the percentage of atoms at the surface of a material becomes significant providing special properties, 
e.g. gold nanoparticles melt at 300 ºC in comparison with the gold slabs (1064 ºC)[6]. 
The high surface area to volume ratio of nanoprticles provides a driving force for diffusion, especially 
at elevated temperatures. Sintering can take place at lower temperatures, over shorter time scales than 
for larger particles. Taking this principle, it is expected a better energy efficiency in the production of 
clinker using nano raw materials. The main aim of this work is to evaluate and quantify this 
consideration.  
 
Objectives 
 
The main aim of this work is to evaluate the improvement of cement production sustainability using 
nano raw materials by means of: 
 
a) Quantifying the energy efficiency of the clinkerization process when particle size distribution of 
raw materials are use at nano instead of micro scale level 
b) Evaluating any possible advantage related with clinker quality when nano raw materials are used in 
the process. 
 
Experimental Techniques 
 
 X Ray Fluorescence (XRF) 
 
X-Ray Fluorescence spectrometry technique, AXIOS model from PANALYTICAL, was used to 
obtain the chemical analysis of raw materials and clinkers. Samples were mixed with a flux mixture 
50:50 of LiBO2/Li2B4O7 from Jonson-Matthey and a 0,5 mL of LiI as non-stick from Merck. 
 
X Ray Diffraction (XRD) 
 
The mineralogical composition of clinkers was determined by a Bruker AXS D8 Advance 
Difractometer with Cu Kα1 and Cu Kα2. The intensity and voltage of X-ray generator tube was 
adjusted at 40mA and 30 KV respectively. Scans were measured in the range 6-90 º2Th, with a 0.03 
step and 2 seconds per step, using LINXEYE detector. Samples were rotated at 45 r.p.m. Qualitative 
component identification and mineralogical phase quantification by Rietveld Analysis were carried out 
using EVA and TOPAS software respectively. 
 
Optical Microscopy 
 
Microscopical examination can be used to evaluate rate of heating in the kiln, lenght of time at high 
temperature, maximum temperature, rate of cooling, allowing a reliable prediction of grindability and 
28-day mortar strength. The microscope used was a Nikon Optiphot. Samples were embedded with 
epoxy resin, cutted with a metallographic saw, and polished with diamond to produce a highly 
reflective surface for examination.   
 



Particle size distribution by laser diffraction 
 
The clinker grain size distribution was analyzed with a Mastersizer 2000 from Malvern Instruments. 
The most usual way to express results is in graphic form through the grain size distribution curve. 
However, statistical procedures were devised to express simply differences in grain size distribution 
presented by different samples. In this work Rosin Rammler Sperling Bennet (RRSB) method was 
employed, commonly used in cement industry. Critical parameters of this procedure are: a)uniformity 
coefficient or linearity slope (n) which supplies information about particles distribution type, when 
larger the slope is, lower the size difference between them and b) d(36.8): the nominal sieve aperture 
retains 36.8% mass or volume material.   
 
Isothermal Conduction Calorimetry 
 
An isotherm conduction calorimeter Thermometric TAM AIR 3316/3239 (8 channels) was used to 
evaluate the hydraulic activity of hydrated clinkers. Heat flux is measured across heat detectors placed 
between the sample and the channel where sample is placed, and always with regard to a reference 
sample (water). Clinkers were hydrated using a 0.4 water/clinker ratio, placed in a sample holder, 
sealed and introduced into the calorimeter channel at 20.0ºC ± 0.1ºC. Heat of hydration was monitored 
during 72 hours..  
 
Materials 
 
Raw materials used in this work were the following: 
 
a) Micron sized materials: SiO2 SIKRON S100 (99.0 %) supplied by Sibelco, CaCO3 Omyacarb 10BE 
(98.2 % ) supplied by OMYA, Al2O3 reagent ( ≥ 98 % ) supplied by Sigma-Aldrich and Fe2O3 reagent 
(≥ 99.0 %) supplied by Merck. Table 1 shows particle size distribution values obtained by laser 
diffraction. 
 

Table 1. Particle size distribution values of micron size materials 

 <3µm, % 3-32µm, % >32µm, % 

SiO2 SIKRON S100 8.16 77.21 14.62 

CaCO3 Omyacarb 10BE 5.14 65.41 29.45 

Al2O3 reagent 0.0 2.98 97.01 

Fe2O3 reagent 13.76 65.89 20.34 

 
 
b) Nano sized materials: SiO2, 80 nm, (99.0 %), Al2O3 30-40 nm ( ≥ 99.0% ) and Fe2O3 20-30 nm, 
(99.0 % ) were supplied by Nanoamor. CaCO3 70 nm, ( 99.0 % ) was supplied by Specialty Minerals 
 
Experimental Procedure 
 
a) Clinker synthesis with nano (NCK) and micro (MCK) raw materials.  
 
Raw mix design was carried out considering 89.0, 2.1 and 1.3 as values for the Lime Saturation Factor 
(LSF), Silica Module(SM), and Alumina Module (AM) respectively. Table 2 shows the dosage of 
each component to fullfill the requirements stablished by the raw mix design. 
 



Table 2. Nano and micro raw materials dosage according to LSF (89.0), SM (2.1), AM (1.3) 
Raw material Mass % 

Limestone 78.0 

Silica 15.0 

Alumina 4.0 

Hematite 3.0 

 
Each raw material was weighted and placed within a pung mill with acetone. All the components were 
softly ground during one second. The slurry was filtered to obtain a semiwet acetone paste to prepare 
the pellets. Pellets were made using a press machine and a pellet sample holder. Platinum crucibles 
were used for the clinkerization process in a high temperature muffle furnace. Such process was 
divided in different steps: a dynamic step from ambient temperature to 950 ºC (10 ºC/min), an 
isotherm step at 950 ºC (1 hour), a dynamic step from 950 to 1450 ºC (10 ºC/min), an isotherm step at 
1450 ºC (2 hours) and a dynamic final step from 1450 to ambient temperature (aprox. 20 ºC/min). 
Different clinker samples were prepared at two different temperatures (1250 and 1450ºC) in order to 
study the particle size influence of raw materials in the clinkerization process. 
 
A clinker pellet was kept for SEM analysis whereas the rest were ground during 5 seconds (paricle 
size distribution below 90 μm) with a ring mill . 
 
b) Clinker Quality 
 
Chemical analysis by XRF for NCK-2 and MCK-1, both calcined at 1450 ºC, are shown in table 3. If 
values are compared, there is a ±0.1% deviation in the alumina and iron oxide composition whereas 
there is a ±1% deviation in the silica and calcium oxide components. These differences are the reason 
why mineralogical phase composition obtained by XRD-Rietveld analysis are different in both 
clinkers as it is shown in table 4.  
 

Table 3. Chemical analysis of clinker samples NCK-2 and MCK-1 calcined at 1450 ºC  
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 Mn2O3 LOI 

NCK-2 21.00 6.10 4.61 66.90 0.34 0.31 0.09 0.02 0.04 0.27 0.01 <0.05 

MCK-1 22.90 6.20 4.73 65.90 0.17 0.12 <0.01 0.03 0.02 <0.01 0.01 <0.05 

 
Free lime content in clinker is the main indicator to evaluate the burnability efficience of raw 
materials. In that sense, clinker made from micro raw materials were completely burnt at 1450ºC (no 
free lime and C3S/C2S ratio of 1.50) whereas at 1250ºC clinkerization process was non complete 
(4.4% free lime and C3S/ C2S ratio of 0.12). On the other hand, the clinkerization process using nano 
raw materials was complete either at 1450ºC (no free lime and C3S/ C2S ratio of 3.68) or 1250ºC 
(0.73% free lime and C3S/ C2S ratio of 3.10), These results show clearly that optimum clinkerization 
temperature depends on particle size distribution of raw materials, being possible to save till 200ºC in 
the clinkerization process when nano raw materials are used.  
 
 
 
 



Table 4. Mineralogical phase quantification of nano and micro clinkers by Rietveld Quantification by X-ray 
Diffraction at 1450 ºC and 1250 ºC 

 C3Sa C2Sb C3Ac C4AFd Limee 

NCK-2-1450 ºC 62.6 17.0 8.2 12.3 - 

NCK-5-1250 ºC 59.6 19.3 8.6 11.8 0.73 

MCK-1-1450 ºC 47.6 31.7 7.5 13.2 - 

MCK-3-1250 ºC 8.3 68.6* 8.7 10.0 4.4 
 

aC3S monoclinic NISHI ICSD 64759, *C2S Polimorph sum bC2S beta mumme ICSD 81096 (27.3) and C2S gama mumme ICSD 
310297 (41.3), cC3A cubic ICSD 381429, d C4AF Colville ICSD 26475 and e Lime ICSD 371497. 
 
The quality of MCK-1 and NCK-2 clinkers were also evaluated by optical microscopy (see figure 1). 
The general microstructure of MCK-1 indicates a nonuniformity in silicate distribution characterized 
by an abundance of small alite and belite crystals between large irregular belite nests (comprised of 
relatively large crystals). Most of the belite, however, appears to be well scattered as isolated crystals 
surrounded by matrix. NCK-2 clinker, in contrast, have a relatively uniform distribution of silicates, 
correlating with the presumably high thermal reactivity of the nano raw materials, although a minor 
fraction of the belite occurs in nests as in the MCK-1. 
 

  
Figure 1. Clinker polished section of NCK-2 200X (left) and MCK-1 100X (right) calcined at 1450 ºC.  

 
 
c) Hydraulic Activity 
 
Fineness of ground clinkers (NCK-5, 1250ºC and MCK-1, 1450ºC) was evaluated by laser diffraction 
analysis in order to take this parameter into consideration within the hydraulic activity evaluation. 
Figure 2 shows that fineness increases when nano raw materials are used. However, this conclusion is 
not a fact since it is necessary to take into account that both clinkers were obtained with different 
belite content, which is the hardest mineral phase to grind. 
 
 
 



  
Figure 2. Particle size distribution in volume (left) and cumulative, undersize percentages (right) for 

samples MCK-1(Δ) and NCK-5 (○) 
 
Hydraulic Activity of clinkers (MCK-1 were compared by using an Isothermal Conduction 
Calorimeter. Flow and release heat (see figure 3) were normalized respect the alite content of each 
clinker obtained from the Rietveld results. As it is observed in figure 5, the use of nano raw materials 
seems to improve the hydraulic activity of alite, since it was obtained either higher heat flow or energy 
released during the first 72 hours hydration process. However, it is also necessary to consider that a 
higher fineness may help to increase the hydraulic activity, which may be the case in these results. In 
spite of, the novelty was that NCK-5 was obtained using 200ºC less temperature than MCK-1. 
 

Figure 3. Normalized Heat Flow (left) and Normalized Heat (right) for samples  Δ MCK-1 and ○ NCK-5.  
 
Conclusions 
 
Even althought it is aware that scaling from lab to industry may be far away using the available 
technologies, this work shows valuable results where environmental impact of clinker production may 
be improved by using nano raw materials. Clinkerization temperature was decreased 200ºC by using 
nano raw materials, giving rise to energy and emissions savings.  
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Abstract 
 
The deicing/anti-icing chemicals are routinely used on pavement surfaces during cold weather to ensure safe 
driving conditions. Traditionally, solid rock salt (NaCl) or NaCl brines have been used for these purposes but 
their efficiency is reduced at lower temperatures. In order to provide a more reliable means of ice and snow 
control, chemicals with lower freezing points, such as CaCl2 or MgCl2 (or sometimes rock salt pretreated with 
CaCl2 or MgCl2 brines,) are increasingly being applied to the pavements. The extent and magnitude of chemical 
reactions of these “new-generation” deicers with pavement concrete is still somewhat unclear. This paper 
presents the results of investigation of the physicochemical changes in pavement concretes exposed to different 
deicers and subjected to both wetting/drying (W/D) and freezing/thawing (F/T) regimes. 
Plain concretes (PC) and concretes with 20% of mass of cement replaced by Class C fly (FA20) were exposed to 
three different types of deicing solutions (NaCl, CaCl2 and MgCl2), with total ion molality of, respectively, 10.5 
for W/D and 5.5 for F/T regimes. For comparison purposes, additional set of specimens was kept in deionized 
water (DIW) under similar exposure regimes. The companion set of control specimens was kept in saturated 
limewater at 23oC. The physical alterations taking place in the prismatic (76x76x292 mm) specimens were 
evaluated weekly by measuring changes in mass and in the relative dynamic modulus of elasticity (RDME) of 
the specimens.  After 154 W/D cycles prismatic specimens exposed to 28% CaCl2 solution exhibited 
considerable visual distress, reduction in mass, and reduction in RDME. The same deicer also caused reduction 
in mass and in RDME after only 35 F/T cycles. The performance of fly ash modified concretes was better than 
that of PC in all deicing solutions under both W/D and F/T regimes. 
To ensure a unidirectional penetration of deicers, several 76 mm diameter concrete cylinders were ponded with 
the same deicing solutions as the prismatic beams while being exposed to W/D cycles. These cylinders were 
used to prepare the SEM analysis samples.  
 
Originality 
 
The durability of PC and fly ash pavement concretes exposed to several different deicers was evaluated by 
monitoring physico-chemical changes in the specimens subjected to W/D, and F/T regimes.  The selected W/D 
regime consisted of storing specimens for 16 hrs in the liquid deicer at 4oC followed by 8 hrs of air drying at 
23oC.  In addition to being reasonably realistic with respect to the actual field exposure conditions, the adopted 
W/D regime was also designed to verify the hypothesis that regularly alternating wetting and drying cycles will 
prevent the build-up of expansive oxychloride phases which were shown (in an unrelated study involving up to 
84 days of continuous exposure at 4.4°C) to be capable of completely destroying the test specimens. 
 
Chief contributions 
 
Three different deicing solutions were used for evaluating the physico-chemical alterations in plain and fly ash 
concretes during W/D and F/T cycles. These alterations were monitored in terms of dynamic modulus of 
elasticity and mass changes in the prismatic specimens. The results collected after 154 W/D cycles indicated no 
deterioration for the specimens exposed to MgCl2 solution, contrary to the results reported in previous studies. 
The F/T test showed 10% reduction in relative dynamic modulus of elasticity (RDME) for specimens kept in 
17% CaCl2 solutions after 90 cycles while specimens kept in 15% MgCl2 showed similar reduction only after 
200 cycles . The microscopic examination was carried out to analyze the causes for this kind of behavior.   
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1.0  INTRODUCTION 
 
For a number of years sodium chloride (NaCl), commonly known as rock salt, has been used as the 
deicer to control ice and snow build-up on pavement surfaces.  However, since the ice melting 
efficiency of NaCl diminishes rapidly below -8°C, deicers with an increased ability to melt ice at 
lower temperatures (such as calcium chloride (CaCl2) and magnesium chloride (MgCl2)) are being 
increasingly used in winter maintenance operations of pavements.  While these deicers offer a very 
effective means of snow and ice control, their impact on the durability of concrete infrastructure is 
still a subject of debate, mostly due to strong dependence of the test results on the exposure conditions 
and concentrations of the salt solutions used. 
The results of several of the past studies (Cody et al., 1996; Darwin et al., 2008; Kozikowski et al., 
2007; Lee et al., 2000; Monosi and Collepardi, 1990; Sutter et al., 2006; Wang et al., 2006) on the 
effects of deicers on concrete vary greatly, depending on such factors as the exposure conditions, 
concentrations of the deicers, and the test temperature.  In some cases, chemical reactions of deicers 
with the matrix leading to formation of such products as calcium hydroxide, calcium oxychloride and 
magnesium silicate hydrate were indicated as the main reasons for concrete deterioration.  In other 
cases, the observed damage was attributed to the combined effects of physical interactions 
(crystallization of complex salts leading to expansion and cracking) and chemical reactions. 
 
2.0  MATERIALS, MIXTURE PROPORTIONS AND EXPERIMENTAL PROGRAM 
 
The study described in this paper was performed on two types of concrete: plain concrete (PC) 
prepared with ASTM C 150 Type I cement and fly ash (FA20) concrete in which 20% (by mass) of 
cement was replaced by the ASTM C 618 Class C fly ash (~18.8% CaO).  The local crushed 
limestone with nominal maximum size of 25 mm, specific gravity of 2.74 and absorption of 0.8 %, 
was used as coarse aggregate.  The natural siliceous sand, with specific gravity of 2.66 and absorption 
of 1.5% was used as fine aggregate. 
The total amount of cementitious materials used in both types of concrete was 348 kg per m3 and the 
water-to-cementitious material ratio was 0.42.  The synthetic air entraining admixture and the mid-
range water reducer were used to obtain, respectively, a target air content of 6.5% and the slump of 
about 75 mm.  The test specimens used in the study included 76x76x292 mm prisms and two sizes of 
cylinders: 100x200mm and 76x152mm.  All specimens were demolded one day after casting and 
placed in the moist room (100% relative humidity) for 28 days of curing.  At the end of this curing 
period the specimens were removed from the moist room and allowed to air-dry at for 3 days at a 
temperature of 23oC and a relative humidity (RH) of 50% before being subjected to various exposure 
regimes.   
The test procedures for prismatic specimens involved exposing them to two different environmental 
conditions: wetting/drying (W/D) cycles and freezing/thawing (F/T) cycles.  One W/D cycle consisted 
of submerging specimens for 16 hours in the deicing solutions (or deionized water) at a temperature 
of 4oC and drying them for 8 hours at the temperature of 23oC and 50% RH.  The duration of each of 
the F/T cycles was 24 hours.  During this time, the specimens were subjected to 9 hours of cooling 
(from 22°C to -20°C), 5 hrs of constant low (-20°C) temperature, 6 hours of heating (from -20°C to 
22°C) and 4 hours of constant room (22°C) temperature.  The total (anions + cations) ion molalities of 
deicing solutions were kept constant at 10.5 for W/D cycles and 5.5 for F/T cycles (Table 1).   
 
For comparison purposes, additional set of specimens was kept in deionized water (DIW) under the 
same W/D exposure regime as that used for the deicers.  Finally, a set of control specimens was also 
prepared and kept in saturated limewater at 23oC.  The physical changes taking place in the prisms 
were monitored by measuring (at 2 weeks intervals) changes in their mass, length and stiffness 
(relative dynamic modulus of elasticity (RDME)).  The testing of prisms was discontinued either 
when their surfaces showed signs of considerable damage or when their RDME reduced to below 
80%, whichever occurred first.  



 
Table 1: Concentrations of different deicing solutions used in this study 

 

Deicing solution 
Salt Concentration  

(mass percent) 
Total ions molality 

W/D F/T W/D F/T 
Sodium Chloride (NaCl) 23% 14% 10.5 5.5 

Magnesium Chloride (MgCl2) 25% 15% 10.5 5.5 
Calcium Chloride (CaCl2) 28% 17% 10.5 5.5 

 
The cylindrical specimens were subjected to the same deicers and the same W/D regime as the prisms.  
However, unlike prisms (which were submerged in the solutions during the wetting cycles) the 
cylinders were ponded with the deicers (by placing the plastic dam and the top of the cylinder and 
filling the resulting reservoir with the solution).  After the termination of the test,which happened at 
the same time as the termination of the test for prisms) the small samples were extracted from the 
most affected cylinders (those exposed to either 28% CaCl2 or 25% MgCl2 solutions) and examined 
under the scanning electron microscope (SEM) to determine the changes in the microstructure as the 
function of the deicer type and the distance from the ponded surface. 
 
3.0  MASS CHANGES  
 
The positive values of the mass change indicate mass gain due to ingress of moisture and deicers into 
the specimen while the negative values indicate mass loss due to surface degradation, particularly 
along the edges of the specimens. 
 
3.1  MASS CHANGES OF SPECIMENS EXPOSED TO WETTING/DRYING (W/D) REGIME  
 
Figure 1 shows the average mass changes in PC and FA 20 specimens at the end of the W/D test.  The 
total duration of the test was 350 cycles for all specimens except for those exposed 28% CaCl2 
solution.  For these specimens, the test was terminated after 154 W/D cycles due to severe cracking 
and deterioration which was accompanied by a mass loss of about 1.8%.  After 350 W/D cycles the 
PC specimens exposed to 25% MgCl2 and 23% NaCl solutions experienced comparable (~0.7%) mass 
gain while the mass gain of the same specimens exposed to DIW was lower (~0.5%).  All of the FA 
concrete specimens also experienced mass gain which ranged from ~0.4% for specimens exposed to 
MgCl2 to ~0.9% for those exposed to CaCl2. 
 
3.2  MASS CHANGES FOR SPECIMENS EXPOSED TO FREEZIG/THAWING (F/T) REGIME 
 
The average mass changes for specimens undergoing F/T exposure in different deicing solutions are 
shown in Figures 2(a) for the PC and 2(b) for FA20 concretes.  The PC specimens exposed to 17% 
CaCl2 solution started losing mass after ~50 cycles and lost about 1.5% of the original mass by 240 
cycles. That mass loss was accompanied by significant surface deterioration which was visible as 
early as after 166 F/T cycles (Figure 3(a)).  The specimens exposed to 15% MgCl2 solution 
experienced some surface cracking (see Fig. 3(a)) and gained about 2 % of mass by 240 cycles.  PC 
specimens stored in DIW and 23% NaCl solution did not show such visible distress and gained 0.5% 
and 0.8% mass respectively. 
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Figure 1: Total mass change in specimens subjected to W/D regime in different deicing solution 
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Figure 2: Mass changes for the PC (a) and FA 20 (b) specimens exposed F/T regime in different deicers 
 

When examined after undergoing 166 F/T cycles, none of the FA20 specimens exhibited any surface 
cracking or deterioration (Figure 3(b)).  This indicates a better deicer resistance of the FA concretes.   

 
Figure 3: a) Plain concrete (PC) Specimens and b) Fly ash concrete (FA20) specimens after 166 F/T cycles in 

different deicing solutions  
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4.0  RELATIVE DYNAMIC MODULUS OF ELASTICITY (RDME)  
 
The relative dynamic modulus of elasticity was calculated by measuring resonance frequency of the 
prisms according to the ASTM E 1876.   
 
4.1  RDME FOR SPECIMENS EXPOSED TO WETTING/DRYING (W/D) REGIMES  
 
Figures 4 (a) and 4 (b) show changes in the relative dynamic modulus of elasticity (RDME) values for 
PC and FA 20 specimens exposed to W/D regimes. The RDME increased continuously for both types 
of specimens (PC and FA20) exposed to DIW or 23% NaCl solution.  However, the PC specimens 
exposed to 28% CaCl2 solution started experiencing the decrease of the RDME after only 25 cycles.  
The RDME for these specimens dropped to below 85% of the initial value and the test had to be 
terminated after just 154 W/D cycles due to development of severe surface deteriorations which 
prevented accurate determination of the resonance frequencies.  
 

  
Figure 4: The relative dynamic modulus of elasticity (RDME) of (a) PC and (b) FA20 specimens subjected to 

W/D regimes 
 
The PC specimens stored in 25% MgCl2 solution did not show significant reduction in RDME values 
until about 200 cycles and reached to RDME value of 85% by 300 cycles.  The fly ash modified 
concretes performed better than the plain concrete as indicated by the RDME values of 100% for 
specimens exposed to 350 W/D cycles in the 25% MgCl2 solution and those exposed ~200 W/D 
cycles in the 28% CaCl2 solution. The FA20 specimens exposed to DIW and 23% NaCl solutions 
exhibited continuous increase in the RDME.  This can be attributed to microstructure densification 
due to secondary hydration for these concretes in presence of moisture.   
 
 
4.2  RDME FOR SPECIMENS EXPOSED TO FREEZING/THAWING (F/T) REGIMES  
 
The RDME values for PC and FA20 specimens exposed to F/T regime are shown, respectively, in 
Figures 5(a) and 5(b).  After 240 F/T cycles the RDME values of PC specimens in 17% CaCl2 and 
15% MgCl2 were reduced by about 20% whereas the RDME for specimens in DIW and 14% NaCl 
solutions increased by about 5%.  This obviously indicates damaging potential of these deicers.  In 
case of the FA20 concretes only the specimens exposed to 17% CaCl2 experienced about 5% 
reduction in the RDME after about 280 F/T cycles. This can be attributed to microstructure 

(a)
(b) 

0 100 200 300 400
Number of W/D cycles

80

90

100

110

120

R
D

M
E,

 %

DIW
23% NaCl
25% MgCl2
28% CaCl2

FA 20

0 100 200 300 400
Number of W/D cycles

80

90

100

110

120

R
D

M
E,

 %

DIW
23% NaCl
25% MgCl2
28% CaCl2

PC



densification due to secondary hydration and additional chloride binding due to presence of more 
aluminates in fly ash as compared to the cement. 
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Figure 5: The RDME for PC (a) and FA 20 (b) specimens subjected to F/T regime 
 
5.0  MICROSTRUCTURAL CHANGES IN THE CONCRETE MATRIX 
 
The microstructural changes due to the interactions of deicers with the hydrated cementitious matrix 
during W/D regime were evaluated by SEM analysis.  Figure 6(a) shows calcium oxychloride 
(3CaO*CaCl2*15H2O) in the microstructure of PC specimens exposed to 28% CaCl2 solution.  This is 
in line with previous study by Sutter and his co-workers (Sutter et al., 2006) which concluded that this 
reaction is occurring most efficiently in concrete exposed to freezing and thawing cycles.  These 
authors further report that the formation of the calcium oxychloride is damaging to the concrete 
matrix as it generates disruptive hydraulic pressure. This was confirmed in this study in terms of 
lower RDME values observed for specimens exposed to 28% CaCl2 solution.  
 

 
Figure 6: Scanning Electron Micrograph for specimens exposed to 28% CaCl2 (a) and 25% MgCl2 (b and c) 

solutions under W/D regime 
 
The MgCl2 has been reported (Sutter et al., 2006) to react with C-S-H gel and form non-cementitious 
M-S-H gel as illustrated by Equation 1.  The formation of such product is shown in Figure 6 (b).   
 
C-S-H + MgCl2  M-S-H + CaCl2        (1) 
 

b) 
a) 

b)  

A

a) c)  



Another reaction identified as reportedly taking place in pastes exposed to MgCl2 (Sutter et al., 2006) 
is the depletion of Ca(OH)2 and formation of CaCl2 and Mg(OH)2 as illustrated by equation 2. 
 
Ca(OH)2 + MgCl2  Mg(OH)2 + CaCl2         (2) 
 
The dark deposit (marked as “A” in Figure 6(b)) consists mainly of magnesium, chlorine and oxygen 
and is completely devoid of calcium and silicon.  Additional microstructural changes for FA20 
specimens were observed in terms of formation of Friedel’s salt (Figure 6(c)) in the top and middle 
(~2.2cm from the surface) regions of the specimens exposed to these salts. 
 
6.0  SUMMARY  
 
The present study investigated the effects of exposure of plain and fly ash concretes to different 
deicing solutions while being subjected to wetting/drying (W/D) and freezing/thawing (F/T) regimes.  
The main observations from the study can be summarized as follows: 

1) PC specimens subjected to 28% CaCl2 solution and W/D regime developed very visible 
surface deterioration and 15% reduction in relative dynamic modulus of elasticity (RDME) 
after only 154 W/D cycles.  By comparison, similar reduction of RDME in specimens 
subjected to 25% MgCl2 was observed only after about 300 W/D cycles.  

2) After the 240 F/T cycles the reduction in the RDME was similar (about 20%) for PC 
specimens exposed to 15% MgCl2 and 17% CaCl2 solutions.  However, the reduction of 
RDME happened much earlier for specimens exposed to CaCl2 solution.  These specimens 
lost 10% of the initial value of the RDME after about 90 F/T cycles whereas specimens 
exposed to MgCl2 solution showed similar loss only after about 200 F/T cycles.  

3) The SEM-EDX analysis indicated formation of calcium oxychlorides in specimens exposed to 
28% CaCl2 solution under W/D regime.  The changes in the matrix of specimens exposed to 
25% MgCl2 solution involved formation of M-S-H gel and MgCl2 and Mg(OH)2 deposits. 

4) The fly ash modified concretes displayed better performance (in terms of lower mass loss and 
lower reduction in RDME) than plain concretes during the reported period of test in both 
exposure regimes. This can be attributed to formation of secondary hydration products and 
increased chloride ion binding (due to formation of Friedel’s salt) in fly ash concretes. 
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Abstract 

The sewage sludge ash (SSA) is a powdered material obtained from the combustion of sewage sludge generated 

in the urban wastewater treatment. Possible pathways for the elimination of the SSA are, first, controlled 

landfills, which do not represent the comprehensive management of waste, and secondly, the application in 

construction, in brick manufacture or, alternately, in concrete production as mineral admixture. This 

management route would lead to a significant recovery, yielding a closed cycle of materials. 

In this paper, the microstructure and properties of pastes and mortars with SSA were studied, using 

thermogravimetric techniques, mechanical strength development, and scanning electron microscopy. The 

influence of an additional pozzolan, such as coal fly ash (FA) over the mixture was also analyzed. The results 

show the feasibility of incorporating SSA or SSA/FA mixtures in Portland cement mortar to obtain benefits 

comparable or even superior to materials made only with cement. 

 

Originality 

Thermogravimetric studies on cement/SSA pastes and cement/SSA-FA pastes, show pozzolanic effect of the SSA 

for short curing time, while the FA has only a particle effect. 

The presence of both pozzolans with different behaviour has a synergistic effect that increases the benefits of 

their joint use in mixtures with Portland cement 

 

Chief contributions 

Regarding mechanical strength, an enhancement of the strength activity index (IAR) was observed with the 

increase of SSA content, reaching a value of 0.97 after 7-days curing for mortars containing 30% of SSA. 

Thermogravimetric analysis indicates that the SSA pozzolan has a quick effect, when it is present in substantial 

amounts, since the paste with 30% of SSA fixed a 30% of hydrated lime after 3 days of curing time. 

The particle effect of the FA can be observed from the amount of hydrates generated: despite its poor pozzolanic 

reactivity at short curing time (lower percentage of fixed hydrated lime), the amount of hydrates is comparable 

to those generated by pastes with only SSA. This effect is more noticeable the higher the substitution. 

 

Keyωords: sewage sludge ash, fly ash, mechanical strength, pozzolan, thermogravimetric studies 
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1. Introduction 

 

The term “green concrete” refers to concrete for reducing environmental impacts (Glavind and 

Munch-Petersen, 2002). One method that is currently being used for the development of “green 

concrete” (Sarkar and Roumain, 2003) is the addition of residual materials that may substitute 

partially raw materials used in traditional concrete fabrication (sand and cement). The partial 

replacement of cement by pozzolanic materials has advantages from ecological, economic and 

technical points of view (Monzó et al, 1994; Payá et al, 1999; Payá et al, 2007). 

In the wastewater treatment plants, large quantities of sewage sludge are produced. Many 

technologies have been developed to reuse sewage sludge (Valls and Vázquez, 2002). Among those 

technologies, utilization of the incinerated residues from sewage sludge (Sewage Sludge Ash, SSA) 

has been studied by many researchers, whose works revealed that SSA exhibits some pozzolanic 

activity (Garcés et al, 2008; Donatello et at, 2010; Shih-Cheng Pan et al, 2003) 

As shown in previous studies, the use of SSA in cement mortars produces a reduction in the 

workability of the mortar (Monzó et al, 2003). On the other hand, it is well known the ability of fly 

ash (FA) to improve this property in mortars and concrete, due to the spherical shape of the particles, 

producing a "lubricating effect", thereby improving the workability (Payá et al, 1996)]. Therefore, the 

simultaneous incorporation of these additions to the cement could allow combine their properties for 

obtaining mortars with mixed matrices and better performance. 

In this sense, the success of systems that combine both pozzolans (SSA and FA) was demonstrated in 

a previous work (Borrachero et al, 2002).  Other researchers have used fly ash and sludge with 

addition of nano-Silica to enhance the pozzolanic activity of fly ash (D.F. Lin, 2008). 

In this paper, the microstructure and properties of pastes and mortars with SSA were studied, using 

thermogravimetric techniques, mechanical strength tests, and scanning electron microscopy. The 

influence of an additional pozzolan such as fly ash (FA), in the mixture was also analyzed. The results 

show the feasibility of incorporating SSA or SSA/FA mixtures in Portland cement mortar to obtain 

benefits comparable or even superior to materials made only with cement. 

 

2. Materials, equipment and procedures. 
 

The materials used in the manufacture of pastes and mortars were: Portland cement type CEM I 52.5 

R supplied by Cemex (Buñol-Valencia), fly ash (FA) from thermoelectric power plant in Andorra 

(Teruel-Spain) and sewage sludge ash (SSA). The latter was collected from the wastewater treatment 

plant located in Pinedo, Valencia (Spain). Sewage sludge from aerobic water treatment (secondary 

process) was dewatered using press filters, and the cake obtained was incinerated. In the combustion 

process, sand fluidized reactor system was used, and temperatures in the range 600-800ºC were 

achieved. Finally, exhausted gases containing particles were filtered by using an electrostatic 

precipitator, and a reddish brown ash was collected. In table 1, chemical compositions for these 

materials are shown. Mixtures for this study were performed by replacing 10 and 30% by weight of 

cement by SSA or FA/SSA mixtures. Table 2 shows dosages for mixtures. The mixtures were 

prepared with a water/binder ratio of 0.50 and cast in prismatic moulds (40*40*160 mm
3
). For 

mortars with 30% substitution, plasticizer was added. Specimens were demoulded after 1 day and 

they were cured under water. Bending and compressive strengths were determined after 7 and 28 days 

of curing. Pastes for thermogravimetric analyses were prepared with the same proportions of the 

mortars, but without addition of sand. 

 
Table 1. Composition of Portland cement, FA and SSA  

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O+Na2O P.F R.I 

CEM I  19.90 5.38 3.62 63.69 2.14 3.66 1.27 2.02 0.90 

FA 40.90 24.70 13.59 9.83 1.59 1.60 1.74 nd* nd* 

SSA 19.2 8.9 10 30.6 2.7 11.1 2.2 5.1 nd* 

*nd  Not determined 



 
Table 2. Composition for mortars 

 cem(g) FA(g) SSA(g) aggregate(g) H2O(g) 

CONTROL 450 - - 1350 225 

10%SSA 405 - 45 1350 225 

5%SSA-5%FA 405 22.5 22.5 1350 225 

30%SSA 315 - 135 1350 225 

15%SSA-15%FA 315 67.5 67.5 1350 225 

 

 

3. Results and discussion 

 

3.1 Thermogravimetric studies 
 
Pastes with 10% replacement of Portland cement were prepared, using 10%SSA and 5%FA-5%SSA 

as replacements of cement.  For the preparation of pastes with a cement replacement of 30%, 

30%SSA and 5%FA-25%SSA were used.  

The specimens were kept in a moist chamber until the age of analysis. Then the pastes were treated 

with acetone to stop the hydration process. And then, samples were dried in an oven at 60 °C for half 

an hour.   

A  Mettler Toledo TGA module 850 was used for thermogravimetric analysis. The results of fixation 

of hydrated lime CH (Payá et al, 2003) in the prepared pastes are shown in Figure 1. 

 

                               
 

Fig. 1. Fixed hydrated lime (CH) percentage at 7 y 28 days curing time for pastes with SSA and FA. 
 

 

Fixed CH data show that in pastes with 30% replacement of cement by SSA, hydrated lime fixation is 

higher than in those pastes with 10% substitution of cement for this pozzolan, indicating that higher 

amount of reactive material reacted with portlandite. When a mixture of 5% FA plus 5%SSA is 

incorporated in the paste, the percentage of lime fixation at 7 days curing time is negative, because the 

FA addition present a particle effect that produces greater hydration of Portland cement. Therefore an 

increase of portlandite is observed respect to the paste without FA. At 28 days of curing time, paste 

with FA gets a positive hydrated lime fixation due to the progress of the pozzolanic reaction. If the 

percentage of SSA in the paste with FA is increased (5%FA,  25%SSA), portlandite reacts with the 

SSA, and fixed hydrated lime rates are positive for both at 7  and 28 days of curing, being similar to 

that presented by the paste with 30% SSA. 
 

  



In figure 2, the percentage of hydrates is represented. %Hydrates means the total combined water in 

the form of CSH, ettringite, CAH, and it is calculated as the total weight loss in the range 35-600ºC 

minus the amount of water released in the decomposition of portlandite. The figure 2 shows that the 

percentage of hydrates in the pozzolan-containing pastes is similar or higher than to the control paste, 

suggesting an important pozzolanic reactivity at early age of the SSA in the mixtures. It is important 

to note that the FA-SSA mixtures after 7 and 28 days contain a similar percentage of hydrates than 

those found for mixtures with only SSA, which is due to the particle effect of the FA on the hydration 

of Portland cement. 

 

 
Figure 2. % Hydrates at 7 and 28 days for control paste and pozzolan-containing pastes 

 

 

In Figures 3a and 3b, DTG curves for the pastes tested at 7 and 28 days of curing are shown.  

 

  

Fig.3a) DTG curves for pastes at 7 days of curing Fig. 3b) DTG curves of pastes at 28 days of curing 
 

 

The DTG curve for SSA and FA pastes do not show the presence of any additional peak, if they are 

compared to only cement pastes (control). A further development of the peak assigned to the 

dehydration of ettringite is observed in pastes containing SSA, (this peak is identified in the range140-

150ºC), due to sulphate present in SSA. 

 



3.2 Mechanical properties of mortars containing SSA and FA. 

 

Mortars containing sewage sludge ash (SSA) were prepared, with 10% and 30% replacement of 

cement regarding to the control mortar. Different amounts of fly ash (FA) were also used to replace 

SSA contents (5 to 15%). After curing specimens (20 ºC and 95% HR) for different periods (7 and 28 

days), they were tested for flexural (Rf) and compressive (Rc) strength.  

As shown in table 3, after 7 days of curing, the flexural strength of most of samples with pozzolanic 

additions (Rfi) was lower than that of the control (Rfo). Nevertheless, it increased afte r 28 days of 

curing, so that the flexural strength of mortars containing SSA and FA was as high as the control or 

even higher. While relative strength values (Rr=Rfi/Rfo) were in the range 0.79 to 1.04  in samples 

cured for 7 days, they increased to the range 0.98 to 1.23 after 28 days of curing. This behavior 

suggests an active role of the added pozzolans.  

The compressive strength showed a similar trend, with relative compressive strength (Rr=Rci/Rco)) 

ranging from 0.78 to 1 in samples cured for 7 days, and a slight increase (0.85 to 0.99) in samples 

cured for 28 days. Although compressive strength is not as high as that of the control, the pozzolanic 

activity allows maintaining a similar strength after replacing an important content of the Portland 

cement. 
 

Table 3. Flexural and compressive strength for control mortar and mortars containing SSA and FA 
 Flexural Strength. (MPa) Compressive Strength  (MPa) 

Mortar 7 days of curing  28 days of curing  7 days of curing  28 days of curing  
Control 10.21 9.44 54.45 55.43 

10% SSA 10..62 11.27 50.53 54.72 

30% SSA 9.39 10.21 47.75 51.27 

5% FA-5% SSA 9.64 11.52 51.17 54.51 

15%FA-15% SSA 8.30 11.60 40.71 47.76 

 
 

Relative compressive strength gain (%SG) was used for a better evaluation of the increase of strength 

compared to that of the control mortar. It was calculated by equation (1): 

 















CC
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WR

WRR
SG% *100 (1) 

 

where Ri is the compressive strength of mortars containing pozzolans, RC is the compressive strength 

of control mortar at the same age, and WC is the percentage of cement (in per unit). It represents the 

gain of strength produced by the partial replacement of cement by pozzolans (SSA and FA) compared 

to a mortar made with the same proportion of an inert mineral admixture. 

 

As shown in figure 4, the replacement of cement by SSA produces a positive strength gain. The most 

positive effect is found when 30% of cement is replaced by SSA. Furthermore, the largest increase of 

strength with curing time (from 7 to 28 days) is reported for samples with the highest amount of fly 

ash. As reported before (Monzó 1999), this is due to SSA reactivity is higher at early stages, while fly 

ash contributes to develop higher strengths at longer curing times. These results show that SSA and 

FA behave as active materials, producing an increase in the strength due to pozzolanic properties. 

Regarding the fluidity of mortars, it is noteworthy that the presence of SSA reduces the workability of 

them, since it is a material that adsorbs water. The mortar with 10% of SSA, without plasticizer 

addition shows the lowest workability. However, the presence of FA significantly improves the 

workability of these mixtures. Thus, the mortar with 10% SSA, without plasticizer, showed a value of 

workability of 137.5 mm (FTS) in a flow table spread; on the contrary, for mortar with 5% SSA-5 % 

FA, a FTS value of 152 mm was found. Another fact that corroborates the significant improvement of 



fluidity of these mortars with the addition of FA is that for mortar with 30% SSA, the addition of 

2.17% of plasticizer was required to achieve a workability similar to control mortar 

while for 15% SSA-15% FA mortar, addition 0.9% of plasticizer was required. 
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Fig.4. %SG (according to eq.1) of mortars containing SSA and FA, cured for 7 and 28 days.  

 

 

3.3 Scanning electron microscopy of hydrated pastes containing SSA and FA. 

 

Electron microscopy studies were performed on cement pastes, which contained the presence of FA 

and SSA. Figure 5 shows micrographs of pastes after 28 days of curing. Microstructure and hydration 

products present in these pastes can be observed.  

Micrograph of the control paste (Fig 5a) shows the typical amorphous CSH products and portlandite 

crystals. In pastes containing SSA and FA mixtures (25% SSA- 5% FA paste) it can be detected the 

presence of calcium aluminate hydrates (fig 5b). It is also possible to observe typical FA particles 

surrounded by hydration products. 

For pastes containing 30% SSA, formation of ettringite can be observed, which confirms previous 

results obtained by thermogravimetry. 

 

  
a) Control b) %5%SSA-5%FA 

  
c) 25%SSA-5%FA d) 30%SSA 

Fig 5. Micrographs of SEM for control paste and for pastes containing pozzolans  

 

 

 

%SG 



4. Conclusions 

 

Sewage sludge ash SSA shows reactivity at early ages according to the values obtained of fixed 

hydrated lime and the strength development of mortars. 30% replacement of cement yielded optimum 

values in terms of pozzolanic reactivity. Blending SSA and FA, good behavior in terms of mortar 

strength was observed, suggesting that this practice would be very useful in order to obtain long-term 

strength because the reactivity of fly ashes. 
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Abstract 
The most important measure the European Commission took to prevent bovine spongiform encephalopathy 
(BSE) from spreading is the ban of meat and bone meal (MBM) from mammals in compound feed for ruminants. 
This ban started efforts to use MBM as alternative fuel in cement kilns, allowed by its calorific value (similar to 
wood). Moreover, the high temperature and time spent in the kiln guarantee the destruction of all organic 
matter, including proteins such as prions. Nevertheless, the high phosphorus content of MBM presents a 
problem in the clinkering reactions, as it affects the properties of clinker melt, influences adversely the phase 
composition of clinker and thereby the cement quality. In industrial practice, only such volumes of MBM are 
incinerated, which result in maximum 0.5 wt. % P2O5 in clinker (only exceptionally more). 
Our research addressed the composition of minerals of clinkers with P2O5 content higher than the above limit. 
We discovered that besides the earlier hypothesized C2S-C3P substitution, a part of phosphorus is incorporated 
in clinker silicates via the berlinite substitution 2Si4+ ↔ Al3++P5+, known from quartz or feldspars. Following 
this finding, addition of surplus Al to the raw meal and simultaneous absence of Fe enabled to produce white 
cements with P2O5 contents as high as 3.5 wt.% without negative effects of unacceptably high free CaO or low 
alite content. 
Ensuing research on the influence of further minor oxides, also supported by the microprobe study of individual 
clinker minerals has shown that simultaneous increase of Al, P, Mg, S, Na and K enables to produce clinkers 
with P2O5 content of 2 wt.% or higher, composed of around 60 wt.% C3S, 20% C2S and <2 wt.% free CaO, i.e. 
similar to common Portland clinkers. In all cases P2O5 contents in belite are 2.5-3 times higher than in alite, 
reaching up to 4.5 wt.% in belite and 1.5 wt.% in alite; interstitial phases are almost P-free. 
The third method how to produce clinker with high P content we investigated is input of MBM in the cement kiln 
as pressed pellets 1 cm in diameter. These pellets get calcined to a mixture of Ca phosphate and Ca-Na 
phosphate, without influencing substantially the phase composition of the rest of the clinker; both Ca silicates of 
such clinkers are poor in P. In this way, up to 10 wt.% P2O5 can be introduced in the cement produced from such 
clinker without debasing its hydraulic properties. 
 
Originality 
So far, cement factories using meat and bone meal (MBM) as alternative fuel have not been able to incinerate 
this fuel in quantities higher than corresponding to 1 wt.% P2O5 in the resulting clinker. The detailed study of the 
chemistry of individual minerals of clinkers prepared from raw meals containing calcined MBM has revealed 
the existence of other than earlier assumed C2S-C3P substitution, the berlinite (2SiO2 ↔AlPO4) substitution 
mechanism. Supporting the latter by addition of excess Al (without concurring Fe) led to production of white 
cement with up to 3.5 wt.% P2O5, possessing good mechanical properties. Further research in more complex 
substitutions, involving besides Al and P also Mg, Na, K, and S enabled to make clinkers with composition close 
to common Portland clinkers, containing up to 3 wt.% P2O5. For introduction of even higher amounts MBM in 
cement kilns without negative effects of P2O5 on clinker melt and clinker phase composition, the MBM was input 
in the kiln as pressed pellets, making it possible to produce cements with up to 10 wt.% P2O5. All three methods 
of introducing more MBM in the cement kiln represent novel approach to utilizing it as alternative fuel in cement 
production. 
 
Chief contributions 
The presented research shows three new ways of introducing phosphorus from meat and bone meal (MBM) into 
clinker. Two of them are based on the authors´ finding of so far unknown substitution mechanisms, analogous to 
those known to operate in natural minerals. Intentional addition of surplus Al to raw meal without Fe leads to 
production of white clinkers with up to 3.5 wt.% P2O5, addition of surplus Al with Mg, S, and alkalis leads to 
clinker with phase composition of ordinary Portland clinker. Both methods overcome main disadvantages of 
usage of higher volumes of MBM in cement kilns – suppression of alite formation and high free lime content in 
clinker burned from ordinary raw meals. The third method is based on feeding MBM into cement kiln in the form 
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of pressed pellets. MBM pellets get calcined to calcium phosphates practically without reacting with clinker. The 
rest of the clinker mass has phase composition like OPC, with dominant alite. The bulk P2O5 content in such 
clinker can be up to 10 wt.%, without substantially debasing the mechanical properties of cement made of it. 
These methods of improved MBM utilization as alternative fuel enable to spare deficient and expensive fossil 
fuels. 
 
Keywords: phosphoclinker, meat-and-bone meal,  berlinite substitution 
 
Introduction 
 
The cement production enables to utilize various secondary raw materials and wastes from industry 
and agriculture. One of such wastes is the meat-and-bone meal (MBM), plus waste grease and other 
veterinary waste. Among these materials, a non-negligible group of hazardous waste is cadavers of 
animals infected by various diseases, including highly problematic BSE disease (bovine spongiform 
encefalopathy). This waste has to be disposed of at high temperature, ensuring safe destruction of 
prions. This can be done in special incineration plants, but also in cement kilns. The advantage of 
MBM disposal in clinker burning is, that MBM is used as less valuable fuel (calorific value 16 – 20 
GJ/t) (Scheuer 2003) and at the same time the effective degradation and destruction of hazardous 
substances by the high temperature (close to 2000oC in the burner flame); the resulting incombustible 
substance is incorporated in the clinker. Under the conditions of common in municipal waste 
incineration plants the lower temperatures of waste combustion (700 to 900°C, max. 1200°C), arises 
the danger of imperfect combustion of organic carbon and occurs a problem with the utilization of the 
waste ash. The energetic potential of MBM is not exploited in common incineration chambers. 
The main problem of the incineration of phosphorus rich organic wastes in cement kiln is the their 
high P2O5 content. The bones, meat, fat and intestines of animals are processed to meat-and-bone meal 
in autoclaves of a rendering plant. MBM is dosed in the cement kiln dispersed in a flow of air or fuel 
and its particles spontaneously burn. The combustion residues, consisting of calcium phosphate 
(mainly hydroxylapatite - Ca5(PO4)3(OH)) then react with clinker in its whole volume. P2O5 is 
incorporated into clinker minerals and influences negatively the phase composition of clinker and 
thereby also the quality of cement (Puh & Douillet 2002, Puntke 2004).  
In practice, the cement works so far combust only such amounts of MBM that negatively influence the 
clinker properties only to a small extent, i.e. only up to a safe maximum amount of 0.5, rarely up to 1 
wt. % P2O5 in clinker.  
Also our experiments (Stanek & Sulovsky 2009) have confirmed that P2O5 has distinctly negative 
effect on the nucleation of crystals of the main clinker mineral alite and that its incorporation into the 
structure of C2S (belite), which forms solid solution with C3P (apatite), stabilizes belite. The negative 
impact – increase in belite and free lime contents on the expense of alite – was observed already from 
0.7 wt. % P2O5 in clinker. The concentration of 4.5 wt. % P2O5 in clinker completely blocks formation 
of alite.  
The research focused on solving this problem proposes three possibilities of elimination of adverse 
effect of P2O5 on the cement properties and shifts the limit of possible P2O5 content in clinker up to 10 
wt. %. At the same time, new, environmentally very important properties of cements with increased 
content of P2O5 )were discovered. 
 
The influence of P2O5 on the burning and properties of Portland clinker 
 
The initial experimental raw meal was prepared from commonn cement-making raw materials with the 
folowing chemical parameters: lime saturation after Lea and Parker = 98, silica ratio SR = 2.3 and 
alumina ratio AR = 1.7. Into this raw meal, P2O5 was added in graded amounts corresponding to bulk 
content of 0.07 – 4.5 wt. % in the resulting clinker – first in the form of chemically pure powdery 
Ca3(PO4)2, later as ground ash from incinerated MBM. The influence of P2O5 on the phase 
composition and polymorphism of clinker minerals was studied by targeted burnings and by optical 
microscopy and X-ray diffraction. The effect of P2O5 on the kinetics of clinker formation was studied 



by burnings in a special oven with micromanipulator in combination with optical microscopy. The 
incorporation of P2O5 into the structure of clinker minerals was studied by electron microprobe. 
P2O5 has distinctly adverse effect on the nucleation of alite crystals and stabilizes belite by entering its 
structure. The increase of belite and free CaO on the expense of alite has been observed already at 
P2O5 contents in clinker above 0.7 wt. % (Fig. 1). Even after a four hours burning at 1450 oC, which 
can be considered due to its length as equilibrium, the reaction of free CaO and belite to alite is not 
complete. At 4.5 wt. % P2O5 is the formation of alite completely blocked and the clinker is formed 
only by belite, free lime and interstitial phases. The kinetic experiments have shown that P2O5 has in 
all cases negative impact on reactivity and burnability of the raw mix. Also the growing content of 
P2O5 in raw meal (at constant conditions of burning) causes a decrease in the degree of clinker 
burning. This phenomenon is connected with the negative impact of P2O5 on nucleation and formation 
of alite crystals, which eventually causes total blocking of alite formation. 
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Figure 1: The dependence of clinkers´ phase composition on their bulk P2O5 content 

 
It was found by XRD analysis, that P2O5 (like SO3) stabilizes monoclinic M1 modification of alite. 
Belite modifications also change with increasing P2O5 – the contents of high temperature 
modifications α´ and α increase, and that of β modification decreases, vanishing already at 3,5 wt. % 
P2O5 in clinker. 
The clinker pellets from all experiments were mounted in epoxy resin, polished, and carbon coated for 
electron microprobe study. The polished sections were studied using CAMECA SX100. The analytical 
conditions used were as follows: accelerating voltage 15 kV, beam current 20 nA. All specimens were 
imaged in backscattered electrons and X-ray maps. Ten to twenty spot analyses were acquired in both 
alite and belite in each sample; where possible, the interstitial phases were analyzed, too. 
Electron probe microanalyses (EPMA) indicate that with increasing content of P2O5 in clinker the 
content of SiO2 in alite decreases, and the contents of P2O5, Al2O3, MgO and the CaO/SiO2 ratio 
increase. In belite, increasing concentrations of P2O5 in clinker cause a decrease in SiO2, TiO2 and 
MnO, and the contents of P2O5, Al2O3, MgO, Na2O and K2O increase. All minor oxides (with the 
exception of MgO) are higher in belite than in coexisting alite. P2O5 is preferentially bound into the 
belite structure and already above bulk content of 0.5 wt. % in clinker is its concentration more then 
two times higher in belite than in alite. 
EPMA results revealed the hitherto not described linear correlation between the Al and P contents in 
both Ca silicates. So far, the presence of phosphorus was attributed to the existence of solid solution 
between C2S and C3P (Nurse et al. 1959, Fix et al. 1969) or C5PS – silicocarnotite (Salge and 
Thormann 1973). Even in the largest study on phosphorus in clinkers (Puntke 2004) the variations of 



Al contents were considered as independent on P contents (probably due to less precise EDS method 
of their determination). Our WDS results have unequivocally shown that the increase in P2O5 is 
accompanied by an increase in Al2O3 - both in alite and in belite (Fig. 2). This suggests that at least a 
part of P enters the structure of both Ca silicates in the form of AlPO4 (berlinite molecule), substituting 
SiO4 tetrahedra – a phenomenon known from nature in feldspars, topaz, and garnets (London 1990, 
Breiter & Kronz 2004).  The berlinite substitution is the more important, the higher is the P content in 
the raw meal.  
The relationship between P2O5 and Al2O3 contents in belite appears to be linear over the whole studied 
range (0 – 4.5% P2O5). The regression equation calculated from the results of spot analyses - Al = 
0.214P + 0.053 (in atoms per formula unit - a.p.f.u.) - shows that the “initial” Al contents in belite is 
around 0.05 a.p.f.u. and that a larger part of P is incorporated in the belite structure via the berlinite 
substitution. Kinetic experiments indicated that the substitution between C2S and C2P is much 
broader, because they substituted each other practically over the whole range between pure 
dicalciumsilicate and pure calcium phosphate. The regression relationship here appears to be linear 
only in the range 0 – 0.3 a.p.f.u. P; above this value it is less steep. The whole relationship can be 
expressed by a third order equation (Fig. 3), suggesting the existence of a limit of solubility of Al in 
Ca silicophosphates with more than 0.35 a.p.f.u. of phosphorus.  
 

Figure 2: The relationship between Al2O5 and P2O5 
contents in belite from three series of experiments. 
Each point represents average of 15 spot EMPA 

Figure 3: The results of EMPA determinations of Al 
and P in kinetic experiments (clinker – C3P 
sandwiches)  

 
Based upon these results, experiments with raw meals containing increased amounts of Al2O3 and no 
Fe2O3 and vice versa were performed. They have confirmed the role of berlinite substitution. In case 
of Fe-poor, Al-rich raw meals also gave clinkers in which the negative influence of phosphorus on 
phase composition (esp. alite formation) was substantially suppressed up to the bulk P2O5 content of 3 
wt.%. The Al-poor, Fe-rich clinkers preserved high alite only up to 1 % P2O5. – see Fig. 4.  

 
Figure 4: The dependence of alite content on theoretical bulk content of P2O5 in clinker (S – clinkers with all 4 
major oxides, S-A – clinkers without Fe2O3, S-F – clinkers without Al2O3) 
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The comparison of EMPA results from these three series of clinkers (with “normal” Fe2O3 and Al2O3 
content, with only Al2O3, with only Fe2O3) has shown that also in the absence of Al2O3 there exists 
besides the C2A-C3P solid solution a substitution analogous to that of berlinite type. Benarchid et al. 
(2005) defined it as 2Ca2+ + Si4+ → Fe3+ + P5+ + □, explaining by the presence of vacations (□) the 
increased hydration rate of Fe-doped belite. As the interpretations of other researchers studying the 
berlinite substitution in silicates suggest certain role of vacancies-generating defects or other 
crystallographic strain related to the fact that the PO4 oxyanion contains a double bond (Corbridge, 
1985), we also suggest the existence of berlinite (AlPO4 – 2SiO4) and rodolicoite (FePO4 – 2SiO4) 
substitutions. Of these, berlinite occurs to be more strong: in clinkers burned from raw meals 
containing only Fe2O3 / only Al2O3 the P2O5 content increases linearly with their content, while in 
clinkers burned from raw meals containing roughly the same Al2O3 and Fe2O3 amounts, the P2O5 
content appears to be independent of Fe2O3 content (cf. Figure 5a-c).  

  
Figure 5a-c (from left to right): The relationships between P and Al and Fe in clinkers burned from raw meals 
cotaining only Al2O3 (a), only Fe2O3 (b) and both Al2O3 and Fe2O3 (c). 
 
The influence of simultaneous addition of P2O5 and other minor oxides on the burning and 
properties of Portland clinker and cement 
 
During the research of potential compensating effect of other minor oxides on negative influence of 
P2O5 on alite formation we observed distinct positive impact of MgO and SO3 addition and negative 
effect of alkali oxides. As a result, raw meals with 3 and 2 wt. % P2O5, combined with either MgO or 
SO3 were designed and burned. Their phase compositions are given in Tab. 1 and 2. Explanation of 
clinkers designation: number expresses percentage of the added oxide, letter denotes respective oxide 
(P – P2O5, S – SO3, M – MgO, K – K2O, N – Na2O).  

Table 1: Phase composition  of clinkers burned to equilibrium with combined additions of minor 
oxides (in wt. %) I 

Clinker 
designation S-2P S-2P3S S-2P3M S-3P S-3P3S S-3P3M 

C3S 34,8 55,1 58,7 14,3 28,6 29,7 
C2S 38,8 27,2 22,1 57,1 51,2 43,4 
C3A 8,7 5,6 5,8 7,6 4,5 6,3 
C4AF 10,2 9,3 10,6 9,9 6,4 11,3 
Cfree 6,5 2,8 1,7 11,1 9,4 8,0 
Periclase 0,0 0,0 1,1 0,0 0,0 1,3 
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Table 2: Phase composition  of clinkers burned to equilibrium with combined additions II 
Clinker 
designati
on 

S-
2P3
S3M 

S-
2P3S3M1

N 

S-
2P3S3M1

K 

S-
2P3S1K 

S-
2P3M1

K 

S-
2P3S1N 

S-
2P3M1

N 

S-
2P3S3M1K

1N 
C3S 62,6 65,3 69,8 63,9 32,4 51,0 35,2 61,9 
C2S 18,6 15,8 11,5 18,6 41,9 29,0 37,6 16,6 
C3A 4,8 8,3 6,7 8,5 10,5 9,0 13,9 11,1 
C4AF 13,0 8,4 11,0 8,8 7,1 6,8 4,3 7,6 
Cfree 0,1 1,0 0,1 0,2 7,1 4,2 8,0 1,8 
Periclase 0,9 1,1 0,9 0,0 1,0 0,0 1,0 1,0 

The most pronounced effect was observed in clinkers with combination P2O5 + SO3, a little less in 
clinkers doped with P2O5 + MgO. In both cases it is more pronounced when the addition of the second 
oxide is higher. Berlinite substitution is not the only substitution mechanism of phosphorus 
incorporation into the structure of clinker silicates. While in alite the entry of phosphorus into its 
structure is supported more by sulfur than by magnesium, in belite the situation is the opposite. This 
difference diminishes with increasing P2O5 addition, and at 5 wt. % P2O5 in clinker are the P2O5 
concentrations in belite practically independent on amounts of MgO or SO3 added. 
The analysis of Ca and Mg contents has shown the existence of the already known substitution of Ca 
by Mg in alite. The phase analyses seem to indicate that the MgO addition has positive influence on 
the alite proportion in the clinker – probably because Mg can get  incorporated into alite also in the 
presence of phosphorus, and in an extent higher than in belite, and support thus the alite formation and 
percentage. Experiments with sulphur addition alone have shown that also sulphur enters the structure 
of clinker silicates by substituting silicon and is thus concurrent to phosphorus.  

The input of pelletized MBM ash  
The third way of incorporating phosphorus into clinkers was realized through raw meals with pressed 
pellets of MBM ash in proportion of up to 10 wt.%. The obtained clinkers had the composition similar 
to that of „normal“ alitic clinker, not negatively influenced by phosphorus, which remained only in the 
relicts after MBM ash pellets.  
The resulting clinkers with relicts after MBM ash pellets were subdued to XRD analysis and EPMA in 
order to determine the phase composition. It was found that the relicts are not formed not only by 
impure apatite, but to a large extent by alkali-calcium phosphate, which yields diffraction pattern 
similar (but not identical) to that of mineral called  nagelschmidtite (Ca3(PO4)2.2(α-Ca2SiO4)). Apatite 
is present only in a relatively small amount. Belite occurring in the clinker contains P2O5 only in 
negligible concentrations (below 0,4 wt.%). 
The results of electron microprobe analysis of the interfaces in sandwich experiments have shown that 
the diffusion in solid state affected only the very close environs of the interface, i.e. maximum to 500 
micrometers from the interface. The diffusion ran in both directions, what can be demonstrated e.g. by 
increased concentrations of Al2O3 and alkalis (typical for the phosphate zone) in the clinker zone close 
to the interface. Practically the only element diffusing from the clinker zone into the phosphate zone is 
silicon. Joint (or similar) behaviour of some elements (Al, K, Na) is evidenced by very similar 
concentration curves of these elements. The depth of the zone in which the main phases of both zones 
were mutually influenced is 300 – 500 μm.  
Analyses of alite and belite in clinkers with relicts of MBM ash show very low average concentrations 
of P2O5 (around 0,1 % in alite, 0,3 – 0,6 % in belite at bulk P2O5 content in clinker up to 7 wt. %). This 
sharply contrasts with P2O5 contents in belite from clinkers burned from raw meal to which MBM ash 
was added as fine powder, which is higher than 6,0 wt % at bulk content of 4,5 wt. % P2O5 in clinker. 
Tests performed with cements prepared from clinkers containing MBM ash relicts did not show 
negatively influenced technological or durability parameters. Because the migration of P2O5 into the 
clinker is negligible, its entry into the clinker silicates is very limited, too. The negative effect of P2O5 
on clinker formation (lowering of alite and increase in belite) is weak. At analytically determined real 



content of 6,5 – 7 wt. % P2O5 in clinker the alite content decreased only by 6 – 10 wt. % When a 
disperse bearer of P2O5 is used, alite formation is blocked already at 4,5 wt. % bulk P2O5 and arises 
purely belitic clinker high in free lime, which does not react to give alite. These conclusions show a 
possibility of multiplication of the amount  of meat-and-bone meal co-fired in cement rotary kiln, as 
compared with the current situation worldwide. 
 
Conclusions 
 
The research resulted in three possible ways of overcoming the adverse influence of P2O5 on the 
formation of the main clinker mineral alite and offer thus new possibilities of meat-and-bone meal  
dosing during clinker burning without distinct negative influencing of the cement properties. Two of 
these ways are rather chemical, the third one kinetic-mechanical: 
1. Change of the basic chemical composition of the raw meal – decrease of Fe2O3 to minimum (in 

fact production of white clinker) – possible maximum equal to 3,5 wt. % P2O5 in clinker. 
2. Addition of greater amounts of minor oxides MgO and SO3, possibly also K2O to the raw meal – 

possible dosing of MBM corresponding to max. 2,5 wt. % P2O5 in clinker. 
3. Feed of compact pellets or granules corresponding to max. 10 wt. % P2O5 in clinker without 

negative impact on the cement properties. The upper limit of MBM dose will be constrained by 
MBM´s calorific value, technical possibilities of its feeding and problems with harmful substances 
contained in MBM (chlorides, alkalis, sulfates). 
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Abstract 
Calcium Silicate Hydrate (C-S-H) is the main hydration product of portland cement. Two major reactions of C-S-H 
were investigated in this study. First, the effects of organic polymers on C-S-H structures were studied in details. C-S-H 
samples were synthesized and modified with polyethylene glycol (PEG) or hexadecyltrimethylammonium (HDTMA). An 
increased BET surface area measurement was observed for the modified C-S-H samples relative to the unmodified C-S-
H sample. Results from powder X-ray diffraction (XRD) indicated an expansion of the layer spacing for the modified C-
S-H materials. Attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectroscopic measurement also 
suggested lowered water contents in the layered structures for the modified C-S-H samples. The extent of changes in the 
experimental results were greater for PEG modified C-S-H compared to the one of HDTMA, suggesting that interaction 
of PEG with is likely to be greater than HDTMA. Scanning transmission x-ray microscopy (STXM) results further 
supports this observation. STXM uses light in the soft x-ray region where a number of different atomic resonances 
present. This is the first comprehensive study using STXM to quantitatively characterize the level of heterogeneity in 
cementitious materials at high spatial and spectral resolutions. The results from different experimental measurements 
were consistent and suggested that C-S-H layer structures were significantly modified due to the presence of organic 
polymers and that the types of organic polymers determined the extent of the changes in the C-S-H nanostructures. 
Second part of the study involves carbonation reaction of C-S-H. The structural and chemical decomposition of C-S-H 
after carbonation is critical in determining the durability and servicibility of concrete. Building on results from our first 
part of the study, we have tested the reaction of C-S-H materials with CO2. STXM was used to study C-S-H materials 
that are exposed to different reaction time with CO2. We found significant differences in spectra between the 
atmospheric and 48hr continuous CO2-carbonated C-S-H samples. Si K-edge spectra suggest an increased 
polymerization of silicates depending on the duration of CO2 exposure. In this study, we have observed that the degree 
of silicate polymerization and coordination environment for precipitated mineral phases vary depending on the CO2 
exposure level. Furthermore, PEG-modified C-S-H materials showed less extent of calcite formation, suggesting that 
certain organic polymers hinder the precipitation of calcium bearing mineral even under extensive exposure to CO2 
environment. 
Originality 
In this project, we have used scanning transmission X-ray microscopy (STXM) to solve both the spatial resolution and 
speciation limitation problems with the current experimental methods in studying cementitious materials. STXM is a 
transmission microscopy using a monochromated x-ray beam produced by synchrotron radiation. X-ray absorption 
edges occur when an incident photon energy exceeds the binding energy needed to remove completely, i.e., ionize, an 
electron from an orbital shell. As a result, different near edge absorption bands (i.e., NEXAFS spectra) are observed 
and these bands are sensitive indicators of the local chemical bonding environment surrounding the atom of interest. 
Using STXM with concurrent measurements of NEXAFS, it is possible to examine sample compositions (i.e., energy 
range 75-2150 eV) and spatial heterogeneities (i.e., 25~30 nm spatial resolution). We are the first research group 
conducting a comprehensive study using this novel, state-of-art technique to quantitatively characterize the level of 
heterogeneity in cementitious materials at the high spatial and spectral resolutions over a broad energy range from 
carbon to silica. 
Chief contributions 
Our study has provided insight into an interaction of different organic polymers with C-S-H materials. We synthesized 
C-S-H with C/S ratio of 1.6 and modified it with polyethylene glycol (PEG) or hexadecyltrimethylammonium (HDTMA) 
to examine the effects of different organic polymers. Based on the experimental results, we conclude that both organic 
polymers have strong interaction with C-S-H, and PEG reacts more readily with C-S-H materials. We also examined 
the interaction of modified C-S-H with CO2 and found that the duration of carbonation and the types of organic 
polymers determined the extent of secondary mineral precipitation. We have used scanning transmission X-ray 
microscopy (STXM) and we are the first research group conducting a comprehensive study using this novel, state-of-art 
technique to quantitatively characterize the level of heterogeneity in cementitious materials. In this study, we have 
shown that C-S-H structures are significantly modified due to the presence of the organic polymers and the chemical 
composition and structures of the polymers determine the extent of the C-S-H structural modifications and reactions 
with CO2. Furthermore, we have demonstrated the use of a new advanced synchrotron based spectroscopic tool to 
apply studying cementitious materials to the community. 
Keywords: C-S-H, carbonation, STXM, organic polymer 
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1. Introduction 
Calcium silicate hydrate (C-S-H) is the major product of Portland cement hydration and it 

forms a poorly crystallized or nanostructure with various compositions. It is the primary binding phase 
in portland cement concrete and results from a number previous studies indicate that C-S-H has a layer 
structure and forms a rigid gel with a pore solution[1, 2]. Performance of cement-based materials are 
essentially determined by the pore structure and composition of solid phase, hence the nanostructure 
of C-S-H essentially governs and impacts the overall property of the cementitious materials. Therefore, 
changes in the nanostructure of C-S-H can have a significant effect on concrete performance. In this 
study, we synthesize composites that are composed of polymer modified C-S-H and investigate how 
the structural variation of the polymers influence the intercalation of polymers into the C-S-H layer 
structure. Furthermore, the carbonation reaction mechanisms of organic polymer modified C-S-H are 
investigated to elucidate the role of organic polymers in modifying the chemical properties of C-S-H.  

Several studies have shown that mechanical properties of cement-based materials are 
enhanced upon the modification of C-S-H structure with polymers through ionic bonding. It is 
expected that the ionic bonding of polymers to C-S-H layers causes cross-linking between the two 
materials which inhibit the film formation property of polymers and considerably influence both the 
hydration mechanism and/or the C-S-H structure. It is also hypothesized that modification of C-S-H 
structure through adsorption reaction at defect sites are another possibility of polymer interaction with 
C-S-H layer structure [3-6]. For example, Morlat et al. [4] have successfully synthesized C-S-H-
polymer composites using polyvinyl alcohol (PVA) or polyvinylpyrolidone (PVP) polymer. They 
proposed that the increased mechanical properties are due to the modification in C-S-H microstructure 
through crack interaction and crack bridging. Raki et al. [7] also indicated that the internal layer 
structure becomes inaccessible due to the integration of polymers within the nanostructure. Hence, 
they suggested that a penetration of aggressive ions or contaminants into the interlayer regions from 
layer ends or at defect locations (e.g., missing bridging tetrahedral on the silicate chain) can be 
hindered by the presence of polymers bonded either in the interlayer or on the silicate surface. 
However, steric and entropic factor can prevent macromolecules entering into layer structures and 
allow only external surface adsorption. Merlin et al. [8] indicated no specific intercalation of 
macromolecules into C-S-H layer structure. Clearly, more research into the effects of incorporating of 
water-soluble polymers in C-S-H structure is necessary because the newly synthesized nanocomposite 
will open a new pathway to a development of more robust and ductile cement-based materials.  

In the past, the highly heterogeneous cementitious materials have been analyzed by a variety 
of analytical techniques such as x-ray diffraction (XRD), transmission electron microscopy (TEM), 
nuclear magnetic resonance (NMR), and scanning electron microscopy (SEM) [3, 9, 10]. Only recent 
studies have utilized electron energy loss spectroscopy (EELS) and Fourier transformed infrared 
(FTIR) spectroscopy [11-14]. These studies have demonstrated that chemical speciation of elements in 
heterogeneous materials on the micro-scale. However, the above listed analytical approaches have 
significant limitations. Only recently, synchrotron based synchrotron based x-ray absorption 
spectroscopy (XAS) have been used to study cement paste. The main advantage of using synchrotron 
based x-ray source is the high photon flux, high brilliance, and high wavelength tuneability with 
focused beams. 

Although bulk XAS provides speciation of chemical entities in complex matrixes can be 
determined at ppm levels, often it does not provide spatial information. Instead of bulk-XAS, it is 
important to have analytical tool observing both spectroscopic and spatial information down to nano- 
to micrometer scale because the cementitious materials exhibit sub-micron structural heterogeneities 
and such information may reveal that different chemical environments within C-S-H. In this project, 
we have used scanning transmission X-ray microscopy (STXM) to solve both the spatial resolution 
and speciation limitation problems with the current experimental methods [15, 16].  

STXM is a transmission microscopy using a monochromated x-ray beam produced by 
synchrotron radiation. X-ray absorption edges occur when an incident photon energy exceeds the 
binding energy needed to remove completely, i.e., ionize, an electron from an orbital shell. For 
example, photons with energy just below the ionization edge of carbon (280-300 eV in the case of 



carbon 1s electron) can promote core electrons into a variety of bound states that correspond to 
unoccupied or partially occupied molecular orbitals [17]. As a result, different near edge absorption 
bands are observed and these bands are sensitive indicators of the local chemical bonding environment 
surrounding the atom of interest. For example, C K-edge near-edge x-ray absorption fine structure 
spectroscopy (NEXAFS) spectrum can be used to identify and estimate the abundance of different 
functional groups. In addition to obtaining the chemical speciation information, STXM allows 
identifying heterogeneity within the samples on a particle-by-particle basis. Using the scanning 
transmission x-ray microscopy (STXM) together with concurrent measurements of NEXAFS, it is 
possible to examine sample compositions and spatial heterogeneities.  

Furthermore, the energy of the beam can be varied by the beamline user over a wide energy 
range (i.e., 130 to 2100 eV) at STXM experimental station at the Advanced Light Source (ALS) in 
Berkeley. The beam is focused on the sample using a condenser zone plate and a two-dimensional 
image is collected by scanning the sample stage at the fixed photon energy. The image can be used to 
identify the elements of interest based on the image contrast resulting from differential absorption of 
x-rays depending on the chemical composition of the samples. In addition, a sequence of images can 
then be collected on a location of samples by changing the photon energy and by moving the zone 
plate accordingly. This stack of images provides the absorption contrast and a NEXAFS spectrum in 
the third dimension at any selected location on the images.  

To study the effects of different polymers on nanostructure of C-S-H, two different types of 
modified C-S-H were studied; polyethylene glycol (PEG) modified C-S-H and 
hexadecyltrimethylammonium (HDTMA) modified C-S-H. Using STXM in combination with other 
conventional experimental approaches, results from this study will improve understanding of role of 
polymers on nanostructure of C-S-H, bringing the state of art a step closer to a development of 
modified cement pastes. 
 
2. Experimental Approach 
2.1 Sample Preparation 
 C-S-H samples, hereon noted as CSH, with C/S ratio of 1.6 were prepared using 
stoichiometric amounts of CaO and amorphous silica mixed at a water-solids ratio of about 11.8. The 
mixed reactants resulting C-S-H was continuously mixed for 1 year at 23oC. The final materials were 
filtered and dried under vacuum for four days and stored under N2 environment. HDTMA modified C-
S-H samples, hereon noted as HDTMA-CSH, were prepared by reacting the prepared C-S-H with 
excess aqueous 0.01M HDTMA-Br at 65-70 oC for 24 hours followed by washing with deionized (DI) 
water until Br was not detected with AgNO3. Samples are vacuum-dried for 12 h until further use. 
PEG200 modified C-S-H samples, hereon noted as PEG200-CSH, were prepared by mixing the C-S-H 
with the heated PEG200 at 65-70 oC for 24 h. At the end of the reaction run, the final product was 
filtered and washed with methanol to remove the excess polymer. Organic modified C-S-H samples 
are exposed to CO2 for 2 days with CO2 bubbled through the samples that are submerged in deionized 
Milli-Q water at a flow rate of 3 mL/h to accelerate carbonation. 
2.2 XRD, BET, and ATR-FTIR Measurements 

Powder X-ray diffraction (XRD) patterns have been analyzed by a standard procedure. 
Crystalline phases were identified. Samples were analyzed by XRD from a 2 theta value of 5-55o with 
a Rigaku Rotaflex RU200B instrument using a step of 0.02o and Cu Kα1 radiation at 30 kV, 15 mA. 
The Brunauer-Emmet-Teller (BET) surface area measurement was measured using ASAP 2000 
Micrometrics instrument. For BET measurements, samples were first dried under vacuum at room 
temperature for three days. A 5-point BET analysis was performed for each sample. Attenuated total 
reflectance–Fourier transform infrared (ATR-FTIR) spectroscopic measurements of polymer modified 
C-S-H samples were performed using Nicolet FT-IR spectrometer (NEXUS470), equipped with a 
mercury cadmium telluride (MCT) detector and a horizontal attenuated total reflectance attachment 
(germanium crystal). Data collection and spectral calculations were done using OMNIC software. 
2.3. STXM Measurements 



Two different types of results were collected at the STXM beamline. First, an image contrast 
data is obtained from differential absorption of x-rays depending on the chemical composition of the 
sample. Second, image stacks or line scan data are obtained by scanning the sample in the x-y 
direction (image stack) or x direction (line scan) of selected sample areas over the energy range of 
interest (e.g., 280-305 eV for carbon, 342-360 eV for calcium, 1825-1890 eV for silica). 
Normalization and background subtraction of the spectra were performed by dividing each spectrum 
from the sample by the spectrum of the sample-free location. Elemental maps of the samples can be 
obtained by subtracting the image obtained from the below the absorption energy level and the image 
obtained above the absorption energy. Axis 2000 software (version 2.1) was used to align image 
stacks and extract NEXAFS spectra from image stack or line scan measurements. In this study, the 
STXM results were collected at the Advanced Light Source (ALS) branch line 11.0.2.2. and 5.3.2. 
with the synchrotron storage ring operating at 1.9 GeV and 200-400 mA stored current. Counting 
times are of the order of a few milliseconds or less per pixel to avoid beam damage 
 
3. Results and Discussions 
3.1. XRD, BET, and ATR-FTIR Results 

The smallest pores have the highest surface area values of BET measurements hence the 
higher BET surface area measurement results possibly suggest the higher fraction of smaller pores. 
We observed an increase in surface area for both PEG200 (88.31+0.52 m2/g) modified CSH and 
HDTMA (59.91+0.48 m2/g) modified CSH sample relative to the non-modified CSH sample 
(55.72+0.51 m2/g). The BET surface area measurements suggest that both HDTMA and PEG200 
contribute to increased pores or micropores within the C-S-H structure. We also observed XRD 
patterns of both HDTMA-CSH and PEG200-CSH samples show their d-spacing value slightly shifted 
to higher position of 10.312 Å relative to the one of CSH sample which occurs at 9.912 Å. This 
position corresponds to (002) basal plane in the layer structure of CSH. It is possible that the increased 
d002 spacing is likely due to the polymers included into the nanostructure of CSH.  

The observed ATR-FTIR spectra of CSH and polymer-CSH samples are in a good agreement 
with previously reported ATR-FTIR spectra of the polymers. All three samples display an intense 
broad peak at around 1750–1650 cm-1 corresponding to the H-O-H bending in water molecules. The 
change in the position of water molecule vibration mode in this region has been the subject of a 
number of studies using structural, thermodynamic, spectroscopic and computational methods.  

    
Figure 1. ATR-FTIR Spectra of C-S-H and polymer modified C-S-H samples 

Generally, it has been suggested that water molecule stretching band shifts to higher 
wavenumber upon lowering the water content strictly present in the layered structures such as clay 
minerals. As shown in Figure 1, the position of this band shifted from 1636 cm-1 for CSH sample to 
1643 cm-1 for HDTMA-CSH sample and 1720 cm-1 for PEG-CSH sample. This observation indicates 
that the water content within the CSH layer structure is likely to be reduced with the replacement of 
water molecules by hydrated HDTMA and PEG ions. Xu et al. [18] reported that water is less strongly 
hydrogen bonded at low water concentration within the layered clay structure and these water 



molecules are clustered around exchangeable cations and are polarized by the close proximity to the 
exchangeable cation with the oxygen in the water molecule directed toward the metal cations. Hence, 
the adsorption of HDTMA or PEG is likely to increase such polarization leading to a decrease in 
hydrogen bonding.  
3.2. STXM Results 

Figure 2 shows STXM images of CSH sample taken at C K-edge. Figure 2(A) is the area of 
clustered C-S-H taken at 280 eV, which is below the absorption edge of carbon. This image is 
subtracted from image of the same location taken above the carbon absorption edge (300 eV) as shown 
in Figure 2(B). The final results, i.e., image mapping, is shown in Figure 2(C) where the high 
concentrated carbon area is identified as bright white locations. Once it is confirmed that there was 
element of interest then a smaller area of the image is selected and magnified to observe fine features 
of samples and to measure NEXAFS spectra from various locations to identify possible heterogeneity 
in chemical species within the samples with spatial resolution up to 25~30 nm. Figure 2(D) shows four 
NEXAFS spectra taken from various locations of CSH sample. No differences among the measured 
four spectra were observed suggesting no heterogeneity is present with regard to carbonate penetration 
to CSH. The following four peaks were consistently present in our CSH sample: 284.9, 286.5, 288.4, 
and 290.4 eV. Using the reference spectra of previous studies, these peaks can be assigned to different 
carbon containing functional groups and various transition states. Ca LII.III-edge NEXAFS spectra 
provide calcium coordination environment and can be used to distinguish different Ca-containing 
minerals that are present in C-S-H and also showed no significant heterogeneity. Using STXM, we 
have successfully observed that our synthesized C-S-H shows that sample is well homogenized in Ca 
and Si chemical compositional distribution within in the sub-micron scale. 
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Figure 2. STXM images of CSH taken for C K-edge at: (A) 280 eV, (B) 300 eV, (C) image contrast (i.e., image 
map) of carbon edge by subtracting image (A) from (B) showing the high concentrated carbon area as bright 
white locations, and (D) NEXAS spectra of C K-edge taken from different locations indicated in (A). 
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Figure 3. STXM images contrast (i.e., image map) of HDTMA-CSH sample taken at (A) C K-edge; (B) Ca 
LII,III-edge, and (C) Si K-edge.  
 

Figure 3 shows image contrasts from three different absorption edges, i.e., Figure 3(A) at C K-
edge, 3(B) at Ca LII,III-edge, 3(C) at Si K-edge, for HDTMA-CSH sample. As shown in the figure, 
strong spatial correlation was observed between Ca and C maps since areas with the high 
concentration of Ca exhibited the similar extent of high concentration of C relative to other areas. On 
the contrary, Si map exhibited no spatial correlation to either Ca or C. Highly concentrated Si 
locations (e.g., upper right round area) did not show high concentration of either Ca or C as shown in 
Figure 3. The NEXAFS spectra collected on HDTMA-CSH sample showed significant differences 



among the elemental spectra depending on the locations. We have observed significant heterogeneity 
in C K-edge and Ca LII,III-edge NEXAFS spectra. However, we did not observe any significant 
differences in Si K-edge spectra among the sample locations. We observed both calcite and vaterite 
formation in C-S-H in presence of HDTMA. All spectra had a strong single peak at 1845.2 eV 
suggesting it is mostly four coordinated Si as in quartz. Unlike the HDTMA-CSH samples, PEG-CSH 
showed a strong spatial correlation among the three elements, i.e., C, Ca, and Si as shown in the image 
maps in Figure 4 (A), (B), and (C). Our results on PEG-CSH sample indicate that Ca and Si are well 
intermixed at a sub-micron scale with the polymers organic materials. 
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Figure 4. STXM image maps and NEXAFS spectra of PEG-CSH sample. (A) image taken at C K-edge; (B) 
image taken at Ca LII,III-edge; (C) image taken at Si K-edge; and (D) smaller area taken as shown in the dotted 
rectangle in (A) at C K-edge. NEXAFS spectra at C K-edge, Ca LII,III-edge, and Si K-edge. Numbers indicate the 
locations from where the spectra are taken as shown in (D). 

 
We also examined the carbonated organic polymer modified C-S-H. Figure 5 shows the 

STXM images and the collected NEXAFS spectra. No calcite formed in the presence of HDTMA, 
even though the C-S-H sample reacted with an intense concentration of CO2. The difference in C K-
edge spectra suggests that not all the CO2 is incorporated into the mineral phase; instead, it stays as 
CO2 or CaCO3 as in the vaterite mineral phase.  

 
Figure 5. Carbon K-edge of CSH-HDTMA 48HR CO2 exposed sample: (A) image taken at carbon K-edge, (B) 
image contrast of carbon K-edge, (C) NEXAFS spectra of the locations indicated in (B), and (D) reference Ca 
spectra. 

In our carbonated sample, the acceleration of carbonation reaction was possibly due to the 
ease of penetration and diffusion of the CO2 into the micropores of the C-S-H structure. However, in 
presence of polymers, such as HDTMA, we have found that the reaction products differ despite of the 
same rate of CO2 introduction to the PEG samples. This suggests that polymers interfere with the CO2 
penetration into C-S-H layer structure and hinder the precipitation reaction. Furthermore, we also 
found that the difference in the mineral phase formed within the C-S-H structure varies depending on 
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the types of polymers. We found no significant difference in calcium containing mineral phase for 
samples with HDTMA-CSH samples; however, difference in calcium NEXAFS spectra were observed 
with PEG200-CSH samples. Our observation suggests that CO2 reaction strongly depends on the 
presence of organic polymers and also on the types of the organic polymers incorporated within the C-
S-H structure. However, it is difficult to comment on whether polymers will increase or decrease the 
durability of concrete based on our study alone. Further experiments and careful analysis should be 
performed to make a recommendation on practical use of polymers as additives. 
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Abstract 

 

This research discusses the influence of amount and chemical treatment of very short vapour grown carbon 

fibres (VGCFs) on mechanical properties of cement-carbon composite, such as flexural strength, flexural 

toughness and compression strength. VGCFs were added to cement mortars in amount of 1, 2 and 3 vol. %. For 

improving mechanical properties of VGCF - reinforced composites, different surface treatments such as 

oxidation with air, nitric acid and oxygen plasma can be used. By enrichment of the VGCFs with functional 

groups, especially those containing oxygen, on the VGCF surface, the bonding between matrix and VGCFs is 

enhanced. In presented research VGCFs were chemically oxidised by nitric acid treatment at 120ºC, while 

cyclic voltammetry, BET and FTIR measurements were applied to evaluate the surface properties of unmodified 

and modified carbon fibres. 

It was found that the best parameters of cement – carbon composite, especially its flexural toughness, were 

obtained for mortars modified with the 0.2 vol.% additive of VGCFs. The additional improvement of flexural 

toughness was obtained for mortars modified with carbon fibres subjected to nitric acid treatment. As proved by 

electrochemical and FTIR measurements, during nitric acid treatment functional groups, such as carboxyl, 

hydroxyl, were build up on carbon fibres surface. Consequently, the bonding between carbon fibres and cement 

matrix was enhanced. The analysis of stress – deflection curves and SEM spectra indicates that very short 

carbon fibres act as micro-bridges across micro-cracks and pores and cause the increase of flexural 

parameters. Moreover presented results shown that unlike to long and aligned carbon fibres the influence of 

very short vapour grown carbon fibres on the mechanical properties of cement composite appears before the 

top of the first crack in the elastic range. 

 

Originality: while steel, glassy or carbon fibres such as PAN- or pitch-based carbon fibres used as 

reinforcement in cement-carbon composites have been advanced over the past twenty years, relatively little 

attention is devoted to cement composites modified with vapour grown carbon fibres (VGCFs). This research 

focuses on the improvement of tensile properties of cement matrix due to the addition of VGCFs. VGCFs are 

produced through the pyrolysis of hydrocarbon gas (e.g. benzene, methane) in the presence of hydrogen on a 

metal catalyst such as iron or nickel. VGCFs are of great scientific interest due to their excellent mechanical 

properties especially in relation to their low bulk density and considerably lower cost of production, when 

contrasted with conventional carbon fibres. Unlike PAN-based or pitch-based carbon fibres, VGCFs exhibit a 

high degree of graphitization, and consequently high strength, stiffness, excellent thermal as well as electrical 

conductivity.  

 
Chief contribution : presented researches shown that even small amounts of very short carbon fibres (0.2 

vol.%) with L/D ratio below 100 can improve the toughness of composites, but unlike to long and aligned 

carbon fibres they function in different mechanism. VGCFs used as reinforcement of cement composite lengthen 

the time needed to destroy cement matrix and as consequence the carbon-cement composites exhibit better 

ductility. The combining use of vapour grown carbon fibres with low L/D ratio and much longer fibres such as 

carbon or steel fibres (with L/D ratio above 100) can lead to create a new composite material with very good 

flexural and tensile properties. 

 
Keywords: Cement – Carbon Composites,Vapour Grown Carbon Fibres, Mechanical Properties, Cyclic 

Voltammetry, FTIR and SEM Measurements 
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1. INTRODUCTION 

 
VGCFs are produced through the pyrolysis of hydrocarbon gas (benzene, methane) in the presence of 

hydrogen on a metal catalyst such as iron or nickel. VGCFs are of great scientific interest due to their 

excellent mechanical properties especially in relation to their low bulk density and considerably lower 

cost of production when contrasted with conventional carbon fibres. Unlike PAN-based or pitch-

based carbon fibres, VGCFs exhibit a high degree of graphitization, and consequently high strength, 

stiffness, excellent thermal as well as electrical conductivity [Thing and Lake, 1995, Van Huttum at 

al., 1997, Li at al., 2001]. For improving mechanical properties of VGCF- reinforced composites, 

different surface treatments such as oxidation with air, nitric acid, ozone were studied. By enrichment 

the surface of VGCFs with functional groups, especially those containing oxygen, the bonding 

between matrix and VGCFs can be enhanced [Serp and Figueiredo, 1997, Merino and Brandl, 2003, 

Serp at al., 1998, Skowroński and Ślosarczyk, 2006]. 

This article focuses on the improvement of tensile properties of cement matrix due to the addition of 

VGCFs. VGCFs were chemically oxidised by nitric acid treatment at elevated temperature in order to 

enhance the interfacial bonding between carbon fibres and cement mortar. Cyclic voltammetry  and 

FTIR measurements were applied to evaluate the surface properties of unmodified and modified 

carbon fibres. 
 

2. EXPERIMENTAL 

 
2.1. MATERIALS AND COMPOUNDING 

 

Portland cement type I (CEM I 42.5 R produced by Gorazdze Corp.), silica sand (Certificate IMMD 

Krakow, obtained from Kwarcmix Tomaszow Mazowiecki) and distilled water were used to make 

cement mortars. Silica fume with bulk density of 0.65±0.1 kg/dm
3
 and superplasticizers Addiment 

FM 95 in amount of 2 wt. % (both components obtained from Sika Poland Corp.) were added to 

mortar specimens containing carbon fibres. Three types of mortars were used, namely: mortar with 10 

wt. %  of silica fume (w/c = 0.45), mortar with 10 wt. % of silica fume and unmodified VGCFs (w/c = 

0.45) and mortar with 10 wt. % of silica fume and modified VGCFs (w/c = 0.45). The mixing process 

was performed in a Hobart mixer with a flat beater according to procedures described in PN-85/B-

04500. All components were mixed and poured into oiled moulds. Then the external vibrator was 

used to remove air bubbles. Specimens were demolded after 24 h and stored in water till tests were 

performed. 

VGCFs supplied by Showa Denko were added to mortars in amount of 0.2 wt. % related to the mass 

of cement, which corresponded to ~ 2 vol. % . The oxidative treatment involved an heating of VGCFs 

in concentrated nitric acid at a temperature of 120ºC. Prior to oxidative treatment, fibres were dried at 

110°C in air for 1 h. 

  

2.2. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) 

 

The surface chemical composition of both modified and unmodified VGCFs was determined by FTIR 

spectroscopy. FTIR spectra were obtained using a Perkin-Elmer FHR Spectrum 2000 spectrometer by 

means of KBr pellet technique. The spectra were recorded in wavenumbers range between 4000 and 

450 cm
-1

. 

 

2.3. SCANNING ELECTRON MICROSCOPY (SEM) 

 

SEM analysis of cement-carbon composites was performed by the use of scanning electron 

microscope Tescan-Vega, model 5135. 

 

 



2.4. CYCLIC VOLTAMMETRY MEASUREMENTS 

 

Electrochemical measurements were carried out by the cyclic voltammetry (CV) method in a three-

electrode system using a scan rate of 10 mV/min. As-received VGCFs  and VGCFs exposed to 

oxidative treatment, used in an amount of 100 mg, played the role of working electrode. The 

potentials were measured against the Hg/HgSO4/1 M H2SO4 reference electrode while the platinum 

wire served as a counter electrode. Cyclic voltammetry sweeps were started at the rest potential of the 

electrode, the value of which was changed in the negative direction up to – 0.7 V. Then, the direction 

of polarization was reversed and the potential was increased to 0.5 V. All the experiments were 

performed in 0.25 M aqueous solution of H2SO4 at a temperature of 20C. Electrochemical 

measurements were carried out using a µAUTOLAB potentiostat-galvanostat produced by 

EcoChemie. 

 

2.5. MECHANICAL PROPERTIES 

 

The Instron press type 9020 was used in order to determine the flexural strength and flexural 

toughness of mortars. Six specimens of each type of mortars with dimensions 4x4x16 cm were used to 

measure the flexural strength. The value of load in relation to displacement at constant rate of 0.01 

mm/s was recorded by means of three-point bending tests. The flexural toughness was calculated from 

the area under the load/deflection curve obtained in the above tests. The halves of specimen broken 

during the flexural strength tests underwent compression strength tests (on lateral surfaces 40x40 

mm). 

 

3. RESULTS AND DISCUSSION 

 
CV and FTIR measurements were carried out in order to evaluate chemical modification of VGCFs. 

CV is an useful technique allowing the determination of chemical composition of carbon surface, 

especially the surface carbon oxides. When electroactive substances are present in solution or are 

reduced/oxidised at the electrode surface, current peaks are responded from linear potential scanning. 

Current peaks are attributed to reversible or irreversible electrochemical reaction. Besides, unlike 

conventional chemical treatments used to identify functional groups on carbon surfaces, 

electrochemical measurements can be made on relatively small samples or samples with low surface 

area [Sholz, 2002, Kinoshita and Beet, 1973]. Figure 1 shows cyclic voltammograms recorded for 

unmodified and modified VGCFs in 0.25 M aqueous solution of H2SO4.  
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Figure 1 : Cyclic voltammograms recorded in 0.25 M 

aqueous solution of H2SO4 

for as-received (VGCF) and oxidised VGCFs 

(VGCFox) 

 

Figure 2 : FTIR spectra recorded for as-received 

(VGCF) and oxidised VGCFs (VGCFox) 

 



 

 

The presented curves indicate the influence of chemical oxidation in nitric acid on the electrochemical 

properties of carbon fibres surface. For modified VGCFs, during the first reduction cycle, there is 

observed the significantly increase of electrochemical activity and the additional, well developed peak 

of reduction, which confirms the presence of other electroactive oxides on fibres surface. Moreover, 

the shift of peak for oxidised VGCFs towards positive potentials (-0.34 V), as compared with the peak 

of reduction existed for unmodified fibres at potential -0.45 V, indicates the occurrence of more 

reactive oxide groups, especially those containing much weaker bond C-O. The confirmation of above 

feature is the increase of absorbance band in wavenumbers range between 1000-1300 cm
-1  

(Fig. 2) 

which corresponds the stretching bond C-O in hydroxyl or carboxylic functional groups [Świątkowski 

at al., 1997, Zielke at al., 1996, Moreno-Castilla at al., 1996].  

The results of CV and FTIR measurements are consistent with BET analysis. The specific surface of 

carbon fibres after chemical oxidation in nitric acid was changed from 10.862 m
2
/g to 12.615 m

2
/g. 

The oxidation of carbon fibres in hot nitric acid transformed the types of pores localised on their 

surface. The increase of fibres specific surface is connected with the higher amount of micro-pores 

(the total pore volume of pores less than 75 nm was changed from 0.0217 cm
3
/g to 0.0254 cm

3
/g 

whereas the average pore diameter was decrease from 8.016 nm to 7.964 nm). 

The influence of unmodified VGCFs, added to mortars in the amounts of 0.1, 0.2 and 0.3 wt.%, on 

flexural strength is presented in Figure 3.  
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Figure 3: The comparison of flexural strength in relation to amount of added VGCFs 
 

The mechanical tests carried out for cement composites modified with very low amounts of carbon 

fibres indicated, that mortar containing 0.2 wt.% additive of VGCFs proved to be the most efficient 

for strength enhancement of cement composites. In the case of 0.1 and 0.3 wt.% fibres additive, the 

values of flexural strength were lower. Further investigation was performed for cement mortars 

modified with 0.2 wt.% additive of carbon fibres. 

The results of mechanical measurements performed after 28 days of curing cement composites with 

0.2 wt. % additive of modified and unmodified VGCFs are shown in Table 1.  

It is observed that modified and unmodified VGCFs added to cement matrix enhance flexural 

toughness of cement-carbon composites. Flexural toughness obtained for mortars with oxidised 

carbon fibres was about 15% higher than value corresponding to mortars with untreated fibres and 

46% higher as compared to value for mortars without VGCFs additive. Although the addition of 

carbon fibres improves flexural toughness of composites, compression strength changes for the worse, 

whereas the values of flexural strength for modified and unmodified mortars differ insignificantly. 

Figure 4 presents the typical load/deflection curves recorded for cement mortars with and without 

carbon fibres. It is shown that the time needed to destroy mortar specimens with oxidised VGCFs is 

longer (displacement was recorded at constant rate of 0.01 mm/s) than for mortar modified with as-



received carbon fibres and almost twice as long as for plain binder. In these two cases high flexural 

toughness is caused by better ductility of mortars with VGCFs rather than by high flexural strength 

[24]. This result indicates that surface treatment of VGCFs improves the bonding strength between 

carbon fibres and cement matrix and influences composite ductility.  

 
Table 1: The comparison of flexural strength, flexural toughness and compression strength for cement mortars 

in relation to VGCFs additive after 28 days of curing 

 B B+VGCF B+VGCFox 

Flexural strength, MPa 7.3 7.4 7.1 

Flexural toughness, 

MPa·cm 
0.106 0.122 0.155 

Compression strength, 

MPa 
56.2 56.0 52.3 

 
 B – binder (mortar with 10 wt.% of silica fume), B+VGCF – binder with 0.2 wt.% addition of untreated 

VGCFs, B+ VGCFox- binder with 0.2 wt.% addition of VGCF exposed to nitric acid treatment 

 

 

As shown in Figure 5, VGCFs act as bridges across pores and micro-cracks. Additionally, oxidised 

VGCFs can be bonded by calcium silicate hydrate (C-S-H phase) due to chemical reaction between 

functional groups localised on the oxidised VGCFs surface and cement paste [Li at al., 1996]. As a 

consequence, VGCFs treated with nitric acid increase the load-transfer efficiency from cement matrix 

to carbon fibres and in this way improve flexural properties of composites. 
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Figure 4 :  Load/deflection curves recorded for binders with and without VGCFs 

(symbols for sample are the same as in Table 1) 

 



 

Figure 5 : SEM images of cement-carbon composites 

On the basis of the conducted researches there can be given the following working mechanism of 

VGCFs in cement composite. In conventional fibres reinforced cement composites, the main effect of 

fibres additive occurs in the post-cracking zone, in which the fibres bridge across the cracked matrix. 

Unlike these fibres, the influence of very short VGCFs on the mechanical properties of cement matrix 

is observed in their elastic range, before the first crack. Very short VGCFs are more effective in 

resistance to micro-cracks than longer fibres. This feature is connected with their dimensions, which 

are close to the size of micro-cracks. Only such very short fibres can bridging the micro-cracks with 

length about 10 – 20 µm (Fig. 5) and in this way lead to the improvement of cement composite 

elasticity.  

 

4. CONCLUSION 

 

Mechanical properties of the cement-carbon composites reinforced with unmodified and modified 

vapour grown carbon fibres have been investigated through the experimental researches. VGCFs were 

surface-treated using chemical modification in nitric acid at a temperature of 120°C. It was found that 

the presence of 0.2 wt.% of  VGCFs in cement matrix improves its flexural toughness. The best 

results were obtained for cement composites exposed to nitric acid treatment. As proven by results of 

electrochemical and FTIR measurements, during oxidation in nitric acid, functional groups, such as 

carboxyl and hydroxyl, were build up on carbon fibres surface. Consequently, the bonding between 

oxidised carbon fibres and cement matrix was enhanced. The conducted researches enabled to create 

the working mechanism of VGCFs in cement matrix. Very short carbon fibres acts as micro-bridges 

across the micro-cracks and causes the increase of composite elasticity. 
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Abstract 
 
The paper presents the results of the tests of a self-compacting concrete made with fines which include Portland 
cement and three fillers: hornfels, limestone and metakaolin, in a weight proportion between 23% and 45% of the 
admixtures. The first mix proportions were designed with a high proportion of Portland cement (720-750kg/m3), and 
are compared to those having a smaller content of cement and more fillers. The results obtained show that the 
limestone filler percentage should be higher than the hornfels one, and both of them significantly higher than that of 
the metakaolin so as to facilitate the fluidity and self-compactability. AIso, the higher proportion of fillers causes a 
rounded porosity in the mixing which has a bearing on better compressive strength results. 
 
Originality 
 
First of all, a previous selection of fillers with different levels of activity was taken as a starting point, to contribute 
the properties of the hornfels, coming from hornfels rocks, with a semipelitic composition (quartz), rich in Al with 
high content in Fe and low content in Ca, Mn and alkali. The dark colour is caused by the formation of the rocks 
during the intrusion of granite in slateous rocks. 
 
Secondly, the properties reached by self-compacting concrete in its fresh state have been measured, with respect to 
passing ability to flow freely inside the shuttering just by the action of its own weight, both in horizontal and vertical 
position, covering and filling the spaces between the bars without getting stuck. Therefore the reasons why some mix 
proportions have achieved or not some self-compacting tests with respect to the contribution of fines have been 
analysed. 
 
Chief contributions 
 
The variation of the components of the concrete admixtures is analysed, particularly the synergy of the fillers in the 
contribution of fluidity and  workability, reducing the quantity of cement and increasing or reducing separately that 
of the fillers, and to characterize the application in concretes that don't require high mechanical strengths. 
 
Keywords: self-compacting concrete, hornfel filler, limestone filler, metakaolin. 
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1. Introduction 
 
The main objective of this work is to compare a self-compacting concrete (SCC) with a high content of 
cement (720-750 kg/m3), with mix proportions with lesser content, with the addition of fillers, one of 
them more active such as the metakaolin with respect to the other two. The quantity of fines in the mix 
proportions, cement included, has ranged between 23% and 45%. For this different mix proportions were 
prepared, Table 1, with the aim of assessing in a fresh state its fluidity and workability, and the 
compressive strength obtained. 
 
It is a known fact that self-consolidated concretes incorporating metakaolin in the range of 10% in 350 
kg/m3 concretes do not need high quantities of cement [Rodríguez Díaz et al: 2008]. Also, hornfel filler is 
not reactive in the test to determine the alkali-silica reactivity [Witoszek, 2008]. On the other hand, the 
high amount of cement listed above is to obtain high-strength concrete, and complement the fine fraction 
added (unhydrated cement). 
  
2. Work methodology 
 
The self-compactability tests were carried out in a fresh state so as to measure the 500 mm slump-flow 
diameter, T50  ≤ 8 sec, as well as the final diameter ≤ df ≤ 850 mm. Also, the segregation strength to 
maintain its homogeneity while it flows during the concreting. To this end an L box was made in 
laminated wood, impermeable material not attackable by cement, based on 200 mm width boards, as well 
as the V funnel, in laminated wood also, both with natural wood screwed reinforcement pieces.  
 
To determine the slump flow time, 4 sec ≤ Tv ≤ 20 sec, a test with the V funnel has been carried out; 
prior application of a deshuttering, and once the filling was done the hatch located in the lower part was 
opened. Also, the L box which had two diameter 16 mm ribbed steel bars separated 60 mm, so as to 
measure the passing ability of the concrete to reach the end of the box (H2), and to obtain the blocking 
coefficient: 0.75 ≤ Cbl ≤ 1.00. 
 
Later 150 mm x 300 mm cylindrical and 100 mm side cubic samples were prepared. Once turned out, the 
curing was carried out by immersing them in water at 20 ºC during three weeks. The compressive strength 
tests were carried out 28 days later. The density and speed of the ultrasounds were measured in each 
hardened concrete samples, to calculate the ultrasonic Young' s modulus (dynamic) for each type of tested 
concrete. The ultrasounds` speed was measured with a calibrated Tico equipment, operating at 0.5 kV. 
The Young's modulus was calculated using the well-known formula Edyn = ρ.v2, in laboratory conditions. 
 
3. Materials 
 
3.1. Cement 
 
In the first four mix proportions (Table 1), a Portland cement CEM II/A-V 42,5R from La Robla (León) 
was used, and for the following mix proportions, a Portland cement CEM I 42,5R from Portland 
Valderrivas (Madrid). Since both cements are of the same quick setting resistant class, separating the 
results obtained was not considered necessary. The gravel has a maximum size of 20 mm, previously 
sieved, a mixing of rounded and crushed grains. In the first dosages three types of sands were used as 
siliceous aggregate 0,063/4 mm, one <4 mm from Alba de Yeltes (Salamanca), another one <2 mm, and 
the third one <1 mm from Aveiro (Portugal), in a proportion of a half with respect to the two other sands. 
Later it was established that the differences that they contributed were not decisive, and therefore the 



works were carried out only with the siliceous sand of 4 mm maximum size. During the mixing the 
superplasticisers (SP) ADVA Flow 340 and 400 were used, carboxylic modified synthetic polymers, ideal 
to contribute to the self-compacting of the SCC. 
 
3.2. Fillers 
 
Hornfels filler comes from the quarry “Los Plantíos” located between Guijuelo and Guijo de Ávila, 51 km 
south of Salamanca. The rocky massif part of this quarry is constituted by contact metamorphism rocks 
hornfels type, formed during the intrusion of granite in slateous rocks. The rocky matrix which forms the 
quarry is constituted by very hard rocks of siliceous composition essentially. Their composition is 
semipleitic (quartz) rich in Al with high contents in Fe and low in Ca, Mn and alkalis. Their chemical 
composition in weight (%) for the main components is: 57.55% in SiO2, 20.52 % in Al2O3 and 7.22% in 
Fe2O3. Real density = 2.27 g/cm3. 
 
Limestone filler corresponds to fragments of micritic limestone composed by an aggregate of extremely 
fine calcite crystals, partially re-crystallized to thicker sparitic limestone crystals. According to their 
mineralogical composition, the chemical analysis presents high contents of Ca and very low contents of 
Mg and Fe. The grains are varied in morphology although they always present a high degree of 
roundness. Real density = 2.70 g/cm3. 
 
Metakaolin (MK) is a pozzolanic material obtained from the incineration of very pure c1ays, natural 
kaolins, at 600°C -800°C temperatures and immediate cooling, which causes an amorphous material 
which is finely ground. It has a high specific surface and a high content of acid oxides (Al2O3 + SiO2 
superior to 90%) and therefore reacts rapidly to portlandite. Real density = 2.44 g/cm3. 
 
4. Mix proportions 
 
The first mix proportions have a high quantity of cement, approximately twice as much as the last ones. In 
Table 1, the HAC-3 sample is excluded, similar to the HAC-2 one, which lacks metakaolin. 
 

Table 1: Composition in weight of the mix proportions per cubic meter 
 

Mix proportion (kg/m3) HAC-
1 

HAC-2 HAC-4 HAC-5 HAC-6 HAC-8 HAC-9 HAC-
10 

HAC-7 

Cement II 42,5 A/V R 720.44 733.06 753.30 429.03 372.50 - - - - 
Cement I 42,5R - - - - - 384.40 372.50 372.50 288.90 
Siliceous aggregate 8/20 mm 364.80 378.32 403.60 526.09 585.43 585.60 714.71 860.00 567.49 
Siliceous aggregate 0/4 mm 590.69 612.66 726.70 699,41 747.41 799.40 912.61 760.00 724.50 
Hornfels filler 83.53 106.32 92.40 111.55 122.44 151.50 49.10 52.62 190.91 
Limestone filler 170.01 176.34 122.90 202.36 217.06 63.20 87.14 93.38 210.41 
Metakaolin 27.24 - 30.10 52.44 60.85 38.10 24.45 26.19 59.00 
SP ADW 340 12.94 10.49 12.60 - - 6.04 7.12 5.96 16.90 
SP ADW 400 - - - 16.68 17.38 - - - - 
Water (lts) 256.30 239.43 190.80 205.00 166.40 206.80 177.40 194.80 183.00 

 
4.1. Water/filler ratio 
 
With the aim of determining the water demand separately from the fillers, particularly from the hornfel 
one, and its influence on the admixtures, several 600 g mortars (300 g cement and 300 g of each one of 
them) were prepared, with a cone of 10 cm diameter in its base and 6 cm high. For fluid/liquid 



consistency of samples, the higher w/c ratio lower slump-flow diameter (cm) in the test table (without 
vibrating): limestone filler mortar 0.7 (25.20 cm), siliceous sand mortar 0.9 (22.20 cm), hornfels filler 
mortar 0.96 (22.03) and MK mortar 2.22 (19.25 cm). The formation of small round pores is observed 
particularly in the mixings with hornfels filler, with no use of superplasticiser during the mixing. 
 
4.2. Results obtained 
 
The results obtained in the tests carried out are summarized in Table 2, where the admixtures HAC-3 and 
HAC-8 are not included, since the planned tests could not be carried out due to lack of fluidity. 
 

Table 2: Results in fresh and hardened state of the concretes 
 

 
HAC-1 HAC-2 HAC-4 HAC-5 HAC-6 HAC-9 HAC-10 HAC-7 

Visual appearance very 
good 

very 
good 

very 
good 

very 
good 

very 
good good good very 

good 
Control T50 (sec) 7.18 11.90* 10.3* 10.6* 7.7* 9.38 8.41 21 
Slump-flow df (mm) 555 720 510 655 700 570 545 540 
Flux time Tv (sec) 19.84 - - - - - - - 
Cbl - 0.98 0.68 0.79 0.84 - - 0.76 
w/c ratio 0.36 0.33 0.25 0.48 0.45 0.49 0.55 0.63 
SP (%) over cement ADVA 

340 
1.80% 

ADVA 
340 

1.43% 

ADVA 
400 

1.67% 

ADVA 
400 

3.89% 

ADVA 
400 

4.67% 

ADVA 
340 

1.91% 

ADVA 
340 

1.60% 

ADVA 
340 

5.83% 
% fines <1.125 mm  
(cement included) 

44.98 45.00 42.82 35.47 33.76 22.69 22.92 33.43 

w/fines ratio 0.26 0.24 0.19 0.26 0.22 0.34 0.38 0.24 
SCC density apparent  
(g/cm3) 

 
2282.54 

 
2346.67 

 
2330.36 2372.33 2306.92 2318.52 2330.25 2235.24 

Edyn (GPa) 39.18 40.19 40.80 39.27 41.64 41.59 36.73 39.51 
Compressive strength 
(MPa) 28 days later 

 
53.45 

 
54.93 

 
39.14 

 
51.52 

 
45.97 

 
28.63 

 
22.19 

 
29.59 

• inverted concrete slump-flow test. 
 
5. Discussion of the results 
 
5.1. Self-compactability of admixtures 
 
It can be concluded that only with the HAC-1 and HAC-6 admixtures, in the test of 50 cm diameter, a 
time lower than 8 seconds was obtained, including the last one carried out with an inverted concrete 
slump-flow, in less favorable conditions. These admixtures can be categorized as AC-VI (UNE 83.361). 
With respect to the diameter df, these three samples plus the HAC-2, HAC-5 and HAC-9 ones have a 
range 550 mms ≤df ≤ 8 50 mm (EHE 2008, table A17.3 slump-flow classes); they can also be classified 
as AC-EI and AC-E2 concretes. The V funnel passing test was only carried out for the HAC-I mixing and 
the result is lower than 20 seconds. With respect to the L box test, it's only been achieved in admixtures 
HAC-2, HAC-5, HAC-6 and HAC-7. 
 
5.2. Quantity of Portland cement 
 
Admixtures HAC-1, HAC-2 and HAC-4 have a cement quantity more or less similar, over 700 kg/m3, 
equivalent to 32% of the admixture. However, the difficulty of fluidity in HAC-4 could be sustained in 
the 2.5% reduction of limestone filler (over a maximum quantity of 10%) with respect to the other two 



admixtures and the relation water/cement is very low, 0.25; since the metakaolin proportion stays more or 
less the same (27 kg/m3 in HAC-l and 30 kg/m3 in HAC-4). The compressive strength result decreased 
considerably too. In the admixture HAC-7, the quantity of cement was reduced to 288.90 kg/ m3, and 
however a Cbl of 0.76 was reached. For this the quantity of fillers was considerably risen, the hornfels one 
up to 8.52% equivalent to 190.90 kg/m3 of the admixture, 9.39% of limestone filler and 2.63% of 
metakaolin (admixture HAC-l had 1.22% of metakaolin). 

 

 
 

Figure 1. Admixtures composition graph 
5.3. The gravel and sand aggregates 
 
The gravel distribution can be appreciated in figures 2 and 3. The admixture HAC-5 had more sand than 
HAC-2, less quantity of cement, more content of limestone filler and a distribution in the vertical more 
regular, which influences the compression strength obtained (54.93 MPa). The admixtures HAC-9 and 
HAC-10 which presented small superficial honeycombs of 5 mm diameter, had a high quantity of sand 
and gravel respectively, but had the lower fines proportion (23%). 
 

 
 

Figures 2 and 3. Distribution in the vertical of gravel in HAC-2 and HAC-5 respectively (% in volume) 
 
5.4. The synergy of fillers 
 
In view of the results and based on the comparison of the admixtures (fig . 1), it can be confirmed that the 
samples presenting segregation lacked metakaolin (HAC-2 and HAC-3), which confirms the importance 



of this low activity pozzolana in fixing the lime and absorbing the surplus water, particularly with the 
hornfels and limestone fillers. In the admixture HAC-5 the difficulty to obtain the slump-flow T50 would 
be justified by the increase of metakaolin up to 2.34% of the admixture (52.40 kg/m3), 12% respect to the 
cement content (Table 3), which has not been compensated with the increase of limestone filler, and with 
a w/c ratio of 0.48. One of the causes for the mixing HAC-8 concrete not being self-compacting lies in the 
fact that the hornfels filler content was higher than the limestone filler content, hence not allow a fluid 
admixture. The hornfels filler content was 6.78% of the admixture (151.50 kg), and the limestone filler 
was 2.83% (63.20 kg), which in addition had the lowest quantity of this filler with relation to all the 
admixtures. 

 
Table 3: Filler proportion (%) respect to the cement content 

 
Content HAC-1 HAC-2 HAC-4 HAC-5 HAC-8 HAC-6 HAC-9 HAC-

10 
HAC-7 

Hornels filler (%) 11,60% 14,50% 12,27% 26% 39,41% 33% 13% 14% 66% 
Limestone filler (%) 23,60% 24,05% 16,31% 47% 16,44% 58% 23% 25% 73% 
Metakaolin (%) 3,78% 0,00% 3,99% 12% 9,91% 16% 6,5% 7% 20% 
Total fillers (%) 38,98% 38,55% 32,57% 85% 65,76% 107% 42,50% 46% 159% 
Fillers (kg/m3) 280,70 282,66 245,40 366,35 252,83 400,35 160,69  172,19  460,30 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4. Fillers proportion (%) 
 
On the other hand, in figure 4 the fillers distribution over 100% can be seen. For cement quantities lower 
than 400 kg/m3, the distribution is that of the admixtures HAC-6, HAC-9, HAC-10 and HAC-7. In the last 
one, with a cement content of 289 kg/m3, they have not affected negatively in the self-compacting test in 
the presence of bars, nor have they reduced the compressive strength (with respect to HAC-9 and HAC-
10), the contribution of the limestone filler (73%), the hornfels filler (66%), as well as the metakaolin 
(20%), percentages respect to the cement content (Table 3). 
 
6. The porosity in the compression strength 
 
In the microphotographies impregnated with fluorescent resin a difference in the pores can be 
appreciated, more or less rounded in the mixing HAC-9, irregular and sharps pores in HAC-10 and 
rounded pores in HAC-7.  It is confirmed that sharp porosity decreases the compression strength since the 
tensions are greater in the non-rounded forms. That is, the increase of fillers, in particular the hornfels as 
indicated in section 4.1., has reduced the porosity with angular finishes and therefore a higher 
compressive strength has been obtained in the mixing HAC-7 of rounded pores (fig. 5-c), than in the 
mixing HAC-10 (fig. 5-b), as the results comparison shows Table 2. 
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Figures 5-a HAC-9; 5-b HAC-10; 5-c HAC-7. Sheets impregnated with fluorescent resin.  
 
7. Correlation with the rest of properties 
 
Although the quantity of cement in the test HAC-5 is the 60% of that of HAC-1, compression strength of 
little more of 50 N/mm2 can be obtained, based on a better mix proportion. Also, the quantity of cement in 
HAC-6 is almost half as that of HAC-l, with a filler proportion of 107% and 39% respectively, with 
respect to the cement content, hence the quantity of cement is not a priority to determine the fluidity but 
to obtain higher mechanical strengths.  
 
The reduction of the cement in the mixings HAC-7, HAC-9 and HAC-10 is related to the reduction of the 
compression strength in 50% to 60%, and to the form of the porosity as analysed in section 6. This fillers 
proportion with respect to the quantity of cement between 289 kg/m3 and 372 kg/m3 produces concretes of 
approximately 25-30 MPa (HAC-7, HAC-9 and HAC-10). But both HAC-5 and HAC-7 had also high 
percentages of superplasticisers, over the recommended 1.5%. 
 
8. Conclusions 
 
l. Based on the mix proportions carried out with a high quantity of cement (720 kg/m3 approximately), the 
self-compactability of a concrete and a compression strength around 55 MPa can be reached. But if the 
quantity of cement is even lower than 300 kg/ m3, it can be compensated with the contribution of hornfels, 
limestone and metakaolin fillers, for strengths of 25-30 MPa and w/c ratio higher than 0.45.  
2. The synergic effects of these fillers demand a joint mix proportion, since the quantity of limestone filler 
should always be higher than that of hornfels, and that of metakaolin in lower proportion, the action of the 
first one being decisive to obtain the fluidity of the admixtures.  
3. The contribution of fillers helps reducing the damaging angular finishes of irregular pores which 
concentrate more the tensions, with the formation of rounded pores and therefore the achievement of 
higher compression strengths. 
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Abstract 
 
In this work we utilize periodic Density Functional Theory (DFT) calculations to predict site preferences and guest-ion 
substitution schemes in the principal anhydrous phases of Portland cement, i.e., alite (Ca3SiO5), belite (Ca2SiO4). The 
calculations are performed by introducing guest atoms in an extended unit cell of the cement phase, followed by a 
lattice energy minimization. The precision of this approach, the size of the asymmetric unit after introduction of the 
guest-ions, and the cut-off energies in the DFT calculations have been examined and optimized for the coupled 
substitution of Si4+ and O2– by Al3+ and F– in β-Ca2SiO4. The results from these optimizations have formed the basis for 
studies of guest-ion incorporation in the larger asymmetric unit of triclinic Ca3SiO5 (162 atoms). The preferential 
substitution of Al3+ ions into specific Si sites of the nine structurally different sites is examined by evaluation of the 
stabilization energies. The replacement of Si4+ by Al3+ is charge-balanced by substitution of O2– by F– and it is 
demonstrated that the fluoride ions are preferentially incorporated in the interstitial oxygen sites of the Ca3SiO5 
structure, i.e., the oxygen sites not involved in covalent Si–O bonds. This result is in accord with recent 19F and 29Si 
MAS NMR experiments. It is found that the replacement of Si4+ by B3+ in belite results in a trigonal boron site, achieved 
by the breaking of the B–F bond in the BO3F unit. Finally, the DFT approach has also been used to study the 
interaction between a water molecule and the surface of alite and belite. For alite the calculations show a significantly 
lower energy for the reaction of H2O with the interstitial oxygen sites as compared to the covalently bonded oxygens of 
the SiO4 tetrahedra. Thus, H2O donates H+ to the interstitial oxygen while the remaining hydroxyl group is ionically 
bonded to Ca2+ ions at the surface. 
 
Originality 
 
The incorporation of guest ions in the principal anhydrous phases of Portland cement has an important impact on 
several chemical and physical properties of cement including its reactivity. Generally, it is difficult to obtain structural 
information about the local environments for the guest-ions, primarily as a result of their low concentration. In this 
work we report the first investigation on the applicability of periodic density functional theory (DFT) calculations to 
predict site preferences and guest-ion substitution schemes in alite (Ca3SiO5) and belite (Ca2SiO4) and to study the 
initial steps in the hydrolysis of the surface of alite and belite.  
Atomistic modelling of cementitious systems is dominated by force-field calculations, using classical empirical 
potentials for the electrons and charged particles, which have the advantage that very large systems can be considered. 
However, in the description of bond-forming and bond-breaking chemical reactions or of changes in coordination type, 
quantum chemical approaches are required. In comparison with ab initio quantum mechanical calculations, generally 
used for precise calculations of the electronic properties of low molecular systems in the gas or liquid phase, the DFT 
approach is less stringent in the description of the individual electrons, allowing larger units of atoms to be studied. 
 
Chief Contributions 
 
The present work shows that periodic DFT calculations can provide useful structural information about site 
preferences and guest-ion substitution schemes in alite and belite, as demonstrated by the coupled substitution of Si4+ 
and O2- in alite by Al3+ and F- ions. For the incorporation of boron in alite and belite, the DFT structural optimizations 
show that the B3+ ion in the substituted Si site (i.e., BO3F) cannot preserve the tetrahedral structure but transforms into 
a trigonal planar structure of a BO3 unit. This illustrates the ability of the DFT approach to cope with the breaking of 
bonds. Information on bond breaking and bond formation is also demonstrated in studies of the interaction of a water 
molecule with the surface of alite and belite. The present study shows that DFT represents a strong tool in predicting 
guest-ion substitution schemes in silicate phases. Thus, this approach may advantageously be used to achieve structural 
insight prior to more extensive and time-consuming experimental studies in the laboratory. 
 
Keywords: Periodic DFT calculations, guest-ion incorporation, alite and belite, hydrolysis reaction. 
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1.  Introduction 
 

The presence of guest ions (e.g., Mg2+, Al3+, Fe3+, B3+, P5+, S6+, F–) in the principal anhydrous phases 
of Portland cement has an important impact on several chemical and physical properties including the 
sintering process and structure of the clinkers as well as their reactivity. The guest ions originate either 
from impurities in the raw materials, from the fuel used in the cement kiln, or from minor components 
deliberately added to the raw mix in order to modify the composition and thermodynamic properties of 
the principal clinker phases (Moir and Glasser, 1992). Generally, it is difficult to obtain structural 
information about the local environments for the individual guest-ions, primarily as a result of their 
low concentration, and thereby to unambiguously clarify the underlying substitution mechanisms. The 
main methods have been X-ray diffraction, microprobe techniques such as energy-dispersive 
spectroscopy (EDS) combined with SEM or TEM, and chemical analysis after separation of the 
individual clinker phases. More recently, solid-state NMR spectroscopy has been successfully 
employed to detect PP

5+ and F– guest ions in the alite and belite phases of Portland cement (Poulsen et 
al., 2010, Tran et al. 2009). The main advantage of this method is that the observed NMR parameters 
(e.g. chemical shifts, quadrupole couplings) mainly depend on the local electronic structure of the 
observed NMR nucleus, providing the basis for location of the guest-ions in specific structural sites 
from these NMR parameters. 
In this work we consider guest-ion incorporation from a theoretical point of view by an investigation 
of the applicability of periodic density functional theory (DFT) calculations to predict site preferences 
and guest-ions substitution schemes for in alite and belite. Moreover, we report preliminary results 
from DFT studies of the hydrolysis of the surface of alite, which may provide new information about 
the initial steps in the dissolution/hydration of this phase. The study focuses primarily on the 
incorporation of aluminium and fluoride in these phases, since direct experimental evidence for the 
siting of these ions in alite and belite are available (Skibsted et al., 1995; Tran et al. 2009). Advanced 
theoretical modeling and calculations are being increasingly employed in structural characterization of 
inorganic materials at the atomic scale, including cementitious materials. For example, molecular 
dynamics calculations, employing classical empirical potentials (force field) for the electrons and 
charged particles, have been used to model the hydrogen bonding network in jennite (Churakov, 2008), 
the structure and dynamics for the C-S-H phase (Pellenq et al., 2008), the interlayer and surface 
species of Friedels salt (Kalinichev et al. 2000) and the mineral water interface for tobermorite 
(Kalinichev et al. 2007). These calculations have the advantage that very large systems (> 105 atoms) 
can be considered in dynamic calculations of interatomic interactions. Even larger systems have been 
considered in the dielectric continuum models, which consider Coulomb interactions between ions and 
water as a dielectric continuum. These models have been used to describe the interactions between 
particle surfaces and the cohesion of charged C-S-H particles in the presence of positively charged 
counter ions (B. Jönsson et al. 2004) or in the alkaline pH range (Labbez et al. 2006). 
Advanced theoretical calculations, employing a quantum chemical description of the electronic 
structure and atomic interactions, are being increasingly employed in structural characterization of 
inorganic materials at the atomic scale (Skelak et al., 2007). In the description of bond-forming and 
bond-breaking chemical reactions or of changes in coordination type, quantum chemical approaches 
are required. These calculations are considerably more computationally time-consuming than 
molecular dynamics simulations, reducing the size of the systems that can be studied. However, in 
comparison with high-level ab initio quantum mechanical calculations, generally used for precise 
calculations of the electronic properties of low molecular systems in the gas or liquid phase, the DFT 
approach is less stringent in the description of the individual electrons, allowing larger units of atoms 
to be studied. Furthermore, the combination of periodic boundary conditions and linear augmented 
plane wave basis sets gives the most precise methods within DFT that can be used to predict 
electronic, spectroscopic and physico-chemical properties of crystalline materials. A recent study of 
tricalcium aluminate (Ca3Al2O6) using first principle DFT calculations has demonstrated that this 
methodology may provide valuable information about cementitious materials (Manzano et al., 2009). 
 



2.  Structural and Computational Details 
 
Crystal lattice data for belite (β-form) and alite (triclinic form) were taken from the literature (Jost et 
al. and Golovastikov et al.). Belite has a monoclinic space group P21/n with lattice parameters a = 
5.502 Å, b = 6.745 Å, c = 9.297 Å, and α = 90.00°, β = 94.59°, γ = 90.00° while alite in its triclinic 
space group P-1 has the lattice parameters a = 11.670 Å, b = 14.240 Å, c = 13.720 Å, and α = 105.50°, 
β = 94.33°, γ = 90.00°. The periodic density functional theory calculations have been performed with 
the Vienna ab-initio Simulation Package VASP (Kresse and Furthmüller, 1996; Kresse and Joubert, 
1999) The exchange correlation functional is expressed within the generalized gradient approximation 
(GGA) with the Perdew-Wang 91 functional. The calculations are performed in a plan-wave basis set 
using the projector-augmented wave (PAW) method. The k-point mesh and energy cutoffs, used in the 
calculations, depend on the size of unit cell and number of atoms and were evaluated for each system. 
The optimization of atomic positions is performed using a conjugated-gradient algorithm and the 
optimized structures are considered converging during the calculation when forces on all atoms are 
smaller than 0.05 eV/Å. No symmetry restrictions are applied during optimization. The unit cell 
parameters are fixed in all calculations. Only atoms are fully permitted to relax during optimization.   

 

3.  Results and Discussion 

The present work focuses on the calcium silicates, alite and belite, employing the triclinic 1P  structure 
for Ca3SiO5 (alite) and the monoclinic β-form (P21/n) for Ca2SiO4 (belite). The structure of β-Ca2SiO4 
includes 28 atoms in the unit cell (Figure 1a) with all Si atoms being equivalent and all oxygen atoms 
taking part in Si–O bonds. Triclinic Ca3SiO5 contains 162 atoms in the unit cell and has nine 
structurally different Si sites and two distinct types of oxygen environments, corresponding to 
covalently bonded oxygen in SiO4 tetrahedra and “interstitial” oxygen sites coordinated to Ca2+ ions 
only. For alite the 162 atoms of the unit cell is employed as the basic unit for the DFT calculations and 
the substitution of each of the nine Si sites in the structure is examined by consideration of the 
individual oxygen atoms within a radii of 5.0 Å for the Si site under investigation (Figure 2a). The 
precision of our model and the methodology for the calculations are examined for β-Ca2SiO4 using 
three different basic units for belite in the calculations, corresponding to the atoms in the unit cell 
(1×1×1) and in a two-fold (2×1×1) and fourfold (2×2×1) expansion along the a and b axes of the unit 
cell (c.f., Figure 1a). Calculations of the total energies and optimization of the structures for these three 
basic units are used to set the limits for the energy cut-off, the number of K-points, and the energy 
convergence in the DFT code. Furthermore, for each basic unit calculations of the energies of 
substitution and structural optimizations have been performed for a coupled substitution of Si4+ by Al3+ 
and O2– by F– for each oxygen atoms in the units. These calculations show that consistent values for 
the energies of substitution as well as the bond distances and bond angles are obtained for the 
expanded units, (2×1×1) and (2×2×1). Thus, the following calculations employ the two-fold (2×1×1) 
unit cell for belite including 56 atoms and a single unit cell for alite (162 atoms). 

 

3.1.  Incorporation of aluminum, boron, and fluoride guest ions in alite and belite         
The incorporation of aluminum and fluorine in belite is investigated by replacing one of the Si atoms 
by an Al3+ ion and each of the oxygen atoms by F– ions, - one at a time - in the (2×1×1) unit. A DFT 
optimization is performed for each oxygen substitution (a total of 32 oxygens) and the energy of 
substitution is calculated after convergence. This results in the lowest energy of substitution for the 
replacement of oxygen O(5) by fluorine in the (2×1×1) unit of belite. The energies of substitution for 
the replacement of the other oxygen atoms are shown in Figure 1b relative to the energy of 
substitution for O(5). This graph clearly separates the substituted oxygens in two different groups with 
the lowest energies observed for substitutions of the four oxygens surrounding the Al atom that 
replaces Si.  Significantly higher energies (∼20 kcal/mol) are found for replacement of the oxygens in 



the surrounding SiO4 tetrahedra. Moreover, the optimized geometries show only small changes in the 
bond angles and bond lengths, indicating that the (SiO4)4– ions are replaced by (AlO3F)4– with a similar 
tetrahedral geometry. The optimized Al–F distance for fluoride incorporated at the O(5) position is 
1.756 Å whereas the Al–F distances for replacement of O(2), O(3) and O(8) are 1.812, 1.851, and 
1.879 Å. For comparison, the corresponding optimized Si–O distances for the pure β-Ca2SiO4 (2×1×1) 
structure are 1.616 1.641, 1.658, and 1.655 Å for O(5), O(2), O(3), and O(8). Thus, the results indicate 
that a coupled substitution in belite implies that the fluoride ions preferentially substitute for the 
oxygens covalently bonded to the Al3+ guest-ion rather than for oxygens in further distant (SiO4)4– 
units. 

 

Figure 1.: The incorporation of Al3+ and F– ions in belite (β-Ca2SiO4). (a) The (1×1×1), (2×1×1), and 
(2×2×1) units used for the preliminary test calculations of the β-Ca2SiO4 structure. (b) Correlation 
between the relative energy of substitution and the Al–F distance for Al3+ and F– ions replacing Si4+ 
and the different oxygen atoms in the (2×1×1) unit. 

A similar investigation of a coupled incorporation of aluminum and fluorine is performed for alite. 
Here, each of the nine Si atoms are systematically replaced by an Al3+ ion and for each Al3+ site, a DFT 
optimization is performed for the replacement of the individual oxygen atoms within a 5-Å sphere 
(Figure 2a). The lowest energy of substitution is obtained for the replacement of Si(5) and O(10) by 
Al3+ and F–, which is used as the reference point in the plots of energy of substitutions in Figure 2. 
These energies (Figure 2b) fall in three categories corresponding to replacement of (i) the interstitial 
oxygen atoms by fluoride at lowest energies, (ii) the oxygens covalently bonded to the Al3+ guest ion 
(i.e., (AlO3F)4– units), and (iii) oxygens in neighboring (SiO4)4– units with the highest energies. For 
Al3+ in each of the nine Si sites it is observed that the lowest energy of substitution is achieved for an 
interstitial oxygen site, corresponding to Al–F bond distances in the range 4.2 – 4.7 Å (Figure 2c). 
These lowest energies vary by ∼12 kcal/mol for the nine Si sites, however, the lowest values, 
corresponding to variation in energies of 1-2 kcal/mol, are found for the Si(5), Si(6), and Si(7) atoms, 
which suggest that Al3+ is preferentially incorporated in one of these sites, rather than being randomly 
distributed over the nine tetrahedral sites. These results are in excellent agreement with a recent 
29Si{19F} CP-REDOR NMR study of the incorporation of fluoride in Portland cement (Tran et al., 
2009), which showed that F– ions are primarily incorporated in the alite phase and only by replacement 
of the interstitial oxygens. An average Si–F distance of 4.29 Å was determined for the fluoride guest-
ions in alite (Tran et al. 2009) which is similar to the average Al–F distance of 4.459 Å calculated for 
the replacement of the three Si sites with lowest energy of substitution (Figure 2c). Thus, the 
calculated energies for the coupled replacement of Si4+ and O2– by Al3+ and F– are supported by 
experimental observations, which strongly support the reliability of the DFT approach outlined above. 



Figure 2: The incorporation of Al3+ and F– ions in alite (Ca3SiO5) calculated for the nine different Si 
sites, considering the substitution of the individual oxygen atoms within a 5-Å sphere (a). (b) 
Correlation between the relative energies of substitution and the Al–F distances, revealing three types 
of oxygen replacement. (c) The lowest energy of substitution for incorporation of Al in the nine 
different Si sites in alite. 

 

3.2.  The incorporation of B3+ and F– ions in alite and belite 
DFT calculations following the approach used in the previous section are employed for the coupled 
substitution of Si4+ and O2– by B3+ and F– ions in alite and belite. The lowest energy of substitution is 
observed for O(8) in belite and Si(6) and O(7) in alite, which are used as reference points for the 
energies of substitution calculated for the other sets of Si and O replacements in belite (Figure 3b) and 
alite (Figure 3c), respectively. For both phases the lowest energies of substitution are observed for the 
oxygens covalently bonded to the B3+ ion replacing Si in (SiO4)4– units. This contrasts the substitution 
scheme observed for Al3+ and F– in alite, where the lowest energies were found for the interstitial 
oxygen sites (Figure 2c). More interestingly, the DFT structural optimizations show that the B3+ ion in 
the substituted Si site (i.e., BO3F) cannot preserve the tetrahedral structure but transforms into a 
trigonal planar structure of a BO3 unit (Figure 3a). Thus, the B–F bonds elongate and the O–B–O bond 
angles increase during the DFT optimization in order to stabilize the energy of system. This breaks the 
covalent B–F bonds and results in an ionically bonded fluoride ion, as apparent from the average B–F 
bond distances of 2.354 and 2.490 Å for the B3+ and F– ions incorporated in belite and alite, 
respectively.     

Figure 3: Incorporation of borate and fluoride guest-ions in belite and alite. (a) The transformation from 
a tetrahedral (BO3F) to a trigonal planar (F···BO3) structure upon replacement of the Si4+ by B3+ ions. 
Relative energies of substitution for B3+ and F– replacing Si4+ and O2– in (b) belite and (c) alite as a 
function of the resulting B···F distance. 

3.3.  Energy of substitution for the Al3+ and B3+ guest ions in alite and belite 
The calculated energies required for replacement of Si4+ by the trivalent B3+ and Al3+ ions are 
compared in terms of the energies of substitution (Table 1) and show lower energies for the B3+ ions as 
compared to the incorporation of Al3+ ions in alite and belite. Thus, the borate ions are preferentially 
incorporated in alite and belite when charge-balance is achieved by replacement of oxygen by fluoride 



ions. However, the bulk B2O3 content in Portland cement is generally very low and thus significantly 
higher concentrations of Al3+ ions are normally found in the alite and belite phases of Portland cement. 
 

Table 1: Comparison of average energies of substitution (kcal/mol) for the replacement of 
Si4+ and O2– by the trivalent ions, Al3+ and B3+, and F– ions in alite and belite 

Belite Alite  
(M3+O3F)4– ion next (SiO4) 4–  unit interstitial O site (M3+O3F)4– ion next (SiO4) 4–  unit 

Al3+ 108.3 129.5 97.5 108.9 132.3 
B3+ 43.4 82.0 67.0 52.9 100.0 

 

3.4.  Preliminary results for the interaction of H2O on the surface of alite 
An ultimate goal of atomistic modeling of cementitious systems is the mechanism for hydration of 
alite and belite. The first step in this process is the interaction of water with the surface of alite and 
belite. As a preliminary approach to this problem we have studied the interaction of a water molecule 
with the surface of alite in the b – c plane.  The a-axis of the unit cell is enlarged from 11.67 Å to 25.0 
Å and a water molecule is introduced in the empty part above the surface (Figure 4a). The structure of 
the system is optimized by DFT calculations which reveal a hydrolysis reaction where H2O donates a 
H+ to an oxygen site at the surface and the remaining hydroxyl group bonds ionically to the Ca2+ ions 
at the surface. More interestingly, of the two types of oxygen present at the surface, the reaction of 
H2O with the interstitial oxygen site results in a significantly lower energy (-36.54 kcal/mol) than for 
the covalently bonded oxygen of the SiO4 tetrahedra (-15.68 kcal/mol, Figure 4b). Thus, two hydroxyl 
groups are formed at the surface through the reaction with the interstitial oxygen rather than a silanol 
group and a hydroxyl group. The preferential reaction with the interstitial oxygen site may potentially 
explain the difference in heat of dissolution for alite and belite since the latter phase does not contain 
any interstitial oxygen sites. Further calculations attempting to enlighten the reaction of water with the 
alite and belite surfaces are in progress.  

 

Figure 4: Calculation of the interaction of water with the alite surface. (a) Basic unit used in the DFT 
calculation where the water molecule is introduced in the empty space above the surface. (b) Calculated 
energy diagram relative to the bare alite structure for a water molecule interacting with an interstitial 
oxygen or a covalently bonded oxygen of a SiO4 unit.  



4.  Conclusions 

The present study has shown that DFT represents a strong tool in predicting guest-ion 
substitution schemes in cement minerals. Thus, this approach may advantageously be used to 
achieve structural insight prior to more extensive and time-consuming experimental studies in 
the laboratory. In comparison with molecular dynamics simulations DFT has the advantage of 
high precision in the calculated energies and refined structural data, although static 
calculations can only be performed at this level. The high precision is in the present work 
reflected by the fact that the substitution scheme for F- and Al3+ in alite obtained by DFT is in 
full agreement with experimental results from 19F, 27Al and 29Si NMR. Finally, the 
preliminary DFT studies of the reaction of water molecules with the surface of alite and belite 
crystals opens the door for further DFT investigations exploring the hydroxylation, 
dissolution, and hydration of these phases.      
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Abstract 

For accurate predictions of the service life of concrete structures, it is important to know the microstructure of concrete 

materials, because transport of substances in concrete occurs through pores. Therefore, several methodologies such as 

mercury intrusion porosimetry (MIP), gas adsorption, optical observations and so on were used for determining the 
microstructure of cement based materials. However, these methods give no information regarding the spatial 

distribution of the various phases such as unhydrated cement, fly ash, blast furnace slag, hydrates, and pores. 

Knowledge of details of the spatial distribution of each phase is important for considerations of pore continuity and 

leaching of calcium ions from calcium hydroxide and C-S-H, because leaching occurs from near the surface of concrete. 

In this study, a three dimensional spatial image was reconstructed based on an autocorrelation function (ACF) 

calculated from backscattered electron images (BSE). The ACF determines the probability that two different points at 

arbitrary distances are the same phase, and yields a correlation length for each phase. The quantity of each phase was 

determined by a BSE image, and ACF is calculated from a binary image for each phase. It is assumed that phases 

distribute randomly because the ACF at long distances converge in the square value of the quantity of each phase at 

distance 0. As a result, a novel technique to reconstruct a three-dimensional spatial image of blended cement pastes 

using the ACF calculated from BSE images was developed. It is shown that the ACF of unhydrated cement and large 

pores with different W/C ratios are very similar, although the ACF of calcium hydroxide with different W/C ratios are 
different. 

 

Originality 

It becomes possible to evaluate the properties of cement based materials including fly ash and blast furnace slag with 

accurate information of pore volume  by reconstructing the model that considers the spatial distribution of unhydrated 

cement particles, fly ash, slag, calcium hydroxide, and large pores. Evaluations using the backscattered electron image 

have so far been performed in two dimensions, however using the technique proposed in this study it is possible to 

perform evaluations in three dimensions. 

 

Chief contributions 

The model makes it possible to reconstruct and so predict the properties of concrete by considering the spatial 
distribution of unhydrated cement particles, fly ash, slag, calcium hydroxides, and large pores. This makes it possible to 

predict the degree of deterioration of concrete. The proposed technique is useful to evaluate the durability of concrete 

because transport of components such as chloride ions, carbon dioxide, and others is strongly influenced by the 

connectivity of pores and the phase distribution. 

 

Keywords: Backscattered electron image, Auto correlation function, Three-dimensional spatial image, Hardened 

cement paste 
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1. Introduction 

 

Predicting the long-term properties of concrete is difficult due to an insufficient understanding of the 
changes in phases, such as Calcium leaching and carbonation occurring after setting and during 

service life. Many models have been suggested for predicting properties of concrete; these models 

have been pore structure oriented, as pore structure appears to be the dominant factor affecting the 
physical properties of concrete (Mai, 1985, Powers, 1958). Information on the pore structure of 

cement-based materials is often obtained from mercury intrusion porosimetry (MIP), sorption 

isotherms, and image analysis of thin-section images. Mercury intrusion data provide statistical 

information about the pore/throat size distribution, i.e. the volume distribution of the pores invaded 
within specified throat diameter ranges. However, pore structure changes during MIP measurements 

due to the high pressure that is applied, and MIP cannot detect ink-bottle shaped (narrow opening, 

wide body) pores (Diamond, 2000). Backscattered electron (BSE) image analysis has also been used 
for the evaluation of pore structures. Diamond (Diamond, 2002) pointed out that the results obtained 

with MIP and BSE image measurements are different. Advanced techniques such as X-ray 

microtomography and serial sectioning, can provide a 3D description of the pore structures of cement-

based materials. The authors, in other papers, have attempted to make pore structure visible by 
injecting gallium into pores of hardened cement paste and stacking the acquired images to reconstruct 

a three-dimensional image (Kurumisawa, 2006). As mentioned above, image analysis is an important 

technique in porous media theory for describing the microstructure of porous spaces and predicting 
transport properties (Adler, 1990). The image analysis of porous structures is mainly used for the 

reconstruction of three-dimensional porous structures. This method has been applied to the prediction 

of important engineering properties including permeability (Adler, 1990). Quiblier (Quiblier, 1984) 
and Adler et al. (Adler, 1990) have extensively studied this technique by assuming homogeneity and 

isotropy and were able to reconstruct the 3D pore structure from 2D sections of pores, while 

conserving porosity, and here the autocorrelation function (ACF) was used. Limitations in the 

reconstruction techniques, based on the conservation of the two first moments of the phase function, 
are discussed in detail by Yao et al. (Yao, 1993). However, there are few studies that evaluate concrete 

properties with this technology. In the study reported below, a three-dimensional microstructure image 

was reconstructed on the basis of an ACF calculated from backscattered electron images.  

 

2. Experimental 

 

2.1 Materials and cement paste 

 

Ordinary Portland cement (3170kg/m
3
, 3340cm

2
/g), fly ash (2260kg/m

3
, 3740cm

2
/g), and blast furnace 

slag (2880kg/m
3
, 4450cm

2
/g) produced in Japan was used. The water/cement ratios used were 0.4, 0.6, 

0.8, and 1.0 for clarifying the effect of W/C ratios on the microstructure. For blended cement pastes, 

W/C=0.45 was used with the replacement ratios of fly ash and slag 0.3 and 0.45, respectively. The 

specimens were placed in 100 mm long 50 mm diameter cylinders, demolded after 24 h and cured in 
water at 20 °C and 50 °C for prescribed periods of time. 

 

2.2 BSE image analysis 

 
After the curing in water, 5-mm

3
 samples were cut from cylinders for backscattered electron (BSE) 

image analysis. The samples were immersed in acetone for 24 h and dried in a vacuum chamber; they 

were then impregnated with a low-viscosity epoxy resin. After hardening of the resin at room 
temperature, the surface of each specimen was finely dry polished with SiC papers. The polished 

surfaces were finally finished with 0.25-µm diamond paste for a short period. Sections of the samples 

were observed using a SEM equipped with a backscatter electron detector. The acquired BSE images 
had dimensions of 200 × 150 µm and 16 randomly selected fields of 640 × 480 pixels were analyzed 

in each specimen, the size of one pixel was approximately 0.32 × 0.32μm. The segmentation of each 



phase was based on grey-level histograms. The area fractions in the 2D cross-sections were equal to 

the 3D volume fractions in random structures based on the stereology principle. This data was used to 

determine the volume fractions of unhydrated cement (UH), fly ash, calcium hydroxide (CH), slag, 
and large capillary pores (Pore). The volume fraction of C-S-H (including fine pores and other 

hydrates such as Aft and Afm in this study) could be obtained by subtracting the volumes of UH, CH, 

and the Pore part from the sample volume (Igarashi, 2002). 
 

3. Reconstructing 3D image  

 

3.1 Autocorrelation function and lineal path function 

 

To reconstruct a three-dimensional spatial image of the hardened cement paste, the autocorrelation 

function (ACF) was used for five different phases (UH, CH, Pore, Fly ash, and slag) to produce a 
binary image from the BSE images without the C-S-H phase; the C-S-H was not included because it is 

a matrix and acts as a continuous phase in the hardened cement paste. The ACF is also known as the 

two-point correlation function; it is defined as the probability that two arbitrary points are in the same 

phase, as a function of the distance between the two points. Therefore, the position of each phase can 
be determined from the ACF. The following procedure was used for calculating the ACF in this study. 

The summation S(x,y) was determined for an M × N pixel image using the following 

equation(Bentz,1998):  
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where I(x,y) is one in the case of the pixel at location (x,y) contains the phase(s) of interest and zero 

otherwise. These values are then converted to S(r) for distances r in the pixels by (Bentz, 1998):  
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where S(r,t)=S(rcos(t),rsin(t)) is obtained by bilinear interpolation from the values of S(x,y).  

Lineal path functions were used to compare the validity of the connectivity results obtained from the 
two-point functions. Lineal path functions give a rough estimate of phase connectivity. In actuality, 

the lineal path function is a specialized two-point probability function. Torquato(Torquato 2002) 

defines the lineal path function, L(i)(z), as the probability of a line segment of length z that lies wholly 
in phase I when randomly introduced into a sample. This function decreases in magnitude with 

increasing values of z. 

 

3.2 Reconstructing the three dimensional spatial image 

 

The ACF S(r) for each phase mentioned above is used to reconstruct a three-dimensional 

microstructure image. Each pixel in the three-dimensional spatial image is assigned a random number 
with a normal distribution N(x,y,z) that is generated using the Box-Muller method (Bentz, 1998). This 

random number image N(x,y,z) is modified by the filter function F(x,y,z) through the ACF S(r), and 

finally, the resultant image R(x,y,z) is generated by the following equation(Bentz, 1998):  
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and F(x,y,z) is determined through,   
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A threshold operation is carried out to obtain appropriate volume fractions with the pixels in R(x,y,z) 
that were originally assigned to the phases of interest (UH, Pore, CH). For example, if a value of 

R(x,y,z) is larger than a critical threshold, the pixel is assigned to the phase of interest; otherwise, it is 

assigned to the original phase. The reassigned number of pixels corresponds to the volume fraction 

measured from the BSE image. The reconstructed size of the image is 100
3 

voxels, with one voxel 
equivalent to 0.32 µm

3
 in the BSE image. Three different images with different initial random 

numbers were reconstructed to confirm the reproducibility of the model. In addition, we applied 

periodic conditions for every boundary of the images.   
 

4. Results and discussion 

 

4.1 BSE image  

 

Examples of the BSE images obtained after 28 days of curing are shown in Figure 1. Hardly any pores 

are visible in the W/C  0.4 specimen, but there are increasing areas of pores (the darkest parts) in the 
0.6, 0.8, and 1.0 W/C specimens. The BSE imaging cannot detect pores finer than the resolution limit 

of the microscopes used, as pointed out by Igarashi (Igarashi 2002). Therefore, the porosity measured 

from the BSE images would be low compared to the results of different methods such as MIP. 
However, the quantity of unhydrated cement particles was approximately the same as that reported by 

Igarashi (Igarashi, 2002). The area fraction of the phases in the specimens as measured from the BSE 

images is shown in Figure 2. Porosity increased with increasing W/C ratio, while the quantity of 

unhydrated cement decreased. However, there does not appear to be an effect of curing temperature on 
the area fraction. 

 

 
 

 

 
 

 

 

 
 

 
Figure 1: Backscattered electron images of hardened cement paste at 28 days of curing for various water-cement 

ratios (W/C) 
 

 
 

 

 

 
 

 

 

 
Figure 2: Area fraction of each phase in hardened cement paste at 28 days. Pore: large capillary pores, C-S-H: 

Calcium Silicate Hydrate (including fine pores and other hydrates), UH: unhydrated cement particles, CH: 

calcium hydroxide crystals. 
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4.2 Autocorrelation function 

 

The ACF S(r) in eqs. 1 and 2 and the lineal path function L(r) were calculated, and the results are 
shown in Figure 3. At low W/C ratios, mostly unhydrated cement was present; at high W/C ratios 

there were many pores. The value at distance 0 is equal to the fraction of the phase. The figure shows a 

random structure that converges at the square of the value at distance 0. Different samples showed 
different ACFs. The ACF of CH, in particular, appeared to be clearly different. The production of 

calcium hydroxide may have been different at different W/C ratios, however details of this are beyond 

the scope of this paper and is not discussed further here. The phases of the cement paste may have 
distributed randomly as the ACF converged to the square of the value at distance 0. Therefore, the 

assumption that each phase was distributed at random was substantiated through the reconstruction of 

the three-dimensional spatial model. The maximum pore lengths in L(r) were 20 and 2 μm for the W/C 

ratios of 1.0 and 0.4, respectively. A possible length scale reflecting the lineal continuity of each phase 
differed among the specimens, as shown in the L(r) values. 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 3: Autocorrelation function and lineal path function of each phase in hardened cement paste at 28 days 

 

4.3 Reconstructing the three dimensional image 

(1) Ordinary Portland cement 

 

Three-dimensional spatial images reconstructed using the method described in 3.2 are shown in Figure 

4. Black, dark grey, bright grey, and white denote the phases of the Pore, CH, C-S-H, and unhydrated 
cement components, respectively. The figure shows that it was possible to reconstruct the different 

three-dimensional images for different specimens. Three images of each specimen were reconstructed 

with different random numbers, but the connectivity that was calculated by percolation theory was 
approximately the same. This allows the conclusion that the images are not dependent on the random 

numbers chosen for the reconstruction. Further, the properties of hardened cement paste are strongly 

influenced by the connectivity of the C-S-H, as 70% of the volume of hardened cement paste is 
formed by C-S-H. Therefore, it is critical to establish the characteristics of the C-S-H.  

The three-dimensional images developed from the BSE images in this study used the ACF without the 

sintering algorithm or other optimizing techniques, wherefore it will be instructive to compare the 

obtained results with results measured using equipment such as high-resolution X-ray CT images. 
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(2)Blended cement pastes 

 

Figure 5 shows reconstructed images of blended cement pastes after 10 months of curing. Unreacted 
fly ash and slag as shown in dark grey in Fig.5 is still remaining even after 10 months of curing, 

therefore the connectivity of the C-S-H would be different from that of the OPC pastes, and it is 

suggested that the diffusivity of blended cement pastes would modify during curing. Finally, using the 
proposed reconstructed images, it becomes possible to evaluate the diffusivity of concrete with 

mineral admixtures quantitatively.  

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 
Figure 4: Reconstruction of three-dimensional images of hardened cement paste of different W/C at 28 days 

 

 

 

 

 

 

 

 

 

 
Figure 5: Reconstructed image of blended cement pastes (Left:OPC paste, Center:Fly ash paste, Right:Slag 

paste) 

Figure 6: Conductivity of reconstruction image with porosity 
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4.4 Conductivity of reconstruction image 

 

Conductivity can be used in evaluating the connectivity of each image. Figure 6 shows the 
conductivity of reconstructed images plotted versus the measured porosity. The DC3D program 

developed by Garboczi was used for calculating the conductivity (Garboczi, 1992). The phases that 

compounds may penetrate in hardened cement paste are C-S-H and pores. Therefore, based on 
previous reports, the relative conductivity of UH, CH, C-S-H, and pores are 0, 0, 0.025, and 1, 

respectively. The conductivities of the reconstructed images of the pastes are strongly dependent on 

their porosity, but it is also affected by the distribution of each phase. However, specimens with 

porosity above 0.3 have very similar conductivities, because of percolation of the phases.  

 

5. Conclusion 

 
Backscattered electron imaging was applied to hardened cement pastes with different W/C ratios and 

fly ash and slag to show details of their microstructures. We developed a technique to reconstruct a 

three-dimensional spatial image of hardened cement pastes from BSE images using the ACF; the 

images reconstructed in this manner includes information of the submicron range that cannot be 
measured by X-ray CT. Therefore, it is possible to evaluate microscopic features of existing concrete 

structures by the proposed method. 
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Abstract 

High workability and early strength of concrete is required in precast concrete production. To facilitate these 

requirements usually superplasticizers are added to the concrete mix. Unfortunately high efficient 

superplasticizers retard the setting and early strength development of concrete. To realise high production rates 

in precast concrete production the formworks are heated to accelerate strength development. The consequence 

is a reduction of economic and ecologic efficiency of the concrete production. Additionally heating of concrete 

bears the risk of overheating this may lead to a durability reduction (delayed ettringite formation) and crack 

formation. 

The present article discusses the options and challenges of power ultrasound application for concrete 

production. The aim is to accelerate early strength development of concrete by applying power ultrasound (20 

kHz). Therefore power ultrasound was applied to cement suspensions containing superplasticizers. The setting 

and early strength development (< 1 d) was tested. Additionally the development of microstructure, i.e. 

formation of C-S-H phases, portlandite was monitored by Scanning Electron Microscopy. Additionally the 

consumption of main clinker phases was quantified by X-ray diffraction (Rietveld method) and the hydration 

progress was measured by isothermal heat calorimetry. 

Results clearly show that power ultrasound accelerates C-S-H formation / alite hydration and thus the setting 

and early strength development of cement and mortar pastes. It will be shown that power ultrasound is an 

efficient method to accelerate the setting and early strength development of concrete. Significance of energy 

saving in consequence of power ultrasound application is discussed. 

 

Originality 

Presently one of the main tasks for concrete production is to control the fluidity and the setting / early strength 

development in such a way that the transition from fluid-like concrete behaviour to strength development is very 

rapid (hardening at the push of the button). Also modern concrete production requires a reduction in energy 

consumption and CO2 release. Thus new methods are needed to overcome traditional ways of hydration 

acceleration such as heating of formworks in precast concrete production. The current study discusses power 

ultrasound application in concrete production as one physical alternative to accelerate setting and early 

strength development in concrete.  

 

Chief contributions of the authors 

Preliminary results of application of power ultrasound to accelerate strength development in concrete 

production were presented at the 17th international conference on Building Materials ibausil in 2009 in 

Weimar in German (Rößler, C. Einfluss von Power-Ultraschall auf das Fließ- und Erstarrungsverhalten von 

Zementsuspensionen in proceedings of: 17. Internationalen Baustofftagung ibausil, Hrsg. Finger-Institut für 

Baustoffkunde, Bauhaus-Universität Weimar, S. 1 – 0259 – 1 – 0264, in German).  

Latest results on the influence of power ultrasound on cement hydration reactions and kinetics and a critical 

discussion of feasibility on application will be given at the ICCC 2011. 

Because power ultrasound influences two major cement / concrete characteristics, i.e. fluidity and early 

strength development another presentatins on the is given in these proceedings: Influence of power ultrasound 

on fluidity and microstructure of cement suspension by Peters S., Kraus M., Rößler C.). 
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Introduction 

 

 

Tailor-made concretes and concrete performance is needed in realisation of modern building 

constructions. One major challenge is the realisation of self-compacting concrete with high fluidity as 

well as accelerated setting and high early strength. The fluidity of concretes is increased by the 

addition of superplasticizers. All superplasticizers delay the setting of cement and concrete. Thus 

early setting is difficult to achieve if high fluidity, i.e. superplasticizer addition is required. Up to now 

there are several opportunities to accelerate setting and early strength (heat treatment, admixture or 

fines addition), each of them adds drawbacks to the properties of concrete and or to the energy 

consumption for concrete production. One additional option is the application of power ultrasound to 

control concrete properties. 

In Normal Portland cement and concrete the setting and early strength development of cement and 

concrete is directly correlated to the formation of calcium silicate hydrate phases (C-S-H). It is 

generally known that the first C-S-H phases are formed by dissolution precipitation processes during 

alite hydration. Alite is the main clinker phase of Normal Portland cement and consists of 

tricalciumsilicate with impurities of iron, magnesia, aluminium and alkalis. Thus an ideal accelerator 

should influence the kinetics of those dissolution precipitation processes. 

Previous investigations in the field of sonochemistry discuss the influence of power ultrasound on the 

precipitation of various organic and inorganic (Na2SO4, Ba2SO4, Ca2SO4, CaCO3) substances (Luque 

de Castro et al. 2007, McCausland et al. 2001, Virone et al. 2006, Li et al. 2003, Nishida et al. 2004, 

Guo et al. 2006). It was shown, that power ultrasound is an effective tool to reduce the induction 

period of crystallisation reactions, reduces the required supersaturation and modifies the habitus and 

size of the crystals formed. It was shown that power ultrasound increases the diffusion coefficient and 

this may be the main reason for the reduction of induction period (Lyczko et al. 2002, Guo et al. 

2006). 

Power ultrasound is generated with frequencies above 20 kHz. Most commercially available 

ultrasound generators work at 20 kHz. The sound waves are transferred into the media via a so called 

sonotrode. The amplitude of the sound wave and the total power applied to the media varies in 

dependence of the sonotrode geometry and the duration of ultrasound application. 

The present study investigates if power ultrasound is an efficient tool to accelerate cement hydration 

and thus decreases the induction period / set times of cement hydration. Ways to implement power 

ultrasound in concrete production will be discussed. It is shown that power ultrasound not only 

accelerates the setting and early strength development but can also improve the fluidity of cement and 

concrete.  

  

Materials and Methods 
 

 

Cement of type CEM I 42.5 R according to DIN EN 197-1:92 was used for investigation. Chemical 

composition of the cement was determined by ICP-OES after dissolving in hydrofluoric acid to be as 

follows (given in wt %): 63.1 CaO, 20.4 SiO2, 4.7 Al2O3, 2.4 Fe2O3, 1.2 MgO, 1.22 K2O, 0.24 Na2O, 

3.2 SO3, 1.8 CaOfree. Specific surface according to Blaine test is 450 m
2
 / kg. 

The SP was synthesized by radical polymerization of methacrylic acid and subsequent esterification 

of polyethylene glycol (PEG) side chains (supplied by Bozzetto S.P.A.). The side chain density (acid / 

copolymer) was 2.9 and the side chain (PEG) length exhibits 1000 g/mol PEG. 

Power ultrasound (PUS) was generated with a laboratory device (UIP 1000hd, Hielscher, Germany). 

For sonication of larger volumes, the suspension was pumped through a circuit by a rotary pump. 

Alternatively smaller volumes of suspensions were stirred during sonication. The total power applied 

by the experimental setup of PUS device was monitored with a power meter, according to the 



manufacturer information the PUS amplitude for the chosen sonotrode and booster combination is 12, 

43 and 85 µm. 

Setting of cement pastes (w/c 0.37, 0.1 % SP) was determined by Vicat needle test method according 

to DIN EN 196-3. 

For QXRD cement pastes were mixed by hand. The hydration was stopped by adding 2-propanol to 

the paste and subsequent drying at 35 °C. Samples were ground by a micronizing mill (McCrone) to a 

particle size < 5 µm (according to laser diffraction analysis, Coulter LS 230) Measurements have been 

performed with an X-ray powder diffractometer (D-5000, Siemens, Germany). The CuKα (λ = 1.5418 

Å) radiation was generated at 40 mA and 40 kV. Data have been collected over a Bragg angle range 

of 6-70° (2 θ), using an angular step width of 0.05° and 5 s counting time. Quantification was done by 

Rietveld analysis with software Autoquan (BGMN, Germany).  

Characterisation of cement paste microstructure was carried out with a Scanning Electron Microscope 

(Nova NanoSEM 230, FEI, Netherlands) equipped with a field emission gun. Images were recorded 

with the Trough the Lens Detector (TLD) at approx. 10
-6

 mbar (high vacuum) at 2 kV acceleration 

voltage.  

 

Results 
 

 

Preliminary tests have been carried out to determine the proper sonication regime (amplitude and 

power) for maximum increase of set times and early strength. Results displayed in Figure 1 indicate 

that for the tested ultrasound amplitudes and power a maximum acceleration is achieved at 43 µm 

amplitude and 150 Ws/ml power. For this PUS regime the initial set time is accelerated from 5 h 45 

min to 3 h 25 min, i.e. 2 h 20 min earlier setting occurs. Increased acceleration can be achieved only 

at US power of 300 Ws/ml. This regime was neglected for further investigation because the increase 

in set times is not adequate to the invested power. Also sample heating at 300 Ws/ml is locally very 

high and may lead evaporation and following poor dissemination of PUS waves in the suspension. 

One prerequisite for practical application of PUS is also that the duration of sonication is maximum 

several minutes (during mixing and or pumping process of cement suspension). Thus we decided for 

further testing to apply the following PUS parameter: 43µm / 75 Ws/ml. To the chosen experimental 

setup this US power can be achieved within 1-3 minutes –depending on the flow rate of the pumping 

circuit. 
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Figure 1: initial set time in dependence of PUS amplitude and power 



 

Figure 2: early compressive strength of mortar prisms in dependence of PUS 

application 

 

Figure 3A: Reference 3h 30 min hydration 

 

Figure 3B: PUS 3h 30min hydration 

 

Figure 3C: Reference 6 h 30 min 

 

Figure 3D: PUS 6 h 30 min 

Figures 3: SEM images of cement pastes in dependence of hydration time and PUS application. 
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Figure 4: C3S and portlandite (CH) content of C3S pastes in dependence of hydration time and 

PUS application (determined by QXRD, w/C3S = 0.5) 

 

Figure 5: heat release during first 72 h of cement hydration with and without PUS 

application. Asterisks indicate the period of occurrence of first tapered C-S-H phases as 

detected by SEM  

Microstructural investigation by SEM indicate that the C-S-H formation and thus alite hydration is 

accelerated and this is as anticipated before the reason for accelerated setting / early strength of PUS 

treated cement pastes.  

According to set times acceleration the early strength development of mortar prisms was investigated. 

Results are displayed in Figure 2; obviously PUS increases the early compressive strength of mortar. 

Already at low power input (75 Ws/ml) an increase in early strength is detectable. A more significant 

strength gain is possible if the applied power is increased to 150 Ws/ml. Furthermore results in Figure 

2 show that the strength gain is limited to the first 24 h of hydration, i.e. already after 24 h no 

significant difference is tested. Whereas the positive effect of PUS on setting and early strength 

development is now obvious, the next part of the investigation puts some light in the cause of the 

acceleration. Figure 3 displays the accelerating effect of PUS on cement microstructure imaged by 

high resolution SEM. Obviously in the reference paste after 3 h and 30 min (Fig. 3A) only ettringite 
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and no C-S-H phases are found. At the same time the PUS treated cement paste (Fig. 3B) already 

contains C-S-H phases. The effect is even more significant after 6 h 30 min hydration period (Figs 3C 

& D); there in the PUS cement paste the clinker particles are mostly covered by C-S-H and in the 

reference only first small C-S-H phases are observable (similar to PUS paste after 3 h 30 min). Thus it 

is shown that the occurrence of tapered C-S-H phases is accelerated in the PUS (43 µm, 75 Ws/ml) 

sample. Results in Figure 1 showed the initial set of the PUS treated sample was recorded at hydration 

time of 3 h 55 min. This period correlates very well with the occurrence of first tapered C-S-H, i.e. at 

3 h 30 min (Fig. 3B).  

In order to confirm this thesis consumption of C3S and formation of portlandite in pure C3S pastes in 

dependence of PUS application (43 µm, 75 Ws/ml) was determined by QXRD. Results are shown in 

Figure 4. The acceleration of main hydration due to PUS application can also be proven by isothermal 

heat calorimetry. Results for the cement paste at w/c 0.37 and 0.1 % SP are shown in Figure 5. As for 

setting the acceleration of main hydration is recognizable by the decreased induction period of 

hydration. The occurrence of first tapered C-S-H phases respectively the period of initial set is marked 

by asterisks.  

 

Conclusions and Perspective 

 

 

Results of the present investigation have shown that the application of PUS to cement suspension 

reduces the set times and increases the early strength of cement pastes and mortars. Microstructurally 

the acceleration can mainly be attributed to an accelerated hydration of the silicate clinker phase 

(alite, C3S), i.e. an accelerated formation of C-S-H phases due to PUS. Application of PUS also 

induces a temperature increase of the suspension. Previous investigations have shown that the 

acceleration of hydration caused by equivalent heating of cement suspension is far less than the effect 

obtained by PUS (Rößler 2009). 

One prerequisite for PUS application is that cement suspensions are sonicated, i.e. aggregates should 

be added after sonication of cement, fines, water and admixtures. These kinds of alternative concrete 

mixing designs are already widely discussed and partly successfully tested and applied 

(www.germansucon.com). Implementation of PUS to those alternative mixing procedures should be 

feasible without large effort of investment. Discussion with a precast concrete factory revealed that 

implementation of PUS is also directly possible to the current concrete mixing process. Another 

prerequisite of PUS application during concrete production is that the cement suspension needs a 

certain amount of free water to allow the ultrasound to penetrate in a sufficient way. Nevertheless one 

can state that cement suspensions of modern self-compacting concretes are very well suited for 

application of PUS. 

For the described 2-3 h (dependent on US power applied) acceleration of setting the determined 

energy consumption for PUS application is approximately 10 kWh / m
3
 cement suspension, i.e. 

approx. 3 kWh / m
3
 concrete. According to the finding of the study, in precast concrete production 

application of PUS would reduce the form heating period by approx. 2-3 h. Assuming that in standard 

precast concrete production one cubic meter concrete is heated for 4.5 h with approx. 70 l oil per 

cubic meter concrete the application of PUS would economize 55 % of fuel oil. The ambitious aim is 

to optimize PUS parameters as such that heat treating of precast forms can be avoided. 

Because PUS also improved the fluidity of cement suspension a reduction of superplasticizer dosage 

is possible (see Peters et al. 2010, these proceedings). The reduction in superplasticizer dosage will 

further decrease the duration of induction period of cement hydration and thus the set times.   

Another rarely discussed point for optimization of economic and ecologic aspects of concrete 

production is that for very dense, high strength concretes also the cement content can be reduced for 



many standard concrete applications. If PUS application is furthermore efficient to activate cements 

with high slag or other fines content is subject of on-going research. 
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Abstract 
Superplasticizers are applied in concrete production to improve the performance and to produce high 
strength concretes. Most previous investigations discuss the mechanisms of liquefaction, hydration 
retardation and cement - superplasticizer incompatibilities. Little information is given about the influence 
of superplasticizers on durability of concretes, especially their effect on long term C3A hydration and AFt / 
AFm formation.  
The present study discusses the risk of increased C3A hydration and AFm formation of Portland cements in 
the presence of superplasticizers. It is generally known that under normal conditions in concrete AFm 
phases are metastable and their recrystallisation to ettringite is probable (Delayed Ettringite Formation, 
DEF). DEF is one severe risk for durability of concrete. 
It is shown by quantitative X-ray diffraction (Rietveld method), isothermal heat calorimetry measurements 
and high resolution scanning electron microscopy in combination with durability testing, that 
superplasticizers may increase the AFm to AFt ratio and the degree of C3A hydration. Findings are 
supported by dissolution experiments on pure C3A in dependence of superplasticizer addition. Also it is 
shown that for Portland cements with increased content of soluble alkali sulphates the risk of increased 
AFm formation is limited. 
 
Originality 
After discussing the effects of superplasticizer on the early hydration stages (< 2h) and fluidity o cement 
pastes we are now able to extend the view to long term influences of superplasticizers on the hydration 
reactions between C3A, set regulator and sodium sulphate. 
Comparison of experiments on pastes of cement, pure C3A, cement with increased C3A and or sodium 
sulphate content and dissolution experiments on pure C3A allow us to get new insights into the reactions 
between C3A, set regulator and sodium sulphate in the presence of superplasticizers. Combination of this 
approach with high resolving analytical methods such as microstructural characterisation by SEM, QXRD, 
isothermal heat calorimetry and chemical characterisation of changes in the aqueous phase composition by 
ICP-OES allows us to draw new conclusions on long term changes in C3A hydration due to superplasticizer 
addition and their possible impact on durability of concrete. Also it is discussed if by selection of cement 
and superplasticizers the risk for decreased durability can be limited. 
 
Chief contributions of the authors 
The hydration of portland cement and in particular the interaction with SP is the focus of the investigation 
of the authors (Rößler, C.; Möser, B.; Stark, J., Influence of superplasticizers on C3A hydration and 
ettringite growth in cement paste in: Proceedings of the 12th International Congress on the Chemistry of 
Cement, Montreal, Canada July 2007, CD-ROM; Rößler, C.; Stark, J.; Steiniger, F.: Tichelaar, W., 
Limited-dose electron microscopy reveals the crystallinity of fibrous C-S-H phases Journal of the American 
Ceramic Society 89 (2006) pp. 627-632.) After works on the hydration mechanism (Rößler, C. Hydratation, 
Fließfähigkeit und Festigkeitsentwicklung von Portlandzement - Einfluss von Fließmitteln, Alkalisulfaten 
und des Abbinderreglers, Thesis, Logos Verlag Berlin (2007) ISBN 978-3-8325-1490-7; Rößler, C., 
Sowoidnich, T., Möser, B. (2009) The Influence of superplasticizers on the hydration of C3S, 31st 
International Conference on Cement Microscopy, St. Petersburg, Florida / USA, CD-Rom; Sowoidnich, T., 
Rößler C. (2009). The influence of Superplasticizers on the dissolution of C3S. in: 9th CANMET/ACI 
International Conference on Superplasticizers and Other Chemical Admixtures in Concrete, Ed.: V. M. 
Malhotra, pp.335-346) and kinetics we expand with this article the research on durability.  
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Introduction 
 
Modern concretes are designed for different applications and often contain superplasticizers 
(SPs). It is known that SPs liquefy cement suspensions and especially by the use of 
polycarboxylate based SPs a retardation of the cement hydration is observed. But despite of new 
insights on the action of cement and SPs little known is about the influence of SPs on the 
durability of mortars and concretes. This contribution aims to investigate the interaction of SPs on 
C3A hydration, focussing on the formation of ettringite (C3A.3CaSO4.32H2O, AFt) and 
monosulfate (C3A.CaSO4.12H2O, AFm). It is known from previous studies that in terms of 
durability the increased formation of monosulfate is critical due to the possible recrystallisation 
into ettringite (Taylor, 1997; Stark, 2001). This reaction leads to a decrease in density and a 
change in morphology of these minerals. As a consequence concrete expansion, i.e. crack 
formation is observed (known as the delayed ettringite formation DEF). If the modulus of 
elasticity of the cement matrix is already increased - as typically observed for high performance, 
high strength concretes - crack formation is additionally enhanced by recrystallisation processes 
and thus durability may be limited. 
The question arises whether SPs may induce a hindered dissolution of C3A and / or set regulator 
(bassanite, gypsum) and / or may inhibit the crystallization of hydration products. Previous 
investigations have shown that some SPs may intervene the balance between C3A and set 
regulator (Roessler et al., 2007; Kishar et al., 2010) during early cement hydration. It was shown 
that in the presence of SP a decrease of calcium and sulphur supply to the aqueous phase is 
detectable. For several Portland cements this leads to the formation of long prismatic ettringite 
and AFm phases during early cement hydration. The question if these changes in hydration 
behaviour may also affect the durability of cement and concrete is the subject of the present 
investigation. Therefore in the present study laboratory cements with increased C3A content and 
SP additions are used for microstructural investigations. The variation in hydration reaction of 
these cements in dependence of SP addition was monitored by isothermal heat calorimetry, 
quantitative X-ray diffraction (QXRD) analysis (Rietveld refinement of data) and high resolution 
scanning electron microscopy (SEM). The durability / crack formation of cement pastes was 
monitored under various environmental conditions (cyclic climate chamber simulating freez-
thaw-cycles). In order to clearly reveal the effect of SP on the C3A-gypsum system also pure 
mixtures of C3A, gypsum and superplasticizer were microstructurally characterised (isothermal 
heat calorimetry, measurements of electrical conductivity and ionic concentrations).  
 
Materials and Methods 
 
For the cement investigations a CEM I 42.5R with Na2Oäq of 1.15 was used. The specific surface 
area measured by Blaine method was 4620 cm²/g. The C3A (cubic modification) was self made 
from a mixture of CaCO3 and Al2O3 burned several times at 1450°C until the free lime content 
was below limit of detection (LOD). As a secondary phase Mayenite with 2.7% was also detected 
in the C3A. The C3A specific surface area was 2400 cm²/g (Blaine). Superplasticizer was used 
based on methacrylic backbone with ethoxylated side chains with following properties: side chain 
MPEG 1000, a/c = 2.9, dosage 0.25 wt.-% per cement. For all mixtures a w/c ratio of 0.37 was 
chosen. After distinct hydration periods prisms were investigated by QXRD. Table 1 displays the 
composition of the investigated cement pastes. Details of the prism storage in the cyclic climate 
chamber can be found elsewhere (Stark and Seyfahrt, 2008). 
For investigations on pure phases gypsum (calciumsulfate dihydrate, Riedel-deHaën, p.a.) and 
bassanite (J.T. Baker) was added to C3A at a molar ratio of 1:3 (needed for ettringite formation). 
These samples were prepared as pastes (l/s ratio of 1.2) for microstructural characterisation 
(QXRD, SEM) and in parallel electric conductivity of suspensions at l/s ratio of 150 was 
measured using a standard conductivity electrode (WTW, Germany). These suspensions were 
continuously stirred and tempered at 25°C. Ion concentrations of the aqueous phase were 
additionally determined by Inductively coupled plasma optical emission spectroscopy (ICP-OES, 



Horiba ActivaM, Jobin Yvon). For analysis samples were filtered through a syringe filter (0.22 
µm pore size). The suspensions were prepared by adding substances in the following order: (a) 
bassanite to the stirred water, (b) SP to the bassanite solution and (c) C3A to the bassanite-SP-
solution. Between each step various time periods were needed to reach equilibrium conditions 
(indicated by a constant value of electr. conductivity). In order to compare the electric 
conductivity of the various samples, a scaling to the bassanite conductivity and time of C3A 
addition was applied. Also the electric conductivity caused by SP addition was substracted.  
Heat release during the first 72 h of cement hydration was monitored by isothermal heat 
calorimetry (ToniCal Trio, Zwick Roell, Germany).  
 
Table 1: Composition of cement and C3A pastes as well as C3A suspensions. Five mini prisms (1x1x10cm) 
of each cement paste were stored at the following conditions: water storage, storage under cyclic climate 
simulation. 

Sample Admixture Storage l/s 
 0.25% SP  
 0.25% SP 0.7% Na2SO4 

5% C3A   
5% C3A 0.25% SP  
5% C3A  0.7% Na2SO4 

CEM I 

5% C3A 0.25% SP 0.7% Na2SO4 

H2O, 
Cyclic Climate 

Simulation (CCS) 
0.37 

C3A 
Gypsum : Bassanite 1:1    
(1:3 C3A:CaSO4 molar 

ratio) 

Various SP 
dosages  Sealed container 1.2 

C3A Bassanite-solution Various SP 
dosages  Sealed container 150 

 
For QXRD cement pastes were mixed by hand. The hydration was stopped by adding 2-propanol 
to the paste and subsequent drying at 35 °C. Samples were ground by a micronizing mill 
(McCrone) to a particle size < 5 µm (according to laser diffraction analysis, Coulter LS 230) 
Measurements have been performed with an X-ray powder diffractometer (D-5000, Siemens, 
Germany). The CuKα (λ = 1.5418 Å) radiation was generated at 40 mA and 40 kV. Data have 
been collected over a Bragg angle range of 6-70° (2 θ), using an angular step width of 0.05° and 
5 s counting time. Quantification was done by Rietveld analysis with software Autoquan (BGMN, 
Germany). Microstructure was investigated by Environmental Scanning Electron Microscopy 
(ESEM XL30, FEI) equipped with a field emission gun (conditions: 11 mbar / 80 % humidity, 
25 kV).  
 
Results 
 
Heat release rates of cement pastes in 
dependence of C3A content and SP addition 
are shown in Fig. 1. Results clearly show that 
the addition of 5 wt. -% C3A leads to the 
formation of a small secondary maximum (at 
approx. 20 h hydration, indicated by an 
arrow). This maximum is absent in the well 
sulphated plain CEM I 42.5 R (“ref” in 
Fig. 1) and in the SP containing plain (Fig. 1, 

). From previous investigations (Hesse et. 
al. 2008) it is known that this maximum is 
caused by additional reaction of C3A due to 
early sulphate depletion. If SP is added to the 
cement (that contains additional 5 wt.-% C3A) this maximum further increases visible on the 
pronounced peak shape (Fig.1, ).This finding indicates that SP is able to enhance the C3A 

 

Fig. 1: Isothermal heat release of CEM I 42.5 R in 
dependence of admixture added.
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hydration progress during the course of main hydration. On the reverse side, this maximum can be 
avoided, if additional sodium sulphate is present in the solution (Fig. 1, ). The addition of SP 
(Fig.1, ) leads to the retardation of the cement hydration of about 5 h. But if additional 5 wt.-% 
C3A is added (Fig. 1, ) the same retardation of cement hydration is observed, although a 
decreasing induction period is expected due to the known strong interaction of C3A with SPs. 
Furthermore the time interval between maximum heat rate and secondary peak is not affected by 
SP and is determined to 11 h both in the sample containing 5 wt.-% C3A (Fig. 1, black curve) and 
5 wt.-% C3A and SP (Fig. 1, ). If Na2SO4-solution is added (Fig. 1, ) no prolonged induction 
period is observed, but the time interval between maximum heat rate and secondary peak is 
increased to 27 h. This is expected by the action of sulphate retarding C3A reaction (setting 
regulator). The combination of SP and Na2SO4 (Fig. 1, ) is accompanied with the longest 
induction period of 9 h. 
In order to get more insight into the interaction of C3A, SP and CaSO4 hydration  mixtures thereof 
were followed by electrical conductivity measurements on diluted suspensions (l/s = 150). Firstly 
the influence of SP on gypsum dissolution was investigated (Table 2). 
 
Table 2: Electric conductivity [mS/cm] in pure SP and gypsum solutions with SP. Column 5 and 6 show the 
measured Ca2+ and SO4

2- concentrations in gypsum solutions 3 min after mixing with water. 

SP dosage [g] Electr. cond. of 
SP in water 

Expected electr. 
cond. in gypsum 

solution 

Measured electr. 
cond. in gypsum 

solution 

Ca2+ 
[mg/l] 

SO4
2-    

[mg/l] 

0 0 2.05 2.05 575 1284 
0.25 0.26 2.31 2.38 – – 
0.50 0.48 2.53 2.60 743 1821 
0.75 0.70 2.75 2.94 – – 
1.00 0.90 2.95 3.23 835 1986 

 
Results in Table 2 show that the electric conductivity of gypsum solutions increases with 
increasing SP dosage. The results indicate that a higher solubility of gypsum can be achieved by 
adding SP. To prove this thesis the ion concentrations of Ca2+ and SO4

2- in the aqueous phase of 
the gypsum solution were determined. These results are shown in columns 5 and 6 of Table 2. 
The measured Ca2+ and SO4

2- concentration increases with increasing SP dosage. Thus an 
increased solubility of gypsum in the presence of SP is confirmed. 
 
These results indicate that it is not suitable 
to investigate the C3A dissolution in 
dependence of SP with gypsum as buffer, 
because the variation in Ca2+ and SO4

2- 
concentration will influence the dissolution 
behaviour of C3A. To take this into account 
the C3A dissolution was investigated in 
calcium sulphate-hemihydrate (Bassanite) 
solution at concentration of: Ca2+ = 
587 mg/l and SO4

2- = 1464 mg/l which 
corresponds to a concentration of 2.1 g/l 
bassanite. Within the investigated hydration 
period of 30 min gypsum precipitation was 
not detected (indicated by electric 
conductivity measurements). Fig. 2 shows 
the results of the electric conductivity measurements on bassanite – C3A suspensions in 
dependence of SP dosage and hydration time. Time zero corresponds to the time of adding C3A 
and therefore the conductivity of the starting solution (bassanite-SP-solution). As a consequence 
of increased Ca2+ and SO4

2- concentration of the starting solution an increased electric 
conductivity at the beginning of the experiments is observed (2.30 instead of 2.05 mS/cm in 

Fig. 2: Electric conductivity of C3A hydrated in 
2.1 g/l Calciumsulphate-Hemihydrate solution in 
dependence of time and SP addition. 
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saturated gypsum solution, Tab. 2). After C3A addition the electric conductivity increases as a 
result of C3A dissolution. But all conductivity curves show that an induction period of the C3A 
hydration is not occurring (identical slopes subsequently after C3A addition, absence of a conduc-
tivity plateau). Addition of SP leads to a higher electrical conductivity value than the reference. 
An increased electric conductivity correlates with an increased ion concentration in the solution. 
Therefore results in Fig. 2 indicate that C3A dissolution is increased by SP. The maximum electric 
conductivity and the fitted linear slopes after the maximum are shown in Table 3.  
 
Table 3: Maximum electric conductivity and linear slopes (after the maximum conductivity) of C3A – 
bassanite solutions in dependence of SP dosage. 

SP dosage [g] Value 0 0.25 0.50 0.75 1.00 
maximum electric 
conductivity [mS/cm] 0.97 1.63 1.65 1.88 1.99 

Slope after max. 
[mS/cm*min] -1.75 -3.8 -3.8 -1.93 -2.5 

 
From results in Table 3 it can be deduced that the electric conductivity maximum is already 
affected by the lowest used SP dosage and increases with SP dosage. This again indicates an 
increased solubility of C3A at increasing SP dosage. The negative slope after the maximum peak 
is also affected due to the action of SP. The slope value indicates the consumption of ions by 
precipitation and is therefore dependent on the precipitation and / or crystal growth rate. The 
precipitation rate increases with increasing supersaturation (Mullin, 2001) and are found at 
increased absolute values of the slope. Thus it is obvious that at 0.25 and 0.5 g SP dosages an 
increased precipitation rate occurs. At SP dosages of 0.75 g and 1.0 g lower slope values indicate 
a hindered precipitation rate of hydration products which is also found in calcite precipitation 
experiments in presence of organic polymers (Cölfen and Antonietti, 2008). Thus it is concluded 
that a certain amount of SP is needed to effectively influence the formation of hydration products.  
 
Ion concentrations of the aqueous phase of C3A-bassanite SP suspensions are given in Figure 3. 
Because during the experiment C3A is 
dissolved and hydrate phases are formed the 
concentrations of aluminium and calcium are 
indicative for dissolution of C3A and 
precipitation of Al containing hydrates. 
Results in Fig. 3 show that Al3+ and Ca2+ 
concentrations are affected by SP addition, 
i.e. increases with increasing SP dosage. 
According to the findings for gypsum 
(Tab. 2) also an increased C3A dissolution in 
dependence of SP addition is concluded. The 
increase of sodium concentration is 
attributed to its content in SP solution and 
therefore a linear increase with SP dosage is 
the consequence. Because of complete 
bassanite dissolution before C3A addition the 
increasing SO4

2+ concentration with 
increasing SP dosage is assumed to be 
caused by a SO4

2+ content of SP. 
 
ESEM investigations were performed on the C3A-bassanite pastes (l/s = 1.2). In the SP containing 
pastes the habitus of AFm phases is varied, i.e. clusters of AFm foils possess a spheroid shape 
(Fig. 4). This indicates again, that SP are able to vary the morphology of cement hydrates. An 
effect of SP on ettringite morphology was not detectable. 
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The content of monosulphate (AFm) and ettringite (AFt) in long term hydrated cement pastes 
(126 d, cement prisms 1x1x10 cm) at water and cyclic climate storage were determined by 
QXRD. Results are shown in Fig. 5 as AFm and AFt content in %. A clear dependence of the 
AFm / AFt on the storing conditions was found. For the water stored samples AFm phases were 
only found in the cement paste containing SP (Fig. 5, A) and 5 wt.-% C3A (Fig. 5, C). All other 
water stored pastes only contain ettringite as aluminate hydrate. In contrast all samples stored in 
the cyclic climate chamber (CCS in Fig. 5) show a significant AFm content and minor amount of 
AFt. These findings indicate that AFm formation is increased in the C3A and SP containing paste 
only at water storage. But at cyclic climate conditions, i.e. temperature and humidity cycles, all 
samples possess AFm phases. Thus the nature of the formed hydration products of C3A, i.e. AFm 
or AFt, depends strongly on the storing conditions. 
 
Conclusion 
 
Results have shown that in cement pastes with critical high C3A content (with respect to set 
regulator composition) an increased second maximum in heat release during cement hydration is 
formed. This scenario provoked by the addition of 5 wt.-% C3A to cement (Fig. 1). Previous 
investigations have already shown that the second maximum is related to increased C3A 
dissolution due to insufficient amount of sulphate (‘sulphate depletion peak’, Hesse et al. 2008). 
These findings are supported by results of the present investigation, furthermore showing by 
electric conductivity and ion concentration measurements that SP effectively increase the C3A 
dissolution. Similarly conclusions could be drawn in the system C3S-H2O-SP where in presence 
of SP an increased dissolution of the anhydrous mineral was observed (Sowoidnich and Rößler, 
2009). But despite of this system C3A show no induction period also after addition of high 
amounts of SP. Also at same SP dosage no change in the length of induction period was observed 
by adding 5 wt.-% C3A although a strong interaction of C3A and SP is expected. 
The consequence of an increased C3A dissolution at low calcium sulphate supply is a more 
pronounced second peak in heat release and an increased formation of AFm phases. The time 
interval between main hydration peak and second peak is not affected by SP but with added 
Na2SO4. This further indicates the retarded hydration of C3A in presence of sulphate. The 
appearance of the second peak with Na2SO4 is attributed to the insufficient dosage of Na2SO4. 
Electric conductivity and ion concentration measurements on gypsum suspensions in dependence 
of SP dosage also revealed that gypsum dissolution is enhanced by SP. Thus it has to be stated 
that the real risk of an increased AFm formation due to the effects of SP on C3A hydration 
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Fig. 5: AFm / AFt content (QXRD) of cement prisms 
after 126 d of storage in cyclic climate chamber and 
water. Abbreviations: A – CEM + SP, B – CEM 
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Fig. 4: ESEM image of ettringite ordered 
on C3A surface during hydration with SP. 
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depends on the set regulator content and solubility, i.e. on the question if at the period of C3A 
dissolution at the second calorimetric peak sufficient set regulator is available. 
Long time hydrated cement pastes showed that the actual formation of AFm phases is also 
strongly dependent of the storage conditions. Thus only for water storage AFm phases were 
exclusively detected in the cement paste with increased C3A and SP content. But after long-term 
storage all samples stored under cyclic climate conditions (including leaching effects) possessed 
AFm phases. Also it has to be stated that after long term storage despite the formation of AFm 
phases all cement prisms showed no significant mass loss respectively crack formation.  
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Abstract 
Steel reinforcements embedded in concrete are protected from corrosion by a thin oxide layer formed and 
maintained on their surfaces because of the highly alkaline environment of the surrounding concrete, 
with a pH usually in the range 12-13. This pH is due to the hydroxides formed in the hydration reactions 
of cement. However, passivity breakdown may occur due to the influence of various contaminants which 
can lead to severe corrosion with time. Among them, chlorides are the most common ones and localized 
corrosion appears when these ions reach the metal/concrete interface. Chloride ions are commonly found 
in construction and building materials and may originate from contamination of the water used in 
concrete production, from contaminated aggregates, or even from the external environment, as in the 
case of marine environments or de-icing salts. 
Stainless steel reinforcements appear to be one of the most reliable alternatives to guarantee the 
durability of reinforced concrete structures (RCS) in extremely aggressive environments. Austenitic 
stainless steels (SS) are alloys with high corrosion resistance and are of a great interest in technological 
applications. The stability of the surface oxide (i.e. passive film) formed on an austenitic SS depends 
mainly on the alloy composition, temperature, passivation time and working environment. However, their 
use as rebar has been limited due to the extremely high cost of SS compared to carbon steel. For this 
reason, new SSs, in which the nickel content has been lowered by replacement with other elements (nickel 
is subject to considerable price fluctuations due to stock market factors), are being evaluated as possible 
alternatives to conventional carbon steel. The aim of this study was to investigate the influence of 
chloride content in a simulated concrete pore solution on a low-nickel SS generated passive film using 
DC electrochemical methods such as cyclic anodic polarization curves. Conventional AISI 304 SS and 
carbon steel were also studied for comparative purposes. In contrast to carbon steel, DC results for the 
two SSs showed that they were not susceptible to localized corrosion by imposing anodic overpotentials. 
Additionally, it was observed that while carbon steel corrosion potential (Ecorr) tends to less noble values 
with the increase of chloride concentration, both SSs show an increase of the Ecorr with the chloride 
content in the electrolyte.  
 
Originality 
The use of SS as an alternative to carbon steel in RCS is one of the most reliable solutions to prevent 
corrosion in highly aggressive environments. Among the SSs used, austenitic SS appear to present the 
highest corrosion resistance. However, the extremely high cost of SS compared to carbon steel has 
limited its use so far. One of the alternatives is to evaluate new SSs with a lower content of Ni. 
 
Chief contributions 
In the absence of chloride ions, the three materials presented very similar values of Ecorr, around -0.3 
VSCE. For AISI 304 and low-nickel SSs, when chloride ions were present in the solution both materials 
behaved in a similar manner. Ecorr increased with the level of chlorides until reaching a steady state for 
chlorides contents higher than 1.0%. Pitting potential was not detected for any of the SSs studied. 
Electrochemical tests indicated that the low-nickel SS presents a similar behaviour to AISI 304, the most 
commonly austenitic SS used and that both are more resistant to corrosion than carbon steel. Thus, the 
main contribution of this work was to find that the new low-nickel SS studied represent a solid alternative 
to the conventional AISI 304. 
 
Key Words: Stainless steel; concrete; passivity; polarization curves. 
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Introduction 
 
Carbon steel has been widely used as reinforcing material in reinforced concrete structures 
(RCS). The highly alkaline environment provided by concrete through the hydration reactions 
of cement, originating a pH usually in the range 12-13 (Bastidas, 2008), protects the metal from 
corrosion by a thin oxide layer formed and maintained on its surface. Nevertheless, the 
influence of contaminants can lead to passivity breakdown and thus, severe corrosion with time. 
Corrosion is most frequently induced by the entry of chloride ions, leading to localised 
corrosion activity. Chloride ions are commonly found in construction materials and may 
originate from contamination of the water used in concrete production, from contaminated 
aggregates, or even from the external environment, as in the case of marine environments or de-
icing salts (Tommaselli, 2009). 
Stainless steel (SS) reinforcements together with cathodic protection (potential values between -
0.85 and -1.0 V vs Cu/CuSO2) and corrosion inhibitors appear to be the most reliable alternative 
to guarantee the durability of RCS in extremely aggressive environments. Although the use of 
SS reinforcements can be, at long times, a more economically profitable solution than cathodic 
protection, the initial cost of using stainless steel has limited their use for the moment. 
Austenitic stainless steels SSs are alloys with high corrosion resistance and are of a great 
interest in technological applications, offering exceptional advantages for certain applications in 
construction, combining intrinsic durability with aesthetics, strength, ductility and formability. 
The stability of the surface oxide (i.e. passive film) formed on an austenitic SS depends mainly 
on the alloy composition, temperature, passivation time and working environment. These 
passive oxide films are of the order of only 1-4 nm thick (Rees, 2003) and their behaviour 
against corrosion processes is therefore challenging. However, their use as rebar has been 
limited due to the extremely high cost of SS compared to carbon steel. For this reason, new SSs, 
in which the nickel content (subject to considerable price fluctuations due to stock market 
factors) has been lowered by replacement with other elements are being evaluated as possible 
alternatives to conventional carbon steel since (Fajardo, 2010; Baddoo, 2008). 
Low-nickel austenitic SSs exhibit attractive properties comparable to those of traditional 
austenitic SSs, such as good corrosion resistance, high levels of strength and ductility and 
reduced tendency of grain sensitization (Di Schino, 2003). These low-nickel SSs should be 
highly nitrogen alloyed and have a well-balanced two-phase structure: 40% ferrite (α)-60% 
austenite (γ) up to 60% α-40% γ. The production of these low-nickel steels is made possible by 
the addition of manganese that increases the nitrogen solubility in the melt and significantly 
retards the tendency of nitride precipitation (such as chromium nitride, Cr2N). 
It has been reported that the oxide film breakdown occurs non-uniformly over the surface, 
starting from a number of activated sites which reaction products formed consist of voluminous 
non-protective hydroxide. Several authors have reported on the effect of manganese on 
corrosion resistance, for instance, manganese decreases the pitting resistance of 18% chromium, 
5% nickel, 10% manganese and 0.07-0.35% nitrogen alloy (Lunarska, 1975). The decrease of 
nickel, essentially a γ-stabiliser increasing pitting corrosion, is compensated with an increase in 
nitrogen content. Manganese is an important γ-stabiliser and it also contributes to improve 
nitrogen solubility (Merello, 2003). It is well-known that manganese and nickel promote 
austenitic microstructures which are more corrosion resistant in chloride media than ferritic 
microstructure (Frankel, 1998). The different models proposed to describe the events leading to 
breakdown of the passive film can be classified into two groups attributing specific role to the 
chloride ion: adsorption of the chloride ions on the passive film, and ion migration or 
penetration of the chloride ions through the passive film to the metal surface. 
Among all the electrochemical methods focused on the study of corrosion, potentiodynamic 
tests represent an important role and have been used by many authors. In this paper, the 
corrosion resistance on SS reinforcements in SCP solutions has been studied through cyclic 
anodic polarization curves. Although many works have been carried out using this method on 
mild steel and SS in alkaline solutions (Valcarce, 2008) not much information can be found 
about the behaviour of these materials (specially about low-nickel SS) in SCP solutions. 



The aim of this work was to investigate the influence of chloride content in a SCP 
solution on a low-nickel SS generated passive film using DC electrochemical methods such as 
cyclic anodic polarization curves. Conventional AISI 304 SS and mild steel were also studied 
for comparative purposes, being the most common austenitic SS and the traditional material 
used in reinforcements, respectively.  

Experimental 
 
Carbon steel, as well as low-nickel and AISI 304 austenitic SSs plates of 5.0×2.0 cm were used. 
The low-nickel and the AISI 304 SSs samples were supplied by ACERINOX S.A. (Palmones, 
Cádiz, Spain). Table 1 shows the chemical composition of the three materials (SSs provided by 
the manufacturer and carbon steel determined by analytical analysis). Specimens were polished 
using a series of silicon carbide (SiC) emery papers down to grade 600, and then ultrasonically 
cleaned with ethanol and rinsed with water. 

 
Table 1: Chemical composition (% by weighta) of the tested low-nickel SS, AISI 304 SS and carbon steel. 

Material C Si Mn P S Cr Ni  Mo Cu N 
Low-Nickel 0.082 0.48 7.26 0.027 0.001 16.56 4.32 0.07 0.13 0.075 

AISI 304 0.049 0.32 1.75 0.028 0.001 18.20 8.13 0.22 0.21 0.050 
Carbon Steel 0,45 0,22 0,72 <0,01 0,022 0,13 0,13 − 0,18 − 

a The balance was Fe. 
 

The SCP solution was a calcium hydroxide (Ca(OH)2) saturated solution with a pH ∼12-13 with 
different amounts of sodium chloride (NaCl): 0.0, 0.4, 1.0, 2.0, 3.0 and 5.0% by weight. The 
products used to prepare the solutions were laboratory grade reagents: sodium chloride (NaCl) 
purisimum CODEX supplied by Panreac and Ca(OH)2 for analysis supplied by Merck. All the 
solutions were prepared with distilled water.  
 
A potentiostat/galvanostat (EG&G PARC, model 273A) was used to perform the 
electrochemical experiments. An Avesta cell (with three-electrode configuration) was used, with 
the sample as working electrode, a saturated calomel electrode (SCE) as reference electrode and 
a platinum mesh as counter electrode. All potentials are, thus, referred to the saturated calomel 
electrode (SCE). The corrosion potential (Ecorr) of the samples was measured for 40 min in all 
the test solutions. This was the time needed to reach a stable potential. The susceptibility to 
pitting corrosion was characterized by cyclic anodic polarization curves. A potential scan rate of 
0.1667 mV s-1 was used. The current limit for reversing the sign of the potential sweep was 10-3 
A cm-2. 

Results and discussion 
 
Immediately after mechanical polishing of the surface, the Ecorr of the three materials was 
measured for 40 min until reaching the steady state in fresh, non-carbonated SCP solution with 
different amounts of NaCl: 0.0, 0.4, 1.0, 2.0, 3.0 and 5.0% by weight, in order to simulate non-
carbonated concrete. As shown in Fig. 1, after the immersion the potential is negative for all the 
samples. In the absence of chloride ion, the three materials present very similar values of Ecorr, 
around -300 mV vs SCE. When chloride is added to the SCP solution, carbon steel exhibits a 
threshold at 0.4% NaCl. At a higher level of chloride ions addition, the Ecorr decreases 
significantly (~ -600 mV vs SCE), reaching a stable value for all the range in study. For AISI 
304 and low-nickel SSs, when chloride ion is present in the SCP solution both materials behave 
in practically the same manner in all the range of chloride concentration. Ecorr increases with the 
level of chlorides until reaching a steady state for [Cl-] >1.0%. These results are in agreement 
with the studies performed by other authors (Addari, 2008). 
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Figure 1: Variation of Ecorr with time for carbon steel, AISI 304 and austenitic low-nickel stainless steels 

in simulated concrete pore solution with different concentrations of NaCl. 
 

Carbon steel cyclic anodic polarization curves are shown in Fig. 2a. Material was tested after 40 
min of immersion in the SCP solution with different NaCl content (0.0, 0.4, 1.0, 2.0, 3.0 and 
5.0%). Measurements started at the Ecorr, reaching the passive region and then the pitting 
potential (Ep), which was determined as the potential value at which the current sharply rises 
when the working electrode is anodically polarized. 
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Figure 2: Cyclic anodic polarization curves for carbon steel in simulated concrete pore solution with 

different concentrations of NaCl. 
 
The step between the active and passive region can be clearly observed. In the absence of 
chlorides, no sign of attack can be detected using this technique. The sudden increase of the 
current density that can be observed for this material at potentials above 600 mV vs SCE is 



caused by the oxidation of hydroxyl ions of the solution (Bautista, 2006), according with the 
reaction: 

−− ++→ eOHOOH 424 22      (1) 
However, when chloride ions are present in the solution, pitting attack can be clearly detected in 
the curves when anodic polarizations are imposed. As the chloride concentration increases in the 
electrolyte Ep tends to less noble values, approaching to the Ecorr. Thus, the difference Ep – Ecorr 
in carbon steel is smaller as the chloride ions content grows. For [Cl-] > 1.0% no pitting 
potential is defined, indicating that above this concentration of chlorides no passivity is shown 
by the material at any potential. Additionally, it can be observed that according to the increase 
of chloride ions concentration, the current density in the passive region (ip) increases gradually 
until no passivity can be detected. No repassivation of the pits is observed when the potential 
sweep is reversed in any of the studied solutions containing NaCl. 
Figures 3 shows cyclic anodic polarization curves for AISI 304 and low-nickel SSs in SCP 
solution with different NaCl content (0.0, 0.4, 1.0, 2.0, 3.0 and 5.0%), respectively. Materials 
were tested under the same procedure that carbon steel. It can be observed that both materials 
show a clear passive behaviour. Very similar values of Ecorr are shown, tending to more noble 
values with the increase of the chloride content, as shown in Fig. 1. In the absence of chlorides, 
no sign of attack can be detected by this technique. The sudden increase of the current density 
that can be observed for these materials, as it happened with the carbon steel, is caused by the 
oxidation of hydroxyl ions of the solution, see Equation (1). When NaCl is added to the SCP 
solution, it can be observed that the potential where current density suddenly increases 
coincides with the corresponding one in the absence of chloride ions. This suggests that no Ep is 
reached as oxygen evolution occurs before any local breakdown of the oxide layer takes place. 
An exception is shown for the low-nickel SS in SCP solution with 5% NaCl. In this case, Ep is 
observed at ~550 mV vs SCE, approximately 50 mV less than hydroxyl ions oxidation potential. 
However, the large hysteresis loops exhibited by both SSs for [Cl-] ≥ 3.0% NaCl when the 
potential sweep is reversed, suggests the presence of microscopical pits undetected by this 
technique formed during the anodic polarization at this range of chloride ions concentration. 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
10-9

10-7

10-5

10-3

 2.0% NaCl
 3.0% NaCl
 5.0% NaCl

 

Potential, V vs SCE

10-9

10-7

10-5

10-3

 

 

 

 0.0% NaCl
 0.4% NaCl
 1.0% NaCl

C
ur

re
nt

 D
en

si
ty

, A
 c

m
-2

(a)

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
10-9

10-7

10-5

10-3

 2.0% NaCl
 3.0% NaCl
 5.0% NaCl

 

Potential, V vs SCE

(b)

10-9

10-7

10-5

10-3

 
 

 0.0% NaCl
 0.4% NaCl
 1.0% NaCl

C
ur

re
nt

 D
en

si
ty

, A
 c

m
-2

 
Figure 3: Cyclic anodic polarization curves for AISI 304 (a) and low nickel (b) stainless steel in simulated 

concrete pore solution with different concentrations of NaCl. 



Conclusions 
 
DC results show a clearly different behaviour between carbon steel and the two austenitic SS’s. 
Polarization curves show that for carbon steel, corrosion resistance is lower as the chloride 
concentration increases. On the other hand, none of the two austenitic SS’s show dependence on 
the chloride concentration within the range of this study, but for [Cl-] ≥ 3.0%, where the 
polarization curves show a large hysteresis loops which suggests the presence of microscopical 
pits formed during the anodic polarization at this range of chloride ions concentration. 
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Abstract 
One of the most successful ways of reducing CO2 emissions associated with cement production has been by the 
increased use of supplementary cementitious materials (SCMs), such as granulated blast furnace slag, fly ash, and 
limestone.  For example, in Europe, this has resulted in a reduction in the average clinker content by 23%. However, 
further reductions in Europe are limited because most of the slag and fly ash sources are already being used. Thus, 
there is a growing interest in the use of natural pozzolans, limestone and new SCMs based on naturally occurring raw 
materials. Two types of SCMs that are sufficiently abundant to make an impact are aluminosilicates of volcanic origin 
and calcined clays. This paper focuses on the latter class of SCMs where the raw materials are much more widely 
distributed geographically than pozzolans of volcanic origin. Calcined clays, particularly when used in combination 
with limestone, can replace a significant part of the Portland clinkers (at least 30 wt.%) without any loss in strength 
and general performance at the same water cement ratio. However, the main obstacle to a general acceptance of the 
use of calcined clays as SCMs is their high water demand, requiring the use of a higher water content in cement blends 
to achieve an acceptable concrete workability. 
In the present work we have investigated the surface properties of three calcined clays (two smectitic clays and 
metakaolin) with the aim of identifying key-factors for an effective dispersion of these potential SCMs in the highly 
alkaline solutions of Portland cement pastes. This includes zeta-potential determinations for the calcined clays in 
different ionic/alkaline media in addition to particle-size distributions, BET specific surface areas, and cation-exchange 
capacities. Powder XRD and solid-state 1H, 27Al and 29Si MAS NMR have been used to characterize their local and 
long-range structure and water adsorption/hydroxylation characteristics. It is found that the calcined clays, when 
dehydroxylated at the optimum temperature for their pozzolanic reactivity, only absorb a small amount of water, in 
contrast to the untreated smectitic clays. The results have been used in subsequent experiments to identify the optimum 
type, dosage, and mixing sequence of superplasticizers and other water reducing agents.  
 
Originality 
 Very few studies on the surface chemistry and dispersion of calcined clays in Portland cement based systems have been 
reported in the literature. The present work studies the surface properties of such materials in detail, including the 
surface-charge of calcined clays in alkaline solutions with high Ca2+ and alkali-ion concentrations as well as 
interactions with superplasticizers and other water reducing agents under these conditions. It is found that the high 
water demand of calcined clays is related to the surface chemistry rather than absorption of interlayer water which 
occurs in untreated smectites and other swelling clays. Moreover, it is found that a correct dispersion of these systems, 
i.e. of both the calcined clay and the clinker grains, is the key factor for reducing the water demand to an acceptable 
level. 
 
Chief contributions 
A major obstacle to a widespread acceptance of pozzolanic Portland cements based on calcined clays is the high water 
demand of these pozzolans. The results in this study show that it is possible to produce blended Portland cements 
systems based on calcined clays with an acceptable water demand and resulting concrete workability which is a 
prerequisite for a general acceptance and successful implementation of these new types of cements. Although only a 
small fraction of the natural aluminosilicate based systems, or multi-component materials (e.g., calcined clay – 
limestone – Portland cement), have been studied in this work, the approach taken may potentially provide useful 
guidance on the characterization of the surface properties for such materials and multi-component systems. 
 
Keywords: Calcined Clay Minerals, Blended Cement Pastes, Surface Properties, Zeta Potentials, Rheology 
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1. Introduction 
 
Cement production accounts for roughly 5% of the total anthropogenic CO2 emission, with an average 
specific emission of close to 0.8 tonnes CO2 per tonne cement. The most common approach for 
lowering the specific emission is the use of supplementary cementitious materials (SCMs) such as 
granulated blast furnace slags and fly ashes. However, in many parts of the world such as Europe, 
most sources of slags and fly ashes are already being consumed by the cement industry, either in 
blended cements or by direct addition to the concrete. Thus, further reductions in CO2 emission by this 
approach require the use of natural raw materials such as calcined clays, natural pozzolans, and 
limestone.  
Among these materials, metakaolin is probably the most widely studied clay, including investigations 
of its production aspects (Badogiannis et al. 2005). Structural modifications of clay minerals during 
heat-treatment and their subsequent reactivity as calcined products have been thoroughly studied in 
clay science (see for example Drits et al. 1995; Muller et al. 2000; He et al. 1995), providing a 
valuable foundation for the understanding of pozzolanic activity and of the physical conditions for the 
optimum heat treatment. 
Additions of natural pozzolans normally decrease the workability of cement pastes, with blended 
systems requiring more water than cement without additions (Banfill et al. 2009). Rheology studies of 
freshly blended cement pastes are complex owing to mutual interactions between cement phases and 
pozzolanic components, and the dependency on factors such as water/cement ratio, grain size and 
shape, composition, admixtures, mixing and measurement conditions (Papo and Piani, 2004). Water 
reducing admixtures, most commonly superplasticizers, are normally used to improve the rheological 
properties of blended systems. Different types of superplasticizers with different interactions and 
effects in the suspension have been developed. Today the most widely used superplasticizers are 
polycarboxylates, which are synthetic comb-copolymer anions that exhibit many variations in their 
structures (e.g., lengths, charge of backbone and side chains, number of side chains, nature of 
constituting monomer), providing a large capacity for water reduction (Giraudeau et al. 2009). 
This work includes a dispersion study of ordinary Portland cement – SCM mixtures (30 % cement 
replacement by SCMs) using a commercial polycarboxylate (BASF Glenium 51) in an amount equal 
to or less than 1.2 % of the total binder mass. 
 
 

Table 1: Materials included in the study 

Sample Label Obtention/Origin 

Metakaolin MK Heat treated kaolinite (K), 480ºC, 20h 

Calcined Wyoming Bentonite CB Heat treated Georgia-Wyoming (GW) 
Bentonite (B), 700ºC, 20h 

Calcined Holmehus Bentonite CBH Heat treated Holmehus Bentonite (BH), 
700ºC, 20h

Calcium Carbonate CC Chalk from northern Denmark 

 
 
2. Materials and surface characterization 
 
Three SCMs produced by thermal processing of clay minerals along with calcium carbonate are 
included in this study. The origin of the materials and the heat-treatment schemes are summarized in 
Table 1. Surface and bulk characteristics of the SCMs were initially obtained by measurements of the 
cation-exchange capacity (CEC), the BET specific surface area (Sw), and the particle-size distribution 
with the results listed in Table 2. The CEC is determined by cation exchange with Na+ ions following 



the procedure by Chapman (1965). As a general trend, the particle-size distributions of the SCMs are 
broader and contain a higher fraction of coarse particles as compared to the particle-size distributions 
for the ordinary Portland cement (OPC) used in this work. Untreated clays present multimodal 
distributions with volume frequency maxima corresponding to the free single particles and different 
aggregate sizes (González-García et al. 1991). The data in Table 2 show that this polydispersity is still 
present in the heat-treated materials. For the bentonite samples, an aggregation process during heat-
treatment is clearly observed when the data in Table 2 are compared with granulometric measurements 
for the untreated clays. This leads to an increase of the coarser fraction of particles in the distributions 
which may have an impact on the reactivity of these materials. The heat-treated clays have higher 
specific surface areas than the limestone which exhibits the lowest porosity. However, CB exhibits an 
unexpectedly low Sw value as compared to CBH, indicating that a pronounced aggregation process 
during thermal treatment has occurred for the CB sample. The calcined clays (MK, CB, and CBH) 
exhibit generally high CEC values, whereas the cation-exchange capacity is low for CC as expected. 
The surface charge and specific surface area are the main parameters involved in the CEC where the 
surface charge is highly dependent on pH, in particular for clays and clay-derived materials. The 
variations in CEC values for the heat-treated clays determined for pH = 8.2 and pH = 4.0 are ascribed 
to the presence of amphoteric charge sites. As expected, the lowest CEC is observed for MK, owing to 
its low-charge and amorphous structure as compared to the heat-treated bentonites which are 
characterized by long-range order of the basic layers and charges at both the layer surface and edges. 

 

Table 2: Granulometry and surface properties of the calcined clays and calcium carbonate*  

Sample Vol. Av. 
Size (μm) 

d(0.1)  
(μm) 

d(0.5)  
(μm)

d(0.9)  
(μm)

Sw   
(m2/g)

CEC pH 8.2 
(meq/100g) 

CECpH4 
(meq/100g)

MK 27.7 1.96 8.86 57.4 22.9 10.7 9.2 

CB 52.5 4.77 39.17 118.4 13.9 18 12.7 

CBH 30.7 1.67 15.66 71.9 40.6 22.1 16.5 

CC 19.8 1.24 9.56 54.8 5.0 2.8 - 

OPC 17.1 0.55 7.71 25.0 - - - 

* Vol. Av. Size: volume-weighted average size; d(x): distribution percentiles; Sw: BET specific surface area; 
CEC: Cation exchange capacity determined as the quantity of Na+ ions that the clay material can accommodate 
on its negatively charged surface, expressed as milliequivalent (meq) per 100 g (Chapman 1965).  
 
2.1 Zeta potential measurements  
 
To investigate stability and surface phenomena of the materials in suspension, zeta-potentials (ζ) of 
0.2 g/L aqueous suspensions have been determined in a series of experiments where pH, Ca2+ ion 
concentration, and the amount of superplasticizer (SP) were also modified. These studies were 
performed for the size fraction below 20 μm obtained using an analytical sieve (Retch, Haan, 
Germany, DIN/ISO 3310-1). The zeta-potentials were calculated from the measured electrophoretic 
mobilities, determined on a Malvern Zetamaster S, using the Smoluchowski equation and the results 
are illustrated in Figure 1.  
 
The ζ values for the SCMs show a strong dependence on pH, ranging from negative values for the 
starting point of pH = 12 to positive potentials once neutral or acidic conditions are reached. The 



isoelectric point ranges from pH = 8 to pH = 6.5, depending on the type of SCM. Obviously, the ζ 
values for the CC sample differ from the calcined clays since no significant changes in potential are 
observed from pH = 12 to pH = 7 and because the material reacts with the solution under acidic 
conditions. The pH dependence of the calcined clays is evidence of amphoteric sites (Van Olphen, 
1963). Furthermore, it is noted that for pH conditions close to the cement’s pore solution (pH ≈ 13), 
the SCMs exhibit significantly negatively charged surfaces, which may be able to interact with cations 
present in the solution. Since the SCMs surfaces in the pH = 12 suspensions are negatively charged, 
Ca2+ ions added to the suspensions may interact with these negative charges, resulting in a balance that 
reduce the ζ potentials to less negative values. This effect has previously been described for blast 
furnace slags by Planck and Habbaba, 2009. For the measurements in this work, the ζ values increase 
with increasing Ca2+ ion dosage until a saturation value is reached (Figure 1b). The Ca2+ ion dosage 
was made by small volume additions of a concentrated CaSO4 solution to the SCMs suspensions 
stabilized at pH = 12. The adsorption process may be compared to a Langmuir isotherm. The 
saturation state is reached for Ca2+ ion additions above 10% by weight of SCM. For all materials 
except CC, this saturation is reached before a balancing of the negative surface charges is achieved. 
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Figure 1: Zeta potentials (ζ) as a function of (A) pH, (B) Ca2+ ion concentration, and (C) added amount 
of superplasticizer (SP) by weight of SCM (bwSMC) for three calcined clays and calcium carbonate. 
The experiments were performed in distilled water (A), distilled water at pH = 12 (B), and a cement 
pore solution (C). 

 



The variation in ζ potential with the amount of superplasticizer (SP) added were studied for cement 
pore solutions with additions ranging from 0 to 200 % by weight of SCM (Figure 1c). The potentials 
for the calcined clays are found to increase towards more positive values, approaching the point of 
zero charge, as the amount of SP is increased, indicating an interaction of the negatively charged 
polymer chains with the surface of particles. This will increase the friction between the particles, thus 
reducing the electrophoretical mobility and the absolute values for ζ. The SP – particle surface 
interaction may be mediated by the Ca2+ ions attached to the surface of SCMs particles. For the CC 
sample, the interaction with the SP results in a larger effect from the negative charges in the polymeric 
chains which will exceed the increase in the friction from the modification of ζ. Although the SP 
addition results in ζ values that approach the isoelectric point, the interaction of the SCMs particles 
with the SP will increase their stability in suspensions due to steric repulsion. 
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Figure 2: Flow curves for the pure cement (C) and blended cement pastes with the CB, CBH, and CC 
SCMs. Black dots correspond to increasing shear rate while the grey dots represent the decreasing shear 
rate. The solid lines correspond to the pure cement with early SP additions, which may be considered as 
a suitable workability reference. When not indicated, %bwSCM SP = 2. E, L, and T represent data for the 
early, late, and two-step procedures for addition of the SP, respectively. 

 
 
 
 



 
2.2 Rheology 
 
The rheology of blended cement pastes prepared by 30 %w replacement of the cement with SCMs, 
using a water/powder ratio of 0.5 and superplasticizer (SP) addition corresponding to 2 %w of the 
SCMs have been studied for the following three mixing procedures.  
- Early addition: The SP is pre-dispersed in water, the powder is added to the water with the SP and 
the mixture is stirred at 500 rpm for 3 min., followed by a pause of 2 min., and then stirring at 2000 
rpm for 2 min.  
- Late addition: The powder is mixed with water and stirred at 500 rpm for 3 min., followed by a 
pause of 2 min. where the SP is added to the mixture, and then stirring at 2000 rpm for 2 min. 
 - Two-step addition: The cement is mixed with water and stirred at 500 rpm for 3 min. The SCM is 
added to the cement-water mixture during the 2 min. pause and the cement-SCM-water blend is 
subsequently stirred at 500 rpm for 3 min. A 2 min. pause follows where the SP is added and finally, 
the mixture is stirred at 2000 rpm for 2 min.  
The rheology measurements were performed with a Bohlin Instruments CVO-120 controlled stress 
rheometer. The bob and cup geometry (model C25) was used for the flow curves measurements, 
where shear stress was measured as a function of increasing and decreasing shear rate (from 0 to 200 s-

1 and vice versa) in ramps of 12 min. A preliminary conditioning step of 1 min. 50 s-1 shear rate was 
applied and the total measuring time was 25 min. The flow curves were fitted to the Herschel-Buckley 
model: 
 

nkγσσ += 0            (1) 
where σ0 is the yield stress and γ the shear rate. 
 
 

C S
P ea

rly

C S
P la

te

C C
B SP ea

rly

C C
B SP la

te

C C
B S

P tw
o s

tep
s

C C
BH S

P ea
rly

C C
BH S

P la
te

C C
BH S

P tw
o s

tep
s

C C
C SP ea

rly

C C
C S

P la
te

C C
C S

P tw
o s

tep
s

0

2

4

6

8

10

12

14

σ
0 

(P
a)

 
Figure 3: Values for the yield stress (σ0) for the cement blends determined from the corresponding flow 
curves in Figure 2. 

 
The SP addition dramatically reduces the stress needed to reach a given shear rate, with the largest 
effect corresponding to the late addition procedure. The data for the pure cement employing the early 
addition procedure for the SP can be considered as a workability reference, with suitable rheological 
parameters for general purpose applications. Blended pastes prepared with the early addition method 
show higher values of σ0, as compared to the reference, and much higher values for the two calcined 



clay SCMs. The MK blended paste (not included in Figure 2) required 6%bwSCM SP for the test to be 
performed and its workability is thereby very different from the reference. 
A significant improvement in workability was found with late and two steps addition procedures for 
all blended pastes. In particular, these procedures are important for the CB and CBH samples. 
However, as a result of the higher surface area for CBH, this sample needed the addition of 4% SP to 
meet the reference parameters. It is also noted that the SP additions are related to the amount of SCM 
used in the blends (i.e. 30 %w of the solids in the present studies). An amount of 2%bwSCM SP 
corresponds to 0.6 % of total binding mass. 
The hysteresis observed in the flow curves, which has also been analyzed in a previous study (Janotka 
et al., 2010), is the result of two simultaneous processes taking place, corresponding to structural 
breakdown due to increasing shear rate and hydration of the cement phases. When the hydration is fast 
enough, a positive hysteresis is generated resulting in higher stress values for a given shear rate.  
 
3. Concluding remarks 
 
The use of the late and two-step addition procedures for SP in the preparation of blended cement 
pastes provides the basis for suitable workability parameters for these materials without increasing the 
water/solid ratio. The procedures are characterized by a conditioning stage where Ca2+ ions, present in 
solution as a result of the initial dissolution of clinker phases, interact with the surface of the SCMs 
prior to the addition of the SP. This late addition of the SP may lead to a better distribution of SP 
between both the positively-charged clinker particles and the conditioned SCMs surfaces, improving 
the rheological properties of the pastes including SCMs based on calcined clays. A higher efficiency 
of the conditioning stage and an improved water dispersion before addition of SCM is achieved in the 
two-step procedure. These results make a significant contribution to the potential use of calcined clays 
as SCMs.  
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Abstract 
Polymer redispersible powders are modern additives used to improve hardened cement based materials properties, 
mainly flexibility and adhesive strength. Polymer redispersible powders are used as compounds of ceramic tiles 
adhesives, plasters, repair mortars, etc. Most commonly used polymer redispersible powders are the ones based on the 
ethylene – vinyl acetate copolymer (EVA). Despite its widespread use, there are still little information about the 
influence of EVA redispersible powders on the hydration of portland cement, nor its individual components. Paper 
presents the results of investigations on the influence of commercial EVA redispersible polymer powders on the 
hydration of one of  major cement phases: tricalcium aluminate. The main emphasis is put on chemical aspects of 
interactions within the hydrating systems. Results obtained showed, that the presence of EVA redispersible powders 
significantly alters the rate of hydration process of C3A. Except kinetics, the presence of EVA powders causes serious 
changes in liquid phase composition during and after hydration. Detailed observations indicate, that except physical 
influence, connected with film formation process, there are also significant chemical interactions between hydrating 
C3A and EVA powder.  
 
Originality 
Results presented in the paper are first such detailed study on the influence of EVA redispersible powders on the 
hydration of tricalcium aluminate. The amount of data in the literature, describing such systems is extremely poor.  
Present paper gives new information on the influence of EVA redispersible powder on the liquid phase composition in 
hydrating C3A suspensions. Research conducted by us not only shows the course of changes in tricalcium aluminate in 
the presence of EVA powders, but also allows to drawn conclusions on the nature of interactions occurring.  
 
Chief contributions 
 
Paper presents data on the influence of EVA redispersible powder on kinetics of C3A hydration. Changes in liquid 
phase composition caused by the presence of EVA powder are also presented. Influence on AFm phase stability is 
important especially when calcium aluminate cements are used as one of components. The presence of chemical 
interactions within the hydrating system is also clearly shown.  
 
Keywords: redispersible polymer powders, EVA, hydration, tricalcium aluminate 
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Introduction 
 
Redispersible polymer powders are modern additives used in cement as well gypsum  - based building 
materials technology, especially in pre-mix dry mortars branch. The main goal of their utilisation is to 
improve the properties of hardened materials, especially adhesive strength and flexibility. They are 
commonly used in ceramic tile adhesives, plasters and flooring compounds. Polymer which is most 
commonly used as a redispersible powder in cement – based materials technologies is ethylene – vinyl 
acetate copolymer (EVA). Despite its widespread use, the exact mechanism of EVA redispersible 
powders influence on hydration of cement and cement individual compounds is still to be understood. 
Among few problems connected with the action of EVA redispersible powders on cement hydration is 
the problem of chemical interactions within the system. Work of Silva et. al. (Silva et al., 2002) 
showed that chemical influence of EVA redispersible powders on cement hydration must be taken into 
account, and it is not possible to treat EVA powders as inert in terms of its chemical influence on 
cement hydration. What above mentioned authors found as a main reason of chemical interactions is 
the alkaline hydrolysis of EVA copolymer. Influence of EVA powder on hydration of C3A in saturated 
solution of gypsum and calcium hydroxide (Silva and Monteiro, 2005) was showed, on the basis of 
soft X-ray microscopy observations in very diluted systems. Presence of EVA powder causes 
retardation of ettringite crystals formation, and alters its morphology. In order to investigate the 
influence of EVA redispersible powders on hydration of C3A without gypsum within the system, some 
experiments were performed (Kotwica and Małolepszy, 2008; Kotwica, 2009). Results of 
investigations showed, that there is significant influence of EVA redispersible powders on tricalcium 
aluminate hydration. First, retardation of both stages i.e. hydration of C3A to AFm and transformation 
of AFm into C3AH6 is seriously retarded. Secondly, morphology of crystals formed changes in the 
presence of EVA powder. Third, liquid phase composition changes in the presence of EVA powder. 
Paper presents more detailed investigations into chemical nature of EVA redispersible powder – 
clinker minerals interactions. In order to separate the physical influence of powders on hydrating 
minerals (e.g. polymer film formation on the surfaces of mineral phases) from the chemical one, was 
to study the hydration in water suspensions. The main emphasis was put on the investigation of liquid 
phase composition.  
 
Materials 
 
C3A used in experiments was synthesized from analytical grade reagents. It was sintered twice: at 
1400oC (5h) and 1430oC (8h). Free lime content was 1,29%. Specific surface according to Blain was 
2380 cm2/g. Synthetic reagent grade gypsum was used. Redispersible powder used was commercial 
ethylene co-vinyl acetate copolymer (EVA) one. Its minimum film forming temperature (MMFT) was 
0°C, and glass transition temperature (Tg) was -9°C. Anticaking agent used in the powder was 
kaolinite in amount of 20% in respect to the mass of powder. 
 
Methods 
 
Conductometric investigations were performed on the suspensions of C3A to water ratio 50. 5.00 g of 
C3A with or without redispersible powder were mixed with 250 g of freshly distilled water. 
Conductometric equipment was developed on the basis of equipment described by Łagosz et al. 
(Łagosz at al. 2006). Suspensions were constantly stirred with magnetic stirrer. Conductivity was 
measured with the use of Elmetron CD-2 conductometric sensor modified (no platinum black and no 
shields) in order to avoid growth of hydration products on it. Results were measured and recorded with 
Elmetron CX-731 multifunctional measuring device. Because the conductometric sensors were 
modified, and had no shields, there were some problems with calibration. Conductometric constant for 
the particular sensor wasn’t actually constant and dependent on the conductivity of the solution, as 
well as position of the sensor inside the flask. Due to that, presented conductometric curves are 
interpreted only qualitatively. It is not proper to compare the absolute conductivity of two slurries.  



Chemical analysis of liquid phase was performed using ICP-MS technique, with the use of Perkin 
Elmer ELAN 6100 apparatus. Samples for the analysis were taken from hydrating slurries. After a 
given times of hydration, samples of about 10 cm3 were taken from the flasks using automatic pipette, 
and immediately filtered through 0.45μm cellulose filtering membrane in hermetic vacuum filtering 
device. Samples were acidified with nitric (V) acid, diluted and analyzed. During experiments, 
conductivity of suspensions were measured with a conductometric sensors in order to determine the 
breakthrough points during the hydration process.  
Calorimetric curves were collected using the BMR differential nonisothermal–nonadiabatic 
calorimeter (developed in the Institute of Physical Chemistry, Polish Academy of Science). 5.00g of 
C3A and 0.500g of gypsum with different amounts of powder were thoroughly mixed and put into 
small PE zip-bag. Than 5.00 g of freshly boiled distilled water, cooled down in closed flask to 2ºC, 
were added and sample was mixed and placed in the calorimeter.  
SEM observations were performed in low vacuum mode at water vapour partial pressure 60 Pa using 
Nova NanoSEM 200. Samples after 1 hour of hydration were broken into pieces, immediately covered 
with thin layer of carbon and transferred to microscope chamber. 
 
Results 
 
Fig. 1 shows the course of conductivity changes of C3A suspensions with different amounts of EVA 
powder (0 to 50% in respect to C3A mass). Analysis of conductometric curves in Fig. 1 shows that the 
EVA powder used in experiments causes significant retardation. Especially, the time needed for AFm 
→ C3AH6 transformation (the moment of sudden drop of conductivity) to take place is seriously 
elongated. Fig. 2 shows that the time needed for transformation to occur is proportional to square of 
EVA powder concentration. It can suggest that the limiting factor for hydration course is diffusion 
through the layer of hexagonal products covering C3A grains. The dependence is similar to that for 
gypsum when added in various amounts to hydrating C3A (Tennoutasse, 1969). The reason for it may 
be the increasing stability of AFm phases in the presence of EVA powder. It was found in previous  
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Figure 1. Conductometric curves of  hydrating C3A suspensions containing different amounts of EVA powder. 
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Figure 2. Time needed for AFm → C3AH6 transformation to occur vs. EVA powder dosage (on the left) and 

square of EVA powder dosage (on the right) 



investigation (Kotwica and Małolepszy, 2008), that C3A hydration in paste is also strongly retarded in 
the presence of EVA powder. With high dosages of EVA the transformation of AFm to C3AH6 can be 
even entirely stopped. Further analysis of conductometric curves gives some more information on the 
hydration course. Fig. 3 shows details of conductometric curves near the point, where the conductivity 
suddenly drops, what is connected with AFm → C3AH6 transformation. It can be seen, that the curves 
for suspensions modified with EVA powder look differently, comparing to the control sample. The 
conductivity in modified samples rises just before it suddenly drops.  
No relationship between the dosage of EVA redispersible powder and the height of conductivity hump 
was found. The reason for such a conductivity course is still not fully understood. The rise in 
conductivity indicates, that the concentration of ions within the system increase. It is possible, that 
higher supersaturation of the liquid phase is needed for transformation to occur. Other results confirms 
that this phenomena was found to occur also in other both EVA as well as poly(vinyl acetate) (PVAc ) 
redispersible powders (Kotwica and Małolepszy, 2008).  
Except conductivity, the concentration of calcium and aluminium in liquid phase was investigated. 
Fig. 4 shows the concentration of both elements within the liquid phase of hydrating suspensions 
containing various amounts of EVA powder during the first period of hydration, when AFm phases are 
stable. The concentration of both elements during this period is higher in the presence of EVA powder. 
In case of calcium it can be observed that the concentration rises with the rise of EVA content. In case 
of aluminium, concentration is higher comparing to control sample, but similar for modified 
suspensions, no matter what the concentration of EVA powder was.  
Calcium and aluminum concentration was measured also for suspensions after 31 days, when the 
hydration is finished, and the only product which is present within the system is C3AH6 cubic calcium 
aluminum hydrate. It can be seen in Fig. 6 that the concentration of ions in liquid phase of suspensions 
after 31 days of hydration depends linearly on EVA powder content. The higher the powder content 
the higher the content of both Ca and Al. It means that the presence of EVA powder alters the 
equilibrium conditions within the C3AH6 – water system. The reason for that may be the change in pH  
 

C3A

5,15

5,18

5,21

5,24

5,27

5,30

300 350 400 450 500

time [minutes]

co
nd

uc
tiv

ity
 [m

S/
cm

]

C3A + 10% EVA

4,80

4,82

4,84

4,86

4,88

4,90

500 550 600 650 700 750 800 850 900

time [minutes]

co
nd

uc
tiv

ity
 [m

S/
cm

]

C3A + 20% EVA

5,05

5,10

5,15

5,20

5,25

1400 1500 1600 1700 1800 1900

time [minutes]

co
nd

uc
tiv

ity
 [m

S/
cm

]

C3A + 50% EVA

5,35

5,37

5,39

5,41

5,43

5,45

6600 6700 6800 6900 7000 7100 7200

time [minutes]

co
nd

uc
tiv

ity
 [m

S/
cm

]

Figure 3. Detailed view of conductometric curves of C3A suspensions modified with various amount of EVA 
powder near the point of AFm → C3AH6 transformation. 

 
of the solution, caused by the alkaline hydrolysis of copolymer. It can be seen in Fig. 6, that Ca and Al 
concentration decreases linearly with the increase of pH of the solution. Except the effect of EVA 
powder on ion equilibrium within the hydrating C3A system, the influence of water soluble secondary 



components of the EVA powder on the hydration course of tricalcium aluminate was examined. In 
order to prepare the liquid phase containing soluble components of the of powder, 500 ml of water was 
mixed with 2 g of EVA powder (concentration of the powder was chosen to be like in the samples 
modified with 20% addition of EVA powder In respect to the mass of C3A). Than it was stirred for 24 
hours at 20oC in tightly sealed flask and then filtrated through 0.20 μm cellulose filtering membrane in 
hermetic vacuum filtering device. Obtained liquid was used in conductometric studies. Fig. 7 presents 
the results of conductometric tests performed using simulated liquid. It can be observed, that simulated 
liquid caused retardation of hydration. It is not as intense as in case of powder added as a whole, but it 
occurs. Characteristic hump of conductivity just before the conductivity drop can be also observed. It 
shows that not only copolymer itself (mainly alkaline hydrolysis) influence the hydration process. 
Also some secondary ingredients (e.g. poly(vinyl alcohol), defoamers, conservants etc.) play important 
role.  
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Figure 4. Concentrations of calcium and aluminum in liquid phase of hydrating C3A suspensions modified with 
various amounts of EVA redispersible powder. 
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Figure 5. Average concentrations of calcium (on the left) and aluminum (on the right) in liquid phase  
of hydrating C3A suspensions modified with various amounts of EVA redispersible powder. 
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Figure 6. Concentration of calcium and aluminum ions after 31 days of hydration vs. EVA redispersible powder 
content (on the left) and pH of solution (on the right). 
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Figure 7. Conductometric curves of suspensions of hydrating C3A: in water, solution of soluble EVA powder, 

20% in respect of C3A mass addition of EVA powder. 
Discussion 
 
Results of investigations showed that at least few aspects of C3A hydration are influenced by the 
presence of EVA redispersible powder. First, the hydration is seriously retarded. Retardation is 
observed both in paste hydration as well as in suspension hydration. XRD study of paste hydration of 
C3A in the presence of EVA powder showed, that with the increase of EVA powder content, the time 
needed for transformation of hexagonal phases into cubic one elongates significantly, and in case of 
50% dosage of EVA powder even after 9 days no traces of C3AH6 can be found. It suggests that the 
stability of hexagonal phases is increased by the presence of EVA. Increase in stability of AFm phases 
is probably the reason of C3A retardation. Increased stability of hexagonal hydrated calcium 
aluminates was reported among others by Young (Young, 1970). Some organic compounds retards, or 
even stop the transformation. On this stage of investigations no clear conclusions can be made about 
what exactly causes transformation of hexagonal phases to retard. However, changes in chemical 
composition of liquid phase indicate, that chemical factors, rather than physical play major role. First, 
it is also observed in suspension hydration, that the period of AFm phases stability is markedly 
enhanced. When C3A hydrates in suspension, film formation is very limited or just impossible. It 
eliminated the main physical influence of powders – film formation on the surfaces of mineral phases. 

In suspension hydration, 
the time needed to trans-
form AFm phases into 
C3AH6 depends linearly 
on square of concentra-
tion of powder within the 
suspension. It suggests 
that the limiting factor 
may be the diffusion 
through barrier formed 
by crystallizing AFm pha-
ses. Speaking about sta-
bility of AFm phases in 
the presence of EVA 
powders, gypsum bea-

ring system can be also considered. Fig. 8 shows conductometric curves of hydration of C3A + 10% 
gypsum paste modified with different amounts of EVA powder. It can be seen, that the peak connected 
with ettringite shell disintegration appears earlier in pastes modified with EVA powder. It suggests, 
that EVA powder causes sulphate bearing AFm phases more favourable, in the presence of EVA 
powder, comparing to neat C3A – gypsum paste. SEM observations confirms calorimetric results (see 
Fig. 9). After 60 minutes of hydration in neat paste ettringite is visible, covering mineral grains, while 
in modified sample, hexagonal hydrates are visible, and no signs of ettringite can be observed. It 
suggests, that somehow formation of hexagonal phases is pronounced in the presence of EVA powder. 
Analysis of liquid phase composition showed, that there is an influence of EVA powder on ions 

Figure 8. SEM imae of C3A+10% gypsum paste with (right) and without 
(left) addition of EVA powder after 60 minutes of hydration.  



concentration. In general, presence of EVA powder causes increase of both calcium and aluminium 
concentration. It took place during the first stage of the reaction, when AFm phases are stable (see Fig. 
4 and 5), as well as after the reaction is finished, and regular hydrate is present within the system (see 
Fig. 6). In first case it is difficult to say, if the reason of changes is polymer itself (alkaline hydrolysis), 
or AFm phases are altered and thus solid – liquid equilibrium is changed. It is worth to notice here, that 
also soluble ingredients of EVA powder play important role in C3A hydration (see Fig. 7). They may 
be at least partially responsible, for increased stability of AFm phases. Anyway, further tests are 
needed to fully understand the nature of described phenomenon. In case of C3AH6 – solution system, it 
seems, that the reason is alkaline hydrolysis, which lowers pH of solution and increase solubility of 
C3AH6 
 
Conclusions 
 
 The stability of AFm phases in the presence of EVA redispersible powder is increased both in the 

presence (see Fig. 9) and without the presence of gypsum. 
The presence of EVA powders causes changes in kinetics 
of C3A hydration in suspensions, what proves, that the 
interaction except physical has it’s chemical nature. 
Moreover, changes in chemical composition of liquid 
phase can be observed. pH, calcium and aluminium ions 
concentration are altered by EVA presence. The most 
probable explanation is that pH depletion caused by EVA 
hydrolysis (acetate ions presence was shown indirectly 
elsewhere (Kotwica, 2009)) changes ionic equilibrium 
within the system. On the other hand it is still unknown 
what is the cause of changes in conductivity course just 
before the AFm to C3AH6 transformation, but since 
soluble compounds of the powder, without EVA particles 
are able to cause it, it is also chemical interaction in its 
nature. Soluble compounds of the powder (without EVA 
particles) retard the hydration of C3A, but not to the same 
extend as the powder as a whole. 
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Abstract 
In this study Portland clinker is considered as a mixture of four minerals with their own reaction sensitivity to the 
presence of fly ash. The kinetics of the reactions have been analysed by fitting generally known models such as e.g. the 
Avrami and Jander equations to isothermal heat measurements on fly ash – cement pastes. The pozzolanic reaction of 
fly ash is described with equations in which pozzolanic CSH and strätlingite are formed. Pastes of various cement-fly 
ash combinations have also been subjected to thermogravimetric analysis at curing ages varying between 3 hours and 2 
years. The amount of calcium hydroxide and chemically bound water present at the test age have been analysed. A 
decrease in calcium hydroxide content with time is an indication for the on-going pozzolanic reaction of fly ash. The fly 
ash reaction degree was also measured by means of selective dissolution in a water-methanol-picric acid solution. It 
can be concluded that the amount of calcium hydroxide consumed by one gram reacted fly ash varies with time. A 
maximum of 0.6 to 0.7 gram calcium hydroxide per gram reacted fly ash was obtained after a curing period of three to 
six months. The amount of chemically bound water follows from the thermogravimetric experiments. Upon its reaction 
with cement and fly ash, water receives a smaller specific volume resulting in a chemical shrinkage of the paste. The 
obtained values for water retention are not only in agreement with the experimental findings of Powers, but also 
confirm what stoichiometrically could be expected. Also the amount of chemically bound water per gram reacted fly ash 
has been determined for the fly ash equations in which pozzolanic CSH and strätlingite are formed. From the 
calculated amount of retained water, chemical shrinkage and volume portion of each reaction product and unreacted 
particles, the microstructure can be quantified. The calculated volume fractions are compared with predictions by the 
3-dimensional NIST model. A good correlation between both can be concluded for the CSH phase and the dissolution of 
alite and belite.  
 
Originality 
Although the use of fly ash has significantly increased over the years, both in industry and research, it still remains 
unclear how its influence can be implemented correctly in a civil engineering design. Due to the uncertainty in the 
cement and fly ash interaction, the European code EN 206-1 applies a more pragmatic approach. The fly ash effect is 
reduced to an efficiency factor or k-value, enabling the calculation of an effective water-cement ratio, defined as the 
mass of water divided by the sum of the cement mass and k times the fly ash mass. Empirically, the k-value changes with 
time as well as with the amount of fly ash present in the mix. This approach however, remains inadequate and falls 
short to explain or predict the durability and microstructure formation of concrete with fly ash. Moreover, it cannot 
offer an answer on whether the presence of fly ash has an accelerating or decelerating effect on the cement hydration. 
Both phenomena have been observed by different researchers and appear to be in contradiction at first glance. In this 
paper, the independent reaction rate principle is applied on fly ash – cement blends in order to find a fundamental 
answer. 
 
Chief contributions 
A more intensive application of industrial by-products with pozzolanic or cementitious characteristics in cement or 
concrete mixtures can enhance further implementation of the sustainability concept in the construction industry. Partial 
replacement of the cement content by these materials can contribute to a reduction of carbon dioxide emission: for 
almost each tonne of cement almost one tonne of carbon dioxide is emitted. However, not only can by-products save 
resources and lower the environmental impact, they also can be considered as highly valuable end-products. In this 
study the ‘the independent hydration concept’ is adopted instead of  the ‘equal fraction rates’ concept, which has been 
used by many other investigators. Fly ash may accelerate the reaction of a clinker mineral, while at the same time it 
can decelerate another mineral. Depending on the relative proportions of the clinker minerals, the method can explain 
the apparent contradiction found in literature related to the acceleration or deceleration effect of fly ash on the cement 
hydration. From the calculated amount of retained water, chemical shrinkage and volume portion of each reaction 
product and unreacted particles, the microstructure can be quantified.  
 
Keywords: fly ash, hydration model, microstructure, thermogravimetry, selective dissolution 
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Experimental measurements 

The hydration heat of pastes made of ordinary Portland cement and fly ash with varying water-cement 
ratios, was registered in an isothermal calorimeter at different curing temperatures. Table 1 lists the 
chemical compositions of the cement CEM I 51.5 N, and of the studied fly ashes, with the loss on ignition 
(LOI); glass fraction by comparison of XRD patterns before and after dissolving the glass fraction in HCl 
and KOH (CUAP “Fly Ash for Concrete”, 2006); and fineness defined as the fraction retained on a 0.045 
mm sieve (NBN EN 451-2, 1995). For each paste a unique code indicates the cement followed by the 
cement-to-cementitious material ratio (C/CM); the fly ash, followed by FA/CM; and the W/CM ratio.  
 

Table 1: Characterization of the Cement and Different Fly Ashes 

Code C(I) 
CEMI52.5 N 

FA(1) FA(2) FA(3) FA(4) FA(5) 

Analysis of oxides 
SiO2 (%) 19.60 53.31 53.06 53.84 49.34 59.98 

Al 2O3 (%) 4.90 26.43 23.96 26.55 24.55 23.28 
Fe2O3 (%) 3.10 7.53 6.50 6.48 6.23 4.94 
CaO (%) 63.60 4.46 2.51 1.96 2.47 4.8 

MgO (%) 0.90 2.45 1.79 1.70 1.73 0.58 
K2O (%) 0.77 3.58 3.32 4.48 3.84 0.63 

Na2O (%) 0.41 1.15 1.08 0.52 0.51 0.24 
SO3 (%) 3.30 0.90 0.86 1.00 0.30 n.a. 

LOI (%) 2.10 4.10 3.53 3.90 5.24 5.4 
Fineness (%) 360 24.0 24.4 22.4 38.5 13.8 
Glass fraction (%) - not avail. not avail. 67.75 62.75 51.37 
 
For thermogravimetric analysis (TGA) specimens, prepared as described by Baert (2009), were 
decomposed by heating from 20°C to 1100°C at a rate of 10°C/min in argon. The non-evaporable gel 
water can be calculated as the mass loss between 130°C and 1000°C (cf. Pane and Hansen, 2005) minus 
the LOI of cement and the loss due to decarbonation. The losses due to dehydration of Ca(OH)2 and 
decarbonation of CaCO3, were corrected for concurrent dehydration of other compounds (Marsh et al., 
1988). Selective dissolution in picrid acid – methanol – water solution was used to dissolve hydration 
products and unhydrated cement while leaving the unreacted fly ash undissolved (Baert, 2009). Ohsawa et 
al. (1985) investigated the accuracy of this method and found a coefficient of variation of 0.23 to 0.55%.  
 
Hybrid kinetic model 

Portland cement can be considered as a multi-mineral compound, consisting mainly of alite, belite, 
calcium aluminate and ferrite. The hydration of alite (eq. 1) is noticeable during the acceleration period of 
an isothermal heat release curve, while the hydration of belite (eq. 2) mainly takes places during the final 
period. The hydration of aluminate consists of ettringite formation from the reaction with anhydrite (or 
gypsum) (eq. 3) and later on a conversion reaction of ettringite with the unreacted fraction of calcium 
aluminate (eq. 4). Eq. (5) represents the hydration of the ferrite phase. The considered pozzolanic reaction 
products are pozzolanic calcium silicate hydrates (eq. 6) and strätlingite (eq.7). Also gypsum can be 
formed upon contact with water (eq. 8). It is assumed that the reaction kinetics of cement is the sum of the 
heat rate of all minerals. Each heat rate consists of two functions: a reference rate fi(αi), expressed per 
degree of hydration of mineral i and a second material function gi(θ) expressed in function of the curing 
temperature θ (eq.9). The degree of hydration of each clinker phase αi at time step t can thus be calculated. 



( ) ( ) CHxSHCHyxSC yx ⋅−+→⋅+−+ 333   (heat release = 500 J/galite) 
(1) 

 
( ) ( ) CHxSHCHyxSC yx ⋅−+→⋅+−+ 222    (heat release = 260 J/gbelite) (2) 

36363 363 HSACHSCAC →⋅+⋅+                       (heat release = 1670 J/g (C3A to AFt)) (3) 

14436363 362 HSACHHSACAC ⋅→⋅++⋅         (heat release = 1140 J/g (C3A to AFm)) (4) 

( ) 634 ,2102 HFACHCHAFC ⋅→⋅+⋅+           (heat release = 420 J/gferrite) (5) 
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The hydration of the clinker minerals takes place through three basic processes: dissolution/nucleation/ 
growth, interaction at the boundaries and diffusion through the grain. The 1st process can be described by 
an overall kinetic Avrami equation. The 2nd and 3rd process are described with Jander equations for 
particle kinetics. The three processes take place simultaneously for each clinker mineral, but the slowest 
one is rate-controlling. The influence of water availability was also taken into account: when a critical 
degree of hydration is exceeded, the rate of hydration is reduced with a factor hi(w/c), varying between 1 
and 0. Each mineral i is allowed to exhibit a different thermal activity during each control process j (see 
Baert et al., 2010 for the equations). The reaction kinetic of the pozzolanic reaction is controlled first by 
the Avrami equation, describing nucleation and growth on the surface of the fly ash particle. From a time 
τFA_D, the process becomes diffusion-controlled (Jander equation). The unknown parameters KFA_1, nFA, 
τFA_D and KFA_2 are calculated from least squares analysis (LSA) with the reaction degrees of the fly ashes, 
measured with selective dissolution (with KFA_j the rate constant of process j, and nFA the Avrami 
exponent). It is assumed that a particular fly ash influences the hydration of a certain clinker mineral in 
different cement types in the same way. Since parameters vary linearly with the FA/C ratio, this allows to 
calculate the parameters Ki_1, ni, Ki_2, Ki_3, Hi, Eij (with Ki_j the rate constant of cement mineral i in process 
j, ni the Avrami exponent, Eij/R the thermal activity). The k-values of the fly ashes, the amount of 
ettringite formed before the acceleration period (αAft) and the heat release corresponding to the pozzolanic 
reactions, are also parameters in the model. One LSA has been performed for each Portland cement, 
yielding its model parameters. Again, for each fly ash a LSA was performed with all available data of the 
isothermal calorimetry. To reduce the convergence to false minima, the difference between the derivatives 
of simulated and measured heat rate was minimised. The root mean square error of prediction was 0.25 
J/gh. The simulations showed that the reactivity of fly ash could be described with a fixed nFA of 0.68 and 
KFA_2 of 8*10-6, independent from the fly ash characteristics. The time τFA_D  depended on the fly ash type, 
but not on FA/CM or cement type. Results of simulations with the kinetic model are presented in Baert 
(2009), and Baert et al. (2010), showing the effect of type of cement and fly ash, FA/CM, W/CM, and 
temperature. The interaction of fly ash with each clinker mineral was very similar for all fly ash - cement 
combinations. Alite experienced a deceleration followed by an acceleration in the diffusion period. 
Several fly ashes caused a third hydration peak in the cement hydration (Fig. 1). The hydration of calcium 
aluminate was for nearly all fly ashes decelerated, while the ferrite hydration after one day was enhanced. 
Most fly ashes initially retarded, but after 1 day enhanced the total reaction degree (Fig. 2). Paste with a 
FA/CM ratio of 0.67 yielded a significantly lower fly ash reaction. 

 



Thermogravimetric analysis 

Fig. 3 shows the amount of chemically bound water per g cement wb and Ca(OH)2 of pastes with various 
amounts of FA(1), and Fig. 4 for pastes with different fly ashes and FA/CM=0.50. The value wb = 0.20 g 
per g cement corresponds with the value of 0.20 g (for chemically bound water per g reacted cement) 
predicted by equation (10) proposed by Powers and Brownyard (1946), and revised by Brouwers (2004). 
Comparison between the experimental wb and the wb proposed by Eq. (17), suggests that complete 
hydration is reached for a W/C=0.4. When the hydration degree α is expressed as the ratio of wb at time t 
by its maximum value, C(I) reaches a hydration degree of 0.68 at seven days.  

AFCACSCSC
C

b xxxx
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4323
213.0665.0158.0187.0 ⋅+⋅+⋅+⋅=









α
 (10) 

 

with αC the reacted cement per g cement, xC3S, xC2S, xC3A, xC4AF the relative proportions of respectively 
alite, belite, calcium aluminate and ferrite in 1 gram cement. 
Incorporation of fly ash causes a lower non-evaporable water content per g binder. At the age of 2 yr 
C(I)50FA(1)50W40 has 0.15 g chemically bound water per g binder. However, expressed per g cement 
this becomes 0.30 g, which is significantly higher than the amount of chemically bound water in the 
corresponding paste C(I)100FA0W40 with no fly ash at the same age (0.20 g per g cement). First, fly ash 
may bind more water than present in the calcium hydroxide with which it reacts. Secondly, fly ash 
possibly stimulates the hydration of clinker minerals. At the age of 6 months C(I) contains 0.18 g calcium 
hydroxide per gram cement, slightly increasing to 0.19 g per g cement at two years. The amount of 
calcium hydroxide per g cement increases up to 7 d. This increase is the highest for fly ash-binder ratios of 
0.5 and 0.67. The subsequent decrease in Ca(OH)2 – visible from 7 d on for FA/CM ratios of 0.5 and 0.67 
and from 14 d for FA/CM of 0.35 – is steeper with increasing FA/CM. Moreover, the Ca(OH)2 content of 
paste with FA(3) and FA(4) is lower the first 10 d than for paste with FA(1). The decreasing slope of the 
former curves between 2 and 7 d could indicate early pozzolanic reaction. C(I)50FA(1)50W40 shows a 
decrease of Ca(OH)2 content between 7 and 14 days. At 2 yr barely any calcium hydroxide is detectable.  

Reaction degree of fly ash by selective dissolution 

Figure 5 shows the reaction degree of FA(1), in a paste with FA/B=0.50 and W/B=0.40. The fly ash 
reaction becomes clearly noticeable from 14 days on, which confirms the observations made with TGA. A 
first period with little fly ash reactivity, was followed by a period with a steep increase in reaction degree 
and a third period with a slow increase (cf. Termkhajornkit et al., 2005). Around 2 years, the reaction 
degree αFA was 28%. In Figure 5 the amount of calcium hydroxide is normalised by the reaction degree of 
fly ash. The amount Ca(OH)2 consumed in the pozzolanic reaction increased with time. After 100 to 120 
days the pozzolanic reaction consumed around 0.60 gram to 0.67 gram of Ca(OH)2 per gram of reacted fly 
ash. With increasing replacement of cement by fly ash, a decrease of the fly ash reactivity was noticed.  

Water retention 

The water retention of the clinker phases and of fly ash particles at different ages, was also determined 
based on the independent fraction rate concept, according to eq. (11-12) 
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Figure 1: Simulation of isothermal heat release of the 
clinker minerals of C(I) at 20°C and W/C=0.4 

Figure 2: Simulated total hydration degree of cement 
fraction in pastes with various fly ashes 
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Figure 3: Effect of fly ash-binder ratio on chemically bound water (gram per gram binder) (on the left) and calcium 

hydroxide content (gram per gram cement) (on the right) of pastes with C(I) and FA(1) plotted versus time 

Figure 4: Effect of fly ash type on the chemically bound water (gram per gram binder) (on the left) and calcium 
hydroxide content (gram per gram cement) (on the right)  of pastes with cement C(I) and different fly ashes  
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Figure 5: Reaction degree of fly ash in paste C(I)50FA(1)50W40 and corresponding consumption of calcium 
hydroxide (expressed as g calcium hydroxide relative to the reaction degree of fly ash) 

Parameters c and d have been calculated by fitting eq. (11) to the measured amount of chemically 
bound water of pure cement pastes (f=g=0). Value b was based on X-ray analysis on P-dried C2S by 
Copeland & Kantro (1964) revealing that (x-y) in eq. (2) amounts to 0.50. For C3S best fit was 
obtained when using the value of 2.66 moles of water per mole C3S, as determined by Locher (1966), 
corresponding to (x-y)= 0.34 in eq. (1). The resulting values for a, b, c, d were 0.210 g water per g 
reacted C3S (2.66 mole per mole), 0.157 g per g reacted C2S (1.50 mole per mole), 0.700 g per g 
reacted C3A to AFm (10.50 mole per mole) and 0.154 g per g reacted C4AF (4.16 mole per mole) for 
pure cement pastes. The value of 10.5 mole per reacted C3A could be expected when C3A would react 
to monocarbonate 5.105.04 HCAC as mentioned by Brouwers for water retained in P-dried state.  

According to eq.(6) n3 moles of CH will be consumed per mole reacted vitreous silica (S). 
Simultaneously n1 moles of water are chemically bound and n2 moles retained as gel water in the 
pozzolanic Cn3SH3.9 gel. In the reaction of vitreous aluminosilicate (AS), 2 moles of calcium 
hydroxide are converted with 6 moles of water to strätlingite. The water retained in gypsum (eq. 8) is 
no part of the chemically bound water, since gypsum dehydrates below 130°C. We assumed an equal 
reaction rate for both glass phases vitreous silica (S) and vitreous alumino silicates (AS), since too 
little information is currently available for determination of individual reaction kinetics. Figure 6 plots 
the wn of pastes with FA/B = 0.35, 0.50 and 0.67, measured with thermogravimetry, versus the wn of 
these pastes predicted by eq. (11-12); as well as the change in hydration degrees with time. 
With the calculated hydration and reaction degrees of the clinker minerals respectively fly ash, the 
relative volume fractions of the unreacted particles and hydration or reaction products can be 
calculated (Figure 7). The calculated volume fractions were also compared with predictions by the 3-
dimensional NIST model CEMHYD3D (Baert, 2009). A good correlation between both can be 
concluded for the CSH phase and the dissolution of alite and belite. However the dissolution of the 
gypsum fraction and the relative volumes taken by the hydration products of the ferrite and calcium 
aluminate reaction are significantly different from each other. The latter disagreement can be 
attributed to the different stoichiometric equations implemented in the NIST model for the hydration 
reactions of ferrite and calcium aluminate. 
 
Conclusions 
 
Thermogravimetric analysis and selective dissolution on fly ash - cement pastes provided information 
on reaction stoichiometry, hydration degrees and microstructure development. Application of an 
independent hydration model, allowed to further investigate accelerating and decelerating effects of 
fly ash on the hydration reactions of the different clinker minerals, as well as the fly ash reaction itself.  
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Figure 6 : Measured versus simulated amount of chemically bound water of fly ash-cement pastes (left) and  

Degree of hydration of clinker minerals and reaction degree of fly ash for C(I)50FA(1)50W40 (right) 
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Figure 7: Volume fractions (left) and simulations for alite (right) in fly ash-cement paste C(I)50FA(1)50W40 
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Abstract 

 
Mechanisms concerning early hydration of alite, the principal phase of Portland cement, are still a subject of 

controversy. Many models have been proposed to explain the reactions that may take place at very early age 

but none of them have been able to reconcile all generated experimental data related to this period. It is 

nevertheless admitted that hydration of alite proceeds by dissolution-precipitation according to Le Châtelier 

principle. 

To date, major findings show that dissolution of crystals preferentially occurs at specific surface sites 

characterised by an “excess surface energy” due to local distortions of the crystallographic lattice. This 

suggests that dissolution is controlled to a certain extent by surface reactions at reactive sites that include 

point defects, dislocations, twinning and/or grain boundaries (Helgeson, 1984). 

In our studies, we were able to show the importance of the density of crystallographic defects by comparing the 

early age reactivity between an annealed sample and an untreated one by isothermal calorimetry. The 

thermally treated sample showed an important increase of the length of the induction period without any 

important change regarding the acceleratory and deceleratory periods. 

On the other side, the effect of the saturation state of the surrounding solution on the dissolution behaviour of 

alite in dilute conditions was probed using scanning electron microscopy in secondary electron mode. 

Formation of etch pits were observed in the case of high undersaturation (DI water) whereas such features 

were not observed at lower undersaturation (saturated lime conditions). The importance of the initial 

saturation state on the kinetics of hydration of alite paste undergoing various mixing process is also shown and 

confirm the importance of the dissolution process. 

These findings lead us to a novel perspective on the mechanisms governing the length of the induction or 

dormant period. 

 

ORIGINALITY: We present a novel approach based on the mechanism of dissolution derived from the field of 

geochemistry to explain the slow-down of the rate of reaction of alite at very early age. 

 

CHIEF CONTRIBUTIONS: This paper presents a study on the influence of crystallographic defects and 

solution saturation state being the main factors influencing the length of the induction period. Using different 

mixing procedure as well as different starting solution, we have been able to distinguish between transport and 

surface reactions limiting processes. 

Literature concerning these aspects remains still poorly documented in the area of cementitious systems. 

 

1. Introduction 

 
Over the last decades, two main schools of though have developed hypothesis on the cause of the 

induction or dormant period. The idea of a protective membrane has been emitted since the early 

sixties (Kantro et al., 1962, Stein and Stevels, 1962, de Jong et al., 1967, Kondo and Daimon, 1969, 

Jennings and Pratt, 1979, Brown et al., 1985, Jennings, 1986, Gartner and Jennings, 1987). This idea 
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is still one of the main theory explaining why the heat of evolution monitored by isothermal 

calorimetry decrease drastically after the large heat evolved during the first dissolution period even if 

no experimental evidence permit to conclude to the existence of such a membrane. This membrane 

should inhibit the dissolution of the anhydrous phase and later on convert to a more permeable one or 

even break of due to osmotic pressure. 

The second hypothesis proposes a delayed nucleation of hydrates, either C-S-H or Portlandite without 

the formation of any protective membrane (Fierens and Verhaegen, 1976, Tadros et al., 1976, Young 

et al., 1977, Odler and Dörr, 1979, Barret and Ménétrier, 1980, Garrault and Nonat, 1999). For this 

theory, it is mainly believed that the ions dissolve slowly, giving off little heat during the induction 

period, until sufficient supersaturation is achieved. The poisoning of Portlandite by silicate was 

believed to be a reason for the delayed nucleation (Tadros et al., 1976, Young et al., 1977) and in 

another perspective, nucleation of primary C-S-H occurs almost instantaneously and growth as well as 

dissolution of the anhydrous phases occur at the same rate (Garrault and Nonat, 1999, Damidot and 

Nonat, 1994, Thomas et al., 2009). 

Anyway, none of these views have taken into account the role of dissolution during the early 

hydration process since it was thought that dissolution would not be a rate limiting factor as the 

solubility of alite is very high compare to the precipitate. 

 

From the generated knowledge in the field of geochemistry, it has been shown that several 

mechanisms of crystal dissolution exist and mainly depend on two factors: 

 

1) the saturation state of the surrounding solution, and, 

2) the density of crystallographic defects. 

 

These findings lead us to reinterpret the mechanism involved during the induction period. Delayed 

nucleation seems therefore the closest hypothesis but from our perspective, dissolution is the rate 

controlling factor having the undersaturation of the solution with respect to the anhydrous phase as the 

main driving force. Depending on the state of undersaturation, rapid or slow dissolution mechanisms 

are taking place (Teng, 2004), which can be correlated to the heat evolution monitored by isothermal 

calorimetry during the early hydration of cementitious materials. At very high undersaturation, rapid 

dissolution occurs with the formation of typical features such as surface pitting at specific 

crystallographic defects. When the ionic concentration increases to a critical value due to the rapid 

release of ions into solution during the inital rapid dissolution, the undersaturation decreases to some 

critical value and step retreat process starts to be the main dissolution mechanism (Lasaga and Lüttge, 

2001, Dove et al., 2005). This process releases slowly the ion into solution until supersaturation with 

respect to the hydrates is reached and leads to their massive precipitation. 

 

 

2. Induction period and crystallographic defects 

 
2.1. Morphological studies of early age samples of cementitious materials 

 

During the fast dissolution process, a certain roughness is created on the surface of alite grains which 

would depend on several factors: the crystallographic orientation of the crystal face, the presence or 

not of impurities, the density of crystallographic defects and the initial saturation state of the solution. 

The roughness created during the first dissolution period will serve as a source of steps for the step 

retreat mechanism. Whichever source creates the greatest step density will dominate the dissolution 

process (Dove et al., 2005). An etch pit formed from a dislocation defect is an efficient nucleating 

agent for holes and becomes a constant source of step, even for conditions not far from equilibrium 

(Lasaga and Lüttge, 2001).  



Therefore the initial conditions are really important as the surface history depends on the initial 

saturation state of the solution put in contact with the alite grains as well as the crystallography of 

alite.  

The following SEM pictures show the importance of the initial saturation state of the solution as well 

as the crystallographic orientation on the dissolution mechanisms involved during the hydration of 

alite. Figure 1 shows some fracture surfaces of synthesised alite (synthesis procedure can be found in 

(Costoya, 2008)). The samples were immersed in two different solutions for 2 and 30 minutes:  

 

1) deionised water and  

2) saturated lime solution 

 

The water to cement ratio is not determined exactly but should be in the order of 1000. 

 

 

 
 

Figure 1: SEM micrographs of alite immersed during 2 minutes in a) deionised water, b) saturated lime solution, 

and 30 minutes in c) deionised water and d) saturated lime solution. 
 

It can be observed that samples immersed in deionised water present surface pitting that are not 

homogeneous across the surface. This is a consequence of the crystallographic orientation of the 

grains which present different interfacial energies and therefore different energy barriers for the 

nucleation of pits. After 30 minutes of hydration one can observe that the surface has been severely 

corroded and difference in step height can achieved several hundred nanometers. 

In the case of the saturated lime solution, the surface does not undergo such an important corrosion 

and remains plain. Portlandite is already observed after 2 minutes of hydration and after 30 minutes 

c) d) c) d) 

a) b) 



acicular type of C-S-H is also found. This is due to the low nucleation barrier for hydrates to 

precipitate as the solution is already saturated with respect to Portlandite. 

 

The difference in surface morphology between the two initial conditions of solution saturation shows 

the importance of this parameter on the mechanism of dissolution of alite. 

 

2.2. Effect of mixing solution 

 
As shown in the previous section, the state of undersaturation of the solution will impact directly the 

initial dissolution rate of alite. In order to investigate how the state of saturation of the mixing water 

influences the effects of mixing on hydration, alite was mixed at different speeds with deionised water 

and a saturated lime solution. The results are presented in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Evolution of the kinetics of hydration for an alite paste (w/c=0.4) mixed two minutes at various 

mixing speeds starting with a) deionised water and b) a saturated lime solution. c) and d) are enlargements of the 

induction period of a) and b) respectively. 

 

The calorimetry curves show that the speed of mixing has a large influence on the kinetics of 

hydration when the starting solution is deionised water whereas it does not affect the length of the 

induction period when the initial solution is already saturated with lime. 

A difference during the acceleration period is however observed in that latter system for the highest 

mixing speed that we attribute to a mechanical ripening of the C-S-H nuclei from the alite surfaces. 

Nevertheless, the difference in terms of hydration kinetics for saturated lime conditions is by far much 

lower compare to the results preformed using deionised water. These results show that for high 

undersaturation conditions, kinetics of hydration are dependent on the mixing process whereas they 

are not at lower undersaturation (i.e. saturated lime conditions). In that latter case, the rate of 

hydration would be limited by surface reactions since dissolution only proceeds by the slow step 

retreat mechanism which explains the non sensitivity of the early kinetics to the mixing procedure. 

For large undersaturation, as the mechanisms of dissolution are taking place at a much faster rate, 

a) b) 

d) c) 



diffusion of the species trough a diffuse boundary layer would be the rate controlling parameter. 

Therefore, as the shearing forces increase during the mixing process the thickness of this diffuse 

boundary layer would decrease accordingly leading to a faster release of the ions into the bulk 

solution. As a consequence, conditions for the onset of the acceleration period would be reached more 

rapidly and lead to a shortening of the induction period as observed experimentally. 

 

It should be noted that, the induction period is much shorter for the saturated lime systems. This is not 

due to an accelerating effect of the saturated lime solution but to different particle size distribution 

since two different batches of alite were used for each system. It is impossible to obtain identical 

particle size distributions for different batches of alite ground separately. Therefore absolute 

comparisons cannot be made; however, since the same batch was used within each set of experiments 

relative comparisons remain valid. There is also a slight delay for the hand mixed procedure in both 

cases which is most probably due to an incomplete deagglomeration of the alite particles. This would 

lead to a lower amount of anhydrous surface in contact with water and a slightly longer induction 

period. 

 

2.3. Influence of crystallographic defects 

 

In order to check the influence of crystallographic defects on the early reactions of alite with water, a 

thermal treatment is performed on alite in the recovery regime in order to activate the motion of 

crystallographic defects. Fierens and Verhaegen already performed some thermal treatment on alite 

but not as a post treatment and at temperature above 1300°C (Fierens and Verhaegen, 1976). 

In this study the annealing treatment was performed on narrow particle size distribution of alite and at 

a temperature of 650°C for 6 hours. Narrow particle size distribution was chosen in order to avoid 

scattering of the thermal treatment associated with the size of the particles. The heat evolution of 

hydration was followed by isothermal calorimetry at 20°C. 

 

The treated samples change from polymorph MIII to TI. However, this treatment will also permit to 

the different crystallographic defects to rearrange themselves into sub-grain boundaries or annihilate 

themselves completely. Figure 3 shows the heat evolution of the quenched (reference) and annealed 

samples. It can be observed that the period of low chemical activity is prolonged to several hours 

without a dramatic change of the main peak of hydration. This experiment proves therefore that a true 

induction period exists without any addition of retarding admixtures. 

 
 

Figure 3: Heat evolution of alite quenched (reference) and treated at 650°C for 6 hours of narrow particle (38µm 

and 82µm) during the first 30 hours of hydration. 



 

As a result of the partial annihilation of the crystallographic defects, not enough pits are created 

during the first minutes of fast dissolution when the undersaturation is still large and when the step 

retreat process is the only mechanism taking place, the step density at the surface would be much 

lower compare to a non-annealed sample. As a consequence, it takes a much longer time to reach the 

condition for the acceleration period to onset. 

 

This prolongation of the induction period shows the importance of the initial concentration of 

crystallographic defects during the fast dissolution period as this primary corrosion of the surface 

permit to create the roughness that will serve as source for the step retreat dissolution mechanism. 

This experiment demonstrates therefore the importance of the lattice defects on the reactivity of alite 

and its effect on the induction or dormant period which tend to confirm the thermoluminescence 

experiments of Fierens et al. (Fierens et al., 1973). 

 

3. Conclusions 
 

Application of knowledge arising from the field of geochemistry enables us to reinterpret the 

mechanisms involved during the early hydration of alite. Saturation state of the solution and 

crystallographic defects appear to be the major factors affecting the early hydration. High 

undersaturation leads to rapid dissolution with the creation of etch pits whereas at low 

undersaturation, only the step retreat mechanism takes place. 

 

Crystallographic defects play also a major role as they permit to decrease the nucleation barrier for pit 

formation. Therefore, their density will mainly contribute to the formation of surface roughness 

during the initial fast dissolution period which has a large impact on the induction period as shown in 

Figure 3. 

These findings lead us to the conclusion that dissolution of alite is the rate controlling factor before 

the onset of the acceleration period. 
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Abstract 
 
The use of fly ash as a supplementary cementitious material for the partial replacement of Portland cement 
clinker in concrete production lowers the emission of CO2. The positive effect of fly ash on the rheology of fresh 
concrete and the permeability and thus the durability of hardened concrete and structural components is known 
and accepted. However, using fly ash as a cement substitute leads to a decrease in early strength due to the slow 
pozzolanic reaction. In this paper, the effect of organic additives on the dissolution behaviour of fly ash was 
investigated because enhanced reactivity of fly ash and thus improved early strength are desirable. As known in 
glass corrosion chemistry, several organic additives were thought to break up the siliceous network of the fly ash 
glass. Besides carboxylic acids, alkanolamines are able to leach out ions of fly ash glass. Some alkanolamines 
are already used in cement production as grinding aids. 
To investigate the effect of organic additives, fly ash was mixed with KOH solution (pH 13.0). Depending on the 
additive, different dosages were used. Also a reference without additive was made. The mixtures were rotated in 
sealed polyethylene flasks in an head-over laboratory agitator. Filtrate samples were taken after 5, 10, 30 min, 
1, 4 and 24 h and analysed by ICP-OES. The amounts of Si, Al, Fe, Ca, Mg, and Na were quantified. 
Precipitation of the filtrate samples was analysed by XRD. Blends of fly ash and cement were also produced for 
the investigation of hydration behaviour. Isothermal heat conduction calorimetry was used to observe heat 
evolution rate depending on type and dosage of additive and XRD measurements were used to observe the 
formation of hydration products. The effect of additives on the strength of mortar with and without fly ash 
depending on kind and dosage of the additive was also investigated. 
 
 
Originality 
 
An increase in early strength of concrete made with cement blends containing fly ash is of obvious economic and 
ecologic importance. Researchers have already considered different ways of enhancing the reactivity of fly ash. 
Higher fineness or chemical activation by alkali sulphates and alkanolamines is known to improve early 
strength. However, the effect of alkanolamines on the dissolution behaviour of fly ash is unknown. The actual 
effect of additives on fly ash dissolution in binder blends is isolated by investigating the behaviour of the 
separate components and the composite. This work is the basis for the future development of high performance 
fly ash cement blends to reduce clinker content in concrete and improve durability. Moreover, the application 
field of high volume fly ash concretes can be extended. 
 
 
Chief contributions 
 
Higher solubility of fly ash components in KOH solution (pH 13.0) was observed due to the effect of organic 
additives. In particular, the amounts of Ca, Fe and Al in solution were enhanced by the use of organic additives. 
The solubility of fly ash was found to depend on its composition and the type and amount of additive. The effect 
of organic additives in blends of Portland cement and fly ash depends on the type and amount of additive and the 
composition of the binder. Every additive has an optimum in dosage and fly ash to cement ratio as observed by 
heat flow calorimetry. Heat flow and total hydration heat of fly ash cement were increased by the use of 
additives. Additives are shown to increase the early strength of fly ash cement mortar. 
 
 
Keywords: Alkanolamine, solubility, fly ash glass, fly ash cement 
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Introduction 
 
Low calcium fly ash has been used for decades as a supplementary cementitious material in concrete 
technology (Wang et al., 2003). The advantages of improved workability and higher durability as well 
as economical and ecological benefits have led to increasing utilization of fly ash for partial 
substitution of Portland cement (Härdtl, 1995; Hüttl, 2000; Schmidt et al., 2007; Sybertz, 1993). 
However, concretes containing high amounts of fly ash exhibit low early strength development (Fraay 
et al., 1989; Li, 2004; Poon et al., 2000). To improve the early age strength of fly ash cement binders, 
the pozzolanic reaction of fly ash needs to be accelerated. Since the large amount of amorphous phase 
has a high chemical resistance, a high pH is needed to dissolve fly ash and supply ions for the 
hydration process (Fraay, 1990; Hüttl, 2000). In this paper alkanolamines, known for their iron and 
aluminium chelating potential (Palmer et al., 2003; Spencer et al., 2005), are used to increase the 
leachability of fly ash in the pore solution of fresh concrete. The effect of several alkanolamines on 
ordinary Portland cement (OPC) or fly ash cement blends has already been studied (Gartner et al., 
1993; Lee et al., 2003; Magistri et al., 2007; Quy et al., 2005; Sandberg, 2008), but their effect on fly 
ash is still unknown. The solubility of fly ash in KOH solution, heat evolution rate of fly ash cement 
pastes and mortar strength were investigated to determine the effect of alkanolamines. Additionally, 
XRD measurements were conducted with fly ash cement pastes to observe the hydration products. 
 
 
Materials 
 
The investigations were based on one CEM I 42.5 R, ordinary Portland cement (OPC), and two 
siliceous fly ashes conforming to EN 450 (Table 1, 2 and 3). The fly ashes had similar chemical 
compositions except for the lower alkali content of fly ash 2 compared to fly ash 1. The chemical and 
mineralogical composition of the materials were analysed by XRF and XRD using the Rietveld 
refinement. The used alkanolamines were Triethanolamine (TEA, N(C2H4OH)3 and 
Triisopropanolamine (TIPA, ((CH3)2COH)3N). 
Table 1: Chemical composition of the used materials [wt.%] 

 LOI SiO2 Al2O3 Fe2O3 CaO MgO TiO2 MnO SO3 K2O Na2O P2O5 
Cement 3.4 19.2 4.18 2.54 63.9 1.59 0.17 0.03 3.05 1.19 0.16 0.21 

Fly ash 1 3.3 49.51 26.24 7.68 3.61 2.42 1.11 0.1 1.06 3.65 1.08 0.23 
Fly ash 2 4.66 49.76 28.74 4.86 6.01 1.74 1.46 0.06 0.42 1.07 0.33 0.90 

Table 2: Mineralogical composition of CEM I 42.5 R 
Mineralogical composition [wt.%] 

 Alite Belite Tricalcium 
aluminate 

Brown-
millerite Anhydrite Hemihydrate Calcite Lime Periclase Arcanite

Cement 71.3 1.6 4.1 11.2 2.2 1.0 4.2 1.9 1.2 1.4 

Table 3: Mineralogical composition and physical characteristics of fly ash 1 and 2 
Mineralogical composition [wt.%] Physical characteristics 

 Amorphous Lime Hematite Mullite Quartz Blaine fineness [m²/kg] 
Fly ash 1 72.6 0.4 0.75 18.36 4.3 350 
Fly ash 2 67.7 <0.1 1.5 21.3 6.1 370 

 
 
 
 
 
 
 
 



Experiments 
 
1. Solubility of fly ash 
 
The dissolution behaviour of fly ash 1 was investigated in a potassium hydroxide solution. Fly ash was 
mixed with 900 ml potassium hydroxide solution (0.1 mol/L, pH 13) at 20°C and fly ash-to-solution 
(F/S) weight ratios of 1/1, 1/10 and 1/100. TEA or TIPA was added at amounts of 2.0 g/L. Since the 
alkanolamine dosage was related to the solution the amount of alkanolamine relative to fly ash was 
higher at lower F/S ratios. Also reference samples without alkanolamine addition were prepared. In 
cement production the alkanolamine addition does not exceed 0.05 wt.% which corresponds to 
concentrations of less than 1 g/L alkanolamine in the mixing water of a fresh cement paste prepared at 
a water-to-binder (w/b) ratio of 0.5. 
The sealed polyethylene flasks containing the mixtures were rotated in a head-over laboratory agitator. 
Filtrate specimens were taken after periods of 10, 30 min, 1, 4 and 24 h. and analyzed chemically with 
ICP-OES. 
 
2. Heat conduction calorimetry 
 
An eight channel TAM Air isothermal heat conduction calorimeter was used for heat flow 
measurements of OPC or Portland cement containing 25 or 50 wt.% of fly ash 1 or 2, mixed with 
water. Glass ampoules (20 ml) containing 3 g dry cementitious material and the injection units for 
each ampoule filled with amounts of water equivalent to a w/b ratio of 0.6 were placed in the 
calorimeter. As well as pure water, the mixing water contained TEA or TIPA at amounts equivalent to 
0.02 wt.%. After a steady temperature of 20°C had been reached, the water was injected into the 
ampoules and mixed with the dry material inside the calorimeter. The heat evolution rate was then 
measured over a period of 68 hours. Each result was based on three measurements. Apart from the 
first minutes of water addition and mixing, the heat evolution rates for samples of similar type were 
essentially identical. 
 
3. X-ray diffraction analysis (XRD) 
 
An XRD 3003 TT from GE Sensing & Inspection Technologies operating with a θ-θ configuration and 
CuKα radiation (λ=1.54 Å) was used. The diffractometer was equipped with an automatic divergence 
slit, a secondary monochromator and a rotating sample holder. For quantitative XRD analysis, samples 
were ground in a ball mill to a maximum grain size of 32 µm and blended with 20 wt.% ZnO as an 
internal standard. A scintillation detector was used to record scattering intensity over scattering angles 
between 5 to 70° at increments of 0.02°. 
For in situ measurements, cement paste was mixed and poured into a sample holder. The fresh paste 
was covered with a Kapton foil to minimize evaporation and carbonation. A position sensitive detector 
(PSD) covering a scattering angle range of 5° was used for the in situ measurements. Data were 
collected over scattering angles between 8 and 55° at increments of 0.01°. The time of each single 
measurement was 40 sec. 
 
4. Mortar strength 
 
Mortar bars (4×4×16 cm³) were produced with cement, quartz sand and water at 1:3:0.5 by weight 
according to EN 196-1. Cement was replaced by 25 wt.% fly ash 1 or fly ash 2 and TEA or TIPA was 
added to the mixing water to give amounts between 0.01 and 0.02 % by weight of cementitious 
material. The fresh mortar was stored at at least 92 % RH and 20°C (± 2°C). After 24 h the specimens 
were demoulded and the strengths measured. 
 
 
 



Results and Discussion 
 
1. Solubility of fly ash 
 
The addition of TEA to a mixture of fly ash 1 and KOH solution affects the concentration of calcium, 
iron and aluminium in solution (Figure 1) as reported by Heinz et al., 2009. Iron does not leach out of 
fly ash when no TEA is added. When the fly ash to KOH solution (F/S) weight ratio increases, 
precipitation of ettringite was observed by XRD due to saturation effects. Lower F/S ratios resulted in 
higher concentrations of ions, with the exception of aluminium at later times. The concentration of 
aluminium decreases following water contact due to ettringite precipitation. Only when the F/S ratio is 
1/100, the concentration of aluminium in the filtrate samples is constant up to 24 h. Thus the dilution 
at F/S 1/100 reduces the formation of ettringite. 
Lower ion concentrations at lower F/S ratios in the shown results are due to the dilution effect. 
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Figure 1: Effect of TEA addition [g/L] on concentrations of Ca, Fe and Al in filtrate samples taken from 

fly ash / KOH solution mixtures at different fly ash-to-solution (F/S) ratios after different times 

Comparing concentrations for fly ash KOH solutions at F/S = 1/10, the concentration of calcium and 
iron in the solution is increased by TEA or TIPA addition (Figure 2). Additional investigations 
showed higher aluminium concentrations due to TEA addition in the first minutes but then rapidly 
decreasing concentrations due to ettringite precipitation. There is no significant difference of TEA or 
TIPA addition. 
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Figure 2: Concentrations of Si, Na, Al, Fe and Ca in filtrate samples taken after different times from fly ash 

KOH solution mixtures with a fly ash-to-solution (F/S) ratio of 1/10. 
 
 
 



2. Heat conduction calorimetry 
 
The heat evolution rate of pastes 
containing 25 wt.% fly ash showed 
higher maximum heat flow when 
TEA was added (Figure 4). 
Additional investigations, which 
are not shown here, with plain 
OPC showed no increase in heat 
evolution rate due to TEA or TIPA 
addition. Thus the alkanolamines 
must affect the fly ash. This may 
be due to the enhanced solubility 
of calcium, aluminium and iron 
which increases their concentration 
in the pore solution of fly ash 
cement pastes. This effect was 
observed with both fly ashes. 
When TEA was added, a 
prolonged dormant period and a 
higher maximum of the second 
peak were observed. By increasing 
the amount of fly ash to 50 wt.%, 
the shoulder following the peak 
occurs earlier and is enhanced due 
to TEA addition (Figure 3). As 
shown by Hesse, 2009, this 
shoulder is due to ettringite 
formation. 
As is well known, the second peak 
of the heat evolution is mainly due 
to the reaction of tricalcium 
silicate. Since TEA increased this 
maximum, TEA appears to affect 
the hydration of tricalcium silicate. 
However, the heat evolution for 
OPC without fly ash was not 
affected by TEA on increased heat 
evolution rates, which indicates an 
interaction between OPC, fly ash 
and TEA. 
 
 
3. X-ray diffraction analysis 
 
In an attempt to identify the effect of TEA on the hydration products of fly ash cement pastes, the 
hydration of pastes were stopped with isopropanol after different times and samples prepared for XRD 
measurements. Fly ash cement pastes containing 50 wt.% fly ash showed no significant change in the 
phase development when 0.02 wt.% TEA was added. Only a tendency of increased portlandite and 
ettringite formation was observed, but was within the errors.  
In situ XRD was used to observe the phase development over 42 h. Fly ash cement pastes with 
25 wt.% fly ash with and without 0.02 wt.% TEA were prepared and measured. A slightly retarded but 
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Figure 4: Heat evolution rate of cement pastes containing 25 wt.% 

fly ash 1 or fly ash 2 with and without 0.02 wt.% TEA 
addition.
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Figure 3: Heat evolution rate of cement pastes containing 50 wt.% 

fly ash 1 or fly ash 2 with and without 0.02 wt.% TEA 
addition.



enhanced portlandite formation was observed due to TEA addition, whereas the formation of ettringite 
is not significantly increased (Figure 5). Thus the increased heat evolution rate due to enhanced 
ettringite formation was not verified. 
 

  
Figure 5:  In situ XRD measurements of fly ash cement pastes containing 25 wt.% fly ash (left) without and 

(right) with 0.02 wt.% TEA addition. P: portlandite, E: ettringite. 
 
 
4. Mortar strength 
 
To determine the interaction between 
OPC, fly ash and additive, strength 
tests for specimens with different 
amounts of fly ash and TEA or TIPA 
were conducted (Figure 6). Compared 
with plain OPC, the 1 d compressive 
strength of fly ash cement blends is 
significantly enhanced depending on 
the type and dosage of additive. 
Regarding the blend with 25 wt.% fly 
ash, the second fly ash shows higher 
strength when TEA is added 
compared to a TIPA addition, whereas 
fly ash 1 had similar compressive 
strengths when TEA or TIPA was 
added. 
 
 
 
 
 
Conclusions 
 
An increased leaching of calcium, iron and aluminium out of fly ash was observed due to TEA or 
TIPA addition. This effect also resulted in increased heat evolution rates of fly ash cement pastes 
when TEA or TIPA was added. With XRD measurements no significant enhancement of the ettringite 
formation due to TEA addition was observed. Enhanced formation of C-S-H-phases was indicated by 
slightly increased portlandite formation due to TEA addition. Furthermore, the one day compressive 
strength of mortar containing fly ash was increased due to TEA or TIPA addition. The increase in 
early strength was observed when fly ash cement blends were used and was significantly lower for 
mortar with plain OPC. 
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Figure 6: 1 d compressive strength of mortar with amounts of 
OPC (C), fly ash 1 (F1) or fly ash 2 (F2) [wt.%] and 
TEA or TIPA [wt.%]. 



The investigations indicate that small quantities of alkanomines (TEA or TIPA) added to the mixing 
water of concrete are able to increase the early strength of concrete made with Portland cement / fly 
ash binders; binders with 25% fly ash being particularly favourable. This occurs because TEA 
addition, in particular, increases the release of calcium, aluminium and iron from fly ash into the fresh 
concrete water enhancing the hydration process as observed by higher rates of heat release as well as 
enhanced portlandite formation.  
The effect of alkanolamines on the ion release of fly ash in the pore solution of fresh concrete is still 
unknown. Therefore glass corrosion of fly ash glass induced by organic additives will be the topic of 
future work. 
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Abstract
Understanding of the mechanism, responcible for the induction period of cement paste hydration is very important for
extension of its workability period. Several hypothesis have been proposed earlier to describe this stage. In the present
paper we study the induction period from the basis of nucleation hypothesis. The expressions for the energy barrier of
nucleation of portlandite and the critical size of its clusters are obtained. Dependence of the nucleation rate of calcium
hydroxide on water to cement ratio is analyzed.

Originality
The early stage of nucleation of portlandite is studied for the first time, the critical size and nucleation rate are evaluated.
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Evaluation of the size and shape of the critical portlandite cluster, calculation of the nucleation rate.
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Introduction

After mixture of a cement with water a chain of complex chemical reactions initiates, which in the end
lead to the setting of a concrete. This process can be divided into several main stages (Taylor, 2004).
During the first few minutes after the mixing, the calcium aluminate phase (which is the most reactive
of the four main clinker minerals) reacts with water and produces an aluminate-rich gel. The reaction
of this gel with sulfate in the solution forms small rod-like crystals of ettringite. This initial period of
fast exothermic reactions is followed by a few hours long period of relatively low heat production, the
so-called induction period. The duration of this period is of great practical importance, since it directly
determines the workability period, during which the cement paste can be placed. When the inductive
period ends, the paste becomes too stiff to be workable, because of the rapid formation of calcium
hydroxide (portlandite) and calcium silicate hydrate. It is vital to understand the processes occuring in
the paste during the dormant induction period if one wants, for example, to prolongate the workability
period without a negative impact on characteristics of the resulting concrete.
There have been proposed several hypotheses to explain the existence of the induction period. For
example, the membrane (or coating) hypothesis assumes, that the hydration of alite and belite grains is
delayed by formation of protective semipermiable layer around them (Jennings and Pratt, 1979, Brown
et al. 1985). Under this assumption the duration of the induction period is controlled by the time,
needed to accumulate high enough osmotic pressure to break the membrane and enable the free access
of water to hydrating grains. Other hypotheses introduce complex chains of chemical reactions, which
presumably take place in the paste (Preece et al, 2001). The common feature of all these hypotheses
is an assumption (usual for chemistry), that if reageants have a free access to each other, their reaction
starts immediately and proceeds at certain speed, determined by a so-called reaction constant of these
reagents. However, this is not neccessary true, the physical theory of phase transitions shows, that the
reaction speed is a complex function of time and that a certain delay, a so-called nucleation induction
period or a time lag, takes places before the reaction achieves its full speed. This consideration leads to
another class of hypotheses, explaining the processes during the induction period of cement hydration,
— the nucleation-based ones (Garrault-Gauffinet et al. 1999, Thomas et al. 2009). In the present paper
we study the nucleation of calcium hydroxide (portlandite).

Model

According to nucleation theory of the first order phase transitions, before the resulting phase starts to
form massively, small embryos of this phase, so-called nuclei, must appear within the system. The
formation of such nuclei might take a long time, since they are produced by fluctuations and not by a
steady growth. Even though the resulting phase as a whole is favorable from the energy point of view, the
surface to volume ratio for small clusters is large and the surface contribution to the total energy of the
cluster is positive (due to the surface tension), prohibiting a steady formation and growth of extremely
small particles of the new phase. Consequently, the nuclei are produced in a stochastic way and have to
overcome certain energy barrier before the volume contribution to the cluster energy starts to prevail and
the steady growth mechanism begins to work.
In case of portlandite clusters, growing from a solution, the driving force of nucleation is a supersatura-
tion

S =
Cact

Ceq
, (1)

where Cact represents the actual concentration of Ca(OH)2 molecules within the solution and Ceq is their
equilibrium concentration, which can be determined from the solubility curve of calcium hydroxide in
water. Actually, calcium hydroxide is not present in the water in form of molecules, but dissociates into
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Figure 1: The assumed shape of portlandite cluster and corresponding surface energies.

Ca2+ and OH− ions. Still, since these ions are combined only in a certain ratio 1:2 when producing a
portlandite cluster, it is convenient to talk about monomers being Ca(OH)2 molecules and do not treat
calcium and hydroxyl ions separately.
The Gibbs free energy of cluster formation consists of the volume and surface terms:

∆G = ∆GV + ∆GS . (2)

It is well known, that small crystals of portlandite have a shape of hexagonal plates. Consequently, the
surface tension of portlandite must be anisotropic, otherwise the nuclei would have a spheric shape.
Denoting the radius of the crystal as r, its height as h and the corresponding surface energy of the basis
(resp. lateral) area as σr (resp. σh), one obtains

∆G = −kT 3
√

3r2h
2v

lnS + 3
√

3r2σr + 6rhσh, (3)

where k = 1.38×10−23 J/K is Boltzmann constant, T stands for temperature, and v = 1.65×10−28 m3

is the volume of the unit cell of portlandite.
Under given supersaturation S the energy barrier ∆G in (3) depends on two variables, describing the
shape and size of the cluster — r and h. The critical size of the nucleus is determined by a saddle point
of ∆G:

∂∆G
∂r

∣∣∣∣
rc,hc

= 0,
∂∆G
∂h

∣∣∣∣
rc,hc

= 0. (4)

Smaller clusters tend to dissolve, while the larger ones become stable and may further grow to macro-
scopic sizes.
Solution of the system (4) yields

rc =
4σhv√

3kT lnS
, hc =

4σrv

kT lnS
, (5)

with the ratio of the radius of the platelet to its height

rc
hc

=
σh√
3σr

. (6)

Since rc � hc, the lateral surface tension must be much larger than the basal one. Simultaneosly, the
basal area is much larger than the lateral one. Consequently, when the macroscopic surface tension of
portlandite is measured, it corresponds to σh.
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Figure 2: Dependence of nucleation rate of portlandite on water to cement ratio.

Substitution of (5) into (3) gives the energy barrier of nucleation

∆G =
16
√

3σ2
hσrv

2

(kT lnS)2
. (7)

Typical values of water to cement ratio, w/c, are spanned between 0.3 and 10. Taking a calcium hydroxide
supersaturation from (Gartner et al, 2001), we can estimate the critical size and the nucleation barrier to
be

rc ∈ (5.9 nm, 7.5 nm), hc ∈ (1.0 nm, 1.3 nm), ∆G ∈ (7.9 eV, 12.7 eV). (8)

Thus, under common conditions neither the critical size nor nucleation barrier does not significantly
change. However, the nucleation rate (number of clusters with size larger than the critical one, appearing
per unit volume per unit time) is exponentially dependent on the energy barrier and as such varies strongly
with the water to cement ratio.

I ∼ exp
(
−∆Gc

kT

)
,

Imax

Imin
= exp

[
−∆Gmin

c −∆Gmax
c

kT

]
' 120. (9)

Dependence of nucleation rate on w/c is shown on Fig. 2.

Conclusions

An attempt is made to model the nucleation of one of the important phases after mixing the Portland
cement with water. The expressions for the critical size of a cluster and the energy barrier of nucleation
are obtained. While the critical size is not strongly dependent on the water to cement ratio, the nucleation
rate (the rate of production of portlandite) is very sensitive to it, varying more than 100 times for the
typical interval of w/c ratio.
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Abstract 

The actual physical properties of C-S-H in saturated cementitious materials are an issue with respect to recent works 

which have shown the sensitivity of its structure and density to parameters such as the particle size of its originating 

reacting phase (namely alite) or the curing temperature. 

Synthetic alite was produced at 1600°C and separated into several narrow particle size fractions. Their hydration was 

followed with continuous (isothermal calorimetry, chemical shrinkage) and discrete methods (SEM-IA, XRD-Riedvelt, 
29

Si NMR) which cross correlation enabled to access the in-situ density of the C-S-H formed. Its relation with the 

quantity of bound water per C-S-H unit is discussed with respect to the latest C-S-H models and shows to be in good 

agreement with early relevant works. 

 The results obtained show that the density of C-S-H is rather insensitive to the alite particle size and packing in the 

fresh mix. This supports the views that the microstructural arrangement of C-S-H at early age is related to the packing 

density of the C-S-H units rather than to a change in its intrinsic structural properties. The increase of C-S-H density 

with the curing temperature (20 to 60 °C) is discussed with regard to C-S-H models and structural properties. 

 

Originality 

One strong outcome of this study is related to the careful and systematic determination of accurate intrinsic properties 

of cement hydrates. The main idea is to explore the potential of conventional and routine methods to provide 

a profound and valuable characterization of hydrates and more generally cement systems in view of a good handling of 

their microstructural, and per extension the macroscopic properties of the hardened material they are involved in..  

 

Chief contributions 
The present study intended to show the feaability of such an approach. The use of such cross correlation between 

multiple well calibrated techniques could and is currently extended to Portlance cement and more complex cement 

blends. This implies to account for several phases contributing to the overall chemical shrinkage and is far more 

complex to handle but would enable assessing on one hand, the modifications induced by the presence of supplementary 

cementitious materials on the properties of C-S-H, and on the other hand this approach can be applied to the SCMs 

themselves to understand how they behave upon hydration.  
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Introduction 

C-S-H is the main component of cement paste and is responsible for the performance (strength and 

durability issues) of concrete based materials. Upon extensive studies over the years, its chemical 

composition, molecular structure and microstructure are relatively well understood while its 

mesostructure remains highly debated and poorly resolved. Although the compressive strength of 

concrete can be quite well correlated to the amount of capillary pores within the cement paste, it is 

today acknowledged that the internal small gel pores in the C-S-H are contributing a lot to the 

transport properties of the material and therefore highly connected to its durability. Understanding the 

mesostructure of C-S-H is therefore mandatory to simulate the material properties. 

Several mesostructural models have been proposed to describe the structure of C-S-H and its internal 

porosity. Powers and Brownyard (1948) stated it is composed of particles having a layered structure of 

two to three randomly arranged calcium and silicon oxides sheets which are bonded by surface forces. 

Feldman and Sereda (1970) modified this model stating that the arrangement of sheets was highly 

disordered which induces a poor packing of the particles, at the origin of enclosed pores of dimensions 

ranging from interlayer space upwards a few nanometres. The two other main models for the 

mesostructure of C-S-H rely on a colloidal approach: Wittmann (1979) describes it as a three 

dimensional network of amorphous colloid gel particles forming a xerogel i.e. separate particles 

without preconceived particular internal structure. Over the last 15 years, Jennings (1994, 2000, 2007) 

has elaborated a model based on the assemblage of basic building blocks formed of globular units that 

group together. These basic building blocks arrange together leading to high density (HD) and low 

density products (LD) that corresponds more or less to the so called inner and outer C-S-H 

respectively. The arrangement of those individual globules gives rise to small and large gel pores, the 

ratio of which is subjected to the hydration conditions and molecular structure of the C-S-H. 

 

The microstructure of C-S-H can be observed in a variety of forms such as irregular grains, fibrous 

particles, honeycombs, flattened particles (e.g. Jennings et al. 1981, Ridchardson, 2004) which relates 

to its mesostructure. Although the density of the basic building block is purely connected to its 

composition, the overall density of the globule aggregation is strongly dependent on their spatial 

arrangement and on the degree of water saturation. The measure of the bound water in C-S-H (H/S) is 

very difficult and controversial since there is no sharp distinction between water present as part of C-

S-H structure and water held in micropores, isolated mesopores and as multilayer adsorbed films. The 

measured values of chemically bound water depend on the drying conditions and the time at which the 

material is held under these conditions (e.g. Taylor, 1997, Gallucci et al.,2010). Young and Hansen 

(1987) reported values of H/S of 2.1 for C3S pastes equilibrated at  11% RH. For fully hydrated C3S 

pastes dried by D-drying the typical values vary between 1.3-1.5 (Odler and H. Dorr, 1979) and 1.8 

(Jennings et al., 2007). The H/S ratio was observed to remain the same upon hydration when the 

degree of saturation of the paste is unchanged (Odler and H. Dorr, 1979, Parrot, 1984). However, the 

density of water in the C-S-H has been suspected to differ from that in the liquid state when bound to a 

solid : a density of gel water of 0.9cm
3
.g

-1
 was reported based on helium pycnometry measurements 

(Powers and Brownyard, 1948).  

The accuracy with which the density of C-S-H can be measured, and the conditions in which the 

measure is performed are therefore crucial to understand its mesostructure. This paper intends to show 

that this one can be measured in-situ. The influence of the physical properties of the reacting materials 

(alite) and the hydration conditions are also evaluated. 
 

Synthesis of raw materials 

Alite (impure C3S) was obtained by burning at 1600°C for a few hours a mixture of calcium carbonate, 

fine quartz, magnesium oxide and aluminium oxide (all high grades i.e. 4N minimum) with the 

respective molar ratios 2.92:0.97:0.02:0.11. The introduction of small amounts of foreign ions such 

Al
3+

 induces more liquid phase and therefore a better diffusion of ions in the flux (Anton et al., 2000) 

while Mg
2+

 enhances the burnability of the blend and prevents the formation of free lime (Liu et al., 

2005). Those allow a better grain growth.  



The synthesized alite was then ground, ball milled during 12 hours and divided into several narrow 

fractions using decreasing grading sieves (100, 71, 50, 36 and 25 µm) and by decantation in 

isopropanol during one week for the smallest fractions. The physical properties of the fractions 

obtained are given in table 1. 

 
Table 1: Alite fractions used in this work 

Particle Size 

Distribution  
d10 / d50 / d90 (µm) Specific surface (cm

2
.g

-1
) 

PSD38 16 / 38 / 70 1461 

PSD33 
2 / 33 / 102 (original 

polydispersed alite) 
1905 

PSD18 3 / 18 /28 2393 

PSD6  0.2 / 6 / 13 3952 

 
 

Methods 
The broad pattern of reactions occurring during the hydration of alite is more or less understood 

although the underlying mechanisms are not all fully resolved. Basically the hydration reaction can be 

written according to the following equation  

 

C3S+ (3-x+n)H → CxSHn + (3-x)CH  (1) 

where n is the water to silicate ratio (H/S) which varies between 2 in the case of dried pastes (RH 

=11%) and 4 in the case of fully saturated pastes (including the water-filled gel pores). The calcium to 

silicon ratio (C/S) x could eventually vary in the range 1.2 to 2.1 but the most representative 

experimental values generally lie in between 1.7and 1.8 (Taylor 1997). 

 

1. Isothermal calorimetry 

The overall hydration of alite is an exothermic process and is usually monitored continuously by 

isothermal calorimetry. The calorimeter used here was an 8 twin channels Thermometrics TAM AIR. 

Experiments were done at 20 ± 0.1°C in 20 ml glass vessels both for the pastes and references (water - 

same volume of paste). In all instances, the quantity of paste probed was rigorously the same (3.5 g), 

the baseline of the calorimeter was calibrated before any experiment and the Tian correction was 

applied to account for the time delay induced by the thermal inertia of the setup. All heat flow curves 

presented below are corrected according to the above considerations. 

 

2. Chemical shrinkage 
The hydration kinetics over the long term (after 24 hours) were complemented with chemical 

shrinkage experiments : after the main hydration peak, the calorimetric heat flow signal decreases to a 

level close to the baseline due to the low chemical activity of the system, which makes its 

discrimination form the background noise poorly reliable. On the other hand, chemical shrinkage, 

which is a measure of the solid volume reduction due to the negative volumetric balance between the 

products and reactants of the reaction, increases continuously with time so that its measure is much 

more accurate. The setup used, based on the dilatometry approach (Geiker, 1983), was developed in-

house: it consists of a cylindrical vessel in which the paste is poured and on top of which a graduated 

pipette filled with water allows measuring precisely the solid volume reduction. The system was kept 

at 20°C in a thermostatic water bath while a camera automatically took a snapshot of the pipette every 

5 minutes from setting to several days.  

On the basis of numerous trials in which the quantity of paste, the size and shape of the vessel, the 

time at which the pipette is connected were varied, and considering the deep investigation of all 



experimental parameters done by other teams (Garcia Boivin, 1999), the setup that gave the most 

satisfactory and reproducible results was a cylindrical glass vessel (6 x ∅ 2 cm) filled with 10g of 

paste, vibrated in ultrasounds to prevent the presence of air bubbles and topped with water and the 

pipette after setting (to avoid dilution due to the large volume of topping water). A numerical image 

analysis code developed specifically was used to process all the acquired images and measure the level 

of water in the pipette. 

 

3. XRD-Rietveld and SEM Image Analysis 
Those two discrete methods have already been extensively used and described by many authors (e.g. 

Scrivener et al., 2004) and won’t be further developed here. They rely either on the weight or 

volumetric fractions of the different constituents at the time of observation. Although XRD-Rietveld 

can be used dynamically (continuous measurements), these two methods are rather used for discrete 

measurements at selected time of analysis going from early age (e.g. 12 hours) to several months/years 

of hydration (which is not applicable for the two methods described previously. 

 

4. Cross-correlation of methods 
The data obtained from the four methods described above were converted in degree of reaction to be 

compared. Each of them being based on a different physical principle and giving access to different 

parameters, the degree of hydration is the only shared common value to which they are connected.  

The conversion is obvious for isothermal calorimetry for which it is obtained by relating the integrated 

heat flow to the total heat release upon completion of the reaction (517 J.g
-1

 for alite (Taylor, 1997). 

For XRD and SEM, the content of remaining unreacted phases measured at any time is easily and 

directly related to the quantity of phase that has reacted. This is less direct for chemical shrinkage for 

which the density of C-S-H is required and which value depends both on the saturation state of the 

paste and on whether gel water in included or not. Correlating the volume reduction measured by 

chemical shrinkage with the degree of hydration measured with the three other methods gives access 

to the in-situ density of C-S-H  
 

Table 2: measured of the degree of hydration from the four independent methods 

Method Degree of hydration obtained from Value measured 

Isothermal calorimetry 
∞∞∞∞

====

Q

Q
DoH t  

(2) Total heat evolved 

XRD-Rietveld ∑∑∑∑====
−−−−

==== hydrates

0AN

AN0AN M
)t(M

)t(M)t(M
DoH

 
(3) 

Weight fraction of reacted 

phases  

SEM Image Analysis 
)t(V

)t(V)t(V
DoH

0AN

AN0AN −−−−
====

 
(4) 

Volumetric fraction of 

reacted phases   

Chemical Shrinkage  ),Z(
)t(V

)t(V
DoH HSC ρρρρ∫∫∫∫====

∆∆∆∆

∆∆∆∆
====

−−−−−−−−

∞∞∞∞

 
(5) Volume reduction  

 

Converting equation (1) from stoechiometry to volumetric balance gives ∆V(t∞) which is connected to 

ρCSH. Combining it with equations (5) allows the measure of the in-situ density of C-S-H according to:   

 










ρρρρ

−−−−++++

ρρρρ

⋅⋅⋅⋅−−−−∆∆∆∆

⋅⋅⋅⋅
====ρρρρ

CH

CH
H

S3C

S3C

CSH
CSH

M
2.1M.2.5

M
DoHV

MDoH     (6) 

 
Where DoH is the degree of hydration measured by any of the three other methods, Mi and ρi are the 

weight and density of phase i, ∆V is the measured chemical shrinkage. In the present case, coefficients 

in equation 1 were calculated assuming n=4 (fully saturated paste) and x=1.8 (measured from EDS 

analysis). 



Results 

1. Determination of C-S-H density from the cross correlation of continuous methods 
Following the approach described above, the density of C-S-H in the studied systems was derived by 

relating equation (6) to the degree of hydration measured by isothermal calorimetry up to 24 hours. 

Basically, according to relation (6), the C-S-H density could be calculated on the basis of one 

hydration time only. Since Isothermal calorimetry and chemical shrinkage are continuous methods, 

they allow following the evolution of C-S-H density with time. Figure 1 shows a rather linear relation 

between the degree of hydration (IC) and the volume reduction which accounts for a constant density 

of C-S-H upon hydration. In the case of figure 1 which shows the relation for the alite labelled PSD38, 

the C-S-H density is measured to be 1.86. Similar correlations were obtained in all instances. 

 

 
Figure 1: Degree of hydration measured by isothermal calorimetry vs. chemical shrinkage for PSD38 

The density obtained was re-injected in equation (5) to get a measure of the hydration degree from 

chemical shrinkage. Obviously, since isothermal calorimetry was used to derive the density, the 

agreement between the two up to 24 hours of hydration has no meaning. On the other hand, beyond 24 

hours where calorimetry was not used, Figure 2 shows a very good agreement between the degrees of 

hydration of chemical shrinkage, SEM and XRD. This strengthens and supports both the experimental 

approach and the density value measured as such. 
 

2. Influence of Particle size on the measured density of C-S-H 
The various fractions of alite described in Table 1 were investigated in the same way as presented 

above and the C-S-H density was derived for each of them. Table 3 shows that independently form the 

size of particle and their packing in the microstructure or the broadness of the distribution, the C-S-H 

density, in the case of saturated pastes, remains unchanged. This shows that above a threshold packing 

fraction of the C-S-H in the microstructure, the aggregates of C-S-H globules built and organize 

themselves independently from their environment, contrary to what happens at very early age when 

the microstructure is almost empty and when the C-S-H density was shown to vary significantly 

(Bishnoi 2009)  
Table 3: C-S-H density for the studied alite fractions 

Particle Size Distribution  PSD38 PSD33 PSD18 PSD6 

C-S_H density 1.86 1.87 1.86 1.86 
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Figure 2: Correlation between the degrees of hydration measured with the 4 methods. 

 

3. Extrapolation of the density of C-S-H to lower contents of bound water 
In Practice, cement pastes or concretes are hardly ever fully saturated and the content of bound water 

is most of the time way below 4 as considered here. As reported above, H/S values down to 1.3 have 

been measured and most of the time, the measured value is strictly connected to the relative humidity 

at which the material is equilibrated or depends on the drying method in the case of dried specimens. 

In a first approach, we have chosen to consider that upon drying, the mesostructure of C-S-H does not 

change i.e. the volume and weight of the aggregated globules decrease accordingly to the amount of 

water lost. The calculated C-S-H density as a function of the amount of bound water is given in Figure 

3; there again, only the density at H/S=4 can be experimentally measured while at lower H/S, values 

are calculated considering a constant volume.   

 

 
Figure 3: C-S-H density as a function of bound water 

 

Assuming a H/S ratio of 1.8 which correspond to the bound water content of a single globule 

according to Jennings, Figure 3 gives a C-S-H density of a bit less than 2.3 while Jennings states a 

density of 2.6. In fact, Jenning (2008) refers to a single isolated globule while in the present case the 

original measured value at H/S=4 concerns the association of several globules including the gel pores 

whether they are small or large and filled or empty. Interestingly, when Jennings considers the 

aggregation of globules at H/S=1.8, he calculates a density of 2.23 with his colloidal model II. 



Feldman (1972) reported measured densities of 2.3. The values obtained with the present approach are 

agreeing quite well with former reference measurements and the most reliable simulation models. 
 

Conclusions 

This study shows that the measure of the C-S-H density can be measured in situ and dynamically in 

hydrating systems. The results obtained correlate well with the most recent C-S-H models and allows 

evaluating the influence of external parameters on the mesostructure of C-S-H. Further parameters 

such as the hydration temperature which has a marked effect on the C-S-H density and therefore on its 

structure or the mineralogy of the paste will be presented at the conference. The approach tends to 

support the most recent and always more acknowledged views that the existence of a high and low 

density C-S-H relates to a difference in compaction of only one type of C-S-H units. This difference of 

compaction is subjected to the curing condition and microstructural development of the material. 
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Abstract 

Binding materials can be used as matrices for the immobilisation of different toxic wastes. The low permeability 

of hardened cement paste hinders the transport of water and dissolved species through the matrix. It order to 

optimize the use of cementitious matrices for solidification/stabilisation of wastes with heavy metal content, is 

important to know the influence exerted by different toxic substances on the hydration processes and main 

properties of hardened cement pastes and mortars.  

The paper brings information concerning the influence of zinc salts - nitrate and chloride, on the cement 

hydration rate, nature of reaction products, mechanical strength characteristics for different type of cement 

matrices (unitary Portland cement and Portland cement with 30% blast furnace slag). 

The influence of the zinc salts on the cement hardening processes was assessed by X ray diffraction analysis; the 

microstructure, of hardened mortars prepared with/without Zn salts, was assessed by Scanning Electron 

Microscopy (SEM), Back-scattered Electrons Microscopy (BSE) and Energy Dispersive X ray Spectrometry 

(EDX). The compressive strengths of mortar specimens were assessed after 2 up to 180 days of hardening.  

In the case of ZnCl2, a decrease of the setting time for all concentrations was observed. For the samples 

containing Zn(NO3)2 a concentration dependence of the setting times was pointed out. Thus, at small 

concentrations, the setting time increases, while a setting time decrease was noticed for higher concentrations.  

The compressive strengths in all cases decrease with addition of zinc salts. The higher the concentration is the 

significant decrease of the compressive strength was evidenced. 

BSE micrographs of the hardened mortar with Zn salts, showed the presence of Zn in formed hydrates.   

 

Originality 

 

The paper assesses the influence of anion type in the zinc salts on the cement hydration rate as well as on the 

nature of formed hydrates.  

 

Chief contribution  

The paper brings information regarding the immobilisation of Zn in different types of cementitious matrices. The 

influence of zinc salts (chloride and nitrite) on the main properties of cement pastes and mortars (consistency 

water, setting time, compressive strength), was also investigated and discussed in correlation with the kinetics of 

hydration processes and the hydrates formed. 
 

Keywords: Zn immobilisation, cementitious matrices, hardening processes, properties, micro structural 

characteristics 
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1. Introduction 
 

The air and soil pollution through hazardous substances migration is the fundamental 

restrictive criterion for industrial wastes disposal or recycling. This kind of threats determined the 

researches oriented toward the stabilization of hazardous substances in mixture with materials which 

are able to provide a stable matrix. The binding matrices based on Portland cement (unitary or 

blended) are considered nowadays an efficient and cheap immobilisation method for the 

solidification/stabilization of hazardous substances with heavy metals content (Glasser, 1992; Klemm, 

1998; Chen et al., 2009; Glasser, 1994a; Ziegler et al., 2001; Georgescu et al., 2006). The 

immobilization process supposes in a complex mechanism based on physical and chemical phenomena 

(Glasser, 1992; Klemm, 1998; Chen et al., 2009; Felix et al., 1997; Glasser, 1994b; Bonen et al., 

1994). The hazardous substances presence generally modifies the properties of the mortars and 

concretes. The stabilizing capacity of the wastes is influenced by the properties of the matrix i.e. 

hardening structure, water permeability and soluble substances content. The substances with zinc 

content can be well stabilized into the cement stone by the formation of some low soluble hydrates 

like CaZn2(OH)6.2H2O (Ziegler et al., 2001; Glasser, 1994b; Bonen et al., 1994; Yousuf, 1995; 

Asavapisit et al., 1997; Tommaseo et al., 2002). The binders with slag content show even a better 

immobilization capacity of Zn (Yousuf, 1995; Malolepszy et al., 1994; Rosetti et al., 1995).  

The present paper brings information concerning the influence of zinc salts - nitrate and 

chloride, on the hydration processes, nature of reaction products and mechanical strength of two types 

of cementitious matrices (unitary Portland cement and Portland cement with 30% blast furnace slag).  
 

2. Experimental 
 

The following cements were considered as waste stabilisation matrices: ordinary Portland 

cement (CEM I – 52.5R) and cement with 30% blast furnace slag content (prepared by the mixing of 

CEM I- 52.5R with slag). The characteristics of these materials are presented in the Table 1.  
 

Table 1: Main characteristics of materials 

Oxide composition [%] Binder 

materials 

Specific surface 

area [cm
2
/g] SiO2 Al2O3 Fe2O3 CaO MgO SO3 

CEM I – 52.5R 3391 18.89 5.48 4.39 62.62 1.50 0.8 

Slag 3870 32.57 16.82 1.48 40.19 4.74 - 
 

Zinc chloride (ZnCl2) and zinc nitrate (Zn(NO3)2⋅6H2O) were considered in quantity of 0.01 

mol%, 0.02 mol% and 0.03 mol% Zn
2+

 (with reference to cement). The investigated binding 

compositions without/with zinc nitrate (CN) or chloride (CCl), are shown in the Table 2.  
 

Table 2: Compositional of binding mixtures. 

Symbol of 

binder
*)

 

Portland cement 

[%] 

Slag 

[%] 
Zn(NO3)2⋅⋅⋅⋅6H2O 

[%] 

ZnCl2 

[%] 

C0 100.0 - - - 

CN1 97.03 - 2.97 - 

CN2 94.06 - 5.94 - 

CN3 91.09 - 8.91 - 

CCl1 98.64 - - 1.36 

CCl2 97.27 - - 2.73 

CCl3 95.91 - - 4.09 

CZ0 70.0 30.0 - - 

CZN1 67.92 29.11 2.97 - 

CZN2 65.84 28.22 5.94 - 

CZN3 63.76 27.33 8.91 - 

CZCl1 69.05 29.59 - 1.36 

CZCl2 68.09 29.18 - 2.70 

CZCl3 67.14 28.77 - 4.09 

*) C- Portland cement; Z- blast furnace slag; N= Zn(NO3)2⋅6H2O; Cl = ZnCl2;  

  1, 2, 3 = addition of 0.01 mol%; 0.02 mol%; 0.03 mol% Zn2+ added as salts. 



The hardening processes were assessed by X ray diffraction analysis and the microstructure, 

of hardened mortars prepared with/without Zn salts, was assessed by Scanning Electron Microscopy 

(SEM), Back-scattered Electrons Microscopy (BSE) and Energy Dispersive X ray Spectrometry 

(EDX). 

The main properties assessed were: 

- water for standard consistency and setting time (SR EN 196-3);  

- compressive strengths – assessed on micro prisms (15 x 15 x 60 mm), made from plastic mortar with 

binder/sand ratio of 1/3 and water/binder ratio of 1/2; the samples were kept for the first 24 hours in 

moulds and after demolding they were cured in a humidity saturated atmosphere (R.H. ≅ 90%), up to 

the testing terms (2 – 180 days). 
 

3. Results  
 

 The properties assessed on binding pastes are showed in the table 3. 
 

 

Table 3: Water for standard consistence (wsc) and setting time of pastes. 

Setting time 

(h-min.) 

Setting time 

(h-min.) Binder 

wsc  

(ml/100g) 

initial final 
Binder 

wsc  

(ml/100g) 

initial final 

C0 30.3   1-30   3-40 CZ0 26.4   3-10   3-51 

CN1 28.2 11-53 23-3 CZN1 25.1 10-15 21-20 

CN2 27.2 10-45 21-20 CZN2 24.71   7-38 18-33 

CN3 25.6   0-20   0-45 CZN3 24.58   1-53   5-10 

CCl1 33.4   0-9   0-32 CZCl1 32.4   0-27   2-23 

CCl2 37.8   0-10   0-22 CZCl2 34.8   0-15   0-55 

CCl3 39.6   0-8   0-19 CZCl3 35 10-0 35-0 
 

The presence of zinc salts influences, in different ways the quantity of water for standard 

consistency, depending on their chemical nature: ZnCl2 determines increases of this, while Zn(NO3)2 

determines a small decrease of the values of water for standard consistency for both types of cements. 

ZnCl2 additions shorten significantly the setting time, the process acceleration being more evident for 

a higher salt content. These results suggests that low ZnCl2 amounts (0.01 – 0.03 mol%) exerts a 

favourable influence on the initial hydration of the binders with formation of gel hydrates, specific 

compounds for the cement setting stage (e.g. calcium silicate hydrates). The decrease of setting time 

values is more important for unitary Portland cement as compared with slag cement, due to the higher 

basicity of the first binding system. The addition of Zn(NO3)2 exerted a different effect on the setting 

time, i.e. for lower amounts (0.01 mol% and 0.02 mol%) delay the setting, both for Portland cement 

and slag blended cement, but in higher amounts (0.03 mol%) the delaying effect is less intense for the 

slag cement and it is even opposite for Portland cement. 

The compressive strengths values increase between 2 days – 180 days for considered binder 

systems (with/without zinc salt addition) – figure 1. The presence of zinc salts (nitrate and chloride) 

diminishes the values of compressive strengths as compared to reference, for both types of cements - 

C0 and CZ0. This decrease of compressive strengths for the binders with zinc salts additions is more 

important as the amount of the salt is higher. This compressive strengths decrease is associated with 

the delaying effect of zinc salts on the cement hydration (Ziegler et al., 2001; Tommaseo et al., 2002).  

The XRD spectra of anhydrous cements (without/with 0.03 mol% zinc salts) and of the pastes 

hydrated 2 to 28 days are presented in figure 2. XRD peaks of the main mineralogical compounds 

specific to Portland cement are present i.e. – alite (3CaO·SiO2- 3.02Å, 2.77Å, 2.73Å, 2.60Å, 1.76Å), 

belite (β 2CaO·SiO2- 2.79Å, 2.74Å, 2.69Å), brownmillerite – (4CaO·Al2O3·Fe2O3- 7.25Å, 2.77Å, 

2.64Å, 1.93Å), tricalcium aluminate (3CaO·Al2O3- 2.68Å, 2.19Å, 1.93Å) and gypsum (CaSO4.2H2O -

7.56Å, 4.27Å, 3.05Å); on the XRD spectrum of slag cement (CZ0) were also detected as crystalline 

phase melilites (4.25Å, 3.34Å, 3.07Å, 2.96Å, 2.85Å, 2.75Å, 2.45Å, 1.97Å, 1,93Å, 1.54Å). The main 

crystalline hydrated assessed by this method, on the XRD spectra of hydrated pastes are: portlandite 

(Ca(OH)2 – 4.90Å, 2.63 Å, 1.92Å, 1.79Å), ettringite (AFt - 9.73 Å, 5.61Å, 3.88Å, 2.77Å, 2.20Å, 



2.16Å) and with small intensity peaks at longer hydration period (28 days) calcium silicate hydrates 

(CSH - 3.07Å, 2.96 Å, 2.8Å, 1.83Å). Specific peaks for calcite (CaCO3- 3.33Å, 3.03 Å, 2.73Å, 2.28Å, 

2.09Å, 1.92Å) formed by the carbonation of portlandite with atmospheric CO2 were also identified. 

Monosulphate phases (AFm- 8,93Å, 4,46Å, 3.98Å, 2.87Å) was detected after longer hydration period; 

the decrease of AFt peaks suggests that partially this phase is converted in AFm. For C0 paste after 28 

days the intensity of the AFt peaks decreases, but no AFm peaks are detected; this can be explained 

either by the small crystalline degree of this phase or its intercalation into calcium silicate hydrates 

structure, which are weak crystallized (Taylor, 1990).  
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Figure 1: The influence of zinc salts on the compressive strengths (CS) versus time. 
 

On the XRD spectra of cements with 0.03mol% zinc salts as crystalline phases CaZn2(OH)6·2H2O 

(3.11Å, 2.88 Å, 1.82Å) (Ziegler et al., 2001; Tommaseo et al., 2002) and C3ACaCl2·10H2O (7,77Å, 

3,88Å, 2,31Å) were also identified. The calcium zincate, which has a low solubility (Ziegler et al., 

2001; Glasser, 1994b; Bonen et al., 1994; Yousuf, 1995; Asavapisit et al., 1997; Tommaseo et al., 

2002), can form layers around of cement grains, hindering in this way its hydration (Ziegler et al., 

2001; Tommaseo et al., 2002). This can explain smaller compressive strengths of mortars in compared 

to reference. As expected, with the increase of the hydration time, the intensity of XRD peaks specific 

for anhydrous compounds decreases and the intensity of crystalline hydrated phases peaks increases 

due to the formation of these hydrates in a higher amount and possibly due to the increase of their 

crystalline degree. 

The SEM micrographs from figures 3 and 4 (a1, b1, c1, d1) show the presence of different types of 

structures in the mortars specimens hardened for 28 days: needle-shaped crystals, fibres or columns 

specific for AFt, AFm; foils for CSH and carbonated phase; booklets for AFm (Taylor, 1990; 

Campbell, 1999). The BSE micrographs of the hardened mortars with Zn salts (figure 4 a2, b2, c2, 

d2), show the presence of Zn in hydrates (the hydrates appear much lighter than other zones, because 

the zinc has atomic mass higher than other elements).The incorporation of the zinc in hydrates is 

demonstrated also by EDX analyses (fig.4 a3, b3, c3, d3). 
 

Conclusions  
 

The influence of zinc salts on hardening process of Portland cement and slag blended cement 

depends on nature of the anion. The additions of ZnCl2 shorten significantly the setting time. On the 



contrary low amounts Zn(NO3)2 additions (0.01 and 0.02 mol%) delays setting time; for higher 

amounts (0.03 mol%) the delaying effect is reduced for the slag blended cement and it is even opposite 

(acceleration) for Portland cement. 

The presence of zinc chloride (0.01 – 0.03 mol% Zn) significantly decreases the compressive 

strengths of mortars based on Portland cement and Portland cement with 30% slag, especially at early 

ages (2, 7 days). This decrease of the compressive strengths can be correlated with the delay of cement 

hardening processes due to the presence of Zn complex hydrates, with low solubility, at the surface of 

anhydrous cement grains. 

The immobilization of the zinc in the studied cement matrices can be explain by the formation 

of some complex hydrates with low crystalline degree (e.g. CaZn(OH)6·2H2O, AFt and AFm with 

Zn
2+

, Cl
-
 content). Also, the zinc can be included in the CSH network. 
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Figure 2: XRD patterns anhydrous (without salt and with addition 0.03 mol% zinc salts) and cement pastes cured 

for 2, 7 and 28 days: a) C0; b) CZ0; c) CCl3; d) CZCl3; e) CN3; f) CZN3. 
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Figure 3: SEM micrographs of the 

cement mortars hardened 28 days :  

a )C0 and b )CZ0.,  
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Figure 4: SEM micrographs, BSE and EDX analysis of the cement mortars hardened 28 days: a) CCl3; b) 

CZCl3; c) CN3; d )CZN3. 
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Abstract 
This paper studies a new hydrated mineral phase originated from the thermal activation process of paper 
sludge. This phase was initially identified as hydrotalcite-like compound by DRX techniques. The studied by-
products were composed  of talc, calcite, stratlingite and hydrotalcite-like compounds. To determine mechanical 
and thermal stability, such compounds were subjected to sorting, concentration based on particle size and 
drying in an furnace at 90ºC. As result, the following textural fractions were obtained: <2μ, (2-10) µm (10-20) 
µm and (20 -50) µm. Structural characterization  of the raw residue and the fractions were performed by X-Ray 
Diffraction, Infra Red spectra, Scanning Electron Microscope with Addition of Energy-Dispersive X-Ray 
spectroscopy analysis. The memory effect, a physical property of the HT-like compounds, was tested in the 
initial and residual fractions, after calcination up to 500ºC and subsequent rehydration, determining the values 
of surface area by BET method. All results were compared with those obtained from a standard hydrotalcite 
synthesized in the laboratory.  
The XRD shows a similarity in the positions of the characteristic reflections for the standard hydrotalcite and 
the origin sample, with a decrease in the crystallinity degree. FTIR spectra confirm the existence of carbonate 
groups and water in the interlayer region. There is a composition change: the hydrotalcite model is an 
overlapping layer of octahedral aluminum and magnesium carbonate within the interlayer region; while studied 
hydrotalcite presents silicon, suggesting a superposition of silicon tetrahedral sheets and octahedral aluminum 
carbonate in the interlayer region. Hydrotalcite like compounds revealed memory effect, increasing their 
structural order. The ultra sound treatment and subsequent drying at 90°C destroyed the hydrotalcite like 
structures. 
 
Originality: The paper sludge containing kaolinite and calcite, after controlled calcinations, is transformed into 
a by-product containing metakaolinite. When dealing with saturated solution of lime is consistently observed the 
presence of hydrotalcite like compounds characterized by the high content of silicon. The literature on 
pozzolanic activity of this waste material is cited as carboaluminates; however, they look more like intergrades 
of metakaolinite when determining its composition. The originality of this study deals with determining a 
structural superposition of tetrahedral and octahedral sheets with the carbonate within the interlayer region, 
which is the anion contributing to some properties in LDH compounds.  
 
Chief contributions: Within the framework of environmental improvement and economic optimization of the 
industry, the characterization of LDH compounds is fundamental, by being one of the main products of the 
pozzolanic reaction. There is the possible use in the future with the applications. 
  
Keywords: Hydrotalcite like compounds, LDH, memory effect, pozzolanic reaction. 
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Introduction 
 
The hydrotalcite was discovered in Sweden in 1842 and described as a natural set of sheets made of 
magnesium and aluminum hydroxides; the molecular formula was published by Mannase in 1915, 
who established that carbonate ions were essential to maintain this type of structure 
 
In 1942, Feitknecht synthesized a large number of hydrotalcite type structures, which he called 
doppleschichstrukturen (double layered structures). Taylor determined the structural characteristics of 
such hydrotalcites and Llaman and Jensen in 1968, concluded that both cations (Mg2+ y Al3+) form 
octahedral sheets by M(II)(OH)6 and M(III)(OH)6, while water molecules and carbonate ions are 
exclusively sited in the interlayer region. The layer overlay can follow two different repetitions that 
result in a rombohedral or hexagonal symmetry. The natural hydrotalcites exhibit hexagonal 
symmetry (superposition of three layers in its unit cell), while the synthetic hydrotalcites reveal 
rombohedral symmetry 3R (superposition of two layers in the unit cell). 
 
The synthetic hydrotalcite is called layered double hydroxide or LDH. Its structure is flexible enough 
to allow the exchange of trivalent, divalent or monovalent cations from the octahedral sites with ionic 
radii between 0,53Å (Al3+) and 0,99Å (In3+), although the synthesis of hydrotalcites with tetravalent 
cations could be also proposed (Velu et al., 1999, 2000). There are a large variety of hydrotalcite-like 
materials which can be synthesized, and its general formula is as follows: 

 
[M(II)1-xM(III)x(OH)2 (An-)n/x]·m H2O 

 
where x indicates the ratio: (M III) / M (II) + M (III)]. 
 
Such materials reveal high specific surface area (100-300 m2 / g) and show properties that are the 
cause of its industrial applications, covering different areas such as agriculture, composites (Zhang, 
2008), medicine, as medical carriers (Evans, 2006), and fuel technology, chemical catalysts (Zhao, 
2003).These properties depend especially on the composition, the calcination temperature and the so-
called memory effect. 
 
The memory effect is one of the characteristic properties of materials with hydrotalcite structure. They 
can recover their original structure after the calcination and reaction with solutions containing the 
initial anion or different anions. This material can be generated by putting it into contact with water 
steam or CO2. It recovers, and even can increase, the surface area (Cavani et al., 1991).  
 
In the research line dealing with by-products sourced from the controlled calcination of paper sludge, 
it can be observed the presence of new hydrated phases whose diffraction pattern coincides with the 
diffraction spectrum of the mineral hydrotalcite. Such hydrotalcite type aggregates could be the result 
of untidy overlapping of tetrahedral and octahedral layers of 1:1 type phyllosilicates of metakaolinite 
with carbonate ions in the interlayer region. 
 
The aim of this work is to characterize such new hydrated mineral phases identified as hydrotalcite 
like structures, and to check their behavior through the memory effect. Results are compared with 
those of a standard hydrotalcite synthesized in the laboratory, which presents a stacking structure of 
Mg octahedral sheet and Al, with carbonate anions and water molecules in the interlayer region. 
 
Materials and methods 
 
Materials 
 
The raw paper sludge was supplied by Holmen Paper Madrid, SL. This papermill uses 100% recycled  



paper as raw material in the industrial process. An spanish starting paper sludge was used, with a 
content of 25.2% of CaO, 10.8% of SiO2 and 6.8% of Al2O3. The rest of oxides (MgO, Fe2O3, TiO2, 
K2O, P2O5, Na2O) presented minor contents to 1%. A value of 54.4% of loss on ignition (LOI) was 
obtaind. The by-product was obtained through the controlled calcination of paper sludge between 
700ºC and 800ºC for 2 hours (Vigil et al., 2007; Rodríguez, 2007 and Frías et al., 2008) and the 
pozzolanic reaction was studied in a calcined paper sludge-saturated lime dissolution system cured at 
40ºC for 90 days. By-products obtained at 700ºC/2hours are composed of talc (1%), calcite (17%), 
stratlingite (50%) and hydrotalcite-like compounds (32%). The work conditions exclude the ettringite 
presence to similar angles. 
 
In order to determine their mechanical and thermal stability, by-products were subjected to sorting, 
concentration based on particle size and furnace drying at 90ºC. 
 
Standard hydrotalcite synthesized in the laboratory showed a Mg/Al ratio equal to 3 and was obtained 
through the method of coprecipitation nitrates (Yamaguchi, 1999).  
 
Methods 
 
The employed techniques were: 1) X-ray diffraction (XRD) diffractometer PANalytical X'Pert PRO 
model, with primary monochromator and detector KCuα1 X'cellerator. Sweep range: 3 ° -60 °, step 
size: 0.0167 ° and time per increment: 100 s. 2) Scanning electron microscopy (SEM / EDX) FEY 
COMPANY microscope model "Inspect" Quanta 200. Chemical analysis by energy dispersive X-Ray 
(EDX) was carried out by using Si-Li detector and analyzer DX4i; average values were obtained for 
various determinations. 3) Absorption spectroscopy in the infrared (FT-IR) model BRUKER IFS 66 
V. Measurements were carried out with 1 mg tablet sample and 300 mg of potassium bromide, 
subjected to high pressure (6000 psi). Scanning spectral range: 7000-550 cm-1,spectral resolution: 4 
cm-1 and 1 mm slit opening. 4) Isothermal N2 - Surface Area (BET): GEMINI V of Micrometrics 
equipment. 
 
The separation and concentration of hydrotalcite-like compounds were accomplished by means of 
"ULTRASONS" Selecta 40 KHz. 250 mg of the starting sample (hydrotalcite compounds) were 
dispersed and dissolved of 30 ml of distilled water in 500ml beaker and derived samples were 
subjected to two cycles of 10 minutes. The concentration of grain size was removed by sedimentation 
(Köster, 1960), using the Andreasen pipette method (Andreasen et al., 1929). The results were the 
textural fractions: <2μm, (2-10) µm, (10-20) µm and (20-50) μm. The temperature variation in the 
hydrotalcite like compounds was studied by drying a sample at 90ºC and another at room temperature. 
The same process was maintained in the initial sample (hydrotalcite compounds). 
 
To study the physical property characteristic of the hydrotalcite-called "memory effect", all samples 
were calcined in a furnace with a ramp of 10°/min to 500°C. This temperature was selected within the 
values of potential reversibility of its structure in hydrotalcite-like compounds (Labajos et al., 1992) 
and final rehydration for the study of the surface area.  
 
Results and discussion 
 
By XRD the hydrotalcite like compounds and synthetic hydrotalcite (Figure 1 left and right) reveal 
the presence of one band with maximum diffraction to 7.67Å and 7.88Å, respectively for the spacing 
(003) and other with maximum to 3.80Å for the spacing (006). Hydrotalcite like compounds 
compared to synthetic hydrotalcite, shows the same positions of the characteristic reflections for both 
materials,and a decrease in the crystalline degree in the starting sample can be observed with an 
asymmetry in the width of the band that includes the two peaks to 7.67Å and hydrotalcite-like 
structures of 7.88Å. It is associated with the kaolinite intergrades (Brindley and Brown, 1980) though 



their peaks can coincide with those of monocarbonate hydrate, what is excluded through the following 
analysis techniques. 
 
FTIR spectra exhibit the bands associated with the functional group--OH in both cases (Figure 2). The 
morphology of the broad band at 3550 cm-1  would correspond to the vibration of the OH group when 
it is associated with hydroxyl groups by hydrogen bonds, linked to vibration OH···OH2 and H2O···OH  
from the interlayer water. The shoulder at 3000 cm-1 is related to the formation of hydrogen bonds 
between water molecules and carbonates in the interlayer spacing hydrotalcite like compounds. In the 
Figure 2b, the shoulder is accentuated, indicating the presence of carbonate group in that position. The 
band at 1655 cm-1, matching in both spectra, is characteristic of the deformation angle (HOH) of water 
molecule δHOH. It shows the position of hydration in both materials during their formation. 

 
Figure 1: XRD by hydrotalcite like compounds  a) and synthetic hydrotalcite b). 
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Figure 2. FTIR spectra for a) the synthetic hydrotalcite and b) hydrotalcite like compounds. 

 
Table 1 presents the superficial chemical analysis by SEM EDX in the hydrotalcite (Figure 3a) and 
hydrotalcite synthetic compounds (Figure 3b). The hydrotalcite compounds reveal a different 
composition compared to the synthetic hydrotalcite (accomplished according to the bibliography), 
showing higher proportion of silica and lower contents of magnesium. 

Table 1: Chemical analysis by EDX. 

% Oxides CSH Gels Hydrotalcite 
compounds 

Stratlingite Hydrotalcite 
synthetic 

MgO 1,90±0,22 6,45±0,69 - 75 
Al2O3 19,54±1,38 23,74±1,93 29,32±1,33 25 
SiO2 39,77±1,78 26,66±1,11 21,45±0,93 - 
CaO 38,80±1,93 43,15±0,38 49,23±1,59 - 

SiO2/Al2O3 2,03 1,12 0,73 - 
CaO/Al2O3 1,98 1,81 1,67 - 
CaO/SiO2 0,97 1,61 2,29 - 

 
12,61Å 



Position [°2Theta] 
1 2 3 4 5

0

   b) HT 

 HT structures calcinated &dried (20‐50)µm 
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The surface area for the hydrotalcite synthesized in the laboratory (Figure 4.a) exhibits an initial value 
of 105 m2/g, which becomes 126 m2/g after the calcination and rehydration process. Such values 
increase by means of structural changes. Surface area measurements indicate the origin sample  shows 
a baseline surface area of 104 m2/g (Figure 4.b) that the calcination process and rehydration becomes 
118 m2/g. 
 
HT 

 

 

 

 

 

 

 

 

Figure 3: (a) Laminar hydrotalcite and CSH gels, (b) Detail, hydrotalcite synthetic. 
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Figure 4: Superficial area values from the hydrotalcite synthesized before and after calcination (500ºC) and 
rehydration (a) and superficial area values of the problem sample before and  after calcination (500ºC) and 

rehydration (b). 
 

In the calcined and rehydrated sample, a shift in the spacing (003) towards slightly higher values is 
observed. The maximum broadband at 7.57Ǻ and 7.88Ǻ sharpens and moves to a single maximum at 
5.02Ǻ. This change in the form of reflection characteristic suggests a structural reorganization from 
the sample origin (Figure 5a). 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: XRD patterns from a) the hydrotalcite like compounds after thermal and rehydration process 
b) and XRD patterns of fractions from the origin simple after sonicated treatment and dried at 90ºC. 
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The results from the XRD analysis for the different textural fractions (Figure 5 b) show that the 
treatment with sonicated dispersion and drying at 90ºC destroys the hydrotalcite like compounds. The 
characteristic reflections at 7.67Å disappear and the stratlingite is concentrated into the fine fraction 
(<2 µm). 
 
By FTIR the textural fractions dried at 90ºC (Figure 6 a) show the loss of the signal at 3100 cm-1 for 
interlayer CO3

2- group, indicating the instability of such compounds against the sonication and drying 
at 90ºC. 
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Figure 6: FTIR spectra from the textural fractions a) <2µm and b) (2-10) µm. 

 
The surface area values in the sonicated and drying at 90ºC samples (Figure 7) are lower than those 
achieved with untreated hydrotalcites compounds due to the loses of the layer structures type 
hydrotalcites during the sonication/drying process. 
 
Once completed the calcination and rehydration process in the samples sonicated and dried at 90°C, it 
can be observed that the values of the surface area slightly decrease in all fractions, indicating the 
absence of structural reorganization of the materials. 
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Figure 7: Area superficial value of the sonicated fractions before and after calcination/rehydration process. 

 
 
Conclusions 
 
The material studied initially characterized as hydrotalcite compounds has structural analogy with the 
synthetic hydrotalcite. Both materials show diffraction peaks characteristic of hydrotalcites and bands 
in FTIR spectroscopy for the CO3

2- and OH-structural interlayer. 



 
There is a difference in composition: the pure hydrotalcites are composed of overlapping layers of 
octahedral aluminum and magnesium, plus an interlayer region occupied by carbonate while 
hydrotalcite compounds formed during pozzolanic reaction in calcining paper sludge/Ca(OH)2 
systems have more silicon, which suggests that laminar streams originate from tetrahedral sheets of 
silicon and octahedral aluminum carbonate group staying in the interlayer region. 
 
Hydrotalcites compounds found in the initial materials present "memory effect" reorganizing its 
structure after calcination and rehydration. This reorganization results in an increase in structural 
order, with the presence of a higher defined intergrade 8.02Å. The hydrotalcite compounds, when 
subjected to sonicatio lose the memory effect and disaggregated by removing part of the interlayer 
carbonates generating metakaolinite sheets. 
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Abstract 
A solution to manage long-lived radioactive wastes over the very long time is their disposal in deep geological 
structures. The disposal concepts are based on a multibarrier design approach including the waste package (the waste 
and the material used to stabilize it in a suitable overpack), the engineered barrier inserted between the waste package 
and the rock, and the geological barrier, i.e. the actual rock. In most designs, bentonite is a key component of the 

engineered barrier system. It is however unstable at high pHs (≈12-13), such as those encountered in ordinary concrete 
leachates. Since it seems more and more difficult to exclude concrete from any sensitive areas containing bentonite in a 
repository, some work has been undertaken in order to develop low-pH cements which would show an improved 
compatibility with clays. 
Low-pH cements, also referred as low-alkalinity cements, are binders with a pore solution pH ≤ 11. They can be 

designed by replacing significant amounts of Portland cement (OPC) (≥40%) by silica fume, which can be associated in 
some cases to low-CaO fly ash and/or ground granulated blast furnace slag. Such a blend has several positive effects: (i) 
consumption of portlandite, which is formed by the hydration of OPC and which buffers the pore solution pH at 12.5,to 
produce calcium hydrosilicates (C-S-H) by the pozzolanic reaction, (ii) decrease in the CaO/SiO2 ratio of the C-S-H and 
partial substitution of Al3+ for Si4+ in the silicate chains of the C-S-H, which is expected to  enhance their sorption 
capacity of alkalis, and (iii) dilution of OPC, which decreases the heat output during hydration. The pore solution pH of 
the cement paste is then controlled by the solubility of C-S-H: the smaller the CaO/SiO2 ratio of C-S-H, the lower the 
pH. 
As compared to references prepared with OPC, low-pH mortars are characterized by an alkali content in their pore 
solution strongly reduced, by a factor 20 to 200. However, the speciation of the alkali in the solid is not established, 
which is a problem of main importance to understand and control the effective capacity of these materials to reduce the 
alkali release. This work focuses on the mechanism of alkali retention by hydrated low-pH cements and on the behaviour 
of these materials against temperature in the range 20-80°C. It is shown that sorption of potassium is higher than that 
of sodium and mainly results from electrostatic interactions with C-S-H.  
 
Originality 
Development of low-pH cements by use of alternative raw materials and consecutive reduction in clinker contents. 
Cement/clays compatibility. mechanism of alkali retention by low-pH cements. Effect of temperature up to 80°C. 
 
Chief contributions 
Design of low-pH binders. Investigation of their physico-chemical evolution during hydration. Characterization of the 
durability of hydrated materials under leaching: experimental and modelling approach.  
 
Keywords: Low pH binders, C-(A)-S-H, alkalis, temperature, retention 
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Introduction 
 
Adding pozzolanic compounds to low alkali Portland cement (OPC) offers interesting perspectives to 
produce low-pH cements [ALO 07]. When finely ground, pozzolans form, in the presence of water 
and calcium hydroxide, calcium silicate hydrates (C-S-H) with low C/S ratio (typically, less than 1 
compared to 1.7 for OPC) [FLI 34, ROL 40]. The replacement of a fraction of clinker by pozzolanic 
compounds modifies the properties of the materials. Some effects are beneficial: reduction of 
bleeding, refinement of porosity [DUR 95, HOO 92, FU 02, HUA 97], improvement of workability 
[MAL 02], reduction of temperature rise during hydration [TOK 88, MAL02], strength increase [SEL 
83, ODL 91]. However, the addition of pozzolans can also cause problems such as setting delay [MAL 
02], weakening of mechanical strength at early age [ODL 91], shrinkage [LAR 92]. The use of ternary 
binders consisting in OPC and two pozzolans, a fast reacting product (silica fume) and a slow reacting 
one (fly ash) solves some problems observed with binary mixtures. The pozzolanic reaction of silica 
fume is predominant during the first 7 days of hydration, while the fly ash reacts at later stage [LIL 
96]. The concentration of alkalis in the pore solution decreases rapidly and sustainably [DIA 81, NIX 
86, CAN 87, SHE 02], while portlandite is consumed by pozzolanic reaction with silica fume at first, 
and then with fly ash. The content of silica fume can be reduced as compared with a binary blend of 
Portland cement and silica fume, which decreases the cost of the material. It should be noted however 
that the pozzolanic reaction of fly ash is decreased in binders incorporating silica fume due to the 
decreased alkalinity of the pore solution induced by this compound.  
The objective of this work is the location of alkalis in low-pH cement pastes. Indeed, the 
characterizations of such binders have shown a drastic reduction, by a factor 20 to 200, of the sodium 
and potassium concentrations in the pore solution, as compared with OPC [COD 07]. Therefore, the 
type of retention needs to be precised. This is important to assess the actual capacity of low-pH 
cement to reduce the alkali release that could occur during storage [GUE 09-1, GUE 09-2].  
 
 
Experimental 
 
Materials 
 
The initial materials were CEM I 52,5 PM ES CP2 Portland cement (Lafarge Le Teil), densified silica 
fume (Condensil S95 DM), and an alumino-siliceous fly ash (class V according to EN 197-1 
standard). The chemical composition and cristalline phases of these three materials are listed in Table 
1. For silica fume and fly ash, these cristalline phases were present in small amount only, as these two 
materials were mainly amorphous. The low-pH binder comprised 37.5 % CEM I, 32.5 % silica fume 
and 30 % fly ash. The important proportion of silica fume noticeably increased the viscosity of the 
paste. For this reason, the low-pH binder needed to be hydrated with a water to binder ratio of 0.55. 
The OPC was hydrated with a water to cement ratio of 0.35 to avoid bleeding. Three batches of the 
two cement pastes (OPC and low-pH cement) were cured at 95% relative humidity for 12 months at 
20°C, 50°C and 80°C respectively. 
 
 
Methods 
 
After 12 months of curing, the samples were quenched in liquid N2 to stop hydration and to keep the 
mineralogy formed at the curing temperature. Then, they were ground to a maximum size grain of 80 
µm, and finally dried with isopropanol. They were stored at room temperature and 23% relative 
humidity for further characterization. These characterizations were: (i) crystalline phases 
determination on powders by X-ray diffraction (Siemens D8, λKα1Cu = 1,54056 Å, I = 40 mA, U = 40 
kV) ; (ii) scanning electron microscopy (Philips XL30, EDS PGT detector, U = 15 kV, I =13 µA, WD 
= 11,5 mm, determination of the Ca/Si and Al/Si average ratios by X-ray microanalysis on 80 
measurement points, checking of method accuracy on alumina and wollastonite). The pore solutions 



were reconstituted by mixing 5 g of crushed powder with 45 mL of degased and deionised water at the 
appropriate temperature (20°C, 50°C or 80°C). After 24 hours, the pH of the suspensions were 
measured (measurement and standardisation made at the three temperatures with buffers : borate (T = 
20°C : pH = 9,23, T = 50°C : pH = 9,01, T = 80°C : pH = 8,88) and Ca(OH)2 (T = 20°C : pH = 12,63, 
T = 50°C : pH = 11,71, T = 80°C : 10,99)). Then, the supernatants were recovered by filtration and 
acidified for elementary analyses (ICP-AES VISTA PRO). 
 
Table 1: chemical composition and crystalline phases of Portland cement, silica fume and fly ash. The crystalline 

phases into brackets are in minority as compared with the other phases. 

  Portland cement Silica fume Fly ash 

CaO 66.90 0.50 5.10 
SiO2 22.00 96.30 51.50 
Al 2O3 3.30 < 0.20 25.20 

Fe2O3 2.74 0.10 5.80 

SO3 2.40 0.24 0.66 

Na2O < 0.20 < 0.20 0.40 

K 2O < 0.15 0.34 1.33 

chemical 
composition 
(% w/w) 

Minors 2.41 2.12 10.01 

Cristalline 
phases observed 
by XRD 

 

C3S, C2S (C3A)  
(brownmillerite) 
(gypsum) (CaSO4) 
(calcite) 

Cristobalite, quartz  
maghemite (silicon) 
(silicon oxide) 

Quartz, mullite 
(CaO) (maghemite) 

 
 
Results and discussion 
 
Characterization of the solids and their interstitial solutions 
 
Figs 1 and 2 point out that, as expected, portlandite was present in the OPC paste at the three 
temperatures, but not in the low-pH samples because it was fully depleted by the pozzolanic reaction 
with silica fume and fly ash.  
 

 
Figure 1: XRD patterns of the Portland cement hydrated for 12 months. 

 
Whatever the temperature, the two pastes (OPC and low-pH cement) mainly contained C-S-H [GON 
08]. The non reactive phases from fly ash and silica fume (mullite and quartz) were also detected in 



the low-pH material. Ettringite was present at 20°C in both cement pastes, but was destabilized by an 
increase in the curing temperature. 
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Figure 2: XRD patterns of low-pH cement hydrated for 12 months. Blue: 20°C; Black: 50°C; Red: 80°C. E: 

ettringite; M: mullite; Q: quartz; F: hematite. 

 
The analyses by SEM-EDS of the low pH cement pastes showed the presence of unreacted silica fume 
and fly ash (not shown here), which is explained by the excess of these reactants over portlandite. The 
C-S-H exhibited a strong enrichment in silica (Ca/Si = 0.75±0.05 instead of 1.7 for an OPC paste at 
20°C) (fig. 3) as previously described elsewhere [GON 07]. They also incorporated aluminum (Al/Si = 
0.07±0.01) in their structure. A decrease in the Ca/Si ratio with temperature was also noticed. It 
resulted from a more advanced reaction of C-A-S-H with silica fume and fly ash. The Al/Si ratio also 
slightly decreased, possibly because of the C-A-S-H enrichment in silica.  
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Figure 3: Ca/Si and Al/Si ratios of the hydrates of the low-pH cement paste after12 months of curing at the three 
studied temperatures. 

 
The pH of the low pH sample pore solution was decreased by more than one unit (pH = 12.6 for CEM 
I compared to 11.1 for the low-pH binder at 20°C) as compared with OPC. The calcium concentration 
simultaneously decreased, while the sulfate and silica concentrations increased. In the low-pH cement, 
the pH and concentrations of calcium and silica were governed by the solubility of C-A-S-H. The 
sulfate concentration was governed by the solubility of ettringite as well as by the adsorption on C-A-
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S-H. Consequently, a significant increase in the sulfate concentration with temperature was observed 
due to the ettringite destabilization. The temperature rise also resulted in a decrease in pH, which was 
mainy attributed to the change in the activity coefficients (the pKw of water decreases with 
temperature from 14.17 at 20°C to 13.26 at 50°C, and 12.60 at 80°C). The activity coefficients 
increase with temperature could also explain the general increase of all the concentrations with 
temperature, excepting the calcium concentration in the OPC paste. In that case, the lower calcium 
concentration at high concentration could be explained mainly by the decrease in the solubility of 
Portlandite with temperature. 
 

Table 2: Ionic composition of the interstitial solution after 12months of hydration of the OPC and the low-pH 
cement. 

 Temperature pH [Ca] 
(mM) 

[Si] 
(mM) 

[SO4] 
(mM) 

[Al] 
(mM) 

[Na] 
(mM) 

[K] 
(mM) 

20°C 12.6 25.7 < 0.01 0.1 < 0.01 2.2 1.7 

50°C 11.7 18.3 < 0.01 0.3 0.05 2.5 1.9 OPC 

80°C 11.0 12.8 < 0.01 0.9 0.02 2.7 2.1 

20°C 11.1 4.2 1.2 4.5 0.01 1.9 1.1 

50°C 10.0 6.8 1.5 7.6 < 0.01 2.1 1.5 
Low-pH 
cement 

80°C 9.2 7.1 2.2 8.5 < 0.01 2.5 1.7 
 
 
Retention of alkalis 
 
The fractions of alkalis released by both cement pastes are assessed in Table 3. These fractions were 
calculated as the ratio between the amount of alkalis in the interstitial solution (the alkali 
concentrations in Table 2) and the total amount brought by the reactants (weight percentages of Na2O 
and K2O listed in Table 1).  
 
Table 3: Total alkali content and alkali fractions released by the two cement pastes after 12 months of hydration 

at the three investigated temperatures.  

  Total amount (mmol/L) Released fraction (%) 
   20°C 50°C 80°C 

Na 3.6 ± 1.0 61 ± 15 70 ± 17 75 ± 18 
OPC 

K - 42* - - 

Na 8.0 ± 0.3 23.7 ± 0.9 26.3 ± 1.1 31.3 ± 1.0 Low-pH 
cement K 13.5 ± 0.2 8.1 ± 0.2 11.1 ± 0.2 12.5 ± 0.2 

* data from [COD 07] 
 
Because of the very low potassium and sodium contents of OPC which could not be measured 
precisely, this way of calculation was all the more inaccurate as the OPC fraction in the binder was 
high. That is the reason why the potassium fraction released by OPC in Table 3 is issued from another 
study [COD 07] in which the potassium content of the CEM I was greater (0.23 % instead of < 0.05 
%), which led to a better accuracy of the result. These values were in good agreement with the 
literature [TAY 87, HON 02, LAR 90, BON 92, COD 07]. The fraction of alkalis released by the low-
pH cement paste was much lower than for the OPC-based reference. Moreover, potassium was much 
better retained by the solid than sodium. The increase of the released alkali fraction with temperature 
could be explained by the general increase of all the concentrations with temperature (see Table 2 and 
the corresponding comment in the text). 
 



According to the presented results, the retention mechanism is believed to be an effect of charge 
compensation of the C-A-S-H by electrostatic interaction. Actually, the main phase present in both 
cements, C-A-S-H, bears a negative surface charge density due to the ionization of the silanol groups 
of the silicates [NAC 98]. This negative surface charge density is compensated by the cations present 
in the pore solution or even overcompensated by the calcium ions due to their divalent charge [LAB 
06, LAB 07]. In the case of an OPC paste, which is saturated with respect to portlandite, calcium is 
clearly favored as counter-ion for C-A-S-H compared to alkali. However, for the low-pH binder, the 
calcium concentration drops to a few mmol/L due to the consumption of portlandite by the pozzolanic 
reaction. The alkali cations are present in amounts at least equal to Ca2+, and then become counter-ions 
for C-A-S-H as well as calcium cations. Therefore, the retention of alkali ions by the solid in the low-
pH cement seems to originate from an electrostatic interaction between these cations and the negative 
surface of the C-A-S-H. The greater retention of potassium compared to sodium could be explained by 
the smaller solvated ionic radius of potassium which would induce a greater Coulombic interaction. 
This effect is well-known as the Hofmeister series [ZUY 02, FRA 02]. However, this effect is 
generally small and would not be sufficient to explain the large difference observed between the 
retention of sodium and potassium. According to Viallis-Terrisse [VIA 99, VIA 02], Cs+, which has a 
solvated ionic radius lower than that of Na+, is able to penetrate into the interlayer of C-S-H. Instead, 
Na+ is not able to penetrate into the interlayer, but adsorbs on the external surface of the particles. 
Therefore, Cs+ gets potentially much more available surface to adsorb than Na+. Thanks to the results 
of the present work, one may assume that K+ could enter the interlayer of C-A-S-H like Cs+ to 
compensate the negative charges in the interlayer in addition to the external surfaces. 
 
 
Conclusions 
 
The goal of this work was to investigate the location of alkalis in a low-pH cement paste compared to 
an OPC-based reference. Indeed, the characterizations of the low-pH binder have shown a drastic 
reduction in the sodium and potassium concentrations in the pore solution. Moreover, it appears that 
potassium is much better retained by the solid than sodium. The retention mechanism is an effect of 
charge compensation of the C-A-S-H by electrostatic interaction as the alkali cations are present in 
amounts at least equal to Ca2+ in the low-pH material due to the consumption of portlandite. The better 
retention of K+ compared to Na+ might be explained by a possible inclusion of K+ in the C-A-S-H 
interlayer, which would not occur for Na+. 
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Abstract 
The pozzolanic activity of a large number (24) of natural zeolite tuffs was investigated. The selected zeolite tuffs 
originated from over the world and the most important previously studied deposits have been included into the 
experiment. The selection of zeolite tuffs also aimed to cover the range of commonly occurring zeolites, available in 
sufficient quantities to allow application as supplementary cementitious material. To identify the main pozzolanic 
properties governing the pozzolanic reaction, the starting materials were selected over broad ranges of chemical and 
mineralogical compositions. In addition, the zeolite crystallinity (mean crystallite size) was chosen to vary 
considerably, allowing to evaluate the effect of the material intrinsic physical properties on the pozzolanic activity.  
Finally, a number (20) of common natural and synthetic (alumino)silicate materials were also subjected to 
experimentation to widen the range of parameter variability and evaluate the activity of mineral phases commonly 
encountered in zeolitised tuffs. The granulometry of all starting materials was reduced to similar sizes by wet grinding. 
To reduce the complexity of the blended cement system, the pozzolanic reaction in pozzolan-portlandite mixtures was 
investigated. Pastes of (alumino)silicate starting material, portlandite and H2O in a 1:1:2  weight ratio were mixed and 
stored in an air-free environment  at 40°C. The amounts of portlandite consumed at 3, 7, 14, 28, 56, 90, and 180 days 
were determined by thermogravimetric analysis. The experiment repeatability was evaluated by sample duplication.  
Based on the kinetic analysis of the results, the dependence of the pozzolan activity on the pozzolan chemical and 
mineralogical composition, and on physical properties such as sample granulometry and main component crystallinity 
was assessed. In addition, the zeolite exchangeable cation content was selectively varied by cation exchange to 
investigate its control on the pozzolan activity. The results obtained serve to facilitate the identification and evaluation 
of natural (alumino)silicate pozzolan deposits of interest such as natural zeolite tuffs with respect to their pozzolanic 
activity and reaction product assemblage. 
 
Originality 
The cement industry is faced with the challenge of producing more sustainable, less energy intensive products without 
sacrificing the mechanical properties of the end product. One of the most widespread developments with limited 
interference in the conventional production process is the blending of pozzolans with OPC. The replacement of a 
specific amount of cement clinker with pozzolans has positive effects on the economic and environmental cost and the 
eventual durability of the end product. Moreover, the use of pozzolans in blended cement and concrete applications has 
been observed to significantly improve the cement durability. Natural zeolite tuffs have shown to be more reactive than 
chemically similar unaltered pumice and industrial by-products such as fly-ashes and blast-furnace slags. Also, the 
globally widespread occurrence and extent of zeolite tuff deposits identifies them as one of the most important natural 
pozzolan sources.  
In the presented study, the pozzolanic activity of a large number of natural zeolite and related (alumino)silicate 
materials was evaluated and analysed in a systematic way. The originality of the experiment is mainly situated in the 
broadness of the sample selection and the focus on a thorough quantitative sample characterization in order to derive 
correlations between pozzolan properties and reactivity.  
 
Chief contributions 
The evaluation of the pozzolanic reactivity of a large number of natural zeolite tuffs and (alumino)silicate materials 
allowed to determine the specific control of the chemical, mineralogical and physical properties of the pozzolan on the 
consumption of portlandite. Unlike studies handling on cement and concrete performance, this work focuses on the 
pozzolanic activity and reaches conclusions by statistically comparing relatively large datasets which span a wide 
range in the investigated properties. The results presented enable to assess the reactivity of natural zeolite tuffs based 
on its mineralogy, chemistry and physical properties. More specific conclusions are e.g. that the main component 
crystallinity affects the pozzolanic activity to a primary extent and that zeolite exchangeable cation content can be 
exploited to accelerate the pozzolanic reaction. The intrinsic low crystallinity of the main zeolite component in many 
natural zeolite tuffs can explain their high reactivity. 
 
Keywords: Natural Zeolites, Pozzolans, Pozzolanic Activity, Reaction Kinetics, Quantitative Phase Analysis 
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Introduction 
 
Over the last decade natural zeolitised tuffs have attracted growing attention as supplementary 
cementitious materials or pozzolans. Zeolite-blended cements show the typical economical, 
environmental and technical advantages of many other blended cements incorporating a diversity of 
natural or artificial supplementary cementitious materials. Zeolite tuffs have been reported to 
demonstrate relatively high pozzolan activities in comparison with their non-zeolitised vitreous 
counterparts (Sersale & Frigione, 1987) and can be situated in between the activities of fly-ash and 
silica fume (Poon et al., 1999). In contrast with other natural sources of pozzolans, thermal activation 
is generally not needed to obtain suitable activities. Overall, the reported use of zeolite tuffs as 
pozzolans remains largely linked to local availability in countries such as Germany, Italy, Slovakia, 
Serbia, Bulgaria, Greece, Turkey and China.  
The group of zeolitised tuffs utilized as pozzolans shows a large variability in terms of chemical and 
mineralogical composition. Mainly depending on the chemical composition of the parent volcanic 
glass and formation conditions, different zeolite assemblages form. Most commonly encountered are 
heulandite-clinoptilolite in tuffs of intermediate to siliceous composition and mordenite in SiO2-rich 
tuffs. Chabazite, phillipsite and analcime are typically, but not exclusively, dominating in SiO2-poor 
tuffs. Also, the zeolite minerals show important compositional variation in terms of framework Si/Al 
ratio and exchangeable cation content. Obviously, the grade or purity of the zeolite tuffs varies widely 
depending on the original volcanic glass content and the extent of the zeolitisation process. Other 
secondary minerals such as opal CT, authigenic feldspars or clays and pyrogenic phenocrysts (e.g. 
pyroxenes, feldspars, olivine ...) can be encountered in variable amounts. Finally, also the crystallinity 
of the zeolites related to the density of defects in the crystal lattice might vary from tuff to tuff and 
affect their pozzolan activity (Snellings et al., 2010a). 
To reach a better understanding of the control of zeolite tuff chemistry, mineralogy and particle 
characteristics on the pozzolan activity, a broad set of natural zeolite tuffs, co-occurring 
aluminosilicate minerals and synthetic zeolites were extensively characterized and subjected to 
experimentation. The results permit the prediction of the pozzolanic activity based on the 
mineralogical, chemical and physical properties of the natural zeolite tuffs. 
 
 
Materials and Methods 
 
The sample set consisted of 24 zeolite tuffs of varying zeolite type, purity, bulk chemistry, mineral 
assemblage and crystallinity. Heulandite-clinoptilolite, being the most proliferous zeolite type, was 
represented by 14 samples, mordenite by 3 samples and chabazite by 2. Four selected tuffs contained 
other or mixes of several zeolite types. One chabazite sample (Cha1) was milled to two differing 
finenesses. To determine the contribution to the pozzolan activity of phases commonly interspersed 
into the zeolite tuffs, a selection of crystalline minerals was incorporated. The effect of grinding on 
crystallinity and pozzolan activity was investigated by grinding of both a quartz and a sanidine sample 
to varying finenesses. To widen the degree of variability in zeolite chemistry and mineralogy, common 
synthetic zeolites of varying Si/Al ratio and crystallinity were included. 
The fineness of the starting materials was reduced to similar levels by wet grinding in a McCrone 
Micronising mill with methanol as grinding agent. The powder granulometry was determined in 
aqueous suspension by means of laser diffractometry on a Malvern Mastersizer Long Bed S. The 
external specific surface area (SSA) was approximated from the particle size distribution and the 
density of the sample under the assumption of spherical particle shapes. Earlier research pointed out 
that determination of the external specific surface area participating in the pozzolanic reaction by BET 
N2 adsorption is complicated by the presence of important internal porosity in the zeolite samples 
(Mertens et al., 2009). Sample bulk chemistry was analysed by ICP-OES, a lithium metaborate fusion 
flux was used to dissolve the samples. Loss On Ignition (LOI) was determined by heating the samples 
for 2 h at 1050 °C. For quantitative phase analysis the samples were mixed and interground with a 10 
wt% ZnO spike. X-ray diffraction measurements were collected from 5 to 65 °2θ, CuKα radiation (45 
kV, 30 mA) on a Philips PW1830 diffractometer. Step size was 0.02 °2θ, counting time per step 2 s. 



The Rietveld method applied for phase quantification is outlined in Snellings et al. (2010b). The 
reported crystallite sizes (CS) were obtained from the Rietveld refinement using an adapted Scherrer 
equation. The sample inherent peak broadening was calculated using the fundamental parameters 
approach (Cheary & Coelho, 1992). Although the exact relationship between the refined CS parameter 
and the real crystallite size is not easily established, a proportionality exists and allows to draw 
comparative conclusions. 
The samples were thoroughly dry-mixed with Ca(OH)2 and subsequently with water in a 1:1:2 wt. 
proportion, transferred to closed recipients and left to cure in a thermostatic oven at 40 °C over 
specified periods of 3, 7, 14, 28, 56, 90 and 180 days. At the end of each curing period the samples 
were vacuum-dried to stop the hydration. The progress of the pozzolanic reaction was monitored 
through the consumption of Ca(OH)2 over time as determined by thermogravimetry (TG). 
Measurements were performed on a Netzsch STA 409 PC Luxx over the temperature range of 25 to 
1000 °C at 10 °C/min heating rate in a N2 flushed atmosphere. To calculate the amount of Ca(OH)2 
remaining, reference is made to the dry weight and corrected for background weight loss over the 
dehydroxylation interval of Ca(OH)2 by the method proposed by Taylor (1997). XRD patterns were 
collected after 180 days of hydration to identify the reaction products under the same measurement 
conditions as for quantitative phase analysis. 
 
 

Results and discussion 
 
The sample characterization results are presented in Table 1. In the following sections correlations are 
sought between the analysed properties of the selected zeolite samples and reference minerals with 
respect to their pozzolan activity. The fractional reaction α, based on the degree of consumption of 
Ca(OH)2, is used to indicate the reactivity of a pozzolan over time. Duplicate samples were included in 
the test series to estimate the repeatability of the pozzolan activity tests. The average repeatability 
standard deviation was calculated to be 0.9 % in terms of the fractional reaction α.  
 
 

1. Granulometry and crystallinity 
 
It is well known that increasing the specific surface area of a pozzolanic material is an effective means 
to increase its reactivity, also in the case of zeolite tuffs (e.g. Day & Shi, 1994; Mertens et al., 2009). 
This mechanical activation effect can be clearly observed in Fig. 1A for the quartz samples of varying 
fineness. Clear linear correlations between the fractional reaction α and the geometric specific surface 
area can be observed, especially from 14 days of reaction on. Prolonged grinding did not simply result 
in shifting the particle size distribution to smaller values, but also effectuated a decrease in the mean 
crystallite size diameters calculated from XRD. The crystallite sizes are linearly correlated with the 
specific surface area for both the differentially ground quartz and sanidine samples (Fig. 1C). 
Obviously, the crystallite size and α seem to be related (Fig. 1B). Crystallites are defined as domains 
that diffract X-rays in a coherent way. One particle usually contains a multitude of crystallites 
separated by boundaries of planar defects which experience important lattice strain.  
 

 
 

Figure 1: The fractional reaction α in the quartz-Ca(OH)2 reaction is linearly correlated with the geometric 
specific surface area (A) and the mean crystallite size (B). The extent of defect creation is related with the 

increase in specific surface area induced by prolonged grinding (C). 



Table 1: Sample characteristics: chemical and mineralogical composition and particle properties. Ana stands for 
analcime, Phill for phillipsite and Chab for chabazite. 

Sample Origin Chemistry (wt. %)   Mineralogy (wt. %) 
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Cli1 Toponica (Serbia) 12.40 65.24 0.88 3.75 1.21 1.24 1.27 13.86  85 10  1  5   7.4 0.93 47 
Cli2 Fruska Gora (Serbia) 11.59 67.54 0.63 2.75 0.91 3.21 1.05 12.12  82  8 2  3 4 2 10.6 0.80 56 
Cli3 Tsangaatsev (Mongolia) 12.24 65.02 0.80 0.91 0.42 3.15 3.86 11.43  75  3 4 7 7 4  9.9 0.77 59 
Cli4 Buckhorn (USA) 12.26 65.26 1.48 3.42 1.51 1.30 2.01 13.75  93   1    5 7.4 0.92 40 
Cli5 Winston (USA) 11.83 67.30 1.30 3.21 1.18 2.73 0.78 11.72  72   9 13   7 5.5 1.18 68 
Cli6 Castle Mountain (Australia) 12.13 71.43 1.23 2.76 0.90 1.04 1.91 9.9  33 15  24  10  18 12.7 0.84 48 
Cli7 Nizhny Hrabovec (Slovakia) 12.42 69.19 1.35 3.16 0.54 3.26 0.90 9.94  64  11 4  12 9  8.1 0.88 75 
Cli8 Barsana (Rumania) 11.79 70.74 1.02 3.53 1.29 1.47 0.35 11.36  75  9 8  4 5  7.9 0.90 90 
Cli9 Mirsid (Rumania) 11.40 66.91 1.22 3.01 0.46 3.22 0.98 11.21  76  6 3  7 5 3 9.4 0.81 66 
Cli10 Karacaderbent (Turkey) 13.02 61.54 1.79 2.32 1.02 3.83 1.45 11.7  61  3 1 6 8 10 12 2.8 1.52 56 
Cli11 Karacaderbent (Turkey) 12.35 62.09 1.15 1.88 0.21 4.17 1.18 14.02  85  2 1 10  4  8.5 0.73 52 
Cli12 Zlatokop (Serbia) 11.26 64.14 0.97 3.37 0.22 1.01 1.01 14.49  84   4  7 3 3 6.1 0.99 58 
Cli13 Rio Ayampe (Ecuador) 15.52 58.48 2.24 3.71 0.32 2.07 0.96 15.85  99   1     8.2 0.91 53 
Cli14 Mangatarem (Philippines) 11.53 55.19 4.83 2.84 2.49 0.42 0.42 17.7  54 9  1    37 8.7 0.79 45 
Mor1 Cabo de Gata (Spain) 11.45 68.32 1.20 1.36 0.86 1.55 3.03 10.39   53 13 2 7 9 1 14 9.1 0.74 55 
Mor2 Ngakuru (New Zealand) 10.44 59.60 1.31 7.60 0.89 3.57 1.27 13.79   51 12 1 23   13 3.6 1.55 50 
Mor3 Mangatarem (Philippines) 10.56 65.88 1.42 3.36 0.14 0.54 1.89 15.15  7 64      28 6.0 0.86 34 
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Cha1a Sorano (Italy) 16.50 51.37 3.82 5.36 1.40 6.09 1.25 12.17    58  18 5 7 12 8.3 1.00 142 
Cha1b                   2.7 1.84 78 
Cha2 Christmas (USA) 13.45 52.11 1.91 2.03 0.46 1.42 3.47 20.12    68 2 3 2 6 20 5.2 0.93 47 
Zeo1 Riano (Italy) 15.11 44.91 3.28 10.31 1.09 7.65 1.06 14.39  1 18 19  33 3 10 16 5.7 1.31  
Zeo2 Eifel (Germany) 18.41 50.66 4.35 3.45 0.97 4.50 5.05 8.6  14 2 6 7 9  8 55 7.4 1.02  
Zeo3 Unknown 15.81 62.9 1.26 0.63 0.17 1.1 8.82 7.67  73   16 7 1  2 9.4 1.05 175 
Zeo4 Camaldoli (Italy) 16 54.43 3.15 2.39 0.21 7.67 2.71 11.28  8 32 9  43   8 6.3 1.00  

 Mineral          Remarks              
Ref1 Opal CT 0.88 86.55 0.09 0.19 0.13 0.05 0.04 8.41  ~ pure       7.3 0.56  
Ref2a Quartz 0.86 96.55 0.01 0.03 0.05 0.04 0.12 0.35  ~ pure       11.4 0.69 342 
Ref2b                   6.7 1.01 280 
Ref2c                   4.6 1.22 217 
Ref2d                   3.7 1.41 200 
Ref2e                   2.8 1.71 170 
Ref3a Sanidine 18.44 62.83 1.07 0.94 0.24 8.94 4.39 0.47  ~ pure       10.2 0.72 128 
Ref3b                   8.6 0.81 118 
Ref3c                   3.7 1.43 93 
Ref3d                   2.8 1.66 77 
Ref4 Andesine 21.24 53.86 6.11 9.34 3.40 1.03 3.93 0.39  Pyroxenes (22), quartz (4)  7.1 1.19 136 
Ref5 Alkali feldspar 18.94 55.99 4.94 4.06 1.36 3.94 6.68 0.43  Augite (11)      7.6 0.95 64 
Ref6 Petalite 16.25 74.59 0.02 0.06 0.21 0.33 0.62 1.28  pure       6.6 1.21 156 
Ref7 Kaolinite 37.93 45.05 0.24 0.00 0.03 0.04 0.12 14.09  pure       2.9 1.93  
Ref8 Illite 21.69 49.83 6.56 0.30 2.36 7.54 0.20 6.89  Quartz (5)      5.2 1.19  
Ref9 Montmorillonite 16.72 54.65 3.50 1.60 2.31 0.49 1.30 18.97  K-feldspar (5), quartz (4)  6.1 0.64  
Ref10 Montmorillonite 14.12 62.19 0.81 1.47 3.00 0.09 0.34 19.61  Opal CT (26)     8.7 0.69  
Ref11 Forsterite/enstatite 2.90 42.69 8.76 2.04 39.58 0.02 0.29 0.26  Forsterite (66), enstatite (34)  11.8 0.78 194 
Ref12 Vesuvianite 17.37 34.15 2.19 34.60 4.12 0.01 0.10 2.71  ~ pure       9.7 0.94 244 
Ref13 Andalusite 55.09 37.43 0.65 0.15 0.23 0.23 0.16 1.33  ~ pure       8.2 1.08 334 

Syn1 Zeolite A, Na 27.80 31.36 0.01 0.00 0.02 0.00 19.08 20.52  ~ pure       14.8 0.85  213 
Syn2 Zeolite A, Ca 28.69 32.87 0.02 12.68 0.04 0.38 3.83 20.71  ~ pure       13.0 0.94  190 
Syn3 Zeolite A, K 27.21 30.97 0.03 0.05 0.03 16.06 5.88 18.67  ~ pure       14.5 0.84  285 
Syn4 Zeolite X, Na 23.89 34.73 0.01 0.03 0.04 0.06 14.70 24.6  ~ pure       8.6 0.93 138 
Syn5 Zeolite L, K 16.22 56.31 0.01 0.00 0.03 14.50 0.43 10.41  ~ pure       8.1 1.52 102 
Syn6 Mordenite, Na 9.38 70.23 0.10 0.27 0.35 0.05 5.71 12.06  ~ pure       6.1 0.44 81 

Syn7 Ferrierite, K 9.36 66.42 0.02 0.00 0.03 6.45 1.54 12.34   ~ pure             34.8 0.27 62 



Therefore, the intersections of these boundaries with the particle surface are generally expected to 
serve as preferential sites for dissolution (cf. Juilland et al., 2010 for alite). The smaller crystallites 
obtained by prolonged grinding indicate the formation of higher defect densities in the material and 
can thus be related to higher pozzolan activities. The extent of crystallite size reduction by grinding 
was higher for the initially more crystalline quartz than for the less crystalline sanidine powders. 
Crystallite sizes of the zeolite minerals in the tuffs were observed to be invariably low, which can 
partially explain their elevated pozzolan activities. 
To compare the pozzolan activities, experimentally determined α values were normalised to an equal 
specific surface area basis. Fig. 2 shows the normalized α values of the reference samples through 
time. It can be observed that the SiO2-poor nesosilicates forsterite and andalusite, the sorosilicate 
vesuvianite and the inosilicate enstatite do not participate to a significant extent in the pozzolanic 
reaction. The apparent stability of these minerals in a Ca(OH)2 saturated environment remains poorly 
understood. Tectosilicates of high framework density such as quartz and feldspars are found to be 
more reactive. Li-feldspar, petalite, reached higher α than the more common plagioclase and alkali-
feldspars. It is apparent that these materials should be very finely ground to obtain suitable levels of 
pozzolan activity at early ages. To the contrary, the tested opal CT (composed of stacked structure 
layers of Cristobalite and Tridymite) showed an elevated activity and can be considered as a beneficial 
constituent in zeolite tuffs. Also the tested montmorillonite-smectite clays reach high degrees of 
reaction over the investigated period, illite and kaolinite clays are less effective (when not thermally 
activated). Although the consumption of Ca(OH)2 is observed to be high in the montmorillonite 
mixtures, the presence of clay minerals is generally considered to negatively influence the eventual 
binder performance (He et al., 1995; Liebig & Althaus, 1997). 
 

 
Figure 2. The fractional reaction α normalised to the specific surface area for the reference samples. 

 
 
2. Chemistry 
 
No obvious correlations between bulk chemistry and pozzolan activity were encountered in the 
obtained data set. Especially in compound materials bulk chemical composition data cannot 
discriminate between pozzolanically active and inactive phases. However, a comparison of the 
monophase synthetic zeolite materials in Fig. 3 allows to suggest that, disregarding the differences in 
zeolite structure and crystallinity, the more Si-rich, Al-poor (Si/Al ~ 6) synthetic zeolites mordenite 
and ferrierite are more reactive towards Ca(OH)2 than the typical Al-rich (Si/Al ~ 1-1.2) zeolite A and 
X. In addition, as was observed in previous studies (Mertens et al., 2009), exchanging the cation 



content of the zeolite allows to alter early reaction kinetics. After 56 days the differences between the 
exchanged zeolite A samples became negligible. For zeolite A, especially the K+ exchanged sample 
presented a lowered early reactivity.  
Unlike reaction kinetics, the reaction product assemblage after 180 days of reaction at 40 °C showed a 
consistent variation in terms of the bulk SiO2/Al 2O3 ratio (Fig. 4). In samples containing elevated 
levels of Al2O3, siliceous hydrogarnet was encountered associated with more or less carbonated AFm-
type hexagonal aluminate hydrates, C-S-H and occasional strätlingite. At intermediate Al2O3 levels, 
AFm-type aluminates and C-S-H were identified. Eventually, in mixtures with high SiO2 and low 
Al 2O3, only C-S-H was discernible. In general, the dependence on bulk chemistry favors the 
application of thermodynamics to predict reaction product assemblages. 
 

 
 
 
 
3. Mineralogy 
 

In contrast to bulk chemistry, the content in pozzolanically active phases correlated well with α, 
especially after 7 days of reaction. Therefore a straightforward method to estimate the pozzolan 
activity of a multiphase zeolite tuff can be formulated as follows: 
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In this simplified approach, the pozzolan activity Abulk,t of a bulk multiphase material can be regarded 

as a weight fraction (Xi) weighted linear combination of the normalized activities ,

s

i tA of the composing 

phases i over the specified time period t. Appropriate account is made for the specific surface area of 
both the bulk material and the constituent phases. For space constraints a tabulation of the time 
dependent activities of the pure minerals could not be included. The time-dependent activities of the 
principal zeolite phases were estimated by linear extrapolation of the best linear fit of the sum of the 
zeolite and amorphous weight fractions (Xact) normalized to the specific surface area vs. the difference 
between the measured normalized α and the sum of the accessory mineral phase activities: 
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To illustrate the performance of this approach, in Fig. 5 the measured and estimated activities after 180 
days of reaction are displayed. At this stage of the reaction the normalised α values for pure natural 
clinoptilolite and mordenite were extrapolated to 97.6 and 98.9 %/(m²/g), respectively. In the 
chabazite/phillipsite tuffs containing a mixture of zeolite phases, an overall activity value of 98.0 
%/(m²/g) was estimated. It is apparent from Fig. 5 that a good estimation of the pozzolan activity of a 
zeolite tuff can be made departing solely from a determination of the mineralogical composition and 
the specific surface area. 

Figure 3: The fractional reaction α normalised to the 
specific surface area for the synthetic zeolites. 

Figure 4: Reaction product assemblages after 180 days 
of reaction in function of bulk SiO2 and Al2O3 contents. 



 
Figure 5. A comparison between the measured normalised α after 180 days and the estimated degree of reaction 
based on the quantitative phase composition of each zeolite tuff and the determined reactivities of the zeolite and 
accessory minerals. 
 

Conclusions 
 

The pozzolan activity of a broad set of zeolite tuffs and reference materials were compared with 
sample properties such as granulometry and specific surface, component crystallinity and 
mineralogical phase composition. Both the physical and mineralogical properties were observed to 
correlate strongly with the material reactivity. A simplified model to estimate the pozzolanic activity 
of natural zeolite tuffs and potentially also other (alumino-)silicate materials is formulated. 
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Abstract 
 
X-ray diffraction analysis with quantitative Rietveld analysis was used to determine the cause of early stiffening 
of portland cements that were also associated with setting problems of concrete in the field. The mineral phases 
in the cement that promote early stiffening and the early hydration products that form in the cement paste, which 
are responsible for the loss of plasticity, were identified and quantified. It was found that cements with high 
contents of K2O, syngenite was precipitated in the first few minutes leading to more persistent early stiffening. 
When calcium langbeinite was present in the cement, the formation of syngenite in the first few minutes of 
hydration seemed to be strongly favoured to the extent that much of the initially solubilized sulphate was 
consumed and the aluminate reaction was not adequately controlled. 
 
Originality: A method is presented for stopping hydration as early as a few minutes after mixing allowing XRD 
analysis to be performed on the hydrated sample. Using Rietveld analysis, quantitative determinations were 
made of the hydration products formed within minutes of mixing (e.g., ettringite, syngenite, secondary gypsum), 
to help identify the cause(s) of early stiffening. 
 
Chief Contributions: This work shows how XRD can be used to determine the presence of minor phases 
associated with early stiffening problems in order to identify the cause of problems, so that changes can be made 
to materials, kiln operations, or cement production to prevent future problems. For example, intergrinding with 
anhydrite rather than gypsum minimises early stiffening where clinkers contained problematic Ca-langbeinite. 
 
Keywords: early stiffening, syngenite, secondary gypsum, calcium langbeinite, Rietveld analysis, X-ray 
diffraction 
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1. INTRODUCTION 
In this study, it was determined that the mineral form of the sulphates in a number of industrially-
produced cements, where issues of loss of workability or poor finishability in the field were reported, 
led to the early stiffening of concretes. Early stiffening, or abnormal setting, may occur for a number 
of reasons usually relating to an imbalance in the amount of C3A and the supply of sulphate ions from 
the calcium sulphates and alkali sulphates. If too little calcium sulphate (e.g., gypsum) is interground 
in the cement there is an increased early rapid reaction of the aluminate and ferrite phases (Tang and 
Gartner, 1988), resulting in the formation of plates of AFm phase throughout the cement paste, with 
much evolution of heat. Rapid stiffening, or so-called ‘flash’ set, is attributed to an interlocking of the 
AFm plates, and is not overcome by continued mixing. ‘False’ set, on the other hand, which does not 
often involve a high evolution of heat, is caused by the presence of too much hemihydrate, or in rare 
cases γ-CaSO4, in the cement, that typically form from dehydration of gypsum in the finish mill. Both 
hemihydrate and γ-CaSO4 have a more rapid rate of dissolution than gypsum, such that upon mixing, if 
the supply of sulphate ions is much greater than required by the reaction of the C3A, the excess 
sulphate can precipitate as secondary gypsum. A loss of plasticity is attributed to the formation of 
tabular gypsum crystals throughout the cement paste. Secondary gypsum dissolves in due course and 
plasticity can be regained with continued mixing. With cements high in K2O and rapidly soluble 
calcium sulphate, a rapid precipitation of elongated crystals of syngenite (K2SO4·CaSO4·H2O) may 
occur in the cement paste shortly after mixing leading to early stiffening. The formation of syngenite 
consumes both sulphate and calcium from the liquid phase to the extent that the reaction of the C3A 
may not be adequately retarded (Jawed and Skalny, 1978), so that AFm may form.  

2. MATERIALS AND EXPERIMENTAL METHODS 
Three industrially-produced Type I cements meeting the requirements of ASTM C 150 were used in 
this study. Their chemical compositions, determined by XRF, are given in Table 1 and their mineral 
compositions determined by Rietveld analysis, are given in Table 2. Additionally, some cements were 
prepared in the laboratory by grinding a clinker, obtained from the cement plant that produced Cement 
C, with and without three different forms of calcium sulphate: gypsum, hemihydrate, and ß-anhydrite. 
The chemical composition of the clinker is given in Table 1 and the mineral composition is given in 
Table 2. The gypsum used was Terra Alba gypsum obtained from United States Gypsum. Preparations 
of hemihydrate and ß-anhydrite were made by heating the gypsum for ~24 hr at 140°C and 600°C, 
respectively. The laboratory-prepared cements were ground in a ball mill to a Blaine specific surface 
area of ~300 m2/kg. The amount of gypsum, hemihydrate, and ß-anhydrite, interground with the 
clinker were, respectively, 2.4, 2.0, and 1.9 wt%, giving a total SO3 content of ~3.6% for each cement. 
 
Table 1. Chemical compositions (wt%) of the portland cements and clinker used. 

SiO2 Fe2O3 Al2O3 CaO FCaO MgO SO3 K2O Na2O TiO2 P2O5 Mn2O3 SrO Cl LOI Total Na2Oe

Cement A 20.2 2.89 5.03 63.7 0.06 2.78 3.56 0.36 0.25 0.28 0.16 0.06 0.003 0.48 99.86 0.49
Cement B 19.6 2.63 4.96 61.0 1.69 2.37 3.37 1.22 0.33 0.25 0.14 0.07 0.09 2.56 100.28 1.14
Cement C 18.7 2.79 5.23 60.7 1.74 3.67 3.72 1.32 0.14 0.29 0.07 0.08 0.020 1.56 100.02 1.01
Clinker C 20.2 3.22 4.89 61.7 0.70 4.08 2.56 1.38 0.16 0.25 0.07 0.10 99.29 1.07  
 
X-ray powder diffraction and quantitative Rietveld analysis was performed on the cements and on 
cement paste samples hydrated for 5 min, to determine which mineral components in the cement, and 
early hydration products, may have played a role in the development of early stiffening. XRD 
measurements were made with a Phillips PW1730/PW1050 X-ray diffractometer, using (Ni filtered) 
Cu-Kα radiation having a wavelength of 1.541874 Å. Back-loaded powder specimens were scanned 
from an angle of 8 °2theta to 65 °2theta using step increments of 0.02 °2theta. Cements were 
pulverized for XRD with a mortar and pestle to a particle size less than 38-µm. Cement pastes were 
mixed with a small electric handheld mixer at a w/c ratio of 0.30 (Cements A and B) or 0.32 (Cement 
C) to correspond with the water requirements of the mortar penetration tests (see Table 3). To stop 



hydration of the cement pastes after 5 min from the addition of water, ~5 g of cement paste was added 
to 50 mL of acetone and dispersed by shaking vigorously for 2 min. The sample was then placed in a 
centrifuge for 10 min to separate the liquid phase from the solid particles. The liquid phase was 
decanted and the solid material was pulverized. It is assumed that for the 5-min hydration period used 
in this study no significant amount of amorphous material was formed. Qualitative XRD analyses were 
also performed on some cement pastes at later ages (e.g., 5 hours and 24 hours). These samples were 
pulverized with a mortar and pestle, using acetone as a grinding medium to stop hydration. Select 
samples of cement pastes were studied in a Hitachi SU-6600 field emission scanning electron 
microscope (FE-SEM) to observe the hydration products at early age. The tendency for early stiffening 
of the cements was determined using ASTM C 359 (Standard Test Method for Early Stiffening of 
Hydraulic Cement (Mortar Method)). The water required to give initial mortar penetrations of 46 ±3 
mm, for mixtures with 600 g of cement, are given in Table 3. The initial and final Vicat time of setting 
were also determined for the laboratory prepared cements using ASTM C 191 (Standard Test Methods 
for Time of Setting of Hydraulic Cement by Vicat Needle). Normal consistency values for the Vicat 
tests are given in Table 3. 

3. RESULTS AND DISCUSSION 
Figure 1 shows the XRD diffractograms of Cement A (dry) and of a cement paste made with Cement 
A hydrated for 5 min. The Rietveld mineral compositions of cement pastes are given in Table 2. Most 
of the calcium sulphate in Cement A was in the form of hemihydrate (4.1%). After 5 minutes of 
hydration, the Cement A paste contained no hemihydrate, but had 3.8% gypsum, whereas the cement 
only contained 1.0% gypsum. The complete dissolution of the hemihydrate in the first few minutes of 
hydration had evidently supersaturated the fluid phase with sulphate ions, to the extent that almost 3% 
secondary gypsum had precipitated in the cement paste by 5 min. The result of the mortar penetration 
tests are given in Table 3. Cement A has an average early stiffening rate of 5.7 mm/min within the first 
11 minutes from mixing, which is relatively high (lower is better), indicating that Cement A has a 
significant tendency for early stiffening. However, after remixing the mortar, the early stiffening 
recovery, which is the percentage of the remix penetration compared to the initial penetration, was 
89% (higher is better), which would indicate that the early stiffening is not persistent. Figure 2 shows 
the XRD diffractograms of Cement B (dry) and of the cement paste made with Cement B hydrated for 
5 min, 5 hr and 24 hr. The cement contained 2.6% gypsum and 0.9% hemihydrate, but also contained 
an appreciable amount of rapidly soluble alkali sulphates in the form of arcanite and aphthitalite. After 
5 min of hydration all of the hemihydrate and ~0.5% of the gypsum had been solubilized. The alkali 
sulphates, which tend to condense on clinker surfaces in the kiln, making them readily accessible to 
water in ground cement, were also all solubilized at this age. The fluid phase, therefore, likely had very 
high concentrations of potassium and sulphate ions in the first few minutes of hydration, and to a 
lesser extent calcium ions. No secondary gypsum was detected. Nevertheless, the mortar penetration 
test for Cement B showed significant early stiffening, with an early stiffening rate of 4.6 mm/min. This 
is attributed to the formation of syngenite (3.6%) in the cement paste from the following reaction, 
which would remove SO4

2–, K+, and Ca2+ ions from the fluid phase: 
 

Ca2+ + 2SO4
2– + 2K+ + H2O → K2SO4·CaSO4·H2O  (1) 

 
The presence of syngenite was confirmed in the FE-SEM. Figure 3 is a micrograph of the cement paste 
made with Cement B, where hydration was stopped at 5 min. Elongated crystals with acicular and/or 
bladed habits were observed in the spaces between the cement particles. Microanalyses of some of the 
more densely packed deposits of these crystals had high concentrations of Ca, K, and S, suggestive of 
syngenite; however, the presence of some Al in the microanalyses suggests that crystals of ettringite 
were likely intermixed with the syngenite. While the microstructure observed here was likely altered 
by the method used to stop hydration, the presence of these syngenite crystals in the spaces between 
the cement grains would almost certainly increase interparticle interactions causing a reduction in the 
plasticity of the cement paste.  
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Figure 1. X-ray diffractograms of Cement A (dry) and of a 0.3 w/c ratio paste made with Cement A hydrated for 
5 min. E-ettringite, G-gypsum, H-hemihydrate. 
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Figure 2. X-ray diffractograms of Cement B (dry) and of a 0.3 w/c ratio paste made with Cement B hydrated for 
5 min, 5 hr, and 24 hr. E-ettringite, G-gypsum, S-syngenite, P-portlandite. 
 
From the quantitative XRD data in Table 2 it would appear that about 1% of the aluminate in Cement 
B had reacted after 5 min of hydration, with more of the cubic aluminate reacting than the 
orthorhombic (or alkali) aluminate. Almost all of the Al2O3 from the early reaction of the C3A appears 
to have formed ettringite (3CaO·Al2O3·3CaSO4·32H2O), with 2.5% present in the cement paste at 5 
min. This would suggest that there was sufficient sulphate to effectively retard the reaction of the C3A, 
despite the consumption of sulphate by the formation of syngenite. Qualitative XRD analyses of the 
Cement B paste at 5 hr showed peaks for syngenite that were slightly more intense than those at 5 min, 
but at 24 hr the syngenite peaks were essentially gone. This would suggest that very little additional 
syngenite formed beyond the first few minutes of hydration, and that eventually the syngenite did 
dissolve making the sulphate available. At 5 hr the peaks for gypsum were less than half the height of 
those at 5 min. By 24 hours no gypsum was detected by XRD. The ettringite peak heights at 5 hours 
were about twice that at 5 min, and about three times the height at 24 hr. After remixing the 
penetration test mortar that was made with Cement B, the early stiffening recovery was only 52%. 
This suggests that early stiffening from the formation of syngenite is fairly persistent and cannot be 
completely dispelled by remixing.  



Table 2. Rietveld mineral compositions (wt%) of the dry cements and clinker, and of the cement pastes after 5 
minutes of hydration. 

Clinker C
Dry 5 min Dry 5 min Dry 5 min Dry

C3S - M3-Alite (3CaO·SiO2) 70.2 69.5 51.4 51.0 63.9 63.6 65.7
C2S - ß-Belite (2CaO·SiO2) 6.2 6.4 18.6 18.6 7.7 8.3 12.7
C3A - Aluminate cubic (3CaO·Al2O3) 4.2 3.3 5.8 4.9 5.6 4.6 3.0
C3A - Aluminate orthorhombic (8.5CaO·0.5NaO·3Al2O3) 2.2 2.0 3.5 3.2 2.1 2.1 1.5
C4AF - Brownmillerite (4CaO·Al2O3·Fe2O3) 9.7 9.9 6.5 6.4 7.5 8.1 10.7
Periclase (MgO) 1.0 1.0 1.3 1.4 2.1 2.2 2.2
Calcium oxide - Lime (CaO) 0.2 0.4 1.6 1.0 1.8 1.0 0.5
Potassium sulphate - Arcanite (K2SO4) 0.3 0.2 1.1 0.0 1.3 0.0 0.7
Calcite (CaCO3) 0.0 0.2 4.2 3.7 0.4 0.6 0.1
Quartz (SiO2) 0.0 0.0 0.5 0.4 0.1 0.1 0.0
Gypsum (CaSO4·2H2O) 1.0 3.8 2.6 2.1 2.7 1.6
Calcium sulfate hemihydrate (CaSO4·½H2O) 4.1 0.0 0.9 0.0 0.5 0.0
ß-Anhydrite (CaSO4) 0.4 0.5 0.8 0.4 0.1 0.1 0.1
Portlandite (Ca(OH)2) 0.0 0.0 0.2 0.4 0.1 0.4 0.0
Aphthitalite (3K2SO4·Na2SO4) 0.3 0.0 0.9 0.2 0.8 0.4 0.5
Ca-langbeinite (K2SO4·2CaSO4) 2.0 0.0 2.4
Ettringite (3CaO·Al2O3·3CaSO4·32H2O) 2.8 2.5 1.7
Syngenite (K2SO4·CaSO4·H2O) 3.6 4.1
Dolomite (CaMg(CO3)2) 1.3 1.0

Cement BCement A Cement C

 
 
Table 3. Results of the mortar penetration tests, the Vicat tests, and the amount of syngenite formed in cement 
pastes at 5 minutes, determined by Rietveld analysis. 

Clinker C Clinker C Clinker C

+ 2.4% 
Gypsum

+ 2.0% 
Hemihydrate

+ 1.9% 
Anhydrite

Mixing Water (mL) 180 180 190 190 190 190 190
Initial penetration (mm) 44 46 48 49 49 49 49
5-min penetration (mm) 22 33 33 49 45 21 48
8-min penetration (mm) 10 19 12 49 14 9 48
11-min penetration (mm) 4 11 7 49 9 4 30
Remix penetration (mm) 39 24 26 49 39 39 49
Early Stiffening Amount (mm) 40 35 41 0 40 45 19
Average Early Stiffening Rate (mm/min) 5.7 4.6 5.4 0.0 4.7 6.6 2.2
Early Stiffening Recovery (%) 89 52 54 100 80 80 100

Syngenite (5 minutes) (wt%) 3.6 4.1 1.4 3.0 3.4 1.8

Normal consistency (% water) 24 25 25 25
Initial Vicat setting time (min) 49 81 91 92
Final Vicat setting time (min) 120 165 160 200

Cement A Cement B Cement C Clinker C

 
 
Figure 4 shows the XRD diffractograms of Cement C (dry) and of the cement paste made with Cement 
C hydrated for 5 min and 5 hr. Cement C contained 2.0% calcium langbeinite (K2SO4·2CaSO4). 
Calcium langbeinite forms in industrial clinkers with high K2O and SO3 contents, particularly where 
higher sulphur fuels are used, or where efforts are made to reduce cement kiln dust and SOx emissions 
(Michaud and Suderman, 2002). The Cement C clinker was reported to have above 2% SO3 and more 
than 1% K2O. Calcium langbeinite has a very rapid rate of dissolution, and as such should provide 
both sulphate and calcium ions to control the early reaction of the aluminate. The effectiveness of 
calcium langbeinite as a set regulator has been reported (Moir, 1983). Cement C contained 2.7% 
gypsum and 0.5% hemihydrate, as well as 1.3% arcanite and 0.8% aphthitalite. No calcium langbeinite 
was detected by XRD in the cement paste made with Cement C at 5 min. This indicates that calcium 
langbeinite reacts very rapidly after the addition of water. All of the hemihydrate and about 1% of the 
gypsum had also been consumed by 5 min. At this age, the cement paste contained 4.1% syngenite and 



1.7% ettringite. Only about two-thirds of the aluminate that had reacted by this age appears to have 
formed ettringite, the remainder possibly forming AFm phase, though no AFm phase was identified by 
XRD. Analysis of the Cement C paste in the FE-SEM showed elongated crystals in the spaces between 
cement grains. Microanalyses of these crystals were consistent with a mixture of syngenite and 
ettringite. Qualitative XRD analysis of the paste made with Cement C hydrated for 5 hr showed 
syngenite peaks that were slightly less intense than those at 5 min, whereas the ettringite peaks had 
about twice the intensity of those at 5 min. The gypsum had been depleted by this time. Despite having 
a total SO3 content of 3.72% the fairly early depletion of gypsum suggests there was insufficient 
soluble sulphate available to adequately control the reaction of the aluminates. The incipient 
precipitation of syngenite appears to have consumed much of the rapidly soluble sulphate, making it 
unavailable for reaction until a later time when the syngenite eventually dissolves. 
 

 
Figure 3. Back-scattered electron image of cement paste made with Cement B after hydration for 5 min showing 
elongated crystals (arrows), mainly of syngenite, in the spaces between cement grains. The FE-SEM was 
operated at 15 keV in variable pressure mode at a partial vacuum of 60 Pa. 
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Figure 4. X-ray diffractograms of Cement C (dry) and of a 0.32 w/c ratio paste made with Cement C hydrated for 
5 min and 5 hr. E-ettringite, G-gypsum, S-syngenite, P-portlandite, L-calcium langbeinite. 
 
The mortar penetration test for Cement C indicated there was a tendency for significant early 
stiffening, with an average early stiffening rate of 5.4 mm/min. Upon remixing, the early stiffening 
recovery was 54%, which suggests that the early stiffening was fairly persistent. As mentioned above, 
calcium langbeinite is known to be an effective set regulator, yet Cement C seemed to produce the 



most severe case of early stiffening of the cements studied. To help understand this, a series of 
laboratory-prepared cement samples were made from industrial clinker (Clinker C), which contained 
calcium langbeinite, with and without different forms of calcium sulphate interground. The mortar 
penetrations and Vicat setting times of the laboratory-prepared cements are given in Table 3, along 
with the amount of syngenite in cement pastes hydrated for 5 min. The clinker on its own did not show 
any tendency for early stiffening, despite there being 1.4% syngenite precipitated in the paste by 5 
min, suggesting that some amount of syngenite can form without adverse effects. However, the initial 
and final Vicat setting times were respectively, 49 minutes and 120 minutes, which are fairly short, but 
not unexpected since the clinker on its own had only 2.56% SO3. This suggests that while there 
appears to be sufficient supply of sulphate ions to retard the initial reaction of the aluminate, the 
sulphates were depleted early on and the aluminate reaction was not adequately controlled, leading to 
premature setting. When the total SO3 content was raised to ~3.6% by addition of calcium sulphates, 
the setting times increased, indicating that the clinker sulphates alone were not sufficient. For the same 
level of SO3, the amount of syngenite precipitated in the first few minutes of hydration was greatest 
with the hemihydrate and lowest with the ß-anhydrite. The amount of syngenite formed corresponded 
to the tendency for early stiffening in the mortar penetration tests. It would appear, therefore, that 
where a significant amount of calcium langbeinite is present in the clinker, the addition of a rapidly 
soluble form of calcium sulphate to the cement exacerbates early stiffening. In this circumstance, the 
use of ß-anhydrite would seem to be the best alternative. Clinkers with lesser amounts of calcium 
langbeinite and alkali sulphates than that of this study may require more rapidly soluble sulphate to 
adequately control the aluminate reaction. In these circumstances the addition of a calcium sulphate 
blend of gypsum and ß-anhydrite would seem more appropriate. 

4. CONCLUSIONS 
X-ray diffraction analysis with quantitative Rietveld analysis can be used to determine the proximate 
cause(s) of early stiffening of portland cement based materials. The mineral phases in the cement that 
promote early stiffening and the early hydration products that form in the cement paste, which are 
responsible for the loss of plasticity, can be identified. Perhaps more importantly, these problematic 
minerals can be accurately quantified, since it is usually the amounts of these minerals, rather than 
merely their presence, which determines the tendency for early stiffening. With a cement that had a 
low content of K2O, too much hemihydrate, which has a rapid rate of dissolution, led to the formation 
of secondary gypsum upon hydration. This produced significant early stiffening, but it was not 
persistent. With cements that had high contents of K2O (e.g., >1.2%) syngenite was precipitated in the 
first few minutes leading to more persistent early stiffening. Syngenite formation was exacerbated 
when the cement contained calcium sulphates with a rapid rate of dissolution (e.g., hemihydrate) or the 
rapidly soluble double salt calcium langbeinite. When calcium langbeinite was present in the cement, 
the formation of syngenite in the first few minutes of hydration seemed to be strongly favoured to the 
extent that much of the initially solubilized sulphate was consumed and the aluminate reaction was not 
adequately controlled.  
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Abstract 
The use of industrial waste as a raw material for the production of cement is expanding. In Japan, however, it causes 

increased C3A content in cement. Therefore, in order to prevent thermal cracking of concrete, it will become 
increasingly important to control the adiabatic temperature rise. However, the evaluation of adiabatic temperature rise 
in concrete is not adequate for daily quality control because it requires considerable labor. 
The adiabatic temperature rise in concrete was evaluated by the adiabatic temperature rise test equipment. The 

concrete samples were prepared with AE water-reducing agent and superplasticizer. The adiabatic temperature rise in 
mortar was evaluated by an adiabatic calorimeter. The mix proportion of mortar was decided based on heat balance. 
The adiabatic temperature rise was evaluated by addition of the same amount of AE water-reducing agent and 
superplasticizer as concrete and no addition of them. 
As a result, the adiabatic temperature rise curve of mortar was similar to that of concrete by deciding mix proportion 

of mortar based on heat balance. For ordinary Portland cement with W/C (water-cement ratio by mass) = 0.35, the 
adiabatic temperature in mortar without superplasticizer rose a little earlier than that in concrete. These results 
indicate that the adiabatic temperature rise in concrete can be predicted by deciding the mix proportion of mortar 
based on heat balance and adding superplasticizer. 
In addition, analysis results of mortar samples hydrated under the adiabatic temperature rise condition showed the 

hydration ratio of C3S and C3A in cement was considerably high in three days. The adiabatic temperature rise was 
strongly related to the reacted amount of C3S and C3A in cement. 
 
Originality 
One method to predict the adiabatic temperature rise in concrete is simulation of hydration. However, no 

experimental technique for this method has been examined thoroughly. An adiabatic calorimeter used for small mortar 
samples has been developed for quality control of cement in Japan. In this study, the optimum condition to predict the 
adiabatic temperature rise in concrete by this equipment was developed. There is not such a study till now. 
The adiabatic temperature rise in concrete with various mix proportions and cements was evaluated by adiabatic 

calorimeter used for small mortar samples. As a result, the adiabatic temperature rise in concrete could be predicted by 
deciding the mix proportion of mortar based on heat balance and adding superplasticizer. 
 
Chief contributions 
The use of industrial waste as a raw material for the production of cement is expanding. However, it causes an 

increased C3A content in cement. Therefore, in order to prevent thermal cracking of concrete, it will become 
increasingly important to control the adiabatic temperature rise. However, the evaluation of adiabatic temperature rise 
in concrete is not adequate for daily quality control because it requires considerable labor. 
The adiabatic temperature rise can be predicted simply by using the developed equipment and the optimum condition 

for measurement. As a result, the quality in concrete can be inspected rapidly, and thermal cracking of concrete can be 
prevented. Concrete with the adiabatic temperature rise is studied reasonably, and this method is certain to contribute 
to material design. 
 
Keywords: Adiabatic temperarure rise, Adiabatic calorimeter, Mortar, Concrete 
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Introduction 
 

The use of industrial waste as a raw material for the production of cement is expanding. However, it 
causes increased C3A content in cement. Hydration heat in cement contributes to an adiabatic 
temperature rise. In particular, the high hydration heat of C3A may result in an adiabatic temperature 
rise. Therefore, in order to prevent thermal cracking of concrete, it will become increasingly important 
to control the adiabatic temperature rise. 

The environment that surrounds cement has changed to improve the durability of concrete and to 
reduce the environmental load. Because materials used to produce concrete will vary more in the 
future, it will become increasingly important to inspect adiabatic temperature rise.  

However, the evaluation of adiabatic temperature rise in concrete is not adequate for daily quality 
control because it requires considerable labor. 

One method to predict the adiabatic temperature rise in concrete is simulation of hydration. However, 
no experimental technique for this method has been examined thoroughly. An adiabatic calorimeter 
used for small mortar samples has been developed for quality control of cement in Japan. In this study, 
the optimum condition to predict the adiabatic temperature rise in concrete by this equipment was 
developed. The adiabatic temperature rise in concrete with various mix proportions and cements was 
evaluated using the adiabatic calorimeter. 

In addition, mortar samples hydrated under the adiabatic temperature rise condition were analyzed. 
 
 
Experiment 
1. Materials 
 

Table 1 presents types of cement samples, aggregate, AE water-reducing agent and superplasticizer 
in this study. Table 2 presents the specific heat of aggregate. It was measured by differential scanning 
calorimetry (DSC), after crushing aggregates. The powdery sapphire was used as standard substance 
for the measurement. The temperature rise rate was set to 10°C/min. 
 

Table 1: Type of cement sample and aggregate 
Material Symbol Type 

N Ordinary Portland cement 
H High-early Portland cement 
M Moderate-heat Portland cement Cement 

B Blast-furnace slag cement 

Fine aggregate S 

Sea sand in Ainoshima (Density in surface dry condition: 2.59g/cm3, 
Water absorption: 1.34%, F.M.: 2.66) and crushed sand in Moji 
(Density in surface dry condition: 2.68g/cm3, Water absorption: 
1.36%, F.M.: 2.79) were mixed by ratio of 1:1 

Coarse aggregate G Crushed stone in Miyano (Maximum size: 20mm, Density in surface 
dry condition: 2.69g/cm3, Water absorption: 0.50%, F.M.: 6.67) 

AE water-reducing agent LS Lignin sulfonic acid type 
Superplasticizer AD PC Polycarboxylic acid type 

 
Table 2: Specific heat of aggregate 

Specific heat (J/(gK)) Kind Type 
20°C 40°C 60°C 80°C 

Coarse Crushed stone 0.786 0.822 0.853 0.876 
Sea sand 0.756 0.789 0.821 0.845 Fine Crushed sand 0.796 0.832 0.863 0.886 

 
 
 
 



2. Concrete experiment 
 

Table 3 presents mix proportions of concrete. 50L of concrete samples were prepared with AE water- 
reducing agent and superplasticizer by a forced two axle mixer of 55L. The concrete was prepared in a 
thermostatic chamber set to 20°C. The adiabatic temperature rise in concrete was measured by the 
adiabatic temperature rise test equipment with air-circulation type (ATR-120HA, made by Tokyo Riko 
Corp., Ltd.).  
 

Table 3: Mix proportion of concrete 
Unit content (kg/m3)  W/C*1 W*1 C*1 S G 

Dosage of AD*4 

(%) 
0.55*2 179 325 793 1006 LS 0.25 
0.45*3 175 389 751 1006 PC 0.55 N 
0.35*3 175 500 851 874 PC 1.50 

H 790 1008 
M  798 1006 
B 

0.55*2 179 325 
782 1006 

LS 0.25 

1. W/C: water-cement ratio, W: Water, C: Cement 
2. Adjust amount of water to obtain a desired slump (18.0 ± 1.5 cm) 
3. Adjust dosage of PC to obtain a desired slump flow (60.0 ± 5.0 cm) 
4. Mass% of AD to cement 

 
 
3. Mortar experiment 
 

The adiabatic calorimeter equipment was the same device as previously reported (Maruya et al., 
2007). The adiabatic temperature rise in mortar was measured by the adiabatic calorimeter equipment 
with the 30ml film case to put into the mortar sample. The heat capacity of the case influences the 
temperature change. The mix proportion of mortar was decided based on heat balance. It is necessary 
to satisfy eq. (1) so that the adiabatic temperature rise in mortar corresponds to that in concrete, 
considering the heat balance. 
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where m is the mass of materials [g], C is the heat capacity of sample [J/°C], B is the heat capacity of 
container [J/°C], the first subscript m and c show mortar and concrete respectively, the second 
subscript c shows cement.  

The heat capacity of sample is shown by specific heat and mass of materials, and when mortar and 
concrete are the same W/C, the relationship of the both aggregate-cement ratio by mass is shown in eq. 
(2): 
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where ccs is the specific heat of aggregate of concrete [J/(gK)], cms is the specific heat of aggregate of 
mortar [J/(gK)], the second subscript s shows aggregate. 

In this study, it is assumed that mortar and concrete are the same W/C, the aggregate-cement ratio of 
mortar and amount of cement were decided from the eq. (2). An adiabaticity of the equipment was 
estimated by an aluminum block as previously reported (Maruya et al., 2007), at the same time, the 
heat capacity of container B, which was 36.5J/K, was calculated from the relationship of between 



supply heat and the temperature rise of the aluminum block. For the specific heat of aggregate, an 
average value from 20°C to 60°C was used in the proportion with W/C = 0.55 and 0.45 (from 20°C to 
80°C in the proportion with W/C = 0.35). 

The adiabatic temperature rise was evaluated by addition of the same amount of AE water reducing 
agent and superplasticizer as concrete and no addition of them. The mortar was prepared by hand 
mixing because the volume of sample was small. After mixing cement and water for 2 min, sand was 
added into the mixture and then stirred for 3 min. Then the mortar sample was put in 30ml film case. 
Thermocouples were inserted into the punctured lid of the film case for measuring and controlling the 
temperature. Silicon grease was applied around the insertion sites to prevent water dissipation. After 
placing the insulating container, which contained the sample container, into the equipment set to 20°C 
preliminarily, the adiabatic temperature rise in mortar was measured. The measurement was conducted 
over two days in such a way that the temperature rise had slowed significantly. Each of observational 
plots was corrected by calculating the amount of reduction in temperature due to the heat loss.  
 
 
4. Analysis of hydration cement 
 

For the cement paste in mortar samples of N with W/C = 0.55 hydrated under the adiabatic 
temperature rise condition, the hydration ratio of C3S and C3A in cement with the fast hydration rate 
was evaluated. Table 4 presents characteristics of N used for this analysis. Alumina beads of 1mm in 
diameter instead of the sand were used for preparing the mortar because the cement paste was easily 
peeled off alumina beads. About the hydration reaction in age of three days, the hardened cement paste 
was crushed by a mortar. This crushed hardened cement paste and unhydration cement were partially 
replaced with aluminum oxide by 10%. These samples were measured by X-ray diffractometry (XRD), 
the reaction ratio of C3S and C3A was calculated from XRD peak areas of C3S and C3A. The peak 
areas were corrected by amount of bound water. 
 

Table 4: Characteristics of N 
Mineral composition*1 

 (by Bogue’s eq., mass%) No. 
C3S C2S C3A C4AF

MgO 
(%) 

SO3 
(%) 

Na2O 
(%) 

K2O 
(%) 

Blaine specific 
surface area 

(m2/kg) 
1 52.5 21.6 9.9 9.9 0.97 1.91 0.19 0.44 317 
2 53.8 19.9 10.2 9.8 0.92 1.88 0.20 0.44 322 
3 58.3 15.5 10.5 9.1 1.35 1.90 0.30 0.25 329 
4 57.8 15.9 10.6 9.3 1.35 1.87 0.30 0.26 327 
5 57.6 17.3 10.2 8.9 1.04 1.77 0.26 0.48 330 
6 52.5 22.4 8.9 9.8 1.21 1.97 0.24 0.41 363 
7 61.5 11.7 9.5 8.9 2.43 2.06 0.21 0.38 326 
8 56.1 18.7 9.4 9.2 0.93 2.07 0.24 0.36 334 

 1. Value in cement except additives 
 
 
Results and discussion 
1. Adiabatic temperature rise in different mix proportions 
 

Figures 1, 2, and 3 present the results of adiabatic temperature rise in concrete and mortar for three 
mix proportions of N. The adiabatic temperature rise curve of mortar was similar to that of concrete by 
deciding the mix proportion of mortar based on heat balance. For W/C = 0.35, the adiabatic 
temperature in mortar without superplasticizer rose a little earlier than that in concrete. Because 
concrete with W/C = 0.35 had a large amount of superplasticizer, the adiabatic temperature rise may 
have been late. A previous study reported that superplasticizer influences the start time of hydration 
(Narita et al., 2001). These results indicate that the adiabatic temperature rise in concrete can be 
predicted by deciding the mix proportion of mortar based on heat balance and adding superplasticizer. 



For the mix proportion of W/C = 0.55, it was not clear whether the 0.25% AE water-reducing agent 
influences the adiabatic temperature rise curve in mortar. However, with the 1.00% AE water-reducing 
agent, the adiabatic temperature in mortar rose very slowly. 
 
 
2. Adiabatic temperature rise in different types of cements 
 

Figures 4, 5, and 6 present the results of adiabatic temperature rise in concrete and mortar for four 
types of cements with W/C = 0.55. Moderate-heat Portland cement was measured for seven days 
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Fig. 1: Adiabatic temperature rise curves (W/C = 0.55)   Fig. 2: Adiabatic temperature rise curves (W/C = 0.45) 
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Fig. 3: Adiabatic temperature rise curves            Fig. 4: Adiabatic temperature rise curves 

(W/C = 0.35)                                                        (W/C = 0.55, M) 
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Fig. 5: Adiabatic temperature rise curves             Fig. 6: Adiabatic temperature rise curves  

(W/C = 0.55, H)                                                    (W/C = 0.55, B) 



because it has a low adiabatic temperature rise rate. These results indicate that regardless of the type of 
cement, the adiabatic temperature rise curve in concrete and that in mortar are similar. Therefore, the 
measurement in mortar correctly evaluates the difference in adiabatic temperature rise in various types 
of cements, and blast-furnace slag cement with comparatively high dependence on temperature in 
hydration reaction may not generate a temperature distribution in mortar. The adiabatic temperature 
rise rate in mortar was more similar to that in concrete after addition of an AE water-reducing agent. 
 
 
3. Comparison of mortar and concrete 
 

The adiabatic temperature rise curve in concrete and mortar could be approximately described by eq. 
(3). The difference between the adiabatic temperature rise in concrete and that in mortar was evaluated 
by Q∞ in eq. (3):  
 
( ) ( ){ }[ ]0exp1 ttrQtQ −−−= ∞                                                                                                         (3) 

 
where Q∞ is the ultimate temperature rise [°C], r is the rate coefficient of temperature rise,  t is time [h], 
and t0 is the start time of the generation of heat [h].  

In addition, for various lots of cement, the adiabatic temperature rise in concrete and mortar was 
measured in the mix proportion indicated in Table 3, and Q∞ was calculated. The relationship between 
Q∞ in mortar and that in concrete with AD is depicted in Fig. 7. Results indicate that Q∞ in mortar has 
a good correlation with that in concrete. Therefore, it was possible to predict the difference in 
adiabatic temperature rise in concrete with the adiabatic calorimeter used for small mortar samples. 
The adiabatic temperature rise was predictable with an accuracy of 3.0°C in the range of this study.  

The adiabatic temperature rise in mortar was slightly lower than that in concrete. The difference in 
hydration level due to the mix condition or an error in the calculation of heat balance possibly 
influenced the adiabatic temperature rise. For the latter, in mix proportions of high-early Portland 
cement with high adiabatic temperature rise and low W/C, it was thought the adiabatic temperature 
rise differed between concrete and mortar because the sand-cement ratio in mortar was high. From 
now on, clarifying the reason for the difference will make the measurement more accurate.  

The adiabatic temperature rise can be predicted simply by using the developed equipment and the 
optimum condition for measurement. As a result, the quality of concrete can be inspected rapidly, and 
thermal cracking of concrete can be prevented. Concrete with adiabatic temperature rise is studied 
reasonably, and this method is certain to contribute to material design. 

20

40

60

80

20 40 60 80

Mortar Q ∞ /℃

C
on

cr
et

e Q
∞

 /℃

○ N(W/C=55%)
△ N(W/C=45%)
□ N(W/C=35%)
◇ H
● BB
▲ M

Regression line
y = 1.256x - 10.75
r = 0.991

95% Confidence interval

 
Fig. 7: Relationship of Q∞ between mortar and concrete 

 



4. Analysis of hydrated cement 
 

Table 5 presents hydration ratios of C3S and C3A, Q∞ in eq. (3), the reacted amount of C3S and C3A, 
calorific value, and Q∞ calculated from the calorific value. Hydration ratios of C3S and C3A were 
considerably high, regardless of the amount of other compounds and Blaine specific surface area. For 
this reason, the reaction may have been promoted, compared with the normal temperature condition, 
because of the reaction under the adiabatic temperature rise condition. However, Q∞ calculated from 
the calorific value roughly corresponded to Q∞ in eq. (3). This result indicates that the adiabatic 
temperature rise is strongly related to the reacted amount of C3S and C3A in cement. 
 

Table 5: Hydration ratio of C3S and C3A, Q∞, reacted amount of C3S and C3A,  
calorific value, and Q∞ calculated from the calorific value 

Hydration ratio 
 (%) 

Reacted amount 
 (by Bogue’s eq., %)

Calorific value 
(J) 

Q∞ calculated from 
calorific value (°C) No. 

C3S C3A 

Q∞ 
(°C) C3S C3A C3S*1 C3A*2 Total C3S C3A Total

1 91.8 91.5 47.6 48.2 9.1 3734 1553 5287 32.5 13.5 46.0
2 94.7 89.2 44.2 51.0 9.1 3950 1560 5510 34.4 13.6 48.0
3 93.9 83.3 49.3 54.7 8.8 4242 1501 5743 36.9 13.1 50.0
4 90.1 81.7 48.1 52.1 8.7 4036 1485 5521 35.1 12.9 48.0
5 94.8 89.9 46.4 54.6 9.2 4233 1573 5806 36.9 13.7 50.6
6 92.7 82.4 44.1 48.6 7.3 3770 1258 5028 32.8 10.9 43.7
7 85.4 83.0 47.5 52.5 7.9 4072 1352 5424 35.4 11.8 47.2
8 91.0 86.3 45.9 51.1 8.1 3959 1391 5350 34.5 12.1 46.6

1. Calorific value of C3S: 517J/g 
2. Calorific value of C3A to form AFm: 1144J/g 
 
 
Conclusions 
 

The optimum condition to predict the adiabatic temperature rise in concrete by an adiabatic 
calorimeter used for small mortar samples was developed. In addition, mortar samples hydrated under 
the adiabatic temperature rise condition were analyzed. 
 
(1) By considering the heat balance used for specific heat, the mix proportion in mortar could be 

determined to predict the adiabatic temperature rise in concrete. 
(2) Adiabatic temperature rise curves of mortar in different mix proportions and cements were similar 

to that of concrete.  
(3) Adiabatic temperature rise curves of mortar were more accurate after addition of the same amount 

of AE water-reducing agent and superplasticizer in concrete. 
(4) The hydration ratio of C3S and C3A in cement under the adiabatic temperature rise condition was 

considerably high. The adiabatic temperature rise was strongly related to the reacted amount of C3S 
and C3A in cement. 

(5) This method is certain to contribute to quality inspection and material design.  
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Abstract 
The research in this article is focused on the first 24 hours of hydration of five commercially available Portland 
cements It is in this period that the concrete sets and hardens. Particular interest has been given to the so called 
induction or dormant period, as there is still not one generally accepted theory to explain this period. The research 
program provides data that can be used for validation of different theories, which are often based on studies of pure 
phases. It also provides information for modelling purposes to model real concrete. Finally, it provides directions for 
practice why different cements react differently and what are the important parameters. 
The different cements have been analysed using isothermal calorimetry, quasi-elastic neutron scattering (QENS), 
nuclear resonance reaction analysis (NRRA), pore solution analysis, and in-situ synchrotron  x-ray diffraction. 
The results clearly show that the cements do not react identically. It is concluded that C3S amount shows potential of 
reaction, but specific surface area is the parameter to control rate of reaction. Furthermore, it is shown that pure C3S 
and pure C2S react identically during the pre-induction peak. Only after the pre-induction peak the reaction paths start 
to deviate. It is hypothesized that this is due to differences in the reaction product (shell). Results by QENS 
measurements indicate that this product layer is not directly attached to the cement grain, but is separated by a small 
layer of solution. From the NRRA measurements it is concluded that the shell product layer is not fixed but seems to 
change over time, which classifies it as metastable or intermediate. A combination of pore solution analysis and 
mineral phase development using synchrotron data showed the complexity of sulphate related phases. The initial 
release of sulphates during the pre-induction peak does not seem to come from the gypsum family but from arcanite. So 
much sulphate is released that additional gypsum and anhydrate are formed as well as a buffering amount of syngenite. 
It is concluded that calcium seems to control the start of the induction period and that a necessary level of silicon or 
silicon based nuclei controls the end of the induction period. 
 
Originality 
Hydration and microstructure formation in Portland cement systems is a highly complex process. Much of the research 
in this area has used the simplification of studying single pure phases, in order to find parts of the puzzle. However, by 
studying simple systems the effect and influence of interaction of the different reactions is lost. In this research trend 
analogies are used on real cements. By studying five similar, but not completely identical, commercial Portland 
cements, insight in the interactions of reaction processes have been obtained through the differences in their reaction 
behaviour. New boundaries have been breached by working together with NIST in applying quasi-elastic neutron 
scattering on hydrating cement past during the first 24 hours. Also at Ruhr-Universität Bochum the Dynamitron 
Tandem accelerator has been used for nuclear resonance reaction analysis to analyse the build-up of the first hydration 
layer. Finally in Grenoble the Europeans Synchrotron Radiation Facility has been used to study the mineral changes in 
hydrating cement pastes during the first 24 hours. The combination of all these techniques and collaborations provided 
a unique insight in the initial hydration processes of commercially cements. 
 
Chief contributions 
Through this research important steps have been made in the fundamental understanding of the chemical processes 
occurring during the first 24 hours of Portland cement hydration. Trend analogies of commercial cements showed the 
importance of surface area, while the amount of C3S in cement clinker is only of secondary importance. Sophisticated 
detection techniques like QENS and NRRA provided strong indications for the formation of a product, a shell layer 
during the pre-induction peak. This shell is not directly attached to the cement grain, but is separated by a small layer 
of constrained solution. Furthermore, it is shown that this shell layer is not stable but changes over time. The initial 
release of sulphates during the pre-induction peak does not seem to come from the gypsum family phases but from 
arcanite (K2SO4). So much sulphate is released that additional gypsum and anhydrate are formed as well as a buffering 
amount of syngenite as could be shown by synchrotron data. Based on these findings fundamental concepts of hydration 
mechanisms can be adjusted. Such concepts are important stepping stones in fundamentally unravelling hydration 
systems including also blast furnace slag, powder coal fly ash and next generation binder systems. 
 
Keywords: Induction period, microstructure formation, hydration, pore solution, synchrotron, QENS, NRRA. 
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1.  INTRODUCTION 
 
For many centuries concrete has been the backbone of our built environment. Also for the future 
concrete will remain the most important building material, but there will be changes that break 
tradition with the past. For example, Portland cement will be partly replaced by high levels of blast 
furnace slag, powder coal fly ash, or other materials. By changing our standard cementitious binder to 
a much broader spectrum of possibilities, we can’t solely rely on experience any more for the 
production of reliable concrete. We need fundamental understanding of our concrete and show 
through this knowledge that also our new concrete mixtures are very reliable and can fulfil their 
performance for many centuries to come. Before switching to understanding concrete with partial 
replacement of Portland cement by other materials, it is good to check how far we have come in 
understanding and explaining our regular Portland cement. 
In this article results are shown based on four years Ph.D. research on five commercially available 
Portland cements. The research focused on the first 24 hours of hydration in which the concrete sets 
and hardens. Particular interest has been given to the so called induction or dormant period, as there is 
still not one generally accepted theory to explain this period. An overview of various theories from the 
past is given by Juilliand et al. (Juilland, 2010), see Table 1 hypothesis 1-6. It has been updated with 
their own theory (no. 7), as well as with the theory of an intermediate phase (no. 8) as suggested by 
amongst others Bellmann et al. (Bellmann, 2010). 
 

Table 1: Hypotheses to explain induction period (due to space constraints: for references see Juilland, 2010). 
No. Causes Description 

1 Protective membrane Products of initial reactions form a closed protective layer around particles; 
induction period ends when containment layer is destroyed. 

2 Semi-permeable 
membrane 

Products of initial reactions form a semi-permeable membrane around particles; 
induction period ends by destruction of layer through osmotic pressure. 

3 Double layer theory Ions released in initial stage impede further dissolution and reaction; induction 
period ends when super saturation is achieved. 

4 Crystallographic 
defects 

Density amount of crystallographic defects is related to length of induction 
period; induction period ends when super saturation is achieved. 

5 Nucleation of CH The induction period occurs because CH nuclei are poisoned by silicates and 
cannot grow; period ends when super saturation can overcome this effect. 

6 Nucleation of C-S-H Rate of reaction in the induction period is controlled by nucleation and growth 
of C-S-H formed initially; induction period ends when growth begins. 

7 Dissolution theory Type of crystallographic defects control dissolution rate which leads to 
differentiation in period needed to reach super saturation. 

8 Intermediate phase Initial dissolution reactions form a metastable intermediate phase containing 
hydrated silicate monomers which is transformed in a second step into C-S-H. 

 
 
2.  MATERIALS CHARACTERIZATION 
 

Table 2: Main characteristics of commercial cements used 
Coding M P E G D 
Production location 
Producer, Country 

Maastricht 
Heidelberg, NL 

Paderborn 
Heidelberg, D 

Ennigerloh 
Heidelberg, D 

Geseke 
Dyckerhoff, D 

Deuna 
Dyckerhoff, D 

Cement CEM I 32.5 R CEM I 32.5 R CEM I 32.5 R CEM I 42.5 N CEM I 42.5 R 
Surface area (m2/kg) 295 388 365 392 510 
C3S    (%) 65.4 51.7 55.4 55.2 69.1 
C2S    (%) 11.1 26.0 19.0 25.0 5.9 
C3A    (%) 4.2 6.7 10.0 8.6 7.4 
C4AF  (%) 11.4 5.5 5.6 1.8 6.2 
CaCO3  (%) 0.5 3.8 3.7 3.0 2.5 
K2SO4   (%) 0.8 0.9 1.0 0.8 1.4 
Gypsum family (%) 3.7 4.1 4.0 4.6 4.3 



Research has been performed on five commercially available Portland cements. Four cements are 
from German production sites (D), while one cement is from the Netherlands (NL). Surface area has 
been determined by laser diffraction analysis using a Malvern Mastersizer. The mineral composition is 
an average based on quantitative X-ray diffraction analysis by three independent institutes. All 
analysis included Rietveld refinement. The resulting main characteristics are given in Table 2. For the 
C3A phases the cubic and orthorhombic amount have been combined in Table 2. The gypsum family 
represents a combination of the phases of anhydrite, bassanite and gypsum. Throughout this article the 
letter coding as given in Table 2 has been used to refer to the different cements. 
 
3.  EXPERIMENTAL PROGRAM 
 
Five different commercial cements were followed in their hydration process during the first 24 hours. 
The research program provides data that can be used for validation of different theories, which are 
often based on studies of pure phases. It also provides information for modelling purposes to model 
real concrete. Finally, it provides directions for practice why different cements react differently and 
what are the important parameters. In this article test results are discussed that provide different parts 
of the hydration stage puzzle. 
Isothermal calorimetry measurements were performed using an 8-channel TAM Air calorimeter. 
Experiments were performed with a water/cement ratio of 0.5 at 20 °C and 0.4 at 30 °C. The samples 
were mixed inside the machine to determine the reaction from the first minute of hydration. Each 
experiment was carried out in threefold. Furthermore, pure phases C3S (497 m2/kg) and C2S (395 
m2/kg) both obtained through Lafarge, France, have been tested. 
The different stages in hydration as obtained through calorimetry are the result of reactions including 
water. Quasi-elastic neutron scattering (QENS) is a very sophisticated method to follow the state of 
water in a material (Bee, 1988) which has been used in studies mostly on pure phases and sometimes 
on cement (Thomas, 2001). Neutron scattering is extremely sensitive to hydrogen. More than 99% of 
the signal from samples of hydrating cement paste is due to scattering from the hydrogen nuclei. 
Normally three states of water are recognized: free water (quasi-elastic), (chemically) bound water 
(elastic), and constrained water (quasi-elastic). The latter state is restricted in its mobility for instance 
due to absorbance to surfaces. 
QENS measurements were carried out using the Disc Chopper Spectrometer (Copley, 2003) at NIST. 
The individual specimens were mixed with a w/c ratio of 0.4 and placed in a Teflon bag which was 
put in an aluminium sample holder. Data was acquired continuously for a 12 hour period. Each 
individual point was collected over a period of 15 minutes. Temperature of the specimen was kept at 
30 °C. The incident neutron wavelength used was 4.8 Å, and the sample-to-detector distance was 4.00 
m. The calculated elastic scattering energy resolution (dE) was 0.145 meV. The data was summed 
over the scattering angle (Q range) of 2.0 to 1.5 Å. 
Besides the state of hydrogen also the amount of hydrogen can be followed as it penetrates the 
dissolving solid. Such a process can be followed by nuclear resonance reaction analysis (NRRA) 
which provides the total quantity of hydrogen present as a function of depth on a nanoscale. 
The 4 MeV Dynamitron Tandem accelerator at the Ruhr-University Bochum in Germany provided the 
15N(p, α, γ)12C ion beam. A radio frequency system generated the accelerating voltage with very low 
ripple. The measured quantity is γ-ray yield as function of beam energy. Only pellets of cement P were 
studied with NRRA. The experimental setup and procedure developed by Livingston and Schweitzer 
(Livingston, 2001) was used. The cement pellets were hydrated hanging in a water bath containing 
1.85 g calcium hydroxide and 2.41 g gypsum per litre solution. Five samples were hydrated at constant 
temperature of 30 °C under nitrogen atmosphere. Pellets were taken out at specific time points and 
flushed with methanol to stop the hydration. One sample was not hydrated but only flushed with 
methanol to serve as a reference. 
The dissolution process also leads to changes in the pore solution. Pore solution analyses were studied 
at room temperature (22 ± 2 °C) for two sets of paste mixtures: a diluted mix with a w/c ratio of 2.0 
and a regular mix with a w/c ratio of 0.5. The diluted mixes were kept homogenized with a constant 



low rate propeller stirrer. The series were analysed at 5, 30 and 60 minutes and after 2, 3, 5 and 8 
hours of hydration. The pore solutions of the young cement pastes were extracted with the help of a 
vacuum pump and a funnel with cellulose filter with a particle retention level of 1 µm. The pore 
solution of the hardened cement pastes were extracted using a steel press as described by Barneyback 
and Diamond (Barneyback, 1981).  
Concentrations of Ca2+, K+ and Na+ were measured by ICP-AES. The amount of Si4+ was analysed by 
ICP-OES. SO4

2- concentration was analysed by ion chromatography. OH- concentration was 
determined by titration against hydrochloric acid with phenolphthalein as indicator. 
Finally the changes of the mineral clinker phases as well as the development of hydration products 
were studied in situ during hydration. These experiments were conducted at the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, France, using the high resolution powder diffraction beam line 
ID31. A short penetrating wavelength λ = 0.39463 Å (30 keV) was used with a double-crystal Si(11) 
monochromator. A standard Debeye-Scherer configuration was applied. The instrument resolution 
was defined using a NIST silicon standard (a = 5.43 Å). 
First each cement powder was measured dry during a 150 minutes scan (2Θ: 0.5  43.0). Next 
cement pastes were prepared with a w/c ratio of 0.4 which were inserted into polyamide tubes with 1 
mm diameter. The five tubes were placed in a robot operated carousel system at ambient temperature. 
Each time a rotating tube was scanned (2Θ: 0.5  28.0) (2 minutes during the first 12 hours and 4 
minutes during the next 12 hours), after which the next sample was taken. Thus a complete cycle 
measuring all five cement pastes took only 20 minutes. After 24 hours each cement paste was scanned 
one final time with a 60 minutes scan (2Θ: 0.5  43.0). 
 
4.  RESULTS 
 
In Figure 1 results of isothermal calorimetry measurements of the different cement pastes are shown. 
In Figure 2 results are shown for the pure phases C3S and C2S on a log time scale to better show the 
pre-induction peak. An example of the QENS results is shown in Figure 3, here for cement D. It 
should be noted that the first QENS data is only obtained 25 minutes after mixing. The graph also 
shows the corresponding calorimetry data (solid line: total heat liberated). In Figure 4 results are 
presented from the changing hydrogen profile for cement P as measured with NRRA. For comparison 
the hydrogen profiles for C3S and C3A after 30 minutes of hydration taken from literature (Livingston, 
2001) are included. Due to space constraint results from pore solution analysis and synchrotron data 
are only discussed and not plotted in graphs or tables. 
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Figure 1: Isothermal calorimetry results of 
 the different cement pastes, w/c = 0.5 at 20 °C 

Figure 2: Log-log plot of calorimetry results of  
pure C3S and C2S pastes with w/c = 0.5 at 20 °C. 

 



Figure 3: Change of water states over time measured 
with QENS. Line is corresponding calorimetry data.

Figure 4: Changes in hydrogen profile over time 
measured with NRRA for cement P and pure phases.

 
5.  DISCUSSION 
 
From Figure 1 it becomes clear that similar type cement does not necessarily behave similar. In a first 
approximation the C3S content shows hydration potential, while specific surface area (SSA) indicates 
initial reaction rate. Using these parameters it is clear that cement D reacts most vigorously of all 
cements. However, analysing in the same way cements G, P and E shows that these two parameters 
are not the complete story. The latter three cements have similar C3S content and similar SSA. 
Comparing the next reactive component shows that C3A for cement P is 6.7% and for cement E is 
10.0%, which results in a faster reaction for cement E. However, comparing cement E with cement G, 
which has a C3A content of 8.6%, looks strange as G is reacting even faster than E. The suggestion 
here is that this could be due to the imbalance in sulphate amount versus aluminate amount, which 
seems to show itself also by the second hump in the deceleration branch of the calorimetry curve. 
Such a hump is known to be related to C3A reaction (Mindess, 2003). None of the other cements show 
such a hump. 
In many textbooks it is stated that C2S reacts much slower than C3S. This is only partly true as can be 
concluded from Figure 2. This shows that C3S and C2S react in similar rate during the pre-induction 
peak. It is only after the pre-induction peak that rates start to differ significantly, which could point to 
a different product being formed at the end of the pre-induction peak. 
Figure 3 is showing a change in amount of bound water state which follows the reaction process as 
indicated by calorimetry. This is as expected. Less clear is the amount of constraint water. If this is 
similar to adsorbed water on surfaces, the fast expanding surface area during the acceleration stage 
would also suggest a large increase in constrained water during this stage. This is not apparent from 
Figure 3. It seems that especially the amount of constraint water has a strong basis to what happens 
during the first 30 minutes of reaction. Analysing the data for all cements shows a strong correlation 
between the constrained water and the surface area of the cements. The question is posed here whether 
or not this could be related to a water layer between a hydrating cement core and a product layer 
around the (original) cement grain. 
The presence of a solid layer containing hydrogen has been studied by NRRA (Figure 4). It is unclear 
why the reference sample also showed a hydrogen profile. Right from the start a profile is noticeable 
that remains identical to measurements performed at 10 (not shown in Figure 4) and at 30 minutes. 
Comparison with the results of pure phases at 30 minutes shows that the measured profiles resemble 
more the C3S profile, only thicker. After 60 minutes the profile noticeably changed, now showing 
more C3A influence. This change disappeared again in the profiles measured at 110 minutes (not 
shown) and 170 minutes. These latter profiles resembled again the initial curves for the outer part, but 
showed increase levels of hydrogen at larger depth. 
Pore solution analysis showed that concentrations of K+ and Na+ in the w/c = 2.0 system were ¼ of the 



concentration of the w/c = 0.5 system. This points in the direction of a surface controlled dissolution 
reaction. Further analysis of K+ showed a strong correlation to the immediate dissolution of arcanite 
(K2SO4). In Figure 5 the concentration in solution is compared to the total content of K+ present in the 
cement. This latter amount has been split up in K+ from arcanite and other forms. Analysis of mineral 
gypsum and anhydrate phases present in the initial stages as determined by synchrotron data revealed 
larger quantities than originally present in dry powder analysis. Combining this information with the 
arcanite dissolution could suggest formation of additional anhydrate and gypsum. Furthermore 
considerable amounts of syngenite (K2Ca(SO4)2.H2O) were found by synchrotron analysis, also not 
initially present in the dry powder. The syngenite seems to be present as a buffering phase. Sulphate 
phases help to control the C3A reaction in the initial stages. Synchrotron data shows that some 
ettringite is formed during the pre-induction peak, than remains stable, only to increase again in 
amount well into the acceleration stage. As there are so many phases involved in the pre-induction 
peak, it is not clear yet which phase is actually controlling the formation of ettringite. 
In the pore solution analysis the difference in concentration for each specie was noticeable when 
comparing a regular paste (w/c = 0.5) with a diluted paste (w/c = 2.0), with the exception of calcium 
and silicon. All cements showed calcium and silicon concentrations in the same range (around their 
saturation level) despite original difference in water amount. The measured concentrations were not 
constant over time, but showed a small shift as is indicated in Figure 6. Also clear from Figure 6 is the 
strong relationship between the concentrations of silicon and calcium. The question is who is 
controlling who? 
Odler and Dörr (Odler, 1979) did a lot of seeding experiments. When they added crystalline calcium 
hydroxide, this did not change the induction period. Upon addition of oxalic acid, which binds 
calcium, the pre-induction peak progresses rapidly until the oxalic acid is used up. Then an induction 
period starts, where the duration of this period depends on the amount of oxalic acid used, the period 
being shorter when more oxalic acid is used. Stein and Stevels (Stein, 1964) used Aerolsol, a very 
reactive amorphous silica, and showed that this strongly accelerates the hydration of pure C3S. 
Calorimetric data revealed that the induction period disappeared and the acceleration period moved to 
earlier times. These literature references seem to indicate that a certain level of silicon or silicon nuclei 
needs to be present in solution to initiate a nucleation and growth process that is observed during the 
acceleration process. Hence it is hypothesized here that a certain level of silicon in solution marks the 
end of the induction period. The same literature references also show clearly that the start of the 
induction period is controlled by the amount of calcium present in solution. Take out the calcium as 
oxalic acid does and the pre-induction peak continuous. As the silicon and calcium content are linked, 
see also Figure 6, it is these two species that largely control the induction period. 
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Figure 5: K+ concentration after 5 minutes of hydration 
w/c = 0.5 versus source content in cement clinker. 

Figure 6: Calcium versus silicon concentration in 
pore solutions of measured Portland cements. 

 



6.  CONCLUSIONS 
 
In this article results have been described and discussed based on five commercially available Portland 
cements from which the hydration process has been followed during the first 24 hours by various 
techniques. The results clearly show that the cements do not react identically. It is concluded that C3S 
amount shows potential of reaction, but specific surface area is the first parameter to control rate of 
reaction. Next parameter of importance is C3A, where its influence on the reaction process seems 
regulated through a balance between aluminate and sulphate content. Furthermore, it is shown that 
pure C3S and pure C2S react identically during the pre-induction peak. Only after the pre-induction 
peak the reaction paths start to deviate. It is hypothesized that this is due to differences in the reaction 
product (shell). 
Results by QENS measurements indicate that this product layer is not directly attached to the cement 
grain, but is separated by a small layer of solution. From the NRRA measurements it is concluded that 
the shell product layer is not fixed but seems to change over time, which classifies it as metastable or 
intermediate. 
A combination of pore solution analysis and mineral phase development using synchrotron data 
showed the complexity of sulphate related phases. The initial release of sulphates during the pre-
induction peak does not seem to come from the gypsum family but from arcanite. So much sulphate is 
released that additional gypsum and anhydrate are formed as well as a buffering amount of syngenite. 
This mixture of sulphates is well capable of controlling the C3A reaction during the pre-induction 
period: a controlled amount of ettringite is formed. This amount does not seem to change over the 
induction period, but only increases well into the acceleration period. 
It is concluded that calcium seems to control the start of the induction period and that a necessary level 
of silicon or silicon based nuclei controls the end of the induction period. 
When the findings here are checked against the hypothesis in Table 1, many parts of the puzzle appear 
present, but no complete picture is available yet. Based on seeding experiments we know hypothesis 5 
is not valid. Hypothesis 1 and 2 are nowadays replaced by ideas like no. 8. Similarly hypothesis 4 
seems to be replaced by no. 7. Most likely this would suggest a research explanation for the induction 
period based on hypothesis 6, 7 and 8. 
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A  Abstract 
 
Since in India the generation of electricity is overwhelming dependent on the combustion of high ash coal, the 
present availability of fly ash has already exceeded 130 million tones and its generation is likely to touch 170 
million tones by 2011-12. Although the present utilization of fly ash is close to 50 per cent of the quantity 
generated, the country-wide directive is to effectively utilize the entire quantity that would be generated by the 
year 2011-12 and thereafter. 
 
In this backdrop a parallel line of development that is being explored is the formulation of an alkali activated fly 
ash binder. But the Indian fly ashes with very low glass formation and high alumina content do not necessarily 
respond to the alkali activation to the desired extent. 
 
Keeping this in view, a study has been conducted with five highly crystalline fly ashes from five different sources 
in two ways in our laboratory : first, on the possibility of re-vitrifying the fly ashes with and without fluxes, and  
second, on the alkali response of these fly ashes without any re-vitrification. This paper deals with the 
experimental results pertaining to the reaction trends and potential of crystalline fly ashes for such thermal and 
chemical activation. 
 
Keywords: Alkali activation, fly ash, glass formation, alkali silicates. 
   
Introduction 
 
A highly potential alternative to Portland cements is strongly emerging through the development of a 
class of clinkerless alkali activated binders essentially containing slag, fly ash or their combinations. 
The alkali activation of slags has been extensively studied (1-5). The broad observation of these 
studies has been that blast furnace slag containing lime-silica glass predominantly gets activated by 
the relatively mild alkali solutions, producing CSH gel. So far as the class F fly ash is concerned, the ˚ 
of activation is not only dependent on the strength and type of the activating agents but also on the 
glass content and alumina content of the fly ash. It is also reported that the reaction products of glassy 
fly ashes are zeolite in nature, which has led to the wider adoption of the term “geopolymer cements” 
for such binders. (6, 7) 
 
In this background an attempt has been made to evaluate the potential of Indian fly ashes showing 
very low glass formation and significantly high alumina content either to be re-vitrified for enhanced 
glass content or for the direct alkali activation so that such fly ashes become more amenable to form 



clinkerless geopolymeric cement. The present paper reports the reaction trends and potential of some 
of the crystalline fly ashes for such thermal treatment and chemical activation. 
 
Characteristics of the fly ashes used in the present study  
 
Five unprocessed fly ashes drawn from five different thermal power plants in different parts of the 
country were used in this study. The chemical composition and physical properties of these five fly 
ashes are given in Table 1. 
 

Table 1: Chemical Composition and Physical Properties of the Fly ashes 
PART A: CHEMICAL CHARACTERS 

Sample 
designation 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O LOI TOTAL S/A 

F1 60.06 20.67 12.42 1.06 0.89 0.06 1.30 0.32 3.19 99.97 2.91 
F2 55.83 28.88 10.63 1.51 0.77 0.09 1.72 0.36 0.22 100.00 1.93 
F3 59.00 28.41 8.34 1.43 0.92 0.11 1.22 0.23 0.34 100.00 2.08 
F4 61.65 29.99 4.25 1.27 0.98 0.08 1.31 0.29 0.18 100.00 2.06 
F5 60.31 30.06 4.68 1.50 0.99 0.09 1.15 0.29 0.94 100.00 2.01 

 
PART B: PHYSICAL PRORERTIES 

Sieve analysis (%) Sample 
designation 

Specific 
gravity 

Blaine’s 
surface area 

(m2/kg) 
+90 µm +75 µm +25µm 

F1 2.09 353 26.40 23.20 1.50 
F2 2.13 366 27.20 19.80 15.50 
F3 2.06 294 26.40 20.90 7.50 
F4 2.07 340 25.50 18.50 6.90 
F5 2.07 304 24.50 19.60 2.80 

 
 From Table 1 it is evident that the Blain’s specific surface areas for all the samples lie in a fairly 
narrow range of 294-366 m2/kg. The residues on 25 µm sieve, however, did not follow the trend of the 
Blaine’s surface areas. Barring sample F1, the carbon content of all the remaining samples was below 
one percent. On the whole the chemical composition and physical properties of these samples did not 
indicate any adverse parameters for good reactivity. 
 
The X- ray diffractograms of the as received samples are shown in Fig 1. All the five samples 
demonstrate similar phase compositions with mullite being the most predominant phase, followed by 
quartz and haematite. The presence of glass is quantitatively as expected, very insignificant as 
observed from the presence of very shallow humps at 24-26˚ 2θ in the XRD patterns. Tentatively the 
glass content was estimated at less than 15 per cent.  It was obvious, therefore, that the temperature at 
24˚C 2θ became very prominent, signifying some vitrification in the samples. However the mullite 
phase remained undecomposed and stable even after firing at 1525˚C. Use of fluxes like Fe2O3 and 
alkalis made the fired masses appear fused but did not help in vitrification. 
. 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

 
Fig 2. XRD of different fly ash samples (heated at 1525ºC) 

 
It is, however, interesting to note that the F5 sample having relatively the lowest mullite content gave 
rise to the higher intensity of revitrification hump, whereas the F3 sample originally having the 
highest mullite content demonstrated a lower intensity of the revitrification hump (see Fig 3a and 3b). 
Thus the ˚ of original mullitisation in the unprocessed fly ashes could be an indicator of their 
Revitrification potential, although chemically they might have similar S/A ratio. Since the fly ashes 
were found to be refractory and unvitrifiable, the option available for their utilization was only 
through chemical activation. 
                                                                                                
 
 
 
 
 
 
 
 
 
 
 
 
 
Alkali Activation Trials 

 
Fig 1. XRD of different fly ash samples 

 

 
Fig 3a. Fly ash sample after heating at 1525ºC Fig 3b. Fly ash sample after heating at 1525ºC 



Alkali Activation Trials 
 
The activation trials were carried out with four sets of alkali compounds: hydroxides, carbonates, 
sulfates and silicates of sodium, potassium and calcium. The activation trial results are presented 
below. 
 
Activation with alkali hydroxides, carbonates and sulfates  
The binders were prepared from analytical grade of sodium hydroxide, potassium hydroxide, calcium 
hydroxide, their carbonate and sulfate forms. The sulfates were considered for experimentation with 
the expectation that this may help in making the relatively high alumina content in the fly ashes 
responsive to reactions. The actual preparation of the binders was done by dissolving individually 25g 
of solid powder in 200 ml of mixing water. Five hundred grams of each of the as received fly ash 
were mixed in a mechanical mixer with the binders prepared individually. Graded sand weighing 
1500g were added to the binder-fly ash mix to a flowable consistency. The mortar mix thus prepared 
were cast in 50x 50 x 50 mm moulds and kept in a humidity chamber for 24h and then at 72h at 27º+ 
2ºC. Another set of specimens were prepared identically but cured at 50ºC. Interestingly, the cubes 
could not even be demoulded as the specimen did not gain any handling strength with these binders 
even at the elevated temperature. 
 
 Higher temperature activation in combination with lime slurry 
 Since there was no activation with sodium hydroxide even at 50ºC, another experiment was carried 
out by mixing 500g of fly ash samples with 1N NaOH solution. Nodules were prepared and subjected 
to heat treatment at 400ºC for about 20 min. After cooling the nodules to room temperature, the 
nodules which had become hard, were crushed and the powder was treated with 5% lime water, when 
a gel like substance was mixed with three parts of graded sand, the mix was cast in cube moulds and 
kept at 50ºC in the humidity chamber for 1-day and 3-day curing. Two fly ash sample F3 and F5 
differing in their mullite content were selected for this mode of treatment, the idea being to find out 
the effects of phase composition on the high temperature alkali-lime activation. The compressive 
strength results are given below: 
 

Compressive strength, MPa Fly ash sample 
1 day 3 day 

F 5 6.7 9.4 
F 3 4.8 7.2 

 
Interestingly, the highly crystalline fly ash with higher mullitisation yielded higher strength values at 
the early ages of curing. 
 
Activation with alkali silicates 
Silicates of sodium, potassium and calcium were used as binders. The calcium silicate was in the 
analytically pure metasilicate form and cubes were cast following the procedure described earlier. 
However, the temperature of curing was limited to 50ºC and no lime water was added to the mortars. 
The dosage of the silicate was 5% of the fly ash mass. These specimens behaved quite differently and 
the compressive strength results are shown in Fig 4. 
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From the results it was evident that the performance of sodium silicate as an activator for all the five 
fly ashes surpassed the other two silicates. However, the effects of all the three silicate activators on 
the five fly ash samples were quite variable, although the response of F2 was notable in all cases. 
 
Activation with soda enriched alkali silicates 
In order to examine the effects of combining small proportions of sodium hydroxide with alkali 
silicates on the activation of the given fly ashes, three combined binders were prepared: 

C-1: Silicates with 0.65% addition of sodium hydroxide 
C-2: Silicates with 1.00% addition of sodium hydroxide 
C-3: Silicates with 1.30% addition of sodium hydroxide 

These three combined binders were used in comparatively smaller dosages than the previous 
experiments. The mortar specimens were prepared, following the same procedure as described earlier. 
The compressive strength values of the fly ash mortars with binder dosages of 1%, 1.5% and 2% and 
cured at 50ºC are furnished in Fig 5. 

COMPRESSIVE STRENGTH

2.
1

5.
3

3.
2

6.
4

2.
8

5.
3

3.
3

5.
3

3.
4

6.
4

3.
3

5.
3

15
.3

25
.3

6.
4

16
.4

5.
3

15
.3

2.
5

5.
6

3.
6

6.
1

2.
8

5.
7

3.
6

7.
6

3.
1

6.
1

3.
7

7.
7

17
.6

27
.6

6.
1

16
.1

7.
7

17
.7

2

5.
5

2.
9

5.
1

2.
4

4.
7

3.
5

5.
5

3.
1

6.
1

3.
7 4.

7

9.
5

19
.5

7.
1

17
.1

4.
7

14
.7

2.
9

5.
3

2.
3

5.
7

2.
4

4.
5

3.
3

7.
3

3.
7

5.
7

3.
5 4.

5

8.
3

18
.3

5.
7

15
.7

4.
5

14
.5

2.
6

5.
9

2.
4

4.
3

2.
7 3.

9

3.
9

6.
9

4.
4

4.
3

3.
9

3.
9

10
.9

20
.9

4.
3

14
.3

3.
9

13
.9

0

5

10

15

20

25

30

1 
da

y

3 
da

y

1 
da

y

3 
da

y

1 
da

y

3 
da

y

SODIUM SILICATE+ SODIUM HYDROXIDE POTASSIUM SILICATE+ SODIUM
HYDROXIDE

CALCIUM SILICATE+ SODIUM HYDROXIDE

DAYS

C
O

M
PR

E
SS

IV
E

 S
TR

EN
G

TH
, M

P
a

F1 (1%) F1 (1.5%) F1 (2%) F2 (1%) F2 (1.5%) F2 (2%) F3 (1%) F3 (1.5%)
F3 (2%) F4 (1%) F4 (1.5%) F4 (2%) F5 (1%) F5 (1.5%) F5 (2%)  

 

Fig 4. Compressive strengths of alkali silicon activated mortars 

Fig 5. Compressive strength of fly ash mortars with combined binders C-1, C-2 and C-3 



 
 
A comparison of Fig 4 and Fig 5 reveals significant changes in the activation effects. The silicate 
activators with small booster dosages of sodium hydroxide appreciably changed the pattern of 
activation, the most noteworthy being the effect of 2% dosage of C-1 binder.  
 
Discussions of the Results 
 
From all the experimental results presented here one may arrive at the following phenomenological 
conclusions in the first place: 

a. Hydroxides of sodium, potassium and calcium as well as their sulfates and carbonates 
individually failed to activate the highly crystalline mullitised fly ashes even at 50ºC with a 
dosage level of 5 per cent. 

b.  However, the pretreatment of the fly ashes with 1N NaOH solution at 400ºC and subsequent 
dilute lime enrichment could trigger the activation of the fly ash mortars. 

c. Individual silicates of sodium, potassium and calcium could activate the fly ashes quite 
intensively at the same dosage of 5 per cent at 50ºC, in which conditions the alkali 
hydroxides, carbonate and sulfates failed to trigger any activation reactions. 

d. The more intense activation performance was observed even at much lower dosages, when 
booster quantities of sodium hydroxide were added to the silicate. 

 
In the literature a distinction has been reported between the activation mechanism and formation of 
reaction products of the blast furnace slag system represented as Me2O-MeO-Me2O3-SiO2-H2O (3). In 
the later system involving fly ash the activation is reported to take place with medium to high alkaline 
solutions and the reaction products are zeolitic in nature (6). In this activation the reaction temperature 
plays an important role. The reaction product is an inorganic polymer of amorphous nature (7). It 
seems that these findings are based on Class F fly ashes with more than 50 per cent glass content 
which undergoes dissolution reactions with alkalis. 
 
In the present study involving fly ashes with very low glass content (less than 15 per cent) and silica-
to-alumina ratio mostly close to the failure of alkali hydroxides to activate them even at 50ºC is worth 
noting. Use of sodium silicate with a booster dose of sodium hydroxide appeared quite effective. This 
experimental finding tends to support the theory (8) that the dissolved alumina may react with any 
silicate initially supplied by activating solution, lead to the formation of alumino-silicate diagomers 
and that is why the use of sodium silicate solution as an activating agent has a better strength property 
than sodium hydroxide. Sodium hydroxide supplied along with sodium silicate apparently helps in the 
growth of N-A-S-H gel. 
 
Concluding Remarks 
 
The Indian Class C fly ashes are predominantly crystalline with apparently less than 15 per cent 
glassy phase and significant formation of mullite quartz and haematite. These types of fly ashes do not 
easily activate with alkali hydroxides, sulfates and carbonates. But they do respond to alkali silicates 
and, more particularly, to sodium silicate even in small dosages and at a temperature of 50ºC. A little 
addition of sodium hydroxide to the sodium silicate appears to enhance the process of activation. The 
reaction product, being essentially an amorphous gel, could not be easily characterized in the course 
of the present investigation. The complex activation mechanism and the characterization of reaction 
products form a part of a continuing study and results will be published in due course of time.  
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Abstract 

In response to the pressing need to reduce global CO2 emissions, Lafarge, the world’s leading building 

materials producer, is increasingly offering concretes containing high contents of supplementary cementitious 

materials (SCMs). Since these materials have a different chemistry and microstructure compared to Portland 

cement, current performances indexes (such as durability indicators) based on Portland cement concrete may 

not be fully applicable. To predict the final properties of these materials, new performance tests and models 

must be developed. These models require quantitative information on the microstructure of cement paste, the 

most essential being porosity, hydrated cement paste phase composition, and pore solution chemistry. This 

paper describes a computationally efficient model of cement and SCM hydration that can adequately predict 

these first-order microstructural descriptors, while still capturing the chemical and physical complexity of the 

blended systems. 

 

Our approach is based on two modules running sequentially: a kinetic module, which determines the evolution 

of all anhydrous phases, and a speciation module which determines the phase assemblage according to the 

degree of reaction of anhydrous phases. The kinetic module is based on an enhanced version of a semi-analytic 

particle model, and aims to reproduce the complexity of hydration phenomena in cement-based materials. It 

considers chemical effects (dissolution of anhydrous species, diffusion through hydrate barrier) as well as 

physical effects (self-desiccation, solid phase percolation, interaction between phases) for each species (i.e. C3S 

in clinker) in each particle. The speciation module, capitalizing the latest thermodynamical data in the 

literature, evaluates the pore solution composition and the hydrate assemblage. Effect of the hydrate deposition 

on kinetics is also considered.   

 

Chemical shrinkage characterization is a convenient technique to continuously follow the hydration of blended 

cements without big equipements but this method, like isothermal calorimetry, is not able to directly deduce a 

hydration degree of these cementitious phases. Our model has been used to simulate such experiments. By 

adjusting dissolution rate of SCMs and under given assumptions on physical properties of C–S–H, we 

successfully reproduced some experiments and estimated the hydration degree of slags. The accuracy of physical 

data of C–S–H phases becomes crucial in order to insure confidence in estimated hydration degrees. 

 

Originality 

The originality of this work resides in the development of a hydration model which has been specifically 

designed to provide the essential microstructural input data for predicting final properties of cement-based 

materials. This represents a subtle shift in the current directions of cement hydration models, which have either 

been focused on the very early age (where kinetics can be described by nucleation and growth) or on the 

simulation of 3D microstructures. We argue that the latter approach, while giving rich information, is rarely 

fully exploited to predict mechanical properties such as strength and Young’s modulus. In many cases, and to a 

first-order degree, volume fractions are sufficient in estimating properties. 

 

By focusing on the prediction of first-order microstructural indicators, we are thus able to perform simulations 

in under a minute on an ordinary PC. At the same time, even if the complete 3D microstructure is not explicitly 

modelled, we have integrated the complexities on hydration kinetics introduced by chemical variations in 

starting materials, as well as by physical phenomena such as self-desiccation. This permits modelling of systems 

covering a wide range of compositions and curing conditions. 
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Chief contributions 

This work highlights two main contributions. 

 

First, we have developed a model to fill a real need, which is to be able to quickly provide the necessary and 

sufficient microstructural input data for modelling properties of cement-based materials. Our approach, which 

focuses on first-order parameters, captures nevertheless the complexity of cement hydration by predicting the 

evolution of each anhydrous and hydrated phase. We have validated our model on several systems, starting from 

pure phases to pastes containing blends from 8 hours to final hydration. 

 

Second, we have developed an integrated experimental methodology to quantify degree of hydration and volume 

fractions of all phases in a hydrated cement paste. The synergies of this experimental approach with the 

development of the model will be demonstrated in the paper. 

 

Keywords: hydration, modelling, blended cements, chemical shrinkage, C–S–H 
 

 

Introduction 
 

With the increasing need to reduce CO2 emissions, the cement industry is increasingly using 

supplementary cementitious materials (SCMs) as substitutes for clinker, resulting in concretes with 

altered microstructures and final properties. To assess the durability of such new materials, subjected 

to carbonation for example, standard durability indicators that were designed for ordinary portland 

cement (OPC) concretes may not be adequate. Modeling the final properties of these materials can 

provide an answer, as long as one can get a sufficiently quantitative representation of the 

microstructure of the hydrated material.  

 

Today, two main approaches to model late hydration have been described in the literature. The first 

approach emphasizes recent advances in thermodynamic modelling (Lothenbach et al., 2006, 

Gruskovnjak et al., 2008), where the hydrate phase assemblage and pore solution are simulated as a 

function of the amount of dissolved anhydrous phases. Kinetics are modelled in a simplified manner 

through Parrot and Killoh’s empirical relationship which does not take into account microstructural 

changes during hydration.  The second approach are particle-based models (Maekawa et al., 1999, 

Wang et al., 2010, Bentz, 2000) where emphasis is placed on more sophisticated kinetic laws, while 

the evolving phase assemblage is treated in a relatively simplified manner via fixed stoichiometric 

equations. Consequently, this approach cannot deal with effects of ions or minor phases which can 

modify composition and proportion of different hydrates.  

 

Our model is based on the unification of these two approaches, coupling aqueous thermodynamic 

modelling with a simple, yet physical description of hydration kinetics. The kinetic module 

furthermore takes into account the impact of the evolving microstructure on hydration (including the 

effects of self-desiccation, pore-space filling, particle-size distribution, filler effect) without using an 

explicit 3-dimensional microstructure. Consequently, one requires only one minute of calculation on a 

laptop to simulate the complete hydration of a cement paste with the complete particle-size 

distribution as obtained by experiments. 

 

This paper presents our model which has been designed to evaluate the evolution with time of some 

microstructure indicators, such as porosity and mass fraction of solid phases, of cement-based 

materials during hydration. It has been experimentally validated on OPC pastes (Guillon et al., 2008). 

The present paper focuses on its extension to supplementary cementitious materials, in the first section 

and its application on the analysis of chemical shrinkage experiments in order to estimate hydration 

degree of cementitious phases, in the second section.  

 

 

 



Semi-analytic hydration modeling 
 

1. Presentation 
 

The basis of the model has been presented previously (Guillon et al., 2008). It is an extension of 

Tomosawa’s model (Tomosawa 1997). Kinetic equation derives from the mathematical description of 

hydrated spherical particle with a surrounding diffusive layer. Kinetics is described by a series of 

differential equations, which are explicitly written for each clinker species (for example: C3S, C3A) 

and for each particle size. These equations take into account species dissolution, water diffusion 

through hydrate layer, interaction between species (for example C3A in presence of calcium sulphate 

or C-S-H). Specific dissolution rates are defined for each clinker phase. Self desiccation and pore-

space filling impacts on hydration kinetics are also considered. A more detailed description of the 

model can be found in (Guillon, 2008, 2010).  

 

Once anhydrous species dissolve and provide ions to the pore solution, a speciation calculation, 

performed using Chess or PHREEQC codes (Parkhust et al., 1999, van der Lee, 1998), coupled with 

the latest thermodynamic database (Lothenbach et al., 2008, Matschei et al., 2007) permits to evaluate 

the quantities of hydrates that form, water consumption and pore solution at each time-step. In this 

study, C–S–H are thermodynamically modelled as a series of phases with different Ca/Si and H2O/Si 

ratios and specific equilibrium constants. The algorithm sequence is described in Figure 1. After each 

kinetic calculation, an input file is generated, a speciation calculation launched and output file 

analyzed. 
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Figure 1: general description of kinetic/thermodynamic coupling 
 

As this differential kinetic equation is numerically solved at each time-step using an explicit scheme 

(time-steps are controlled in order to prevent any convergence problems), it is possible to let kinetic 

parameters (i.e. dissolution constant and diffusion coefficient) evolve with hydration. The model can 

also consider as many powders of different natures (e.g. inert filler, clinker, pure phases) mixed 

together.  

 

The validation of the model has been possible by developing, in parallel, coupled methods to quantify 

the hydration degree of clinker phases. By measuring both mass fractions of residual clinker phases by 

XRD + Rietveld analysis and chemically bound water by TGA, we can estimate the evolution of 

hydration degree of each clinker phase. The presence of amorphous phases (C–S–H and AFm phases) 

within the hydrated material is a source of uncertainty for Rietveld analysis. The experimental 

uncertainty has been estimated at 3% (absolute value) for all phases. Kinetic parameters have been 

calibrated to one CEM I system (industrial cement Lafarge La Couronne, W/C 0.5) and this set tested 

to other cementitious systems, from model systems (pure C3S, mixes of C3S and C2S, C3S/C3A 

systems) to other industrial clinkers. The model has been internally extensively validated with 

experiments on different OPC systems and pure phases, with different compositions, PSD, curing 

conditions and W/C ratios. Using a unique set of kinetic parameters, the model is able to adequately 

capture the hydration kinetics of each clinker phase from 4 hours hydration up to 90 days. As an 

illustration, Figure 2 shows an application of the model to an industrial CEM I, on three systems with 

different particle-size distributions and water-to-cement ratios. 
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Figure 2: comparison between modeling and experiments on CEM I systems, with different PSD and 

water-to-cement ratio. Left: W/C 0.5, particles below 20µm, Middle: W/C = 0.5, normal PSD and right: 

W/C 0.33, normal PSD 
 

2. Extension to SCMs 
 

SCMs are materials with a wide range of natures (slags, fly-ashes, pozzolanas), phase compositions 

(mineral/amorphous ratio), or origins (natural or artificial). As a first order approach, we assume 

nevertheless that these materials can be seen as powders composed of one or more individual phases 

that dissolve homogeneously. As long as characteristics of individual phases, such as density or 

chemical composition are known, our modelling approach can simulate how SCM hydration can 

impact the formation of hydrates and the development of microstructure. As with clinker, SCM 

hydration kinetics are modelled as a composite process of mineral dissolution constrained by a 

diffusive layer: 
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where Vr is the volume of diffusive hydrates around the r
th
 particle and the index i refers to the i

th
  

species of the considered powder. Rr is the initial radius of the r
th
 particle, De the diffusion coefficient 

of the hydrate layer, kdi the dissolution rate, αi,r the hydration degree, ρi the specific density, υi the 

molar ratio of water consumed and ∏ wC the term which considers all global kinetic effects such as 

self desiccation. As for clinker particles (Figure 3, left), SCM can be subdivided in specific phases 

which dissolve congruently. The model adds as many specific mass-balance equations to the input file 

for speciation calculation as phases considered for defining the SCM. Thus, this structure allows a 

great flexibility for defining SCMs: one can indeed model SCM as a mix of inert phase with a reactive 

one (Figure 3, center), or, alternatively, as a mix of sub-phases with specific individual dissolution 

rates (Figure 3, right).  

 

Nevertheless, simply adding this new phase and defining its kinetic law by eq. (1) is not enough to 

fully model the impact of SCM into a blended cement paste. According to the specific surface of the 

considered powders (i.e., clinker, mineral additions) the newly-formed C–S–H can deposit differently. 

The finer the SCM, the higher its specific surface and the more C–S–H can deposit around SCM 

particles. This impacts essentially the hydration kinetics of most reactive phases, C3S and C3A which 

are diffusion-controlled. Inversely for SCMs, a sensitivity analysis has shown that dissolution is the 

limiting kinetic phenomenon. This microstructure effect is qualitatively implemented and will be 

described in a future work.  
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Figure 3: description of a clinker particle (left) and a SCM as modelled as a mix of inert and 

homogeneously reactive species (centre) or as a mix of inert and multiple species with specific dissolution 

rates (right). 
 

Application of the model to the analysis chemical shrinkage experiments 
 

The characterization of hydration of SCM phases is crucial when aiming to use SCMs in industrial 

cements as substitution for clinker phases. Some techniques are available for directly measuring the 

hydration degree but require either specific equipments such as solid-state NMR, or long sample 

preparation such as image analysis. Some indirect methods can also be used, such as the measurement 

of chemical shrinkage. Indeed, as the volume balance of hydrates formed compared to reactants is 

negative, measuring in a pycnometer the volume of water required to compensate this shrinkage can 

provide a useful indicator of the SCM hydration reaction. This method is first, non destructive, which 

allows continuous measurements on the same sample and second, very precise, as it is a gravimetric 

measurement. Finally, multiple experiments can also be performed in parallel. Nevertheless, one 

cannot directly link chemical shrinkage with SCM hydration degree. To do this, our hydration model 

can be used to simulate the chemical shrinkage and estimate the hydration degree necessary to 

reproduce experimental chemical shrinkage.   

 

We have performed experiments with three cementitious systems: (i) CEM I paste + inert, (ii) CEM I 

paste with slag, and (iii) CEM I paste with fly-ash. Chemical shrinkage of these three pastes was 

measured until 91 hydration days. Samples were put into pycnometers and immersed in a bath with a 

controlled temperature of 20°C. In order to characterize the impact of SCMs on chemical shrinkage, 

mixing proportions were defined at constant SCM/clinker replacement ratio and water/binder ratio by 

volume (respectively 1.5 and 1.6). SCMs were grinded at same Blaine fineness (3600 cm²/g) in order 

to exhibit same “filler effect” (i.e. heterogeneous nucleation effect) on clinker hydration. CEM I is an 

industrial cement (58% C3S, 21% C2S, 5% C3A, 11% C4AF, 2% calcium sulphate and 1% alkaline 

oxides), specifically classified below 20µm for this study. With such a preparation, the clinker is 

nearly completed hydrated after few days, which means that further changes in chemical shrinkage are 

due uniquely to SCM hydration. As fly-ash and slag do not have same specific density as inert 

siliceous filler, replacement ratios by weight of SCMs change. Mixing proportions are defined in 

Table 1, chemical compositions of SCMs in Table 2: 
Table 1: mixing proportions for the three tested systems 

SCM replacement [%] W/B ratio [%] 

System 

SCM 

density 

[kg/l] By volume By weight By volume By weight 

CEM I + inert filler 2.65 60 56 1.6 0.56 

CEM I + Slag 2.9 60 58 1.6 0.53 

CEM I + Fly Ash 2.11 60 50 1.6 0.63 



 
Table 2: Composition (mass fraction) of cementitious materials 

Material SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 % amo 

Blast Furnace slag 0.36 0.11 - 0.42 0.08 - - 0.02 95 

Fly-ash 0.55 0.25 0.04 0.11 0.01 0.01 0.03 - 83 

 

Chemical shrinkage of these three systems, normalized here by the volume of anhydrous phases, is 

presented in Figure 4. Due to its fine particle-size distribution, CEM I paste with inert quartz filler 

quickly hydrates and does not significantly evolve after 5 days. Chemical shrinkage is equal to 0.09 

cm
3
/cm

3
 cement. Normalized by the initial clinker volume, this leads to a chemical shrinkage of 0.23 

cm
3
/cm

3
 (= 0.09/0.4). Hydration degree as measured by coupled XRD + Rietveld analysis and non-

evaporable water by TGA was 0.97. 

 
These three blended systems were modelled. For sake of simplicity, as amorphous content of these 

phases is high, SCMs were modelled assuming they were only composed of one reactive phase with 

compositions given in Table 2. Chemical shrinkage is calculated as the volume balance of all 

anhydrous phases, hydrates and remaining water. One has to be aware of the great sensitivity of molar 

volumes and mass balance equations on chemical shrinkage. As an illustration, considering only the 

following mass balance equation: 

 

 1.4CH  O3.9H:1.6CaO.SiO 5.3HC3S 22 +→+ ,      (2) 

 

an error by 10% of the molar volume of C–S–H can impact by 50% the theoretical chemical 

shrinkage. Indeed, assuming the following molar volumes (VC3S = 75.10
-3

 L/mol, Vwater = 18.10
-3

 

L/mol, VCH = 33.10
-3

 L/mol and VC–S–H = 105.10
-3

 L/mol), the theoretical chemical shrinkage 

normalized by volume of C3S is 0.26. If molar volume of C–S–H is increased by 10%, this chemical 

shrinkage becomes equal to 0.13. 

 

In order to estimate the hydration degree of SCM phases required to reproduce this experimental 

chemical shrinkage, we have first adjusted the molar volume of C–S–H to 107.10
-3

 l/mol in the first 

simulation (CEM I + inert) in order to minimize the deviation between experiments and modelling. 

This value is very close to theoretical values (~ 112 × 10
–3

 l/mol, calculated from data in (Thomas et 

al., 2010)). Then, assuming that same C–S–H is produced during hydration of cementitious phases, we 

successively run simulations and adjusted the dissolution rate of cementitious phases in order to 

minimize the deviation. This strong assumption is a consequence of thermodynamical calculations 

which impose that only one C–S–H of a given concentration can be present in the system. Figure 4 on 

the left shows the results after adjustment.  

 

Two main points must be noted: 

(i) For systems containing slags, the chemical shrinkage is correctly reproduced. Under the 

assumption that C–S–H produced during slag hydration maintains the same molar volume, 

hydration degree of slag after 85 simulated days is 35%. In this system portlandite is not 

totally consumed (Figure 4, right), which has been observed experimentally. Slag can be 

modelled as a monophasic material, exhibiting congruent dissolution. 

(ii) For systems containing fly-ash, we could not correctly reproduce experiments. In 

simulations, when portlandite becomes completely consumed, chemical shrinkage 

becomes constant (instead of increasing experimentally) while fly-ash still hydrates. It 

means that in the simulation, either the volume of produced hydrates or consumed water is 

too high.  
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Figure 4: comparisons of chemical shrinkage obtained experimentally and by modelling after adjustment 

(left) and solid phase evolution with time for CEM I + Slag paste (right) 

 
Conclusions 
 

Due to the simplicity of the measurement, chemical shrinkage is a convenient technique to monitor the 

hydration of blended cement pastes. To extract information on the degree of hydration of SCMs, we 

analyzed chemical shrinkage data with a hydration model that couples kinetic phenomena (mineral 

dissolution, diffusion through C–S–H layer) with aqueous thermodynamics. Our analysis on pure OPC 

paste suggests a molar volume of C–S–H of 107 × 10
-3

 L/mol, which is in good agreement with 

theoretical values. Simulations of chemical shrinkage were also successfully reproduced for the 

hydration of slag, but not for fly-ash. To progress on modelling the chemical shrinkage of systems 

with fly-ash or with other chemically complex additions, more quantitative information is needed on 

the hydrated phase assemblage and especially the chemical and physical properties of pozzolanic C–

S–H (e.g. molar volume and contents of Na, K, Al, S). 
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ABSTRACT 

In oil and gas wells construction, one of the most critical processes is oil well cementing, whose function is to 

provide a zonal isolation between the pipe and sedimentary formation. For these reasons, one of the needs in 

the oil industry, specifically in cementing wells area, is the use of materials with high performance, in order to 

enhance the useful well's life, and reduce costs associated with their repair or losses due to failures in the 

cementing.  

 

Currently, the efforts in the area of high performance materials for oil wells cementing are focused on the 

development and use of Nanotechnology, science that study materials at nanoscale (10-9 m) and offers means to 

obtain substantial changes in the chemical, physical and mechanical properties, due to the increase of their 

surface that allows them to have a high reactivity. 

 

The cement is a complex mixture of inorganic chemical compounds, that contain mainly calcium silicates, 

aluminates (C3S, C2S, C3A), and gypsum. In the cementitious slurry preparation, the cement is put up in contact 

with water, producing the C-S-H gel as the main hydration product, with an amorphous initial structure that 

generate a mixture of solid final crystalline phases sometimes in the nanoscale sizes. This final structure is 

responsible for providing its mechanical properties. Therefore, their comprehension, modification and size 

control at nanoscale could enable the production of cementitious systems with improved properties. 

 

The present work shows a resume of studies done in PDVSA Intevep on the synthesis and potential use of 

nanoparticles in diverse faces of oil well cementing and their use as nano-additives. Those papers were focused 

mainly on the preparation and laboratory-scale study of colloidal solutions of silica nanoparticles (nano-SiO2), 

Alumina (nano-Al2O3), iron oxides (nano-Fe2O3) and ternary systems of calcium oxide-silica and aluminum 

(CaO-SiO2-Al2O3). Promising results were obtained on strength and cementing properties by adding nanosilica 

to the cement slurry formulations, and improvements on the mechanical properties, such as compressive 

strength at the order of 90% for 0.5% nanosilica concentrations based on weight of cement (BWOC).  

 

WORK’S NOVELTY 

Nanoparticles have been widely used to significantly improve some materials properties, because they show 

unique physical and chemical characteristics, due to their nanometric sizes. Therefore, in PDVSA Intevep exist 

interest about the modification of certain properties of Portland cements used in oil and gas well operations, 

through the addition of nanoadditives to the system, in order to solve specific problems in each stage of the 

cement life, from its placement, hydration, well’s productive life, and even its abandonment, by means of 

manipulating cementing system properties, such as, cement phases hydration velocities, mechanical properties, 

permeability of the cement system already set, and others. In addition to the modifications and control of the 



cementious slurry properties, our aim is to design an “intelligent cementing system”, that would allow us to 

solve problems during differents cementation stages and to obtain a cementing system able to stand the diverse 

pressures, temperatures and geomechanical conditions that are common in an oil well under construction. 

 

MAIN CONTRIBUTIONS 

This study established the possibility to use nanosilica additive on cementious slurries for oil and gas wells. 

Silica nanoparticles addition to oil wells cement improved its compressive strength, due to Calcium Hydroxide 

growth inhibition, resulting in the formation of an additional C-S-H gel structure, which improves the 

mechanical properties of cement. Furthermore, a better performance under compressive strength, at the order 

of 90% for 0.5% nanosilica concentrations BWOC in cement class B. 

 

Keywords, well cementing, nanoparticles, silica, CSH gel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introducción 

During oil well construction, the cementing process is vital, because a poor cementing 

operation brings drastic consequences, which include increased costs, risk of loss of the well, 

risks to the environment and security. The design of slurry cement should be prepared with a 

right design to resist the pressure, temperature and depth. Is why  that, the oil industry there is 

a need to deepen in the development of high performance cementitious materials to enhance 

and improve the life of the well in order to reduce the costs associated with repairing or loss 

of fault-associated cementation. 
 

 Between the available alternatives for development and procurement of high 

efficiency cementitious materials is the nanotechnology application. The synthesis of 

nanoparticles has received considerable attention in view of the potential of obtaining new 

materials with mechanical, electrical, thermal, catalytic and optical properties with original 

and unique features. This has motivated several researchers to develop novel methods of 

physical and chemical synthesis. New methods of synthesis, or existing ones optimized, 

should enable the production of nanoparticles with a certain morphology, chemical 

homogeneity and surface characteristics to ensure the reproducibility of the method of 

synthesis (H. Nalwa, 2000). 
 

About oil cement, to use nanoparticles involve to the synthesis of nanostructured 

compound, mainly to obtain nanophases of cement, which when are incorporated into 

cementitious slurries, could be to obtain a cement with physical, chemical and mechanical 

properties in order to improve efficient about itself for to resist critical conditions downhole. 

 

In PDVSA Intevep, the researchers have prepared and studied on a laboratory scale, 

colloidal solutions of silica nanoparticles (nano-SiO2), alumina (nano-Al2O3) and ternary 

systems calcium oxide, silica and aluminum (CaO-SiO2-Al2O3). The experiments were 

conducted through the incorporation of the nanosilica and ternary system in cement slurries. 

The results indicate the possibility to use nanosilica in cement systems, because the 

mechanical properties of the systems,  such as compressive strength were about 90% for 

concentrations of 0.5% nanosilica BWOC, on the other hand, ternary system, introduced 

qualitative cementitious properties when reacting with water at atmospheric conditions. In the 

next section we show the results for each nanometer system. 
 

 

Nanosilica system (nano-SiO2) 

 

In this study were mixed oil cement Class B with SiO2 nanoparticles and were prepared solids 

samples in a cure chamber, them these samples were characterized some mechanical properties. The 

concentrations tested of SiO2 nanoparticles were 0.10%, 0.30% and 0.50% based on the weight of 

cement and with variations in the aging time of nano system; finally it was explored with a 

formulation of slurry with commercial additives. To measure their mechanical properties were carried 
out measurements of compressive strength. 

 

The results indicate that the cement mixture B, without any additional additive rather than the 
nanoparticles, have an increased compressive strength of the samples with the increase of 

concentrations Nano-SiO2 in the systems. In this way, we obtain 25%, 56% and up to 70% profit on 

that property by the adition of 0.1%, 0.3% and up to 0.5% of Nano-SiO2, respectively, compared to 



the samples without nanoparticles (see Figure 1). This is due to use of silica nanoparticles inhibits the 

growth of crystals such as calcium hydroxide [Ca(OH)2] and Afm (monosulfate), which, by appearing 

as smaller crystals is not favorable to compressive strength of cement paste. On the other hand, the 

CSH phase production by the interaction between nano-SiO2 and Ca(OH)2 causes a direct increase in 

compressive strength in the cement system. 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 1. Compressive strength of cement mixture B with different concentrations of, Nano-SiO2 

 

The Figure 2 shows for all concentrations of nano-SiO2, which increases as the aging time, 

there is an increased compressive strength of the last systems. This is because, in that as time goes on 

the reaction systems continue to produce chemical and nanostructural changes, for example, the 

polymerization stresses generated by the more stable nanoparticles  due to the change of chemical 

bonds of type silanol (Si-OH) to siloxane (Si-O), which ones these result in a greater number of 

unsaturated bonds on the surfaces of these particles of two types: ≡Si-O- and ≡Si-and consequently 
coming back to the nano-SiO2 more reactive when incorporated into cement pastes. Finally, we may 

observe how increases the compressive strength ranging from 20% to 91% values in the systems 

studied. 

 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 2. Compressive strength of cement mixture B with different concentrations of, Nano-SiO2 and several 

aging time. 
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Nano-alumina systems (nano Al2O3) 

 

It was synthetised Al2O3 nanoparticles by sol-gel method with nonionic surfactant. In the 

process we studied the effect of variables such as pH, temperature and solvent. The mineral Gibbsite 

was used as a precursor material. Subsequently, it was analyzed and characterized the resulting 

material through different conventional and unconventional methods. The HR-TEM and XRD results  

showed a crystallographic ordering of nanoparticles with sizes ranging from two to hundreds of 

nanometers, which varies in size depending on the calcination temperature. 

 
In this study was not conducted tests of cement system functionalization with alumina 

nanoparticles, however, in the literature are reported several studies in which, use this type of 

nanoparticles in the Portland cement. In the cementitious matrix, the nanoalumina have similar 

behavior to nano SiO2, which reacts with portlandite (Ca(OH)2) for to produce hydrated calcium 

aluminosilicate (CAH) (pozzolanic reaction) and also acts to accelerate the hydration process. Al2O3 

nanoparticles act as nanoclusters, which is attached to larger particles and capilar area of the matrix, 

which causes a decrease in porosity and produces a direct increase in the mechanical properties of the 

systems, specifically in elastic modulus and compressive strength  of the cementitious system (Figure 

3) (Zhenhua Li et al, 2005). 
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Figure 3. Mechanical properties development, in cement systems at 3, 7 y 28 days, with nanoalumina particles 

a) Elastic modulus and b). Compressive strength   

 

 

Ternary systems (nano CaO-SiO2-Al2O3) 

 

CaO-SiO2-Al2O3 nanoparticles were prepared from the sol-gel method modified with nonionic 

surfactant. During the process, were manipulated variables such as pH, temperature and solvent. The 

material was analyzed and characterized by various analytical techniques. The results obtained by 
HR-TEM and XRD showed the formation of nanoparticles with sizes ranging from two to hundreds of 

nanometers, depending on the calcination temperature. 

 
 

Respect to the interaction of nanoparticles with cement systems, was determined their ability 

to react with water. For this, we mixed the nanoparticles produced at 1350 ° C with water at a ratio of 
0.50 and 0.85. The Figure 4 shows the cement samples obtained. 

 

 

 

M
od

ul
o 

E
lá

st
ic

o 

E
sf

ue
rz

o 
a 

la
 C

om
pr

es
ió

n 

E
la
st
ic
 m

o
d
u
lu
s 
 

C
o
m
p
re
ss
iv
e 
st
re
n
g
th
  
 

a) b) 



 

 

 

 

 
 

 

 

 

 

Figure 4. Cement samples from cement systems produced at 1350 ºC with different water ratio. (a) 0,50 ratio; 

(b) 0,85 ratio. 

 

The results showed that both water/cement ratios, materials were obtained with one day of 

cured. However, this material was less fragile than one shown at 7 days of curing, in fact, the sample 

was fractured with less effort. In appearance, the samples obtained were equal across the entire 

surface, however, for 0.5 ratio (used in conventional cement) unhydrated granules were observed, 

which may be due to the requirement for more water for hydration of nanostructured materials by 
their high surface area. Similar results were obtained by S. Halim et al., (2007), who used water / 

cementitious nanoparticles of 0.2 and 1.25 with a curing time of 1 and 7 days. 

 
The Figure 5 shows a micrograph obtained by scanning electron microscopy of a powder 

from samples hydrated and calcinated at 1350 ° C. Porous appearance was similar in all samples. In 

addition, the microstructure obtained shows that at one day of hydration did not form a compact 
material completely, which confirms the need for more cured time. Halim et al., (2007) also indicate 

that the porosity in nanostructured materials is related primarily to the amount of water used, if this is 

not enough the reaction will be limited in some areas of the cementitious matrix nanoparticles as 

discussed above. The detailed view of Figure 5 confirm the previous micrograph, where there is 

overgrowing in some areas of hydrated material.  

 

Finally,  in order to decrease the porosity and increase the strength of hydrated nanoparticles, 

it should increase the cured  time for to obtain a better development of the hydraulic properties and 

could be used in the future as a possible addition both nanoparticles in Portland cement for oil wells.  
 

 

 
 

 

 

 

 

 

 
 

 

 

 

Figure 5: Micrograph obtained by scanning electron microscopy of a powder from samples hydrated and 

calcinated at 1350 ° C.: (a) General view; (b) Detailed  photomicrograph. 

 

 

 

 



Conclusions 
 

• The properties studies of cement-nanosilica give the possibility of using this type of 

nanoparticles in cements systems. 

 

• Increasing the concentration of nano-SiO2 in pure cement matrices B generates 

increased in compressive strength   
 

• By increasing the aging time of nano-SiO2 systems increases compressive strength, as 

result from the condensation and polymerization of the structure of silica. 
 

• There is the possibility to study the inclusion of nanoparticles of alumina slurries for 

cementing oil wells construction because these can act as nanoclusters that are 

attached to larger particles of the matrix, which causes decrease in porosity and 

produces a direct increase in the mechanical properties of the systems, specifically in 

elastic modulus and compressive strength of cementitious system 
 
• Respect to ternary systems, in order to decrease the porosity and increase the strength of 

hydrated nanoparticles, it should increase the cured  time for to obtain a better development of 

the hydraulic properties and could be used in the future as a possible addition nanoparticles in 
Portland cement for oil wells. 
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Abstract   

Blended cement mortars were prepared from ordinary Portland cement (OPC), with different contents of 
metakaolin (MK) that produced by firing Kaolin at 820oC for 2 hrs in the ratios of 0, 10, 15, 20, 25, and 
30%. The water to binder ratios was 0.30 and 0.60% and binder to sand ratio was 1:3. Results of 
compressive strength values of the blended OPC mortars specimens were improved relative to those 
contains no MK up to 25 wt.% OPC substitution, and  then decreased at 30wt.% MK incase of higher water 
ratio; while at the lower water content, 20%MK exposed to a significant improvement and then decreased 
for higher metakaolin content up to 30%. SEM microstructures indicate a good improvement for the matrix 
structure of the blended cement mortars where a more dense structure was observed. 
 

Originality 

Metakaolin is used as an additive for blended cement mortar resulting in strength and microstructure 
enhancement. Where, metakaolin is a reactive aluminosilicate materials having a very fine pores (Mk 
<0.3µm) lead to more compaction and densification of the mortar structure. Also, pore refinement of mortar 
pastes is due to physical effect of Mk as it is ultra fine particles fills the voids in cement, forming dense 
microstructure. In addition to its chemical effect that results from the reaction with cement hydrates. 
 

Chief contributions 

Blended cement mortars having different contents of metakaolin (MK) at various water to binder ratios of 
0.30 and 0.60% results in an enhancement in mechanical and microstructure properties as MK increases up 
to 25 wt.% OPC substitution, and  then decreased at 30wt.% MK incase of higher water ratio, while at the 
lower water content; 20%MK exposed to a significant improvement. SEM microstructures indicate a good 
improvement for the matrix structure of the blended cement mortars where a more dense structure was 
observed. 
 

 

Keywords: cement, mortar and metakaolin. 

 

 

 

 

 

 

 



1. Introduction 

In recent years, metakaolin (MK) was studied because of its high pozzolanic properties        
(Janotka et al., 2010 & Cachim et al., 2010). It is well known that MK is a reactive aluminosilicate, 
which is formed by the dehydroxylation of kaolin precursor upon heating in the temperature range 
of 700–800oC (Badogiannis and Tsivilis, 2009& Siddique, R. and Klaus et al., 2009). The effects of 
MK on the durability and mechanical properties of mortar or concrete have been widely reported 
(Kim et al., 2007& Asbridge et al., 2002& Asbridge et al., 2001). The performance of concrete 
incorporating MK, at appropriate replacement levels, is similar to that of concrete containing silica 
fume. Recent works have shown that MK is effective as a supplementary cementitious material on 
improving the durability of concrete, for example, alkali–silica reaction [Gruber et al., 2001] and 
resistance to chloride ingress (Boddy et al., 1996). 
Metakaolin (MK) recently was added to the list of pozzolanic materials(Khatib and Wild, 1996), as 
it is silica based products that, on reaction with CH, produces C-S-H gel at ambient temperature so 
that prevent free lime from reaction with tricalcium aluminates forming hydrocalumite as 
represented by the latter equation. MK also contains alumina that, on reaction with CH, produces 
additional alumina containing phases, including C4AH13, C2ASH8, and C3AH6(Saikia,2006).  
The present article studies the effects of MK on phase formation and some of the resulting 
physical and microstructarl properties when MK is introduced as a cement replacement in OPC-
Mk cement mortar pastes; followed by water curing up to 90 days.  
2. Experimental techniques  

2.1. Starting materials 
Materials used in this investigation are ordinary Portland cement (OPC) obtained from Suez 
Cement Company (Tourah plant), Egypt. Kaolin with high kaolinite content, provided from Al 
Dehesa, Sinai governorate, Egypt, was thermally treated at 820oC for 2 hrs with a heating rate of 
5oC/min., to produce metakaolin (Mk). This temperature was chosen on the basis of an earlier 
research work (Kakali et al., 2001). The most important characteristics of this calcined product 
(Mk) are: chemical composition (SiO2 + Al2O3 about 95%), fineness (surface area between 15 and 
20m2/g), and its poorly crystalline nature. The results of chemical analyses of the starting materials 
are shown in Table (1). The calcinations below 700oC results in a less reactive metakaolinite with 
more residual kaolinite, above 850oC crystallization occurs and reactivity declines (Ambroise et al., 
1985).  
 
2.2. Preparation of mortar mixes 
Six different blended cement mortar mixtures were prepared. OPC was partially substituted with 
0%, 10%, 15%, 20%, 25% and 30% of Mk by mass. The water-binder material ratios (w/b) were 
0.30 and 0.60 by mass. The cementitious material/fine sand (< 1.0 mm) was in the ratio of (1:3) in 
all mortar mixtures. All mortar specimens were mixed in a standard planetary mixer for 5 min 
continuously, and then poured in one inch cubic steel moulds, left at 100% relative humidity for 24 
hours, demoulded and water cured for up to 90 days. After curing, the cubes were then dried well 
at 80oC for 24hours at each age, and then the cubes were exposed to the compressive strength 
measurements and then subjected to stopping of the hydration process using stopping solution to 
prevent further hydration and for further analysis. 

 



 
 
2.3. Methods of investigation 
Chemical analysis was carried out using XRF Spectrometer PW1400. The removal of free water 
was accomplished by using alcohol/acetone method as recommended by different investigators 
(Taha et al., 1981). Compressive strength tests were carried out using five tones German Brüf 
pressing machine with a loading rate of 100 kg/min determined according to ASTM C109M(2007). 
The XRD analysis was carried out using a Philips PW 1050/70 Diffractometer. The data were 
identified according to the XRD software (pdf-2: database on CD-Release 2005). Compressive 
strength was determined according to the Egyptian Standards (Egyptian Standards 1292,1992) .The 
microstructure of the hardened blended cement mortars was studied using SEM Inspect S (FEI 
Company, Holland) equipped with an energy dispersive X-ray analyzer (EDX). 
3. Results and discussion  

3.1. Phase Composition 

XRD patterns of water cured neat blended cement mortar specimens at different Mk contents, 
having various water ratios are shown in Fig.(1). Where, main portlandite ray {Ca(OH)2} 
decreases with the amount of Mk introduced to the blend up to 30%, as it is consumed in the 
reaction with the active metakaolin forming additional CSH phases. Quartz (SiO2) is almost 
constant up to 30% Mk added. Unhydrated cement particles [larnite (β-C2S) as well as C3S] 
decrease up to 30% Mk as the content of cement decreases with Mk addition. Gehlenite hydrate 
(C2ASH8) appears as the predominant phase of the pozzolanic reaction between Mk and calcium 
hydroxide, increases with Mk addition up to 30%, but due to its low crystallinity; it does not 
appear in the XRD patterns unless Mk content beyond 20%, whereas it precipitates when replaces 
OPC (Ambroise et al., 1994). Calcite as well as CSH content increase with Mk addition up to 25 
% while at 30% the CSH decrease at w/b of 0.60 (Fig.1a), whilst an increase up to 20% incase of 
w/b of 0.30 due to the dilution effect of Mk for cement component (Fig.1b), with hydration time 
up to 90 days at w/b ratios of 0.60 and 0.30, there is a decrease in the unhydrated cement phases 
with curing time as it is transformed upon hydration into CSH phases.Gehlenite hydrate (C2ASH8) 
increases with the decrease of the hydration time and mainly with the increase of Mk contents 
(FrÍas and Cabrera, 2001). Where a traces of C2ASH8 phase (weak peak at 2θ =7.2o) appears at 
MK content mainly beyond 20%. This fact means the very low crystallinity of C2ASH8 phase in 
blended cements. These findings totally agree with prior results of (Ambroise et al., 1994), where 
the presence of C2ASH8 only detected in blended cement with Mk contents of 30% or more at 90 
days of curing time. The intensities of the portlandite peaks decrease with the amount of Mk up to 
complete vanishing, as well as with hydration time up to 90 days as it is consumed in the reaction 
with metakaolin forming additional CSH phases. larnite (β-C2S) as well as C3S decrease with 
curing time as a result of hydration giving tobermorite gel and portlandite Fig. (1a, b).  

Whilst the produced portlandite is consumed completely due to its reaction with the active 
metakaolin that has a very fine pores of size <0.3µm leading a densification of the mortar 
structure. Calcite content increases with curing time while CSH phases increases up to maximum 
at 25%Mk content incase of w/b of 0.60 and reaches the maximum up to 20%Mk incase of w/b= 
0.30, then they decrease at 30% where the metakaolin acts only as filler due to the dilution effect 
of cement component. It is known from previous work conclusions that CSH appears at 2 days, 
while gehlenite hydrate and C4AH13 occur at 7days of hydration, the content of both increases with 
curing time, except at 25 and 30% Mk, they appear at one day (Frías and Cabrera, 2002). 
Beyond 90 days of curing, the lime is totally consumed by pozzolanic reaction; fact will be in 
agreement with a prior study (Kostuch et al., 1993) which reported that metakaolin reacts with 1.2 
times its mass of portlandite.  



 

 

 

 

3.2. Compressive Strength 

The results of compressive strength as a function of metakaolin content and curing time up to 90 
days  at w/b ratios of 0.60 and 0.30, respectively are represented in Fig.(2). The results show, 
increase of compressive strength at any metakaolin addition with curing time as a result of binder 
formation and accumulation in the open pores caused by cement hydration as well as the 
pozzolanic reaction of metakaolin with CH. The rate of strength development in PC is mainly 
dependent on the hydration rate of clinker, while in PC-MK systems it is dependent on 
combination of PC hydration and pozzolanic activity of metakaolin. According to the literatures, 
the main factors that affect contribution of metakaolin to strength are: (a) the filler effect, (b) the 
dilution effect (physical effect) and (c) the pozzolanic reaction of metakaolin with CH (chemical 
effect) forming additional CSH and CSAH phases according to Wild et al. (1996). Where the 
pozzolanic effect depends not only on the pozzolanic reaction, but also on the physical or filler 
effect of the smaller particles in the mixture.   

From 0 up to 25% replacement of PC with Mk incase of w/b of 0.60, the increase of relative 
strength is mainly attributed to the filler effect leading to an initial acceleration of PC hydration 
and the increase of CSH binder phases caused by the reaction of CH liberated from cement 
hydration and metakaolin’s SiO2 component as indicated latter from XRD. While the decrease of 
the relative strength beyond 25% incase of w/b =0.60 and 20%Mk incase of w/b=0.30, may be due 
to the cessation of the pozzolanic reaction as well as surpassing filler effect by dilution effect 
leading to a decrease in the relative strength or overcoming the filling effect over the pozzolanic 
one as the source of liberated lime (PC) decreases. It is noticed that,  strength decreases due to 
dilution effect of metakaolin as well as very fine pore structure and narrow particle size 
distribution which needs much water content to contribute to the reaction so at the lower water 

Fig.(1): XRD patterns of OPC blended cement mortar specimens having various MK content (a) 
w/b=0.30, water cured at 1days and 90days, and  (b) w/b=0.60, water cured at 1day and 
90days. [A=C3S, L=β-C2S, P=Ca(OH)2, C=CaCO3, CSH=Calcium silicate hydrate, 
GH=C2ASH8,C4=C4AH13  F=Feldspars].  



content, the increase of Mk beyond 20% needs more water and hence decrease structure 
compaction that accompanied by decrease of cement content (the source of CH necessary for 
pozzolanic reaction), where the cement used liberate 24-25% calcium hydroxide from its own 
weight after one year, if fully hydrated this ratio would favor the C2ASH8 formation, taking in 
account the competitive of hydration reaction proposed by (Murat, 1983). While at higher water 
content, the water demand is quietly enough for mortar durability; which in turn reflected on an 
increase of Mk up to 25% that leads to maximum strength enhancement.  

 

  
 
 

 
 3.3. Morphology and microstructure  

Microstructure and the morphology of the hardened OPC-Mk mortar pastes containing 0% 
metakaolin content (w/b=0.60) and water cured at 1 and 90 days and those have 25 and 30%Mk, 
water cured at 90 days are shown in Fig.(3). The SEM of the neat OPC mortar paste after one day 
of hydration Fig.(3a), shows a poorly crystalline structure of amorphous hydration products that 
was significantly porous at this early age with a number of unhydrated silica grains that 
surrounded by hydrated phases. At the later hydration ages of 90 days Fig.(3b),hydration went 
steadily as more CSH phases formed with a microcrystalline structure resulting in a more 
compaction, which reflects relative low compressive strength values as well as the increased 
porosity, lower content of CSH gel and higher free Ca(OH)2 content. With an increased 
substitution of OPC by Mk up to 25 and water cured at 90days, the micrograph indicates the 
increase of CSH gel phases with the increase of CSH (II) which has a platy (honeycomb) type 
structure and CSH(I) with its fiber-like structure Fig.(3c). The SEM of mortar pastes having 30% 
Mk and water cured for 90 days are represented in Fig.(3d), showing a widely spreading of 
unreacted metakaolin grains [Ambroise et al. (1994) and Klimesch and Ray, (1997)], with the 
predominance of micropores and presence of small parts of crystalline CSH filling in the open 
pore especially after 90 days of hydration. Also few gehlenite hydrates dispersed in the 
microstructure which does not appear in the XRD patterns due to its low crystallinity. 

Fig (2): Compressive strength of the various blended cement (OPC-Mk) mortar 
pastes at different hydration ages (water/binder of 0.60 and 0.30%).  



On the other hand, the microstructure of mortar pastes having w/b of 0.30 containing 0% 
metakaolin content, water cured at 1 and 90 days are shown in Fig.(4). Where the SEM of one day 
shows a poorly crystalline structure of amorphous hydration products that is significantly porous at 
this early age with the presence of free hexagonal crystals of Ca(OH)2 and a number of hydrated 
phases which surround unhydrated silica grains Fig.(4a). At the later hydration ages of 90 days, 
more CSH phases formed which fill the pores resulting in a more compaction; the micrograph of 
the neat OPC mortar pastes reflects the relative low compressive strength values as well as the 
increased porosity due to the presence of relatively wider pores, lower content of CSH gel and 
higher free Ca(OH)2 content Fig. (4b). Increases of  to 20%Mk  at 90 days indicates the increase of 
CSH gel content with the co-existence of the two types of CSH phases; these are CSH (II) which 
has a platy (honeycomb) type structure and CSH(I) with its fiber-like structure Fig.(4c). At 25% at 
90 days, the metakaolin grains appeared widely dispersed along with the presence of gehlenite 
hydrate crystals that spread over the surface as well as and presence of small parts of crystalline 
CSH filling in the open pore especially Fig.(4d).  

 

 

4. Conclusion 

1. Metakaolin provide a good pozzolanic material that enhance mechanical and microstructure of 
cement mortar mixes. 

2. The increase of cement replacement by MK to a higher level, leads to a dilution in the matrix as 
well as presence of unreacted MK grains spreads all over the surface preventing the interaction 
of hydration materials. 

3. The compressive strength increases at all hydration ages and with MK replacement up to the 
optimum level. 

4. The maximum development of compressive strength was achieved for the specimens made 
from OPC-Mk blended cement mortars containing a metakaolin content of 25 wt. % for higher 
water content (0.60), whilst, for lower water content (0.30), the maximum was obtained at 20 % 
MK.  
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Abstract 

The 
29

Si-MAS NMR spectroscopy was used for investigating the effect of the addition of sodium and lithium 

compounds (nitrates and chlorides) to Portland cement paste on the distribution of Q
n
 species in hydration 

product with age (up to 6 months). The amount of alkalis recalculated for Na2O was varied from 0.5 to 6% from 

the weight of cement. The compressive strength development of cement pastes with and without alkali additives 

was simultaneously investigated. The interpretation of the obtained results has been done in terms of common 

physicochemical conceptions. 

 

Originality 

Using 
29

Si-MAS NMR spectroscopy, the peculiarities of the silicon site distributions in hardened Portland 

cement pastes with admixtures of alkali (Na, Li) compounds have been studied and compared with the 

development of compressive strength of these pastes during hydration.  

 
Chief contribution  

It was found that some difference in the polymeric state of silicon between the cement pastes with alkali 

additives and control sample (without additives) is not so significant to be taken into account for negative 

influence of alkalis on strength. The negative consequence of the alkali presence consists in the including of 

alkali ions into the structure of hydration product instead of calcium and in deficit of bridge bonds -Si-O-Ca-O-

Si-. 
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1. Introduction 

The influence of alkali compounds on the properties of Portland cement compositions and 

concretes is still the actual problem, since, until now there is no complete understanding of their 

participation in the hydration of Portland cement, especially when speaking about the structure of 

hydration product (Smaoui et al., 2005; Bentz, 2006).  

As is well known, alkalis accelerate the hydration of Portland cement, promote the rapid 

setting of Portland-cement paste and, in certain cases, promote the increase of the early strength of 

Portland cement compositions (Smaoui et al., 2005; Bentz, 2006; Millard, Kurtis, 2008; Jawed, 

Skalny, 1978); this is used in some practical objects (Larosa-Tompson at al., 1997). Nevertheless, the 

presence of alkalis in high concentrations has predominantly negative influence on the strength of 

hardened cement paste, especially at the late period of hydration (Smaoui et al., 2005; Jawed, Skalny, 

1978). The significant dosages of alkalis can enter into hardened cement paste or concrete together 

with cement, chemical admixtures, solidificated toxic wastes; there are also the external sources of 

alkalis, for example, sea water, deicing agents.  

The strength of Portland cement past is the result of formation of the structure known as C-

S-H-gel (Richardson, 1999; Andersen at al., 2004).  

The purpose of this work is the investigation of relationship between the connectivity distribution of 

silicon atoms in the hardened cement pastes containing alkali additives (sodium and lithium) and the 

strength; the solid-state 
29

Si NMR spectroscopy (
29

Si MAS NMR) was applied in our research. The 

study of the influence of lithium ion on the polymeric state of silicon in hydration product is of special 

interest, since the lithium compounds are known to be the most effective inhibitors of alkali-silicate 

reactions (ASR) (Feng at al., 2005). 

 

2. Experimental part 

Portland cement CEM I 42.5 R (Warta) with the following petrographic data has been used, 

wt%: alite 52-53, belite 17-18, calcium aluminate and tetracalcium alumoferrite 20-22, gypsum 4-5; 

the content of alkalis (Na2Oe) is 0.4 wt%. 

The control samples were prepared by mixing cement with water at water-to-cement ratio 

(w/c) of 0.25; the obtained cement paste was placed into the cube forms of 3×3×3 cm. The forms were 

kept above water in tightly closed container at 20 °C. After 1 day, the hardened samples were ejected 

from forms; the subsequent storage was accomplished above the water in tightly closed container at 

20 °C during 6 months, periodically producing the strength tests and the surveying of NMR spectra. 

Each value of strength was defined as an average of results of the tests of three samples. 

The samples with alkali additives were prepared by the same manner. Sodium substances 

(chemically pure NaNO3, NaCl) were taken in quantities to be equivalent to 3 and 6% Na2O of the 

weight of cement. Lithium-containing compound (LiNO3•3H2O) recalculated for Li2O was taken in 

quantities to be equimolar to 3 and 6% Na2O (Li2O wt%=0.48•Na2Owt%, hence, 1.4 and 2.9% Li2O 

from the weight of cement). All additives were preliminarily dissolved in the water of mixing. The 

water of LiNO3•3H2O was taken into account. 

For the survey of NMR spectra, the crushed material remained after strength test was 

grounded into fine powder; a small quantity of grounded material (~5 g) was washed with acetone 

(3×20 ml) to remove free water and dried under vacuum at usual temperature. The NMR spectra of 

the powders were obtained with a Bruker Avance-IIWB-500 solid-state NMR spectrometer (
29

Si, 

99.35 MHz); the rotor spinning frequency 10 kHz. The spectra were processed using Dmfit software. 

The chemical shifts are given relative to the TMS signal; the signals were assigned in accordance with 

data from (Richardson, 1999; Andersen at al., 2004).  

 

3. Results and discussion 

The strength data of the hardened Portland cement pastes at different ages are represented in 

figure 1. As can be seen from this figure, the influence of small dosages of alkalis (0.5%) on the 

strength of the hardened cement paste consists in certain strength increase at early age and reduction 

in strength at later period in comparison with control cement paste. This corresponds to the known 



literature data (Smaoui et al., 2005; Jawed, Skalny, 1978). An increase of the dosage of alkalis up to 

3% Na2O leads to significant decrease in the strength of cement paste in comparison with the control 

data, both at early and late period of hydration.  With the dosage of 6% Na2O or equimolar quantity of 

Li2O the one-day-strength of samples is equal to zero. 

 

Figure 1: The dependence of strength of hardened cement paste R (MPa) on the time t (days)  

and alkali content: 1- without additives (the control sample); 2, 3, and 5 correspond  

to 0.5, 3 and 6 Na2Owt% (NaNO3); 4 and 6 correspond to 1.4 and 2.9 Li2O wt% 

 

Figure 2 presents the solid-state 
29

Si NMR data.  

Figure 3 presents an example of the spectrum deconvolution (simplified model) and the assigning of 

peaks in accordance with the data from (Richardson, 1999; Andersen at al., 2004).  

The spectrum of initial Portland cement (Fig. 2,a, curve 1) is represented by a single peak 

with a large shoulder from the stronger field side. The deconvoluting of this signal gives two peaks 

with maximums -71 and -72 ppm; both peaks belong to anhydrous silicate species (isolated tetrahedra, 

Q
0
) in the structure of the main phases of portland cement (alite and belite).  

On the spectra of cement pastes aged 1 day (Fig. 2,a), three superposed signals appear at -

79, -81 and -84 ppm. The most intensive signal at -79 ppm (Q1) belongs to dimers or to the ends of 

silicate chains. The signals at -81 and -84 ppm (Q2) belong to silicate tetrahedra inside the chains. The 

presence of two signals assigned to Q
2
 is caused by SiO4 chain units in the C-S-H with different 

chemical environments and geometries. In accordance with (Richardson, 1999; Andersen at al., 

2004), the signal at -81 ppm belongs to silicate tetrahedra connected with one SiO4 and one AlO4 

tetrahedron (signed as Q
2
 (1Al)). It should be noted, that the signal assigned to the bridging SiO4 

tetrahedra in the chains may be disposed near this region also (Chen at al., 2004). Any way, the 

presence of Q
1
 and Q

2 
signals suggests the appearance of dimers and polymers in the cement pastes. 

The figure 4 shows the connectivity distribution of the silicon atoms in the cement pastes of 

different ages obtained by the computer processing of the spectra (the contributions of signals at -81 

and -84 ppm are summarized). 

In accordance with our calculations carried out on the base of the data of the figure 4 and 

formulas in (Brykov at al., 2010), at 1-day age the content of dimers is no more than 10 mol%, the 

content of polymers recalculated for the pentamer is no more than 3 mol% (pentamer is a dominant 

type of polymers for a long period of time). 

On the spectra of the pastes of 1 month (Fig. 2,b), the intensities of Q
1
 and Q

2
 signals are 

increased with respect to Q
0
, and the slow changes continue to occur later (Fig 2,c). Taking into 

account the relationship between the intensities of Q
1
 and Q

2
 signals, it can be concluded that dimers 



prevail over the polymeric fragments for all samples even after 3 months (the content of dimers is no 

more than 15-17%, the content of pentamer is no more than 8%). 

 

1- Portland cement; 2 – the control paste;  

3, 5 and 6 –0.5, 3 and 6 wt% Na2O (NaNO3); 4 –  

3 wt% Na2O (NaCl); 7, 8 - 1.4 and 2.9 wt% Li2O 

 

1- control paste; 2, 3 – 3 and 6 wt% Na2O 

(NaNO3); 4 – 1.4 wt% Li2O 

 

1- the control paste;  

2 – 3 wt% Na2O (NaNO3);  

3- 1.4 wt% Li2O  

 
Figure2: The 

29
Si MAS NMR spectra of the hardened Portland cement pastes at the ages:  

a - 1 day, b - 1 month, c - 3 months. 
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It is evident from the figure 4 that the differences in the polymeric state of samples are 

significant only at early stage of hydration (at the age of 1 day). In comparison with the control 

sample, the cement pastes with alkalis contain more isolated tetrahedra; the more the content of 

alkalis, the more the content of isolated tetrahedra. Accordingly, the content of fragments Q
1
 and Q

2
 

in the cement pastes with the alkali additives is lower than in the control cement paste. Small dosages 

of alkalis (0.5% of Na2O) do not influence essentially on the polymeric state of silicon.  

 

Figure 3: An example of the spectrum deconvolution (corresponded to the curve 2 in the fig 2,a). 

 

In accordance with numerous literature data, alkali ions stimulate the hydration of Portland 

cement at early period. To bring our results into compliance with the conventional concept, it should 

be assumed that the product of the hydration of Portland cement in presence of alkalis has to contain 

more isolated tetrahedra (monomers) than the product without alkali additives. Apparently, the high 

concentration of alkali ions created in the pore solution at initial period of hydration must promote the 

high content of monomer units in the hydration product. 

As is follows from figure 4, alkali ions (Na and Li) taken in an equimolar quantity have 

approximately the same effects on the connectivity distribution of silicon atoms. The nature of anion 

(NO3
-
 or Cl

-
) does not influence drastically on the connectivity distribution.  

All differences between samples with respect to the connectivity distribution of silicon are 

leveled with aging (figure 4 b,c).  

It’s difficult to assume that zero strength of cement paste with 6%Na2O at 1-day age and 

very low strength of the same paste at later period can be caused by insignificant differences in the 

polymeric state of silicon which exist in the earliest period, especially when these differences are 

leveled later. And what is more, the comparison of figures 1 and 4 shows that the strength 

development at early age takes place almost in the absence polymeric fragments both in the control 

sample and in samples with alkali additives. The portion of dimers is also low during this period. In 

the subsequent period (1-3 months) the content of dimers grows, but the portion of polymeric fraction 

remains small. At the same time the strength of hardened pastes of 1-month age already exceeds the 

strength of one-day-samples in several times.  

It appears from this, in the first place, that the source of the low strength of hardened 

Portland cement pastes with alkalis is not connected with the polymeric state of silicon; in the second 

place, polymeric fragments do not play the principal role in strength development. 

To explain the obtained results, it is essential to take into account the role of calcium in 

formation of the structure of hydration product; the meaning of calcium consists in formation of 

bridge bonds between silicate tetrahedra. It is necessary to consider also the possibility of the entry of 

alkali ions into hydration product.  

 Q
0 

Q
1 

     Q
2
(1Al) 

                    Q
2 

Cumulative 

curve 



At early hydration stage the strength of cement paste is caused by the association of 

monomers and dimers by calcium ions into the heteropolymeric structures with -Si-O-Ca-O-Si- 

bonds. In all likelihood, these bonds are more significant for the strength than the association of 

silicate tetrahedra among themselves into the chains of greater or smaller length. When the mixing of 

water with cement occurs in absence of alkali additives, the high concentrations of calcium in the 

liquid phase are established which corresponded to supersaturation on Ca(OH)2. Consequently, in this 

case there is no scarcity in calcium as the necessary component of C-S-H formation.  
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1- the control paste; 2, 4 and 6 - 0.5, 3 and 6 wt% Na2O (NaNO3);  
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1 - the control paste; 2 – 3 wt% Na2O (NaNO3); 3 - 1.4 wt% Li2O 

Figure 4: The connectivity distribution of silicon species in the hardened cement paste at ages: 

 a - 1 day, b - 1 month, c - 3 months 

 

The presence of large dosages of alkalis decreases the solubility of Ca(OH)2 and the 

concentration of the Ca2+ ions in the liquid phase (Jawed, Skalny, 1978); the possibility of the 

a 

b 

c 



inclusion of alkali ions into the composition of hydration product instead of calcium is ensured 

immediately. Thereby, during the formation of hydration product, calcium occurs to be substituted by 

alkali ion that is not capable to form bridge bonds: 

 
During hydration, the calcium-to-alkali ratio in the product will grow because of significant 

calcium surplus in the whole system. It is obvious therefore that the early and ultimate products of 

hydration in alkali-containing system will be differed by Ca-to-alkali ratio; the late product will be 

nearer to the usual C-S-H. Nevertheless, in case of high dosages of alkalis the structure proves to be 

strongly disrupted so that the strength will no longer reach the level of alkali-free samples.  

 

4. Conclusions 

1 The high dosages of the alkali compounds reduce drastically the early strength of hardened 

cement paste (up to zero); at later period of hydration the strength of cement pasts with alkali 

additives is considerably lower than the strength of alkali-free sample. Meanwhile, some difference in 

the polymeric state between the cement pastes with alkali additions and control sample at the 

beginning of hydration is not so significant to be taken into account.  

2 On all occasions, the strength development takes place almost at the absence of the 

polymeric fraction, at the molar content of dimers not exceed 10-20% during the whole period in 

question. Therefore, the strength of the cement paste does not depend essentially on the connectivity 

distribution of silicon.  

3 The development of strength is caused by the association of monomer and dimeric species 

by calcium ions into the heteropolymeric structures with bonds -Si-O-Ca-O-Si- and -Si-O-Si-. The 

presence of alkali compounds in the large dosages provides the including of alkali ions into the 

structure of hydration product instead of calcium. The consequence consists in deficit of bridge bonds 

-Si-O-Ca-O-Si-, in disturbance of the C-S-H-structure and in depression of strength.  
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Abstract 
This paper presents an overview of the application, outcomes and importance of some of the methods which are now 
being applied to the tailored design of alkali-activated aluminosilicate (“geopolymer”) nanostructure and 
microstructure. This structural design is aimed at optimising performance, as expressed in terms of mechanical 
properties, other specific physicochemical aspects (e.g. fire resistance or dimensional stability), and durability. 
Structural design can be achieved in part by specifying activator composition according to the properties (composition, 
reactivity and particle size/shape distribution) of the solid precursor(s) used. This is important because the precursors 
which are most commonly used, being fly ash and blast furnace slag, are waste or by-product materials and so vary in 
composition and material properties as a function of time and location. Thermal or chemical modification of 
precursors, blending of different raw materials, seeding of reaction mixes and control of curing conditions can also aid 
in tailoring and control of binder nano- and microstructure. 
In addition to developing methods of modifying binder structure and its influence on interactions with aggregate 
particles, it is also essential to develop and/or adapt analytical techniques to the study of alkali-activated and 
geopolymer binders. The complex multiscale hierarchy of these binders, which includes solid reaction products, 
unreacted precursors, liquid- and/or gas-filled pores, and aggregates of varying surface properties and reactivity, 
cannot be adequately characterised by any single technique.  
Obtaining information regarding the kinetics of binder formation is essential to understanding the reaction mechanisms 
which determine product nanostructure and morphology, and both laboratory and beamline-based (synchrotron and 
neutron) techniques have been adapted to this task. X-ray microtomography, different types of (traditional and non-
traditional) microscopy, and other advanced techniques can each provide advances in the understanding of binder 
structures. However, it is only by combining the data provided by these techniques with more classical analytical 
methods that it is possible to develop a detailed understanding of alkali-activated binder structure from the nanoscale 
up to the macroscale. This is essential in determining and predicting the mechanical and durability performance of 
alkali-activated binders, both in terms of immediate application and throughout the material lifespan.  
 
Originality 
This paper presents an overview of the results of the first ever application of a number of different analytical 
techniques, particularly based around the application of synchrotron and neutron beamlines, to the study of alkali-
activated (“geopolymer”) binders. Some of these techniques have been applied previously to the study of Portland 
cement-based materials, but their use in the analysis of these new aluminosilicate binder systems is entirely novel. This 
work provides novel insight into the optimal methods of formulating, mixing and curing geopolymer and other alkali-
activated binders with a view towards optimising specific material properties. 
 
Chief contributions 
The ability to describe and predict binder structure and durability based on a detailed understanding of the 
aluminosilicate gel structure is essential to the commercialisation of these materials as an environmentally beneficial 
alternative to Portland cement. The introduction of new analytical techniques, and new understanding of the roles of 
each component in this complex binder/aggregate/aqueous solution mixture, provides a critical basis for further 
research and development in this area. Enhancing and ensuring the durability of alkali-activated binders is essential to 
their environmental credentials, as performance in this area must be measured on a life-cycle basis, and a material 
requiring more frequent replacement or repair would not provide a significant environmental (or economic) advantage. 
 
Keywords: Geopolymer, alkali activation, durability, characterisation 
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Introduction 
Alkali-activated aluminosilicate binders are attracting increasing academic and commercial interest as 
“green” cements (Provis and van Deventer 2009; van Deventer et al. 2010). These binders are also 
known as ‘geopolymers’, and are formed by the interaction between an alkaline solution and an 
aluminosilicate powder such as fly ash, metakaolin or ground granulated blast furnace slag. Through 
the use of industrial wastes as source materials, there is the possibility to achieve significantly lower 
CO2 emission in comparison with OPC, with estimated CO2 savings on the order of 80% for binders of 
comparable performance (Phair 2006; Duxson et al. 2007; Davidovits 2008; Juenger et al. 2011).  
However, the large-scale adoption of these binders has not taken place ‘overnight’ (even considering 
the conservative timescales on which the construction materials industry usually operates), but rather 
has been based on a gradual process of scientific and engineering development, and commercialisation 
has only succeeded now that the correct combination of ‘technology push’ (high-quality materials) and 
‘demand pull’ (requirement for CO2 reductions) drivers are now in place. After some early academic 
interest in western Europe around 70 years ago (Purdon 1940), the development of these materials was 
led for many years by researchers in the former Soviet Union and in China (Krivenko 1994; Shi et al. 
2006; Xu et al. 2008). Geopolymer concretes were used on quite a large scale in the 1980s and early 
1990s in the USA (Malone et al. 1985; Davidovits 1991; Husbands et al. 1994), but the development 
of that product line did not continue commercially beyond that time. However, geopolymer concretes 
are now available in commercial volumes in Australia and elsewhere, and have found use in major 
infrastructure projects, residential construction, and other areas (van Deventer et al. 2010). 
This adds great importance to the ability to understand and predict geopolymer durability; a specifier 
or end-user (particularly in the case of government infrastructure agencies) must be able to say with 
confidence that their concrete structure will be durable for an extended period of time. Because there 
exists only a limited volume of data regarding the durability of alkali-activated concretes in actual 
service environments (Ilyin 1994; Krivenko 1999; Deja 2002; Shi et al. 2006; Xu et al. 2008), it is 
essential to be able to understand the relationship between material structure and ‘real-world’ 
performance. This will provide some of the necessary links between laboratory testing (which is more 
usually conducted on pastes and mortars) and large-scale concrete elements. Concrete performance 
does depend on many aspects of mix design which cannot be replicated in small-scale laboratory tests 
on mortars and pastes. However, given that a well-designed blend of aggregates which provides good 
performance when combined with Portland cement should be expected (to a first approximation) to act 
similarly well in a geopolymer concrete, the main ‘missing link’ remains the structure-performance 
relationship of the binder. This will be the focus of the discussions presented in this paper. 
 
Permeability and microstructure 
In the context of the discussion presented above, probably the most often-asked question in the 
application of geopolymers in civil infrastructure relates to the issue of durability, and in particular to 
the ability of the geopolymer binder to protect steel reinforcing from corrosion. Accelerated testing of 
the corrosion resistance of steel bars in alkali-activated concretes has generally shown promising 
results (Wheat 1992; Miranda et al. 2005; Bastidas et al. 2008; Aperador et al. 2009), but these data do 
not always correspond well with the results of other permeability test methods, and this is a question 
which must be answered urgently. Central to the issue of reinforcement protection is the ability to 
design geopolymer binders and concretes with low permeability to chlorides and carbonates, and this 
necessitates the development of reliable ways by which ‘realistic’ permeability information can be 
computed or measured for alkali-activated binder systems. This information is essential in the 
development of service life models, in the specification of the necessary level of cover for reinforcing 
steel, and in the appropriate selection of alkali-activated binders for particular exposure conditions. 
The ability to measure as directly as possible the intrinsic pore size distributions is therefore critical in 
the application of alkali-activated binders. Fig. 1 shows data obtained by synchrotron X-ray 
microtomography, where Fig. 1a is a grayscale image of one slice through the sample, selected from 
the reconstructed volume of the sample analysed by microtomography at a voxel resolution of 750nm, 
and Fig. 1b shows the same image thresholded into ‘solid’ and ‘pore’ regions. 

 



(a) 

         

(b) 

200 μm 

Figure 1. Reconstructed slice of a fly ash/slag (3:1 blend) geopolymer paste activated by sodium metasilicate 
after 45 days of reaction. (a) greyscale image reconstructed from tomographic data (voxel size 750nm); (b) the 
same slice thresholded into ‘solid’ and ‘pore’ regions. The fly ash used was Class F according to ASTM C618, 

sourced from Gladstone Power Station, Australia. 
 
The threshold point used in Fig. 1b was selected based on analysis of the greyscale image and 
histograms, and the identification of specific features and regions as ‘pore’ and ‘solid’ regions, guided 
to some extent by data obtained from thermogravimetry and gas porosimetry (Myers 2010; Provis et 
al. 2011). It should be noted that there is not a clearly visible distinction between the different phases 
represented in the greyscale histogram of this binder, unlike in hydrating Portland cement pastes, 
which have a higher X-ray contrast between anhydrous, reaction product and pore regions (Gallucci et 
al. 2007). This leads to the requirement for some ‘user input’ into the thresholding procedure, because 
alkali-activated binders do not show distinct peaks in the greyscale histograms which would aid in the 
segmentation process.  
It is also not immediately possible to distinguish unreacted fly ash or slag particles from the newly 
formed binder based solely on greyscale levels; the low elemental-number contrast between the 
different solid phases present precludes this, as is visible in Fig. 1. It is possible to visually distinguish 
the angular unreacted slag and circular unreacted fly ash particles in Fig. 1, but Fig. 1b shows that part 
of the interior of the fly ash particle in the centre of the image (which is probably an aluminosilicate 
glass with low levels of high-Z elements such as Ca or Fe) is identified as porosity in the segmenting 
procedure. This particular particle may or may not actually be porous; some such porous particles are 
present in fly ashes and identifiable under scanning electron microscopy, but it is difficult to 
distinguish whether or not this is the case from the greyscale image at this resolution. However, in 
terms of the use of the tomography data for the analysis of transport properties, this issue is somewhat 
less problematic, as these apparent pores are surrounded by a solid shell at the particle surface, and are 
therefore not connected to the pore network of the binder. They cannot therefore participate in 
transport processes which take place within the pore network, and so do not contribute to the transport 
properties which are calculated based on a reconstruction of the pore network (Garboczi and Bentz 
1992; Nakashima and Kamiya 2007; Promentilla et al. 2009). The same applies to cenosphere and 
plerosphere particles in the fly ash, which contain internal porosity contained within solid glass shells 
(Diamond 1986), and which are often observed unreacted within fly ash-based geopolymer binders. 
Fig. 1a does show a reasonably high extent of reaction and binder formation in this mix, which was 
cured for 45 days in a sealed vial at room temperature. Unreacted slag and fly ash particles are visible; 
the residual slag particles appear more prominent than residual fly ash particles, even though the mix 
is much richer in fly ash than slag. The spherical fly ash particles are much more evident in a similar 
sample analysed after 3 days of reaction, showing that they have in fact been extensively consumed 
during the reaction process, rather than this behaviour being some sort of artefact induced by the 
tomographic reconstruction process or the low contrast in the greyscale images. 
The data presented in Fig. 1, and similar data sets which have been obtained for a range of alkali-
activated binder samples after different curing durations (Provis et al. 2011), provide new possibilities 
for understanding geopolymer binder structure and its manipulation by control of compositional 

 



parameters. From the reconstructed microstructures, the pore network tortuosity of each sample was 
calculated using a random walker algorithm implemented in Mathematica (Nakashima and Kamiya 
2007); the results of this analysis (Provis et al. 2011) are summarised in Table 1. 
 
Table 1. Changes in porosity and tortuosity from 3 to 45 days of reaction for samples made with different blends 
of fly ash (Gladstone, Australia; class F) and ground granulated blast furnace slag (GGBFS), each activated with 

4% sodium metasilicate. 

Precursor blend Change in porosity 
from 3 to 45 days (%) 

Change in diffusion tortuosity 
from 3 to 45 days (%) 

100% GGBFS -10 +37 
75% GGBFS/25% FA -15 +45 
50% GGBFS/50% FA -16 +71 
25% GGBFS/75% FA -5.8 +11 

100% FA -3.9 +9.4 
 
Table 1 shows that all samples decreased in porosity, and increased in tortuosity, as curing duration 
increased, and the reaction of the initially solid particles leads to a more space-filling gel. The systems 
which contain more calcium (i.e. more GGBFS) benefit more from the space-filling effects of the C-S-
H type hydrate phases which form in those binders, whereas the aluminosilicate gel in the lower-Ca 
systems is less space-filling and so does not provide the same hindrance to mass transport. Consistent 
with this, the total connected pore volume after 45 days was observed to increase monotonically with 
fly ash addition, from 25% in the 100% GGFBS system to 32% in the 100% fly ash system. 
 
Relating fly ash chemistry and binder mechanical properties 
In addition to microstructural control of permeability (and therefore durability), the construction 
materials community also requires good mechanical strength development from a binder. In 
developing alkali-activated binders based on waste materials, it is important to be able to identify the 
sources of waste material which will be most valuable as geopolymer precursors, and then to design 
the most appropriate geopolymer mixes based on those precursors. This is particularly relevant to the 
discussion of fly ash selection, due to the enormous variability between different fly ashes available 
internationally. Work in this area is increasingly becoming a focus of international research efforts 
(van Jaarsveld and van Deventer 1999; Fernández-Jiménez and Palomo 2003; Chancey 2008; Duxson 
and Provis 2008; Diaz et al. 2010; Williams and van Riessen 2010), and is important in developing 
geopolymer products from a wide range of ashes, potentially also including pretreatment (mechanical, 
chemical and/or thermal) to upgrade ashes to meet the desired specifications.  
It should be emphasised that scientific analysis must be used to complement (rather than to supplant) 
empirical industrially-focused work aimed at rigorously testing and optimising mix designs based on 
the locally available precursor materials. It is absolutely essential for a commercial geopolymer 
producer to be able to optimise mix designs on an empirical basis, as the day-to-day variability in 
desired specifications, raw materials availability, aggregate quality, transport requirements and other 
parameters will far outstrip the capacity of the scientific community to provide detailed justifications 
for every aspect of every mix design based on every available precursor. Rather, the value of a 
program of scientific study can be in understanding the attributes which lead to a particular precursor 
material being desirable – or undesirable – for geopolymer formation. This will then enable cost-
effective processing of the available raw material sources, providing the opportunity to valorise 
materials which have previously been discarded, as is the fate of much of the world’s fly ash at 
present. The identification and analysis of different glassy phases within microscale-heterogeneous 
materials such as fly ash is a highly challenging scientific problem (Ward and Taylor 1996; Chancey 
2008; Keyte 2008; Lloyd et al. 2009), with importance in the fundamental science of oxide glasses and 
melts as well as in its application to geopolymers. 
However, even without conducting detailed quantitative or qualitative analysis of the glassy and 
crystalline phases present within a fly ash, a good deal of useful information can be obtained from the 

 



fundamental characteristics of the fly ash, particularly particle size and chemical composition. In 
general, an overly coarse fly ash will usually be unreactive, and excessively fine fly ashes are known 
to have a tendency towards high water demand and rapid reaction. This is largely intuitively obvious, 
based on fundamental particle-fluid reaction principles, but does provide the possibility of controlling 
(to at least some extent) reaction rates in geopolymer-forming systems by size fractionation and/or 
blending of precursors. The analysis of the kinetics of geopolymer formation is as yet a somewhat 
inexact science, but major advances have been made over the past several years through the 
application of advanced experimental techniques; not all of these are easy to apply to ‘realistic’ 
systems involving complex precursors such as fly ash (as many have been developed with application 
only to metakaolin-based geopolymerisation to date), but there is a good deal of scope for further 
development in many of these areas (Provis and Rees 2009). 
In terms of the relationship between ash chemistry and performance in geopolymerisation, Figure 2 
presents an update to a diagram originally developed by Duxson & Provis (2008), which related a 
collection of literature data for geopolymer strengths (classified as ‘low’, ‘medium’ or ‘high’) to the 
bulk chemistry of the fly ashes from which the geopolymers were synthesised. The original data set 
was based mostly on the study of pastes and mortars; recently, Diaz & Allouche (2010) have 
published an extensive collection of data for geopolymer concretes synthesised from 16 different fly 
ashes, and this has been added to the original plot to generate Figure 2 as presented here.  

High strength

Medium strength

Low strength

GGBFS

1
/2 Al2O3

SiO2

2 M2+O + 1/2 M
+
2O  

Figure 2. Pseudo-ternary plot relating fly ash oxide composition to geopolymer strength, based on the diagram 
presented by Duxson & Provis (2008), updated with the addition of the data set of Diaz & Allouche (2010) for 

geopolymer concretes synthesized from 16 different fly ashes. The data points circled are the samples with 
unexpectedly poor strength, as discussed in the text. 

 
Figure 2 is presented as a pseudo-ternary compositional diagram, where the three axes are silica, 
alumina, and the sum of the charges on the alkali and alkaline earth metal cations present, as 
determined by XRF analysis. Other components such as iron, carbon or sulphates were subtracted 
from the XRF data before normalisation for plotting here. The original discussion presented along 
with this diagram by Duxson & Provis (2008) indicated that there is an apparent requirement for 
sufficient levels of both alumina and (MO+M2O) to generate a high strength, while low levels of one 
or both of these will lead to poor mechanical performance. The intermediate-strength products tended 
to fall between the two extremes in composition. The addition of the Diaz & Allouche data set to 
Figure 2 serves further to confirm this trend, with the apparent exception of one cluster of points 
(circled in Figure 2), which seems to be showing a much lower strength than would be expected based 
on overall composition. However, examination of the available XRD data (Diaz and Allouche 2010) 
for these ashes (four samples taken from the same power generation facility) shows a very high 

 



content of crystalline mullite (as high as 48% in one sample), which means that the availability of Al 
for reaction will be very low. Thus, the potential to form reactive charge-balanced Al-rich glasses in 
these ashes is less than may be predicted based on overall chemistry alone. This analysis highlights 
both the strength and the weakness of a bulk chemistry-based approach here; there may well be cases 
where factors not considered in the basic analysis can cause unexpectedly poor geopolymer 
performance, which is why this type of analysis cannot ever substitute for actual experimental testing. 
However, as a very inexpensive first-pass means of predicting geopolymer performance, it appears 
that this approach has merit and value, and the growing availability of data sets for wider ranges of fly 
ash will certainly serve to aid in the development and refinement of such predictive techniques. 
 
Conclusions 
This paper has briefly summarised some of the techniques which are currently under development for 
the analysis of the durability and mechanical performance of geopolymers and other alkali-activated 
binders. Fly ash bulk chemistry is seen to have significant predictive power with regard to the 
mechanical strength of geopolymer products, and a previous analysis of this correlation has been 
extended here with reference to a newer data set which has become available in the literature. 
Understanding and controlling permeability is essential in the development of durable alkali-activated 
binders, and synchrotron X-ray microtomography has been applied to this problem with results that 
appear very promising to date, although there are non-trivial issues related to data analysis and 
processing which need careful attention when extracting physical property information for alkali-
activated binders from X-ray tomography data sets due to the low degree of elemental contrast 
available in these systems. 
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Abstract 
Industrial cements as well as lab prepared cements were tested in terms of sulphate resistance according to ASTM C 
1012 Length Change of Hydraulic Cement mortars Exposed to a Sulphate Solution. Granulated Blast-Furnace Slag is 
known to offer protection against sulphate attack. The tests performed proved that this is not always the case. Clinker 
C3A and slag Al2O3 content play an important role, as these compounds react with sulphates leading to formations that 
cause swelling. The failure of some slag cements to resist in sulphates was attributed to the high Al2O3 content of the 
slag contained in them. Cements containing slag with lower Al2O3 showed a better behaviour. However, the 
combination of sulphate resisting (SR) clinker (low C3A), with high Al2O3 slag gives impressively good results. 
Satisfactory sulphate resistance was also proved by blended cements containing calcareous fly ash and pozzolana. 
Hydration products of sound and unsound mortar prisms were investigated by x-ray diffractometry and scanning 
electron microscopy. It is concluded that high slag content in cements does not guarantee their sulphate resistance. 
Slags have to be tested for their suitability prior to being used in cement production, if sulphate resistance is a 
requirement for the cement.   
 
Originality 
This paper is based on the results of tests and investigations made in EKET, the central laboratory of Heracles General 
Cement Company, and in the Institute of Chemical Engineering and High Temperature Chemical Processes (ICE-HT) – 
Patras, Greece, between May 2007 and November 2010. Contrary to what is widely believed, it was found that high 
slag content in the cement is not sufficient to lend sulphate resistance to it. 
 
Chief contributions 
Thanks to the results of tests performed, the production of poor sulphate resistance cement was avoided, and the need 
for prior checking of the slag was ascertained. 
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Introduction 
 
Granulated Blast Furnace Slag (GBFS) is known to enhance cement durability towards sulphate 
attack, therefore it is widely used in the cement industry. Tests conducted by Chojnacki (1981) in 
Canada by mixing type I ASTM cement containing up to 12% tricalcium aluminate - C3A with GBFS 
in a 1:1 ratio, showed sulphate resistance similar to type V cement containing 5% or less C3A (ASTM 
SR). Besides, the Al2O3 content of the GBFS was equal to 7%. Hooton (2000) reported that GBFS 
should participate at a minimum of 50% when mixed with type I cement containing up to 12% C3A as 
long as the Al2O3 content of the slag is 11% at maximum. Furthermore, slag – Portland cement 
combinations, with over 60 to 65% slag content showed elevated sulphate resistance independently of 
the Al2O3 content of the given slag (Locher, 1996). It seems that not all slags are appropriate for this 
use. According to Neville (1995) when the exposure levels in sulphate environment are expected to be 
especially raised, it is required that the cement composition should include a sulphate resistant cement 
(SR), and pozzolana or slag with proven performance towards sulphate attack. The critical property 
turns out to be the Al2O3 content of the slag. 
The aim of the current work is to study the behaviour of cements containing GBFS of varying Al2O3 
content, at prolonged exposure times to aggressive chemical environment such as a sulphate solution. 
The data presented herein refer to a monitoring period of 18 months. 
 
Methodology 
 
Sulphate resistance was evaluated according to ASTM C 1012 Length Change of Hydraulic Cement 
Mortars Exposed to a Sulphate Solution on mortar prisms. The hydration products were studied by X-
Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) in order to identify those 
compounds responsible for deterioration of the prisms. 
 
Materials 
 
The two clinker samples used in this study contained a high C3A amount (clinker A: 11.2% and 
clinker B: 9.4% as determined by quantitative XRD analysis), whereas the Al2O3 content of the four 
slag samples (S1 to S4) ranged between 9.5 to 14.2%. 
 

Table 1: Some chemical and mineralogical characteristics of clinkers and slags 

Sample Clinker-A Clinker-B S1 S2 S3 S4 

Al 2O3 5,80 5,05 14,2 11,99 9,55 9,99 

K2O 0,34 0,61  0,29 0,64 0,39 

Na2O 0,12 0,46  0,39 1,46 0,18 

Aluminate - C3A 
Cubic  

9,5 2,2     

Aluminate - C3A 
orthorhombic  

1,7 7,2     

Ferrite C4AF 7,9 7,5     

 
Preparation of laboratory cements and mortar prisms 
 
The lab cements prepared, contained GBFS between 50 and 72% (Table 2). All cements were ground 
to a target specific surface (SSA) of about 4500 cm2/g. The mortar prisms, after reaching a maturity 
determined by a compressive strength of 20 MPa, they were immersed in a 5%w/v Na2SO4 solution. 



Length change measurements were conducted at the ages proposed by the standard method and up to 
18 months. The solution was renewed after each measurement. Industrial cements were also tested 
along with the lab prepared ones: cement CEM II/B-P 32,5 (21-35% pozzolana), CEM III 42,5 (SR 
clinker and 50% slag) as well as pozzolanic cements CEM IV/B (P-W) 32,5 (36-55% pozzolana and 
calcareous fly ash). 

 
Specifications and durability ranking 
 
According to ASTM C 595 Standard Specification for Blended Hydraulic Cements, sulphate 
resistance is considered secured when the cements tested according to ASTM C 1012, exhibit an 
expansion ≤0,10% at the age of six months. 
For ACI 201.2R Guide to Durable Concrete though, the above specification covers only a low 
exposure class. ACI defines two more exposure classes for which the expansion limitations have as 
follows: 
− Exposure class 1: max expansion 0,10% at six (6) months 
− Exposure class 2: max expansion 0,10% at twelve (12) months 
− Exposure class 3: max expansion 0,10% at eighteen (18) months 

It also addresses the capability of pozzolanas, fly ashes and slags to resist a sulphate attack.  Therein 
pozzolanas and fly ashes should present maximum expansion of 0,10% in a year when they are tested 
in mixtures with Portland cement containing C3A≥7% and their content in these mixtures is between 
25-35%. The same applies for slag, but with their content in mixture being 40-70%.  
 
Results and discussion 

 
Assessment of laboratory prepared mortars 
 
All lab prepared cements (M4977-79 & M5000-2) made with S1 slag (14.2% Al2O3) at a dosage of 
50-65% expanded beyond the acceptable limit and/or disintegrated in the first 8-13 weeks, a lot sooner 
than it is defined in the lowest exposure class. Among these cements, those that performed better 
contained clinker with the lower C3A content. Mortar bars of M5020 with 72% S1 slag showed low 
expansion up to the age of 6 months, in agreement to Locher’s conclusions that slag does offer 
sulphate resistance independently of its Al2O3 content, when used at levels above 65%,. The limit of 
0.1% was exceeded only after 9 months reaching 0.13% (Figure 1). 
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Mortar bars of M5021 with 65% of slag S2, lower in Al 2O3 (12%), expanded by 0.1% after 8 months. 
Regarding the rest of the lab cements, M5280, M5281 and M5282 prepared with S3 and S4 slags 
containing even lower Al2O3 (9.6-10%) the results are satisfactory showing length changes of 0.03, 
0.02 and 0.03% respectively within a period of 18 months (Figure 2). 

Figure 1: Expansion of lab prepared cements 
containing slag S1. 

Figure 2: Expansion of lab prepared cements 
containing slags S2, S3 and S4. 



Evaluation of industrial cements 
 
Industrial cements containing pozzolanas and calcareous fly ashes, performed quite satisfactory. The 
same did a CEM III 42,5 produced with 50% slag and sulphate resisting clinker (Figure 3). Table 2 
summarizes the performance of lab prepared and industrial cements in the test ASTM C1012. 
 

Identification of cement hydration products by X-Ray Diffraction (XRD) 
 
The mortar bars selected for further examination were the laboratory slag cements M4979 and M5000 
with poor performance in the test, giving expansion higher than 0.1%, already in the first month, 
M5280, M5281 and M5282 that gave quite satisfactory results even after 18 months, as well as the 
industrial cements CEM II 32,5 and CEM IV 32,5 -2 that also performed well. Identified minerals - 
corrected for the amorphous - are presented in Table 3. 
 
Table 2: Deterioration age (D.A.) and age of expansion over 0.1% (E.A.) in months, of lab prepared and 
industrial cements. 

M 
slag 

4977 
S1 

4978 
S1 

4979 
S1 

5000 
S1 

5001 
S1 

5002 
S1 

5020 
S1 

5021 
S2 

5280 
S3 

5281 
S3 

5282 
S4 

II 
32,5 

IV 
32,5 

IV 
32,5 

III 
42,5 

% A 46 36 31      31       

% B    46 36 31 24 31  31 31     

% 
slag 

50 60 65 50 60 65 72 65 65 65 65     

E.A. 
>0,1% 

1,9 3 1,9 1,9 0,9 1,9 9 6 --- --- --- 18 --- --- --- 

D.A. 3 3 3 2 5 5 --- --- --- --- --- --- --- --- --- 
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Figure 3: Expansion of industrial cements. 

The mineralogical analysis revealed in general the following hydration products: etrringite - 
Ca6Al 2(SO4)3(OH)12•26H2O, gypsum - CaSO4.2H2O, portlandite – Ca(OH)2, monosulphate or kuzelite 
- Ca4Al 2(SO4)(OH)12•6H2O and hemicarbonate - Ca4Al 2O6(CO3)0.5(OH)•11.5H2O (Figure 4). Among 
these, the first two are typically met among sulphate attack products (Zayed & Shanahan, 2006) and 
are considered responsible for significant expansion and even specimen deterioration (Tian & Cohen, 
1999). However only M4979 and M5000 exhibited intense expansion and eventually cracking with 
M5000 having the fastest deterioration in just about 9 weeks. The comparative mineralogical results 
show increased levels of ettringite and monosulphate in these two mortar bars. These ettringite levels 



were reached within a short period of time in comparison to the sound mortar bars that reached lower 
ettringite levels albeit longer time in solution. Given the fact that both slag S1 and clinkers A and B 
are rich Al2O3 sources and taking into account the low solubility of ettringite (Lothenbach & 
Winnefeld, 2005), then a topochemical type of formation at high rates could have lead to significant 
expansion and eventually cracking (Prasad et al.,2006). The correlation diagram in Figure 5 shows the 
relation existing between total Al2O3 of several lab prepared cements with up to 65% S1 slag and their 
expansion. The point that falls out of the trend line corresponds to cement M5020 with 72% slag S1 
that reached the expansion limit of 0.1% in 8 months. This indicates that in high levels of slag addition 
- even of high Al2O3 content - the diluting effects can probably stall sulphate attack but, not prevent it. 
 

Table 3: %Weight fractions of hydration products in examined mortar bars 

Mixture M4979 M5000 M5280 M5281 M5282 II32,5 IV32,5-2 

Aging in solution 
(weeks) 

15 9 91 91 91 17 19 

Ettringite 12,5 16,5 9,2 10,4 11,7 6,7 2 

Portlandite 1,8 2,9 1,5 1,7 1,8 2,5 0,2 

Gypsum 2,3 2,6 2 2,2 2,6 1,2 0,2 

Monosulphate 
(Kuzelite) 

8,4 7,5 2,4 - 3,5 - - 

Hemicarbonate - - - 4 - - - 

 
Another remark is that specimen M5000 failed a lot earlier than M4979, although it contained lower 
amount of S1 slag and therefore higher amount of clinker “B”. The mineralogical composition of 
clinker “B” clearly shows that almost all of C3A - lower than that of clinker “A” - is of orthorhombic 
modification which is known to be a lot more reactive than cubic form (Stephan & Wistuba, 1999) and 
as such, would be expected to react with gypsum faster to produce ettringite. On the other hand the 
role of monosulphate in specimen expansion has been reported by some authors (Odler & Colan-
Subauste, 1999, Yang et al., 1996) where it was found to cause high and fast expansion (Figure 6). 
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Figure 4: Comparative x-ray diagram for M4979, M5000 and CEM II32,5.  

 
Gypsum was identified in all mortar bars, except CEM IV 32,5-2 where it was almost absent. 
Portlandite content was also very low in the specific cement. Regarding the portlandite concentration 
and solubility in the solution during sulphate attack, it is known to be negatively related to the 
concentration of alkalis in cement. Low Ca(OH)2 solubility ultimately suppresses ettringite levels and 



hence sulphate expansion due to crystallization pressure (Ping & Beaudoin, 1991). Figure 7 highlights 
somehow the relation between cement alkali content and mortar bar expansion. 
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 Figure 5: Relation between expansion of mortar bars and total Al2O3 content of lab prepared cements. 
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Identification of cement hydration products by Scanning Electron Microscopy (SEM) 
 
The microstructure was studied by means of SEM and the phase identity was confirmed by EDAX 
spot analysis. In the case of the deteriorated mortar bars Μ4979 and Μ5000 ettringite was found in the 
form of spheroulites within voids and mickrocracks (Figure 8). Judging by the intense expansion and 
deterioration of these mortar bars the fast crystallization of ettringite in this manner should be held 
responsible. Besides flakes of monosulphate were identified, accompanied by micro-cracks in some 
cases (Figure 9). On the other hand in the case of mortar bars M5280-82 and of industrial cements, 
ettringite was often found in the form of groups of elongated, crystals (Figure 10). 
 
Conclusions 
 

• Mortar bars with clinker of C3A>9% and 50-65% slag with high Al2O3 (14.2%) exhibited a 
poor performance and early disintegration. 

• The performance improved significantly 
o when the percentage of the above slag increased to 72% and 
o when the lower C3A clinker “B” was combined with slag S2 of 12% Al2O3.  

• Lab cements with 65% slag S3 or S4, containing around 10% Al2O3 resisted sulphate attack 
up to the age of 18 months.  

M5020 with  
72% slag S1 

Figure 6: Relation between expansion and 
monosulphate identified in mortar bars  

Figure 7: Relation between expansion and alkali 
concentration in cement  



• Blended cements of type II 32,5 with pozzolana and type IV 32,5 with pozzolana and fly ash 
performed also satisfactory, indicating that dilution phenomena and the pozzolanic reaction in 
these systems render these types of  cement effective towards sulphate attack. 

• The mineralogical study of the hydration products by XRD and SEM showed that the 
formation of kuzelite and of fast expansive ettringite, triggered by the high available Al2O3 
amount of slag S1, is most probably responsible for the rapid deterioration. 

• The attack rate was fastest in the case of M5000 mortar bars containing clinker “B” with high 
orthorhombic C3A content, engaging it in the deterioration progress.  
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Abstract 
Among the industrial applications of photocatalysis, photocatalytic-modified construction materials play a major role: 
various materials are being developed, ranging from self-cleaning mortar or concrete facades to coatings. Recently, 
considerable progress has been seen in the photocatalytic remediation of gas pollutants from roads, as well as in the 
city environment. In this context, heterogeneous photocatalysis is now presented as an innovative technology for 
outdoor air remediation:  TiO2 incorporation in building materials and activation by the near-UV fraction of incident 
solar irradiation offers promising potential. Suitable amounts of TiO2 have been introduced into cement mixes to render 
the surface of the resulting structures photocatalytically active: these construction materials are claimed to maintain 
the aesthetic characteristics and mechanical performance of cement mixes, and in addition to clean the ambient air 
under sunlight. Despite growing interest in the removal of micro-pollutants from ambient air by TiO2 photocatalysis in 
building materials, only a limited amount of systematically acquired experimental data has been available so far and 
several optimistic-publications have been presented, leading to possible misunderstandings regarding the real effect of 
such materials in the  fight against urban pollution. Several aspects must be analyzed before approaching the very 
attractive potential of photocatalytic cement. In spite of the various international standards available for the 
measurement of photo-activity, this point is still one of the most crucial, and (1) the type and the efficiency of the 
reactor, (2) the measuring conditions (flow, temperature, moisture, irradiation) and (3) the method of expressing the 
results (photo efficiency) must be taken into account. Additionally, the estimation of the effects of photocatalysts in NOx 
pollution abatement in the ”real urban environment”, requires an accurate simulation of transport phenomena in a 
given environment and is strongly dependent on climatic conditions (sun radiation, wind). After an accurate analysis of 
the many different types of efficient and attractive reactors presented in literature, a flow system has been developed, 
with a perfectly mixed reactor chamber. The test equipment enables the examination of a photocatalytic material for its 
pollutant-removal capability by continuously supplying the test gas (NOx), while providing photo-irradiation to activate 
the photocatalyst. The reactors allow the comparison of the activity of different kinds of photocatalytic products, 
pigments or cement-based materials, quickly and in a very reproducible way that can be used for the transfer of activity 
data from reactor tests to models. 
 
Originality 
A small test reactor was designed and characterized, allowing the precise evolution of photocatalytic NO oxidation 
activity of photocatalysts. Characterization included the study of all the principal factors affecting the NOx conversion, 
such as concentration of NOx, ow-rate, irradiation conditions and humidity. The characterization is achieved by mean 
of mathematical multivariate analysis method.  These results, although preliminary and subject to severe assumptions, 
show that the climatic conditions of the location have a significant effect, and that cements mixed with the currently 
available photocatalysts may only have an effect on urban NOx abatement if the wind and sun conditions are 
particularly ideal. 
 
Chief contributions 
This paper outlines how to develop an easy-to-use tool for the prediction of de-pollution efficiency, taking into account 
the reactor design and the necessary climatic conditions to allow useful, durable, and safe application associated with 
the usage of the tested products in a complex urban environment. 
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Introduction 
Photocatalysis has attracted a wide research interest over the last three decades because of its great 
potential in pollution control in air and water. The early academic results stimulated corporate research 
and industrial applications. Among the industrial applications of photocatalysis, photocatalytic-
modied construction materials attracted a lot of attention: various materials are being developed in 
Europe ranging from self-cleaning mortar or concrete facades to coatings; these construction materials 
(the so-called ’passive air puriers’), are claimed to maintain the aesthetic characteristics, in particular 
the color of the surface and to clean the ambient air under the sunshine, while saving energy and labor. 
Suitable amounts of TiO2 have been introduced into cement mixes to render the surface of the 
resulting structures photocatalytically active: the process involves the pollutant gases and organic 
compounds to diffuse through the porous surface and stick to the TiO2 nano-particles of the 
construction materials and coatings.  
This principle of operation has been demonstrated clearly in the past scientic and technical literature, 
but the modied cement materials have received much less attention in systematic laboratory studies 
up to now, so the further development of the TiO2 application for self-cleaning building material 
surfaces and even more for the construction of photocatalytic environmental remediation devices 
requires a better understanding of the photocatalytic activity of modied cements, of their sensitivity 
to aging processes and of the impact of TiO2 additives on the properties of cement as a construction 
material (Fujishima, 2005; Mills, 2002). 
 
Air Cleaning Materials: Photocatalytic Abatement of NOx 
Studying the photocatalytic activity of cementitous materials, we have focused on the NOx abatement; 
the NOx term comprises the nitrogen oxides mix (NO+NO2), which are the key species for 
photochemical ozone production in the urban air (Sadanaga et al., 2003) and participate in the 
formation of acid rain. The aim of the photocatalytic materials is to transform pollutants, using the 
solar light energy, in less hazardous products. The theory (Carp et al., 2004; Dalton et al., 2004; Toma 
et al., 2004)  is quite simple: the reactions lead to the oxidation of nitrogen oxides to nitrates (stables) 
in presence of hydroxil radicals (OH•); nitrates are less hazardous and water can easily removed them 
from the surface.  

Experimental Set-Up 
The test equipment enables to examine a photocatalytic material for its pollutant-removal capability by 
supplying the test gas continuosly, while providing photoirradiation to activate the photocatalyst. 
Since low concentration of pollutants are to be tested, the system shall be constructed with materials 
with low adsorption capacity and resistant to ultraviolet radiation,for example stainless steel, glass, 
quartz, PTFE.  The UNI norm reactor (UNI 11247:2007) and most large flow reactors suffer of  the 
problem of a very slow obtainment of a steady state. This makes the experiments very time 
consuming. Moreover, large reactors need large samples. For this reason, we have developed and 
tested a ”small and fast” reactor system, designed for catalyst screening. The home made system 
comprises an articial atmosphere generator system, a photochemical reactor inside an irradiation box 
and a gas analyzer. The scheme of the test system is shown in Figure 1.  For the NOX analysis a 
Thermo 42I analyzer was used measuring NO und NO2 content in the gas. The inlet gas cylinders (NO 
and dry air) were supply by Rivoira; the relative humidity was measured using a capacitive humidity 
sensor (DeltaOhm); to avoid test error, every analysis is performed after one or more hours of system 
stabilization. The flow was controlled trought Tylan mass flow meter. 
 
 
 
Performance of Laboratory Tests  
For the analysis we have decided to use higher concentration of pollutant than present in the urban 
environment, owing through a small photoreactor (in order to ’push’ and speed up the reaction) under 
a lamp that simulate the complete solar spectrum. We have tested the effects of mass and morphology 



of the sample (pellets, powders or pressed powders), irradiation time, ow velocity, glass reactor 
interferences and sample absorption without irradiating source. Many publications try to explain the 
dependence between these features and the photo activity: a quick comparison with the obtained 
results was done.  
A typical analysis is performed with this methodology: the mass ow controllers were adjusted at a 
ow rate of 60 ml min!1 (residence time of 100 s) to generate NO concentration of 4.5 ppmv, with 
relative humidity of 50 ±1% and temperature, outside the glass reactor, set at 40"C. At rst, NO was 
allowed to ow into the reactor without illumination. For at least 1 hour, the process proceed until 
adsorption equilibrium was reached. Then the light source was turned on and the irradiation proceeded 
for one hour. The test comprises four cycles, alternating one hour of light on and one hour of dark. 
During the irradiation period there is a quick decrease in the NO concentration with a consequent 
increase in NO2 concentration; this is due to a decomposition of nitric oxide, as reported in many 
publications (Carslaw, 2001; Devahasdin, 2003; Sadanaga et al., 2003). 
The measured conversion was related to the geometric surface of the sample and to the inlet gas ow: 
conversion is expressed as µg cm!2 h!1. 
The experimental campaign was conducted by means of Design of Experiment (DOE) for the 
evaluation of the effects due to the set-up parameters. The mathematical multivariate analysis method 
is a powerful tool to optimize processes, simultaneuosly  determining variables as others are modified. 
With this method, the reaction's operational variables can be simultaneously changed in order to 
identify the weight of each one and the relation between variables, indicating synergies and 
antagonisms between them.  
The central composite design was applied to analyze the simultaneous effect of  NO concentration (C), 
Flow rate (F), Relative Humidity (RH), Irradiance (I) and Temperature (T). To reduce the number of 
experiments, a 23 factorial design was selected with two variables deliberately confounded (= 5 
variables to be studied, 3  variables in the base design  and 2 variables to be introduced using 
interactions from base design). The experimental conditions for all experiments and the results 
corresponding to NO photocatalytic abatement obtained are summarized in Table 1. The studied 
samples were pressed disk of TiO2 Degussa P25 (0,5g). Defined range 1 – 5 ppmV, 60 – 400 
ml/min, 250 – 1000 W/m², 30 – 90 °C are partly highen than real values.   
 

Table 1: Design of experiments for the set-up paramaters 
Experiment C (ppm) F(ml/min) I (W/m2) RH(%) 

(C*F) 
T (°C)    
(NO *W) 

Photoc Rate 
(µg cm!2 
h!1) 

1 1 60 250 50 90 0,60 
2 5 60 250 0 90 2,90 
3 1 400 250 0 30 1,00 
4 5 400 250 50 30 4,50 
5 1 60 1000 50 30 0,65 
6 5 60 1000 0 30 3,05 
7 1 400 1000 0 90 1,07 
8 5 400 1000 50 90 4,61 
Middle 1 3 230 625 25 60 2,50 
Middle 2 3 230 625 25 60 2,90 
Middle 3 3 230 625 25 60 2,4 
 



 
Figure  1: Schematic representation of the system: (1) mass flow controllers, (2) humidifier, (3) lung,  (4) 

Solarbox, (5) glass reactor, (6) sample, (7)  NOx analyzer 
 
 

PR=

W [NO]dark! [NO]UV
K

F

A                                                (1) 
 
where [NO]UV is the amount of pollutant removed during the irradiation of TiO2 containing sample; 
[NO]Dark is the amount of pollutant removed/degraded during the dark experiment (no irradiation); F is 
the inlet ow (l h!1); A is the sample surface (cm2); W is the molecular weight (for NO, 30 g mol!1); 
K is the volume (24.4 l) occupied by 1 mol of gas at standard analysis condition (e.g. 25"C and 1bar, 
Ideal Gas Law). 
 
Results  
The data presented in Table 1 has been evaluated using the Yates analysis, a mathematical technique 
that exploits the special structure of the designs adopted to generate least squares estimates for factor 
effects for all factors and all relevant interactions. 
The Yates analysis of residual of each individual factor tested during the experiment show that only  
two factors are relevant for the investigated range: (a) NO concentration and (b) Inlet gas 
flow. Relative Humidity, Irradiance and temperature show only a negligible effect and can 
be ignored for the model description. The data analysis allow to calculate the Equation  1, 
where the abatement rate  follow a linear dependency with NO concentration and inlet flow. 
The validity of the equations is the field of experiment adopted and is described in Table  2  
 

Photoc.Rate (µg cm!2 h!1) = a1 + b2 [C] + b3 [F]                                       (2) 
 

Table 2: Effects and relevant parameters oobtained from the design of experiments. 
 

Relevant Paramaters a1 b2 c3 
Effect 2,3 2,94 1,0 

 



The linear relation is expressed using variable scaled between [+1] and [-1] in the experimental 
dominion described by Table 3. 
 
 

Table 3: . Range of validity of Equation. 1 
 

Range C (ppm) F (ml/min) 
Min. 1 (-1) 60 (-1) 
Max. 5 (+1) 400 (+1) 

 
The variable can be scaled using the following equation: 

 
                                                                                            

                                                                                                                                                      (3) 
  
 
Discussion 
Before analysing in detail the result of the experiment a quick review of the principal results presented 
in the literature is useful. As regarding the pollutants concentration effect, it was showed that different 
inlet concentration of gas pollutant leads to distinct reaction rates (Hunger et al., 2008b; Zhao et al., 
2005) showing that a good catalyst would require high pollution level to work well. The second 
relevant effect was found is the flow rate: from literature data it was assumed that a longer residence 
time (shorter flow rate) gives an higher conversion resulting from higher rate of contact and length of 
contact time achieved between the pollutants and the hydroxyl radicals of the photocatalyst. 
Literature describe RH as a very relevant factor, even if this seems to be a very critical point in the 
measurement set-up because of the difficulties in the measuring of the real humidity level inside the 
reactor and on the sample. Probably a long-time measure, a lower level of pollutant (Maggos et al., 
2007) and a period of acclimation of the sample (removal of adsorbed water) are needed.  
The dependence of the photo-activity from the irradiance of the light source is, probably, the most 
easy to understand effect: the increase of the lamp irradiance allows to an higher number of photons to 
reach the same area (irradiance = the density of radiation incident on a given surface usually expressed 
in watts per square centimeter or square meter). So we can expect an increase of the activity due to an 
increasing of the irradiance. Hunger (Hunger et al., 2008b) has presented that the degradation rate of 
photocatalytic mortar increases proportional to the increasing irradiance (0-12 w m!2). Herrmann 
(Herrmann, 1999) found that the rate of a photo-reaction in aqueous mean is proportional to the 
radiant ux, but if the radiant ux is higher than 25 mW cm!2, the reaction rate decreases, probably 
because an higher number of photo-electrons and holes recombine.  
Temperature affects the absorption/desorption rate and the mobility of molecules in the chamber; 
(Jeong et al., 2008), suggest that upon increasing of the temperature there is an increase of the activity 
(until 100"C): this effect was attributed to the higher collision frequency between the reactants and 
reactive species. 
Differently from the presented papers we have checked simultaneously the effect of all factors 
previously described. According to our results NO concentration and flow rate are the most significant 
factor affecting the effectiveness of photocatalytic rate in the investigated range; relative humidity, 
irradiation and reactor chamber temperature show negligible effect inside the field of experiment 
where a wide variation of the principal parameters (NO conc. and inlet flow) was adopted. The Figure 
3 shows a 3D graphic describing the relationship between the most relevant factors using the model 
calculated. As can be see from the graphic the most effective abatement rate is obtained at high NO 
concentration; the inlet flow plays a significant role when the NO concentration remains low.  
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Figure  2: 3D graphic describing the relationship between the most relevant factors using the model calculated 

 
From the results of these tests it is difficult to associate a variation in the photocatalytic activity to the 
water level in the air stream: in our system, the humidity of the inlet ow doesn’t affect the activity;  
the radiant flux, also, doesn't show an appreciate ''weight'' on the effectiveness of the sample: we have 
to remind that increasing the irradiance of the whole spectra causes the increasing of all the spectra 
parts, including the IR zone, that is responsible of the warming of the sample surface: a change in the 
temperature can change the adsorption/desorption process.  
  
Conclusion  
The home-made small reactor demonstrates to be usable for the assessment of the photocatalytic 
activity of solid materials; the used methodology is suggested for a rapid screening of the air-cleaning 
properties of distinct materials. This, we believe, is a useful application, which could form the basis of 
an effective characterization technique for commercial systems. 
A great unsolved problem is the estimation of the effect of photocatalysts in NOx pollution abatement 
in the ”real application”; the problem arises from how to transfer the activity data from reactor tests to 
models: an accurate environmental model requires an accurate simulation of transport phenomena in a 
given environment. An other unsolved problem is related to the photo-catalytic by-products 
investigation:  since the emission of NO2 , during the irradiation time, is unfavourable due to its high 
toxicity,. As far is known, the conversion of NO to NO2 is not quantitative, mainly due to the 
complexity of NO photo-chemistry reaction that can lead, beside NO2 and N2O also to nitrate probably 
stabilized by the strong alkalinity of cement, however a deeper analysis of the reaction pathways of 
nitrogen oxides should be investigate: the analysis of the nitrates presented on the surface  after the 
irradiation period, could be useful for a quantitative estimation of the pollutant decomposition. 
We have shown that flow rate and NO concentration play a relevant role in the NOx abatement ability 
of photocatalytic materials. In order to transfer the results of the experiment to a real urban condition 
we can assume that the NO concentration is mainly arising from the “pollution potential” of the 
different NO sources (cars, heating systems, industry), while the inlet flow (measured in the reactor) 
can be assumed as a direct consequence of the dispersion of the pollutants in the environment (i.e. 
abundance of pollutant source and transport phenomena). 
From these  rough considerations, it becomes obvious that the abatement rate of a photocatalytic 
materials  is strongly dependent on the environmental conditions and that  increase proportionally with 
the pollution . The results of the experiments, although preliminary and subject to severe assumptions, 



show that building materials doped with the currently available photocatalysts may have a significant 
effect on the urban NOx abatement, especially when very high level of pollutants are present. 
The results obtained on pure TiO2 - P25 can be extrapolated also on cement based systems.  
In this context long-term experiments to evaluate the duration and sustainability of the nitric oxide 
degradation process are of particular interest.  
Also, any existing correlations between laboratory results and field experiments should be analyzed.  
Overall, this work shows that incorporation of TiO2 photocatalyst in building materials is a promising 
application of heterogeneous photocatalysis and opens horizons for ambient outdoor air purication. 
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Abstract 
    Particle size of cement powder is a key factor influences the properties of cement. In this paper chemical 
and mineral compositions of narrow particle size fractions are investigated, and the strength of cement pastes of 
different specific surface area and narrow particle size fractions also tested. The results showed that the 
strength increase with the increasing of specific surface area, and the particles with the size of -3+15mm have a 
great contribution to strength of 3 days, and that of -16+30mm plays more important role to strength of 28 days. 
The reason is that more C3S contained in finer powder, and more C2S are in coarse powder. Comparing the 
mineral compositions of narrow particle size fractions from Bogue calculation and QXRD of Rietveld method, it 
is proposed that the QXRD of Rietveld method is more accurate and should be used to analysis the mineral 
composition of clinker. 
 
Originality 
The work described here is a part of whole work of a national project to clear the characteristics and the effect 
of particle size and its distribution of cement powder on the cement to propose the optimum particle size 
distribution of cement with the best properties. And the different grinding techniques and the morphic 
characteristics of particles will be presented in other papers. This investigation is the basic work to be proposed 
to discuss with other researches. 
 
Chief contributions 
To clear the chemical and mineral compositions of narrow particle size fraction as 0+3µm, -3+16µm, 
-16+32µm, -32+45µm, -45+64µm and -64+80µm, every fraction has the different contribution for strength of 
cement paste. To propose that QXRD of Rietveld method is better than Bogue calculation for determining the 
mineral compositions of clinker. 
 
Keywords: narrow particle size fractions, mineral compositions, specific surface area 
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1 Introduction 

Fineness of cement was considered as one of the key factors influencing the properties of cement. 
The fineness of cement can be characterized by sieving, specific surface area and particle size 
distribution[1,2]. Although sieving and specific surface area are used as the normal controlling 
parameters in cement plants, the particle size distribution is authenticated as more important for 
cement. And the powder morphology also affects the properties of cement. In 1998, Tsivilis S[3] had 
proposed that the percentage of particle with size <3µm should be lower than 10%, that with size of 
3~30µm is suitable for more than 65%, otherwise that with size >60µm and <1µm is as better as 
lower. Zhang Dakang[4-6] investigated the relationship between the physical properties and particle 
size distribution of cement, the results show that particle size distribution should be as the goal 
parameter controlled in industrial grinding process. The powder with different particle size 
distribution and morphology were be gotten by different grinding techniques based on different 
grinding mechanisms. Celik I B[7,8] compared the effect of high pressure grinding rolls (HPGR) and 
ball mills on the physical and chemical properties and mineral composition of cement. The results 
show that the cement prepared by HPGR has higher water content of normal consistency. But the 
cement ground using ball mills has higher strength. In this paper the characteristics of cement powder 
from ball mill and graded narrow particle size fractions were investigated.  
 
2 Experimental  

   Clinker QP from an industrial cement plants was collected for grinding in laboratory ball mill with 
diameter of 305mm and a length of 305mm. The chemical compositions analyzed according to 
GB/T176-2008 “Methods for chemical analysis of cement” were listed in Table 1. The main chemical 
compositions are CaO, SiO2, Al2O3 and Fe2O3, and the L.O.I (loss of ignition) is very low as 0.80%. 
The powder then was graded to get the designed particle size using CGS 10 Fluidised Bed Jet Mill 
(See Figure 1). The particle size distribution and specific surface area of powder were tested using 
laser particle size analyzer and Blaine air-permeability apparatus. 

Table 1: Chemical composition of clinkers /% 

chemical composition CaO SiO2 Al2O3 Fe2O3 MgO SO3 L.O.I Total 
QP 65.60 20.11 5.99 3.32 1.74 0.36 0.80 97.92 

 

Figure 1: The photo of CGS 10 Fluidised Bed Jet Mill 
3 Results and Discussion 

3.1 Specific surface area 



    Three kinds of clinker powder with specific surface area of 320m2/kg, 360m2/kg and 400m2/kg 
were obtained by grinding the clinker QP, and the powders marked as QP-S1, QP-S2 and QP-S3 
respectively. The particle size distribution characterized by laser particle size analyzer is shown in 
Figure 2. It is obvious that there are more particles with particle size of 20-60mm with increasing the 
specific surface area. The frequency distribution shown in Figure 2 confirms that the most probable 
distribution shifts to smaller particle size as the specific surface area of clinker increasing. And the 
particles bigger than 100mm is little when the specific surface area is 400m2/kg. 
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Figure 2: Accumulating and frequency distribution of clinker powders with different specific surface area 

Table 2: The characteristic parameters of clinker powders with different specific surface area 

Clinker powder 
Characteristic particle size 

De /µm 
RRB equation 

Uniformity 
index n 

QP-S1 29.9 y = 1.040x - 0.0301 1.040 
QP-S2 26.2 y = 1.058x - 0.0533 1.058 
QP-S3 22.9 y = 1.073x - 0.0639 1.073 

The calculated characteristic particle size De and the uniformity index from the imitated RRB 
equation (Table 2) are 29.9µm, 26.2µm and 22.9µm at specific surface area 320m2/kg, 360m2/kg and 
400m2/kg respectively, and the uniformity index as 1.040, 1.058 and 1.073 corresponsively. The data 
indicates that the higher the specific surface area, the smaller the characteristic particle size and more 
uniform of the powder, that is considered favourable for the properties of cement.  

0

20

40

60

80

100

120

3 7 28

curing age /d

co
m

pr
es

siv
e 

str
en

gt
h 

/M
Pa

QP-S1

QP-S2

QP-S3

 

Figure 3: Compressive strength of cement pastes 
The clinker powders QP-S1, QP-S2 and QP-S3 were mixed with gypsum by 5% weight 

percentage to get cement for strength test. The pastes were made according the water demand of 
normal consistency, and then molded to the small cubes with 20mm*20mm*20mm, demolded after 
24h cured at 20°C±2°C and relative humidity 100%, the cubes cured in water till the testing ages. The 



compressive strength shown in Figure 3 indicates that the finer the clinker powders the higher the 
early strength, especially at 3 days.  
3.2 Chemical compositions of narrow particle size fractions 
    The clinker powder with specific surface area 400m2/kg was graded into narrow size fractions as 
0+3µm(P1), -3+16µm(P2), -16+32µm(P3), -32+45µm(P4), -45+64µm(P5) and -64+80µm(P6), the 
ungraded clinker powder is as contrast P0. The particle size distribution tested by laser particle size 
analyzer demonstrated in Figure 4 confirms that narrow particle size fractions have been collected 
successfully.  
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Figure 4: Accumulating distribution of clinker powders with narrow particle size fractions 

The data listed in Table 4 are the chemical composition of narrow particle size fractions, it is 
clear that there are more SiO2, Fe2O3 and MgO in coarse powder, and more L.O.I and SO3 in fine 
powder, especially high content as 5.68% of L.O.I in finest powder P1 as 0+3µm. The content of CaO 
is likely to be distributed in middle particle size fractions, which are P3 as -16+32µm and P4 as 
-32+45µm.  

Table 4: Chemical compositions of clinker powders with narrow particle size fractions  

 CaO SiO2 Al2O3 Fe2O3 MgO SO3 L.O.I Total 
P1 62.27 19.38 5.22 3.71 1.80 0.67 5.68 98.73 
P2 63.92 20.99 4.88 3.44 2.16 0.22 1.52 97.13 
P3 65.84 21.06 5.37 3.52 2.39 0.24 0.82 99.24 
P4 65.36 21.19 5.23 3.58 2.38 0.26 0.76 98.76 
P5 63.71 21.16 5.53 3.95 2.67 0.31 0.73 98.06 
P6 63.91 21.26 5.08 4.37 2.56 0.39 0.77 98.34 

3.3 Mineral compositions of narrow particle size fractions 
For cement, more important is the mineral compositions, and interesting results are gotten. As 

usually, at first the mineral compositions are calculated according to Bogue calculation based on the 
bulk chemical composition, the resulting data are listed in Table 5. It can be seen that the calculated 
minerals contents are consistency very well with the bulk chemical compositions in Table 4, it seems 
that there are more C3S in coarse powder and more C2S in fine coarse, and this result is coincided with 
that of other researchers. The interpretation is that the mineral C3S is ground to fine powder difficultly 
and C2S is of good grindability.  

But the good relationship of mineral composition and narrow particle size fractions shown in 
Table 6 and Figure 5 has been obtained by using quantitatively X-ray diffraction analysis based on  



 
(a) P1 

 
(b) P2 

 
(c) P3 

 
(d) P4 

 
(e) P5 

 
(f) P6 

Figure 5: QXRD patterns of narrow particle size fractions 



Rietveld method. The results indicate that the content C3S is decreasing gradually with the increasing 
of particle size, in contrast that of C2S is increasing. And the content of C3S is as high as 73.5% and 
that of C2S is as low as 8.1% in narrow particle size fraction 0+3µm. It is also known from the Table 6 
that no much different of content of C3A is appear for graded powders, but due to the poor grindability 
of ferrite phase, there are more C4AF existing in coarse powder as expecting.  

The opposition results of mineral compositions of C3S and C2S are gotten comparing the data 
listed in Table 5 and Table 6. It is reasonably thinking of that the results tested by QXRD of Rietveld 
methods are more accurate and persuasively, because the Bogue calculation are based on the bulk 
chemical composition and assuming that the solid chemical reactions take place completely during 
clinkering that is difficult to become true in industrial process.  

Table 5: The calculated mineral compositions of clinker powder with narrow particle size fractions  /% 

 C3S C2S Intermediate phase 
P1 57.04 18.01 24.95 
P2 54.79 19.42 25.79 
P3 63.96 12.59 23.45 
P4 66.11 10.60 23.30 
P5 62.29 13.28 24.44 
P6 63.85 7.48 28.67 

Table 6: The mineral compositions from QXRD of Reitveld method /% 

 C3S C2S C3A C4AF MgO 
P1 73.5 8.1 3.2 12.9 2.2 
P2 67.1 14.2 3.6 12.8 2.3 
P3 65.6 17.5 3.0 12.5 1.4 
P4 60.4 20.8 3.3 12.7 2.7 
P5 59.2 21.6 3.1 13.9 2.1 
P6 57.1 22.0 4.0 14.4 2.4 

Table 7: Pastes strength of narrow particle size fractions  

3.4 Compressive strength of pastes of narrow particle size fractions 
The paste strength of narrow particle size fractions blended with gypsum of 5% by weight 

percentage are shown in Table 7. To emphasize the effect of particle size on the early strength and the 
strength development, columns are drawn in Figure 6 and Figure 7. It is proposed that the powder 
with the particle size -3+15mm have a great contribution to strength of 3 days, and that of -16+30mm 
plays more important role to strength of 28 days. 

sample w/c 
compressive strength /MPa 

3d 28d 90d 180d 
P1 0.49 27.5 60.0 53.5 43.7 
P2 0.38 58.7 76.7 65.9 68.4 
P3 0.28 26.6 92.1 76.6 82.3 
P4 0.29 5.3 22.1 49.8 76.8 
P5 0.28 5.4 15.2 31.7 83.3 
P6 0.28 3.0 10.7 18.7 56.1 
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Figure 6: Strength at 3d and 28d of narrow particle size fractions 
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Figure 7: Strength development of narrow particle size fractions 
4 Conclusions  

    The chemical compositions of narrow particle size fractions show that there are more SiO2, 
Fe2O3 and MgO in coarse powder, and more L.O.I and SO3 in fine powder. Correspondingly, the 
content C3S is decreasing gradually with the increasing of particle size, in contrast that of C2S. The 
content of C3S is as high as 73.5% and that of C2S is as low as 8.1% in narrow particle size fraction 
0+3µm. So that the particles with the size of -3+15mm have a great contribution to strength of 3 days, 
and that of -16+30mm plays more important role to strength of 28 days.  
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Abstract 
By controlling the particle size distribution of low-heat and moderate-heat Portland cement clinker so as to 
increase the packing fraction, cement materials have been designed that form a high-strength concrete with 
high fluidity and compressive strength at a low water-to-cement ratio. A strong correlation was observed 
between concrete fluidity and the packing fraction as determined from a simulation program capable of 
calculating the packing fraction of powder particles from a given particle size distribution. Using low-heat 
Portland cement clinkers ground to powders with several particle sizes, suitable mix proportions for yielding 
high fluidity were determined using a packing simulation program. Using cements with these adjusted particle 
sizes as well as commercially available cement with the standard particle size, studies were carried out on the 
fluidity, reactivity, and structure of pastes as well as the properties of the mortars. The particle size distribution 
that most effectively increases the packing fraction, as determined using the packing simulation program, is a 
two-component mixture of particles with different particle sizes. The packing fraction increases as the difference 
between the two particle sizes increases. The apparent viscosity of cement pastes at a low W/C decreases with 
the use of a cement having a larger packing factor. On this basis, the authors propose ultra-high-strength 
cement with high fluidity even at a water-to-cement ratio of 20% or less, in which the particle size distribution is 
adjusted without using silica fume.  
 
Originality 
Conventionally, the N value of the Rosin-Rammler distribution equation has been used, as the parameter 
representing the spread of particle size distribution, in evaluating the characteristics and packing fraction of 
powders. In this research, the packing fraction of powders was determined using a packing simulation program. 
This program calculates the void fraction (packing fraction) by incorporating a statistical technique into the 
model proposed by Suzuki et al. and taking into account geometrical factors, such as coordination number and 
particle size ratio, from a given particle size distribution. The suitable particle size distribution of low-heat and 
moderate-heat Portland cement was determined using a packing simulation program. Mortar made using low-
heat cement with an adjusted particle size distribution has a flow of 300 mm or more even at a W/C of 0.17 in 
flow tests without tamping. The compressive strength of this mortar is 172 N/mm2 at an age of 91 days. 
 
Chief contributions 
In order to manufacture ultra-high-strength concretes with compressive strengths of 100 N/mm2 or higher, it is 
necessary to reduce the water-to-powder ratio (W/P) below 0.25 while ensuring that workability is maintained. 
Conventionally, cement mixed with ultra-fine silica fume is used to obtain ultra-high-strength concrete. 
However, silica fume is an import and it is known that the physical properties of cement paste, mortar, and 
concrete vary with the brand of silica fume and even among different manufacturing lots. The objective of this 
research is to design cement materials that enable ultra-high-strength concrete with excellent workability to be 
produced without the need for silica fume, which, as noted above, presents problems with handling and quality 
control. It is expected that this research will lead to realization of an ultra-high-strength concrete having high 
fluidity at reduced water-to-binder ratios through the combined use of silica fume and cement. 
 
Keywords: High Strength Cement, Packing Fraction, Low-heat Protland cemen. Moderatehea Portland cement 
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Introduction 
 
In order to manufacture ultra-high-strength concretes with compressive strengths of 100 N/mm2 or 
higher, it is necessary to reduce the water-to-powder ratio (W/P) below 0.25 while ensuring that 
workability is maintained (Sugano et al., 2007). In addition, in ultra-high strength fiber concrete such 
as reactive powder concrete, less than 0.2 of water to powder ratio is required (Richard et al., 1995). 
Conventionally, cement mixed with silica fume is used to obtain ultra-high-strength concrete. 
However, the physical properties of cement paste, mortar, and concrete vary with the brand of silica 
fume and even among different manufacturing lots. The authors have reported that even the particle 
shape has an effect on fluidity, particularly at a low W/P ratio (Sakai et al., 2009). Further, it has been 
reported that it is difficult to ensure fluidity when using silica fume that has been stored for long 
periods (Asakura et al., 1993).  
The objective of this research is to design cement materials that enable ultra-high-strength concrete 
with excellent workability to be produced without the need for silica fume, which, as noted above, 
presents problems with handling and quality control.  
The authors have previously reported that the fluidity of cement pastes at a low W/P is significantly 
affected by the packing fraction and particle shape (Sakai et al, 2009). Further, it has been reported 
elsewhere that fluidity may be improved by increasing the packing fraction through the use of the 
cement mixed with early-strength clinker classified into various particle sizes (Uchikawa et al., 1989, 
Yoshida et al., 1991) . In this research, the particle size distribution of powders needed to 
appropriately increase the packing fraction is calculated using a packing simulation program. The 
program is capable of calculating packing fraction geometrically and statistically from a given particle 
size distribution, as reported in a previous report(Sakai et al,2009). The effects of powder packing 
fraction on the rheological properties of cement pastes are studied and compared with calculation 
results, using low-heat and moderate-heat Portland cement clinker ground to different particle 
finenesses. A mortar test is conducted to study fluidity and compressive strength using of prepared 
low-heat and moderate-heat Portland cement  in consideration of packing fraction of powder particles . 
 
 
Experiment  
Materials 
Low-heat and moderate-heat Portland cement clinker (L-clinker and M-clinker ) having the mineral 
composition determined by X-ray Reitveld analysis as shown in Table 1, was used. The L-clinker was 
ground in a small ball mill to obtain ground clinkers with different particle finenesses (A, B, C, and 
D). Ground clinker B has a particle size distribution comparable to that of commercially available 
low-heat cement (and is referred to as ground clinker B with standard particle size). 
Table 2 lists the Blaine specific surface area, and mean particle size of ground clinkers. Particle size 
distribution of clinkers was measured with a laser diffraction/scattering-type analyzer. Figure 1 shows 
the particle size distributions of the ground clinkers. Reagent-grade CaSO4･2H2O was added at 2% of 
ground clinker on the basis ofSO3.  

Table 1: Mineral composition of clinkers 
Clinker Alite   Belite   Aluminate  Ferrite 
L-clinker 
M-clinker 

27.0     59.2            2.2       11.4 
44.4     38.3            1.6       15.6 

 
Table 2: Physical properties of ground L-clinker 

 Samples Blaine specific surface area(cm2/g) Mean particle size (µm) 
A 
B 
C 
D 

1200 
3600 
4700 
5600 

40 
14 
12 

          8 
 



A polycarboxylic acid-based superplasticizer (SP) with polyethylene oxide graft chains having a 
degree of polymerization of 34 (manufactured by NOF Corp.) was used in the paste subjected to the 
test, while a polycarboxylic acid-based superplasticizer for high strength concrete (Rheobuild SP8HU, 
made by BASF Pozzolith Ltd.) was used for preparing the mortar. 
 
Packing fraction of powders 
Conventionally, the N value of the Rosin-Rammler distribution equation has been used, as the 
parameter representing the spread of particle size distribution, in evaluating the characteristics and 
packing fraction of powders. In this research, the packing fraction of powders was determined using a 
packing simulation program, as in the previous report ((Sakai et al, 2009). This program calculates the 
void fraction (packing fraction) by incorporating a statistical technique into the model proposed by 
Suzuki et al. (Suzuki et al., 1983) and taking into account geometrical factors, such as coordination 
number and particle size ratio, from a given particle size distribution.  
The packing fraction of two-component mixtures of ground clinkers A-C, two-component mixtures of 
ground clinkers A-D, and three-component mixtures of ground clinkers A-B-D were calculated from 
the measured particle size distributions of the ground clinkers.  
 
Fluidity of pastes 
The fluidities of pastes made with the two-component mixture of ground clinkers A-C, the two-
component mixture of ground clinkers A-D, and ground clinker B with standard particle size were 
measured. The W/C was 0.21-0.25 and the dosage of SP was 0.33% by mass of cement powder 
(0.15% by mass on an active-component basis). The pastes were mixed with a hybrid deforming 
mixer for one minute (Sakai et al., 2009), left at rest for two minutes, mixed by hand for one minute, 
and then subjected to the test. The strain rates of the prepared pastes at shear stresses from zero to 500 
Pa were measured using a double-cylinder rotational viscometer of stress-control type. The yield 
stress and apparent viscosity were then calculated using the following Bingham fluid equation to 
evaluate the fluidity of the pastes. Measurements were made at a temperature of 20°C.  
 
Mortar test 
JIS standard sand-to-cement ratio is 1.0 in mortar, and dosage of superplasticizer (Rheobuild SP8HU, 
manufactured by BASF Pozzolith)was changed from 0.5 to 1.5 mass% to cement and a deforming 
agent (Pozzolith MA404) added at a ratio of 0.04% to cement was used for the mortar. A mortar flow 
test was carried out without tamping the mortar and compressive strength tests were conducted at age 
7, 28, and 91 days. The size of the test specimens was φ50×100 mm. 
 
Results and discussions 
Simulation of packing powders 
Figure 2 shows the calculated packing fraction for the mixtures of ground clinkers A and C (A-C) and 
ground clinkers A and D (A-D); both mixes were determined on the basis of inner percentage. The 
packing fraction increases as ground clinker A is mixed with ground clinker C or D. It reaches a 

 
Figure 1: Particle size distribution of L-clinkers 



maximum value at a ratio of C or D to A of 30-50% by mass. The increase in the packing fraction is 
more noticeable when clinker A is mixed with D than when mixed with C. The maximum packing 
fraction is obtained when fine powder A and coarse powder D are mixed. The packing fraction 
decreases somewhat when powder B with a particle size between that of A and C is added. This 
means that using a two-component mixture of powders with widely differing particle sizes is an 
effective way to increase the packing fraction. 

 
Effects of particle size distribution on fluidity of cement pastes 
Figure 3 shows the apparent viscosity and yield stress of two-component mixtures A and C (A-C) and 
A and D (A-D) that have a larger packing fraction, as determined using the packing simulation 
program, than powder B with the standard particle size. The apparent viscosity decreases as coarse 
powder A is mixed with fine powder C or D, reaches a minimum value at a ratio of C or D to A of 
about 30%, and then increases as the ratio is increased further. These characteristics are more 
noticeable when the A is mixed with finer powder D rather than C. The larger the packing factor, as 
determined from the packing simulation program, the lower the viscosity of the paste. The yield stress 
increases sharply at a mix ratio of C or D to A exceeding about 40%. The higher the fine powder 
content, the larger the yield stress. It is thought that particles readily agglomerate after a fine powder 
is added. Figure 4 shows the influence of W/C on the apparent viscosity and yield stress of cement 
paste mixtures of A and C (A-C) and A and D (A-D) in equal proportions. The apparent viscosity and 
yield stress increase as W/C decreases. The difference in fluidity between the cement paste mixtures 
of A and C (A-C) and A and D (A-D) is more noticeable at a lower W/C. Both the apparent viscosity 
and the yield stress of cement paste mixture A-D are lower than those of cement paste mixture A-C, 
indicating that the former has greater fluidity. The effect of cement particle packing fraction on the 

 
Figure 3: Apparent viscosity and yield stress of cement pastes 

 
Figure 2: Calculated packing fraction of A-D and A-C mixture 



fluidity of cement pastes is more noticeable at a lower W/C. The apparent viscosity and yield stress of 
cement paste B, with the standard particle size distribution, at a W/C of 0.25 are 442 mPa･s and 173 
Pa, respectively, which are roughly comparable to the fluidity of cement paste A-D at a W/C of 0.21.  
 
Preparation of cement in consideration of packing fraction 
Based on these results of paste containing L-clinker, the particle size adjusted cement with ground 
clinkers A and D in equal proportions (referred to as adjusted cement (adj)) was selected for in the 
following mortar tests. For comparison, cement B (referred to as the standard cement (std)) with a 
particle size distribution comparable to that of commercially available cement was also tested. 
Table 3 shows the powder properties of prepared clinkers for mortar test. Ladj and Madj are mixture 
of clinkers La and Ld and Ma and Md in equal proportions. La and Ma have same fineness and mean 
size of particle of ground A clinker. Ld and Md were prepared having same powder properties of 
ground D clinker. Calculated packing fraction of Lstd, Ladj, Mstd and Madj were respectively 0.674, 
0.801, 0.677 and 0.738. Reagent-grade CaSO4･2H2O was added at 2% of ground clinker on the basis 
of SO3. Lstd and Mstd have a particle size distribution comparable to that of commercially available 
low-heat or moderate-heat cement. Packing fraction of Ladj cement and Madj cement are larger than 
that of Lstd and Mstd cements. Packing fraction of Lstd cement is larger than that of Mstd cement. 
Because the particle size distribution of various ground clinker cannot be perfectly conformed and 
coarse particles of over 50µm in Madj is not contained compared with the case of Ladj. 

 
Mortar test 
Figure 5 shows the relation between the compressive strength and flow of mortar with Ladj and Lstd 
cement. Dosage of superplasticizer is 1.5% to cement. The flow of the mortar made with Lstd cement 
decreases as the W/C is lowered, and the required fluidity cannot be maintained when the W/C falls to 
0.21. At a W/C of 0.17, mixing becomes impossible. For Lstd cement, on the other hand, a high 
fluidity of 300 mm or more is maintained at a W/C of 0.17-0.25. When the dosage of superplasticizer 
is 0.5% at W/C of 0.25 and 0.75% at W/C of 0.21, mortar flow of 300 mm or more can be obtained. 

 
Figure 4 Influence of W/C on the fluidity of cement pastes 

 

Table 3: Properties of L and M clinkers 
Samples Blaine specific surface area(cm2/g) Mean particle size (µm) 

Lstd 
La 
Ld 

3600 
5600 
1200 

14 
40 

8 
Mstd 
Ma 
Md 

3600 
5600 
1200 

14 
33 

8 
 



The packing fraction of cement particles has a large effect on mortar fluidity, as in the case of cement 
pastes, even at a low W/C. At a W/C of 0.25, Ladj cement tends to segregate even with an SP content 
about one-third of that of Lstd cement. The compressive strength of Ladj at an age of 91 days is 160 
MPa at a W/C of 0.21 and 172 MPa at a W/C of 0.17. In contrast, the compressive strength of the Lstd 
cement does not increase even when the WC is lowered. The cause of this is that the level of fluidity 
required for successful molding is not achieved at a W/C of 0.21 and coarse air bubbles are entrained 
during the molding process. On the other hand, the compressive strength of Ladj cement is lower than 
that of Lstd cement at a W/C of 0.25. This is caused on the segregation of mortar with Ladj. 
Compressive strength of 150 MPa or better can be obtained with the Ladj cement while ensuring a 
flow of about 300 mm.  
Table 4 shows the compressive strength and flow of mortar containing moderate-heat Portland cement 
of standard cement (Mstd) or adjusted cement (Madj). Mortar flow of Madj cement is larger than that 
of Mstd cement. At a W/C of 0.17, mixing becomes impossible in mortar containing Mstd cement. In 
moderate-heat Portland cement, the fluidity of mortar can be improved by the controlling of packing 
fraction. But, the fluidity and compressive strength of mortar containing Madj cement is lower than 
that of Ladj cement. Because the packing fraction of Madj is lower than that of Ladj.  In addition, the 
shape of particle is influenced on the fluidity of mortar; particle shape of M-clinker may be irregular 
compared with L-clinker. Compressive strength of mortar containing Madj is lower than that of Ladj 
at same W/C. Compressive strength of Madj is not developed during 28d and 91d compared with the 
case of Ladj. These are depended on the influence of mineral composition in cement. The shape of 
belite is more spherical and the hydration of belite in cement can be continued at long term. The 
content of belite in Low-heat Portland cement clinker is larger than that of moderate-heat Portland 
cement clinker. More detail investigations are necessary in this point. Compressive strength of 130 to 
140 MPa can be obtained with the Madj cement while ensuring a flow of about 300 mm. From the 
performance requirement of high strength concrete, either L-clinker or M-clinker can be selected in 
considering of economically efficiency. 

 
 

Figure 5: Influence of W/C on fluidity of paste with various powder 

Table 4: Flow and compressive strength of mortar containing Mstd or Madj cement 
Cement Flow(mm) Compressive strength (MPa) 

28d            91d 
W/C Dosage of  SP 

(mass%) 
Mstd 183 

198 
131            144 
122            138 

0.21 
0.25 

  0.75 
0.5 

Majd 212 
270 
232 

136            146 
128            140 
125            133 

0.17 
0.21 
0.25 

1.5 
  0.75 

0.5 
 



As these results show, it proves to be feasible to design cement materials for ultra-high-strength 
concrete by controlling the clinker particles while ensuring workability. 
 
Conclusions 
 

 Using low-heat and moderate-heat Portland cement clinkers ground to powders with several particle 
sizes, suitable mix proportions for yielding high fluidity were determined using a packing simulation 
program. Using cements with these adjusted particle sizes as well as commercially available cement 
with the standard particle size, studies were carried out on the fluidity and the properties of the 
mortars. The results obtained from these studies are summarized below. 
(1) The particle size distribution that most effectively increases the packing fraction, as determined 
using the packing simulation program, is a two-component mixture of particles with different particle 
sizes. The packing fraction increases as the difference between the two particle sizes increases. 
(2) The apparent viscosity of cement pastes at a low W/C decreases with the use of a cement having a 
larger packing factor. 
(3) In each case of low-heat Portland cement and moderate-heat Portland cement, the fluidity of 
mortar was improved by control of packing fraction of powder particles. But compressive strength 
and fluidity of mortar containing moderate-heat Portland cement with adjusted particle size 
distribution is lower than that of the case of low-heat Portland cement. 
(4) Compressive strength of 130 to 140 MPa can be obtained with moderate-heat Portland cement 
with adjusted particle size distribution while ensuring a flow of about 300 mm. 
(5) Mortar made using a particular low-heat Portland cement with an adjusted particle size 
distribution has a flow of 300 mm or more even at a W/C of 0.17 in flow tests without tamping. The 
compressive strength is 172 MPa  at an age of 91 days. 
When silica fume is mixed with this cement, the water to powder ratio of concrete can be easily 
decreased less than 0.17. It is expected that this research will lead to realization of an ultra-high-
strength concrete having high fluidity at reduced water-to-binder ratios through the combined use of 
silica fume and cement.  
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Abstract 
The grinding of clinker is an essential step in cement production that consumes a lot of electrical energy 

and can also be a limiting step in the overall throughput of a given plant. The use of grinding aids has been 

known for a long time to limit these shortcomings, mainly by reducing particles agglomeration. Present 

work aims at understanding this process, focusing on the major clinker phase, tricalcium silicate (Ca3SiO5). 

For this we perform molecular dynamics simulations on grinding aids at the surface of tricalcium silicate 

under NVT conditions. A force field was first set up to describe this phase and then checked in terms of the 

cleavage energies it predicted. These were found to vary between 1250 and 1450 mJ/m
2
, and show distance 

dependence up to 50 mJ/m
2
 at separation on the order of 10 to 100 nm due to strong coulomb interactions. 

Values are however consistent with experiment data from the literature. The same procedure was also 

applied to hydroxylated surfaces, which are believed to be more representative of reality, since some 

humidity is always present during the grinding. The adsorption of TIPA (Triisopropanol amine) and TEA 

(Triethanol amine) was then calculated and was found to be exothermic both at 25ºC and 110ºC. The 

adsorption energies of hydroxylated and dry surfaces with TIPA are –24±3 and –31±4 kcal/mol and with 

TEA –18±4 and –21±4 kcal/mol at 110 ºC (grinding temperature of cement clicker) respectively. Thereby 

TIPA interacts more strongly with dry as well as hydroxylated surfaces. Further calculations are 

articulated for alite surfaces which contain point defects (impurities).    

 

Originality 

Grinding aids have been used for a very long time but the details of their working mechanisms are poorly 

understood. Moreover these admixtures represent a great potential of improving hydration of clinker so 

that increased amounts of SCMs may be used without compromising early stage properties. This work 

pioneers the molecular level investigations of grinding aids working mechanism.  

 

Chief Contributions 

This paper is the first research work to methodically use atomistic simulations to understand the behaviour 

of grinding aids. Moreover, it shows that C3S can be modeled in such a way as to close correctly capture 

its cleavage energies, something that can be a challenge for most force fields.  

 
Keywords: Tricalcium Silicate (C3S), Alite (Impure C3S), Molecular Dynamics (MD), Hydroxylated (Hyd) 
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Introduction 

Tricalcium silicate, Ca3SiO5 is the primary constituent of cement clinker and one of the important 

minerals of industrial relevance as it contributes for about 50-70% of Portland cement (Taylor, 

1997). Concrete is the most widely used construction material in the world much more than brick, 

steel and wood etc. (Aïtcin, 2000). Due to the large demand and production of cement, the overall 

environmental impact of concrete is important. For example, the production of Portland cement 

accounts for 5%-7% of global CO2 emissions. Generally 1000 kg of cement leads to the emission 

of 650-950 kg of carbon dioxide (Skinner et al., 2010). Efficient grinding of clinker during 

cement production is an important step to get maximum product output and with the aim of 

minimizing the CO2 associated with its production. 

The whole cement industry is therefore actively seeking to reduce its environmental impact. One 

of the preferred ways is the partial replacement of standard composition of Portland cement by 

other materials such as limestone, fly-ash or slag that have a lower environmental impact. This 

typically results in loss of strength, particularly in the first day. One of the ways to counter this is 

to enhance the reactivity of tricalcium silicate. Among the options at hand we can mention a finer 

grinding of cement (Sohoni et al., 1991 and Bentz et al., 1999) or an enhanced etching of cement 

particles during their dissolution process (Chen et al., 2010 and Juilland et al., 2010). Both of the 

processes are strongly dependent on the interfacial properties of tricalcium silicate.  

In this manuscript, we conduct the first fundamental study on the interfacial properties of 

tricalcium silicate which includes analysis of possible cleavage planes in pure tricalcium silicate. 

We modeled the molecular model of M3 monoclinic polymorph of C3S (Mumme, 1995).  It relies 

on a classical molecular dynamics approach in which the proper definition of partial charge is 

important and can be conducted in a well defined way as recently reported for other mineral 

materials (Heinz et al., 2005). Development of force field is needed to simulate the pure C3S 

system as well as inorganic-organic interfaces. Previously Heinz et al.  (2005) also considered the 

surface and cleavage energies calculation in the design of atomic models for inorganic surfaces 

with accurate force field parameters, which were consistent with various force fields such as 

PCFF (polymer consistent force field), CVFF (consistent valence force field) etc. Cleavage 

energies of C3S closely in a range of 1250-1450 mJ/m
2
, which is similar magnitude as in CaO and 

Ca(OH)2
 
where values experimentally reported by Brunauer et al. (1956).  

Second part of work involved the calculation of adsorption energies of small organic compounds 

used as grinding aids in the grinding stage in cement production (Sohoni et al., 1991 and Serafin, 

1969). Kundu et al. (2005)
 
also described the atomistic simulation approach to simulate 

wollastonite (CaSiO3) surface and adsorption behaviour of silicate mineral surface with 

dissociated water and organic additives and also found that the simulation work predicted the 

well-established trend of experimental findings.  

 

Atomistic Model for Tricalcium Silicate 

1. Molecular Model 

In this work, molecular models were first derived from the X-ray crystal structure of tricalcium 

silicate by (Mumme, 1995 and Jeffery et al., 1952). This was followed by the derivation and 

careful physical examination of force field parameters which have not been available for 

tricalcium silicate up to now. This step turned out to be crucial to quantitative molecular-level 

understanding of properties of the mineral and its interfaces with water and organic molecules. 

We employed the energy expression of the polymer consistent force field to approximate the 

potential energy of the mineral and included terms for quadratic bond stretching, quadratic angle 

bending, Coulomb interactions, and van-der-Waals interactions (Heinz et al. 2003, 2005).  
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To derive the parameters, we followed the Heinz procedure to extend existing material-oriented 

and biomolecular force fields (Heinz et al. 2005) for inorganic constituents, as briefly described 

for Ca3SiO5. We defined four force field types for tricalcium silicate and assigned equilibrium 

bond lengths and bond angles according to the X-ray crystal structure (Mumme, 1995 and Jeffery 

et al., 1952).  We employed the structure given by Mumme (1995) due to high precision and 

observation of possible local disorder of silicate tetrahedra which can also be observed in the 

course of molecular dynamics simulation with our model.  

The Lennard-Jones parameters were assigned according to trends in atomic/ionic radii and atomic 

polarizabilities in the periodic table (Batsanov, 2001 and Lide, 1999). 
 
In the final optimization of 

the parameters, similar to those for layered silicates, (Heinz et al. 2005) only minor changes were 

required to reproduce the experimental crystal lattice parameters (a, b, c, α, β, γ) with 0.5 % 

accuracy in NPT molecular dynamics (Table 1). Deviations in bond lengths and angles are in the 

order of ± 2 %. 

 
Table 1: Cell parameters of tricalcium silicate according to the crystal structure (Mumme, 1995) and by 

NPT molecular dynamics simulation with the extended polymer consistent force field under standard 

temperature and pressure 

 

Ca3SiO5 

Cell 

dim. 

a 

(nm) 

b 

(nm) 

c 

(nm) 

α 

(°) 

β 

(°) 

γ 

(°) 

V 

(nm
3
) 

rms dev 

(pm/atom) 

Expt. 

Sim. 
 

2×3×2 

2×3×2 

2.447 

2.4369 

2.1219 

2.1104 

1.8596 

1.8706 

 90 

 90 

116.31 

115.74 

  90 

  90 

8.6554 

8.6656 

   0 

  14 

 

2. Models of Non-Hydroxylated and Hydroxylated Tricalcium Silicate Surfaces 

Molecular models of dry surfaces can be simply obtained by cleavage of the mineral along a 

given cleavage plane. A minimum energy configuration of superficial calcium ions can be 

obtained using a temperature gradient technique (Fu and Heinz, 2010). Under the influence of 

humidity, the reaction of C3S with water molecules can cause different extents of reaction of the 

tricalcium silicate surface. The first of these is most certainly a superficial hydroxylation as 

depicted in Figure 1. Superficial oxide ions react with a water molecule to form two hydroxide 

ions on the surface.         

   



 
 

Figure 1: Single step dissolution mechanism for C3S (Barret et al., 1983 and Taylor et al., 1984) 

 

3. Simulation Details 

 
For the building of models and development of force field parameters, we employed the Cerius

2
 

and Materials Studio graphical interfaces (Accelrys, 1996). Energy minimizations and short 

molecular dynamics simulations were employed, using NVT and NPT dynamics, a time step of 1 

fs, temperature control using velocity scaling (trials) and Andersen thermostat (validation), 

Parrinello-Rahman pressure control at 0.0001 GPa (shortened time step of 0.5 fs for increased 

precision), a spherical cutoff of van-der-Waals interactions at 1.2 nm, and Ewald summation of 

Coulomb interactions. 

During the calculation of cleavage energies, we employed tricalcium silicate super cells of 

dimensions near 2.5×2.5×6 nm
3
 with different orientations of the coordinate system to 

conveniently perform cleavage along various Miller planes oriented along the z direction (Heinz 

et al., 2008). The different super cells of the same mineral, including a rectangular cell (smallest 

size 1.2185×0.7035×2.5275 nm
3
), were of identical density and translational symmetry. (1) The 

mineral surfaces were cleaved assuming an initial stoichiometric distribution of cations between 

the surfaces to minimize local electric fields. Single point energies were calculated for larger 

separations of the surfaces (5, 10, 20, 50 nm) to evaluate the distance dependence of the energy. 

(2) The cation distribution on the surface corresponding to the energy minimum was identified by 

running a series of temperature gradient molecular dynamics simulations in the NVT ensemble 

(Fu and Heinz, 2010). (3) NVT molecular dynamics simulations were performed for a 

configuration of 10 nm distance between the two mineral slabs of ~ 3 nm thicknesses and on a 

single mineral slab of ~ 6 nm thicknesses in vacuum using Ewald summation of high accuracy 

(10
-6

 kcal/mol) for Coulomb interactions. The duration was 200 ps for initial equilibration and 

300 ps for recording thermodynamic properties. We computed the cleavage energy (Fu and 

Heinz, 2010) as a difference between the energies of cleaved and joined surfaces in equilibrium: 

    
A

EE
E bulkcleaved

cleavage
2

−
=                                                                                                    (2) 

Denominator (2A) in the above expression (equation 2) shows that the two identical surfaces are 

created. Here A, is the cross-sectional area of the surface created during cleavage of new plane, 

and (Ecleaved – Ebulk), is the total free energy of cleavage. When two identical surfaces are created, 

then cleavage energy becomes equal to surface energy. 

For the computation of adsorption energy of grinding aids on the dry and hydroxylated C3S 

surface with 10-15% surface coverage. We also carried out MD (NVT ensemble) with high 

accuracy of the Ewald summation in periodic boundary condition in all three directions. A 

simulation method detail used for adsorption energy calculation was performed using the concept 

developed by Heinz (2010) as shown in (Figure 2). Adsorption energies (Eads) were calculated 

using Discover program (Accelrys, 1996) and LAMMPS (Plimpton, 1995) by comparing the 

energy (Eclose) of adsorbed molecule close to the surface (on the surface) and energy (Efar) of 
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adsorbed molecule far from the surface (20 nm away from the surface). Simulation run for 

adsorption energy calculation was total of 4 ns time with time step of 1fs, where first 2 ns time 

was used for equilibration of the system and remaining 2 ns time was used for data calculation.   

 

          farcloseads EEE −=                                                                                                            (3) 

 

 
 
Figure 2: Computation of adsorption energy under periodic boundary condition (shown in 2D for 

simplicity), (a) Oligomer adsorbs on the surface, (b) and (c) are showing the methods to find adsorption 

energy 

 

Cleavage Energy of Tricalcium Silicate and Adsorption of Grinding Aids  

The determination of potential cleavage planes relies on the equal partition of calcium ions, 

silicate ions, or oxide ions across potential cleavage planes. While there are many possibilities to 

cleave the surface, the most likely cleavage planes are often suggested by the direction of the cell 

vectors and the number of distinct “layers” of cations (calcium ions) in the unit cell in a given 

direction in Figure 3.  
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Figure 3: Structure of tricalcium silicate projected on to plane perpendicular to the z-axis of the monoclinic 

unit cell. The heavy broken lines show the cleavage plane passing through y-axis  

 

Often, the analysis of those atomic or molecular layers along a unit cell direction reveals a simple 

pattern of charges such as +3e, −3e, +3e, −3e, etc. Simple simulation tests show that neutral 



cleavage of such layers, such as the distribution of −3e as −1.5e and −1.5e on two created 

surfaces is thermodynamically preferred although also unequal distributions of charges can 

sometimes be found experimentally and in simulation upon rapid cleavage (Giese, 1974).  

Cleavage planes have been created along x, y and z directions of the unit cell (which was 

converted into cubic form for simplicity). Along x, y and z directions, ten different crystal faces 

have been identified, and also one further crystal faces in the xz plane. From the Table 2, the 

average cleavage energy for the C3S surface is 1389 ± 82 mJ/m
2
 which is in similar magnitude of 

CaO with 1310 ± 200 mJ/m
2
 value experimentally known (Brunauer et al., 1956).   

  
Table 2: Cleavage energies of potential cleavage planes along all coordinate axes in tricalcium silicate 

Cleaved Plane Miller Indices Cleavage Energy, mJ/m
2
 

  ac1 (3 0 –8) 1385 ± 38 

b1 (0 1 0) 1329 ± 37 

b2 (0 4 0) 1324 ± 25 

c1 (0 0 7) approx. 1359 ± 35 

c2 (0 0 3) 1350 ± 31 

c3 (0 0 2) 1459 ± 33 

c4 (0 0 3) approx. 1413 ± 36 

c5 (0 0 8) 1296 ± 35 

c6 (0 0 1) 1374 ± 20 

a1 (3 0 0) 1590 ± 31 

a2 (8 0 0) 1401 ± 35 
 

We calculated adsorption energy of TIPA and TEA on the dry and hydroxylated C3S surfaces at 

room temperature 298 K and grinding temperature 383 K as shown in Table 3.We found that the 

adsorption is hydrogen bond driven. Adsorption energy varies with in the range of 1 to 2 kcal/mol 

per molecule with different position of grinding aids on the surface. Various hydrogen bonds 

form between alcoholic groups of TIPA and TEA with oxides ions, silicate ions, and hydroxide 

ions of dry and hydroxylated C3S. The major benefits of simulations over experiments are to get 

the insight of microscopic or molecular level information. Generally it is hard to find nanoscale 

details with experiments such as hydrogen bond mechanisms.  

 
Table 3: Adsorption energy of TIPA and TEA on pure C3S and hydroxylated C3S surface per molecules 

Temperature System Adsorption Energy, kcal/mol 

383 K C3S_Hyd_Surf_TIPA –24 ± 3 

298 K C3S_Hyd_Surf_TIPA –39 ± 1 

383 K C3S_Surf_TIPA –31 ± 4 

298 K C3S_Surf_TIPA –54 ± 4 

383 K C3S_Hyd_Surf_TEA –18 ± 4 

298 K C3S_Hyd_Surf_TEA –32 ± 2 

383 K C3S_Surf_TEA –21 ± 4 

298 K C3S_Surf_TEA –48 ± 3 
 

Conclusions 

We have investigated 11 cleavage planes as a function of different ions presence at cleavage 

plane such as calcium ions, silicate ions and oxide ions. The formation mechanism of cleavage 

plane is based on equal partition of charges across cleaved surfaces to maintain charge neutrality. 



We found cleavage energies of C3S for a large set of possible cleavage planes which are in a 

narrow range of 1250 to 1450 mJ/m
2
 and measurements of the surface energy of similar minerals 

such as CaO and Ca(OH)2. These force field parameters will be very useful in studying defects in 

tricalcium silicate, which will also be applied in alite modeling. Simulation results show that the 

adsorption of grinding aid is weaker on the hydroxylated surfaces (~20%) at grinding temperature. 

The trend of adsorption energy of grinding aids follows: TIPA > TEA. 
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Abstract 
Two kinds of industrial wastes (paper sludge and steel slag) were mixed to manufacture useful materials through 
carbonation. The required raw materials were mixed by mortar mixer for about 4 minutes at the specified mixing ratio. 
Then the mixture was transferred to a stainless steel mould for manufacturing of rectangular composite specimens (90 
mm×40 mm×18 mm) under the pressure of 6.75 MPa. Carbonation was carried out in a sealed reaction chamber. CO2 
gas, with a purity of < 99.8%, was then applied for 65 min at a specified pressure. Specimens were cured at 23 � and 
approximately 70% RH for an additional two weeks immediately after carbonation curing. The compressive strength, 
flexural strength and volume density of paper sludge-steel slag composite materials were investigated before and after 
carbonation and the effects of the carbonation parameters (water/solid ratio, CO2 curing temperature and CO2 
pressure) were evaluated. The results showed that carbonated composite materials performed much better than 
uncarbonated ones, and approximately 90.2 g pure CO2 gas could be sequestered by per kg of this composite (M2) in 
the process of carbonation. The mechanical properties of the composite materials were negatively affected by the paper 
sludge amount, and water/solid ratio, curing temperature and CO2 pressure were all found to have effects on mass gain 
of carbonation and strength of composites. Water/solid ratio was the most important factor of carbonation, and 
increasing CO2 pressure had effects on carbonation but at a very slower rate.  
 
Originality 
In this paper, two kinds of industrial wastes (paper sludge and steel slag) are mixed to manufacture useful materials 
through carbonation. To evaluate the effects of carbonation on paper sludge-steel slag composites and determine the 
optimal mix proportion of composites through performance test; and to obtain optimal values of the carbonation 
parameters for the manufacture of paper sludge-steel slag composites, three factors (water/solid ratio, CO2 curing 
temperature and CO2 pressure in carbonation) were considered to optimize the carbonation process. 
 
Chief contributions 
Duration of carbon dioxide treatment affects both the early and long-term properties of wood-cement composites; 
however, there are few previous studies of carbonation of paper sludge-steel slag composites. Two kinds of industrial 
wastes (paper sludge and steel slag) are mixed to manufacture useful materials through carbonation. The objectives of 
this study are:  
●To evaluate the effects of carbonation on paper sludge-steel slag composites and determine the optimal mix 
proportion of composites through performance test. 
●To obtain optimal values of the carbonation parameters for the manufacture of paper sludge-steel slag composites, 
three factors (water/solid ratio, CO2 curing temperature and CO2 pressure in carbonation) were considered to optimize 
the carbonation process. 
At the same time, we are committed to the study of industrial application of this research, and we will build the 
production model line in Shandong Province.  
 
Keywords: Paper sludge; Steel slag; Carbonation; Mechanical properties 
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Introduction 
 
Paper sludge is mainly composed of fibrous fines and some inorganic materials, such as kaolin clay 
and calcium carbonate (Baziramakenga, 2001). Thus, some efforts have been conducted on using 
paper sludge in wood-based panels, such as particleboard and fiberboard (Lee, 1999; Asghar 
Taramian, 2007). However, the adverse effect of paper sludge on the mechanical properties of the 
produced particleboard is a serious concern. Ahmadi (B. Ahmadi, 2001) investigated on the viability 
of using paper sludge as partial  replacement of fine aggregates in manufacturing fresh concrete. 
Fernandez (Fernandez, 2001) showed successful utilization of paper sludge as a filler in cement board. 
These findings have suggested there are certain compatibility between the paper sludge and the 
cementitious materials, paper sludge cement-based materials may be an innovative way to recycle 
paper sludge. As one kind of cementitious materials, steel slag has not been used extensively except 
for gravel of roadbeds due to somewhat cementitious properties (WANG, 2008) and high percentage 
of f-CaO(5.32%-5.76%). Fortunately, it contains calcium silicates such as 2CaO•SiO2(C2S) and 
3CaO•SiO2(C3S) and free lime in some cases which could react with CO2 gas to make hardening 
materials (Joshuah, 2005; Yasuhide, 2004; Wu, 2009). And some of CO2 gas, one kind of greenhouse 
gases, could be sequestered in the process of steel slag carbonation (Huijgen, 2005; Fernández, 2004 ). 
Duration of carbon dioxide treatment affects both the early and long-term properties of wood-cement 
composites (Qi, 2007), however, there are few previous studies of carbonation of paper sludge-steel 
slag composites. Two kinds of industrial wastes (paper sludge and steel slag) were mixed to 
manufacture useful materials through carbonation. The objectives of this study were:  
●To evaluate the effects of carbonation on paper sludge-steel slag composites and determine the 
optimal mix proportion of composites through performance test . 
●To obtain optimal values of the carbonation parameters for the manufacture of paper sludge-steel 
slag composites, three factors (water/solid ratio, CO2 curing temperature and CO2 pressure in 
carbonation) were considered to optimize the carbonation process. 
 
1. Materials and experimental methods 
 

11 Raw materials 
Steel slag was provided from Jinan Iron & Steel Group (it was ground with an industrial vertical mill 
and screened through a 0.080 μm screen), and paper sludge was provided from Huatai Group. The 
compositions or characteristics of the steel slag and paper slag used in this study are given in Table 1 
and 2 respectively. 
Paper sludge is sensitive to fungal attacks; therefore, it was immediately dried in an oven at 100 °C for 
36 h to adjust it to a moisture content of approximately 2%. It was then ground with a QM-BP 
planetary ball mill and screened through a 0.080 μm sieve to obtain desirable paper sludge size. 
 

Table 1: Chemical compositions of the used steel slag  /wt % 

CaO SiO2 Al2O3 Fe2O3 MgO FeO P2O5 SO3 LOSS 

37.45 34.24 15.47 3.12 0.64 1.72 2.80 1.23 1.56 

 
Table 2: Characteristics of the used paper sludge (oven-dry weight basis) 

Density (g cm-3) pH Ash (%) Cellulose (%) Extractives (%) Lignin (%) 
0.55 7.64 23.51 22.37 5.37 19.21 

 
1.2 Experimental plan 
Seven levels of mixing ratios of paper sludge to steel slag particles (0︰100, 10︰90, 20︰80, 30︰70, 
40︰60, 50︰50 and 60︰40, signed as M0-M6) were used to validate the effects of carbonation on 



paper sludge-steel slag composites and determine the optimal mix proportion. In this group of 
experiments, the conditions of carbonation are 0.14% of water/solid ratio, 293 K of temperature and 
0.26 MPa of CO2 pressure. 
To optimize the carbonation process, some factors (water/solid ratio, CO2 curing temperature and CO2 
pressure in carbonation) were considered as listed in Table 3. With three replicates for each treatment. 
123 specimens in total were prepared in this experimental design.  

Table 3: Experimental parameters and their levels 

Conditions Level 1 Level 2 Level 3 
Water/solid ratio (%) 0.10 0.14 0.18 

CO2 curing temperature (K) 293 313 333 
CO2 pressure in carbonation (MPa) 0.16 0.26 0.36 

 
1.3 Specimen preparation 
The required raw materials were mixed by mortar mixer for about 4 minutes at the specified mixing 
ratio. Then the mixture was transferred to a stainless steel mould for manufacturing of rectangular 
composite specimens (90 mm×40 mm×18 mm) under the pressure of 6.75 MPa. Carbonation was 
carried out in a sealed reaction chamber. CO2 gas, with a purity of < 99.8%, was then applied for 65 
min at a specified pressure. Specimens were cured at 23 � and approximately 70% RH for an 
additional two weeks immediately after carbonation curing. 
1.4 Determination of composites properties 
The carbonation is exothermic, releasing significant heat as well as free water (Wu, 2009). After 
carbonation, mass gain which was obtained in duration of 65 min, as expressed by Eq. (1): 

α＝(m0+ mvap- m1)/ m0×100%                                  (1) 

α was defined as a symbol of mass gain in carbonation, which may indicate the drgree of carbonation 
and amount of CO2 uptake. The mass of specimens before and after carbonation were m0 and m1, and 
the mass of evaporative water at the process of carbonation was mvap. 
After 14 days of curing, the compressive and flexural strength of each were tested, and the density was 
also determined.  
 
2. Results and discussion 
 
2.1 Effects of carbonation on composites 
The beneficial effects of carbon dioxide injection on the mechanical property of wood-cement 
composites were observed in previous studies (Qi, 2006; Qi, 2007), and some studies showed that the 
strengths of steel slag specimens could been improved significantly by CO2 curing in only 60-90 mins 
(Wu, 2009; CHANG, 2007). The strength comparison of uncarbonated paper sludge-steel slag 
composites with carbonated composites was showed in Table 4 to indicate the beneficial effect of 
carbonation on the mechanical property. Uncarbonated composites only possessed approximately one-
third of both the compressive and flexural strength of carbonated composites. Low strength of 
uncarbonated composites is attributed to somewhat cementitious properties and low activity at early 
ages of steel slag, and fibre extractives (such some saccharide) contained in paper sludge has negative 
effect on cementitious materials setting. The reason of high strength of carbonated composites is that 
the carbonation accelerates the hardening process of steel slag (Yasuhide, 2004), and extractives 
hasn’t enough time to diffuse into the slag matrix and interfere with hydration of steel slag because of 
accelerated hardening.    
Under the specific carbonation conditions (water/solid ratio 0.14%, temperature 293 K, CO2 pressure 
0.26 MPa and time 65 min), the mass gain of carbonation of M2 was 9.02%. This value indicated that 
about 90.2 g pure CO2 gas could be sequestered by carbonating per kilogram of paper sludge-steel slag 
composites, and it may be slightly helpful to alleviate greenhouse effect in industrial applications. Due 



to the volume density of steel slag is 3.29-3.46 g cm-3, the density of composites were high and the 
density of carbonated specimens appeared higher than uncarbonated ones because of CO2 uptake. 
 

Table 4: Effects of carbonation on paper sludge-steel slag composites 

Samples Mass gain (α) 
/% 

Compressive 
strength /MPa 

Flexural strength 
/MPa 

Volume density 
(g cm-3) 

M2 with carbonation 9.02(0.14)* 10.87(0.33) 2.69(0.10) 2.46(0.09) 
M2 without carbonation - 3.51(0.16) 0.97(0.08) 2.27(0.06) 

*Values in parentheses are standard deviations. 
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Figure 1: Varieties of mass gain of carbonation (α) with paper sludge level 

 
2.2 Effects of mix proportion of composites 
Figure 1 and 2 showed the mass gain of carbonation (α) and compressive strength varied with paper 
sludge level respectively. Because of absence of some minerals (such as lime, C2S and C3S) which are 
sensitive to react with CO2, paper sludge could not be carbonated. So with the increase of percentage 
contents of paper sludge, the theoretical trend of mass gain of carbonation should be linear decreased. 
However, when the percentage contents of paper sludge were not above than 20%, experimental 
values of mass gain were slightly higher than theoretical values. The reason for this behavior is 
attributed to the weaker adhesion between the paper sludge and steel slag particles because of the 
organic materials, such as cellulose and lignin in the paper sludge. Relatively higher porosity has 
beneficial effect on CO2 diffusion on interface of paper sludge and steel slag particles. When the 
percentage contents of paper sludge were above than 20%, experimental values of mass gain were 
slightly lower than theoretical values, the reason maybe that high water absorption of paper sludge 
(54%-67%) leads to absence of water for carbonation.  
Fig.2 shows that strength of the composites differs significantly with the paper sludge level, and the 
compressive strength of the composites decreased as the paper sludge level increased. Weaker 
adhesion between the paper sludge and steel slag particles may be one reason for this behavior, 
another reason was paper sludge cannot been carbonated or hydrated to from intensity. 
Effects of carbonation parameters 
Test results regarding the density, mass gain of carbonation and compressive strength of paper sludge-
steel slag composites (M2) made under different conditions are displayed in Table 5.The density of 
paper sludge-steel slag composites was around 2.31-2.50 g cm-3, and there was little variety in these 
values due to the different experimental conditions. High density may limit the application of the 
composites in some areas. 



Water/solid ratio, curing temperature and CO2 pressure in carbonation were all found to have effects 
on mass gain of carbonation of composites, and water/solid ratio was the most important factor (Table 
5). On the average, a water/solid ratio of 0.14 had a higher degree of mass gain of carbonation than 
either lower or higher water contents. Water is a medium for the carbonation to take place. Too little 
water prevents the reactions from taking place while too much water can block the pores in the 
materials, acting as a barrier to the carbon dioxide diffusion. Similarly, the medium curing temperature 
(313 K) was more carbonated than the lower and higher ratios, but the difference was minor. The mass 
gain of carbonation increased with CO2 pressure in carbonation but at a very lower rate.  
The 14-day compressive strength of steel slag-paper sludge composites was affected by water/solid 
ratio, curing temperature, CO2 pressure and their interaction (Table 6). CO2 pressure did not 
significantly affect the strength of composites, although composites appeared a little stronger with 
increasing CO2 pressure. Water/solid ratio was the most important factor, and a water/solid ratio of 
0.14 had a higher strength due to higher degree of carbonation. However, increasing water/solid ratio 
resulted in lower strength of the composites, when it was raised from 0.14 to 0.18. The relationship of 
carbonation temperature and strength was not very clear, but at 313 K, the compressive strength was 
slightly higher.  
 
 

Table 5: Physical-mechanical properties of paper sludge-steel slag composites 

No. (W/C)/T/(PCO2) Density (g cm-3) Mass gain (α) /% Strength /MPa 
1 0.10/293/0.16 2.39 8.42(0.17) 9.93(0.74) 
2 0.10/293/0.26 2.41 8.75(0.33) 10.17(1.03) 
3 0.10/293/0.36 2.40 8.76(0.74) 10.34(0.92) 
4 0.10/313/0.16 2.43 9.21(0.24) 10.12()0.15 
5 0.10/313/0.26 2.42 9.26(0.66) 10.61(1.02) 
6 0.10/313/0.36 2.44 9.23(0.35) 10.73(0.76) 
7 0.10/333/0.16 2.37 9.03(0.73) 9.87(0.64) 
8 0.10/333/0.26 2.40 9.15(0.16) 9.92(0.54) 
9 0.10/333/0.36 2.42 9.42(0.12) 10.14(0.35) 

10 0.14/293/0.16 2.43 8.34(0.57) 9.96(0.39) 
11 0.14/293/0.26 2.46 9.02(0.14) 10.87(0.33) 
12 0.14/293/0.36 2.45 9.23(0.82) 10.57(1.26) 
13 0.14/313/0.16 2.47 10.01(0.56) 11.93(0.42) 
14 0.14/313/0.26 2.48 10.14(0.37) 12.06(0.57) 
15 0.14/313/0.36 2.50 10.12(1.67) 12.07(0.96) 
16 0.14/333/0.16 2.45 9.61(0.83) 11.71(0.15) 
17 0.14/333/0.26 2.47 9.93(0.25) 11.93(0.72) 
18 0.14/333/0.36 2.46 9.87(0.13) 11.26(0.92) 
19 0.18/293/0.16 2.27 7.67(0.62) 8.31(0.82) 
20 0.18/293/0.26 2.34 8.14(0.74) 9.04(0.55) 
21 0.18/293/0.36 2.42 8.16(0.51) 9.04(0.14) 
22 0.18/313/0.16 2.39 8.52(0.43) 9.26(0.53) 
23 0.18/313/0.26 2.43 8.56(0.16) 9.33(0.72) 
24 0.18/313/0.36 2.44 8.57(0.38) 9.42(0.51) 
25 0.18/333/0.16 2.26 8.27(0.75) 9.15(0.04) 
26 0.18/333/0.26 2.31 8.23(0.16) 9.23(0.17) 
27 0.18/333/0.36 2.37 8.39(0.53) 9.56(0.11) 

Note: W/S=Water/solid ratio (%), T=CO2 curing temperature (K), PCO2=CO2 pressure in carbonation (MPa); 
Values in parentheses are standard deviations 

 
 
 
 
 
 



Table 6: Analysis of variance for the mass gain of carbonation (α) 

Freedom critical value 
Source Sum of 

squares 
Mean 

squares D.F. Freedom 
value 0.05 0.01 

W/C 7.735 3.868 2 8.269 
T 3.076 1.538 2 3.288 

PCO2 0.115 0.058 2 0.123 
(W/C)×T 0.410 0.205 2 0.438 

(W/C)×(PCO2) 0.439 0.220 2 0.469 
T×(PCO2) 0.032 0.016 2 0.034 

(W/C) 
×T×(PCO2) 0.023 0.012 2 0.025 

Error 12.16 0.468 26  

3.370 5.530 

Total 23.99  40    
Note: W/S=Water/solid ratio (%), T=CO2 curing temperature (K), PCO2=CO2 pressure in carbonation (MPa); 
D.F.=Degree of Freedom 

 
Table 7: Analysis of variance for the compressive strength 

Freedom critical value 
Source Sum of 

squares 
Mean 

squares D.F. Freedom 
value 0.05 0.01 

W/C 22.287 11.144 2 10.113 
T 3.019 1.510 2 1.370 

PCO2 1.500 0.750 2 0.681 
(W/C)×T 0.368 0.184 2 0.167 

(W/C)×(PCO2) 0.625 0.313 2 0.284 
T×(PCO2) 0.108 0.054 2 0.049 

(W/C) 
×T×(PCO2) 

0.131 0.066 2 0.059 

Error 28.650 1.102 26  

3.370 5.530 

Total 56.688  40    
Note: W/S=Water/solid ratio (%), T=CO2 curing temperature (K), PCO2=CO2 pressure in carbonation (MPa); 
D.F.=Degree of Freedom 
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Figure 2:  Varieties of compressive strength with paper sludge level 



Conclusions 
 
Study was focus on an innovative way of combined treatment paper sludge and steel slag through 
carbonation. The results showed the compressive and flexural strength of carbonated composites 
performed much better than uncarbonated ones, and approximately 90.2 g pure CO2 gas could be 
sequestered by per kilogram of this composite (M2) in the process of carbonation. The mechanical 
properties of the composites were negatively affected by the paper sludge amount, but when the 
percentage contents of paper sludge were below than 20%, experimental values of mass gain of 
carbonation were slightly higher than theoretical values. Water/solid ratio, curing temperature, CO2 
pressure and their interaction were all found to have effects on mass gain of carbonation and strength 
of composites. Water/solid ratio was the most important factor of carbonation, and increasing CO2 
pressure had effects on carbonation but at a very slower rate. 
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Abstract 
Particle surfaces of grade III fly ashes were modified through mixing with carbide slag and calcining at 850°C 
for 1h. Mineralogical compositions and surface morphology of fly ashes before and after modification were 
analyzed by X-ray diffraction analyzer (XRD) and scanning electron microscope (SEM) equipped with energy 
dispersive spectrometer (EDS). Effect of surface-modified fly ashes on compressive strength and autogenous 
shrinkage of cement pastes were examined. Microstructures of cement pastes were examined by mercury 
intrusion porosimeter(MIP) and SEM. Results show that β-C2S was formed on surface of fly ashes after 
modification. Hydration of β-C2S on surface-modified fly ashes densifies interface zone and enhances bond 
strength between particles of fly ashes and hydrated clinkers. In addition, surface modification of fly ashes tends 
to decrease total porosity and 10-50nm pores of cement pastes. As a result, surface modification of fly ashes 
increases compressive strength and reduces autogenous shrinkage of cement pastes.  
 
Originality 
This work tries to reduce autogenous shrinkage and increase strength of cement pastes incorporated with grade 
III fly ashes. Technique adopted is to modify interface zone between grade III fly ashes and hydrated clinkers by 
surface modification of fly ashes through calcining fly ashes mixed with carbide slag. The content of this paper 
has not been published.    
 
Chief contributions 
Surface modification of fly ashes may enhance bond strength between particles of fly ashes and hydrated 
clinkers and decrease total porosity and 10-50nm pores of cement pastes. As a result, surface modification of fly 
ashes increases compressive strength and reduces autogenous shrinkage of cement pastes. 
 
Key words: Surface modification; fly ash; carbide slag; autogenous shrinkage; strength 
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Introduction 

High-performance concrete shows a greater autogenous shrinkage than conventional concrete[1]. 
Many previous studies show that autogenous shrinkage of concrete or cement pastes may be 
significantly reduced by addition fly ashes[1,2]. However, use of fly ashes is limited due to low early 
strength of cement pastes or concrete[3]. Weak interfacial bonding between fly ashes and hydrated 
clinkers due to low reactivity of fly ashes is believed to be main reason for low early strength of 
cementitious materials containing fly ashes[4]. Mechanical grinding and chemical activation of fly 
ashes are generally used to modify strength of cementitious materials with fly ashes[5,6]. However, 
finer fly ashes and alkali activators tend to increase autogenous shrinkage of cement pastes[7-8]. Zhu[9] 
tried to modify reactivity of fly ashes by calcining mixtures of 55% fly ashes and 45% lime from 
calcite. The modified fly ashes themselves show to some extent hydraulic. It is still necessary to 
improve utilization efficiency of fly ashes by further promoting early strength and reducing 
autogenous shrinkage of cement pastes blended with a higher volume of fly ashes. This will help to 
lower CO2 emissions and impact of stockpiling of fly ashes on environments.  
The object of present work to increase early strength and reduce autogenous shrinkage of cement 
pastes incorporated with fly ashes by surface modification of fly ashes through calcining fly ashes 
mixed with carbide slag. Mineralogical compositions and particle morphology of fly ash before and 
after modification were characterized by XRD and SEM/EDS. Strength and autogenous shrinkage of 
blended cement pastes with unmodified and surface-modified fly ashes were tested. Microstructures 
of cement pastes were evaluated by MIP and SEM-BSE. 

 

Experimental 

Materials 
P·II 52.5 Portland cement (according to Chinese National Standard GB 175-2007) were produced by 
Conch Cement Co. Ltd, Taizhou, China. Grade III wet-discharged fly ash (FA) and carbide slag used 
were derived from Nanjing Lianzhong Co. Ltd and Quzhou Chemical Plant, respectively. Chemical 
compositions of cement, FA and carbide slag are listed in Table 1. FA contained 2.58% CaO, being 
classified as type F fly ash. Residue on 45μm sieve, density and water requirement ratio of FA were 
6.1%, 2.16g/cm3 and 107%, respectively. 

 
Table 1 Chemical compositions of raw materials  wt/% 

No Material SO3 SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O Loss Total 

1 Cement 2.26 22.18 3.67 4.64 61.97 1.11 0.70 0.12 2.69 99.34 

2 Fly ash 0.24 57.39 4.97 29.76 2.58 0.95 1.29 0.40 1.98 98.98 

3 Carbide slag - 7.10 0.98 2.88 58.42 0.12 - - 29.99 99.49 

 

Experiment methods 
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1. Surface modification and characterization of FA 
FA was mixed with 10% carbide slag in a mixer to obtain well-distributed powders. The powders 
were mixed with 10% of water in a cement paste mixer and then calcined at 850°C for 1 h in a 
laboratory electric furnace. The calcined fly ash was subsequently quenched in air. Mineralogical 
compositions of FA and surface-modified fly ash (MD-FA) were examined by X-ray diffraction 
analyzer (Rigaku Dmax-RB) and scanning electron microscope (JSM-5900 and JSM 6490LV) 
equipped with energy dispersive spectrometer. 
 
2. Hydration of FA and MD-FA 
Pastes were prepared by mixing FA or MD-FA with water at 0.5 water-to-solid ratio and were cast into 
tubes. The tubes filled with pastes were then cured in water at 20°C for 28d. Micrograph of hydrated 
FA and MD-FA particles were examined by SEM. 
 
3. Measurement of autogenous shrinkage and compressive strength of cement pastes 
Cement pastes contained 0%, 15% and 30% by weight FA or MD-FA were prepared with water to 
binder ratio 0.28.  
Cement pastes for measurement of autogenous shrinkage were encapsulated in thin corrugated tubes 
in Ф25±0.5mm×300±3 mm. The tubes filled with cement pastes were sealed with two tapered end 
plugs, set on a steel framework connected with dial indicators and stored at 20±2°C. Initial length of 
specimens was measured when cement was initially setting.  
Cement pastes for measurement of compressive strength was cast in 20mm×20mm×20mm. Pastes 
were stripped from molds after 1d and were immediately sealed by 0.1mm thick polyester film to 
prevent water evaporation. They were stored in a curing room at 20±2 °C. 
 
4. Microstructure analysis 
At given ages, crushed pieces from specimens for test of compressive strength were collected and 
soaked in ethanol for carbonation prohibition and hydration termination. They were then dried in a 
vacuum drying oven at 60°C for 24h. The specimens obtained were submitted to test by mercury 
intrusion porosimetry (Poremaster-GT6.0) and SEM (JSM 5900). In addition, some pastes cut and 
polished were analysed by SEM/BSI (JSM 6490LV). 

 

Results and discussion 

Characterization of MD-FA 
Fig. 1 shows XRD patterns of FA and MD-FA. Mineralogical compositions of FA were mullite, quartz, 
hematite and glass phase (2θ=17°-30°). After surface modification, a small amount of β-C2S was 
formed by reaction between CaO from decomposition of carbide slag and SiO2 in glass phase of FA. 
As a result, the diffuse peak (2θ=17°-30°) of glass become weaker.  
Fig. 2 demonstrates SEM micrographs FA and MD-FA. FA were globular with smooth surface and 
mainly consisted of Si, Al and O. Surface of MD-FA was covered with a newly-formed substance 
richened in Ca. Combined with XRD result, the newly-formed substance was β-C2S. 
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Fig. 1 XRD patterns of FA and MD-FA 

 

  
(a) FA                               (b) EDS of point A 

  
(c) MD-FA                            (d) EDS of point B 

Fig. 2 SEM images and EDS patterns of FA and MD-FA 
 
Compressive strength of cement pastes 
Compressive strengths of cement pastes are shown in Fig. 3. The compressive strengths of cement 
pastes decreased with an increase of content of FA or MD-FA. Surface modification of FA tends to 
improve compressive strengths of blended cement pastes. When FA is 30%, surface modification of 
fly ashes increases compressive strengths of cement pastes by 15% at 3d, 21% at 28d and 12% at 90d, 
respectively.   
 
Autogenous shrinkage of cement pastes 
Fig. 4 presents autogenous shrinkage of cement pastes with FA and MD-FA. Autogenous shrinkage of 
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cement pastes took place mainly in duration between initial setting time and 45d. Fly ashes tend to 
lower developing rate and value of autogenous shrinkage of cement pastes. Surface modification of 
fly ashes decreases autogenous shrinkage of cement pastes with 30% FA by 25% at 3d, 26% at 28d 
and 35% at 90d, respectively.  
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Fig. 3 Compressive strength of cement pastes      Fig. 4 Autogenous shrinkage of cement pastes 

 
Discussion 

Morphological features of fly ashes in pastes of FA and MD-FA cured in water at 20°C for 28d are 
shown in Fig. 5. It is clearly noticed that the fly ashes in paste of FA did not altered. However, the fly 
ashes in paste of MD-FA hydrated to form a few of fine products. Surface of FA in cement pastes was 
also not significantly reacted as shown in Fig. 6. MD-FA in cement pastes were found to be coated 
with hydration products. Hydrates from hydration of β-C2S on surface of MD-FA decrease porosity of 
interface zone between particles of MD-FA and hydrated clinkers. As a result, the interface zone is 
denser than that between FA and hydrated clinkers as illustrated in Fig. 7. This will enhance bond 
strength of the interface zone between MD-FA and hydrated clinkers. 
Porosities of cement pastes mixed with 0% and 30% FA or MD-FA are shown in Table 2. 
Incorporation of FA or MD-FA tends to increase porosity of cement pastes at ages of 1-90d. Surface 
modification of fly ashes may decrease to some extent total porosity and porosity of pores in 10-50nm 
in cement pastes with fly ashes.  
 

  
(a) FA                                (b) MD-FA 

Fig. 5 SEM images of fly ashes in pastes of FA and MD-FA cured in 20℃ water for 28d 
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(a)  FA                                 (b) MD-FA 

Fig. 6 SEM images of fractured cement pastes with FA and MD-FA cured for 28d 
 

  
(a) FA                            (b) MD-FA 

Fig. 7 BSE images of cement pastes added with FA and MD-FA cured for 28d 
 

Higher bond strength in the interface zone between MD-FA and hydrated clinkers and lower total 
porosity will be beneficial to compressive strength of cement pastes containing MD-FA. Low porosity 
of pores in 10-50nm will decrease capillary forces[10-11]. Enhanced bond strength in the interface zone 
between MD-FA and hydrated clinkers will tend to increase local elastic modulus of solid substance 
near capillary pores. These two will tend to decrease autogenous shrinkage of cement pastes 
incorporated with surface-modified fly ashes.    

 

Conclusions 

1. β-C2S was found to be formed on surface of fly ashes thermally surface-modified with carbide slag. 
2. Surface-modified fly ashes tend to increase compressive strength and decrease autogenous 
shrinkage of cement pastes. These effects are derived from enhanced bond strength in the interface 
zone between modified fly ashes and hydrated clinkers, low total porosity and porosity of pores in 
10-50nm in cement pastes. 
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Table 2 Porosity of cement pastes with 30% FA and MD-FA 

Capillary porosity /% Gel porosity /% 
Sample Age 

/d 
Porosity 

/% ＞500nm 50-500nm 10-50nm 6-10nm 
1 22.57 1.48 3.08 16.93 1.08 
7 16.76 1.26 1.40 13.04 1.01 

28 14.72 1.12 1.05 11.56 0.98 
0% FA 

90 12.64 1.01 0.87 10.00 0.75 
1 28.84 2.44 15.16 9.59 1.65 
7 22.89 2.18 6.10 12.62 1.97 

28 20.70 2.03 3.61 12.85 2.20 
30% FA 

90 18.63 1.87 3.03 11.67 2.06 
1 27.23 2.33 12.27 10.99 1.64 
7 22.38 2.11 6.32 11.97 1.99 

28 19.58 1.86 4.49 11.04 2.19 
30% 

MD-FA 

90 16.77 1.68 3.45 9.70 1.94 
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Abstract 
Researches have been carried out to produce metakaolin (MK) - reactive pozzolana from two kaolinitic clays collected 
from different sources in Serbia. Starting clays, Vrbica and Miličnica, has significantly different chemical and 
mineralogical composition. According to kaolinite content and loss of ignitation, Vrbica clay may be classified as high 
quality starting material (kaolinite 80% and LOI 12.30%) and Miličnica clay as medium quality clay (kaolinite 52% 
and LOI 6.22%). The crystalline of the starting clays determined according to Aparacio-Galan-Ferrel index (AGF) 
showed that both clays might be classified as medium orderliness (AGF 0.8 and 0.9) on the scale were commercial 
kaolinit have an AGF equal to1.3. 
In order to produce metakaolin with appropriate pozzolanic activity, clays were heated at different temperatures in the 
range 550 – 700oC within different time. The optimal parameters for transformation kaolinite to metakaolinite were 
chosen using degree of material dehydroxylation and process economy, 650oC and 90 min for Vrbica and 650oC and 
120 min for Miličnica. The transformation was conformed by means of X-ray diffraction analysis, IR spectroscopy and 
thermogravimetric measurement.  
After calcinations, the lime reactivity of the metakaolin produced under optimal conditions was determined applying 
Chapelle method and according to Serbian standard (SRPS B.C1.018:2001). Values obtained by Chapelle method were 
0.63 and 0.45 gCa(OH)2/gMK, and by standard 25.3 and 6.9 MPa, respectively for the clays Vrbica and Miličnica. 
Specific surface obtained by BET method were very high, 20 m2/g for Vrbica and 13 m2/g for Valjevo. Further 
optimization of the pozzolanic properties of the calcined clays was done by milling produced metakaolin. 
Our findings indicates that Serbia have quality clays for producing metkaolinite without intermediate beneficiation 
stage. It is also find that clay with lower content of the kaolinite may be used for metakaolin production, giving 
satisfactory values for pozzolanic activity. Further investigations will be directed in order to investigate behavior of 
cement made with different quantities of metakaolin produced. 
 
Originality 
The application and performance of metakaolin is well covered in the scientific literature. However, there are limited 
references on the performance of the metakaolin based on low-grade or unprocessed kaolin.   
Our findings will enlarge knowledge on how chemical, mineralogical composition  and degree of crystalline of the 
starting clays used for obtaining metakaolin – pozzolanic additive by calcination, may affect the final characteristics of 
metakaolin, pozzolanic activity, specific surface and porosity, parameters important for its application in cement-based 
systems.   
 
Chief contributions 
On the laboratory level we produced metakaolin from two kaolinit clays which posses’ satisfactory values of pozzolanic 
activity for application as a supplementary cementitous materials. We found that Serbia has kaolinit clays, which may 
be used as a starting material for production of metakaolin. The production expenditures are lower in comparation with 
the process which needs purification of the clays before calcination, or further grinding of produced metakaolin, thus 
allowing produced metakaolin to be used even in the regular-grade cement and concrete.  
Development of building materials production is based on domestic raw materials. The Serbian kaolinit clays have not 
been exploited for the production of reactive pozzolana – metakaolin. Some of the commonly used supplementary 
cementitous materials in Serbia are fly ash (FA), silica fume (SF) and granulated blast furnace slag (GGBS). Therefore, 
the investigation of strength, microstructure and other performance parameters of cement containing thermally 
activated additives based on raw (unprocessed) kaolin was considered important. This research deals with such an 
evaluation. The strength and durability of conventional cement-based materials can be significantly improved by using 
thermally activated kaolin additives. 
 
Keywords: Metakaolin, heat treatment, pozzolanic activity 
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Introduction 
 
Metakaolin is a pozzolanic addition for cement and concrete which become very popular in recent 
years. The use of pozzolanic materials for partial replacement of Portland cement in blended cements 
and concrete mixtures has become almost unavoidable owing to their beneficial effects on the ultimate 
compressive strength, permeability and chemical durability, as well as by the economic and ecologic 
advantage of their use (Siddique, 2009).  
The addition of natural and artificial pozzolanas, granulated blast furnace slags, fly ashes and silica 
fume has been investigated extensively and their use is widely accepted. In the case of metakaolin, 
most studies are related to the reactivity of metakaolin or other types of thermally activated clay 
minerals. 
A number of thermal, mechanical and chemical methods have been used to activate the reactive 
potential of pozzolanic materials. Thermal activation methods involve heating the starting material, 
whereas mechanical methods rely on prolonged grinding and chemical methods use activators such as 
acid or alkaline compounds. Metakaolin, a high quality type of commercial pozzolan, is an amorphous 
reactive aluminosilicate obtained by heat treatment of kaolin or kaolinite clay, which exhibits strong 
pozzolanic activity.  
The heat treatment alters the structure of kaolinite, the main change being the breaking of bonds and 
the resulting collapse of the clay structure and formation of metakaolin at temperatures from 600 to 
800°C (Shi, 2002; Torres et al., 2007). The reactivity of metakaolin is governed mainly by the nature 
and abundance of clay minerals in the raw material, on the production conditions (Kakali et al., 2001; 
Badogiannis et al., 2005), and on the fineness of the final product. 
The performance of pozzolanic materials in blended cements and concrete mixtures depends on 
number of parameters, such as content of the main oxides (Al2O3, SiO2, Fe2O3), degree of 
amorphousness, and fineness (particle size distribution and specific surface) which controls water 
requirement, rheology and pozzolanic activity.  
This paper compares the pozzolanic activity of metakaolin obtained by heat treatment/calcination of 
two Serbian kaolinite clays.  
 
 
Experimental  
 
Materials 
 
The starting clays, Vrbica and Miličnica, were taken from selected deposits in Serbia. Before 
characterization representative samples were dried, crushed and milled 10 min in the laboratory mill.   
The main characteristics (chemical and mineralogical composition and physical properties) of starting 
clays are given in Table 1. The content of major minerals, kaolinite and quartz, was estimated by 
semy-empirical method using chemical and mineralogical composition data.In both clays traces of 
liskune were detected. 
 
Heat treatment/calcination procedure 
 
In order to obtain optimal process parameters, approximately 50 g of samples were heat-treated in the 
laboratory furnace. Temperatures were in the range 550 - 700oC. Samples were heated within different 
times (30, 60, 90, 120, 150 and 180 min). After heating, the samples were quenched by air to ambient 
temperature. 
Differences in mass obtained during calcination were used to calculate degree of the material 
dehydrohylation (Dtg). 
To confirm transformation of kaolinite to metakaolinite X-ray diffraction, IR spectroscopy, and 
thermogravimetric techniques were used.  
 
 Milling of metakaolin 



 
Metakolins, obtained under optimal heat treatment conditions, were ground for 30, 60, 120, 180, 240 
and 300 s in Herzog mill.  
 
 Applied experimental methods 
 
Pozzolanic activities were determined using Chapelle method (Largent, 1978) and in accordance with 
standard (SRPS B.C1.018:2001). 
Particle size analyses were performed using Malvern mastersizer 2000.  
 
 

Table 1: Characteristics of starting clays  

 Vrbica Miličnica  Vrbica Miličnica 
 Chemical composition 

 (% by mass) 
Mineralogical composition (% by mass)  

and cristalinity 
SiO2 48.00 64.13 Kaolinite content 

Quartz content 
80.38 
10.58 

52.03 
39.91 

Al2O3 31.75 20.55 Cristalinity, AGF 0.8 0.9 
Fe2O3 4.38 2.40 Physical properties 
CaO 1.00 0.67 Specific gravity 2.60 2.63 
MgO 0.48 0.73 Specific surface  

(BET), m2/g 
26 3 

Na2O 0.16 0.46 
K2O 1.50 4.50 

Pozzolanic activity, 
gCa(OH)2/gMK  

0.59 0.33 

LOI 12.33 6.22 Median particle size, 
d(0.5), µm 

9.75 7.63 

 

 
 
Results and Discussion   
 
Starting clays, Vrbica and Miličnica, has significantly different chemical and mineralogical 
composition. For Vrbica sum of the main oxides SiO2+Al2O3+Fe2O3 is 84.13%, SiO2/Al2O3 ratio 1.51, 
LOI 12.30%, and kaolinite content 80%. For Miličnica sum of the main oxides is 87.08%, SiO2/Al2O3 
ratio 3.12, LOI 6.22%, and kaolinite content 52%. According to paper (Aras et al., 2007), Vrbica may 
be classified as high quality and Miličnica as medium quality kaolinite clay. Calculated values for 
Aparacio-Galan´s-Ferrell index (Aparicio et al., 1999) are AGF 0.8 and 0.9, respectively for Vrbica 
and Miličnica, indicating medium orderliness structure of both clays. Among physical properties great 
difference are in specific surface of the starting clays. 
In order to produce metakaolin starting clays were subjected to: 
• Heat treatment/calcination, and 
• Milling.  
The aim of heat treatment was to obtain total dehydroxylation of the clay, which means transformation 
of kaolinite into the metakaolinite. For evaluating the performance of kaolinite during heat treatment 
degree of dehydrohylation (Dtg) (Rahier et al., 2000) were used. The effect of time and temperature on 
degree of dehydrohylation is given in the fig.1.  
Obtained results indicate: 
• Temperatures under 650oC are not sufficient for achieving complete dehydrohylation of the 

starting clays, 
• Highest Dtg ~ 0,97 for Vrbica were obtained at 650oC and times ≥90 min, as well as for all times at 

700 oC, 



• Highest Dtg for Miličnica were obtained at 650oC and times ≥120 min, and at 700oC where Dtg 
remains nearly constant after 30 min.  

Kaolinite to metakaolinite transformation was confirmed by X-ray diffraction, IR spectroscopy, and 
thermogravimetric techniques (Ilic, 2010).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: The effect of time and temperature on degree of the dehydrohylation  

 (a) Vrbica, and (b) Miličnica 
 
Selection of the optimal heat treatment parameters, temperature and time, were based on obtained 
results for Dtg and economic of the process. Optimal parameters are:  

• 650oC and 90 min for Vrbica, and  
• 650oC and 120 min for Miličnica.  

Chemical characteristics and physical properties of metakaolins produced under optimal conditions are 
given in table 2. 
After heat treatment, pozzolanic activity obtained by both methods, and specific surface of metakaolin 
Vrbica, is significantly higher than that of Miličnica. The results are in agreement with studies (Kakali 
et al., 2001; Badogiannis et al., 2005, Ambroise et al, 1992), where authors concluded that pozzolanic 
activity depends on clay mineralogical composition and cristalinity, as well as on fineness of the 
metakaolin produced. It is also noted that during heat treatment specific surface of Vrbica clay is 
decreased, while that for Miličnica clay is increased. The different influence of heat treatment on 
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specific surface is also noticed by authors (Lopez, 2009; Štubna et al., 2006). They assumed that 
different behave is caused by sintering and aglomerization process during thermal treatment.  
To enhance pozzolanic activity, metakaolins produced under optimal conditions, were milled for 
different times. The results are presented in fig. 2. 
 

Table 1: Characteristics of the metakaolin 
 

 MK Vrbica MK Miličnica  MK Vrbica MK 
Miličnica 

 Chemical composition  (% by mass) Physical characteristics 
SiO2 55.08 68.52 Specific gravity 2.61 2.61 
Al2O3 34.50 21.69 Specific surface 

(BET), m2/g 
20 13 

Fe2O3 5.10 2.49  
CaO 0.67 0.67 Pozzolanic activity, 

gCa(OH)2/gMK  
0.65 0.45 

MgO 1.20 1.32 Pozzolanic activity, 
MPa 

25.3 6.9 

Na2O 0.29 0.29 
K2O 1.24 3.67 

Median particle size, 
d(0.5), µm 

7.01 10.18 

LOI 1.73 0.88    
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Figure 1: Pozzolanic activity vs. milling time 

 
Milling metakaolin Vrbica, over 120 s, influence increase in pozzolanic activity for about  18%. The 
effect of milling is higher for metakaolin Miličnica, activity increases for about 50%, but never riches 
the values obtained for MK Vrbica. For comparation, commercial metakaolin Argical M-1000 
(France) was used. It pozzolanic activity is 0.78 gCa(OH)2/gMK and 20.5 MPa. Pozzolanic activity of 
MK Vrbica and commercial obtained by Chapelle method are nearly the same, while these obtained by 
indirect method is significantly higher for metakaolin Vrbica. MK Miličnica has lower values for 
pozzolanic activity than that of metakaolin Vrbica and Argical.  
The median particle size of the MK Vrbica milled during 240 s is d(0.5)=5,236 µm, and those for 
Miličnica milled during 300 s is d(0.5)= 5,504 µm.  
 
 
Conclusions 



 
The results obtained in this study allow us to drown following conclusions: 
 
• Transformation of kaolinite clay to the metakaolin could be made satisfactory in a process 

consisting of heat treatment of starting clay followed by milling,  
• Starting clay Vrbica (80% kaolinite, medium orderliness determined according AGF index, with 

very high specific surface and pozzolanic activity) could be transformed into the metakaolin which 
properties are comparable to that of commercial MK Argical, 

• Starting clay Miličnica (~50% kaolinite, medium orderliness determined according AGF index, 
with low specific surface and pozzolanic activity) could be used for obtaining metakaolin with 
appropriate properties, although its reactivity and specific surface are lower than that of Argical. 
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The Effect of Mgo Admixture on Cement Pastes and Mortars 
 
Abstract 
One of the principal components of cement, limestone is usually not found in pure form. Limestones contain 
some MgCO3 and small amounts of silica, iron oxide, alumina, sulfur, and alkalis. When baked at 900ºC, 
CaCO3 decomposes to form CaO and MgO. MgO in portland cement is an oxide that might adversely affect 
cement paste and concrete properties. A large amount of MgO might lead to cracks and fractures in concrete as 
a result of expansion due to hydration. This study investigated the effect of magnesium oxide (MgO) on cement 
pastes and mortars both experimentally and based on literature review. MgO was added into cement pastes and 
mortars with rates of 0%, 5%, 10% and 15% in weight and XRD, SEM-EDS images, chemical analyses, and 
compressive strengths of paste samples on the 2nd, 7th and 28th days were examined. In the study, the most 
suitable compressive strength was obtained from 10% MgO-added cement pastes and mortars.  
 
Originality 
The examination of chemical and physical effects of MgO which is later added into CEM I 42.5R cement on 
cement pastes and mortars.  
 
Chief contributions  
In the results of this study, the increase in the amount of MgO added into cement has caused an increase in the 
amount of water as well. It has been found that the MgO admixture increases the setting start and end 
times. The study results demonstrate that cement pastes and mortars containing 10% MgO have produced the 
most suitable compressive strenth. 
 
Keywords: Cement, MgO, Cement Paste, Cement Mortar, Admixture, SEM. 
 
INTRODUCTION 
 
MgO contained in the cement structure reacts with water in cement paste and first forms Mg(OH)2 
and then MgCO3 using carbon dioxide from air. Reaction of MgO with water results in both heat and 
volume expansion. As MgO in cement is subjected to temperatures above normal in a rotary oven, 
reactions between MgO and water occur after the hardening of cement paste. Reactions that lead to 
expansion in the hardened cement paste might result in cracking of cement paste and concrete. 
Therefore, the desirable amount of MgO to be found in cements should not exceed 5% (Erdoğan, 
2003). 
 
Heating CO2 in MgCO3 until decomposition gives MgO. Theoretically, this decomposition 
temperature is between 600 – 650 ºC. However, the temperature is raised to 800 – 850 ºC in industrial 
production to increase efficiency. Mg(OH)2 crystals that are formed as a result of hydration have a 
greater volume than the sum of the initial volumes of MgO and H2O and spontaneous expansion takes 
place. Since MgO found in cement is usually obtained around 1400 ºC, it is classified as one of the 
materials to be baked at high temperatures. On the other hand, powdered MgO that could be used in 
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concrete as an admixture was obtained at a low temperature (1100 ºC). Therefore, the expansion it 
creates is harmless and controllable (Du, 2006). 
 
A study on MgO production from dolomite discusses the decomposition of dolomite first by DTA-TG 
examinations. It was observed that the phases of MgO-type expansive agents were usually MgO, C2S, 
and a small amount of CaO and that expansive agents expanded due to autoclave experiments and hot 
water treatment at 80 °C. To put it another way, MgO-type expansive agents provided the desired 
expansion. If combustion temperature, combustion time and amount in cement are controlled in 
accordance with the requirements of the concrete structure, MgO-type expansive agents can be used 
to balance the shrinkage in concrete, as previously suggested (Lingling and Min, 2005). Following a 
series of applications, it was suggested that MgO could be used as an expansive agent in concretes. A 
study on MgO addition and thermal shrinkage occurring during temperature reduction in concrete 
masses investigated the expansive properties, pore structure of MgO, permeability, and resistance of 
hardened cement mortar to sulfates. Thus, it was revealed that expansion in cement mortar took place 
between 1 and 180 days and came to a standstill around the 180th day (Zheng, et al., 1991).   
 
In a study on the effects of different expansive admixtures on the deformation property of concrete 
mass, it was argued that CaO- and Aft-type expansive agents could balance shrinkages in concrete, 
but not those that occur after the 28th and 60th days. The expansive effects of these agents could be 
different in applications that use different cement treatments. It is believed that no shrinkage is 
observed in time in concretes with MgO-type expansive agent and that expansive admixtures might 
reduce cracking and shrinkage in huge concrete buildings and increase the strength of the concrete 
(Peiwei, et al., 2006).  
 
The present study investigated in the literature and experimentally the effect of magnesium oxide 
(MgO) on cement pastes and mortars. MgO was added into cement pastes and mortars with rates of 
0%, 5%, 10% and 15% in weight and XRD, SEM-EDS images, chemical analyses, and compressive 
strengths of paste samples on the 2nd, 7th and 28th days were examined.  
 
MATERIAL AND METHOD 
 
The following materials and tools were used in the study: 
 
Cement: CEM I 42,5/R cement used was obtained from Pınarhisar Set Cement Factory. Chemical and 
physical analyses of the cement are shown in Table 1.  
MgO: Powdered magnesium oxide was obtained from “Merck KGaA” company (www.merck.de). 
Gas Pycnometry: Micnomeritics AccuPye 1330 (Gas Pycnometer) device was used. 
Vicat Instrument: RMU Testing Equipment and a cylindrical probe and vicat needle were used. 
Le Chatelier: A brass Le Chatelier ring, a brand of Atom Teknik, was used. 

 
Table 1: Chemical and physical analysis of cement 

Chemical Requirements (%) Physical Requirements 
Material Cement Blaine Surface(cm2/g)  
CaO 64,58 Limit TS-EN 197-1, 

C+S≥%50 
Specific gravity (g/cm3)  

SiO2 20,46 40 Micron Elec.  

Al 2O3 5,04 Expansion (mm)  

Fe2O3 3,46 Compressive strength,  
(day) N/mm2 

2 29,5 (Lim.≥ 20) 
MgO 1,06 (Lim.≤%5) 7 45,2 
SO3 2,94 (Lim.≤%4) 28 56,5(Lim.≥ 42,5 - ≤62,5) 

Na2O 0,57 *Source: Pınarhisar Cement Factory Laboratory 
17.09.2008 

 
K2O 0,63 
Loss on ignition 3,09 (Lim.≤%5) 



MIXTURE DESIGN AND PREPARATION OF SAMPLES  
 
Mixture Design  
 
Experiments were carried out in laboratory environment with a temperature of 20±2 ºC and relative 
humidity of 60±5%. Table 2 presents the mixture design in the experiments on mortar and paste 
samples. In the mixtures, the amount of water according to the flow test was taken as a variable and it 
was taken care that the flow values were between 105-115%.  
 

Table 2: Mixture design 

Material (g) 
Cement Mortar (MGM) Cement Paste (MGP) 

%0 %5  %10  %15  %0 %5  %10  %15  

Cement 450 427.5 405 382.5 1800 1710 1620 1530 

MgO 0 22.5 45 67.5 0 90 180 270 

Sand 1350 1350 1350 1350 - - - - 

Water (g/ml) 225 225 225 225 464 540 640 776 
 
The standard mortars and pastes prepared were molded in 40x40x160mm casts and were shaken and 
graded in a compression machine at a rate of 60 drops per minute. After shaking and grading, the 
samples were covered with glass plates and were kept in a moisture cabinet with a relative humidity 
of 95% for 24 hours. At the end of 24 hours, the samples were taken out of the cabinet and were kept 
in water treatment until compression test.  
 
Table 8 shows the physical chemical analyses of cement with 5%, 10%, 15% MgO admixture. Pieces 
from paste and mortar samples of 28 days and with 0%, 5%, 10%, and 15% MgO admixture were 
absorbed with acetone to stop their hydration and then, they were sent to the MTA [Turkish General 
Directorate of Mineral Research and Exploration] for SEM-EDS and XRD analyses. “FEI Quanta 400 
MK2” was used for SEM (Scanning electron microscopy) images of the samples and “EDAX Genesis 
4xmi” was used for EDS.  
 
EXPERIMENTAL RESULTS AND DISCUSSION  
 
The study involved chemical analyses on cements with MgO admixture, as well as fineness and 
specific gravity tests. Furthermore, cement pastes were subjected to determination of consistency, as 
well as tests for setting start and end times and volume expansion. 40x40x160 mm samples were 
prepared for compression strength experiments. The standard mortar and paste samples were 
subjected to a standard water treatment at 20±2 ºC for 2, 7 and 28 days, which was followed by 
compression strength experiment. 
 
Specific Blaine (surface area) test was carried on the cement. Table 3 presents the Blaine values for 
the experimented cement according to TS EN 196-6. An increase in the amount of MgO admixture 
leads to increased Blaine fineness for the cement. Cements with 0%, 5%, 10%, 15% admixtures were 
subjected to specific gravity experiment. As the results suggest, an increase in the amount of MgO 
additive leads to a small increase in the specific gravity of the cement (Table 3). In order to determine 
the amount of water in the cement paste, a normal experiment for determination of consistency was 
carried out in accordance with TS EN 196-3, in a laboratory environment with a temperature of 
20±2ºC and a relative humidity of at least 65%. Increased MgO content in cement increases the 
amount of water (Table 3). This is due to the high Blaine fineness of MgO. To ascertain whether the 
cement paste performed normal hydration reactions, setting start and end times were determined. In 
the experiment carried out in accordance with TS EN 196-3, it was observed that MgO admixture 



increased setting start and end times (Table 3). A magnesium oxide (MgO) content in cements that is 
above a certain limit is hazardous because this material might lead to significant volume increases as a 
result of its reactions with water, which results in structural cracks. Therefore, volume expansion was 
determined according to TS EN 196-3. The rates of MgO admixtures used resulted in a slight increase 
in cement mortar and paste samples, an increase which is much above the standard limits.  
 
Table 3: The results of Blaine test, specific gravity experiment, experiment for determination of consistency and 
setting start and end times and volume expansion results 

MgO  
Admixture 

Rate 

Blaine Test 
Analysis (cm2/g) 

Cement 
(g/cm3) 

Water  
(g) 

Setting  
start time 

 (h.) 

Setting  
end time 

(h.) 

Cement 
mortar 
(mm) 

Cement 
paste 
(mm) 

%0 3803 3.12 116 2.15 2.45 1 1 
%5 5522 3.14 135 3.30 4.10 1 1 
%10 7278 3.19 160 4.10 4.55 2 2 
%15 8793 3.21 194 4.20 5.10 2 2 

Note: Blaine fineness value for MgO was too small to be calculated. 
 

Chemical analyses following hydration were performed on cement paste and mortar samples 
produced with various amounts of MgO admixtures (Table 4). Thus, MgO amount increases with 
admixture rate. Particularly in the samples containing 10% and 15% MgO, the MgO amount exceeds 
the limits specified by the standards. The decrease in SO3 is positive in that it did not occur in 
ettringite. The lower C3S values when compared to the values of the control sample as a result of the 
increase in MgO admixture indicate a decreased hydration temperature in cement; nevertheless, initial 
strength of the obtained paste and mortar samples is high (Table 4). Despite the decrease in C3S, the 
values are approximately ten times higher than those of C2S. 
 

Table 4. Chemical analysis of 28-day-hydrated samples with 5%, 10%, 15% MgO admixture. 

Substance 
Admixtures 

0%  (Control) 5% 10% 15% 
CaO 52,13 48,28 43,95 39,96 
SiO2 16,24 15,28 14,10 12,68 

Al 2O3 4,02 3,78 3,53 3,16 

Fe2O3 2,87 2,63 2,41 2,07 
MgO 0,96 5,72 10,17 14,60 
SO3 2,32 2,12 1,94 1,67 

Na2O + K2O 0,74 0,65 0,60 0,59 
Loss on ignition 2,36 2,39 2,37 2,42 
C3S 57,76 51,25 44,57 42,09 
C2S 2,97 5,15 6,80 4,61 
C3A 5,79 5,59 5,28 4,88 
C4AF 8,73 7,99 7,35 6,30 

 
Compression strength 
 
Paste and mortar samples with 0%, 5%, 10% and 15% MgO admixture were subjected to the 
compression test on the 2nd, 7th and 28th days and the obtained data is shown in Figure 1. Figure 1-a 
shows the compression strengths of paste samples with 0%, 5%, 10% and 15% MgO admixture 
according to their ages. The high compression strength values obtained for CEM I 42.5/R cement 
paste with 0% admixture was attributed to the high quality of the cement. An examination of 2-, 7-, 
and 28-day compression strength values for the cement pastes revealed that compression strength of 
cement pastes decreased with increasing MgO admixture rates. However, compression strength of the 
samples with the highest admixture rate (15%) were higher when compared to the standard 
compression strength of CEM I 42.5/R cement.  



Figure 1-b shows the compression strengths of mortar samples with 0%, 5%, 10% and 15% MgO 
admixture according to sample age. An examination of 2-, 7-, and 28-day compression strength values 
for the cement mortars revealed that compression strength of cement mortars decreased with 
increasing MgO admixture rates. Compression strength of mortar samples with 10% MgO admixture 
was observed to be equal to that of CEM I 42.5/R cement. 
 

 
                        a) Paste samples                                                           b) Mortar samples 

Figure 1: 2-, 7-, and 28-day compression strengths 
 

An examination of the internal structure of cements reveals that Ca(OH)2 or portlandite, which is 
produced as a result of the hydration of C3S and C2S, consists of hexagonal crystals and fill the spaces 
between the hydrate elements in masses. Of the volume of a fully hydrated cement paste except for 
spaces, 58% consists of (C-S-H), 27% of Ca(OH)2 or portlandite, and 15% of other hydrate elements. 
This means that a fully hydrated cement paste consists of a matrix formed of C-S-H (calcium-silicate-
hydrate) and portlandite and other hydrate elements (Postacıoğlu, 1987), (Figure 2).  
 
During hydration, SO3 has a huge effect on C3A. SO3 joins to the compound in gypsum and other 
primitive substances used in cement production. A high amount of SO3 forms needle-shaped ettringite 
crystals in the compound. Ettringite formation adversely affects compression strength. 
  
                               

 
  
 
 
 
 
 

 
 

Figure 2: SEM/EDS image of the 28-day MGP-15% sample  
 
Figure 3 shows the comparative XRD analyses of the 28-day cement pastes with 0%, 5%, 10% and 
15% MgO admixture. 

 

             

 

 

 

 

 

Figure 3: Comparative XRD analyses of the 28-day samples 



CONCLUSIONS 
 
The presents study examined what kinds of changes would occur in cements and mortars when 
pozzolanic MgO was added into CEM I 42.5/R cement in varying ratios. MgO admixture is a 
manufactured product. Literature reviews and experimental studies indicate that MgO that forms in 
cement hydration is essentially a harmful chemical formation that leads to volume expansion 
(Oymael, 1995). Examination of this judgment forms the focus of this study. 
 
The amount of SO3 in the samples was observed to be below the limit value (Lim.≤4%). The amount 
of alkali in cement structure should not exceed a certain limit (Na2O + 658 K2O max 0.60%) (ASTM 
C 150). The amount of alkali in all the samples was above the standard limits. The loss on ignition 
indicates that cement was not stored in suitable conditions or was kept for very long periods (Erdoğan, 
2003). Loss of ignition in portland cement should not be above a certain value (Lim. ≤5%) 
(www.merck.de). It was observed that the samples did not exceed this limit.  
 
Setting start and end times for cement pastes are affected by the rate of MgO admixture. The 
mentioned times increase with the amount of MgO admixture. The setting start limit for the control 
sample with 0% admixture significantly exceeded the one hour limit specified in TS EN 197-1 (≥60 
minutes). The most important property of C3S is its setting. It sets at the end of its rapid chemical 
reaction with water (Postacıoğlu, 1987). An examination of Table 4 reveals that the samples without 
admixture had the maximum amount of C3S and C3S value decreased with increasing admixture rate. 
The decrease in the amount with increasing admixture accounts for the extending setting time.  
 
Volume expansion is a quite important parameter in cements and mortars. Both in cement and mortar 
experiments carried out in accordance with TS EN 196-3, the expansion rate was 2mm at the most, a 
value which is considerably less than the standard 10mm limit. What is important here is that the 
ability of MgO to cause volume expansion balances the shrinkage behavior with MgO added to the 
cement. In examinations on consistency, the water content of pastes might significantly increase 
depending on the rate of MgO admixture due to higher Blaine fineness of MgO than cement. It was 
taken care that the water content in the mortar samples varied and that flow was between the values 
105%-110%.  2-, 7-, and 28-day compression strengths of pastes and mortars with 0%, 5%, 10%, and 
15% MgO admixture were examined. The main characteristic of all the samples was that an increase 
in admixture rate was inversely proportional to their compression strength. When compared to the 
control sample, decreases occurred in the strength of all samples. For instance, among 28-day cement 
pastes, the compression strength was 86.5 N/mm2 for the control samples with 0% admixture, while 
the strength values of those with 5%, 10% and 15% admixture decreased to 74.5, 60.5 and 43.5, 
respectively. The same applies to standard mortar samples. In 28-day mortar samples, compression 
strength was 56.5 N/mm2 and it declined to 50.5 N/mm2, 42.0 N/mm2 and 30.3 N/mm2 in mortars with 
5%, 10% and 15% admixture, respectively. The decreased compression strength values in those with 
MgO admixture could be attributed to the fact that CaOH2 (Ca) peaks were lower in cement paste X-
Ray diffractograms when compared to the non-admixture paste peak.  
 
To serve as a basis for the internal structure examinations, SEM/EDS and XRD (X-Ray diffraction) 
analyses were carried out on cement/mortar samples. As a result of the reaction of C3S, calcium 
silicate hydrate – represented by the symbol C-S-H – and Ca(OH)2, free lime, are formed. C-S-H 
elements are not well-crystallized and can practically have an almost amorphous structure. These 
elements are usually in two shapes: fiber or thin foil. While forming, calcium silicate hydrate elements 
are formed in hexagonal crystal shape and form bridges between hydrate elements. As C-S-H 
elements proliferate in time, the fibers and foils grow and are fused, leading to increased strength for 
cement. An examination of SEM/EDS images of cement pastes with 0%, 5%, 10%, and 15% MgO 
admixture in weight reveals Ca(OH)2 formation in sample with 15% admixture (Figures 2). It is 
suggested that in control samples without MgO (0%), the high increase in the amount of Ca (52.13%) 



and remarkable Si (16.24%) formation affect reaction of CaO with SiO2, thus contributing to C-S-H 
formation. 
 
The high amount of (Ca) in samples with 5%, 10%, and 15% admixture combined with silica and 
prevented C-S-H formation at a maximum level. Figure 3 presents the XRD diagrams of samples with 
0%, 5%, 10%, and 15% MgO admixture. In samples with 0% admixture, formation of Calcium 
Silicate, Calcite, Calcium Magnesium Aluminum Oxide Silicate, and Calcium Hydroxide was 
observed. Calcium Hydroxide formation increased with increasing MgO admixture rate. Ca(OH)2 is 
not desirable due to its structure in concrete and as it causes corrosion in equipment.  
 
In a study, “Du” underlines that free lime in cement leads to a decline in MgO expansion and the 
amount of free lime should be minimized. This is a result that is compatible with the results of the 
present study. In the study, the mixture which gave the most appropriate compression strength for the 
specific character and strength of the cement was obtained with 10% paste (60.5N/mm2) and mortar 
(42.0N/mm2) samples.  
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Abstract 
Durability is provided in present Codes and standards by means of a prescriptive methodology which mainly limits the 
proportions of concrete mix and of the flexural crack widths. As an evolution on this present situation there are several 
proposals based in models to calculate the time taken by the chlorides and the carbonation front to reach the 
reinforcement or the use of test methods in a performance based manner. Additionally the probabilistic calculations 
have been introduced. All these proposals create certain confusion and there is the need to make them coherent. In 
present paper is described the content of an informative report being issued by the standarization committee AENOR 
CT-83/SC10 (Concrete/Durability) in which all the proposals are organized in three categories or levels (from 1 to 3) 
of verification of the durability. Category 1 is the prescriptive method already incorporated in present codes based on 
"deemed-to-satisfy" rules, category 2 is the semi-probabilistic method that can be based in performance tests or in 
model, and category 3 is full probabilistic. Although these categories are already mentioned in the new fib Model Code 
on Service Life design  they do not consider in the framework the performance testing approach and then, in present 
paper a classification including this modern trend is presented. 
  
 
Originality 
In previous publications some of the authors have developed the need to classify the different alternatives of durability 
design. Then, the idea to make a multilevel methodology is not new, but the general framework has been updated and it 
has been aligned to the format used for mechanical structural design. The methodology described in present paper, 
differs from the recently expressed in the draft of the fib Model Code on Service life design which classify the 
approaches in four levels, being one of them the “avoidance of corrosion”. 
 
Chief contributions 
The updating of the general framework for durability design by placing the avoidance of corrosion choice in the first 
steps of the design procedure, and not as an alternative to the other categories. Also in present paper, the performance 
or durability “indicators” are incorporated into the general design framework which is not the case of the fib Model 
Code which does not mention this modern trend. 
 
Keywords: durability design, verification classes, durability formats. 
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Introduction 
 
Concrete durability is the property to withstand during the design service life the physical, chemical 
and biological actions operating in the environment where the structure is placed. Codes and Standards 
in general contain prescriptive provisions related to the concrete mix proportioning and to the 
maximum allowed structural crack width, to assure the required durability, however, there is an 
increasing demand to incorporate into the current standards more advanced concepts related to 
concrete durability, due to the need to better foresee and prevent distresses, in particular the corrosion 
of the reinforcement. 
In this respect, Tuutti’s proposal (Tuutti, 1982) on the definition of service life by dividing it into the 
initiation period, ti, and propagation period, tp, has marked an important milestone. Numerous further 
attempts trying to quantify both ti and tp (CEB-Bulletin 162; Masters, 1986; Valenta, 1969) have been 
published. These models based in Fick’s Second Law (Collepardi 1970) are now very popular in the 
scientific community. However, in spite of the possible potential higher accuracy of the models more 
complex than the based in Fick's Law, design engineers show reluctance to introduce them into 
national Codes or Standards. 
Several proposals exist based in modelling the mechanisms of attack (Tuutti, 1982; CEB-Bulletin 162; 
Masters, 1986; Valenta, 1969; Contecvet, 2001) or in the so called “performance” concepts (Masters, 
1986, Baroghel-Bouny 2002) or in the use of “durability indicators” (Valenta, 1969; Whiting, 1990; 
Fagerlund, 1979; Andrade, 1997). Nevertheless, their effective incorporation into the standards seem 
to be slow and a worldwide controversy exists on which is the best approach, due to the lack of 
enough tradition and experience of these new proposals. This situation demands the calibration of the 
new proposals and the need to make coherent the new models with long term experience.  
The consideration of the several approaches to durability design is the basis to propose a “multilevel” 
methodology, which could classify them and enable benchmarking in order to select in the future those 
being the better predictors of real behaviour. The methodology described in present paper, which is 
being issued by the standarization committee AENOR CT-83/SC10 (Concrete/Durability), differs 
from the recently expressed in the draft of the fib Model code on Service life design (Fib Bulletin 34) 
which classifies the approaches in four levels, being one of them the “avoidance of corrosion”. In 
present paper this requirement is introduced as a choice of the designer from the first steps of the 
design procedure and not as an alternative to the other categories. In present paper, also the 
performance or durability “indicators” are incorporated into the general design framework which is 
not the case of the fib Model Code which does not mention this modern trend. 
 
Multilevel methodology for durability design 
 
In addition to the deemed to satisfy rules contained in present standards, the most popular manner at 
present to design for certain durability is the modelling based in the assumption that the penetration of 
aggressive substances is controlled by diffusion (Tuutti, 1982). This approach can be mainly applied to 
reinforcement corrosion but results less applicable to other types of attack as alkali-aggregate reaction, 
AAR, or sulphate attack where the reaction step may be more controlling than the diffusion one. 
Apart from the use of concrete mix or the modern models there have to be considered the use of the 
testing of parameters that could indirectly be related to the durability, but that cannot be introduced 
into models. This can be the case in the past of water or air permeability (Fib Bulletin 34, CEN-EN 
1992, CEN-EN 206) that was thought to represent the concrete resistance against aggressive 
substances, or capillary suction. In the case of penetration of sulphates or the AAR, there are a set of 
different tests that are proposed to classify the resistance of the concrete. All of them constitute like a 
group of parametric testing that are also named “performance based tests”. This concept of measuring 
the performance is another of the approaches that can be found in the literature (CEN-EN-1992; 
Whiting D, 1990, Andrade, 1998) attracts the interest of designers as, in general, the tests are 
accelerated and in many occasions are cheap and can be used to rank concrete qualities. A typical 
example is the Rapid chloride permeability test proposed by Whiting in the 80’s (Kropp, 1995). 
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Finally, it has been recently introduced the importance of the so called “probabilistic approach” for 
durability design. The publications of the European project Duracrete (Duracrete 1998, JCSS, 
Izquierdo 2003) have shown the methodology to apply this approach to reinforcement corrosion. The 
probabilistic treatment demands the use of statistical distributions that, unfortunately, at present are 
scarce and do not ensure that this approach is more accurate than other ones. 
 
 
Formats of verification 
 
Several years ago part of present authors suggested (Andrade 1998) the need to consider these 
different possibilities not as opposite, but as alternative and proposed a “Multilevel” framework in 
four levels. In present paper the advance is focussed in reducing the levels or categories to three, 
taking the “verification methods” as the main classification. Then in Table 1 is shown present proposal 
that is being standardized at the Spanish committee AENOR CT-83/SC10 (Concrete/Durability). 
 
 

Table 1: Formats of Verification of the durability. 
 

 
 
 
 
 
 
 
The category 1 is the used in present codes and standards to define “a priori” the dosages of the 
concrete and the cover thickness of the reinforcement and other constructive details, for each type of 
environment, Categories 2 does the same but from a concrete property or “Indicator” which can reflect 
the overall durability and Category 3 calculate the dosage  and the most appropriate rebar cover to 
each type of environment from durability models where the time (service life) is one of the variables. 
 
 
Framework for durability design 
 
The general procedure to verify the durability is then shown in figure 2 and should establish the 
following specifications: 
− The service requirements of the structure, 
− The period of service, 
− The environmental actions operating in the place where the structure will be erected. 
Based in such specifications, the materials are selected and it is decided whether preventive measures 
are to be adopted in order to avoid the deterioration. For that, it is necessary to identify: 
− The deterioration processes that can develop in the particular environment, 
− The Limit States: SLS and ULS, 
− The strategy for the durability by specifying the concrete mix proportioning, the structure 

geometry and detailing and the construction provisions, 
− The additional preventive measures, if any to be employed. 
 
 

 
 
 

FORMATS OF DURABILITY VERIFICATION 
Category 1 Category 2 Category 3 
Deterministic Semi-probabilisic Probabilistic 
Time implicit Time  implicit Time 

explicit 
Time explicit 

Prescriptions in 
standards 

Durability 
Indicators  

Durability 
Models 

Durability Models 



4 
 

 

 
Figure 1: General framework of durability verification 

 
It has to be emphasized the differences of this framework to that proposed in (fib Bulletin 34) by the 
draft of the fib Model Code for service Life design. There are two main differences:  
1) In figure 2 the avoidance of corrosion is not an alternative method of durability verification to the 

prescriptions/semi-probabilistic/probabilistic methods, because the alternative consideration is 
conceptually not coherent. Is seems better to place the decision on whether a full avoidance of 
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deterioration is made as a main previous decision, or when a pre-verification shows that there is 
not other manner to comply with the desired service life than to apply additional preventive 
measures, as cathodic protection or galvanized bars or a superior strength concrete class. 

2) The other main difference is the consideration of performance indicators or tests as an alternative 
to the present prescriptive method having implicitly the time. That is, to suggest tests, for instance 
the electrical resistivity, that if certain value is reached, it means that the concrete will last longer 
than the specified service life period with the corresponding partial factor, or with a full 
probabilistic treatment. 

All the categories of durability verification should be made to give similar or coherent results, 
which indicate the substantial work that remains to calibrate the partial factors from full probabilistic 
analysis. Then, still is needed elaboration of present proposal and illustrating it with several examples 
that could show the coherence between the different alternatives.  
 
 
Conclusions 
 
There are several procedures at present to verify the compliance of a particular structure with the 
durability provisions. This varied offer has introduced in the past certain confusion that at present is 
overcome by the acceptance of alternative methods of verification of the durability.  
 
In present paper is presented the advances made in order to adapt the durability design on one hand, to 
the classical design for strength and on the other, to incorporate in the framework the modern trends 
based in the use of Performance Indicators. Although many aspects need further elaboration and 
calibration, Table 2 presents an updated version of previous proposals from some of present authors on 
a general framework for durability design.  All the methods shown in that table should give coherent 
results in terms of concrete mix proportioning and construction detaling. 
 
The classification is headed by splitting the alternatives, in addition to prescriptions, of semi-
probabilistic treatment (performance indicators or time explicit models) and full probabilistic 
treatment for which reliable statistical distributions of the variables are needed. The avoidance of 
corrosion seems better to be decided in a previous step of the general methodology for durability 
verification, as conceptually is not homogeneous that decision with the previous three head methods. 
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Abstract 
Air-entraining admixtures (AEA) are used in concrete and, especially, in mortar formulations aiming to provide 

suitable fresh properties, minimize phase segregation, increase mortar yield and freeze-thaw resistance. However, the 

products containing these additives are more sensitive to mixing process and environmental conditions, which may 

affect fresh and hardened properties in a non-predictive way. A detailed characterization of cementitious materials is 

helpful for an adequate understanding of their behavior during mixing, transport and application processes, as well as, 

their hardened properties. Several techniques like flow rheometry, isothermal calorimetry and mechanical tests can be 

used to evaluate consolidation behavior, chemical reactions kinetics and strength development, respectively. Therefore, 

the present work evaluates cement pastes prepared with different types and contents of AEA under diverse testing and 

curing temperatures. The results showed that the additives negligibly influenced the chemical reactions, which were 

affected more significantly by the temperature. Despite the curing temperature, the hardened properties of the pastes 

(mechanical strength and elastic modulus) decreased as a function of AEA content. 

 

Originality 
In spite of the air incorporation in cementitious materials to being a well-known, the subject proposal in this work is 

innovative, because it aims to correlates the physical and chemical paste properties in the fresh state with the hardened 

properties. Moreover, as the AEA renders the cementitious materials very sensitive to environmental conditions, the 

characterizations were carried out under different temperatures, since concretes and mortars are applied in different 

conditions.  

 

Chief contributions 
The utilization of rotational rheometry to determine the rheological parameters, isotermal calorimetry to quantify the 

flow heat in the cement chemical reactions and mechanical strength and dynamic modulus of elasticity to evaluate the 

hardened state are tools that makes possible the evaluation of the AEA in cementitious pastes at different temperatures.  
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Introduction 

The use of AEA in mortar and concrete formulations has been studied for several authors and is 

common sense that this technology improves the fresh state properties, increases the cohesion and 

workability, minimizes the phase segregation, increases the mortar yield and freeze-thaw resistance, 

may decrease the modulus of elasticity (Roussel, 2010; Romano, 2009; Rixon, 1999; Shaughnessy, 

1988; Ramachandran, 1984; Otsubo, 1980), among other effects. 

However, what is frequently found out about this kind of additive is that it renders the cementitious 

compositions very sensitive to the mixing process, impacting directly in the fresh and hardened state 

properties and in the performance in use. Type of cement, type of AEA, additive content and 

environmental conditions, are the main variables that may promote this sensitivity (Romano, 2009; 

Takahashi, 2009; Banfill, 2005). 

As the kinetic of air incorporation is still poorly understood and the evaluation of the rheological 

behavior is complex, the utilization of this method to produce lightweight cement-based materials is 

still very empirical and, probably because of this, there is much resistance to expand this technology 

within construction community. Thus, the objective of this work is to evaluate the early ages and 

hardened properties of pastes, prepared with different AEA types and contents, at two different 

temperatures. 

 

Materials and Methods 
This work was carried out using Portland cement blended with calcareous filler (CPIIF), and air-

entrained admixtures based on sodium lauril sulfate molecules, designed as TX and ES, that display 

anionic dissociation. Four different admixture contents (0.2, 1.0, 2.0 and 3.0g/L) were used in the paste 

compositions. 

The cementitious pastes were mixed in a planetary mixer, Hobart, for 2 minutes. All powder material 

was added into the pot, followed by water addition in a flow of 45 g/s. The pastes were mixed with 

water-to-cement ratio of 0.4 and the mixing procedure was preceded by a raw material thermal 

treatment, at 10°C and 40°C. 
 

Experimental Setup 
The methods proposed in this work are presented as following: 

• Isothermal calorimetry: it was used an isothermal calorimeter TAM Air, TA Instruments, with 

precision of ± 20 µW. All powder was added in an ampoule and the water was mixed, starting the 

hydration reaction and acquiring the flow heat for 48 hours with a precise temperatures control at 

10°C or 40°C. 

• Density and air-incorporation: it was determined by the gravimetric method, from the raw material 

real densities, obtained by gas Helium picnometry. 

• Pore distribution: it was determined by Mercury Intrusion Porosimetry in an equipment Micromeritics 

– Auto Pore III, model 9410. 

• Rotational rheometry: the test started 15 minutes after mixing, using a rheometer AR 550, TA 

Instruments. The pastes were placed between two parallel plates and squeezed to 1000 µm gap. The 

shear rate was increased from 0 to 400sec
-1

 and then decreased to 0, in steps of 1 minute. 

• Mechanical strength: diametrical compression test was used to evaluate the tensile strength, carried 

out in a Universal Test Machine (Instron, model 5569). The assays were realized after cure by 7 days 

at 10°C or 40°C and 98% of relative humidity. The samples presented width around 10 mm and 

diameter of 50 mm, approximately. 

• Modulus of elasticity: the measurement was realized according to British standard test BS 1881 – part 

203, with equipment named ‘eco-pulse’ (Pundit), with frequency transducers of 200 kHz and circular 

cross section with diameter of 20 mm (coupled with gel on the surface). 

 

Results and discussions 

Flow and cumulative heat – Determination of the kinetic of chemical reaction 



Different mechanisms are proposed to describe the cement hydration reactions, but it is clear that the 

reaction is continuous and exothermic, and it can be divided in several stages, according to the flow 

heat, as shown in Figure 1. 

 
Figure 1: Pattern of the heat evolution in a typical Portland cement hydration reaction, until the final of 

induction period, which represents, in this work, the early-age period, where all fresh state characterization was 

carried out. 

 

As it can be seen in Figure 2, independently of the additive content or type of additive, the flow heat 

was the same for every evaluated formulation. This confirms that the air-entrained admixture used in 

this work didn’t change the kinetic of cement hydration reaction, which changed only due to 

temperature alterations. 

 
Figure 2. Flow heat of the additived pastes with TX (a) and ES (b). From top to bottom, are presented the results 

of assays at 10°C and 40°C, respectively 

 
The results presented in Table 1, allowed to compare the characteristics shown in Figure 1. In all cases, 

it was shown the average and deviation for these parameters, calculated for each group of cement 

pastes, as Ref, 0.2, 1.0, 2.0 and 3.0 with TX or ES, in each temperature. 

As all curves follow the same patterns, the deviation was very small and from these measurements, it 

can be concluded that with the raise of the temperature from 10°C to 40°C, the time of induction period 

decreases, but there aren’t any influence of the additive or additive content in the chemical reaction. 

Time
t2

t3t0

t0 = hydration reaction starts

t2 = beginning of induction period

t3 = end of induction period;

t3 - t2 = induction period

t2 - t0 = end of dissolution and precipitation of hydrated compounds period

h1

h1 = maximum dissolution/precipitation heat

t1

t1 = dissolution/precipitation peak



In the same way, the final of induction period, the dissolution/precipitation heat or peak and the 

beginning of induction period were also influenced only by the temperature. So, as there were not 

considerable modifications in the chemical reactions, the cumulative heat after hydration for 48 hours 

was very similar at the same temperature, with negligible influence of the type of additive or additive 

content and was considerable higher in 40oC than in 10oC. 

This does not mean that the chemical reactions that occur at 40
o
C will not occur at 10

o
C; it is just matter 

of time. Low curing temperatures led to reasonable prolongation of induction period thus prolonging the 

workability of the material, so whenever applied in early age of hardening cement pastes (Vydra et al., 

2007). On the other hand, high curing temperatures ted to much shorter times of workability. 

 
Table 1: Characteristics of the cement paste hydration reactions. 

Parameters 
10oC 40oC 

TX ES TX ES 

Maximum dissolution/precipitation heat (W/g) 0,0031±0,0002 0,0031±0,0002 0,0051±0,0005 0,0054±0,0004 

Dissolution/precipitation peak (h:min) 00:09 ± 00:02 00:10 ± 00:02 00:04 ± 00:00 00:04 ± 00:00 

Start of induction period (h:min) 00:56 ± 00:02 00:56 ± 00:02 00:20 ± 00:00 00:20 ± 00:00 

Induction Period (h:min) 04:43 ± 00:04 04:42 ± 00:04 01:59 ± 00:10 02:03 ± 00:08 

Final of Induction Period (h:min) 05:39 ± 00:02 05:40 ± 00:02 02:19 ± 00:10 02:23 ± 00:08 

Maximum cumulative heat (after 48h) (J/g) 127.7 ± 3.2 127.6 ± 2.4 216.9 ± 2.1 217.1 ± 1.4 

 

Air-Bubble incorporation 
In Figure 3 is presented the variation in the air-incorporation level as a function of the AEA content. 

The raise of additive content was responsible to increase the air-incorporation, independently of the 

temperature. In fact, this was an expected behavior because increasing additive content represents 

higher foaming capacity (Takahashi, 2009). 

Temperature changes, on the other hand, resulted in different patterns in function of the type of 

additive. Pastes formulates with TX were more sensitive to the temperature, the air-incorporation at 

10°C was higher than at 40°C and the difference between air-incorporation at 10°C and 40°C was 

higher with the raise in additive content. These are expected observations because, according to the 

literature, the raise of the temperature can modify the properties of additived cement-based materials 

due to: i. reduction in the liquid viscosity and consequently quick bubble coalescence, ii. reduction in 

the hydration of the additive hydrophilic groups, iii. reduction of water surface tension, iv. increase of 

Brownian motion and frequency of collisions between the cement particles, v. changes in the AEA 

foaming capacity and in bubble stability (Salager, 1993; Fortes, 1994). 

 
Figure 3: Air-incorporation level in function of the admixture content. 

 

However, in a different way, for the pastes additived with ES was not observed considerable difference 

in the air incorporation due to the temperature raise. Despite of this fact to be very important to choose 

the type of air-entrained admixture, it is still investigated because there are not plausible explanations 

based on literature, for the occurred. 
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Pore distribution 
Although in the fresh state the air-incorporation was higher at 10oC than at 40oC, during the cure, the 

air-bubble collapsation was higher at 10
o
C (around 17%) than in the higher temperature (around 14%). 

The higher loss of air-bubble at 10
o
C may be explained by the faster kinetic of bubble coalescence 

allied with the slower rate of the hydration reaction as showed previously, in the Table 1. Furthermore, 

besides affecting the porosity, both phenomena can also affect the pore distribution, as shown in the 

Figure 4, in which (a) are the results for the additive TX and in (b) for ES. 

 
Figure 4: Pore distribution of the cement pastes. In (a) it is shown the results of the TX air-entrained admixture 

and in (b) of the ES. Above are the results of the pastes cured at 10°C and below cured at 40°C. 

 

In the pastes cured at 10
o
C, a clear group of larger spherical voids was created with diameter between 

5 µm and 30 µm and represents the AEA action. On the other hand, in the samples cured at 40oC, 

another family of voids was observed with diameters lower than 1.0 µm, referred to the capillary pore. 

Cure at 10°C produced the most coarse pore structure in comparison with samples cured in 40°C, 

because the foam may survive for only about a few minutes before collapsing through drainage. So, it is 

clear that small pores are enlarged by the increase in the temperature of cure, since obviously, led to 

much shorter times of workability and the air bubbles has not many time to collapse. 

In a different way that was found by Vydra et al (2007) or Diamond apud Sellevold (1974), in these 

samples significant differences in the pore structure were observed, caused by the cure temperature, and 

the pore distribution was independent of type or additive content. 

So, the porosity or pore structure characterization is very important because it influences the durability, 

since materials with equivalent total pore volume can exhibit entirely different performance depending 

on the pore structure and more specifically on the relation of small to large pores (Arandigoyen, 2007; 

Sellevold, 1974). 

 

Rotational rheometry 
In Table 2 are presented the rheological parameters, as apparent viscosity (measured in the shear rate 

400 sec
-1

), estimated yield stress (measured in 3 sec
-1

) and hysteresis area. It was not observed any 

correlation between air-incorporation, additive content, or the type of additive with the pastes 

rheological properties. Therefore, it can be inferred that the additived cement pastes are very sensitive 

to the process and environmental conditions, and the rheological properties were changed randomly. 

Two different stages are found in the flow continuous test. The first one represents the evaluation made 

during the raise of the shear rate, resulting in the cement particles de-agglomeration. The second stage, 
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realized with decrease of the shear rate, may result in the particle re-agglomeration due to the cement 

characteristics. The difference between the first and the second stage were quantified by the hysteresis 

area and for all evaluated pastes, was found positive hysteresis (positive tixotropy). So, this indicates 

that the particles had distinct balance de-agglomeration/re-agglomeration, in function of the shear 

history applied. In all evaluated pastes the de-agglomeration was faster than the re-agglomeration, and 

according to Shaughnessy (1988), this effect occurs because the breakup of particle aggregates is 

predominant under the hydration effect during the shear. 

 
Table 2: Rheological parameters and air-incorporation level for all pastes evaluated 

Temperature 

Sample 

Apparent 

Viscosity 

(Pa.s) 

Yield 

Stress – ac 

(Pa) 

Yield Stress – 

deac (Pa) 
∆∆∆∆YS (Pa) 

Hysteresis 

area 

(Pa/s) 

Air 

incorporation 

(%) 

(°C) 

10 

Ref 0.64 3,029.0 49.7 60.9 114,500 5.9 

0.2TX 0.77 283.6 63.9 4.4 38,330 7.1 

1.0TX 0.75 135.0 53.7 2.5 29,680 8.2 

2.0TX 0.74 137.6 61.9 2.2 9,316 10.5 

3.0TX 0.60 64.2 64.1 1.0 7,556 12.5 

0.2ES 1.00 238.4 59.5 4.0 21,300 7.0 

1.0ES 0.38 132.0 30.5 4.3 30,610 7.6 

2.0ES 0.57 108.7 46.5 2.3 25,970 8.3 

3.0ES 0.48 126.9 46.2 2.7 26,180 9.9 

40 

Ref 1.18 1,146.0 94.7 12.1 92,290 5.6 

0.2TX 0.77 499.1 87.6 5.7 74,790 6.9 

1.0TX 0.85 299.3 117.0 2.6 45,080 7.2 

2.0TX 0.82 587.6 112.1 5.2 35,670 7.9 

3.0TX 0.63 167.0 65.4 2.6 7,176 9.1 

0.2ES 1.23 444.1 156.3 2.8 42,050 6.6 

1.0ES 0.86 220.5 93.3 2.4 42,200 7.1 

2.0ES 1.27 807.5 141.1 5.7 98,580 7.9 

3.0ES 0.16 1700.0 22.1 76.9 133,000 9.7 

ac – yield stress (YS) obtained in the acceleration of the shear rate; deac – YS obtained in the shear rate 

deacceleration; and, ∆YS – ratio YS(ac) / YS(deac) 

 

From the ratio between the yield stress estimated on the first stage of the test, and the YS estimated in 

the second stage, it was possible to quantify the paste structuring level, from the parameter ∆YS, allied 

with the hysteresis area (HA) values. The reference pastes presented the higher structuring level, since 

the HA and the ∆YS were higher than in the additived pastes. Thus, despite the fact that the AEA didn’t 

affect the cement hydration reaction, the particle agglomeration was affected. Perhaps the air-entrained 

admixtures, besides acting on the air-incorporation, may have been responsible for improving the 

particles dispersion, or the agglomerated were generated with weaker van der Walls interactions. 

With the raise of the temperature, the apparent viscosity and yield stress also increased, and the 

rheological properties were more sensitive to the air-entrained admixture presence when the pastes were 

evaluated at 40oC. 

 

Mechanical strength and Modulus of elasticity 
The Figure 5 shows the porosity influence in the tensile strength (a) and in the elasticity modulus (b). 

As it was expected, the mechanical strength and modulus of elasticity were directly proportional to the 

temperature and inversely proportional to the porosity. Moreover, while the porosity has had a 1.5% 

variation, the variation in mechanical strength was 8.5% and 5% in the modulus of elasticity. These 

changes occurred just due to the additive action and were independent of the temperature. 

Thus, it can be inferred that a little variation in the structural properties of cement-based materials, was 

caused due to the fresh state property changes or in the chemical reaction rate, has a considerable 

influence in the mechanical or elastic properties after hardening. 



 
Figure 5: Tensile strength (a) and modulus of elasticity (b) of the samples cured in 10°C or 40°C, in function of 

the total porosity. 

 

Conclusions 

After the presentation of the results, it can be concluded that: 

• the temperature change was the only variable responsible for altering the cement chemical reactions; 

• the raise of additive content results in increase in the air-incorporation which was independent of the 

type of additive; 

• it weren’t observed considerable differences in the air-incorporation in the ES systems, due to the 

temperature variation, but in the systems with TX the air-incorporation was higher when the samples 

were mixed at 10
o
C than at 40

o
C. This shows the higher TX sensitivity to the environmental 

conditions; 

• rheologically, it weren’t observed any tendency in the apparent viscosity or yield stress, in function of 

the air-incorporation, mainly at the higher temperature. 

• the temperature changes had more impact in the pore distribution than the additive content. The 

volume of coarse pores was higher in the samples cured at 10°C and cures at 40°C results in more fine 

pores in the structure; 

• the variations in the fresh state resulted in structural changes after cure, which reflected in the 

mechanical strength and modulus of elasticity and, probably, will reduce the cement-based materials 

durability and performance in use. 

 
References 

Arandigoyen, M., Alvarez, J. I., 2007. Pore structure and mechanical properties of cement–lime mortars. Cement 

and Concrete Research 37, 767–775. 

Banfill, P. F. G., 2005. Rheology of fresh cement and concrete. School of the Built Environment, Heriot-Watt 

University – Edinburgh, EH14 4AS. United Kingdon. 

Fortes, M. A., Corghlan, S.1994. Simple model of foam drainage. J. Applied Physics.76 (7), p. 4029–4035. 

Otsubo, Y., Miyai, S., Umeya, K., 1980. Time-dependant flow of cement pastes, Cement  and Concrete Research 

(C.C.R.) 10. 631 – 638. 

Ramachandran, V. M., 1984. Concrete admixtures handbook. Noyes Publications, New York. 

Rixon, R., Mailvaganan, M., 1999. Chemical admixtures for concrete. 3rd Edition. E & FN Spon. London. 

Romano, R. C. O., Schreurs, H., Silva, F. B., Cardoso, F. A., Barros, M. M. S. B., John, V. M., Pileggi, R. G., 

2009. Impacto do tipo de misturador e do tempo de mistura nas propriedades de argamassas industrializadas. 

Ambiente Construído 9 (4), 109-118. (IN PORTUGUESE) 

Roussel, N., Lemaître, A., Flatt, R. J., Coussot., 2010. Steady state flow of cement suspensions: A 

micromechanical state of the art. Cement and Concrete Research 40, 77 – 84. 

Salager, J. L. 1993, Surfactantes em solucion acuosa. Cuaderno FIRP S201A. Modulo de Enseñanza em 

Fenomenos Interfaciales. Universidad de los Andes. Merida, Venezuela. (IN SPANISH) 

Shaughnessy III, R., Clark, P. E., 1988. Cement and Concrete Research 18, 327 – 341. 

Sellevold, E. J., 1974. Mercury Porosimetry of Hardened cement paste cured or stored at 97°C. C.C.R. 4. 

Takahashi, M. M. Romano, R. C. O., Pileggi, R. G., John, V. M., 2009. Capacidade espumante de incorporadores 

de ar em presença dos íons solubilizados do cimento Portland. In: Anais do 17º SIICUSP. (IN PORTUGUESE) 

Vydra, V., Kapičková, O., Demo, P., Semerák, P., 2007. Influence of temperature on induction period and on 

ultimate porosity of hardening cement paste. Construction and Building Materials 21, 1262–1266. 

R² = 0.53

R² = 0.80

0

5

10

15

20

25

37 38 39 40 41 42 43 44 45

M
o
d

u
lu

s 
o

f 
el

as
ti

ci
ty

 (
G

P
a)

Total porosity (%)

(b)

10

40

R² = 0.20

R² = 0.37

0

1

2

3

4

5

37 38 39 40 41 42 43 44 45

S
p
li
te

 t
en

si
le

 s
tr

en
g
th

 (
M

P
a)

Total porosity (%)

(a)

10

40



C-S-H Seeding:  

An approach for the nanostructural tailoring of cement-based materials 
 

Rouhollah Alizadeh
*
, James J. Beaudoin, Laila Raki, Jon Makar 

Institute for Research in Construction, National Research Council, Ottawa, Canada 
 

Igor Moudrakovski 
Steacie Institute for Molecular Sciences, National Research Council, Ottawa, Canada 

 

 

Abstract 

The hydration of calcium silicate phases (i.e. C3S and -C2S) in Portland cement results in the formation of calcium 

silicate hydrate (C-S-H) – a major contributor to the strength and durability of hardened cement paste. The 

stoichiometry of C-S-H (e.g. C/S and H/S ratio) can vary depending on various parameters such as the initial 

water/cement ratio and the use of supplementary cementitious materials. The change in the composition of C-S-H has 

been shown to be related to its mechanical and chemical behavior. A method for modifying the nanostructure of 

hydrating cement systems that employs synthetic C-S-H as a nucleation seeding agent during the hydration process was 

developed. C3S was hydrated in the presence of five types of synthetic C-S-H (I) having C/S ratios of 0.6 to 1.5. The 

products were characterized by several analytical techniques including conduction calorimetry, SEM, TGA-DSC and 
29

Si MAS NMR analyses at various hydration times. The hydration of C3S was significantly accelerated due to the 

nucleation seeding mechanism of the synthetic C-S-H. Most importantly, it was demonstrated that the kinetics of the 

formation and the chemistry of the C-S-H product can be manipulated depending on the type of the C-S-H seed. This 

method makes it possible to tailor the nanostructure of the cement-based materials.  

 

Originality 

The nucleation seeding during C3S hydration has been previously attempted using various materials. The primary focus 

in the previous studies has been on the accelerating effect of the seeding agents. The effects were studied mainly by 

conduction calorimetry. The authors, however, examined the alteration of the nature of the C-S-H phase (composition 

and degree of silicate polymerization) through C-S-H seeding as investigated through several analytical methods. 

Synthetically prepared C-S-H materials of known stoichiometry (i.e. C/S ratio) were utilized as seeding agents during 

the hydration of C3S. It was shown that the C/S ratio of the C-S-H product in the hydrated material is dependent on the 

C/S ratio of the C-S-H seed used in the system.  

 

Chief contributions 

The mechanical and durability characteristics of C-S-H are primarily influenced by the chemical composition of the C-

S-H. These are dependent on the concrete mixture proportions, curing conditions and the use of supplementary 

cementitious materials, e.g. fly ash and silica fume. The ability to control the formation and tailor the chemistry of the 

C-S-H in hardened cement and concrete has been elusive. The current work, however, demonstrates that it is possible 

to engineer the formation of the C-S-H and modify its intrinsic chemical properties. This is a potential advancement in 

concrete materials design as it provides a unique tool for the modification of the nature of hydrated cement paste and 

its optimization for performance requirements in a variety of service conditions. The current study could potentially 

lead to a major change in the way that we look at the concrete production. It has also opened up several directions for 

future research that involve the nanostructural metamorphosis of C-S-H in cement systems.  
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29
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1. Introduction 

 

The hydration of tricalcium silicate (C3S) in Portland cement results in the formation of calcium 

silicate hydrate (C-S-H) which is the main contributor to major physical and mechanical properties of 

the fresh and hardened cement paste such as setting and strength [Odler 1998, Alizadeh et al. 2011]. 

The kinetics of the hydration of C3S can be controlled through the addition of various chemical 

admixtures that are used to accelerate or retard the hydration process depending on the required 

performance from the cement paste. Nano CaCO3, silica fume, nano TiO2 and various types of 

hydrated silicates have also been used to modify the hydration of C3S [Sato and Beaudoin 2010, 

Beedle et al. 1989, Lindgreen et al. 2008, Jayapalan et al. 2009, Davis and Young 1975, Gartner and 

Gaidis 1989, Li and Tang 1991, Thomas et al. 2009, Tikalsky et al. 1999, Scheetz et al. 2003, 

Alizadeh et al. 2009, Wu and Young 1984, Ramachandran and Chun-Mei 1986]. The primary 

mechanism associated with the interaction of these materials during the hydration process is the 

provision of a surface for the nucleation and growth of the C-S-H. This is advantageous in that it 

diminishes the accumulative precipitation of C-S-H on the surface of C3S. Therefore, the rate of 

dissolution and hydration of C3S increases through enhanced access to the aqueous phase. The induced 

nucleation mechanism also results in more homogenous formation and better distribution of the 

hydration products in the cement paste matrix, which in turn can improve the mechanical performance 

and durability characteristics of the hardened material [Thomas et al. 2009, Scheetz et al. 2003]. 

 

The kinetics of hydration of cement compounds in the presence of these fine materials has been well 

studied. However, the possible chemical interactions are not clearly resolved. It is important to 

understand if the nucleating agents can alter the chemistry of the hydration products and, in particular, 

the C-S-H which can be prepared at variable stoichiometries. It has been previously shown that the 

nature of the C-S-H product can be tailored through the addition of C-S-H (I) as a seeding material 

[Alizadeh et al. 2009]. The C/S ratio of the C-S-H was shown to be an important parameter in the 

metamorphosis of the C-S-H that forms on the surface of seed particles during the hydration of C3S. A 

wider range of C/S ratios was examined in the current work and the nature of early-age hydration 

products in the presence of various C-S-H seeds was investigated using different analytical methods 

including SEM and 
29

Si NMR. 

 

2. Materials and Methods 

 

The C3S was obtained from the CTL Group (Skokie, IL). The C-S-H seeds were synthesized by 

reacting CaO and SiO2 in excess water to produce C-S-H at C/S ratios of 0.6, 0.8, 1.0, 1.2 and 1.5. 

CaO was obtained by the calcination of CaCO3 at 900 °C for 24hr. Fumed SiO2 (Cab-O-Sil grade M-5) 

was obtained from Cabot Corporation (Billerica, MA). Stoichiometric amounts of these reactants were 

first mixed in a high density polyethylene bottle and then distilled de-aired water was added 

(water/solid mass ≈ 10) to start the reactions. The bottles were placed on rotating racks for about 6 

months at room temperature. After this period, the product was filtered and dried under vacuum. The 

produced C-S-H powder was stored in nitrogen purged glass vials until used.  

 

The test samples were prepared by mixing 4 grams of C3S with 20% (addition by mass) of each type 

of the C-S-H seed. A water to C3S ratio of 1.2 was used in order to achieve an acceptable consistency 

in all the mixtures. Depending on the type of the required analysis, various specimens were collected 

from the hydrating samples at different times. The hydration was stopped in these specimens by 

immersing them in excess isopropanol for 24 hours and further drying of the filtered material under 

vacuum.  

 

The pristine C-S-H seeds were then characterized. The surface area values of the seeds obtained using 

the nitrogen BET method in a Nova 2200e instrument (Quantachrome Instruments) are presented in 

Table 1. The mean particle size of the C-S-H powder agglomerates was also determined using a 



Malvern Mastersizer 2000 instrument. The XRD 002 basal spacing of the synthetic C-S-H systems, 

which is a measure of their interlayer distance, is also given in Table 1. The solid state 
29

Si MAS NMR 

spectra of the C-S-H seeds are shown in Figure 1. The degree of silicate polymerization in the C-S-H 

materials was calculated from the integral intensity ratio of Q
2
/Q

1
 (with an error margin of about 5-

10%) as presented in Table 1. It is noted that there is a dependency of a C-S-H’s characteristics on its 

C/S ratio. The 002 basal spacing and Q
2
/Q

1
 ratio, for example, decrease as the C/S ratio increases. The 

BET surface area is significantly different for two categories of low lime and high lime C-S-H 

separated at a C/S ratio of about 1.0. These characterizations are important in interpreting the effect of 

using pre-formed C-S-H as a seeding agent in the hydration of C3S. The hydrated systems were 

examined through different analytical methods. In addition to the conduction calorimetry, the 

characterization of the materials was conducted using TGA-DSC, 
29

Si NMR and SEM. The 

experimental details of these techniques were described in detail elsewhere [Alizadeh et al. 2009].  
 

Table 1: Characterization of C-S-H seeds. 

C/S ratio 
002 basal spacing 

(nm) 

BET surface area 

(m
2
/g) 

Q
2
/Q

1
 ratio 

Mean particle 

size (m) 

0.6 N.A.
*
 204 N.A.


 28.6 

0.8 1.41 186 3.50 46.3 

1.0 1.23 29 0.78 42.9 

1.2 1.17 30 0.17 38.2 

1.5 1.18 52 0.13 38.1 

* The low angle 002 peak was not detected in the XRD experiment.  

 Unlike other C/S ratios, additional signals were detected at more negative chemical 

shifts possibly associated with Q
3
 and Q

4
. Therefore, the Q

2
/Q

1
 ratio is not comparable.  
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Figure 1: The 
29

Si NMR spectra of synthetic C-S-H seeds showing different degrees of silicate polymerization. 

 

3. Results and Discussion 
 

The conduction calorimetry results for the C3S samples seeded with C-S-H (C/S=0.8 and 1.2) are 

shown in Figure 2 in comparison to that for the control sample. It is noted that the addition of C-S-H 

seeds, as expected, accelerates the hydration of the C3S. The extent of this acceleration depends on the 

seed type. The low lime C-S-H (C/S=0.8) increases the rate of heat of hydration more than that in the 

case of C/S=1.2 C-S-H. The induction period appears to be shortened when the hydration of C3S is 



seeded with C-S-H. This period is shorter in the case of the low C/S ratio C-S-H seed. It is suggested 

that the more pronounced effects in the low lime C-S-H seeded systems are due to the surface 

characteristics of this type of seed.  The surface area (as compared in Table 1) is almost 6 times as 

much as that for the C/S=1.2 C-S-H. It is argued that this massive surface assists the nucleation of the 

C-S-H from the hydration of C3S. It is also initially effective in the adsorption of the Ca
2+

 and OH
–
 

ions in the aqueous phase which in turn accelerates the dissolution of C3S. A close examination of the 

main hydration peak for the C/S=0.8 C-S-H seeded system shows that there is a second peak on its 

right shoulder. The analysis of the rate of hydration heat curves using derivative scanning calorimetry 

suggests that there are two events occurring during the formation of the hydration products (mainly C-

S-H) [Alizadeh et al. 2009, Makar et al. 2007]. The first event is associated with the surface effects 

and is attributed to the nucleation of initial C-S-H particles on the surface of the C-S-H seeds. The 

second event is controlled by the bulk growth of the C-S-H. The prominence of the first peak in the 

sample with 20% C-S-H supports the idea of surface area driven nucleation. 
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Figure 2: Rate of the heat of hydration in the conduction calorimetry experiments. 

 

The samples were analyzed using SEM in order to investigate the formation of C-S-H from the 

hydration of C3S in various systems. The changes in the surface morphology of the C3S and C-S-H 

particles were monitored as different hydration times. In the control sample, there is not a noticeable 

change in the surface of the C3S particles during the pre-induction stage. After about 1.5 hours, 

dissolution pits appear on the surface of C3S. At the same time, the initial C-S-H particles are 

nucleated on the C3S surface. Figure 3 shows the dissolution pits and the growth of C-S-H on the 

surface of C3S. The surface of the C3S particle is completely covered by C-S-H agglomerates after 

about 7 hours. This process is self-controlling in that, as hydration proceeds, the formation of C-S-H 

products limit the access of the unhydrated C3S to the aqueous phase. Therefore, the rate of the 

dissolution of ions and subsequent precipitation of C-S-H decline over time.  
 

 
 

Figure 3: The surface of C3S after about 3 hours of hydration showing pits and the formation of C-S-H.  



The seeded systems exhibit a different hydration mechanism. The SEM analysis shows that there is a 

significant dissolution pit formation on the surface of C3S particles during the pre-induction period 

only after about 10 minutes of mixing. The nucleation and growth of C-S-H on the surface of C-S-H 

seeds also occurs at earlier hydration times. In the seeded systems, an examination of the surface of C-

S-H seeds reveals that the needle-like C-S-H crystals form on the platy seed particles as shown in 

Figure 4. This is a direct evidence for the nucleation mechanism in the C-S-H formation in the 

presence of seeding materials. It also supports the arguments about the improved distribution and 

homogeneity of the hydration products since the C-S-H forms on the surface of seeding agents that are 

distributed in the cement paste [Thomas et al. 2009]. Formation of C-S-H in these regions diminishes 

the rapid accumulation of C-S-H products on the surface of the C3S and results in a higher rate of 

hydration shown in the conduction calorimetry results.  

 
 

 
 

Figure 4: The formation of needle-like C-S-H crystals from the hydration of C3S after 3 hours on the surface of 

C-S-H seed particles (left: C/S=1.2, right: C/S=0.8). The Scale bar is for both images. 

 

Solid state 
29

Si MAS NMR was employed to examine the silicate structure of the hydrated materials. 

The spectra are shown in Figure 5. All the spectra exhibit three types of signals. The set of signals 

between about -68 and -76 ppm are called Q
0
 and belong to the isolated silicate tetrahedra in the 

unhydrated C3S. The other two signals are called Q
1
 and Q

2
 at about -79 and -85 ppm, respectively. 

The Q
1
 sites are end chain silicate tetrahedra and Q

2 
sites are the middle chain silicate tetrahedra in the 

C-S-H. The integral intensity of the signals was calculated through the deconvolution of the spectra by 

Lorentzian lines for quantitative calculations using DMFit software. It is estimated from the Q
0
 results 

that the amount of unhydrated C3S decreases in the seeded samples. This is more noticeable at lower 

C/S ratios. The decrease in the C3S content of the hydrated systems can also be observed by 

comparing the relative intensity of the Q
0
 signals in Figure 5.  

 

The ratio of the Q
2
/Q

1
 in the hydrated systems which is an indication of their degree of silicate 

polymerization is presented in Table 2. The Q
2
/Q

1
 ratio of the C-S-H in the hydrated C3S is about 0.3 

indicating that the majority of the silicate chains are in the form of dimers. It appears that Q
2
/Q

1
 ratio 

in the seeded systems can be separated in two groups having C/S ratios of below 1.0 and above 1.2. 

The amount of calcium hydroxide calculated from TGA experiment is also provided in Table 2. The 

hydrated C3S material has about 35% calcium hydroxide per mass of initial C3S. The amount of 

calcium hydroxide in the seeded systems increases as the C/S ratio of the C-S-H seed increases. It was 

noted from the integral intensity calculations on Q
0
 signals in Figure 5 that using lower C/S ratio seeds 

results in the hydration of a relatively larger amount of the C3S. Theoretically, this should result in the 

formation of a larger content of calcium hydroxide per initial C3S content. This is however not the 

case as noted in Table 2. The calcium content of the C-S-H seed can affect the pore solution chemistry 

and thus modify its free lime content in equilibrium with the seed [Steinour 1954]. The difference in 

the surface area of the C-S-H seeds can also be partially responsible for this inconsistency as it affects 



the total amount of the C-S-H products nucleated on the seed particles. It should also be noted that 

high C/S ratio C-S-H(I) contains some free lime. It is therefore suggested that the C/S ratio of the C-S-

H product is variable in the hydrated systems depending on the type of the C-S-H seed used to 

promote the nucleation and growth mechanisms. The differential scanning calorimetry results in the 

previous study supports the dependence of the C/S ratio of the C-S-H product on the C/S ratio of the 

C-S-H seed [Alizadeh et al. 2009]. This can be explained by Gartner’s model for the nucleation and 

growth of C-S-H [Gartner 1997]. Using the concepts presented in this model, it is proposed that the C-

S-H product forms at the end of the layers of the C-S-H seed and accordingly it mimics the 

nanostructure of the preformed synthetic C-S-H seed. The 
29

Si NMR and TGA calculations suggest 

that it is possible to modify the chemistry of the C-S-H in the hydrated cement systems by controlling 

the hydration process using preformed C-S-H seeds. Additional studies employing 
1
H and 

43
Ca NMR, 

and TEM may reveal more information on the nature of the C-S-H seeding.  
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Figure 5: The 
29

Si NMR spectra of the hydrated systems. A: control C3S sample;  

B, C, D and F: C3S +20%C-S-H having C/S ratios=1.5, 1.2, 1.0, 0.8 and 0.6, respectively.  

 
Table 2: Characterization of hydrated materials. 

System Q
2
/Q

1
 ratio 

Calcium Hydroxide  

(% per initial C3S content) 

C3S + 20% C-S-H (0.6) 0.37 25.7 

C3S + 20% C-S-H (0.8) 0.43 33.3 

C3S + 20% C-S-H (1.0) 0.41 34.7 

C3S + 20% C-S-H (1.2) 0.21 37.7 

C3S + 20% C-S-H (1.5) 0.25 40.2 

C3S 0.30 34.9 



4. Concluding Remarks 
 

A method for modifying the nanostructure of hydrating cement systems was investigated. In this 

method, synthetic C-S-H of variable C/S ratio was employed as a nucleation seeding agent during the 

hydration process of C3S. It was shown that the C-S-H seeds assist the nucleation and growth of the C-

S-H product and accelerate the hydration of C3S. The incorporation of C-S-H seeds also improves the 

homogeneity of the hydrated system as the C-S-H products are better distributed in the cement paste 

matrix. It was suggested through the examination of the hydrated materials using 
29

Si NMR and TGA-

DSC that the characteristics of the C-S-H product are dependent on the type of the C-S-H seed. This 

potentially provides an approach for controlling the nature of the hydrated cement-based materials 

using preformed C-S-H seeds of variable C/S ratio. The ability to control the chemistry and 

metamorphosis of the C-S-H product based on a specific application and environment has important 

practical implications since it has been demonstrated that the mechanical properties and durability 

performance of the C-S-H depend on its stoichiometric parameters.         
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Abstract 

Hydrothermal synthesis and geopolymerisation techniques have been known for several decades, and have 

become, over the last few years, a matter of intense study. The very interesting mechanical performance, such as 

relatively high early and late mechanical strengths, that some materials exhibit after hydrothermal synthesis, 

make these geopolymerisation techniques very attractive for the development of alternative building materials, 

with reduced energy and environmental impact; moreover, building materials obtained through hydrothermal 

synthesis can be produced using industrial by-products (like fly ash) or natural raw materials (such as 

metakaolin or pre-calcined kaolin), offering a relevant reduction  in the CO2 payload. The paper presents a 

detailed study aimed at investigating the short-  and long-term mechanical performance of mortar samples 

tested in different activation conditions (activator concentration, curing temperature and curing time). Eight 

admixtures based on fly ash were selected, through the use of experimental design techniques, and prepared with 

the objective of investigating the mechanical properties after a hydrothermal synthesis in alkaline conditions. A 

mix of fly ash and lime was used as the main component of the mix, in combination with different concentrations 

of activator (NaOH). 

 The study allowed the development of a mathematical model describing the dependence of the strength 

development on (1) the concentration of the activator, (2) the curing temperature and (3) the curing time; the 

best performing formulations were then used to prepare concretes that were also submitted to mechanical 

performance tests.  

A critical analysis of the results, of the potential applications and of the contribution to the reduction of green-

house effect gases GHG resulting  from the use of  these kinds of materials, in comparison to traditional cements 

will be presented and some recommendations regarding their  application will be provided.   

 

Originality 

Several papers are available in the literature concerning the potential application of hydraulic binders produced 

by hydrothermal synthesis; the originality of this paper is to systematically approach the study of fly ash 

activation under hydrothermal synthesis, giving a detailed view of the effects induced by different activation 

conditions (curing time and curing temperature). The conclusion of the work is the development of a 

mathematical model that can be used to estimate the short- and long-term mechanical performance of activated 

fly ash in different activation and curing conditions, providing a tool for evaluating the economical and 

environmental convenience of fly ash activation.  

 

Chief contributions 

The results of this paper help to increase the knowledge of fly ash activated systems. In particular, some 

important contributions relating to the relationship between mechanical strengths and activation conditions are 

given. The development of a mathematical model describing the dependence between mechanical strength and 

activation conditions will enable an easy and clear evaluation of the convenience (economic and environmental) 

of the use of fly ash activated systems as building materials.   
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1. Introduction 

As a major industrial sector, the construction industry is continuously strengthening and extending its 

commitment to safeguard the environment, as well as the health and safety of its workers. All the core 

indicators are described in the Global Reporting Initiative (GRI) guidelines for the cement industry 

like consumption of natural, energy and water resources, waste generation, atmospheric emission, 

packaging and green house gases. A reference document on Best Available Techniques in the cement, 

lime and magnesium oxide manufacturing industries has been published by the EC Joint Research 

Centre - Institute for Prospective Technological Studies.  

Over the year the objectives set by cement and concrete companies have evolved towards: 

a) Optimisation of the process of combustion. This leads to an improvement in energy efficiency 

as well as the gradual substitution of fossil fuels with waste in combustion 

b) Utilisation of material coming from other production processes such as mill scale, alumina 

dross, fly ash, incinerator slag, sludge, chemical gypsum maintaining the same qualitative 

features as cement and clinker, while reducing the depletion of natural resources 

c) Recycling water and using high performance admixtures such as a water reducer in the 

concrete industry 

d) Minimisation of the effect related to quarry cultivation by morphological remodelling, 

adopting special seeding and planting techniques and returning the site to nature after use.  

e) Achieving the Kyoto objective via participation in the emissions trading scheme (ETS), 

according to the European directive 2003/87/CE  

The cement industry is actively working on the development of alternative binders that, with similar 

performance to Portland cement, would have a reductive impact on CO2 emissions.  

Alkali activated binder has recently emerged as a novel engineering binder material with 

environmentally sustainable properties. They can be produced by synthesizing pozzolanic compounds 

or aluminosilicate source materials with highly alkaline solutions (Pacheco-Torgal F. et al., 2007). 

This binder could have great potential as an environmentally favorable alternative to Portland cement 

and could be produced by using industrial waste as the initial raw materials (Fernàndez-Jiménez A. et 

al.,2003). The use of alkali activated binder is still limited to the availability of raw materials and by 

the strong alkaline synthesis conditions required to obtain a mechanical performance similar to that of 

OPC. 

Despite this limitation, alkali activation remains an interesting solution for recycling  industrial waste 

to obtain binding systems with good cementitious properties; moreover, the study of the binding 

mechanism and performance of this kind of binder could have relevant results also for new discoveries 

with conventional technologies based on traditional cements. 

The effect of activation depends significantly on the physical-chemical nature of the fly ash and the 

most important parameter, a substantial fraction of SiO2 and Al2O3, must be present in a non 

crystalline form, as either glass or amorphous phase. 

The alkaline activator causes the breaking of bonds interlinking the structure constituting the network 

of the glassy phase, so the ionic species are available for the polycondensation reaction. 

Generally, this activation of alumino-silicate materials with alkalis requires heat curing for the 

development of strengths comparable to that of OPC, with a general improvement in mechanical 

properties as far as higher temperatures and higher activator contents are used. 

It was discovered in previous investigations carried out by ourselves that the presence of 20% lime 

and the use of NaOH as the main activator, were identified as the best operating conditions for the 

development of high early mechanical strengths. 

In this paper, different curing conditions and NaOH content were systematically investigated in order 

to produce a mathematical model useful in estimating  the effect of variations in the conditions of the 

hydrothermal on the mechanical performances. 

 

 

 

 



2. Experiments 

 

2.1 Materials 

The chemical composition of the materials (Italian fly ash and hydrated lime) was measured utilising 

X-Ray Fluorescence spectrometry, using a Panalytical Axios Spectrometer; loss on ignition was 

obtained by the calcination of the sample at 950°C. The composition is shown in Table 1 and Table 2 

respectively.  

Fig. 1 shows the XRD pattern of the Fly ash, revealing the mostly amorphous structure of it, only 

mullite and quartz were detected as main crystalline phases. 

The preferred mix is based on 80% fly ash and 20% hydrated lime. NaOH pellets 99% grade, from 

Merck KGaA, added to the mixing water, just before starting the mixing, were used as activator 

 
Table 1 : Fly ash composition (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O L.O.I. 

46,84 32,56 3,50 7,53 1,30 0,27 0,20 0,51 3,21 

 
Table 2 :  Hydrated lime composition (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O L.O.I. 

0,35 0,12 0,11 51,07 27,78 0,06 0,02 0,03 20,42 
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Figure 1 :  Fly ash XRD pattern; X: Mullite 2.1 (ICCD number 79-1455), Y : Quartz (ICCD number 79-1906) 

 

2.2 Synthesis 
The mortar  tests were carried out according to EN 196/2. The composition of the mix for the mortar 

contained: fly ash 360g., Ca(OH)2 90g., water 225g; (water/cement ratio 0.50); Standard sand CEN, 

EN 196/1 1350 g, with a ratio sand/cement = 3/1.  

The moulds were stored in a stove immediately after casting: the temperature and the time of curing 

were applied according to the experimental design (Tab. 3). After this treatment the mortars were 

demoulded and stored in a climatic chamber at 20°C and 90% RH for 7 days; finally they were 

immersed in water at 20°C until the compressive strength test. An Ecocell MMM stove was used for 

the curing and a VT200 Bombardieri press was used for the measuring of mechanical strengths. 

 

 



2.3 Experimental design  
Experimental methods are widely used in research as well as in industrial settings, however, 

sometimes for very different purposes. The primary goal in scientific research is usually to show the 

statistical significance of an effect that a particular factor exerts on the dependent variable of interest 

(for details concerning the concept of statistical significance see Elementary Concepts). 

In industrial settings, the primary goal is usually to extract the maximum amount of unbiased 

information regarding the factors affecting a production process, or a thermodynamic effect from as 

few (costly) observations as possible.  

Experimental methods are increasingly being  used in manufacturing and product development to 

optimize the production process or to understand the relation between factors affecting a process. 

Specifically, the goal of these methods is to identify the optimum settings for the different factors that 

affect the production process.  

In this experiment it was decided to consider the factors affecting strength development at three levels 

(giving 2
3 

experiments):  (a) concentration of NaOH activators; (b) the curing temperature; (c) the 

curing time. The field of experimental variation of our three factors varies  from 0,8 moles to 1,2 

moles for NaOH ; from 40°C to 80°C for the temperature of curing ; from 8 hours to 24 hours for the 

curing time. Three repetition tests in the middle of the factorial fields were performed. 

The eight tests needed for the factorial plane, adding three tests in the middle of the fields, are 

described in Table 3. Middle A,B and C correspond to tests performed on samples in the same 

operative conditions, in order to define the standard deviation of the experiments. 
 

Table 3 : Experimental design  

Test 
NaOH content 

(moles) 

Curing Temperature 

(°C) 

Curing Time           

(hours) 

1 0,8 40 8 

2 1,2 40 8 

3 0,8 80 8 

4 1,2 80 8 

5 0,8 40 24 

6 1,2 40 24 

7 0,8 80 24 

8 1,2 80 24 

Middle A 1,0 60 16 

Middle B 1,0 60 16 

Middle C 1,0 60 16 

 

3. Results and discussion 

The results of mechanical  strength measurement on the sample described in Table 3 are presented in 

Table 4.  
 

Table 4 : Mechanical strengths results  

Test 1 day (MPa) 28 days (MPa) 90 days (MPa) 

1 1,0 11,9 24,9 

2 1,2 15,1 30,0 

3 12,5 20,4 33,2 

4 16,1 30,7 42,4 

5 4,4 9,3 23,6 

6 4,9 19,0 32,4 

7 34,3 34,1 35,9 

8 42,0 42,9 53,6 

Middle A 9,4 15,2 33,0 

Middle B 11,2 16,9 36,1 

Middle C 10,0 15,8 34,3 



The data presented in Table 4 has been evaluated using Yates analysis (Box,G.E.P et al.,1978), a 

mathematical technique that exploits the special structure of the designs adopted to generate least 

squares estimates for factor effects for all factors and all relevant interactions. 

The Yates analysis state that : 

a) The development of mechanical strength at day 1. shows a strong correlation, in order of 

relevance, with the following factors: (1) temperature of curing; (2) time of curing; (3) 

interaction between time and temperature of curing; (4) concentration of activator. 

b) The development of mechanical strength at 28 days shows a strong correlation, in order of 

relevance, with the following factors: (1) temperature of curing; (2) concentration of activator; 

(3) time of curing; (4) interaction between time and temperature of curing. 

c) The development of mechanical strength at 90 days shows a strong correlation, in order of 

relevance, with the following factors: (1) temperature of curing; (2) concentration of activator. 

 

These results enable the definition of  a linear relation (equation 1), between strength development at 

90 days (ST 90), curing temperature (T) and NaOH content (C).  

 

ST 90 (MPa) = a1 + b2 [C] + b3 [T]         (1) 
 

Table 5: Numeric values for the fitting coefficient for the equation 1. 

 
a1 b2 b3 

34.5 5.1 6.77 

 

The linear relation is expressed using variables scaled between [+1] and [-1] in the experimental 

dominion described by Table 6. 

 
Table 6: Range of validity of equation 1. 

 
Range C T 

Min. 0.6 M (-1) 40°C (-1) 

Max. 1.2 M (+1) 80°C (+1) 

 

The variable can be scaled using the following equation: 

 

         (2)

        

Where Xij corresponds to the variable value, Xj,min. to the minimum value of the range of validity and 

Xj,max to the maximum value of the range of validity.    

 

A graphic representation of the linear dependence between mechanical strength at 90 days, curing 

temperature and NaOH content is shown in Fig. 2 and it can be outlined that the same mechanical 

strength at 90 days could be reached working at low temperature and high NaOH concentration, or 

higher temperature and low NaOH concentration. 
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Figure 2 : 3-D representation of mechanical strength as a function of temperature and NaOH content.  

 

4. Conclusions 
 

The result of the present work shows clearly that the development of long term mechanical strength of 

alkali activated binders depend linearly on NaOH content and curing conditions. 

Stronger alkaline environment and curing, lead to the best mechanical performance at every age; 

however, the developed mathematical model enables the design of the most convenient operating 

conditions to achieve the desired long-term mechanical strength according to the cost, or plant 

operating conditions. 

Starting from a mix of fly ash and hydrated lime, and selecting appropriate conditions for processing 

and curing, it is possible to vary the properties of the produced alkali activated binder system over a 

wide range and to tailor them to specific requirements. 

As long as the hydration goes on, for up to 90 days, the interaction between time and temperature of 

curing becomes less influential, as, on the other hand, the activator content increases its relevance 

regarding the mechanical strength.  
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Abstract 
In Japan, the usage of blast furnace slag in construction will increase due to environmental considerations. However, 
the effect of curing condition and curing period on the hydration of cement and slag hydration in blended cements is not 
clear, nor is the relative contribution of cement and slag hydration to strength and durability development in blended 
cement. In this research, the cement and slag hydration ratio in blast-furnace slag cement under different curing 
conditions, such as temperature, relative humidity, and curing period, is measured using the selective dissolution 
method. It was found that hydration stops if relative humidity is less than 80%, and that if 80% relative humidity is 
maintained hydration can occur even at temperatures as low as 7 degrees Celsius. On the other hand, the speed of 
hydration is faster at higher temperatures such as 40 degrees Celsius than at normal temperatures such as 20 degrees 
Celsius, so it can be concluded that the influence of temperature on blast-furnace slag in blast-furnace slag cement is 
similar to that of temperature on ordinary Portland cement. The hydration of blast-furnace slag is also influenced by 
mix proportions such as water-cement ratio and Blaine’s fineness of cement. In the case of high water-cement ratio, the 
hydration ratio of slag will increase and reach a high hydration ratio; however, in the case of low water-cement ratio 
the hydration of slag will stop at a low hydration ratio at an early age. Using these results showing the hydration ratio 
of slag with different mix proportions and curing conditions, estimation of the hydration of blast-furnace slag cement 
under different conditions may be performed.  
 
Originality 
Until now, measurement of the hydration ratio of blast-furnace slag in blast-furnace slag cement has been performed 
under sealed condition – which represents the ideal case – in order to clearly show the slag hydration. However, these 
conditions are not reflective of the actual conditions of concrete structures, so it is important to estimate the hydration 
ratio of blast-furnace slag under real conditions considering both varying temperatures and relative humidity. It is also 
necessary to consider the effect of hydration ratio at varying mix proportions and different types of blast furnace slag. 
 
Chief contributions 
Concrete structure is exposed to various environment such as drying condition, high relative humidity and different 
temperatures. And also internal condition in concrete structure is influenced high temperature by the heat of cement 
hydration. Estimation of the hydration of blast-furnace slag in blast-furnace slag cement on different condition is 
necessary for estimating the properties and durability of concrete structures. Currently, it is possible to estimate 
durability properties such as drying and autogeneous shrinkage, strength for concrete structures using ordinary 
Portland cement from hydration of cement on mix proportions, but it is difficult to apply the same methods when using 
blast-furnace slag cement, because it is different of cement hydration and slag reaction. This research may contribute 
to increasing the usage of blast-furnace slag in construction and thus helping to protect the global environment. 
 
Keywords: Blast-furnace slag cement, slag reaction, selective dissolution, curing temperature, curing relative humidity 
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1. Introduction 
 

In recent years, the usage of blast-furnace slag cement for concrete structures has increased in order to 
reduce carbon dioxide emissions and for improving durability. When compared to OPC, such blended 
cement produces smaller diameter pores due to the cement hydration products, and controlling the 
cement hydration is very important to ensure the concrete structure’s durability and strength. However, 
the mechanism of hydration or reaction in blast-furnace slag cement is not clear – particularly the 
reaction of slag in blended cement – so it is necessary to clarify this mechanism. In addition, curing is 
very important to achieve adequate binder hydration. Construction is generally conducted outdoors, 
where curing conditions and environmental conditions have a large influence, so it is also necessary to 
consider the effects of temperature and humidity on the hydration mechanism.  
This research investigated the influence of curing temperature, mix proportion, and slag replacement 
ratio on the slag reaction in blast-furnace slag cement under sealed conditions during Steps 1 and 2. In 
Step 3 of this research, the effect of curing conditions on cement hydration under various temperatures 
and humidity conditions was investigated and compared between OPC and blast-furnace slag cement.  
 
2. Experimental Outline 
2.1 Material 

 
Ordinary Portland cement (OPC) and Ground Granulated Blast-Furnace slag (GGBFS) were used in 
this research. Table-1 shows the mineral components of these materials.  
 

Table-1 Chemical components of the experimental materials 
Gravity Blaine

(g/cm3) (cm2/g) ig.loss SiO2 Al 2O3 Fe2O3 CaO MgO TiO2 MnO SO3 Na2O K2O P2O5 Cl

OPC 3.15 3410 2.31 20.73 5.54 2.83 64.28 1.00 0.29 0.10 2.16 0.20 0.40 0.17 0.010

GGBFS 2.89 4760 1.31 32.50 13.72 0.26 42.36 6.00 0.75 0.26 2.08 0.22 0.29 0.03 0.006

Chemical Components (%)

 
 
2.2 Samples 

 
In Steps 1 and 2 the cement paste sample was made using 30 milliliter glass bins, and sealed curing 
conditions, such as not demolded, were set for the total experimental age. Specimens were prepared in 
the laboratory at 20 degree Celsius. After preparation samples were capped immediately and exposed 
to each water curing environment, in which the water temperature was adjusted.  
In Step 3, the sample size was 20×30×10 millimeters in order to maintain uniform humidity in each 
sample, and the samples were exposed to each relative humidity condition for the total experimental 
total. Samples were prepared in the laboratory at 20 degree Celsius and demolded after 24 hours, then 
exposed to various curing conditions. However, samples were dried in the atmosphere for 2 to 3 hours 
before exposure to each curing condition in order to avoid changing the humidity setting due to water 
evaporation from the samples. The set curing condition parameters were the temperature and humidity.  
 
2.3 Parameters 

 
Factors affecting the hydration or slag reaction were varied, focusing particularly on material 
component such as slag replacement at different temperatures, water-binder ratios and curing 
conditions. Tables 2 to 4 show the parameters of this research. The samples used were cement paste. 
Steps 1 and 2 targeted the measurement of the hydration ratio of cement and GGBFS under sealed, or 
ideal, conditions. Step 3 focused on the measurement of the hydration ratio of cement and GGBFS 
under environmental conditions.  
Step 1 (Table-2) focused on the effect of curing temperature and GGBFS replacement on the reaction 
ratio. The water-binder ratio was constant at 50%, and curing temperatures were 5 degrees Celsius for 



winter conditions, 20 degrees Celsius for normal conditions, and 30, 40, and 60 degrees Celsius for 
summer conditions. The slag replacement ratio was 0% (OPC), 20% (blast-furnace slag cement type 
BA), 42% (BB) and 67% (BC). 
Step 2 (Table 3) focused on the effect of mix proportion and slag replacement ratio on the reaction 
ratio under normal curing temperatures at 20 degree Celsius. Three water binder ratios were set: 30%, 
50%, and 60%; and there were three GGBFS replacement ratios: 0%, 20/30%, 50%, and 70%.  
Step 3 (Table 4) focused on the effect of relative humidity and temperature on the reaction ratio. The 
water binder ratio was 50% and slag replacement was 50%. The curing temperature was 7.5, 20 and 40 
degrees Celsius, and four curing relative humidity values were selected: 40%, 60%, 80% and sealed 
conditions. Humidity was controlled by sodium hydroxide in order to preventing changes to the pore 
distribution and cement hydration due to carbonation. The humidity control error was ±3%. 
 

Table-2 Parameters of Step 1 (curing temperature) 

N BA BB BC

0% 20% 42% 67%

5 ○ ○ ○ ○

20 ○ ○ ○ ○

30 ○ ○

40 ○ ○ ○ ○

60 ○ ○ ○ ○

T
e

m
p

e
ra

tu
re

co
n

d
it

io
n

 （℃
）

Replacement (%)

 
Table-3 Parameters of Step 2 (mix proportion) 

N BB BC

0% 20% 30% 50% 70%

L（30%) L0 － L30 L50 L70

M（50%） M0 M20 － M50 M70

H（60%） H0 － H30 H50 H70

Replacement

BA

W/B

 
Table-4 Parameters of Step 3 (curing conditions)  

40% 60% 80% Sealed

7.5℃ ○ ○ ○

20℃ ○ ○ ○ ○

40℃ ○ ○ ○

T
e

m
p

.

Relative Humidity

 
 

 
2.4 Methods for experiment 

 
The hydration ratio and hydration products were measured using the following method. 
(1) Sample preparation 
The gathered samples were crushed at the testing age and soaked in acetone for 24 hours to stop 
hydration. For Steps 1 and 2, the testing ages were 1, 3, 7, 28, 56 and 91 days; for Step 3, the testing 
ages were 1, 3, 7 and 28 days. 
 
 
 



(2) Cement hydration 
The cement hydration was measured by ignition loss weight at 700 degree Celsius, which includes 
evaporation of free and chemically-bound water for hydration with cement and GGBFS. Oxidized slag 
is also protected in high temperature environments, which is why 700 degree Celsius was selected.  
 
(3) Reaction ratio of blast-furnace slag 
The reaction ratio was measured by the selective dissolution method using salicylate acid – acetone – 
methanol solution. It is possible to measure the quantities of an-hydrated blast-furnace slag in this 
method. The grained sample (0.5g) was mixed with salicylate acid (2.5g), acetone (35ml) and 
methanol (15ml) for 1 hour, then allowed to sit for 23 hours. The ratio of slag hydration was calculated 
by using Equation [1] from the result for quantity of an-hydrated slag.  
 

100
))(100(

))(100())('100()(
100)(

43

21 ×
−

−−−⋅−=
tIgkmk

tIgkmktIgtx
tα    [1] 

 
Where :   t= hydration age,  α(t)= ratio of slag hydration (%),  

x(t)= amount of insolutive samples (mg), m=sample (mg),  
Ig(t) = ignition loss of hydrated samples (%),  
Ig’(t)=ignition loss of insolutive samples(%),  
k1=Content ratio of Ordinary Portland Cement for calculated non-hydrated(%),  
k2=ratio of insolutive only OPC(%),  
k3= Content ratio of Blast-Furnace slag for calculated non-hydrated(%), 
K4= ratio of insolutive only Blast-Furnace slag(%) 

 
(4) Quantitative analysis of calcium hydroxide by TG-DTA 
Quantitative analysis of calcium hydroxide was conducted using TG-DTA. The heating rate was 
assumed to be 30 degrees Celsius per minute. Two measurement results were targeted: (1) for 
obtaining the amount of hydration product, the amount of weight for evaporated water from 20 to 200 
degrees Celsius was calculated; (2) for obtaining the cement hydration ratio, the weight loss for 
evaporated water from 20 to 700 degrees Celsius was calculated.  700 degrees Celsius was assumed 
due to the influence of the oxidation of S included in GGBFS; (3) for obtaining the amount of 
Ca(OH)2, the point where inclination of curve was different was calculated. 
 
3. Experimental result 
3.1 Effect of curing temperature and slag replacement under sealed conditions (Step 1)  

 
Figure-1 shows the total binder ignition loss under varying temperatures for each slag replacement. At 
low temperatures (5 degrees Celsius), the hydration progress was slow. The hydration ratio at low 
temperatures was the same as at 20 degrees Celsius at 58 days of age; however, the hydration 
continued over a long period. On the other hand, for high temperature conditions the hydration 
progress occurred very early and the value of the hydration ratio was saturated at an early age, but the 
hydration ratio was smaller for high slag replacement than for OPC. Figure-2 shows the slag reaction 
ratio under different temperature conditions for each slag replacement. The slag reaction ratio 
followed the same behavior as the cement hydration ratio – that is, when the amount of slag increased 
the ratio of slag reaction tended to become small.  
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Figure-1 Ignition loss results for varying types of cement and temperatures 

   
Figure-2 Slag reaction result for varying types of cement and temperatures 

 
3.2 Effect of mix proportions (Step 2) 

 
Figure-3 shows the cement hydration ratio results measured by the ignition loss for each water binder 
ratio. Total ignition loss of OPC (L0, M0 and H0) – that means the evaporated water from combined 
water at 700 degree Celsius – was smaller than that of blended cement. For the low water-cement ratio, 
cement hydration was stopped at early age due to lack of water. On the other hand, in the case of high 
water-cement ratio cement hydration progressed with curing age.  
Figure-4 shows the slag reaction results for different water-binder ratios. For the medium and high 
water-binder ratios, slag reaction progressed with curing age. However, for low water-cement ratio the 
slag reaction stopped at an early age and with a small value reaction ratio (15-20%). When comparing 
M and H, in the case of M (W/C=0.50) the progress of slag reaction occurred earlier than that of H, 
which suggests that may be the best water-binder ratio considering slag reaction.  
 
3.3 Effect of curing humidity (Step 3) 

 
The ignition loss results are shown in Figure-5. Cement hydration under sealed conditions progressed 
for each cement type and temperature, and the lower the curing humidity, the lower the initial ignition 
loss. In addition, the cement hydration stopped due to lack of hydration water in dry conditions, as  
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Figure-3 Ignition loss results for varying water-binder ratio and slag replacement 

   
Figure-4 Slag reaction ratio for varying water-binder ratio and slag replacement 

 
shown by the similarly-low hydration ratios of RH40% and RH60%. On the other hand, the hydration 
of RH80% was lower than the hydration in the sealed case but proceeded over time, so the minimum 
humidity needed for hydration to proceed was between RH60% and RH80%. Hydration was delayed 
under low temperatures, but under high temperatures early hydration proceeded but then stopped. 
The results of the blast furnace slag reaction by selective dissolution method are shown in Figure-6. 
Similar to ignition loss, the slag reaction proceeded under high humidity but stopped in dry conditions 
(RH40% and RH60%). The reaction was also delayed in low temperature and the reaction of RH80% 
stopped at the level of RH60%. However, at high temperature the results of RH80% were comparable 
to the results of the sealed conditions. 
 
4. Conclusion 
 
Table-5 shows the summary 
of the research results. 

stop slow Normal quick

Temperature 5℃ 20℃ 40,60℃

Slag replacement BC BB BA

Step 2 Water binder ratio L(30%) M(50%) H(60%)

Step 3 Relative humidity RH40,60% RH80% Sealed

←　　　　　　slag reaction　　　　　→

Step 1

Table-5 Summary of the research results 
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Figure-5 Ignition loss results for varying temperature and relative humidity 

 (Upper: OPC, Lower: Blast-furnace slag cement) 

0

5

10

15

20

25

30

35

40

45

0 10 20 30

R
at

io
 o

f 
Sl

ag
 r

ea
ct

io
n 

(%
)

age (days)

Sealed
RH80%
RH60%

【BB:7.5℃】
0

10

20

30

40

50

60

0 10 20 30

R
at

io
 o

f 
Sl

ag
 r

ea
ct

io
n 

(%
)

age (days)

Sealed
RH80%
RH60%
RH40%

【BB:20℃】
0
5

10
15
20
25
30
35
40
45
50

0 10 20 30

R
at

io
 o

f 
Sl

ag
 r

ea
ct

io
n 

(%
)

age (days)

Sealed
RH80%
RH60%

【BB:40℃】

 
Figure-6 Ratio of slag reaction results for varying temperature and relative humidity 
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Comparison between expansion and microstructural changes in sulfate 
resistance tests	  

	  
	  
Abstract 
 
Sulfate attack remains an environmental issue for concrete structure exposed to sulfate bearing ground water. 
The interaction of cementitious materials with sulfate solutions leads to a reaction front within the porous 
material.  The consequences are expansion and/or softening. Laboratory tests usually focus on expansion, while 
in the field, softening and spalling of material may be more important.  The aim of the study presented here is to 
study the effects of specimen size and solution concentration during laboratory exposure. Mortar prisms were 
made from Portland Cement (PC) in different sizes with a w/c of 0.55. The original surface of mortar prisms 
was removed prior to exposure to solutions (3, 10 and 30g/L of Na2SO4) in order to accelerate the ingress of 
sulfate ions. The linear expansion was measured every 2 weeks accompanied by renewal of the solution. A 
quantitative analysis of sulfate ingress by SEM-mapping was applied to compare to the macroscopic expansion. 
The sulfate ingress depth in PC mortars is not strongly related to the size of prisms or, surprisingly, to the 
concentration of the sulfate solution.  Nevertheless, the linear expansion is strongly affected by both size and 
solution concentration.  The effect of slag substitution on sulfate resistance is also discussed. 
 
ORIGINALITY: In this work, a new approach of sulfate resistance testing is proposed on the basis of previous 
work, which used solutions close to realistic conditions. A combination of methods was applied, with the 
intention to understand the mechanism behind expansion and degradation.   
 
CHIEF CONTRIBUTIONS: New insight into sulfate testing is obtained, which indicates why conventional 
tests do not give a good representation of field conditions.  It shows that the deterioration process of PC 
mortars under sulfate attack is strongly related to the size of prisms, as well as the concentration of sulfate 
solution. The sulfate ingress and combination to mortars are evaluated quantitatively by applying SEM-
mapping methods. The effect of slag substitution on sulfate ingress at early age was also studied.  
 
 
Keywords:   sulfate attack, SEM-mapping, ingress, mortars, slag 
 
 
1. INTRODUCTION 
	  

Sulfates present in groundwater or soils surrounding a concrete structure may pose a threat to its long-
term durability. The interaction between cement hydration products and sulfate ions leads to the 
formation of a reaction front within the porous material (Maltais et al., 2004, Lothenbach et al., 2010). 
The formation of ettringite, gypsum and thaumasite (in some cases), causes expansion and structural 
softening.  

In existing standards and test methods for sulfate attack, cement paste, mortar or concrete samples are 
generally immersed in concentrated Na2SO4 solutions and the mass and length change are monitored 
as a function of time. The mortar samples show strongly differing expansion and mass gain depending 
on their composition, the reaction solution and the temperature (Irassar et al., 2003, Santhanam et al., 
2002). Further factors, such as sample geometry, the concentration of solution, the frequency of the 
solution renewing (Planel et al., 2006) and the presence of CO2 in the interacting solution (Kunther et 
al., 2009) are influencing the expansion. The discrepancy between laboratory and field samples under 
sulfate exposure has been studied (Chabrelie, A., 2010), which indicates that there is no clear 
relationship between depth of sulfate ingress and expansion. The expansion seems to be related to 
mechanical properties as much as chemical or physical parameters. 

Supplementary cementitious materials (SCMs), especially slags, which are widely used in field 
constructions, are usually treated as sulfate resistant (Osborne, 1999). However, the deterioration 



mechanism of slag-blended cement subject to sulfate attack still remains unclear and needs further 
study (Osborne, 1999, Gollop et al.,  1996a, 1996b). 

In this paper, the performance of PC mortars with different geometries exposed to sodium sulfate 
solution of various concentrations was studied. A quantitative analysis of sulfate ingress based on 
SEM-mapping and image analysis was applied to compare with the macroscopic expansion. The 
effect of slag substitution of OPC on sulfate resistance is also discussed. 
 
	  
2. EXPERIMENT PROGRAM 
	  
Portland Cement (CEM I 52.5) and a ground granulated blast furnace slag were used in this project. 
To study the effect of slag, the PC was substituted by 40% and 70% of slag. The chemical 
compositions of materials, as given in Table 1, were determined by XRF.  Mortars of the above-
mentioned blends were prepared according to EN 196-1 with a water/binder of 0.55. They were cast 
into three 4 x 4 x 16 cm moulds with embedded screws, de-moulded after 24 h, and cured for 90 days 
in saturated limewater at 20°C.   
	  

Table 1: Chemical composition (wt %) 
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 

PC 21.01 4.63 2.60 64.18 1.82 2.78 0.94 0.20 0.14 
Slag 31.53 15.85 0.32 36.87 9.69 2.76 0.44 0.332 1.76 

	  
After curing. The lateral faces of the mortar prisms were removed to give 3 different cross sections – 
1 × 1, 2 × 2 and 4 × 4 cm. For each series, three prisms were exposed to solutions containing 3, 10 or 
30 g/L Na2SO4 at 20 °C (details are shown in Table 2). The liquid/solid volume ratio of each batch 
was 25.  The linear expansion of bars was measured every other week, accompanied with the solution 
renewing.  Meanwhile, the pore size distribution of mortars after 90d curing was measured by 
Mercury Intrusion Porosimetry (MIP), and the strength was also measured. 
 

Table 2: Details in sulfate resistance test 

 Composition Sample size Concentration of 
sulfate solution 

M1 OPC 1*1*16 cm 3 g/L 
M2 OPC 2*2*16 cm 3 g/L 
M3 OPC 4*4*16 cm 3 g/L 
M4 OPC 2*2*16 cm 10 g/L 
M5 OPC 2*2*16 cm 30 g/L 
S1 40%Slag 2*2*16 cm 3 g/L 
S2 70%Slag 2*2*16 cm 3 g/L 

 
The mortar samples were examined by scanning electron microscopy SEM (Philips ESEM XL 30) 
using backscattered electron image and EDS X-ray analysis (Bruker AXS Detector 133eV). The 
qualitative elemental mappings were obtained at low magnification level (×100), with a relatively 
large area, 2500 × 1870 µm, and resolution of 512 × 384 pixels. A code for image analysis has been 
developed to extract quantitative profiles from the qualitative mappings which consists of two stages: 
rescaling and calibration (Fig. 1). During the rescaling stage:  



1. The initial mapping of each element (Ca and S) is converted into a 256 grey level image by 
applying an amplification factor.  In this image, the grey level value (Ii,j) of each pixel (Xi,j) 
represents the intensity of element. 

2. In the Ca-image zones in which the grey level values are close to 0 are treated as aggregates 
and are isolated through a segmentation 

3. The pixels’ grey value of S-image are added along each column (parallel to the surface) and 
divided by the valid pixels (not aggregates) of this column, to obtain the profile of S intensity 
according to penetration depth.  

I(S) j =
Xi, j ! I(S)i, j

i
"

Xi, j
i
"

                                                                  (1) 
where I(S)j represents the intensity of sulfur in column j 

 
For calibration, the mean value of the sulfate intensity in the core of the sample is assumed to 
correspond to the S amounts measured in the bulk by EDS quantitative analysis at high magnification. 
The resulting quantitative profiles are expressed in the value of EDS measurement as SO3 wt.-%. 
	  

Figure 1:  Method of S profile quantification from SEM-mappings 
 
	  
3. RESULTS AND DISCUSSION 
 
3.1. EFFECT OF SIZE 
 
The linear expansion of the PC mortars with different sizes in 3g/L Na2SO4, as well as the sulfate 
profiles acquired after 120d exposure are shown in Figure 1. It is obvious that prism with smaller size 
shows more expansion, as there is less core material to restrain the expansion of the surface regions.  
Nevertheless, the sulfate ingress profiles are almost identical for the different mortar sizes.  Three 
regions can be identified in these profiles: in the region close to the surface, sulfate content is reduced 
due to leaching and relative low pH value; Further in the maximum corresponds to the region of  
gypsum formation;  finally there is a continuous decrease to the bulk content of 2-3 wt.% SO3.   
 

	   	   	  
              (a) S - Mapping                                   (b) Rescaling                                    (c) Calibration 

	  



 
Figure 2: PC mortars with different size in 3g/L Na2SO4: (a) Linear expansion; (b) Sulfate profiles acquired by 

mapping methods after 120d exposure. 
 
 
3.2. EFFECT OF CONCENTRATION 
 
The expansion of the 2 × 2 cm section PC mortars exposed to sodium sulfate solutions of various 
concentrations is presented in Fig. 3, along with the corresponding sulfate profiles acquired after 120d 
exposure. Up to about 70 days the expansions are quite similar for different concentration.  From this 
point the expansion of the bars in 30 g/l solution speed up, indicating the onset of cracking. However, 
contrary to expectations, the sulfate profiles again appear to be very similar, with no significant 
difference in the penetration depth.  At the surface it is can be seen that there is more leaching when 
the concentration of the solution increases.  
 

 
Figure 3:  PC mortars (2*2*16cm) in 3g/L, 10g/L and 30g/L Na2SO4 solutions: (a) Linear expansion; (b) Sulfate 

profiles acquired by mapping methods after 120d exposure. 
 
These results suggest that the solution concentration may affect the crystallisation pressure of the 
ettringite and so promote the onset of cracking earlier. 
 
 
 
 

(a)                                                                             (b) 

	  	  	    

 (a)                                                                          (b)    

	  	  	   	  



3.3. EFFECT OF SLAG ADDITION  
 
Compare to pure Portland cement, the slag blends reduce the amount of sulfate penetration, and the 
amount of expansion up to 120 days (Fig. 4). The pore size distributions by mercury intrusion 
porosimetry and mechanical strength of the samples before testing are shown in Figure 5.  The 
amount of penetration does not seem to correlate with the changes in porosity.  Between the PC 
mortar and the 40% slag blend there is a clear refinement of porosity, with a disappearance of the 
large capillary pores (> 10 µm), but there is little difference in the degree of penetration of sulfate.  
On the other hand the 70% blend clearly has a higher porosity than the 40% blend, but the penetration 
of sulfate is much less.  This supports the idea that the penetration of sulfate is more controlled by 
chemical reaction with the hydrates than by diffusion of sulfate through the pore structure.   

Likewise, the PC and 40% blend have started to expand, while the 70% blend shows no sign yet of 
accelerating expansion.  

 

Figure 4:  Mortars of PC, 40%Slag and 70%Slag (1*1*16cm) in 3g/L Na2SO4 solution: (a) Linear expansion; 
(b) Sulfate profiles acquired by mapping methods after 120d exposure. 

 

 
Figure 5:  Mortars of PC, 40%Slag and 70%Slag after 90d curing: (a) Compressive and Flexural Strength;  (b) 

Pore size distribution. 
 
 

(a)                                                                         (b) 

	  

   (a)                                                                           (b) 

	  



4. CONCLUSION 
 
Up to 120d’s exposure, the sulfate ingress depth in PC mortars is not strongly related to the size of 
prisms or, surprisingly, to the concentration of the sulfate solution. Nevertheless, the linear expansion 
is strongly affected by both size and solution concentration. Higher solution concentration may affect 
the crystallisation pressure of the ettringite and so promote the onset of cracking earlier. It seems that 
the expansion is related to the mechanical properties of sample itself as well as the chemical or 
physical parameter applied in testing. Despite major changes in the pore structure, blends with 40% 
slag do not change significantly the amount of sulfate penetration.  There is reduced penetration in the 
70% blend, despite a higher porosity compared to the 40%.  These findings underline the complexity 
of behavior of cementitious materials in sulfate solutions. 
 
 
5. FUTURE WORK 
 
More work will be focused on to study to behavior and mechanism of slag blends under sulfate attack, 
with also different geometry and various concentration of solution. Furthermore, the effect of 
different w/c ratio will also be considered. 
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Abstract 

The incorporation of supplementary cementitious materials to the cement industry is an alternative to reduce the 

consumption of large amounts of raw materials and gives up a huge spectrum of blended cements that have been noted 

not only for its properties of reducing energy consumption and CO2 emission but also for its well known durability 

properties. 

 

In this research work we evaluate ternary systems from ���/��/��� mixtures, focusing on their durability. Selected 

formulations in the ternary system ���/��/��� hydrated and carbonated have been studied at 14 and 90 days of 

carbonation time. The carbonation process of ettringite phases and calcium aluminate hydrates proceeded from 

different formulations, i.e. calcium aluminate cement, fly ash predominance, and calcium sulphate are analysed and 

discussed by means of infrared spectroscopy, x-ray diffraction but also mechanical properties of samples. The analysis 

of the results have shown that developed hydrated compounds depend on formulation; after carbonation process, the 

ettringite decomposition can promote metastable calcium carbonate polymorphs (aragonite and vaterite) due to 

inorganic compounds (aluminium hydroxide, gypsum, etc) presence. Long term carbonation of the blended samples 

analysis by Raman spectroscopy allows the identification of a new hydrated phase with carbonate, sulphate and 

calcium ions in its structure. 

 

Originality 

This paper describes for the first time a study of the durability of different selected formulations in the ternary system 

CAC/FA/C$  which substitutes the Portland cement by by-products. On the hydrates characterization, the Infrared and 

Raman spectroscopies allow the identification of differentiate ettringite structures. 

 

Chief contributions 

The carbonation of the hydrated samples produces ettringite decomposition as well as reaction of CO2 with minor 

hydration products i.e. C3AH6, calcium monosulfoaluminate, hemicarboaluminate and C2 ASH8 - developed phases 

depending on the selected initial formulation. Two metastable calcium carbonate polymorphs (vaterite and aragonite) 

with different morphologies development can be related with gypsum and AH3 presence. 

 

Keywords: ternary systems, ettringite, ��	
, carbonation 
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Introduction 

 
The incorporation of supplementary cementitious materials to the cement industry is an alternative to reduce 
consumption of large amounts of raw materials and gives up a huge spectrum of blended cements that have been 
noted not only for its properties of reducing energy consumption and CO2 emission but also for its well known 
durability properties [Macphee D E., 2006]. In the near future, the sustainability will be the main driver for 
innovation in research on materials; moreover, an increase range of supplementary cementitious materials but 
also new clinker types will emerge over the coming years contributing to lower environmental impacts [Karen L. 
Scrivener, R. James Kirkpatrick, 2008]. 
 
Advanced materials research on new cementing systems, as high sulphate clinkers, is recently focused on 
ettringite rich products to develop materials with special properties [Chatterji, S., Jeffery, J. W., 1963]. 
Currently, as a precursor of the formation of ettringite (Ca6Al2(SO4)3(OH)12·26H2O), the blend of Portland 
cement (PC), calcium aluminate cement (CAC) and a type of calcium sulphate – i.e. anhydrite, hemihydrate or 
gypsum -  is of special attention of researchers [Brooks, S.A., Sharp, J.H., 1990; Lamberet S., 2005; Fernández-
Carrasco L., 2008; Fernández-Carrasco L., Martínez-Ramírez S., 2009].  The products based on ettringite have a 
broad range of uses: formulations with water contents near the minimum requirement to ensure plasticity are 
widely used in proprietary floor screeds and repair materials. The compressive strength depends on formulation 
but it is comparable with those achieved by sulphate-free CAC cements. Actually, new attempts to obtain 
ettringite-rich materials by the incorporation of fly ash as an alternative high sustainable ternary systems have 
been just investigated obtaining clearly good products [Fernández-Carrasco, L. 2009], but next step is that some 
durability studies are required in order to establish the long term composition and mechanical characteristics.  

In this research work, the carbonation process of ettringite phases and calcium aluminate hydrates proceeded 
from different formulations, i.e. calcium aluminate cement, fly ash predominance, and calcium sulphate is 
analyzed and discussed by means of infrared spectroscopy, x-ray diffraction and also mechanical properties of 
samples. 
 
Experimental 
 
A fly ash (Type F according to the ASTM classification), an Electroland CAC and calcium sulphate 2-hydrate 
(Panreac PRS-CODEX) were used in this research as raw materials.  
 
The formulations were prepared in a mixer by blending the raw materials during 1 hour at 9 rpm (Table 2). The 
“water/binder” ratio used was 0.6 and the samples were prepared as described in a previous work [Fernández-
Carrasco, L. 2009]. These hydrated pastes were submitted to a carbonation process in a chamber of 50x30x20 
cm dimensions within 4% of CO2 in air, 20 º C of temperature and 75 % of relative humidity. The samples were 
analyzed after 14 and 90 days of carbonation time.  
 
A PHILIPS PW 2400 X-ray fluorescence spectrometer with a PW 2540 VTC sample changer was used to 
determine the chemical composition of the materials (see Table 1). The mineralogical composition of the 
hydrated and carbonated materials was performed by an X-ray diffractometer (XRD) with a Siemens D500 
instrument and an FTIR- Bomem MB-120 Fourier transform infrared spectrophotometer with a frequency range 
of 450 to 4000 cm-1 were used. KBr pellets procedure was used for FTIR analysis. An 1800 Jeol scanning 
electron microscopy (SEM) was used to study the microstructure of carbonated pastes. 
 
 
 
 

Table 1. Chemical Composition of raw materials 
 loss on ignition Al2O3 CaO SiO2 Fe2O3 MgO K2O Na2O 

CAC 0.36 40.52 34.89 2.94 12.91 0.5 0.06 0.14 
Fly ash 1.27 25.84 5.93 41.49 20.76 1.22 1.37 --- 

 

 

 

 



Results and discussion 
 

As was reported in a previous work [
reactions in the S1 to S4 studied systems was ettringite. Apart from 
portion of non reacted gypsum; presumably an excess of 
S6 -with major portion of CAC- presented minor ettringite content but in addition also presented 
broad diffraction lines between 2θ = 6
diffraction lines for aluminium hydroxide polymorphs are observed only in the diffraction patterns of samples 
with high  content (S5 and S6). Moreover, the samples 
 
The carbonation of samples conducted to an evolution of hydrated phases, due to the chemical reactions of them 
with CO2, through the formation of calcium carbonate, gypsum and aluminium hydroxide. The Figures 1 and 2 
present the diffractograms of hydrated and carbonated samples 
 
Then, the carbonation of samples gives up to the evolution of ettringite. At
lines of the ettringite decrease in the relative intensity but at 
shown. Other minor hydration products, i.e. 
ASH8, also react totally with CO
hydroxide and gypsum. At 14 carbonation days, the main detected calcium carbonate polymorph was vaterite; 
but the samples S3 y S4 presented aragonite in major portion than vaterite. In the diffractogram of sample 
were observed minor relative intense diffraction lines due to calcite and aragonite (Figure 5). 
 
At 90 days, an important increase in the presence of vaterite was obser
Samples S1 and S2 also increased in aragonite. On the other hand, the main calcium carbonate polymorph 
detected at 90 days carbonation time for samples 
 
At 14 carbonation days, the diffraction lines due to the presence of aluminum hydroxide were observed in the 
diffractograms of all the samples. However, at 
samples S5 and S6. The formation of a sulphate type compound, probably 
14 carbonation days in samples S1 to 
of this sulphate was detected at 90 days, mainly in samples 

Figure 1. Driffraction patterns of samples a1 14 days of car

As was reported in a previous work [Fernández-Carrasco, L. 2009], the main crystalline hydration product of the 
studied systems was ettringite. Apart from ettringite, the sample 

portion of non reacted gypsum; presumably an excess of C$ was used in the initial mixture. The samples 
presented minor ettringite content but in addition also presented 

= 6-16º indicated calcium monosulfoaluminate and hemicarboaluminate. The 
diffraction lines for aluminium hydroxide polymorphs are observed only in the diffraction patterns of samples 

). Moreover, the samples S5 and S6 presented a very low portion of 

The carbonation of samples conducted to an evolution of hydrated phases, due to the chemical reactions of them 
formation of calcium carbonate, gypsum and aluminium hydroxide. The Figures 1 and 2 

present the diffractograms of hydrated and carbonated samples -14 and 90 days, respectively. 

Then, the carbonation of samples gives up to the evolution of ettringite. At 14 carbonation days, the diffraction 
lines of the ettringite decrease in the relative intensity but at 90 carbonation days no signals of ettringite are 
shown. Other minor hydration products, i.e. C3AH6, calcium monosulfoaluminate, hemicarboaluminate.and 

CO2. The crystalline detected products were calcium carbonate, aluminium 
carbonation days, the main detected calcium carbonate polymorph was vaterite; 

presented aragonite in major portion than vaterite. In the diffractogram of sample 
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ettringite remained intact. In the present study – carbonation of solids as powder and at 75 % of RH, a different 
developed calcium carbonate was analyzed depending on the formulation; samples S1, S2, S5 and S6 presented 
mainly vaterite; but samples S3 and S4 presented important amounts of aragonite. The carbonation of samples 

ed the formation of aluminum hydroxide and hopefully gypsum.  The formation of that sulphate type 
was also detected by XRD in carbonated samples S1 to S5 but mainly in S3 and 
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of this compound presented some difficulties. Poellman et al. 1990 and Barnett et al. 2001, indicated the 
existence of possible solid solutions formed between SO4-AFt and CO_3-AFt. Moreover, Zhang et al. 2001, 
explained that the ettringite itself undergoes union exchanges in which part of its sulphate is replaced by 
carbonate; they suggest that ettringite undergoes significant ion exchange, of CO3  for SO4, prior to its 
decomposition and thus also buffers the paste against carbonate penetration.     
 

Another aspect to take into account is that during the hydration process of cements, if waste ions are mixed with, 
several types of waste ion interactions may occur in the cement microstructure: chemisorb, precipitate, form a 
surface compound to any of several cement phases surfaces, form inclusions or be chemically incorporated into 
the cement structures, or have simultaneous occurrence of several of these situations [S.J. Barnett, C.D. Adam, 
A.R.W. Jackson, 2001]. The ettringite structure can withstand modest deviations in composition without a 
change in structure. This compositional change occurs on the crystal chemical level in the form of ionic 
substitution; the ions available for substitution in the ettringite structure are Ca+2, Al3+, SO4

2- and OH-. The 
examination of ettringite group structures provides information on some natural and, therefore, stable ionic 
substitutions possible in the structure [Taylor H.F.W., 1973]. The aluminium site accommodates a variety of 
trivalent and tetravalent cations. Then, the carbonation of ettringite based systems that incorporate waste 
materials should not be clearly modified due to the ionic substitutions in the structure. 
 
 

 
 

Figure 3. Dense and needle morphology of carbonates. 
 
  
Conclusions 
 
This paper describes the carbonation of ettringite and minor hydration products i.e. C3AH6, calcium 
monosulfoaluminate, hemicarboaluminate and C2ASH8 - developed phases depending on the selected initial 
formulation CAC/FA/C$- towards the formation of calcium carbonate, gypsum and aluminium hydroxide. 
 
No signals of ettringite are shown at 90 days carbonation time. Other minor hydration products, i.e. C3AH6, 

calcium monosulfoaluminate, hemicarboaluminate.and C2ASH8, also react totally with CO2. Two calcium 
carbonate polymorphs (vaterite and aragonite) with different morphologies development can be related with 
gypsum and AH3 presence. 
 
Depending on the initial composition, the samples S1, S2, S5 and S6 presented mainly vaterite; but samples S3 
and S4 presented important amounts of aragonite. The carbonation of samples also produced the formation of 
aluminum hydroxide and hopefully gypsum. 
 
As was mentioned, the presence of aluminium hydroxide was observed in the samples at 14 days; however, at 90 
carbonation days, it was only detected in samples with major initial CAC - S5 and S6. Then, AH3 evolves or 
reacts due to carbonation.  
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Abstract 
Nowadays, the use of polycarboxylate-ether superplasticizers (PCEs) has become a common practice in the production of concrete. 
Several generations of PCEs have been developed over the last decades, different either in terms of monomers chemistry or in terms 
of polymer structure. 
Given a set of monomers, the main structural parameters that can be changed, thus producing polymers with different performance, 
are the backbone length, the side chain length and the molar ratio between charges and side chains. Among them, the length of the 
backbone is often neglected in the studies that are focused on the correlation between PCEs structure and performance.  
In the present work, two polymers have been taken into consideration, possessing different molar ratio: one is a typical water 
reducer, though characterized by poor workability retention, and the other is a good workability retainer and moderate reducer. For 
each of them, several polymers have been prepared, which are different only in terms of backbone length. Their performance has 
been investigated with several cements, characterized by different chemical composition.    
By doing so, not only the water reduction and workability retention capability of the polymers have been highlighted, but also their 
robustness, intended as the ability to offer consistent performance, under variation of the cement characteristics. An optimal 
backbone length has been identified for each polymer.   
  
Originality 
This study has been carried out on two classes of polycarboxylate-based polymers which have the same chemical 
structure and differ only by the molar ratio. This similarity between them, allowed drawing some conclusion on the 
influence of the backbone length on the reactivity of these superplasticizers. In this case, also the adsorption tests take 
on a more important meaning, and the correlation with the performance trials in mortar and concrete is the key to 
better understand the variation of behaviour with the chemical structure. 
 
Chief contributions 
This study allowed defining an optimal backbone length for the water reducer and the workability retainer polymer, in 
order to have a good performance on different cements, and to guarantee a good robustness under variation of the 
materials. It is very important to assure this point, since nowadays the natural resources are decreasing and secondary 
cementitious materials are progressively used, thus introducing a high variability of substrates. It was also possible to 
define a reliable theory that justifies some different performance observed for the two classes of admixtures. 
 
Keywords: Admixture, Superplasticizer, Polycarboxylate, Molecular weight, Adsorption, Water reduction, Workability 
retention, Mortar, Concrete 
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Introduction 
 
The widespread diffusion of polycarboxylate-ether superplasticizers has stimulated research aimed at 
understanding their mechanism of action and defining correlations between the structure of polymers 
and their performance.  
One of the chemical properties that can be changed to obtain a different behaviour of the 
superplasticizer in concrete is the length of the backbone. This variation allows influencing two of the 
most important parameters that characterize a polymer: its molecular weight and its polydispersity 
(Rabek, 1980, Ezrin, 1973).  
The objective of the present study is to investigate the effect of the variation of the backbone length on 
the performance of sodium salts of two polycarboxylate ether based superplasticizer (PCE): one is a 
typical water reducer, mainly used in the precast industry, the other is a good workability retentor, 
more suitable for the ready-mix application.  
 
2. Experimental Details 
 
2.1 Synthesis of polymers 
 
Four water reducing polymers (named PCE1a, PCE1b, PCE1c, PCE1d respectively) and four 
workability retaining polymers (named PCE2a, PCE2b, PCE2c, PCE2d respectively) were 
investigated. The two classes of polymers differ only in terms of molar ratio between methacrylic acid 
and PEG-methacrylate; PCE1- type polymers contain a higher amount of acid in comparison to the 
PCE2-type polymers; along this line, PCE1s are usually used for the precast application, whereas 
PCE2 polymers are more extensively employed in the ready mix market. The backbone length was 
regulated varying the amount of chain transfer agent. All polymers were tested as 20% solutions, 
neutralized and defoamed.  
 
2.2 Molecular weight evaluation of polymers 
 
The gel permeation chromatography analyses of the polymers were performed through a GPC system 
from Shimadzu, with a thermostatic furnace CTO-10A VP, pump LC-10AD VP, UV detector SPD-
10A and RI detector RID-10A. The instrument calibration was performed by means of narrow MWD 
standards of polyethylene oxides. The results are listed in Table 1. 

Polymer Molar ratio (methacrylic acid/ 
PEG-methacrylate) nM  wM  PD 

PCE 1a 1 : 3,1 9.100 12.200 1,3 
PCE 1b 1 : 3,1 11.800 17.000 1,4 
PCE 1c 1 : 3,1 13.800 20.900 1,5 
PCE 1d 1 : 3,1 19.700 35.700 1,8 
PCE 2a 1 : 1,6 9.800 13.800 1,4 
PCE 2b 1 : 1,6 11.300 16.600 1,5 
PCE 2c 1 : 1,6 13.100 20.600 1,6 
PCE 2d 1 : 1,6 22.100 45.200 2,0 

Table 1: GPC analyses results (RID detector) of synthesis polymers 
 
2.3 Characterization of cements 
 
The performance of the PCE1 polymers was tested using two Italian commercial Portland cements 
type I 52,5 (according to EN 197-1), which are typically used in precast applications. They will be 
named cement A and B respectively. On the other side, PCE2 type polymers, which are milder water 
reducers and good workability retainers, were tested on three cements type II A/LL 42,5, coded 
cement C, D and E respectively, that are most widely used in ready-mix. The complete chemical 
analysis of all cements was carried out according to the methods reported in EN 196/2. Total and 



soluble sulfates (within 5 minutes at w/c of 0,5) were determined by means of ionic chromatography. 
A laser granulometer RODOS/M equipped with a laser sensor HELOS/BF was used to determine the 
particle size distribution of the different cements. All the results collected are listed in Table 2. 
 

Chemical analysis Pore solution analysis 
(soluble ions) 

Particle size 
analysis 

Cem %      
loss on 
ignition 

% 
insoluble 
residue 

% 
SiO2 

% 
CaO 

% 
MgO 

% 
Fe2O3 

% 
Al2O3 

% 
Na2O 

% 
K2O 

% 
SO3 

% 
Ca2+ 

% 
K+ 

% 
Na+ 

% 
SO4

= 
X50 

(μm) 
X90 

(μm) 

A 2,65 0,81 18,51 64,1 1,0 2,70 5,30 0,60 0,89 3,49 0,03 0,72 0,19 1,06 10,04 35,19 

B 2,47 2,16 20,41 63,5 0,7 3,10 4,80 0,22 0,52 3,97 0,07 0,19 0,01 0,28 7,67 26,84 

C 3,70 1,78 19,80 65,0 0,9 3,10 3,76 0,25 0,75 2,50 0,03 0,46 0,04 0,51 11,33 35,73 

D 4,65 1,88 19,33 62,1 1,6 2,68 5,35 0,41 1,00 2,89 0,03 0,67 0,07 0,78 17,41 51,90 

E 5,00 2,26 19,03 62,4 2,5 2,63 4,47 0,26 0,90 2,70 0,03 0,66 0,11 0,81 15,03 49,75 

Table 2: Characterization of cements used for mortar and concrete tests. 
 
2.4 Adsorption analyses 
 
T.O.C. (Total Organic Carbon) analyses were carried out with a Shimadzu 5000A T.O.C. analyzer, in 
order to evaluate the adsorption rate of the different polymer fractions onto cement. PCE1 polymers 
were evaluated on Cement A and B and PCE2 polymers on Cement E; the superplasticizer fractions 
were dosed at 0,2% active by cement weight (bwc). The water/cement ratio was 0,50. The samples 
were prepared according to the following procedure: cement and water, containing the 
superplasticizer, were stirred for five minutes and then filtered in a büchner with a vacuum pump. The 
amount of polymer adsorbed was determined by difference between the organic carbon originally 
contained in the polymer solution and the amount left in the solution filtered from the paste. The 
results are expressed as percentage by weight or by moles of polymer adsorbed (Figure 2, 3 and 4). 
 
2.5 Mortar tests and viscosity evaluations 
 
Standard mortars were prepared according to EN 196/1. PCE1 polymers were dosed always at 0.20% 
active bwc using cement A and B The water/cement ratio was 0.47 for cement A and 0.45 for cement 
B. The flow was evaluated for each mortar according to the EN 413-2 after 15 shocks. PCE1 polymers 
with cement A were compared also in terms of viscosity of the mortar, using a rotational viscometer 
Viskomat NT Rheometer from Schleibinger Geräte. The velocity was regulated in order to have an 
initial acceleration from 0 to 140 rpm in 30 seconds and a following deceleration to 0 rpm in 2,5 
minutes. The results obtained are shown in Figure 5. 
PCE2 polymers were dosed always at 0.24% active bwc using cement C, D and E. The water/cement 
ratios were 0.46, 0.53 and 0.52 respectively, which corresponded to the same initial fluidity. 
 
3. Results and Discussion 
 
3.1 Molecular weight distribution of the polymers 
 
In Figure 1 the curves of molecular weight distribution for the PCE1 polymers (on the left) and the 
PCE2 polymers (on the right) are shown. PCE1d has a higher amount of long chain macromolecules 
with respect to the other PCE1 polymers. PCE1b and PCE1c are very similar in terms of molecular 
weight distribution, whereas the polymer PCE1a is shifted in the low-molecular weights region. 
Concerning PCE2-type polymers, the curves of molecular weight distribution of PCE2b and PCE2c 
are very similar, whereas PCE2d has a remarkably higher molecular weight. PCE2a has a large 
quantity of macromolecules with a low molecular weight. 
 

 



 
Figure 1: Superimposition of GPC curves (IR detector) of the four PCE1 type polymers (on the left) 

and the four PCE2 type polymers (on the right) 
 
3.2 Adsorption tests 
 
The results of the adsorption tests of PCE1 polymers on cement A (on the left) and B (on the right) are 
shown in Figure 2. With both cements, the PCE1 admixtures having higher molecular weight are 
adsorbed in a higher percentage by moles with respect to the admixtures that have a shorter main 
chain. This is probably due to the fact that the charge density on the PCE1 polymers is high (see molar 
ratios in Table 1) and, extending the main chain, the number of charges for each chain increases 
causing a subsequent enhancement of the probability of adsorption on cement (Winnefeld et al. 2007, 
Plank et al. 2009).  
  

 

 
 

Figure 2: Adsorption tests of PCE1 type polymers on cement A (on the right) and cement B (on the left) 
 
The adsorption values are very similar for both cements. Cement B has lower alkali content (as shown 
in Table 2) than cement A and the adsorption of the admixture is usually promoted in this case; this 
finds a confirmation in the adsorption values on cement A and B of PCE1a polymer, which has the 
lowest molecular weight and has a very low adsorption capability. This polymer shows a 24,5% 
adsorption on cement B and only 12,5% on the less reactive cement A, whereas the other polymers 
have more or less the same behavior with both cements. 
The number of charges in each molecule is not the only parameter that must be considered when 
evaluating the adsorption capability of an admixture onto cement. The mobility of chains is also very 
important to ensure a good reactivity of the macromolecules with the cement, and this property is 
promoted by a shorter main chain. This fact suggests that it’s not possible to increase indefinitely the 
molecular weight of a polymer. Additionally, it cannot be neglected the fact, that there is a different 
amount of starting moles when polymers with different average molecular weights are dosed at the 
same active dosage bwc. This difference is highlighted in Figure 3 where the effective moles of 
admixture added to 50 g of cement are reported (50 g is the amount used in the TOC experiments), by 
considering the average molecular weight of each. By increasing the length of the polymer backbone, 



the amount of starting moles and the ratio between the moles of admixture and the amount of cement 
are decreased as well. For this reason, the high percentage of adsorption detected for PCE1d (shown in 
Figure 2) can be influenced not only by the “reactivity” of the polymer, but also by the fact that the 
starting amount of moles is very low. Splitting the amount of moles in two segments (adsorbed and 
residual moles after 5 minutes of mixing), it is possible to see that the adsorption capacity of PCE1a, 
which has the shortest main chain, is significantly lower than the one of the other polymers: a lower 
quantity of moles have been adsorbed on cement after 5 minutes of mixing in comparison with the 
other admixtures, even though the starting amount of macromolecules was the highest.  
 
 

 
 

Figure 3: Moles of PCE1 type polymers added to 50 g of cement A (on the left) and cement B (on the right), split 
in adsorbed and residual free moles, after 5 minutes mixing. 

 
A similar evaluation was made for PCE2 polymers on cement E (as shown in Figure 4a and 4b). In 
this case, the charge density on the polymer man chain is lower than in the case of PCE1-type 
polymers, and the percentage of adsorption on cement is less influenced by the length of the polymer 
backbone. This means that, for a workability retainer, the amount of residual moles is always quite 
high and this ensures a good workability retention over the time. 
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3.3 Mortar tests 
 
The results of mortar tests of PCE1 type polymers are presented in Table 4. Mortars with cement A 
were compared also in terms of viscosity and the results are shown in Figure 5. 
The water reduction capability of PCE1 admixtures on cement A depends strongly on their average 
molecular weight: PCE1d, which has the highest molecular weight, shows the highest water reduction 
capability, while the opposite behavior is observed with PCE1a. This aspect is sustained and validated 
also by the viscosity trials on the mortar pastes, which show an increase of the torque value by about 

Figure 4b: Molar adsorption of PCE2 on cem E Figure 4a: Percentage adsorption of PCE2 on cem E 



25 Nmm while ranging from PCE1a to PCE1d.  
Cement B with lower alkali content appears more reactive with PCE1a, as already observed in the 
adsorption tests. 
 

  
 
 
 
The fluidity loss at 30’ of PCE1d is evident from both trials and is presumably due to the little amount 
of macromolecules available in the pore solution, after the initial adsorption. It is therefore clear that 
an increase of the molecular weight has a positive impact on water reduction, but a negative effect on 
the workability retention. In this case, the two admixtures with a “medium” average molecular weight 
represent therefore the best compromise.  
Te results of mortar trials made with PCE2 polymers are reported in Table 5.  
 

 
CEM C     
W/C=0,46          

dos 0,24%act 

CEM D     
W/C=0,53          

dos 0,24%act 

CEM E      
W/C=0,52          

dos 0,24%act 
Flow (%) 0' 103 123 115 
Flow (%) 30' 88 102 102 
Flow (%) 60' - 93 94 PCE2a 
Flow (%) 90' - - 83 
Flow (%) 0' 114 120 112 
Flow (%) 30' 93 98 103 
Flow (%) 60' 73 86 95 PCE2b 
Flow (%) 90' - - 81 
Flow (%) 0' 120 129 114 
Flow (%) 30' 98 103 102 
Flow (%) 60' 81 92 99 PCE2c 
Flow (%) 90' - - 86 
Flow (%) 0' 127 132 129 
Flow (%) 30' 105 108 113 
Flow (%) 60' 101 101 100 PCE2d 
Flow (%) 90' 91 90 97 

 
Table 5: Mortar tests of PCE2 polymers on cement C, D and E 

 
The polymer PCE2d, which has the higher molecular weight, performs always better that the other 
polymers in terms of water reduction. This effect can be due both to electrostatic interaction and to the 
steric hindrance of the macromolecules (Uchikawa et al., 1997, Li et al., 2005). PCE2 admixtures have 
a higher concentration of side chains in comparison with PCE1 polymers; for this reason, extending 
the main chain of a PCE2 polymer, the impact on the steric hindrance is very strong whereas the 
influence on the electrostatic effect is significantly lower than for PCE1 type polymer, which has a 
larger amount of charges on the chain. As previously demonstrated with TOC analyses, the adsorption 
percentage of PCE2 polymers on cement is very scarcely influenced by the length of the polymer 
backbone, presumably because the electrostatic interaction is not significantly different. The 

 
CEM A       
W/C=0,47        

dos 0,2%act 

CEM B       
W/C=0,45        

dos 0,2%act 
Flow (%) 0' 83* 121 PCE1a Flow (%) 30' 69 99 
Flow (%) 0' 117* 139 PCE1b Flow (%) 30' 82 117 
Flow (%) 0' 119* 135 PCE1c Flow (%) 30' 92 105 
Flow (%) 0' 125* 135 PCE1d Flow (%) 30' 93 78 

Table 4: Mortar tests of PCE1 polymers on cement A and B 
* Mix analyzed with mortar viscometer (Figure 5) 

Figure 5: Mortar viscosity of PCE1 polymers with 
cement A (marked with “*” in the previous table) 



improvement in water reduction observed in mortar, is therefore probably due to the enhanced steric 
repulsion promoted by the higher molecular weights. 
PCE2 polymers are all poorly adsorbed on cement at the beginning (Figure 4a) and also in the case of 
high molecular weights, a considerable amount of macromolecules remains available for further 
adsorption, even if the starting moles are very few (Figure 4b). For this polymer it is therefore 
possible to improve the water reduction capability, increasing the backbone length, with just a small 
impact on the workability retention, as demonstrated with the following mortar trials: 
 

 CEM E (W/C=0,5)  
Flow (%) 0' 117 
Flow (%) 30' 105 PCE2a 

dos: 0,24%act Flow (%) 60' 81 
Flow (%) 0' 120 
Flow (%) 30' 102 PCE2d 

dos: 0,16%act Flow (%) 60' 82 
 

Table 6: Mortar test of PCE2a and PCE2d on cement E, 
changing the additives dosage to reach the same starting flow 

 
PCE2d can be dosed 33% less than PCE2a to reach the same starting fluidity of the mortar. 
Nevertheless the workability retention is more or less the same after one hour at 30°C. 
 
4. Concluding Remarks 
 
The study has shown that the medium molecular weight is preferable for the water reducer polymer 
PCE1, since it assures higher robustness, which is consistent performance under variation of the 
cement characteristics; a very long backbone, though being characterized by superior dispersing effect, 
is also associated with a very rapid slump loss as a consequence of the shortage of residual moles after 
adsorption. 
On the other side, a higher molecular weight is preferable for the workability retainer PCE2: in this 
case, the increase of the backbone length has less influence on the adsorption and dispersion behavior 
in comparison with PCE1-type polymer, so that the impact on the residual moles is lower; it is 
therefore possible, by increasing the backbone length, to improve the water reduction and the 
workability retention capability at the same time. 
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Abstract  
In this paper the influence of the side chains length of polycarboxylates on the kinetics of cement hydration is 
investigated by means of thermogravimetric analysis, nuclear magnetic resonance, scanning electron microscopy and 
other techniques. The correlation with the strength development in concrete is then reported. 
Short side chains bring retardation in the strength development at 24 hours, but the ultimate strengths at 28 days result 
as unmodified. The analysis of the microstructure of cement paste at 28 days revealed that the side chain length has no 
impact on the structure of the ettringite crystals and the other products of hydration thus assuring durability. 
Furthermore, the retardation given by short side chains can be modulated and compensated by playing with the number 
of charges and side chains per backbone, thus preventing the calcium ions chelation and speeding up the hydration. 
Short side chains can therefore be used in all those applications were superior robustness and rheology are requested 
without the drawback of the retardation if a careful design of the molecule is carried out. 
 
 
Originality 
In this paper it was demonstrated that the side chain length has a specific impact on the strength at all curing ages.  
This paper gives some guidelines to the design of polycarboxylates that can be engineered to achieve the desired 
performances in terms of strength development. Some evaluations were also carried out considering different types of 
cements, showing that the use of short side chains leads to higher retardation when used in combination with limestone 
blended cements. A specific design of the molecule can anyway be adopted in order to counterbalance this effect.  
 
Chief contributions 
A very detailed study on the cement hydration was carried out by means of several analytical techniques and different 
polymeric structures, giving a comprehensive picture of how the polycarboxylate design can be moduled in order to 
achieve the desired performances in terms of strength development.  
 
Keywords: Cement hydration, side chain length, strength development, microstructure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Corresponding author: Email francesca.moratti@basf.com  Tel +39 0422 429 315, Fax +39 0422 307 894 



1. INTRODUCTION 
 
Many different chemical compounds are introduced in concrete with the purpose of altering one or more of 
its properties in the fresh or hardened state and, more and more, superplasticizers are recognized as essential 
components in concrete technology. Within this range polycarboxylates are considered to remarkably 
contribute to the key drivers of the construction industry as energy efficiency, construction process speed, 
durability, sustainability and robustness of performances. 
While in the case of the more traditional superplasticizers such as NS (naphthalene-formaldehyde 
sulphonated) and MS (melamine-formaldehyde sulphonate) the possibility to tailor make the molecular 
structure is limited, many more are the possibilities to modify it in the case of the polycarboxylates. 
The ratio between the negative electrical charges and the hydrophilic side chains is the first parameter to be 
optimized according to the desired performances, but it is possible to play with many other parameters 
(backbone length, side chains length, electrical charges, side chains density, additional functional groups), 
each of whom will impart different properties to the concrete mixture. 
The technical requirements drive the molecular design, and the state-of-the-art polycarboxylates reflect their 
application in the market. For example, admixtures for the Ready Mix industry are generally characterized 
by short side chains (up to 3000 Da) and a low charge density, that provide a medium-high water reduction 
capability and assure proper workability retention. Short side chains give in fact several advantages in terms 
of robustness towards chemistry of cement and longer workability retention (Sakai et al., 2003, Yamada et 
al., 2003, Yamada et al., 2001), while also the rheology of the concrete mixture is generally much easier to 
manage. Short side chains are therefore perfectly fitting most of the requirements of Ready Mix users. On the 
other hand, the use of polycarboxylates containing short side chains can give problems in terms of 
retardation, since it is well known that the strength development is boosted by long side chains (Corradi et 
al., 2002, Khurana et al., 2002, Zeminian et al., 2010). 
It is therefore of paramount importance to carefully balance the chemical structure of the polycarboxylates in 
order to better optimize the performances of fresh and hardened concrete. 
In this paper the correlation between chemical structure of PCE, and in particular side chains length, and 
strength development will be analyzed with a special attention to the microstructure of the hydration 
products. Results will show that side short side chains cause a retardation in the early strength (18-24 hours) 
but the ultimate strengths at 28 day are unmodified. A careful design of the molecule will therefore promote 
a proper hydration without modifying the cement paste microstructure. 
 
    
2. EXPERIMENTAL DETAILS 
 
2.1 Materials 

One cement type I 42.5R and one cement type II/A-LL 42.5R were employed, which will be named CEM A 
and CEM B respectively. Their chemical analysis was carried out according to the methods reported in EN 
196/2. The chemistry of the pore solution extracted from the cements was also evaluated: soluble sulphates 
(after 5 minutes of hydration at w/c=0.5) were measured through ionic chromatography, while soluble alkalis 
and calcium were evaluated by means of Inductive Coupled Plasma (ICP). Three different polycarboxylate-
based superplasticizers (PCE-1, PCE-2 and PCE-3) were used in this work. All of them are polymeric water 
solutions. The chemical structures of the polymers are summarized in the following table: 
 

Table 1 – Polymeric solutions  
 Active 

content 
(%) 

Density 
(g/cm3) 

Molecular 
weight 
(Da) 

Side 
chains 
length 

Charges/Side 
chains ratio 

PCE-1 30 1,082-1,102 35.000 500  
PCE-2 46 0,95-1,16 50.000 3000  
PCE-3 45 1,06-1,13 40.000 6000  

 
The charge density (charge number/side chains number ratio) of the three polymers was selected in order to 
obtain similar water reduction capability. 
Cement pastes were prepared according to EN 196-3 with a w/c ratio of 0.35. All the PCEs were dosed at 
0.15% active on CEM A and 0.18% active on CEM B in order to obtain similar initial fluidity. The pastes 



were prepared at room temperature and cured at 20°C and 90% relative humidity in 4x4x16 cm specimens. 
At the desired curing age the hydration was stopped by several rinses with ethanol and the samples were 
dried at 40°C for 30 minutes, then analysis were carried out.  
 
2.2 Thermogravimetric analysis(TGA) 
The analysis was performed at early ages, 18 and 24 hours, as well as after 7 and 28 days. Samples were 
obtained by grinding the hardened paste in an agate mortar, the resulting powders were analyzed by 
increasing the temperature from 25 to 900 °C at the rate of 10°C/min in nitrogen flow at 50 mL/min. 
 
2.3 Calorimetric tests 
The rate of the cement hydration was monitored by means of heat development of the cement paste at a 
temperature of 20°C. The instrument contains eight separate channels constructed in twin configuration with 
one side for the sample and the other for the inert reference (sand).  
After mixing, the cement paste was poured in a plastic ampoule with the sample mass recorded. After 
capping the ampoule, the sample and the reference ampoules were inserted in the calorimeter.   
 
2.4 29Si- NMR Measurement 
A 300 MHz solid-state high-resolution spectrometer with thick-walled zirconia rotors, rotating at 3800 Hz, 
was used to perform the 29Si MAS (magic angle spinning) Nuclear Magnetic Resonance analyses of the 
pastes.  
 
2.5 Scanning Electron Microscopy (SEM) 
The samples were coated with gold and introduced in the vacuum chamber for their observation. The 
accelerating voltage used ranges from 10 to 20 kV, according to the age of the samples. All the observations 
were made on fractured surfaces. 
 
2.6 Concrete tests 
Some concrete tests were carried out in the lab, preparing 30 litres batches of in a vertical axis mixer. The 
mix proportion was the following: CEM = 330 kg/m3, sand 0-4 = 1075 kg/m3, crushed gravel 8-12 = 390 
kg/m3, natural gravel 19-25 = 490 kg/m3, W/C = 0.48 for CEM A and 0.46 for CEM B. All the tests were 
performed at 20°C, with all the materials cooled down to 10°C for 24 hours before mixing. 
The mixtures were prepared according to the following procedure: cement and aggregates were placed in the 
mixer, two thirds of the mix water were added and mixed for 1 minute, the mixing was stopped for 1 minute 
to allow false set, if present, to take place. The mixing was continued for another minute introducing the 
superplasticizer, and then the remaining water was added. 
Initial slump was measured according to EN 12350-2; the air content was measured by air meter (EN 12350-
7). 150 mm cubes were cast in steel moulds and cured at 10 and 20°C and 95% relative humidity and tested 
for compressive strengths after different curing times.  
 
 
3.  RESULTS AND DISCUSSION 
 
3.1 Chemical composition 
Table 2 reports the chemical composition of CEM A and CEM B according to EN 196/2: 
 

Table 2 – Chemical composition of the cement (% by weight) 
  Loss on 

ignition SiO2 CaO MgO Fe2O3 Al2O3 Na2O  K2O SO3 
Free 
CaO Chloride 

CEM A 1,89 20,43 63,74 1,46 2,6 4,4 0,47 0,78 2,7 0,84 <0,05  
CEM B 4,5 20,41 61,6 1,53 2,1 4,6 0,48 0,8 2,89 1,26 <0,05  

* At 5 minutes and W/C = 0.5 
 
3.2 TGA analysis 
As reported in literature (Gabrovsek et al., 2006, Tsivilis et al., 1998), in the thermogravimetric plot of 
hydrated cement pastes, CSH gel and the Portlandite are identified at the following range of temperature:  

• 25–150 °C: water present in the pores, dehydration of ettringite, calcium sulfates, monosulphate and 
water loss from C-S-H gel layers; 



• 150 – 400 °C: complex mixture of hydrated silicate- and aluminate-type compounds; 
• 400-450 °C calcium hydroxide; 
• Calcium carbonate 

CSH gel is characterized by different hydrated structures and its dehydration doesn’t come at a narrow range 
of temperatures as in the case of the Portlandite, making the investigation difficult. In this work the mass loss 
due to the dehydration of CSH gel has been detected between 150°C and 400°C. 
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Figure 1 – Formation of CSH at different ages – CEM A (a) and CEM B (b) 
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Figure 2 – Formation of Portlandite at different ages – CEM A (a) and CEM B (b) 

 
Figures 1 and Figure 2 show the results of TGA analysis in the complete range, from 18 hours to 28 days. 
Results confirm the retardation at early ages (18 hours and 24 hours) when PCE-1 is added in the cement 
paste, due to the minor weight loss in the range 150°C-400°C and 400°C-450°C in comparison to PCE-2. At 
longer ages (28 days) PCE-1 and PCE-2 show similar behavior in terms of development of CSH gel and 
Portlandite. 
It can be also noticed that the retardation induced by PCE-1 is much higher when CEM B is used, meaning 
that also the type of cement play a key role in determining the interaction with polycarboxylates. This 
behavior was validated with other limestone blended cements, which always resulted in a higher retardation 
of CEM II with respect to CEM I type cements.  
 
3.3 Calorimetric results 
Results shown in Figure 3 and 4 represent the conduction calorimetric curve of CEM A and CEM B in 
presence of PCE-1 and PCE-2. In each of these figures the reference curve without polymer is also reported. 
The addition of PCEs causes a significant delay effect on both cements: as reported in literature (Plank et al., 
2009) the retardation on the cement hydration is due to the formation of complex salt between functional 
group of PCE and Ca2+ ions, decreasing the concentration of Ca2+ in the liquid phase and then delaying the 
starting of the hydration. Due to its structure, PCE-1 shows an induction time doubled in comparison to PCE-
2 at the same dosage, when added on CEM B. In fact, PCE-1 has the highest number of charges and the 
lowest number of side chains, both promoting Ca2+ chelation and thus retarding the cement hydration. The 
initial retardation doesn’t compromise the proceeding of hydration and after 36 hours the difference in terms 
of heat development between the PCEs is similar on both cements. 
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Figure 3 – Heat development (mW/g) of CEM A  Figure 4 - Heat development (mW/g) of CEM

 
3.4 29Si- NMR measurement results 
This technique provides useful information about the state of the tetrahedral SiO4

4- in the paste (Zanni et al., 
1996, Masse et al., 1993), which is indicative of the formation of C-S-H due to hydration. In the process of 
silicate polymerization, the individual tetrahedrons (called monomers, whose state is designated as Q0) of the 
anhydrous silicate phases (C3S, C2S) of the cement are transformed through hydration in dimers (Q1) and 
polymeric chains (Q2) of tetrahedrons by means of connections through oxygen atoms. Each of these states, 
which reflect the degree of polymerization of the silicates in the paste due to the C-S-H formation, is 
represented by a peak in the NMR spectrum (given as a function of the chemical displacement). Figure 5 
shows the 29Si NMR spectrum of the reference paste along with that of the pastes incorporating PCE-1 and 
PCE-2, at different ages. Two peaks can be identified in the plots: that of Q0 in the chemical displacement 
range of -66 to -74 ppm, and that due to the formation of C-S- H corresponding to Q1 and Q2 signals, in the 
range of -75 to -82 ppm and -85 to -89 ppm, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: 29Si NMR spectra of the reference paste along with that of the pastes incorporating PCE-1 and PCE-2 for 
cement B. 

Since the peaks in the NMR spectra overlap, a semi-quantitative method is used to compare the curves 
obtained at different ages. The areas of the anhydrous silicates (Q0) and those of the C-S-H (Q1 and Q2), 
denoted respectively as A0 and AC-S-H, are obtained for each spectrum as in Figure 6 and Figure 7.  
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Figure 6. Integration method used for evaluating the 29Si NMR spectra. 

It can be observed that the PCE-1 leads to a delay on the hydration processes at early ages without affecting 
the formation of C-S-H at 28 days.  

Blank
- 120- 110- 100- 90- 80- 70- 60- 50

( ppm ) - 120- 110- 100- 90- 80- 70- 60- 50
( ppm )

- 120- 110- 100- 90- 80- 70- 60- 50
( ppm )

18 hours 

24 hours 

7 days 

28 days 

PCE-1 PCE-2 



 

18
 h

24
 h

7 
da

ys

28
 d

ay
s

0.20

0.25

0.30

0.35

0.40

0.45

0.50

R
el

at
iv

e 
A

re
a 

of
 C

SH
(A

C
-S

-H
/A

0)

CEM A (I 42.5R)

Blank
PCE-1
PCE-2

18
 h

24
 h

7 
da

ys

28
 d

ay
s

0.20

0.30

0.40

0.50

0.60

R
el

at
iv

e 
A

re
a 

of
 C

SH
(A

C
-S

-H
/A

0)

CEM B (II A-LL 42.5R)

Blank
PCE-1
PCE-2

 
Figure 7. Relative area corresponding to the formation of C-S-H (AC-S-H/A0) for reference paste and pastes 
incorporating PCE-1 and PCE-2 for cement A I 42.5R and cement B II/A-LL 42.5R, at different ages. 
 
3.5 Scanning Electron Microscopy results 
SEM can be used to observe the morphology of the different phases of the hardened cement paste and its 
evolution during hydration. Literature (Scrivener, 1989) shows that, during the first stages of the hydration, 
the cement particles are covered with an aluminate-rich gel and short ettringite rods. Later on, the reaction of 
the C3S leads to the formation of the ‘outer’ C-S-H, which is followed by secondary hydration of C3A 
producing ettringite in the form of long rods and the beginning of the formation of the ‘inner’ C-S-H. The 
formation of C-S-H is accompanied by the crystallization of portlandite, which is, however, not easily 
observed through SEM.  
Figure 8 and 9 show the evolution of the hydration for CEM B in presence of PCE-1, PCE-2 and without any 
admixture. Results for CEM A are almost identical. It can be observed a higher formation of ettringite 
crystals at 18h in presence of PCE-2 with respect to PCE-1, but at after 28 days of hydration the 
microstructure of cement paste is the same for all the samples. 
 

       
                      (a)                                                   (b)                                                 (c) 

Figure 8.  SEM images of the surface of fractured cement pastes after 18 hours of hydration (CEM B)  
(a) blank, (b) PCE-1, (c) PCE-2 

 

       
                      (a)                                                   (b)                                                 (c) 

Figure 9.  SEM images of the surface of fractured cement pastes after 28 days of hydration (CEM B)  
(a) blank, (b) PCE-1, (c) PCE-2 

 
3.6 Concrete tests results 
Results of concrete test are shown in Table 3. It can be seen that all the data relating to the strength 
development are in line with all the previous analysis. PCE-1 show a retardation in the early strength 



development (18 and 24 hours, both at 10 and 20°C), as expected, while the difference between PCE-2 and 
PCE-3 can hardly be observed, even if their molecular structure is different. This can be explained 
considering that the higher number of side chains of PCE-2 allows a recovery of the retardation given by the 
shorter side chains length and the higher number of charges. 
 

Table  3 - Concrete tests 

18h (10°C) 18h (20°C) 24h (10°C) 24h (20°C) 28 days

1 PCE-1 0,14 160 0,48 3,6 2436 18 8,2 21,8 17,1 29,2 52,9

2 PCE-2 0,14 160 0,48 2,3 2496 21 12,8 28,4 21,6 34,0 53,2

3 PCE-3 0,14 160 0,48 1,7 2492 21 12,2 28,8 21,3 37,5 53,8

4 PCE-1 0,20 152 0,46 3,0 2461 17 3,4 16,9 8,7 24,7 47,9

5 PCE-2 0,20 152 0,46 1,2 2473 21 12,3 24,6 19,8 29,1 48,6

6 PCE-3 0,20 152 0,46 2,4 2451 21 14,4 26,3 20,9 30,7 48,4

Compressive Strength 
(MPa)

C E M   A

C E M   B

Density 
(Kg/m3)

Test Admixture type
 Active 
dosage

(%)

Slump
(cm)

Water 
(l/m3)

W/C
Air 

Content
(%)

 
 

3.7 Conclusions 
Molecular structure of polycarboxylates can be easily modified in order to drive the performances in fresh 
and hardened concrete. The side chains length is a key parameter that controls the development of the 
mechanical strengths that are boosted at early ages by long side chains. The use of shorter side chains is 
nevertheless preferred in Ready Mix application, where the workability retention is of paramount 
importance. Furthermore, the use of short side chains improves the robustness of the admixture and the 
rheology of the resulting concrete. In this paper it was demonstrated that the use of short side chains, thus 
having an expected impact on the initial strength development, does not chain the final microstructure of 
cement paste, thus guaranteeing a proper growth of the hydration product and assuring durability. 
Furthermore, the retardation given by short side chains can be modulated and compensated by optimizing the 
number of charges and side chains per backbone, thus preventing the calcium ions chelation and speeding up 
the hydration. 
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Abstract 
Due to sustainability reasons, the use of recycled aggregates in concrete is expected to increase significantly in a near 
future. Currently, most of the concrete produced with recycled aggregates is used for non-structural applications, being 
its use residual in the case of structural applications. Different reasons are behind this trend, some of them related to 
market situations but also to the decrease in the concrete performance when these aggregates are used. Along these 
lines, its higher absorption coefficient makes difficult preparing structural concretes with high proportion of recycled 
aggregates and, consequently, high-range water reducers or superplasticizers are fundamental. However, few studies 
deal with the interaction of these admixtures with recycled aggregates.  
 
In this work, the interaction of a wide range of water reducer admixtures with different recycled aggregates was studied 
by means of adsorption tests. Results are correlated with the porosity distribution measurements and compared to non-
recycled aggregates. 
 
Originality 
This work deals with the study of the interaction of traditional chemical admixtures (plasticizers and superplasticizers) 
with recycled aggregates evaluating their adsorption behavior both in terms of percentage of adsorption, as well as the 
amount of admixture adsorbed per surface area measured through BET (i.e., adsorption of nitrogen technique).  
Considering the characteristics of the porosity distribution of the recycled aggregates, which show a significant 
contribution of the smallest pores to the total pore volume in comparison to reference aggregates, the use of chemicals 
able to block the water absorption and, therefore, to reduce the coefficient of absorption of recycled aggregates seems 
to be a feasible approach. Concrete tests were also done in order to confirm the approach followed and, also, its 
effectiveness.  
 
Chief contributions 
The main contribution of this research consists in the study of the interaction of chemical admixtures with recycled 
aggregates and how chemical admixtures could contribute to make possible the use of high percentages of replacement 
of coarse aggregates by recycled aggregates without sacrificing significantly the compressive strength of the concrete.   
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Introduction 
 
In the last period of time, the Construction Sector have undergone a transformation in order to fulfill, 
from a sustainable perspective, the increasing demand of innovative technologies, as well as products 
of high quality and high engineering performances. Nevertheless, the technologies needed to achieve 
these new requirements are, sometimes, in direct conflict with other parameters and, specially, with 
those related to sustainability. 
 
The use of recycled aggregates in concrete is a clear example of these contrasting requirements. On 
the one hand, every year, governments are promoting more and more the use of recycled aggregates 
because it protects natural resources and eliminates the need for disposal by using the readily available 
concrete as an aggregate source but, on the other hand, it is well-known that the use of recycled 
aggregates in concrete leads to some detriment in certain properties both in the fresh and hardened 
states and, consequently, their use is limited and regulated.  
 
Due to good demolition practice and advances in crushing machinery, the quality of recycled 
aggregates has been improved significantly during the last decade. Nevertheless, despite the enhanced 
quality of recycled aggregates, their use is limiting the overall performances of concrete, especially 
regarding to compressive strength and shrinkage deformations. Therefore, the use of high-range water 
reducer admixtures or superplasticizers instead of plasticizers turns out to be essential in order to 
obtain  high-quality concrete specially when high proportion of aggregates is replaced by recycled 
aggregates. Nevertheless, due to the magnitude of the water absorption capacity of recycled 
aggregates, which sometimes is more than the double of natural aggregates, the use of traditional 
superplasticizers, although essential, is not always enough.  
 
Accordingly, this paper presents the results of an intensive research done in order to understand the 
mechanisms of adsorption of a wide range of water reducer admixtures on different recycled 
aggregates correlating these results with the measurements of surface area and porosity distribution 
through adsorption of nitrogen technique. Results show the huge total pore-volume of recycled 
aggregates in comparison to natural aggregates, as well as the notable contribution of the smallest 
pores. This could be related to the high water demand of this type of aggregates and, also, permits 
thinking in new and innovative ways of improving the situation by means of chemical admixtures able 
to “block” the access of water to the smallest pores. Tests in concrete confirm the lower water demand 
obtained when this new admixture is used and, therefore, it opens the possibility of using higher 
replacement of recycled aggregates without detriment in the engineering performance.  
 
 
Experimental Details 
 
Two different types of commercial recycled aggregates, with grain size ranges of 6-15 mm and 0-5 
mm, were used in this study; one belonging to demolition of pure concrete structures and other one 
containing, besides concrete, other impurities like gypsum, asphalt or ceramics; designated, 
respectively, as RA-Pure and RA-Mixed. Additionally, crushed limestone sand and natural siliceous 
sand were used through the study as reference samples and, also, to prepare the concretes A summary 
of the properties of these aggregates is shown in Table 1.  
 
Five polycarboxylate-based superplasticizers with different structure (named PCE1 to PCE5), one 
Naphthalene-based superplasticizer (named BNS) and one Lignosulfonate-based plasticizer (named 
LS) were used through the study. Some characteristics of the polycarboxylate-based superplasticizers 
are shown in Table 2. 
 
Total Organic Carbon analyzer was used to determine the adsorption of the admixtures over the 
recycled sands, using a water/sand ratio of 0,4 and an admixture dosage, in terms of solid residue, of 



0,2%, by sand weight. Additionally, adsorption over crushed limestone sand and natural siliceous sand 
was also determined in order to compare the results obtained. Adsorption of nitrogen (BET) was used 
to determine the surface area of the sand samples, as well as their porosity distribution. 
 

Table 1: Properties of RA-Pure and RA-Mixed aggregates, as well as reference sands 

 RA-Pure RA-Mixed

 0-5 mm 
sand 

6-15 mm 
gravel 

0-5 mm 
sand 

6-15 mm 
gravel 

Crushed 
limestone    

0-5 mm sand 

Natural 
siliceous      

0-5 mm sand 

% of fines < 0,125 mm 9,6 0,9 13,9 1,99 18,5 2,6 

% of fines <0,063 mm 6,5 0,7 9,8 1,8 14,3 1,3 

Adsorption coefficient, % 13,74 7,25 10,6 7,9 2,97 0,97 
Sand equivalent 58,8 --- 55,7 --- 58,6 90,3 
Methylene blue index 0,5 --- 2,0 --- 0,6 0,8 
 
 

Table 2: Properties the polycarboxylate-based superplasticizers 

Designation Active content, % Molecular weight (Da) Side-chain length 

PCE1 20 52000  
PCE2 20 26000  
PCE3 20 30000  
PCE4 20 21000  
PCE5 20 35000  
 
 
Results and discussion 
 
Preliminary concrete tests were done in order to compare the performance of the different admixtures 
studied. Along these lines, 280 kg/m3 of cement II A/L 42.5R and crushed limestone aggregates were 
used to prepare the concretes. Two different replacement levels of coarse aggregates by recycled 
aggregates were studied: 20% for structural concrete, and 100%, for non-structural concrete. In each 
series of tests, w/c was fixed and the dosage of admixture needed to obtain an initial slump of about 9 
cm was used. Figure 1 shows the admixture dosage used in the concretes in order to obtain similar 
initial slump, as well as the compressive strength evolution for each series of tests. 
 
As can be seen in the figures, the performance of polycarboxylate based admixtures is significantly 
better than lignosulphonate or naphthalene-based admixtures, since the dosage needed to obtain a 
fixed consistency is significantly lower. Among them, PCE1 and PCE2 seem to provide the best 
performing behavior. Note, moreover, that the water reducing ability of the lignosulphonate-based 
plasticizer is not always able of providing the required slump, leading also to a significant delay in the 
early compressive strength, as shown in Figure 1a. On the other hand, as can be seen in Figure 1c, the 
use of 100% of RA-Pure coarse aggregate, requires a significant increase in the water/cement ratio 
(w/c = 0,93) due to the significant water demand of these aggregates, which causes a notable reduction 
in the 28-day compressive strength when compared to the concrete with 20% of replacement (see 
Figure 1a). This could provide a rough idea of the magnitude of the problem, since, in order to obtain 
similar consistency, the w/c ratio was increased from 0,52 to 0,93 when the replacement by RA-Pure 
aggregates was increased from 20% to 100%. Consequently, the maximum replacement of coarse 
aggregates by recycled aggregates is usually limited in several national codes or standards (BS 8500-2, 
DIN 4226-100, EHE-08, LNEC E 471, Ot 70085 ). 
 
 



a) Structural concrete with 20% of replacement of coarse aggregates by RA-Pure aggregates 
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b) Structural concrete with 20% of replacement of coarse aggregates by RA-Mixed aggregates 
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c) Non-structural concrete with 100% of replacement of coarse aggregates by RA-Pure aggregates 
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Figure 1: Comparison of the performance (dosage needed to obtain similar initial slump and 
evolution of the compressive strength) of the different admixtures studied in a) concrete with 20% 
of replacement by RA-Pure coarse aggregates, b) concrete with 20% of replacement by RA-Mixed 

coarse aggregates and c) concrete with 100% of replacement by RA-Pure coarse aggregates.  

 
Additionally, it is known that the admixtures are partially adsorbed over some problematic aggregates, 
which finally leads to an increase in the admixture consumption in concrete. Accordingly, adsorption 
tests were done over both recycled sands and the values were compared with two different reference 
sands; i.e. one crushed limestone sand, as well as one natural siliceous sand. Results are shown in 
Figure 2 in terms of percentage of adsorption but, also, expressed as mg of admixture per surface area 
in m2. BET surface area values of the sands are also indicated in Figure 2b. 
 
As can be seen, the percentage of adsorption of PCE1 to PCE4 on RA-Pure sand is significantly lower 
in comparison to that of RA-Mixed, as well as those of the reference sands. Nevertheless, in the case 
of PCE5, LS and BNS, the trend is different, and the percentage of adsorption over recycled sands is 
significantly higher than that of the reference sands. This could contribute to explain the good 



performance in concrete obtained when PCE1 and PCE2 are used in comparison to LS and BNS, and 
also PCE5, since the lower adsorption over the sand guarantees that more admixture molecules are 
available for cement dispersion. 
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Figure 2: Adsorption of the admixtures over the recycled sands in comparison to crushed limestone and natural 
siliceous sands expressed as: a) % of admixture adsorbed and b) mg of admixture per BET surface area 

measured. 

 
Interestingly, Figure 2b shows the low adsorption capacity of chemical admixtures on recycled sands 
in comparison to reference sands, when expressed as mg of admixture adsorbed per surface area 
measured through BET. This could indicate that the entire surface area is not available for adsorption 
of admixtures and the reason could be related to the porosity distribution as shown in Figure 3a. As 
shown in the figure, in the case of the recycled sands, the contribution of the smallest pores (i.e., gel 
pores with diameter lower than 10nm) to the total pore area is very significant in comparison to the 
reference sand. Note that this porosity is mainly due to the porosity of the cement paste available in 
this type of aggregates (ACHE, 2006). The size of the admixture molecules prevent their access to the 
gel porosity and, consequently, in spite that the surface area is huge and significantly higher than 
reference sands, the adsorption values are not so significant, as could be expected.  
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Figure 3: Cumulative Pore Area and Pore Volume distributions of RA-Pure and RA-Mixed sands in comparison 

to crushed limestone sand measured by Adsorption of Nitrogen technique 

On the other hand, as shown in Figure 3b, the significant contribution of the smallest pores to the 
cumulative pore volume permits thinking in new ways of dealing the problem of the huge water 
demand through chemicals that are able to block the smallest pores and, consequently, the access of 
the water molecules to them. Note that the diameter of a water molecule is about 3Ǻ. Accordingly, 
different chemicals were tested and the best performing admixture was selected. This low-molecular 



weight organic admixture, permits decreasing the absorption coefficient of the aggregates by means of 
jamming the smallest pores, as can be seen in Figure 4, where the admixture was used as a pre-
treatment of the aggregates in order to measure the coefficient of absorption.  
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Figure 4: Coefficient of absorption of RA-Pure and RA-Mixed aggregates with increasing dosages of the 

jamming admixture 
 
In order to evaluate the effectiveness of this admixture in concrete, concretes with 280 kg/m3 of CEM 
II A/L 42.5R, 1% by cement weight of PCE1, w/c = 0,64 and 20% replacement of coarse aggregates 
by both recycled aggregates were prepared, increasing the dosage of the admixture. As can be seen in 
Figure 5, the initial slump of the concretes increases significantly with the dosage of this admixture, 
confirming its effectiveness in decreasing the water demand. 
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Figure 5: Initial slump in concretes with partial replacement of coarse aggregates by recycled aggregates that 

were prepared with increasing dosage of the jamming admixture  
 
Further concrete tests with different materials and replacement levels were performed in order to 
evaluate the ability of this admixture to decrease the water demand in concrete when recycled 
aggregates are being used. Here, some limited results are just presented as an example. Accordingly, 
Figure 6a shows compressive strength evolution of a series of concrete tests done with different 
percentage of replacement (from 0 to 50%) of coarse aggregates by RA-Pure aggregate, using a 
constant dosage of the jamming admixture of 1,1 kg/m3, as well as that of the superplasticizer  PCE1, 
which was of 2,8 kg/m3. Accordingly, the water content was modified in order to obtain a initial 
consistency of about 9 cm. The water/cement ratio needed in each concrete is also indicated in the 
figure. Additionally, a concrete with 50% of replacement of aggregates was also done without the 
jamming admixture. As can be seen in the figure, the water/cement ratio required for equal 
consistency is significantly higher (i.e., 0,62) in comparison to the same concrete with the new 
admixture (i.e., 0,56). Note that the use of this jamming admixture has permitted to prepare concretes 



with reduced water content and, consequently, with higher compressive strength. Figure 6b shows 
similar trends for RA-Mixed aggregates.  
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Figure 6: Compressive strength evolution and water/cement ratio of concretes with increasing percentage of 

replacement by a) RA-Pure and b) RA-Mixed aggregates 
 
Conclusions 
 
The use of recycled aggregates in concrete is expected to be a sustainable approach from the waste 
perspective although it is in clear conflict with the increasing requirements in terms of quality and 
engineering properties. The high water demand of these type of aggregates, which is related to their 
huge pore volume, leads to a notable reduction in the compressive strength and, consequently, several 
codes and standards limit their use in concrete. The use of very effective high-range water reducer 
admixtures or superplasticizers instead of traditional plasticizers is, therefore, essential to reduce as 
much as possible the water content in concrete. Nevertheless, due to the magnitude of the water 
demand of recycled aggregates the use of superplasticizers is not always enough in order to permit 
high percentages of replacement without sacrificing engineering performance. Accordingly, the use of 
some chemicals able to jam the smallest pores of the recycled aggregates and, consequently, to reduce 
significantly their water demand would permit the use of higher amount of recycled aggregates 
without significant detriment in the compressive strength. Here an example is presented and evaluated 
successfully.  
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Abstract 
The constant effort of the concrete industry to head towards sustainability implies the use of materials which may be 
characterized by a higher tendency to workability loss. However, workability retention has to be considered a key 
performance parameter to ensure a proper placing of concrete thus its homogeneity and durability in the structure. 
In the present paper, an investigation of the main reasons behind the workability loss are presented focusing on the 
chemical composition of cements and nature of the polycarboxylate (PCE)  superplasticizers. 
On the basis of this interaction study new concrete admixture solutions are presented which can ensure a constant 
workability over time even under very demanding conditions such as high temperature and low soluble sulfates. These 
solutions are evaluated with many different set of materials confirming the general validity of the approach. 
Kinetics of adsorption of polycarboxylates, pore solution analyses and rheological data obtained with various cements 
allow interpreting the performance in concrete in the light of a new mechanism of action. 
 
Originality 
Hydrolysable polycarboxylates retaining workability have been available already for some years, however the present 
paper focus on specific issues of this type of concrete admixture not deeply investigated so far: their compatibility with 
cement of various chemical composition and the correlation between their chemical structure and their performance. 
Their hydrolysis behaviour has been studied at various temperature values simulating different condition of utilisation 
in real concrete applications. In addition the performance has been investigated at different levels of initial fluidity as 
to stress the tendency to workability loss. 
 
Chief contributions 
The present paper mentions some of the main parameters which rule the workability retention in concrete and points 
out when hydrolysable polycarboxylates are most suitable with reference to those parameters.  
In addition, it reports the role of the pH of the pore solution and of the soluble sulfate to highlight the mechanism of 
action and the competitive factors which rule the adsorption of the hydrolysable polymer in comparison to the more 
traditional not hydrolysable polycarboxylates. 
  
Keywords: Workability Retention, Superplasticizers, Hydrolysis, Adsorption. 
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Introduction 
To meet the challenges posed by the modern construction industry, the design engineers and the 
contractors demand extreme performances of the concrete in its fresh and hardened state, durability 
being of prime importance. Besides the quality of the selected materials, a basic requirement for a 
highly durable concrete is its low permeability, which depends upon binder quality, aggregates, water 
to binder ratio, compaction, degree of hydration, curing and absence or presence of cracks.  
Effective compaction, related to the workability of the concrete mix and efficient curing is a key point 
to have a proper degree of hydration and porosity, thus obtaining the required durability in place.  
Polycarboxylate-based superplasticizers (PCE) are acquiring increasing importance in the production 
of concrete since they allow producing high workability concrete with lower water/cement ratio and 
reduced slump loss in comparison to the old generation superplasticizers like β- naphthalene 
sulphonate formaldehyde condensate (BNS) and melamine formaldehyde condensate (MS) .  
Therefore, workability retention over time has been an essential requirement attempted to be achieved 
for many decades through several methods (e.g. Collepardi et al.): 

1) Formulation of superplasticizers with retarding admixtures like sugars, corn syrup, chelating 
agents which may lead to drawbacks such as too low early strength 

2) Re-dosing of superplasticizers at the job site with obvious problems derived by managing 
these operations by personnel not always sufficiently expert and trained   

3) Partially crosslinked acrylic copolymers able to release effective dispersing molecules over 
the time under the alkaline environment  

4) Addition of water at the jobsite that, despite it represents one of the most serious dangers to 
the quality and durability of structures, unfortunately in some cases it is still a reality  

However in recent times the focus has been on the constant improvement of the molecular structure of 
superplasticizers as to achieve workability retention over a time according to the specific 
requirements, without any drawbacks both in the fresh and hardened state of concrete and implying a 
simple handling and use of the admixture only at the batching plant. 
Various papers (e.g. Sakai et al.) summarize how the mechanism of action of PCE has been 
profoundly studied. Based on these mechanism, over the last two decades molecular structures have 
been optimised  playing on parameters such as 1) Chain length, 2) Side chain length, 3) Electrical 
charges, 4) Side chain density, 5) Additional  functional groups able to regulate the adsorption 
kinetics. 
In addition to the excellence of performance, the construction industry increasingly requires 
robustness of performance. The use of Supplementary Cementitious Materials, recycled aggregates, 
etc, which is a consequence of the sustainability effort, leads to a higher complexity and variations of 
the materials used in the concrete. It can be expected that admixtures designed for excellent 
performances present a higher sensitiveness than less powerful water reducing agents.  
As reported in many recent papers, sensitivity of PCE towards chemical composition of cement is a 
widespread problem which has been identified to be mainly dependent on parameters such as C3A 
content/type and soluble sulfates (e.g. Yamada and Golaszewski). With specific reference to 
workability retention it is very difficult to guarantee a good performance over a long time (>90’) under 
demanding conditions, such as high temperature and low soluble sulfates cements: the competition of 
adsorption between PCE and Sulfate is such that in this condition a high PCE adsorption occurs from 
the very beginning not allowing a reservoir of polymer in solution and thus workability retention over 
time. 
Second generation reactive polycarboxylate with a delayed adsorption behaviour provide a good 
workability retention also in extreme cases (e.g. Corradi et al. and Cerulli et al.), thus guaranteeing an 
easy handling of concrete during its placing process,  essential to ensure a good durability thanks to 
the homogeneous distribution of concrete throughout the entire concrete structure. 
The present paper is focused on the study of different types of hydrolysable PCE polymers and their 
interaction with cements of different chemical composition, under various temperature and fluidity 
conditions, as to identify which are the parameters to consider in order to optimise the overall 
performance. 



2. MATERIAL AND EXPERIMENTAL METHODS 
 
2.1 MATERIALS 
Two commercial Portland cement type IIA/LL 42,5 and two cements type I 52,5 were investigated and 
reported in the present paper as cement CEM1, CEM2, CEM3 and CEM4 respectively. Their chemical 
analysis, according to EN 196/2, is reported in Table 1, together with the total and soluble sulfates (2 
min, w/c=0.5) determined by means of ionic chromatography and pH (w/c=0,5, 2 min and 30 min). 
Six different pure polycarboxylates polymers were investigated. PCE-1 is a water reducer, PCE-2 a 
traditional workability retentor with no release of free electrical charges over time, while PCE-3, PCE-
4, PCE-5, PCE-6 new generation PCE of reactive type under alkaline environment. Information on the 
chemical characteristics of the first six polycarboxylates is reported in Table 2. PCE-7 is a typical 
product for ready mix applications in summertime based on PCE 1 and retarding agents. 
 

Table 1: Analysis of Cement 

Component CEM 1 CEM 2 CEM 3 CEM 4 

SiO2 (%) 19,13 19,00 19,80 18,77 

Al2O3 (%) 4,01 4,68 5,40 5,35 

Fe2O3 (%) 2,89 2,72 2,70 2,52 

CaO (%) 61,87 62,14 63,13 63,76 

MgO (%) 2,31 1,20 1,27 1,40 

K2O (%) 0,70 0,90 0,54 0,92 

Na2O (%) 0,16 0,35 0,06 0,37 

SO3 (%) 2,78 2,67 3,81 3,96 

LOI (%) 5,96 6,03 2,72 2,41 

Blaine  4690                4720       5530         5490 
Soluble Na (%) 0,05 0,14 0,06 0,37 

SolubleK (%) 0,19 0,56 3,81 3,96 

Soluble Sulfates (%) 0,23 0,84 2,72 2,41 

pH 2’-30’ 12,9-13,2 13,3-13,6 13,4-13,7  13,5-13,7 

 

Table 2: Description of PCE 

PCE Type Free COO- 

(mmole/g) 
Hydrolysable groups 

COO- (mmole/g)  Side Chain 
Lengh 

PCE 1 2,0    
1000 

PCE 2 0,7   3000 

PCE 3  2,6  1000 

PCE 4  2,0  3000 

PCE 5  2,6  3000 

PCE 6  1,6  3000 



2.2 HYDROLYSIS TESTS 
The hydrolysis of PCE-1, PCE-2, PCE-3, PCE-4, PCE-5, PCE-6 was investigated by titration.  
A known amount of NaOH was added to the polymer under investigation to reach different pH values 
as reported in Figure 1, 2 and 3. Temperature was controlled by a thermostatic bath. Samples were 
taken over time as reported in figure 1, 2, 3. HCl (37%) was added to reach pH 1,6 and tritation was 
carried out with KOH 0,5 M using an automatic tritator DL 28 Mettler Toledo. The results are 
expressed in mmole of COO-/solid g of PCE. 
 
2.3 ADSORPTION TESTS 
The adsorption onto cement of the PCE admixtures was determined at 30°C in cement paste by T.O.C. 
analysis performed with a Shimadzu 5000-A. The series of tests on CEM 1 and CEM2 were carried 
out with PCE 1, 2, 3, 4, 5 and 6 at 0,16% active by weight of cement. The series of tests on CEM 3 
and CEM 4 were carried out with PCE 3, 4, 5 and 6 at 0,06% active by weight of cement.  
The w/c was kept constant at 0.5. The samples were prepared according to the following procedure: 
powder and water, containing the admixture, were stirred for the defined time and then filtered by a 
vacuum pump. The amount of polymer adsorbed was determined by difference between the organic 
carbon originally contained in the polymer solution and the amount left in the solution filtered from 
the paste. Some specific tests were carried out also at 10, 20 °C. 
 
2.4 CONCRETE TESTS 
Concrete was prepared in batches of 40 litres using a vertical axis mixer. The mixtures were prepared 
according to the following procedure: cement and aggregates were placed in the mixer, admixture and 
two thirds of the mix water were added and mixed for 1 minute, the mixing was stopped for 1 minute 
to allow false set, if present, to take place. Then the mixing was continued for another 1 minute and 
sufficient water was added to obtain the desired slump. 
Initial slump was measured according EN 12350-2; the air content was measured by air meter (EN 
12350-7). 150 mm steel cubes were cast and cured at 20°C and 95% relative humidity and tested for 
compressive strengths from 8 to 48 hours of curing.  
 
3. RESULTS AND COMMENTS 
 
3.1 HYDROLYSIS 
As it can be observed in Figure 1, traditional not hydrolysable PCE are characterized by a constant 
amount of free COO- over time, the specific value depending on their required performance. 
In the case of PCE 3, 4, 5 and 6, the amount of free carboxylic groups at time zero is almost nil but, 
depending on the chemical structure, under alkaline conditions simulating the cement pore solution 
environment, the free COO- groups are released with different kinetics and different end values over 
time. In Figure 2, the influence of the temperature (13, 21 and 30°C) on the hydrolysis rate can also be 
observed for PCE 4:  as expected, the rate increases by increasing the temperature, which is beneficial 
to counterbalance the workability loss occurring at high temperature. 
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Figure 1: Hydrolysis of PCE –pH 13,6 
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Figure 2: Hydrolysis PCE 3 at different   Figure 3: Hydrolysis PCE 3 at 30°C  
               temperature-pH 13,6                  at different pH 

 
It is important to observe that the pH value of the pore solution has an important effect on the kinetics 
of hydrolysis, as it can be observed in Figure 3. Therefore the availability of COO- groups over time of 
hydrolysable polycarboxylate depends on the specific cement composition and the pH value. 
 
3.2 ADSORPTION 
In Figure 4, the adsorption of the various PCE is reported in the case of high and low soluble sulfates 
cements CEM 1 and CEM 2, CEM 1 being the lowest between the two. 
It is evident that, due to the competition of adsorption of soluble sulfates in CEM 1, the adsorption of 
PCE 2 is rather high from the beginning, thus probably not allowing the presence of a reservoir of 
polymer to guarantee a good workability retention.  
On the other hand, hydrolysable polycarboxylate PCE 3, 4, 5 and 6 have a lower tendency of 
adsorption, especially at the beginning and specifically onto CEM I, probably due to lower pH of the 
pore solution. This allows to build up a reservoir over time, which should result in an improved 
workability retention. 
In terms of influence of the temperature, as it can be seen in Figure 5, the percentage of adsorption of 
not hydrolysable polymer PCE-1 is shown to increase with temperature. This tendency is quite usual 
with this type of polycarboxylate. This effect could depend on the faster cement hydration and faster 
surface area formation with increasing temperature, therefore resulting in a higher adsorption rate. In 
addition temperature could have an effect on the kinetics of the adsorption mechanism itself. 
In terms of influence of the temperature with hydrolysable polymer PCE-3 the increase of adsorption  
is in line with the hydrolysis results reported in Figure 2, having the temperature a clear effect on the 
kinetics of the hydrolysis reaction and release of free COO- groups. In addition, the differences are 
more remarkable at longer time (60 min) which is important for ready mix applications where CEM II 
A/LL cements as CEM 1 and CEM 2 are commonly used. 
Also in the case of Portland cement type I, as CEM 3 and 4 of the present paper, traditional water 
reducers are characterised by a high adsorption on low soluble sulfates cements, most notable at high 
temperature in the first 30 minutes, timeframe which is usually required in precast applications (Figure 
6). In this case, the trend of the hydrolysable PCE is the opposite of the one observed on CEM 1 and 
CEM 2, having a higher adsorption with the low alkali cement, CEM 3. This is probably due to the 
fact that having a rather high pH of pore solution both with CEM 3 and CEM 4, the hydrolysis kinetics 
is similar in both cases and the competition with soluble sulfate is the main parameter driving the 
adsorption rate.   
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        Figure 4:Adsorption of PCE at 30°C       Figure 5:Adsorption PCE1 and 3at 10, 20 and 30°C
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      Figure 6: Adsorption at 30°C  on CEM 3 and 4 

 
3.3 CONCRETE 
Concrete tests were carried out with CEM 1 and CEM 2 under typical ready mix conditions, testing 
the workability loss at a concrete temperature of 30°C (Table 3). It can be observed that the 
workability retention of traditional admixtures is very poor, especially with CEM 1. 
The use of hydrolysable polymers in general can provide better workability retention over 90 min 
without any impact on high early strength development, even at low temperature. Among this group, 
the best PCE are characterized by a higher amount of hydrolysable thus by a higher hydrolysis rate: 
the higher degree of electrical charges over time provides good workability retention without the risk 
of a problematically delayed fluidification.  
With CEM 2 even traditional PCE can provide good performance over time (PCE1+PCE2). In this 
case, although the mechanism of hydrolysable polymers still works, this type of admixtures are not to 
be considered the preferred solution, since more competitive traditional ones already exist.  
Results following the same trends (not reported in this paper) were found with CEM3 and CEM4 . 
 
 
CONCLUSIONS 
Cements with low soluble sulfates are known to provide poor workability retention in the presence of 
traditional polycarboxylates, mainly as a result of the high degree of adsorption of PCE and the low 
competition of soluble sulfates. 
The new generation of hydrolysable PCE guarantee a very low adsorption at early time even in this 
condition and thus generating a reservoir which can be used over time to ensure a good workability. 
Especially under the demanding condition of low soluble sulfates, the slightly lower pH of the pore 
solution delays the hydrolysis, thus securing the availability of polymer over time even more 
effectively. 
Under the demanding condition of high temperature which enhance the kinetics of the cement 
hydration thus the surface area formation of hydrated products, the control of the adsorption of 
polycarboxylate is key to provide a good workability over time. 



The hydrolysis kinetics of this type of PCE strongly depends on pH and temperature, thus affecting the 
adsorption rate and dispersing effectiveness quite remarkably. Therefore admixtures based on this 
technology have to be carefully selected according to the conditions of application. 
In the case of cements with high soluble sulfates, which usually do not present severe problems of 
workability retention, alternative yet more competitive solutions can be found avoiding the risk of 
delayed fluidification that hydrolysable PCE may present in some cases. 
 
 

Table 3: Concrete – cement 330 kg/m3 – 30°C 

Admixture  
 

active 
(%) 

W/C Slump 
5’(cm) 

Slump 
30’(cm) 

Slump 
60’(cm) 

 
Slump 90’ 

(cm) 

 
Rc (MPa) 
24h 10°C 

 
CEM  

PCE 1  
PCE2 

0,12 
0,08 0,6 22 18 13 9 7,9 1 

 
PCE7 

 
0,28 0,6 22 19 17 13 4,0 1 

PCE 1  
PCE 3 

0,12 
0,16 0,6 22 22 20 19 7,3 1 

PCE 1  
PCE 4 

0,12 
0,16 0,6 22 21 18 15 7,6 1 

PCE 1  
PCE 5 

0,12 
0,16 0,6 22 22 20 18 8,1 1 

PCE 1  
PCE 6 

0,12 
0,16 0,6 22 19 21 22 8,4 1 

PCE 1  
PCE2 

0,12 
0,10 0,6 22 22 21 20 7,0 2 

 
PCE7 

 
0,28 0,6 22 21 20 17 4,2 2 

PCE 1  
PCE 3 

0,12 
0,16 0,6 22 23 22 22 7,4 2 

PCE 1  
PCE 4 

0,12 
0,16 0,6 22 20 23 20 7,3 2 

PCE 1  
PCE 5 

0,12 
0,16 0,6 22 23 23 21 8,2 2 

PCE 1  
PCE 6 

0,12 
0,16 0,6 22 20 24 22 8,1 2 
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Abstract 
This work is devoted to the study of the origin of the so called “dormant period” in the early hydration of Portland 
cements. Nowadays, it is generally agreed that during early period of hydration, calcium silicate hydrates (C-S-H) 
should nucleate and begin to grow on anhydrous grains, that it corresponds to the workability period of cement pastes. 
In the present work, this initial C-S-H nucleation-growth period has been studied by monitoring ionic concentrations of 
diluted system suspensions during hydration of pure C3S, cement and also alite containing aluminium ions. Many 
chemical admixtures are routinely added to cement paste in order to shorten or extend this period. Some investigations 
have been carried out here in presence of gluconate kwon as strong retarder.  
The results show the following: 
- in the case of pure C3S hydration, there is no a dormant period. Experimental and simulated investigations clearly 
show that the initial stage of low activity, which can be wrongly compared to a very short dormant period, can be 
explained only considering the nucleation and consecutive growth of C-S-H clusters. In this case, the greater the 
number of initial C-S-H nuclei the sooner the acceleration of hydration occurs. 
- when retarders are added to C3S, a dormant period occurs, it is the case for gluconate addition. During hydration a 
complex calcium-gluconate adsorbs on first C-S-H nuclei and prevents them from growing.  
- when gluconate is added to cement, , this is mainly a complex aluminium-gluconate, aluminium coming from 
aluminate phase dissolution, which adsorbs on first C-S-H nuclei. 
- In the case of the hydration of alite containing alumium and hydration of C3S in aluminate solution, there is also an 
initial dormant period. It has been evidence the formation of a C-S-H containing aluminium ions that does not act as 
nuclei for C-S-H growth. 
The studied species, aluminate and gluconate, prevent the first C-S-H nuclei from growing and lead to a delay of 
acceleration of hydration. These “poisoning species” are progressively consumed by formation of new C-S-H nuclei 
and the dormant period last until aluminium or gluconate concentrations remain greater than a limit value for which 
precipitated C-S-H nuclei are not poisoned and can grow. 
 
ORIGINALITY 
A lot of studies have been devoted to the hydration process of Portland cement and mainly during the initial stage 
which has been object of many hypotheses differing in the explanation of what causes the initial period of low activity 
and  how this latter terminates. The presented researches attempt to explain, in presence of aluminate ions or/and 
gluconate, the difference between the early hydration of C3S and anhydrous silicate phase in OPC, namely the origin of 
the dormant period.  
 
CHIEF CONTRIBUTIONS 
During pure tricalcium silicate hydration, C-S-H nucleates in the very first minutes; this precipitation is immediately 
pursued by an accelerated growth process. On the contrary, we have clearly shown that a dormant period occurs 
before the growth when the silicate phase is hydrated in presence of aluminate ions or gluconate; in both cases, first C-
S-H nuclei are poisoned by these species that induces a delay before the acceleration of hydration. 
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1.Introduction 
 
Setting of Ordinary Portland Cement (OPC) is due to the formation of calcium silicate hydrate 
(referred to C-S-H (CaO)x-SiO2-(H2O)y) during the cement hydration (Nonat, 1992). The 
understanding of what controls this formation is important particularly during the early period which 
corresponds to the transition from a workable material to a hard one and associated with rapid 
changes in rate of hydration. It is now generally recognized that the formation of C-S-H occurs by a 
dissolution-precipitation process. As soon as anhydrous tricalcium silicate particles are in contact with 
water, they dissolve and after a few minutes calcium silicate hydrate precipitate heterogeneously on 
cement grains. The hydration of tricalcium silicate  and alite in OPC (Gartner, 2002) are similar ; alite 
is, an impure polymorph of C3S (Dunstetter, 2006). However, in case of cement, a long period at the 
beginning of the hydration appears, the so-called “dormant period”. During this one the degree of 
hydration does not noticeably evolve. Some chemical admixtures are known to lengthen this initial 
period (Young, 1972; Perez, 2007). Nonetheless the mechanisms which kinetically control the 
dormant period are still matter of controversy. In this paper we aim to understand the origins of the 
beginning and the end of this process. Because retarders and the species present at the early age 
during the cement hydration seem to promote a dormant period during tricalcium silicate hydration, 
we focused our study on the hydration of the following systems at the very early age:  
- pure C3S and cement, both hydrated with  a retarder, the sodium gluconate,  
- alite containing aluminium ions, (the aluminium being one of the most important species likely to be 
inserted in the alite structure).  
In this article, the C-S-H formation is studied from the evolution of ion concentrations in solution 
during the dormant period. Then, results are compared with the hydration of pure tricalcium silicate.  
 
 
2. Materials and experimental 
 
The specific surface areas of the pure tricalcium silicate and the alite, (0.1% of aluminium by weight) 
used in this study was about 1m2.g-1.  
 The hydration of C3S, alite and cement over the time, was continuously followed by measuring the 
conductivity of the suspensions continuously stirred under nitrogen atmosphere at liquid to solid ratio 
equal to 250 at 25°C. A Tacussel CDM210 device with CDC 241-9 Radiometer probe was used. In 
some cases, hydration was studied in concentrated suspension by Isothermal calorimetry using a TAM 
Air Isothermal Calorimeter from Thermometrics. 1 gram of C3S was mixed directly in an ampoule 
with 0.5 g of water (W/C=0.5). 
In order to monitor the ion concentrations, small samples of the aqueous solution were regularly 
analyzed during the very early hydration. Those samples were filtered on a 0.1µm pores filter and 
acidified with hydrochloric acid. Each sample was then titrated with an ICP-AES VISTA PRO 
Varian.  
 
 
3. Results and discussion  
 
3.1.  Evidence of a “dormant period”  
 
In figure 1 are shown the conductivity evolutions versus time observed during the hydration of pure 
tricalcium silicate and alite, in the same experimental conditions. During the alite hydration, the initial 
period during which the conductivity remains at the same level is clearly much longer than in case of 
pure C3S. The accelerating period, corresponding to the C-S-H growth, is delayed.   
In figure 2 are reported the heat evolution rate curves recorded during the hydration of pure tricalcium 
silicate in presence of increasing quantities of sodium gluconate. As expected, the higher the 
concentration of gluconate, the longer the period before the acceleration of hydration. 



It has been previously shown (Garrault 2001) that this period is mainly related to the C-S-H 
nucleation. In order to specifically study what does happen during this stage, the ion concentrations in 
the aqueous solution were measured and compared with pure C3S hydration, during the very early 
stage of hydration during which first nuclei should precipitate. 
 
 
 

0

1

2

3

4

0 50 100 150 200 250

Time (minutes)

C
on

du
ct

iv
ity

 (
m

S
/c

m
)

Tricalcium silicate

Alite

 
 
Figure 1 : Evolution of the electrical conductivity during the hydration of tricalcium silicate or alite in pure 
water, l/s=250. 
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Figure 2 : Evolution of the heat flow released during the hydration of tricalcium silicate in solution containing 
increasing quantities of sodium gluconate, a : pure water, b : 0.05% gluconate, c : 0.075 %, d : 0.1%. l/s=0.5. 
 
 
3.2. Evolution of ion concentrations during the hydration of alite 
 
The evolution of the ion concentrations in solution during the first 30 minutes of the hydration of alite 
and pure C3S are plotted in Figure 3. During the pure C3S hydration, an initial increase of the calcium 
and silicate concentrations is observed in the first minutes due to its dissolution; as soon as the 
maximum supersaturation with respect to C-S-H is reached, it precipitates, which corresponds to a 
drop or a pseudo concentration plateau in silicate and a very short plateau in calcium. It has been 
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previously proved that there is neither an induction period nor a dormant period (Thomas 2007, 
Garrault 2001). In case of alite, in addition to calcium and silicate, aluminate ions also pass into 
solution; however, the calcium and silica concentrations do not reach the same values as those 
obtained in case of pure tricalcium silicate. After the initial concentrations increase due to the 
dissolution, there is a pseudo plateau of silicon concentration and a drop of aluminium concentration 
when meanwhile the calcium concentration remains at a constant value. This behavior suggests the 
precipitation of a calcium alumino-silicate hydrate.  Like in the case of C3S there is no induction 
period, but the calcium plateau lasts a much longer time. 
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Figure 3 : Evolution of concentrations in calcium, silicate and aluminates in the suspension during the first 30 
minutes of hydration of pure tricalcium silicate and alite in water, l/s = 250. 
 
 
The same conclusions can be drawn in the case of cement .In comparison with pure tricalcium silicate 
hydration, a pseudo plateau in silicate follows the first drop corresponding to C-S-H nucleation is 
observed (Figure 6). C-S-H does nucleate but the accelerated growth does not occur immediately. 
During the first C-S-H nuclei precipitation, aluminate ions concentration decreases strongly. During 
the pseudo plateau of silicate concentration, the aluminate ions concentration continues to decrease, 
but slower. This pseudo plateau lasts until a constant low-value (0.005mmol/L) in aluminate is 
achieved for which acceleration of hydration occurs (Figure 6). It seems that when a certain quantity 
of aluminates is present in solution, C-S-H does not grow whereas a calcium alumino-silicate hydrate 
precipitates.  
 
The amount of  this precipitate is too small to be characterized by classical techniques . Nevertheless, 
thermodynamics calculations (PHREEQC (Parkurst, 1990) software,) indicate that the solution is 
supersaturated with respect to C-S-H which should precipitate. The calculated saturation index 
according to the equilibrium (1) is equal to 2.80 in case of the alite hydration and 1.90 in case of the 
cement hydration. 

Ca1.1SiO6.4 H6.3 + 2.2 H+ = 1.1 Ca+2 +  H4SiO4 + 2.3 H2O    (1) 
Ks= 10-16.82 

It has been shown that at such an aluminate ions concentration in solution, some aluminate 
ions may substitute silicate in C-S-H in tetrahedral environment (Pardal, 2009). This calcium 
silicate hydrate containing some Al in substitution is noted C-A-S-H in cement chemistry 
notation. During the hydration of alite, independently if it occurs in cement paste or in pure 



alite paste, a C-A-S-H phase could precipitate in agreement with the decrease in the 
aluminium concentration. It could also be assumed that aluminate ions only adsorb onto C-S-
H due to a possible faster adsorption process than the ion substitution. 
With these previous observations, it could be proposed that the difference of reactivity between C3S 
and alite is due to the aluminate ions in solution appearing as soon as the alite dissolves in water. This 
leads to the precipitation of C-A-S-H or may be to C-S-H poisoned by adsorbed aluminate ions on 
surface. As a matter of fact, these hydration products do not cause the acceleration of the hydration 
whereas Al-free C-S-H does. In order to determine if C-A-S-H may be a substrate for the C-S-H 
precipitation, seeding experiments with pure synthesized C-S-H nuclei on one hand, and synthesized 
C-A-S-H nuclei on the other hand, during the alite hydrations have been carried out. 
  
 
3.3.Effect of seeding on alite hydration 
 
It is well known that seeding a pure C3S suspension with synthesized C-S-H strongly accelerates its 
hydration (Thomas 2009). It can bee seen in Figure 4 that synthesized C-S-H also accelerates the alite 
hydration; the dormant period is almost suppressed. The seeding with the same quantity of 
synthesized C-A-S-H does not lead to a visible effect, a shortening of the dormant period is not 
observed. We may conclude that C-A-S-H is not an as good substrate for the C-S-H growth as C-S-H 
nuclei themselves. 
The so-called dormant period is therefore related to the presence of aluminate ions leading to the 
formation of inefficient nuclei consisted of calcium alumino silicate hydrate. During this period, new 
nuclei precipitate at a slower rate because of the decrease of the supersaturation with respect to C-S-H 
and meanwhile the poisoning aluminates species are progressively consumed by the formation of new 
hydrates. It ca be assumed that the dormant period lasts as long as the aluminum ions concentration 
remains higher than a limit value for which C-S-H are not poisoned anymore and can grow.  
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Figure 4: Evolution of electrical conductivity versus time during the hydration of alite containing aluminium 
alone in water and the same alite seeded with 50.10-3g  of C-S-H or C-A-S-H (l/s=250,  V=200ml, 25°C). 
 
 
3.4. Ionic species evolutions during hydration with gluconate  
The evolution of the ion concentrations in solution during the first 100 minutes of the hydration of 
pure C3S and in presence of 3% gluconate are plotted in Figure 5. The initial increase of the calcium 
and silicate concentrations associated to the C3S dissolution is still observed in presence of gluconate 
but the maximum values are higher than in the neat suspension; it could be due to the formation of a 
calcium-gluconate complex (Schubert, 1952) which consumes a part of calcium ions and then the total 
calcium concentration including Ca-gluconate complex and the free Ca2+ is greater.  The silicate drop 



characteristic of the C-S-H nucleation is also observed as soon as the maximum supersaturation with 
respect to C-S-H is reached. But, in the same manner than in presence of aluminate ions, the silicate 
concentration decrease is much slower and the calcium concentration plateau is much longer than in 
the case of the neat suspension. The acceleration of hydration corresponding to the increase of 
calcium concentration occurs ten minutes after anhydrous particles are suspended in case of C3S in 
pure water and 80 minutes in presence of 3% of gluconate. The growth of C-S-H could not occur 
because of the adsorption of a calcium gluconate complex on hydrates. 

 
The same observations can be made for the cement hydration (figure 6) than is the case of neat C3S 
with gluconate or alite. We observed a long plateau in calcium concentration simultaneously to a slow 
decrease of the silicate concentration. Concerning the aluminate concentration it is much higher than 
without gluconate.  
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Figure 5 : Evolution versus time of calcium and silicates concentrations measured during hydration of tricalcium 
silicate in water and in solution containing 3% gluconate, l/s=37.5. 
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Figure 6 : Evolution versus time of calcium and silicates concentrations (left) and calcium and aluminate 
concentrations (right) measured during  the cement hydration in water and in solution containing 0.5% 
gluconate, l/s=50. 
 
 
This can be only attributed to the formation of a gluconate-aluminium complex. The maximum 
concentration is 105 µmol/l with gluconate and 68 µmol/l without. This difference corresponds to a 
complexation 1:1 as already shown by Motekaitis (Motkaitis, 1984). After the first fast nucleation of 



C-S-H (initial drop of the silicate concentration), the silicate concentration does not evolve so much 
when the calcium concentration stays constant. It means that the accelerated C-S-H growth does not 
occur. During this time, the aluminate concentration decreases continuously until a value for which 
the acceleration of hydration can be observed again. The aluminate-gluconate complex may be 
progressively consumed by the formation of new C-S-H nuclei and the dormant period lasts as long as 
the gluconate concentration remains higher than a limit value for which the newly precipitated C-S-H 
nuclei are not poisoned anymore. 

 
 
4. Conclusion 
 
Compared to the pure C3S hydration in water, the early alite hydration shows a period of very low 
activity, the so-called dormant period. The experiments described in this paper highlight that this 
period is mainly linked to the release of aluminium species in solution during the first minutes. The 
consequence is the precipitation of alumino calcium silicate hydrates instead of C-S-H. These nuclei 
are not a good substrate for the further C-S-H growth  
In a same manner, when C3S hydrates in presence of gluconate we observe the formation of a 
calcium-gluconate complex which may adsorb onto first C-S-H nuclei and prevents them from 
growing. In case of cement, the formation of an aluminium-gluconate complex is still more effective 
in delaying the acceleration of hydration, aluminium coming from aluminate phase dissolution  
This study provides some inputs for a better understanding on the phenomena linked to the dormant 
period and also shows that aluminate ions play a key role on the silicate hydrates nucleation step with 
and without a retarder. 
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Abstract 
In this paper, micronized sand (MS) is selected as filler to partially replace cement material. The motivation of using 
MS in cementitious material is to reduce not only the cost but also the emission of CO2. Before using MS, it is necessary 
to figure out the effect of MS on the properties of cement paste and to evaluate if the new material can meet the 
engineering requirements. MS is considered as chemically inert material, but can still indirectly influence the hydration 
process and the pore structure, which results in different permeability property. In this study, water permeability test is 
carried out to figure out the influence of MS on the transport property. Results of degree of hydration and pore 
structure of cement paste samples with and without MS will also be analyzed in this paper. The results, obtained from a 
wide range of fineness of the MS (between 2400 and 13000 cm2/g) and replacement rates (10% to 30%), show that the 
water permeability coefficients of the blended cement paste are strongly influenced by the replacement levels and 
fineness of MS. The critical pore diameter is the most important parameter to indicate the permeability. 
 
Originality 
Fillers, such as fly ash, silica fume, limestone filler and blast furnace slag, are the most popular fillers in the concrete 
industry. However, some of them are not always economical, like silica fume. Fly ash contains trace concentrations of 
heavy metals and other substances that are known to be detrimental to health. Unlike these materials, quartz sand, on 
the other hand, is the most abundant mineral in the Earth’s continental crust. In this study, micronized sand (MS), 
which is made by selected quartz sand and is purified both mechanically and chemically after extraction, is used. This 
material has high purity of SiO2 (≥98%). As a filler material in cement industry, MS is quite new material, which is 
short of understanding and research. Therefore, the effect of MS on transport properties, which are important for the 
durability, should be studied. 
 
Chief contributions 
The water permeability property of the cement paste with MS is studied. Dilution effect and the influence on packing 
density of MS are analyzed in this paper. The permeability of cement paste with MS is strongly related to the pore size 
distribution. The critical pore diameters of cement paste with MS are detected. This parameter can give better 
indication on the water permeability other than the porosity. 
 
Keywords: Micronized sands, microstructure, durability, CO2 emission. 
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1. INTRODUCTION 

Concrete is one of the most widely used building materials in the construction of the nation’s 
infrastructure. The production of cement consumes much energy and produces a huge amount of 
undesirable products, green house gas CO2, which affect the environment in a negative way. In order to 
reduce energy consumption and CO2 emission and to improve the performance of concrete material, 
attempts are made to mix or intergrind cement with mineral additions, such as limestone filler, fly ash 
and quartz sands. In this study, micronized sand (MS) is used, which is made by selected quartz sand 
and is purified both mechanically and chemically after extraction. This material is considered as inert 
filler, which can not react with water or hydration products. This substitution is supposed to reduce not 
only the cost but also the emission of CO2. However, the properties of cement paste with replacement of 
MS will be different, especially the transport properties. The transport properties are strongly related to 
the durability. Water permeability is tested based on the cement paste made with and without MS. The 
results are obtained from a wide range of fineness (between 2400 and 13000 cm2/g) and replacement 
rates (10% to 30%) of MS. The relation between pore structure and water permeability is established. In 
order to have an overall understanding of the influence of MS on the development of the degree of 
hydration in the blended cement pastes, non-evaporable water test and particle packing model are also 
discussed in this research.  

2. MATERIAL AND METHOD 

2.1 MATERIALS 

Portland cement CEM I, 42.5N (OPC) and MS produced by a Belgian company are used. Three types 
of MS of high purity are applied, named M6, M300 and M600, categorized by fineness. The chemical 
composition and physical properties of cement and MS are stated in table 1 and 2. (For reference, the 
fineness of cement material used here is 3040 cm²/g.) The mixture proportions are given in table 3. The 
water to powder ratio (w/p) applied in this paper is 0.40. It is supposed that M600 can be dispersed 
under this value. Therefore, no superplasticizer or other addictives are used. 

Table 1 Chemical Composition of cement material (%). 
Component Percentage (%) 

C3S 62 
C2S 10.5 
C3A 7.3 
C4AF 10.2 
CaO (free) 0.6 

 
Table 2 Material information of different MS (information from company). 

Type Density Fineness Mean Size SiO2 
 (g/cm3) (cm2/g) (μm) (%) 

M6 2.65 2400 30 99.5 
M300 2.65 4000 17 99.5 
M600 2.65 13000 4 99.2 

 
Table 3 Mixture proportion (Powder: OPC+Filler). 

Sample OPC (%) MS % Sand/Powder (s/p) Water/Powder (W/P) 
Ref 100 0 0 0.4 
M6_10% 90 10% M6 0.1 0.4 
M6_20% 80 20% M6 0.2 0.4 
M6_30% 70 30% M6 0.3 0.4 
M300_20% 80 20% M300 0.2 0.4 
M600_20% 80 20% M600 0.2 0.4 



2.2 METHOD 

In this research, the water permeability coefficient is calculated according to Darcy’s law (Powers 
1954). The water permeability coefficient kw (m/s) can be determined by (Muskat 1937; Neville 1995): 

sec

=
Δw

LQk
A h

                                                                                                                                           (1) 

where:  

kw: water permeability coefficient (m/s);  
L: thickness of the sample (m);  
Q: the volume of fluid passed in unit time (m3/s);  
Asec: cross-sectional area of the sample (m2);  
Δh: drop in hydraulic head through the sample (m). 

 

Figure 1. Permeability test system [Ye 2003]. 

The permeability apparatus is shown schematically in figure 1 (Ye 2003). The system includes a 
regulated gas pressure source, a gas/water reservoir, three parallel permeability cells, a computer 
controlling system and appropriate valves and tubes. After mixing the materials, the materials are 
placed in 3 moulds. After certain curing age, the specimens were put in the water and vacuum for 5 
hours to make sure the samples saturated. Detailed information can be found in (Ye 2003). The 
specimens tested are cement paste disks with a diameter of 95 mm. The thickness varies from 10mm to 
20mm. The chosen pressure, 0.7 MPa, is applied at the top of the specimens, which enables the outflow 
of the water to be fast enough to pass the samples without other factors influencing the results, like 
ongoing hydration (Ye 2003).  

3. RESULTS AND DISCUSSION 

3.1 WATER PERMEABILITY 

The water permeability tests are carried out based on the specimens with or without MS. By using eq. 1, 
the water permeability coefficients (kw) at 7 and 28 days of cement samples with different replacement 
levels of M6 are presented in figure 2. The permeability coefficients for all the mixtures decrease from 
7 to 28 days. All the values of the results drop one order of magnitude. Specimens with 10% M6 have 
lower kw in comparison with reference samples at both 7 and 28 days. As shown in fig.2, in the early 
stage, i.e. 7 days, blended cement paste samples have much higher kw than the one of reference. 
However, after 28 days, the difference of kw between blended and reference samples is reduced a lot. 
The results are in the same order of magnitude. The influence of MS on water permeability is stronger 
in the early age other than the later age. 

As have been mentioned previously, MS is considered as an inert filler which can not react with water 
or hydration products. The presence of MS in mixture system will have a dilution effect and less 



hydration products per unit of volume are generated. That will lead to different pore size distribution in 
the cement paste and a change of the permeability. On the other hand, because the effective w/c ratio is 
relatively higher in the samples when MS is added, this higher water/cement ratio will lead to a higher 
degree of hydration. Besides, the packing density can be improved as well when the width of the 
particle size distribution (PSD) is wider, which gives a better possibility to fill the voids. These two 
effects work together and may improve the microstructure, probably reducing the permeability. Figure 
3 shows how the packing density increases when the replacement level of M6 increases (De Vries 
2008). In figure 4, the degree of hydration of cement paste with 10% replacement of M6 (M6_10%) is 
higher compared to the one of reference sample. This higher degree of hydration and higher packing 
density can indicate denser microstructure. 
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Figure 2. Water permeability coefficients of cement paste with different replacement levels of M6 as a function of 
time. 
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Figure 3. Particle packing of pastes with different 
fillers as a function of replacement levels (De Vries 
2008). 

Figure 4. Degree of hydration of cement paste with 
M6 under different replacement levels (Wang 
2010b). 
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Figure 5. Water permeability coefficients of cement paste with different fineness of MS as a function of time. 

Figure 5 presents the influence of fineness on the water permeability of cement pastes with 20% 
replacement by MS. The water permeability coefficients of M300_20% show a relatively high value at 
both 7 days and 28 days. Because M300 has a similar particle size as cement, which can not widen the 
PSD, it does not contribute to a better packing of the blended system (figure 3). Therefore, the 
permeability coefficient of paste with M300 shows the highest permeability (figure 5). In contrast, M6 
and M600 have lower and higher fineness in comparison with cement (figure 6). The blended system 
mixed with M6 and M600 show higher packing density, leading to a denser microstructure and lower 
water permeability, especially at 28 days. From this point of view, M6 and M600 are better choice other 
than the M300 to replace the cement material. 
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Figure 6. Differential volume of particle in different material (De Vries 2008). 

3.2 WATER PERMEABILITY AND PORE STRUCTURE 

Water permeability is strongly related to the pore structure of the cement paste. It is believed that water 
permeability is determined by the critical pore diameter, as well as the pore size distribution, rater than 
by the total pore volume (Ye 2003). In table 4, the pore structure characteristics measured by mercury 
intrusion porosimetry (MIP) (Wang 2010a), and the measured water permeability of OPC at 7 days and 
M6_30% at 28 days are stated, respectively. These two samples have similar porosity, i.e. ≈29%. 
However, the water permeability coefficients vary a lot. Wang (Wang 2010a) has shown that the 
differential pore size distributions of these two samples are quite different (figure 7). The OPC 7 days 
sample shows a higher pore volume fraction in the coarse pore range (0.1 μm-0.5 μm), whereas the 
M6_30% 28 days shows higher pore volume fraction in the finer range (<0.05 μm). The finer pore 
structure of M6_30% 28 days sample leads to the lower water permeability.  



The critical diameter of M6_30% at 28 days is much smaller than that of the OPC samples at 7 days, 
even if both samples have the same total porosity. A good correlation between water permeability and 
critical pore diameter is found in fig. 8 in which the water permeability coefficients are plotted vs. 
critical pore diameters from different samples at different curing ages. Regardless the curing age, it is 
obvious that the permeability coefficient (kw) increases along with the increasing critical pore diameter. 
The critical pore size is a more accurate parameter to indicate permeability. 
Table 4. Water permeability and pore structure of two specimens with similar total porosity (Wang 2010a). 

Sample Porosity (%) kw (m/s) Critical pore 
diameter (μm) 

Degree of 
hydration (α) 

OPC (7D) 29.19 1.3897E-11 0.15 0.6125 
M6_30% (28D) 28.51 2.7136E-12 0.026 0.7614 
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Figure 7. Differential pore size distribution of OPC 
at 7 days and M6_30% at 28 days (Wang 2010a). 

Figure 8. Relationship between critical pore diameter 
and kw from different samples at different curing ages 
(Wang 2010a). 

4. CONCLUSIONS 

In this paper, the water permeability of cement paste with and without MS is studied. Parameters, like 
replacement level and fineness of MS were considered. Relation between the water permeability 
coefficients (kw) and the pore structure was explored. The following conclusions can be drawn: 

• Due to the dilution effect and the improved packing density are two influences of MS on the 
cement paste mixture system. Up to 30% cement replacement by M6 does not significantly 
influence the water permeability coefficient of cement paste at 28 days. 

• M300 is not a promising choice to substitute cement material, because it can not improve the 
microstructure very much. M6 and M600 are more favorable to the refinement of the pore 
structure and the reduction of water permeability in the blended cement system due to the 
improvement on the packing density. 

• The relation between critical pore diameter and the permeability coefficient (kw) shows a good 
correlation. Regardless the curing age, it is obvious that kw increases along with the increasing 
critical pore diameter. The critical pore diameter, together with pore size distribution, can also 
be used in the blended samples to give an indication of the permeability. 
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Abstract 
Blended cements are more environmentally friendly than ordinary Portland cements (OPC), for their manufacture is 
less energy-intensive, emits less greenhouse gas into the atmosphere and entails the re-use of industrial by-products 
such as granulated blast furnace slag. Of the 27 cements listed in European standard EN 197-1:2000, seven contain 
slag, in proportions ranging from 6 to 95 %. The advantages of slag-blended cements include not only the energy 
savings and lower pollution involved in their manufacture, but also their high mechanical strength at older ages and 
long durability due to their fine pore structure. They do have drawbacks, however, most prominently their low early age 
strength, particularly in the case of CEM III cements. For this reason, the aim of the present study was to raise the 
early age mechanical strength of slag cements CEM III (EN 197-1) through alkali activation. The activation process, 
hydration product structure and paste and mortar microstructure were studied in detail. 
Four cements were used, CEM I (as a reference) and three CEM III cements differing in their slag content (50, 70 and 
90 %). Waterglass (Na2O·nSiO2·mH2O) solutions with 5 % Na2O by slag mass were used as activators. Cement paste 
activation was studied by conduction calorimetry and the products were characterized mineralogically and 
microstructurally. Finally, the mechanical strength and porosity of these waterglass-CEM III cement mortars were 
determined. Conduction calorimetry, in conjunction with the XRD results, showed that alkaline activation grew more 
intense with rising slag content. In contrast, the waterglass solution inhibited ordinary Portland cement hydration 
significantly. The BSE/SEM/EDX results confirmed the formation of two C-S-H gels in waterglass-CEM III cements, 
one attributed to Portland cement hydration and the other to slag activation. The 29Si MAS NMR spectra showed that a 
cross-linked C-A-S-H gel formed as an outcome of slag activation. In this C-A-S-H gel, Si was partially replaced by Al 
in bridge positions. Chain length also rose with slag content in the cement, to a maximum of 10 links in the 7-day 
cement containing 90 % slag. Mechanical strength increased with the slag content. Specifically, mortars prepared by 
mixing cement with 90 % slag and a waterglass solution with 5 % Na2O were comparable to CEM I mortars and three 
times stronger than mortars prepared with water. These high strength values may be due to the generation of a more 
intensely polymerized and cross-linked C-A-S-H gel and low mortar porosity.   

 
Originality 
A number of studies have been conducted to explain hydration in slag-blended cements and the alkaline activation of 
(clinker-free) blast furnace slag. On the contrary, very few studies have addressed the alkaline activation of slag-
blended cements and its effect on the nature of the hydration products or cement and mortar microstructure and 
macroscopic properties, primarily mechanical strength. The present paper reports on an in-depth, meticulous study. 
The findings reveal the beneficial effect of the alkaline activation of CEM III cements on mechanical strength, 
particularly in cements containing more than 70 % slag. This rise in mechanical strength is directly related to the 
nature of the hydration products formed and paste and mortar microstructure. 
 
Chief contributions 
In the present study, the mechanical strength of slag-blended cements was raised three-fold by waterglass activation, 
generating cements comparable in strength to, but more environmentally friendly than, ordinary Portland cements. The 
microstructural studies conducted indicated the coexistence of two C-S-H gels in waterglass-CEM III cements: one 
attributed to Portland cement hydration and the other to the alkaline activation of slag. The latter was highly 
polymerized and cross-linked. The low porosity of the mortars resulting from the formation of this cross-linked C-A-S-H 
gel explains their higher mechanical strength. Finally, the present study found that the dissolution of the silicate and 
aluminate phases in Portland cement is inhibited in the presence of waterglass, confirming that this alkaline solution 
significantly curbs Portland cement hydration. 
 
Keywords: CEM III, alkaline activation, C-S-H gels, C-A-S-H gels, mechanical strength 
 
*Corresponding author: F. Puertas (Francisca Puertas), e-mail: puertasf@ietcc.csic.es; tel. 34 913020440 



Introduction 
 
Blended cements are more environmentally friendly than ordinary Portland cements (OPC), for their 
manufacture is less energy-intensive, emits less greenhouse gas into the atmosphere and re-uses 
industrial by-products such as granulated blast furnace slag. Of the 27 cements listed in European 
standard EN 197-1:2000, seven contain slag, in proportions ranging from 6 to 95 %.  
The advantages of slag-blended cements include not only the energy savings and lower pollution 
involved in their manufacture, but also their high mechanical strength at older ages and long durability 
due to their fine pore structure. They do have drawbacks, however, most prominently their low early 
age strength, particularly in the case of CEM III cements.   Mechanical, thermal and chemical methods 
can be used to unleash the potential reactivity of these slag cements at early ages. A number of studies 
(Fathollah Sajedi, 2011) have shown that mechanical and thermal methods raise the early age strength 
of slag cement mortars significantly, but these methods call for extra equipment and expend energy. 
The chemical activation of CEM III cements by highly alkaline solutions has not been studied in 
depth, despite the many studies to be found in the literature on the behaviour and durability of alkali-
activated slag (AAS) cements and concretes (Bakharev, 2002; Palacios, 2007; Puertas, 2004). The 
present research consequently aimed to raise the early age mechanical strength of CEM III (EN 197-1) 
slag cements through alkaline activation. The activation process, hydration product structure, and 
paste and mortar microstructure were studied in detail. 
 
Experimental 
 
Materials 
The chemical compositions of the four cements used in this study and the blast furnace slag (BSF) 
used in their preparation are given in Table 1.  
 

Table 1. Cement and slag chemical composition 

% wt CaO SiO2 Al2O3 MgO Fe2O3 SO3 S2- Na2O K2O Free 
CaO L.O.I. I.R. 

CEM  I 67.89 19.68 2.18 1.14 2.45 3.22 --- 0.26 0.28 0.96 1.06 0.03 
CEM III/A 53.48 27.20 6.25 4.90 1.42 1.68 1.00 0.38 0.38 1.42 3.36 0.16 
CEM III/B 49.25 29.91 7.80 6.33 0.95 1.01 1.20 0.33 0.38 0.96 2.44 0.22 
CEM III/C 44.74 33.80 8.14 7.90 1.33 0.30 1.72 0.55 0.54 0.36 2.52 0.10 

BFS 42.04 35.05 9.40 8.48 1.24 0.14 1.52 0.27 0.36 --- 3.04 0.66 
I.R.: Insoluble Residue; L.O.I: Loss on ignition 
 
Polarizing transmitted light microscopy showed the vitreous phase content of the slag to be over 98 % 
of the BFS. The Blaine specific surface (EN-196-6) was 421m2/kg, and 90 % of the particles were 
smaller than 41 μm.  
CEM III cements were prepared by mixing CEM I and BFS in the following proportions: CEM III/A 
(50 % slag); CEM III/B (70 % slag) and CEM III/C (90 % slag). The physical-mechanical properties 
of these cements are given in Table 2. 
 
Studies conducted on cement pastes and mortars  
Alkali-activated cement pastes were obtained by mixing the cements with a waterglass solution 
(Na2SiO3·nH2O + NaOH) having a SiO2/Na2O ratio of 1.2 and a Na2O concentration of 5 % by slag 
mass. The control cement pastes were made with the same cements, but mixed with water. The 
liquid/solid ratio was 0.5 in all pastes. Hydration was monitored by isothermal conduction calorimetry. 
Specimens measuring 1x1x6 cm3 were prepared from each paste as per European standard EN 196-1. 
All samples were chamber-cured at 22 ± 2 ºC and RH = 99 % until they reached the specified age (6 
hours and 1, 7 and 28 days). After removal from the humidity chamber all but two specimens were 
ground and frozen with acetone and ethanol for subsequent XRD and 29Si and 27Al MAS NMR 
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analysis. The two whole specimens were frozen by immersion in acetone for BSE/EDX and SEM 
analysis. 
Flexural and compressive strengths were measured in 6-hour, 24-hours and 7- and 28-day mortar 
specimens. These mortars were prepared as stipulated in EN 196-1, with a liquid/cement ratio of 0.5 
and an aggregate/cement ratio of 3:1. A siliceous aggregate with a standard particle size distribution 
(ISO 679-compliant, CEN standard sand, EN 196-1) was used. The specimens were chamber-cured at 
99 % RH and 22 ± 2 ºC. Total porosity and pore size distribution were determined on a Micromeritics 
mercury intrusion porosimeter. 
 

Table 2. Physical-mechanical properties of cements 

Cement Blaine 
(m2/kg) 

Consistency 
(w/c) 

Initial 
setting 
time 
(h) 

Final 
setting 
time 
(h) 

Compressive strength (MPa) 
1d            7d          28d          90d 

CEM I 418 0.264 2.33 4.33 39.0(1) 65.0(1) 72.0(1) 85.0(2)
CEM III/A 513 0.276 2.30 4.30 12.1(5) 37.0(1) 52.0(1)  62.0(2)
CEM III/B 481 0.280 3.20 5.30 6.7 (2) 33.5(6) 41.0(1) 52.0(1)
CEM III/C 464 0.286 4.00 7.10 3.3 (1) 20 (1) 24.0(7) 31.0(1)

 
Results and discussion 
 
Activation process 
Figure 1 shows the heat flow rate and total heat released curves for the cement pastes prepared. Table 
3 gives the calorimetric data obtained from an analysis of the respective curves.   
 
 
  
 
 
 
 
 
 
 
 
 

Figure 1. Conduction calorimetry findings for cement pastes 
 

Table 3. Calorimetric data 

 CEM I 
H2O 

CEM III/A 
H2O 

CEM III/A  
WG 5% 

CEM III/B 
H2O 

CEM III/B  
WG 5% 

CEM III/C 
H2O 

CEM III/C  
WG 5% 

Peak flow  
rate (J/g·h) 16.74 6.41 

5.50 1.08 3.72 
5.07 

18.17 
4.38 

2.57  
1.98 19.17 

Peak  
duration (h) 81.23 159.19 90.80 143.90 67.56 129.00 23.33 

Peak heat released 
(J/g) 316.85 248.22 74.52 196.25 142.29 128.91 121.76 

 
An analysis of these results showed that waterglass-activated CEM III/A pastes were less reactive than 
pastes mixed with water. On the contrary, reactivity was substantially enhanced by waterglass 
solutions in cements CEM III/B and CEM III/C. This finding was based on the presence in these 
activated pastes of a main peak with a higher maximum flow and a shorter duration than in pastes 
prepared with water. Waterglass-activated CEM III/B and CEM III/C also had the lowest peak heat 
released, confirming the low heat of hydration in this type of alkaline cements.  



Mineralogical and microstructural characterization of pastes  
The XRD patterns for the 7-day CEM I and CEM III cement pastes prepared with water and a 
waterglass solution (5 % Na2O) are reproduced in Figure 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. XRD patterns for 7-day cement pastes 

 
An analysis of these patterns revealed that silicate and aluminate hydration was substantially retarded 
in the CEM III pastes prepared with a waterglass activating solution. The alite phase content in the 7-
day CEM III samples mixed with water was lower than in the waterglass samples at the same age, 
while the portlandite content was perceptibly lower in the latter (see Figure 3). Moreover, diffraction 
lines identifying ettringite were observed in the pastes mixed with water, whereas in the pastes 
prepared with waterglass no ettringite was identified at any age and gypsum hemihydrate was detected 
even in the 7-day diffractograms (see Figure 3). Very minor amounts of monosulfoaluminate hydrate 
were also identified and SEM images and EDX analysis confirmed the presence of 
monosulfoaluminate in these activated pastes (see Figure 4).  These XRD results showed that the 
waterglass alkaline solution retarded or inhibited silicate and aluminate phase hydration reactions in 
cements. 
 
 
 
 
 
 
 
 

 
 

Figure 3. Variations in the count numbers for the diffraction lines associated with A) alite and portlandite 
and B) C3A and ettringite in 7-day pastes 

                                                      
 
 

Figure 4.  SEM/EDX 
micrographs of 7-day 
CEM III/A pastes 
prepared with waterglass 
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According to the 29Si MAS NMR 7-day spectra for CEM III/A pastes mixed with water (Figure 5), 
some of the signals detected were associated with anhydrous cement (-69.9 ppm, -71.6 ppm) or slag   
(-68 ppm and -75.7 ppm). Three other signals, at -79.7, -82.2 and -85.1 ppm, were respectively 
assigned to Q1, Q2B (Q2 (0Al) bridge units) or Q2 (1Al) and Q2(0Al) species (Kirkpatrick, 1994). The 
29Si MAS NMR spectra for the 7-day waterglass-activated CEM III/A pastes showed the same signals, 
attributed to Q1, Q2B or Q2 (1Al), and Q2 (0Al) Si in the C-S-H gel, as well as two new signals at 
around -88.0 ppm, assigned to Q3 (1Al) Si species, and -92.3 ppm, to Q3 (0Al) Si units. Both are 
characteristic of C-A-S-H gels formed in alkali-activated systems (Puertas, 2010). These findings were 
also observed, although more intensely, in 7-day 29Si MAS NMR spectra for CEM III/B and III/C 
mixed with waterglass. The greater the slag content in the cement pastes prepared with waterglass, the 
higher was the Q2 and Q3 unit content (see Table 5). Larger amounts of Al were likewise observed in 
the structure of these pastes (confirmed by the 27Al MAS NMR results), denoting the formation of a  
C-A-S-H gel with a cross-linked structure. The C-S-H or C-A-S-H forming differed, depending on the 
solution used, not only in terms of structure but also with respect to the mean chain length calculated 
as per Equation (1) (Palacios, 2010). The findings are summarized in Table 4. 
 

MCL = [(2(Q1+Q2(0Al)+ Q2B(0Al)+ 3/2 Q2(1Al)+ Q3(0Al) + Q3(1Al))/Q1] (1) 

The use of waterglass also led to a more polymerized C-A-S-H gel, as can be deduced from the high 
Q2 unit content and the long mean chain length, which was observed to comprise 6 to10 links in 7-day 
CEM III pastes (see Table 4). In the waterglass-activated CEM III/A and CEM III/B pastes a C-A-S-H 
gel is formed as a consecuence of slag activation, which composition and structure is distinguished it 
from the C-S-H gels forming in Portland cement pastes. C-A-S-H gels in alkali-activated slag pastes 
are characterized by low Ca/Si ratios, longer chain lengths (> 5 links) and the presence of Q3 (1Al) and 
Q3 (0Al) units. The BSEM/EDX findings are given in Table 5. C-A-S-H gel composition varied in 
these pastes depending on the type of CEM III cement and mixing liquid (water or waterglass 
solution) used. As a rule, the Ca/Si ratio in the gel declined with rising slag content in the cement. The 
waterglass-activated CEM III cement pastes were observed to have a consistently lower Ca/Si ratio 
than the cements mixed with water. This lower Ca content in the gel formed confirmed the higher 
degree of polymerization observed in the NMR results. 
 
 
 
 
  
 
 
  
 
 
 
 
 
 
 
 
 

 
Figure 5.  29Si MAS NMR spectra for 7-day cement pastes 

 
Two types of C-S-H gel were obtained in the waterglass-activated CEM III pastes, one (whose low 
proportion was substantiated by prior XRD and microscopic analysis) generated by hydration of the 
silicates in the cement and the other by alkali activation of the slag.   
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Table 4. 29Si MAS NMR findings for 7-day cement pastes 

 Solution α (Degree 
of reaction) LMC ΣQ2/QTOTAL ΣQ2/Q1 ΣQ3/QTOTAL 

CEM III/A H2O 50.60 3.94 0.45 0.83 ---- 
CEM III/A WG 5% 44.81 6.72 0.56 1.62 0.13 
CEM III/B H2O 39.85 5.58 0.60 1.48 ---- 
CEM III/B WG 5% 50.85 7.22 0.60 1.84 0.07 
CEM III/C H2O 44.70 5.19 0.56 1.27 ---- 
CEM III/C WG 5% 60.69 10.45 0.67 2.82 0.13 

 
Table 5. EDX analysis of C-S-H and C-A-S-H gels in cement pastes 

 CEMIII/A 
H2O 

CEMIII/A 
WG 5% 

CEMIII/B 
H2O 

CEMIII/B 
WG 5% 

CEMIII/C 
H2O 

CEMIII/C 
WG 5% 

Ca/Si 2.097  
(± 0.323) 

1.622  
(± 0.374) 

1.545  
(± 0.295) 

1.452  
(± 0.215) 

1.734  
(± 0.280) 

1.137  
(± 0.195) 

Al/Si 0.206  
(± 0.142) 

0.246  
(± 0.144) 

0.260  
(± 0.152) 

0.204  
(± 0.057) 

0.301  
(± 0.115) 

0.227  
(± 0.042) 

Na/Al 0.145  
(± 0.100) 

1.142  
(± 0.616) 

0.068  
(± 0.072) 

1.548  
(± 0.662) 

0.052  
(± 0.070) 

0.960  
(± 0.498) 

 
Mechanical properties 
Figure 6 shows the flexural and compressive strength of 6-hour and 1-, 7- and 28-day mortars. The 
conclusion drawn from these data was that in waterglass-activated cement mortars, mechanical 
strength depended directly on the slag content. Waterglass-activated CEM III/A mortars exhibited 
significantly lower mechanical strength than the respective mortars prepared with water. These poor 
mechanical properties were attributed to the inhibition of Portland cement hydration induced by the 
alkaline solution, as discussed above in connection with the XRD and NMR analyses (low degree of 
hydration, see Table 4). On the contrary, in waterglass-activated CEM III/B and CEM III/C mortars, 
with 70 % and 90 % slag respectively, mechanical strength was considerably higher than in mortars 
prepared with water. Seven-day mortars prepared by mixing CEM III/C (with 90 % slag) and a 
waterglass solution with 5 % Na2O were three times stronger than mortars prepared with water, and 
exhibited values comparable to the results for CEM I mortars. The good mechanical properties of the 
activated CEMIII/C cement were the result of the formation of the intensely polymerized and cross-
linked C-A-S-H gel identified by 29Si MAS NMR. Furthermore, 6- and 24-hour waterglass-activated 
CEM III mortars exhibited much higher strengths than the mortars prepared with water. Consequently, 
the conclusion to be drawn from the present study is that the addition of a waterglass solution (5% 
Na2O) to cements containing more than 70 % slag significantly enhanced the mechanical properties of 
the respective mortars, which was one of the main objectives of the present study.  
 

 
 
 
 
 
 
 
 
 
 
 

Figure 6. Mechanical strength of 6- and 24-hour and 7- and 28-day cement mortars mixed with water and 
waterglass. A) flexural strength, B) compressive strength 
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Porosity tests in CEM III cement mortars  
Total porosity in 7- and 28-day mortars prepared with water was higher than in waterglass-activated 
CEM III mortars (see Figure 7). Furthermore, while in CEM III mortars mixed with water, porosity 
rose with time and slag content, in waterglass-activated CEM III mortars, porosity declined with rising 
slag content. This, in conjunction with the formation of more polymerized and densely cross-linked 
C-A-S-H gels as a result of activation of the slag present in these mortars, explains their higher 
mechanical strength.  
 
 
 
 
 
 
 
 
 
 

 

Figure 7. Pore size distribution in 7- and 28-day mortars (%) A) H2O, B) WG 5 % 

CONCLUSIONS 
The main conclusions drawn from this study are listed below. 
a) In the presence of a waterglass alkaline solution, silicate and aluminate hydration reactions were 
inhibited or retarded. The portlandite and ettringite contents were observed to decline in activated 
pastes. 
b) The early age (6- and 24-hour) strength of CEM III was raised with alkaline activation to values 
comparable to CEM I 42.5R strength. The 6- and 24-hour flexural and compressive strengths obtained 
for CEM III/C mortars mixed with a waterglass (5 % Na2O by mass of slag) alkaline activator were 
466 and 38 % higher, respectively, than CEM I 42.5R mortar strength (mixed with water) at the same 
ages. This behaviour is consistent with the low porosity of these waterglass-activated cement mortars. 
c) The composition of the C-S-H gel in these pastes varied depending on the type of CEM III cement 
and mixing liquid (water or waterglass solution) used. Two types of gels formed: C-S-H and C-A-S-H. 
The first was the result of silicate hydration in the cement and the second of the alkaline activation of 
slag. The C-S-H gel forming during hydration of the calcium silicate in the cement was characterized 
by a Ca/Si ratio of 2.0 to 1.7 and shorter chain lengths (4-5 links). The C-A-S-H gel, by contrast, had a 
lower Ca/Si ratio (1.6 to 1.1) and a longer chain length (6-10 links), an indication of more intense gel 
polymerization.  
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Abstract 
Determination of the surface energy of crystallographic planes in gypsum (CaSO4 ·2H2O) and calcium 

sulfate hemihydrate (CaSO4 · 0.5H2O, Plaster of Paris) is an important step towards understanding surface 

interactions with organic admixtures used in gypsum wall board production. We employ molecular 

dynamics simulation with a new force field which allows quantitative understanding of interfacial 

interactions and is compatible with parameters for (bio) polymers (PCFF). Among a variety of analyzed 

cleavage planes, crystal faces with high water content are of lowest surface and interface tension. In 

gypsum, the (010) surface yields a minimal cleavage energy of 297±7 mJ/m
2
. Together with contributions 

from remaining surfaces (120) and (011), an average surface energy of 344±13 mJ/m
2
 is computed in 

agreement with experimental data (352 mJ/m
2
). In hemihydrate, (010) surfaces also have a minimal 

cleavage energy of 480±40 mJ/m
2
. Solid-water interface tensions are 25±2 mJ/m

2
 for the (010) crystal face 

of gypsum and 67±3 mJ/m
2
 as a Wulff average (experiment 64 mJ/m

2
). In hemihydrate, the surface tension 

is higher than for gypsum due to less amount of water. 

 

Originality 

In this paper we examine both solid-vapour and solid-liquid interfaces using accurate computational 

models and explain interfacial properties of calcium sulfate hemihydrate which have remained uncertain. 

Extension to organic admixtures, used to reduce the water content during manufacture of gypsum wall 

board, provide insight into the atomistic-level interactions and guidance in the design of polymers. This 

work sets the ground for molecular level investigations on the working mechanism of gypsum admixtures.  

 

Chief Contributions 

This paper is the first research work to methodically use atomistic simulation to understand the cleavage of 

all possible planes of gypsum and plaster of Paris. It introduces a new pcff force field that enables reliable 

molecular dynamics simulations for the study of interfacial properties on the gypsum and plaster of Paris 

surfaces.  
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Introduction 

Plaster of paris, calcium sulfate hemihydrate (CaSO4.1/2H2O) will react with water to form 

gypsum (CaSO4·2H2O). Conversely, gypsum can be partially dehydrated to form reactive plaster 

of paris. Collectively these two reactive minerals form the basis of common wall systems such as 

drywall and plaster based wall finishes. More recently these materials and their derivatives are 

also finding applications in medicine as bone cement/regeneration materials (d’Ayala et al., 2006 

and Damien and Parsons, 1991). The two forms of calcium sulfate hemihydrate are produced 

from different methods and each has unique characteristics. The α-form of hemihydrate is 

obtained by dehydrating gypsum in an acidic water suspension or hydrothermally in the presence 

of electrolytes. The β-form of hemihydrate is produced by dehydrating gypsum in the water 

vapour atmosphere at temperature 100 °C (Follner et al., 2002a).  

During making of gypsum wall board, calcium sulfate hemihydrate acts as a reactant 

(construction material) and calcium sulfate dihydrate comes out as a product. Processing of 

plaster of paris on a construction site, it requires additives which can either accelerate or retard 

the setting of plaster (Hill and Plank, 2004). But a true understanding of mechanisms of these 

additives on plaster of paris as well as gypsum surfaces has not been reached yet (Tadros and 

Mayes, 1979 and Boisvert et al., 2000). Superplasticizers/admixtures are used in gypsum wall 

board to reduce the water content and hence it overcomes the additional energy required for 

evaporating the excess water during drying process of wall board production. In comparison to 

concrete superplasticizers, knowledge on admixtures for gypsum is largely lagged behind. Due to 

the lack of theoretical research on gypsum admixture, concrete superplasticizers are blindly used 

in gypsum systems (Peng et al., 2005).  

In this manuscript, we conduct the fundamental study on the interfacial properties of gypsum and 

plaster of paris which will provide theoretical understanding of various interfaces. It will help in 

calculating accurate adsorption energy of superplasticizers on the surface with or without solvent 

using models of validated structural and surface properties by molecular dynamics simulation 

methods. This is critical to gain quantitative insight into interfacial adsorption and reaction 

dynamics in conjunction with measurements (Heinz et al. 2005). To start with gypsum and plaster 

of paris surfaces, force field development and its validation is very crucial step. Validation of 

accurate force field parameters can be done by comparing the values of cleavage energy, surface 

energy and interfacial energy with experimental data of same surface/interface. Cleavage energy 

calculations of various planes give the minimum energy plane which will be used for determining 

adsorption energy.   

 

Gypsum 

The crystal habit of gypsum is entangled needle shape (Dogan et al., 2004 and Jaffel et al., 2006). 

But there is a discrepancy between the theoretical and observed habits of gypsum (Heijnen and 

Hartman, 1991, Voort and Hartman, 1991 and Weijnen et al., 1987). Crystal habit is a 

consequence of the growth rate of each face. The faster a face grows, the smaller the face will be. 

The theoretical models predict that the {011} face to be large and {–111} face to be small, 

whereas the observed habit shows large {–111} face and {011} face usually absent or small 

(Voort and Hartman, 1991). The theoretical habit is a platy {010} with {120} as edge face and 

terminated by long edge {011} and small {–111} face in Figure 1 (a), the experimental observed 

habit has large {–111} face, while face {011} is usually absent (Figure 1 (b)) (Heijnen et al., 

1991  and Voort and Hartman, 1991). 

According to (Voort and Hartman, 1991) the habit of gypsum crystals grown from aqueous 

solution can be explained in terms of solvent interaction. When organic impurities are present in 

the solution then it interacts more strongly with faces than water. It may replace adsorbed water 

molecules on both crystallographic and non-crystallographic positions. The growth rates of the 

side faces {011} and {–111} will be affected equally and the theoretical habit like one shown in 



Figure 1 (a) may be obtained. In fact, the {011} face is found to prevail over the {–111} face on 

crystal grown from aqueous solutions with organic impurities (Weijnen and van Rosmalen, 1985)  
The crystal cell of gypsum is monoclinic. There were many crystal structure data available from 

X-ray and neutron diffraction experiments and also refinements of crystal data from same 

experimental methods (Boeyens and Ichharam, 2002, Pedersen and Simmingsen, 1982 and 

Follner et al., 2002b). For our modeling purpose, calcium sulfate dihydrate crystal structure data 

is taken from neutron diffraction refinement (Pedersen and Semmingsen, 1982).  

 

 

Figure 1. (a) Theoretical habit of gypsum crystal for an isolated crystal (Heijnen et al., 1991) (b)  

Experimental habit of gypsum from an aqueous solution (Simon and Bienfait, 1965) 

 

Experimental surface energies of calcium sulfate dihydrate were determined by dissolution of 

particles of different average size in water and measurement of the differences in electrical 

conductivity of the resulting solutions using Ostwald-Freundlich equation (Kimura, 1942 and 

Dundon and Mack, 1923). The surface energy values are 370 mJ/m
2
 and 390 mJ/m

2
 at 25 °C and 

33.3 °C respectively. The specific surface energy of selenite (CaSO4 · 2H2O) was measured by 

basal plane cleavage as a function of temperature and pressure (Oglesby et al., 1976). Values of 

specific surface energies of selenite are 358 mJ/m
2
 and 352 mJ/m

2
 at 1 atm of air and at 10

-5
 Torr 

at 25 °C respectively.  

Using periodic bond chain (PBC) theory based upon the assumption of the forces between nearest 

neighbors, (Simon and Bienfait, 1965) calculated the surface energies of various crystal faces of 

gypsum and used the Wulff theorem to validate other experimental values determined for 

equilibrium crystal shape of gypsum. The surface energies of faces {010}, {120}, {0–11} and {–

111} are 240±8, 480±40, 640±200 and 1540±160 mJ/m
2
 respectively. If we use the surface 

energies of faces given by (Simon and Bienfait, 1965) then we get the surface energy of 

equilibrated surface (Wulff shape) using equation (1) is 406 mJ/m
2
, which is slightly higher than 

the experimental value. (Heijnen and Hartman, 1991) also used PBC and they found specific 

surface energies of faces {010}, {120}, {011} and {–111} are 385, 835, 1021 and 1491 mJ/m
2
 

respectively. For equilibrium shaped gypsum crystals, Simon and Bienfait predicted that the 

surface energy of each crystal face, the {010} face contributes for about 75% of the total surface 

area, the {120} face for about 15% and the {011} face for the remaining 10% (Weijnen et al., 

1987).   

011120010 10.015.075.0 γγγγSV ++=                                                                                       (1) 

Interfacial energy for liquid-solid interface is known for gypsum from the literature (Nielsen and 

Sohnel, 1971, Sohnel, 1982 and Weijnen et al., 1987). (Nielsen and Sohnel, 1971) gives 

interfacial tension data of gypsum obtained from homogeneous nucleation experiment. These 



values are in the range of 95 to 117 mJ/m
2
. If the gypsum nuclei in Nielsen and Sohnel’s 

experiments exhibit the equilibrium crystal shape then their interfacial tension is calculated to be 

64 mJ/m
2
 (Weijnen et al., 1987).    

 

Plaster of Paris   

Various crystal structure data of calcium sulfate hemihydrate are available from literature 

(Boeyens and Ichharam, 2002, Ballirano et al., 2001, Bezou et al., 1995, Abriel and Nesper, 1993 

and Lager et al., 1984). The crystal cell of hemihydrate is monoclinic. (Bezou et al., 1995) gave 

two different data on hemihydrate crystal structure. There is a data from X-ray powder diffraction 

method and another one is from neutron diffraction powder method. Author found data from 

neutron diffraction method was more accurate than X-ray method. On that basis, we also 

considered to model hemihydrate from crystal structure data of neutron diffraction method.  

 

Cleavage Energy and Surface Tension 

Creation of new surface of mineral/composite materials depends upon many factors. In the case 

of mineral surface, breaking of highly localized hydrogen bonds, ionic bond and van der Waals 

bonding becomes an important step to create new surface. In the highly polar molecule, these 

kinds of interaction become a primary source of inter-layer adhesion. Strong cohesive energy of 

the mineral leads to small entropic effects upon cleavage (Giese, 1974). When two identical 

surfaces are created, then cleavage energy becomes equal to surface energy. 

 

A

EE
E bulkcleaved

cleavage
2

−
=                                                                                                             (2) 

Denominator (2A) in the above expression (equation 2) shows that the two identical surfaces are 

created. Here A, is the cross-sectional area of the surface created during cleavage of new plane, 

and (Ecleaved – Ebulk), is the total free energy of cleavage.  

 

Force Field Development of Gypsum and Plaster of Paris  

Models for gypsum and hemihydrate were developed and tested. For the optimization of 

cell geometry, we assume neutron diffraction data by (Pedersen and Semmingsen, 1982), 

although an uncertainty in the β cell angle of 114.08º relative to earlier X-ray data by 

(Cole and Lancucki, 1974) 118º and a different possible orientation of the unit cell, for very 

similar parameters, by (Boeyens and Ichharam, 2002) is noted.  
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Energy calculation during the simulation, energy expression is based on the polymer consistent 

force field to approximate the potential energy of the mineral and included terms for quadratic 

bond stretching, quadratic angle bending, Coulomb interactions, and van-der-Waals interactions 

(Heinz et al., 2005).  

 



Table 1: Cell parameters of gypsum and plaster of paris according to the crystal structure (Pedersen and 

Semmingsen, 1982) and (Bezou et al., 1995) respectively and by NPT molecular dynamics simulation with 

the extended polymer consistent force field under standard temperature and pressure 

 

Mineral cell 

dim. 

a 

(Å) 

b 

(Å) 

c 

(Å) 

α 

(°) 

β 

(°) 

γ 

(°) 

V 

(Å
3
) 

Gypsum Exp 

Sim 

3×1×3 17.034 

17.25 

15.213 

15.12 

18.838 

18.85 

90 

90 

114.08 

110.4 

90 

90 

4461.56 

4605 

HH Exp 

Sim 

1×2×1 12.0317 

12.18 

13.8538 

13.93 

12.6712 

12.59 

90 

90 

90.27 

90.56 

90 

90 

2112.07 

2136.2 

 

Simulation indicates a beta cell angle of gypsum crystal of ~110º, lower than suggested by 

diffraction data as shown in Table 1. It is very important to consider the Wulff equilibrium shape 

of the gypsum crystal which is described by (Simon and Bienfait, 1965). The force field 

parameters of gypsum can be applied into plaster of paris due to similar chemical composition 

and monoclinic crystal structure.  

 

Simulation Details 

Development of force field parameters and molecular model, we used the Material Studio 

graphical interface using Discover program and Cerius
2
 (Accelrys, 1996). Energy minimizations 

and short molecular dynamics simulations were employed, using NVT and NPT dynamics, a time 

step of 1 fs, temperature control using velocity scaling (trials) and Andersen thermostat 

(validation), Parrinello-Rahman pressure control at 0.0001 GPa (shortened time step of 0.5 fs for 

increased precision), a spherical cutoff of van-der-Waals interactions at 1.2 nm, and Ewald 

summation of Coulomb interactions (10
-6

 kcal/mol). 

During the calculation of cleavage energies, we employed calcium sulphate dihydrate super cells 

of dimensions near 2.8×6.1×2.5 nm
3
 and for HH 2.4×5.5×2.5 nm

3
 with different orientations of 

the coordinate system to conveniently perform cleavage along various Miller planes oriented 

along the y direction respectively. After creating two surfaces, next step is to find the lowest 

energy distribution of ions on the surface involved temperature gradient MD simulations using 

the NVT ensemble which allows rearrangements of the ions on the cleaved surfaces (Fu and 

Heinz, 2010). Subsequent surface energy calculation performed with 10 nm vacuum gap between 

cleaved surfaces with time step of 1 fs at 298 K temperature using NVT ensemble with duration 

of 200 ps for initial equilibration and 400 ps for recording thermodynamic properties.  

 

Surface and Interfacial Energy of Gypsum and Plaster of Paris   

From molecular dynamics simulation, we have computed surface energies of faces {010}, {120} 

and {011} are 297±7, 444±24, and 546±20 mJ/m
2
 respectively. It has been found that our surface 

energy value of {010} is intermediate between the values calculated by (Simon and Bienfait, 

1965) and (Heijnen and Hartman, 1991) and very close to (Weijnen et al., 1987) of theoretical 

calculation of each surface energy based on Ising model. If we use the surface energies of faces 

computed using our model, then we get the surface energy of equilibrated surface (Wulff shape) 

using equation (1) is 344±13 mJ/m
2
, which is very close to the experimental value 352 mJ/m

2
 

(Oglesby et al., 1976). The computation of solid-liquid interface energies was also carried out 

using simulation times up to 300 ps. Solid-water interface tensions are 25±2 mJ/m
2
 for the (010) 

crystal face of gypsum and 67±3 mJ/m
2
 as a Wulff average (experiment 64 mJ/m

2
). 



In the case of hemihydrate, MD simulation results show that the (010) and (020) planes have 

lowest cleavage energy due to less water content, while other surfaces have high cleavage 

energies due to ionic bond presence as shown in the Table 2. From the preliminary data we found 

that the solid-water interface tensions for the (010) crystal face of plaster of paris has lower than 

gypsum, as plaster of paris has more affinity towards water.  

 
Table 2. Energies of cleavage planes along all coordinate axes in CaSO4 · 0.5H2O 

 

Miller Indices Surface Energy (mJ/m
2
) 

100 597 ±34 

200 634 ±39 

010 476 ±35 

020 478 ±35 

001 652 ±37 

002 659 ±39 

003 667 ±36 

006 667 ±33 

 

Conclusions 

First of all, we validate force field model for gypsum (calcium sulfate dihydrate) and plaster of 

paris (calcium sulfate hemihydrate). We have calculated surface and interface energy of various 

surfaces. Results show that the {010} plane is the lowest energy plane in both compounds. 

Simulation result of surface energy of gypsum is found in agreement with experimental result. 

Surface energy of equilibrated surface (Wulff shape) of gypsum is 344±13 mJ/m
2
, which is very 

close to the experimental value 352 mJ/m
2
. Solid-water interface energy was also carried out 

using crystal faces of gypsum and found 67±3 mJ/m
2
 as a Wulff average (experiment 64 mJ/m

2
). 

Plaster of paris has higher surface energy with respect gypsum, as it has less number of water 

molecules in its cleavage plane. These force field parameters will be very useful in studying 

adsorption phenomena of superplasticizers in gypsum and plaster of paris with or without solvent.  
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Abstract 
One of the most popular preventive measures to minimize the occurrence of chemical expansive reactions, namely the 
internal sulphate reaction (ISR), in hardened concrete is the use of mineral additions. This pathology is due to the 
formation of expansive ettringite (delayed ettringite formation - DEF) inside the material and is very difficult to deal 
with, because presently there is no efficient method to repair concrete structures affected by DEF. Hence, there is an 
urgent need to find preventive methods that may enable the inhibition of DEF in new constructions. Nowadays, it’s 
recommended the use of mineral additions to sustain this type of degradation. Moreover, their effect depends on the 
chemical and mineralogical composition and also the cement replacement. 
The research work presented in this paper deals with the influence of limestone filler, a type I mineral addition, in the 
inhibition of DEF (Santos Silva et al., 2010a, 2010b), and is part of an extensive study to elucidate the role that the 
mineral additions have in the mechanism of inhibition of DEF in concrete. For this purpose different concrete mixes 
were produced by using the same cement type (CEM I 42.5Ra with 3.11% SO3 and 6.4% C3A) and water/cement ratio 
(0.45), incorporating different amounts of mineral additions, like fly ash, metakaolin, blast-furnace slag, silica fume 
and limestone filler. The filler influence was followed by expansion and microstructure evaluation of concrete mix at 
several ages. These studies showed an interesting behaviour of limestone filler, which motivated new concrete 
formulations with different cement types (CEM I 42.5Rb and CEM I 52.5) that differ in SO3 and C3A contents, in order 
to investigate its influence in development of DEF. This research includes also a concrete composition with a cement 
type II (CEM II A-L 42.5R). The results obtained were compared  and the conclusions were extracted.  
It was found that the concrete mixes with limestone filler showing higher expansions than the control composition. 
According to these results it seems that the limestone filler does not inhibit rather it promotes the expansion due to 
DEF. Thus, for concretes subjected to high temperatures in early ages, the limestone filler is not adequate to sustain 
DEF development rather it may even increase the expansion behaviour in concrete mixes. According to these findings, 
it was proposed that the ISR recommendations must prohibit this kind of mineral addition. 
 
Originality 
The degradation of concrete structures due to delayed ettringite formation (DEF) is a problem that affects nowadays 
growing number of concrete structures (mainly dams and bridges), where the concrete is subjected to high 
temperatures during its cure. When this pathology occurs, its effects are particularly dangerous because DEF is 
extremely expansive causing cracking of the concrete, thus contributing to the reduction of life-time due to early 
degradation of concrete structures and in extreme cases can lead to its demolition. This reaction is also difficult to 
detect early, requiring expensive diagnostic tools and highly specialization, and when detected in a concrete the repair 
is not guaranteed. In this context, it is urgent to find preventive methods that allow the inhibition of DEF in the new 
concrete structures. It is already known that some mineral additions could be used as partial replacement of cement in 
concrete to mitigate the effects of these reactions. However, the behaviour of each mineral addition depends on its 
mineralogical composition and cement replacement content. The present work shows that limestone filler additions do 
not mitigate the DEF as expected instead they promote the deleterious expansion due to this reaction. 
 
Chief contributions 
Nowadays, one of the biggest challenges is to reduce the environmental impact of Portland cement, which is the most 
consumed material manufactured in the world. Some cements, like CEM II that have already a reduction in the portland 
clinker content are normally recommended for concretes that could be subjected to internal expansive reactions. 
Besides the use of cements with less Portland clinker, the employment of mineral additions is a well known mitigation 
measure to inhibit the expansion due to internal expansive reactions in concrete. However, the chemical, mineralogical 
and replacement content of a certain type of mineral addition are important factors to take into account at this respect. 
The study presented in this paper is part of an extensive work developed in LNEC, Portugal, aiming to study expansion 
rate and microstructure of heat-cured concretes with different amounts of mineral additions, like fly ash, metakaolin, 
blast-furnace slag, silica fume and limestone filler. The results obtained show that only type II mineral additions are 
effective in DEF suppression. According to these findings the recommendations for DEF inhibition must prohibit the 
use of additions or cements with limestone filler, like CEM II A-L, in concrete. 
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Introduction 

The concrete degradation by internal sulphates seems to be related to the remobilization of sulphates 
included in the cementitious matrix due to excessive heating of the concrete during its early ages 
leading to the formation of DEF. It has been found that DEF appears in concretes exposed to frequent 
humidity and subjected to a relatively high thermal treatment (> 65º C) or having reached equivalent 
temperatures for other reason (massive cast-in-place concrete, concreting during summer, etc). The 
effect of DEF may be enhanced by the initial development of cracks due to alkali-aggregate reaction 
or by some other factor, with ettringite crystallizing in these cracks and leading to additional 
expansion of the concrete. The development of DEF in concrete depends on several factors that 
influence not only the beginning of their formation, but also the progression of the reaction, examples 
of these factors are related to the composition of concrete, such as the aggregate nature, type of cement 
(SO3 and C3A contents), water/cement ratio, and environmental conditions, including temperature and 
humidity. 
The prevention of DEF is normally carried out having in mind the elimination of at least one of the 
influencing factors that promotes, namely, by controlling the alkali content of the concrete, the 
maximum temperature of the concrete, the aluminates and the sulphates of the binder, the humidity 
and the portlandite content of the concrete. Another way to prevent the DEF is through the use of 
mineral additions in substitution or replacement of cement. It is believed that the pozzolanic additions 
have the ability to react with Ca(OH)2 forming hydrated compounds similar to those of cement 
hydration, like CSH (calcium silicate hydrate), and control the alkalinity of the medium thus inhibiting 
the formation of the expansive products (Santos Silva et al., 2010a). 
The mineral additions are classified into two types: type I, “almost inert” additions (e.g. limestone 
filler – LF) and type II, pozzolanic (e.g. fly ash – FA, metakaolin – MK and silica fume – SF) or latent 
hydraulic additions (e.g. ground granulated blast-furnace slag – GGBS). Nowadays it is already known 
that the type II additions may, in sufficient quantity, mitigate the effects of these reactions, although 
their action depends on their composition and pozzolanic reactivity (Santos Silva et al., 2010a). 
Despite the good results already obtained by some additions, the type I additions do not show the same 
behaviour. This work presents the results of the accelerated expansion tests which were complemented 
with the evaluation of the microstructure, alkali and calcium hydroxide contents, of the different 
concrete mixes, and is part of an extensive study to elucidate the role that the mineral additions have in 
the mechanism of inhibition of DEF in concrete. 
 
Experimental 

Test Conditions. Materials 
Cylindrical concrete specimens (22 cm length by 11 cm diameter) were casted and tested according to 
the accelerated MLPC No. 66 test method (Pavoine and Divet, 2007). In this study a Portland cement 
(OPC), CEM I 42.5 R, and a non reactive alluvial quartzitic coarse and fine aggregates, were used. 
The cement replacement by different amounts of mineral additions, namely FA, MK, GGBS, SF and 
LF, was already described in previous works (Santos Silva et al., 2010a, 2010b). These studies 
emphasized the behaviour of limestone filler, which motivated new concrete formulations but with 
different cement types. These cements differ in SO3 and C3A contents, and include a filler CEM II 
type. The chemical compositions of the materials used, obtained by XRF, are presented in Table 1. 
 
Expansion Tests 
The concrete specimens (cylinders) were cast using 440 kg/m3 of cementicious material, a 
water/binder = 0.45, and with an similar alkali content of 5.50 kg of Na2Oeq/m

3of concrete, calculated 
on the basis of available alkalis from the cement, additions and added NaOH.  
Immediately after casting, in order to promote the occurrence of DEF, the specimens were sealed and 
placed in a climatic chamber with controlled temperature and humidity, to be heat-cured. The heat-
curing cycle used (Santos Silva et al., 2010a) was based on a temperature core rise obtained during 
setting of a massive cast-in-place concrete with 14 m length, 3.5 m width and 1.5 m high. The concrete 



reached a maximum temperature of 80º C after 15 hours and was maintained at temperatures above 
70º C during 3 days. This cycle was computed by the TEXO program part of the CESAR-LCPC finite 
element design code (Divet et al., 1998).  
According to the DEF test method, following the heat-curing cycle, the concrete specimens were 
demolded and subsequently subjected to two drying-humidification cycles. Each cycle is composed of 
air drying at 38 ± 2ºC during 7 days followed by immersion in tap water at 20 ± 2ºC. Afterwards, the 
concrete specimens are kept permanently immersed in water for long-term storage at 20 ± 2º C. 
Length and mass measurements (3 cylinders by mix) were taken periodically in accordance to the 
accelerated test method MLPC No. 66 (Pavoine and Divet, 2007). The concrete mixes are reported in 
Table 2. 
 

Table 1: Chemical and Bogue compositions of the materials used 

 CEM I 42.5R a LF  CEM I 42.5R b CEM I 52.5R  CEM II A-L 42.5R 

Chemical analysis (%)      

SiO2 19.74 0.09 19.66 20.01 18.82 
Al2O3 4.14 0.04 5.51 4.08 4.16 
Fe2O3 2.69 0.06 3.40 4.14 2.94 
CaO 63.54 55.66 63.12 64.29 61.97 
MgO 2.42 0.10 1.90 0.86 0.83 
SO3 3.11 0.02 2.70 3.17 3.18 
K2O 0.64 0.04 1.03 0.65 0.64 
Na2O 0.08 0.02 0.22 0.41 0.41 
Na2Oeq. 0.50 0.05 0.90 0.84 0.83 
LOI 3.13 43.23 2.44 1.85 8.12 

Bogue Potential Compound Composition 
C3S 62.7 - 50.4 60.8 60.7 
C2S 9.3 - 13.8 5.6 2.4 
C3A 6.4 - 9.1 3.9 6.6 
C4AF 8.2 - 10.6 12.8 9.7 

 
Table 2: Concrete mixes 

Designation of concrete 
mixes 

Binder (14% v/v) Aggregate 
Water 

(20% v/v) 
 

(kg/m3) 

Cement 
 

(kg/m3) 

Limestone filer 
 

(kg/m3) 

Coarse 
(46% v/v) 

 

(kg/m3) 

Fine 
(20% v/v) 

 

(kg/m3) 

CEM I 42.5Ra 442 - 

1191 522 200 

80CEM I 42.5Ra + 20LF 354 88 

CEM I 42.5Rb 444 - 

CEM I 52.5R 435 - 

CEM II A-L 42.5R 427 - 

 
Chemical Bulk Analysis of Concrete Samples 
At different ages, concrete samples were removed from the water tank and, after drying at 40º C, they 
were crushed and ground to particle size < 106 µm. The alkalis and portlandite content determinations 
were done by atomic absorption spectrometry (AAS) and by thermogravimetric analysis (TGA), 
respectively. 
 
Petrographic Examination and SEM-EDS Analysis of Concrete Samples 
Fluorescence optical microscopy and scanning electron microscopy, coupled with X-ray energy 
dispersive microanalysis (SEM/EDS), were used to analyze the microstructural characteristics 
associated with the formation of DEF. 



Polished and thin sections of each concrete composition were prepared after impregnation by vacuum 
with an epoxy resin with a fluorescent dye, to allow the observation at fluorescence microscopy. The 
impregnated samples were initially polished with 15 µm and 9 µm Al2O3 abrasive, and re-lapped with 
diamond pastes (6, 3 and 1 µm). After, they were sputtering with gold-palladium sputter-coater. 
The thin section observations were performed on an Olympus BX60 petrographic microscope in 
polarized and fluorescent light, and images were recorded digitally.  
SEM observations of polished sections were performed on a scanning electron microscope (SEM) 
JEOL JSM-6400 coupled with an OXFORD energy dispersive spectrometer Si(Li) X-ray detector 
(EDX), using backscattered electron – BEI images.  
 
Results and Discussion 

Expansion Tests 
Figure 1 presents the obtained expansion curves of the concrete specimens tested according to the 
DEF test method, for the different cements types shown in table 1. 
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Figure 1: Expansion curves of the studied concrete mixes. 

 
The expansion curves of the three CEM I types are quite similar. The final expansion appears to be 
related to both the SO3 content and to the alkalis added to achieve a dosage of 5.50 kg/m3 of Na2Oeq.. 
Comparing the two a and b CEM I 42.5R cement types it appears that the higher SO3 cement content 
provides the highest expansion. When comparing the two cements with the same SO3 content, “CEM I 
42.5Ra” and “CEM I 52.5R”, the cement CEM I 42.5Ra present the highest expansion, which could 
be related to its highest C3A content. However, it also appears that, for a SO3 content of 3% a C3A 
content of 3.9% is still not enough to prevent the expansion due to DEF, confirming the results already 
published by some authors (Taylor et. al., 2001). 
For the concrete mixes with limestone filler, the expansion kinetics was different that of mixes without 
limestone filler. The concrete with the CEM II A-L 42.5R has presented the shortest induction period, 
while the concrete composition 80CEM I 42.5Ra + 20LF has the highest expansion at 308 days 
(0.84%). This expansion behaviour may be related to the limestone filler content in these cements. The 
CEM II A-L 42.5R has about 14% of limestone filler, according the weight loss of 6.23% obtained 
between 500-900° C by TGA, while the composition 80CEM I 42.5Ra + 20LF has 20 % (by weight) 
of limestone filler. The particle size of limestone filler added to the concrete and the limestone in 
cement should not be the same. This difference may also have an effect on the final expansion. Fu et 
al. 1997 show greater swelling in the use of fine particles. According to Grattan-Bellew et al., 1998, 
the swelling rate of mortars is inversely proportional to the average grain size. 
Comparing all concrete mixes, we can verify that the limestone filler concrete mixes do not only 
inhibit the DEF formation, but instead increase the final expansion (0.84% for 80CEM I 42.5Ra + 
20LF versus 0.41% for CEM I 42.5Ra).  



The synergetic effect of the limestone filler on DEF, may be related to its role in the hydration 
reactions of portland cement. Some authors mention that the setting kinetics is improved, being the 
dormant period reduced and the hydration process accelerated (Poppe et al., 2005). This situation 
increases the heat of hydration, and could promote a faster formation of DEF (Ye et al., 2007). 
To explain these phenomena two different hypotheses can be proposed. The first considers that the 
limestone filler is inert and therefore does not take part in the reactions during the hydration. Besides, 
the filler act as nucleation for hydration reaction of C3S and C2S around the cores of filler particles 
hydrate more quickly (Brunetaud et al., 2005; Ye et al., 2007). Another approach is starting from the 
principle that limestone filler is not inert and takes part in the hydration reactions. The limestone filler 
modifies the reactions, namely accelerating the ettringite formation, and secondly delays or even stop 
the ettringite conversion to monosulphoaluminate. After 3 days the carboaluminate is detected in the 
cement paste, providing a new source of sulphate ions in solution with possible DEF as consequence 
(Poppe et al., 2005). 
 
Chemical Analysis of Concrete Samples 
The consumption of Ca(OH)2 over time was followed by TGA - Figure 2. 
The limestone filler mixes do not show any reduction in Ca(OH)2 content over time, as opposed to 
what happens when pozzolanic additions are used (Santos Silva et al. 2010b). Also, as expected, the 
Ca(OH)2 content in the mixes with limestone filler is lower than in OPC mixes. 
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Figure 2: Evaluation of Ca(OH)2 content by TGA of different concrete mixes over time. 
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Figure 3: Evaluation of alkalis content by AAS of different concrete mixes over time. 

 
The two mixes with limestone filler presents different Ca(OH)2 contents, being higher in CEM II A-L 
42.5R which showed higher kinetics expansion rate. According to this behaviour, the Ca(OH)2 content 



in cement paste seems to be also a crucial factor in the DEF kinetics, which is in accordance with the 
reduction in portlandite content by the pozzolanic additions, provided they are used in sufficient 
quantity.. 
The evolution of free alkalis content in the concrete cement paste is present in Figure 3. The obtained 
results didn’t show any correlation with the expansion concrete behaviour, contradicting the 
hypothesis of the inhibition mechanism regarding the pozzolanic additions on DEF (Shehata and 
Thomas, 2000). Nevertheless for all concrete mixes, a strong alkaline leaching was observed during 
testing. 
 
Petrographic Examination of Concrete Samples 
The evolution in microporosity of cement paste was followed through petrographic observations in 
fluorescence mode. At the end of 28 days of expansion the CEM I 42.5Rb present the highest porosity, 
while the CEM II A-L 42.5R showed the highest compactness of the cement paste. It was clearly 
observed the densification of the cement paste with the age increase for all samples.  
 
SEM Examination and EDS Analysis of Concrete Samples 
As mentioned in petrographic observation, the concrete with the CEM I 42.5Rb is the less compact of 
all at the end of 28 days. At this age, the CEM II A-L 42.5R composition showed, besides being the 
most compact ones, having the greatest amount of calcium monosulfoaluminate in cement paste 
(Figure 5a). No ettringite was observed in any concrete composition. At the end of 90 days of testing, 
it is visible the presence of ettringite in all samples, being its major occurrence in the composition 
CEM II A-L 42.5 (Figure 5b). At the end of 80 days of testing, all the mixes show ettringite in 
considerable amount, but their location differs from composition to composition. In the composition 
CEM I 42.5Rb, the ettringite is mainly located in the paste/aggregates interfaces (Figure 5c), while in 
CEM II A-L 42.5R the ettringite is everywhere (Figure 5d). 
 

    

    
Figure 4: SEM images of concrete samples at several testing ages showing the different properties of the 

composition studies: a) CEM II A-L 42.5R _28 days; b) CEM II A-L 42.5R _90 days; c) CEM I 42.5Rb_180 
days; d) CEM II A-L 42.5R _180 days. 

 

 

a) b) 

c) d) 



Conclusion 

The results show that the concrete mixes containing CEM II A-L or filler in substitution of OPC do 
not inhibit, but rather accelerate the expansion due to DEF using a thermal cycle to simulate the 
heating of a massive piece of concrete (> 70 ° C for 3 days). The synergetic effect of the limestone 
filler on DEF, which increases with the filler content, may be related with several phenomena 
associated to cement hydration, homogeneous cement paste swelling, pore distribution, morphology 
and location, and the amount of ettringite formed in the presence of fillers. It was confirmed that the 
SO3 and C3A cement contents are factors that must be taken in account regarding the inhibition of 
DEF. In particular, for cements containing 3% of SO3, a C3A content of 3.9% is not sufficient to 
inhibit the formation of DEF. This research is on-going and the results obtained until now are only 
partially completed, however according to these findings, it was proposed that the ISR 
recommendations should prohibit this kind of mineral addition or limestone filler cements. 
 
Acknowledgments 

The authors wish to acknowledge the Fundação para a Ciência e Tecnologia (FCT) for the financial 
support under project EXREACT (PTDC/CTM/65243/2006) and project DURATINET for 
Transnational Programme of Atlantic Area 2007-2013, co-financed by FEDER. 
 
References 

Brunetaud X., Divet L., Damidot D., 2005, Delayed ettringite formation: suggestion of a global 
mechanism in order to link previous hypotheses, ACI SP 222-5 7th CANMET Recent Advances in 
Cement Research, Las Vegas, USA, 63-76. 

Divet, L., Guerrier, F., Le Mestre, G., 1998, Existe-t-il un risqué de dévelopment d’une activité 
sulfatique d’origine endogène dans les pièces en béton de grande masse? Le cas du pont d’Ondes 
(Haute-Garonne), Bulletin des Laboratoires des Ponts et Chaussées, 213, 59-72. 

Fu Y., Ding J., Beaudoin J.J., 1997, Expansion of Portland cement mortar due to internal sulphate 
attack, Cem. Concr. Res. 27 (9), 1299-1306. 

Grattan-Bellew P.E., Beaudoin J.J., Vallée V.G., 1998, Effect of aggregate particle size and 
composition on expansion of mortar bars due to delayed ettringite formation, Cem. Concr. Res. 28 (8), 
1147-1156. 

Pavoine, A., Divet, L., 2007, Réactivité des bétons vis-à-vis d’une réaction sulfatique interne. Essais 
de performance. Techniques et méthodes des LPC., Méthode d’essai des lpc, vol. 66, p. 19. 

Pope, A. M., Schutter, G., 2005, Cement hydration in the presence of high filler contents, Cem. Concr. 
Res. 35, 2290 – 2299. 

Santos Silva, A., Soares, D., Matos, L., Salta, M., 2010a, Inhibition of internal expansive reactions in 
cement based materials with mineral additions, Proceedings of the MEDACHS10 International 
Congress, La Rochelle, França, 8 pp. 

Santos Silva, A., Soares, D., Matos, L., Salta, M., Bettencourt Ribeiro, A., Gonçalves, A., 2010b, 
Reacções expansivas internas no betão: mitigação da expansão pelo emprego de adições minerais, 
Proceedings of the BE 2010 – Encontro Nacional Betão Estrutural, Lisboa, Portugal, 11 pp. 

Shehata, M.H. and Thomas, M.D.A., 2000, The effect of fly ash composition on the expansion of 
concrete due to alkali-silica reaction, Cem. Concr. Res. 30 (7), 1063-1072. 

Taylor, H.F.W., Famy, C., Scrivener, K.L., 2001, Delayed ettringite formation, Cem. Concr. Res. 31, 
683-693. 

Ye, G., Liu, X., Schutter, G., Poppe, A.-M, Taerwe, L., 2007, Influence of limestone powder used as 
filler in SCC on hydration and microstructure of cement pastes,  Cem. Concr. Comp. 29, 94–102. 



 

 

Quantitative study and simulation of the intersection and connectivity of 

fibers and cracks in cementitious composites 
Yuan Haifeng, Chen Huisu*, Lv Zhong  

Jiangsu Key Laboratory of Construction Materials, School of Materials Science and Engineering, Southeast 
University, Nanjing, 211189, China 

 
Abstract  
As fibers act as bridging elements across the crack surfaces, the intersection between fibers and cracks is a key 
factor in determining the mechanical properties of fiber reinforcement composites. Suppose the fibers were 
uniformly randomly distributed in fiber reinforced cementitious composites, from the perspective that fibers will 
bridge the crack surfaces when crack occurs, the theoretical solution was developed to calculate appropriate 
length of fiber via Buffon’s needle model. Afterwards, in terms of the stereological theory, the method to 
calculate the dosage of fibers was further proposed. And the reliability of the above theoretical methods was 
verified by computer simulation. Meanwhile, it may be necessary to investigate the fiber-fiber interaction with 
the development of the micromechanics of the matrix. Computer simulation was employed to model the 
formation of fibrous network.   
 
Originality 
Fiber reinforcement is a widely used solution to improve the performance of cement based composites. There are 
many investigations focus on determining the reasonable fiber size and dosage. Most of these efforts, no matter 
experimental or theoretical, were aimed to study the influence of fiber size and dosage on the mechanical 
performance of fiber reinforced concrete. Relatively, few of the researches considered the influence of fiber size 
and dosage on the fiber-crack intersection. This article presents theoretical models to predict the rate of fibers 
being crossed by cracks and the amount of fibers which intersect with a single crack in the matrix with simplified 
cracks pattern. Computer simulation was employed to verify these models. Then the formation of fibers-network 
was investigated by computer simulation as well. 
 
Chief Contributions 
Since the fibers could act as bridging elements across the crack surfaces only if the fibers intersect with cracks, 
the fiber-crack intersection is a factor worth considering when determining the fibers size and dosage. Using the 
theory of Buffon`s needle problem introduced by Buffon in 1777 and principle of stereology, the quantitative 
solution of the probability of a single fiber being crossed by cracks and the amount of fibers which intersect with 
a single crack can be predicted. A series of computer algorithm were introduced to simulate such problems in 
matrix with complex crack pattern of which the theoretical solution is difficult to derive. The critical fiber dosage 
of the formation of fibrous network and the relationship between cracks volume fraction were simulated in this 
article as well. Thus, these theoretical models and computer simulation methods will be available to assist the 
determination of the size and dosage of fibers when design the fiber reinforced cementitious compsites. 
 
Key Words: fibers, cracks, intersection, connectivity, cementitious composites 
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1. Introduction 
As a relatively brittle material, cementitious materials can be modified to perform in a more ductile 

manner by adding random distributed of discontinuous fibers, which ensure stress redistribution 

throughout concrete matrix and bridge across cracks. (Soroushian 1998). There are many 

investigations focus on determining the reasonable fiber size and dosage (Ferrara et al. 2007; Ryvkin 

and Aboudi 2008). Relatively, few of the researches considered the influence of fiber size and dosage 

on the fiber-crack and fiber-fiber intersection. However, the geometrical process of fibers and cracks, 

such as the intersection between cracks and fibers, the formation of fibers network or cracks network, 

play an important role in affecting the performance of materials as well.  

This article will present theoretical models to predict the rate of fibers being crossed by cracks and the 

amount of fibers which intersect with a single crack in the matrix with simplified cracks pattern, which 

may be helpful to determine the dosage and length of fibers. 

Besides bridging effect, if properly selected and employed, discrete fibers distributed in concrete 

matrix will also be from a network, and limit cracking to small-sized micro cracks (Ramakrishnan 

1993). Although many people investigated percolation of the fibers, in most researches the 

connectivity of fibers was evaluated by the electrical properties (Wen and Chung 2007). Compared to 

the experiment method, which is indirect and qualitative, the numerical method can directly and 

quantitatively reveal the effect of the size and density of fibers on the connectivity of fibers. The 

critical fiber dosage of the formation of fibrous network will be simulated in this article as well. Thus, 

these theoretical models and computer simulation methods will be available to assist the determination 

of the size and dosage of fibers when design the fiber reinforced cementitious compsites. 

 

2. Theoretical model of the intersection between fibers and cracks 
2.1. Theoretical model of fiber length and intersection probability 
The fraction of effective fibers to the total number of incorporated fibers is equal to the probability of 

a single fiber crossed by at least one crack. 

For concrete subjected to compressive loading, the crack pattern can be simplified as a series of 

parallel linear cracks (Lusche 1974). As shown in Fig. 1(a), such cracks pattern can be considered as 

an array of parallel planes with equidistance d. And the fibers with orientation angles φ and θ 
randomly distributed in matrix.  

 
(a)                                           (b) 

Figure 1: Schematic of models: (a) Buffon`s problem in 3D; (b) Intersection between a crack and a fiber 



 

 

Obviously, if the projection of any fiber onto the x-y plane (whose length l` equals to lcosφ ) intersects 

with the corresponding projection of a crack, this fiber must be crossed over by the crack in matrix.  

In such case, the intersection probability between cracks and fibers is related to the crack spacing and 

the length of the fiber (Kendall and Moran 1963). The famous “Buffon’s needle model” can be 

employed to determine the intersection probability. 

Applying theory Buffon’s needle problem, the probability P′S of a single short needle (l′<d) 

intersecting with a line can be expressed according to Eq.(1) (Solomon 1978).  
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According to Fig.1(a), when φ∈[arccos(d/l), π/2+arccos(d/l)]
 
, l′<d. Consequently, in this case, for an 

expected probability of a single fiber crossed by a crack, Eq.(2) can be used to calculate the 

corresponding length of short fibers at given crack pattern. 

For l′≥d, i.e., φ∈[0, arccos(d/l)]∪[π/2+arccos(d/l), π], the probability P′L of single long fiber (l′>d) 

intersecting a crack can be derived as follow (Yuan et al, 2010): 
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Thus, the probability of a single fiber intersecting with one crack in space: 
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for l<d         (3b) 

where: x=d/l . In virtue of numerical analysis method, the ratio of fiber length to the crack spacing 

for a certain value P can be obtained and the fiber length (l =d/ x) for given crack spacing can be 

further derived. 

The fibers with a length determined by this model, are expected to work at the given crack pattern. 

Meanwhile, the fibers with such a length will not be too long to decrease the workability of paste. 

 

2.2. Theoretical model of fiber dosage and intersection number of fibers 
Obviously, incorporation of more fibers will increase the cost of the structure. However, in addition to 

the mechanical interaction between fibers and matrix, the reinforced efficiency of fibers is closely 

related to the amount of fibers crossed by this crack. Therefore, it is necessary to determine the 

minimal dosage of fibers with optimal efficiency. This contribution will employ the stereological 

principle to develop a method to calculate the appropriate dosage of fibers.  

According to the stereological knowledge (Underwood 1970), for a random sampling plane T going 

through a representative volume element (RVE), containing n particles randomly and uniformly 

distributed, with side length b as shown in Fig. 1(b). Suppose the sampling plane as the crack faces in 

the matrix, the particle as the fibers, , the amount of the fibers (n′) intersected with an arbitrarycrack is 
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where: H  is called caliper diameter which is the average value of H representing the projection 

length of a fiber onto the x-y plane. 

Dividing both sides of Eq.(4) by the test plane area b2 yields: 

A Vn n H                                                                      (5) 

where: nA is the amount of fibers intercepted per unit area of crack face, and nV means the amount of 

fibers mixed into per unit volume of matrix. 

Suppose that the orientation angle between the fiber and the z-axis is φ, the caliper diameter H  of the 

fibers along all directions can be derived as： 
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Replace nA in Eq.(7) by its mathematical expectation E(nA) and substitute Eq.(6) into Eq.(5). Thus the 

minimal amount of fibers required to bridge all the cracks in the matrix can be expressed as: 
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2.3. Model verification  
Before applying the proposed models, it is necessary to verify their rationality. In this section, the 

computer modeling technology will be employed in order to validate the models.  

The algorithm of length model is described as follows: 

1)  Generate a cubic container with side length of b as matrix, and a set of crack planes which  

penetrate the matrix. The crack planes are parallel with spacing d. Generate uniformly and randomly 

distributed n fibers with length l. And the rationality of the uniform distribution of these random 

variables was verified. 

2)  If any crack is located between the endpoints of fiber αj, it means that fiber αj intersects with crack. 

When the judging process of all the n fibers is complete, let k be the amount of fibers crossed by 

cracks, the rate P of all fibers intersecting with cracks can be presented as k/n. 

Similarly, the algorithm of the dosage model is: 

After generate a cubic container containing fibers as above Randomly generate a crack ci (i=1, 2, …, m, 

m is set by the user) penetrating the cubic container. Then count the number of fibers (ki) which 

intersects with crack ci. Consequently, the mean number of fibers crossed by a single random crack 

penetrating the mortar matrix is
1

/
m

ii
k m

 . 

The mean results of 1000000 times simulation is shown in Fig. 2. The theoretical results are 

represented by dashed line. From Fig.2, it can be found that the theoretical results are consistent with 

the simulation results very well. Thus Eq.(3) and Eq.(7) may be used to obtain the fiber length for an 

expected intersection probability P and the dosage for a certain number of fibers crossed by each crack 

as well. 



 

 

 
(a) (b) 

Figure 2: Simulation results vs. theoretical results: (a) Length model; (b) Dosage model 

 

3. The formation of fibers network 
Since the probability of the discrete fibers intersecting with others in space can be considered as 0, the 

connectivity of fibers on any arbitrary projection plane of matrix will be considered as the formation 

of fibers network in matrix. According to the principle of stereology (Underwood 1970), the number 

of rods per unit area (NA, [m-2]) can be derived from the number per unit volume (NV, [m-3]).  

In this article, two parameters will be used to evaluate the effect of density and size of fibers on the 

fibers network. One is the size of fibers network df (the ratio of the characteristic length of the biggest 

fibers clusters to the size of matrix). The characteristic length is defined for each fiber cluster as:  

f ,  in clustermax{| |}i j i jy y                                                        (8) 

where: yi and yj are the position coordinates of two sites i, j in the cluster, respectively. 

And the percolation frequency vf (the length fraction of connected fibers of the total length of fibers) 

can be used to describe the formation degree of fibers network: 
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where: ni and li is the amount and length of fibers involved in network; nj and lj is the amount and 

length of all fibers. 

The simulation algorithm of fibers network is described as follows: 

1)  Generate a plane container with side length of b as a projection plane of matrix which containing 

a set of randomly generated fibers. Put all of the fibers in group A; 

2)  Find and remove the independent fibers, which do not intersect with any other fibers, from group 

A. Intersection of two fibers is determined by cross multiplication (Mortenson 1990). Then remove 

these independent fibers;  

3)  Put the first fiber of group A into a group which presents a fibers cluster essentially. Find the 

fibers in group A which intersect with the fibers in cluster group. These fibers will be removed from 



 

 

group A and added into cluster group. Name the fiber i in cluster k as fk
i. Then find the fibers in group 

A which intersect with fk
i+1.... Note that once a fiber is added in any cluster it must be removed from 

group A. When there is no fiber in group A intersects with any fiber in cluster k. Great a new empty 

group which presents cluster k+1. 

4) Loop step (3) until all the fibers involved in connectivity were assigned into corresponding clusters. 

The information of any cluster (such as the size, numbers of fibers) can be output for further analysis.  

Appling the algorithm, the size of fibers network against fibers dosage can be obtained as shown in 

Fig. 3. To verify the simulation results, the distribution of fibers generated in simulation was plotted 

analyzed by commercial image analysis software. With different dosage and different fiber length, the 

size of fibers network derived from image analysis were plotted in Fig. 3 as well. It also can be 

observed that the simulation results have a good agree with the experiment results of relationship 

between electrical conductivity and density of fibers (Xie et al. 1996). From Fig. 3, the least dosage of 

fibers with certain length to form a network in matrix can be found. 

 
Figure 3: The effect of density and size of fibers on the fibers network. obtained by simulation and image 

analysis. Results of Image Analysis: (●) df:lf=3;(◆) vf:lf=3; (■) df:lf=5; (▲) vf:lf=5 

 

5. Conclusions 
Theoretical and numerical simulation methods were proposed to quantitatively illustrate the effect of 

density and size of fibers on the geometrical behavior of fibers in cementitious composites.  

For the purpose that all the cracks can be bridged, based on “Buffon`s needle model”, this paper 

derived a statistical model which may be employed to determine the length of fibers for a given crack 

pattern. And further, another model was developed in terms of a stereological principal to calculate the 

proper dosage of fibers. The reliability of these two models was verified via computer simulation. 

Since the fibers network can inhibit the growth of cracks, the formation of fibers network in materials 

was simulated by computer simulation and the quantitative relationship between the size and dosage of 

fibers and the size and percolation of fibers network was implicated. Combined these two viewpoint, 

the properly range of dosage and size of fibers required in unit volume of matrix can be calculated. 

However the effect of fibers  shape on the percolation behavior is required further investigation as 

well. 



 

 

 

Acknowledgements 
The authors gratefully acknowledge the financial support from National Nature Science Foundation Project 

of China (Grant No. 50708018), Chinese Ministry of Education Project (Grant No.20070286018), and the 

Ministry of Science and Technology of China “973Project” (Grant No. 2009CB623203). 

 

References 
- Basista, M., Weglewski, W., 2009. Chemically assisted damage of concrete: A model of expansion under 

external sulfate attack. International Journal of Damage Mechanic, 18(2), 155-175. 
- Cacas, M. C., Ledoux, E., de Marsily, G., Tille, B., Barbreau, A., Durand, E., Feuga, B. and Peaudecerf, P., 

1990. Modeling fracture flow with a stochastic discrete fracture network: Calibration and validation. I. The flow 

model. Water Resources Research, 26(3), 479–489. 

- Carpinteri, A., Puzzi, S., 2009. The fractal-statistical approach to the size-scale effects on material strength and 

toughness. Probabilistic Engineering Mechanics, 24(2), 75-83 

- Ferrara, L., Park, Y., Shah, S., 2007. A method for mix-design of fiber-reinforced self-compacting concrete. 

Cement and Concrete Research, 37(6), 957-971. 

- Grimmett, G., 1999. Percolation. New York: Springer-Verlag. 

Kendall, M.G. and Moran, P.A.P., Geometrical probability. London: Charles griffin. 

- Lusche, M., 1974. The fracture mechanism of ordinary and lightweight concrete under uniaxial compression. In: 
Brandt, A.M., ed. Proceeding of International Conference on Mechanical Properties and Structure of Composite 
Materials.Jablonna 18-23 November 1974. Ossolineum: Wroclaw, 423-440. 

- Mortenson, M.E., 1990. Computer graphics handbook: geometry and mathematics. New York: Industrial Press. 

- Ramakrishnan, V., 1993. Recent advancements in concrete fiber composite. Singapore: American Concrete 

Institute. 

- Ryvkin, M. and Aboudi, J., 2008. Three-dimensional continuum analysis for a unidirectional composite with a 

broken fiber. International Journal of Solids and Structures, 45(14/15), 4114-4129. 

- Scherer, G.W., 1993. Freezing gels. Non-Cryst Solids, 155(11), 1–25. 

- Sneddon, I.N. and Lowengrub, M., 1969. Crack problems in the classical theory of elasticity. New York: 

Wiley. 

- Solomon, M., 1978. Geometric Probability. Philadelphia: Society for Industrial and Applied Mathematics. 

Soroushian, P. and Ravanbakhsh, S., 1998. Control of plastic shrinkagecracking with specialty cellulose fibers. 
Journal of ACI Materials, 95(4), 429–435. 

- Torquato, S.,2002. Random Heterogeneous Materials: Microstructure and Macroscopic Properties. New York: 

Springer-Verlag. 

- Underwood, E. E., 1970. Quantitative Stereology. London: Addison-Wesley. 

- Wen, S. and Chung, D., 2007. Double percolation in the electrical conduction in carbon fiber reinforced 

cement-based materials. Carbon, 45(2), 263-267. 

- Xie, P., Gu, P. and Beaudoin, J. J., 1996. Electrical Percolation Phenomena in Cement Composites Containing 

Conductive Fibers. Journal of Materials Science, 31(15), 4093-4097. 

- Yuan H F, Chen H S, Lv Z., 2010. Quantitative study of self-healing effect of length and dosage of capsules on 

cementitious composites. In: 7th International Symposium on Cement & Concrete, Jinan P.R.China 9-12 May 

2010. 



THE DYNAMICS OF DEUTERIUM IN HARDENED CEMENT 
PASTEMEASURED BY SOLID STATE 2H NMR 
 
1Daisuke MINATO1*, Toyoharu NAWA1*, Toshifumi HIRAOKI1*, Suguru GOTO1* 
1  Faculty and graduate school of engineering Hokkaido university,Sapporo,Japan 
 
Abstract 

  To gain a more direct insight into nature of water in contact with calcium silicate hydrate (C-S-H), the main 
component of hardened cement, deuterium (2H or D) quadruple echo NMR (nuclear magnetic resonance 
analysis) spectra, deuterium relaxation time T1 and rotational correlation time τc were determined from white 
Portland cement and 2H 2O mixtures subjected to different relative humidity curing conditions, (RH) 98, 60, 33 
and 11%, for 91 days. The 2H-NMR spectra shows two signals: a sharp central signal at 0 kHz and outer 
symmetric signals around ±100kHz. The central signal is considered to belong to mobile deuterium and the 
outer symmetric signals are considered to belong to immobile deuterium. The strength of the central signal 
decreases with increasing curing RH, but even the RH11% sample has shows a signal strength that indicates the 
existence of both mobile and rigid deuterium in the sample. The study on relaxation time T1 and rotational 
correlation time τc indicates that the signal of central signal contributes the mobile state deuterium can be 
distinguished into two different components by τc: a faster τc component is comparable to the liquid state and a 
slower τc showing restricted movement of the water. Previous studies have shown two water states near the 
surface of pores in C-S-H; one is a single-layer of adsorbed water like on the surface of protein and the other is 
a several layer thick ‘semi-adsorbed’ water layer around the absorbed water. Further, the water generating the 
slower τc value could belong to such adsorbed water and the faster τc value could be assigned to semi-adsorbed’ 
water. These results will help to describe and evaluate the structure changes of C-S-H induced by the relative 
humidity at curing.  

 
Originality 

  Many methods such as transmission electron microscope and x-ray differential scattering method at small 
glancing angles have been applied to study the structure of C-S-H. However, these methods generally require a 
complete drying of samples for the measurements. Thus, it is difficult to observe the effects of the curing RH on 
structural changes of C-S-H. With NMR there is no need to dry samples. Many studies have applied 1H NMR to 
cementitious materials, however the 1H NMR spectra obtained are generally broad because the magnetic dipole 
interaction mainly affects the magnetic relaxation and absorption line shape, causing intermolecular 
interactions. There are also studies applying 2H NMR to cementitious materials, here 2H NMR shows very sharp 
spectra because the magnetic dipole interactions such as the intermolecular interaction is eliminated. In 
addition, "mobile" deuterium can be easily distinguished from "rigid" deuterium (here termed “immobile”) 
because the 2H NMR spectrum changes depending on the mode of molecular dynamics. Therefore, the originality 
of this study is to apply   a unique and improved method to study the structure of C-S-H 

 
Chief contributions 

Structural models of C-S-H have proposed to study the influence of the structural changes of C-S-H on the 
physical behavior of cementitious materials. For instance, the colloidal C-S-H model, which postulates many 
layered C-S-H globules, was proposed by the results of adsorption isotherms in vapor and nitrogen adsorption 
to express the drying shrinkage and creep of cementitious materials. In this model the structural changes to C-S-
H caused by differences in curing RH is also suggested. The layered globules release increasing numbers of 
water molecules with decreasing curing RH and only one absorbed water layer remains on the surface of the C-
S-H at RH11%. This desorption of water molecules causes shrinkage of the C-S-H structure and also the drying 
shrinkage of cementitious materials.   However, there   has been no method to directly measure the existence of 
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water in C-S-H especially at Low RH ambient conditions.   The above mentioned 2H NMR shows sharp signals 
of ""mobile"" deuterium even from RH 11% samples and it is possible to analyze the water molecular dynamics.  
This analysis suggests differences in the state of the water associated with C-S-H particles, such as adsorbed 
water or bulk water. Thus, 2H NMR can measure the state of water in C-S-H and can be used evaluate the results 
generated by previously proposed C-S-H models. 

 
 1. Introduction 
 
 In hardened cement paste, there are pores in size ranges from a few nanometers to millimeters 1). 
Overall, pores can be subdivided into three categories by size order: gel pores, capillary pores, and air 
voids. Liquid-like water is present in these pores and has desorbed or absorbed corresponding to the 
ambient relative humidity (RH) during hardening (drying/curing) and directly affect the properties of 
the hardened cement paste, such as strength2-4), autogenous and drying shrinkage5), and creep1).  

 In particular, it is well known that desorption and absorption of water from nanometer sized pores 
deforms the structure of calcium silicate hydrate (C-S-H), the main hydrate of mature hardened 
cement paste 6,7). Therefore, it would be of great value to have quantitative data of the details in the 
mobility of water in C-S-H as it is affected by ambient humidity during hardening. 

The properties of water located near the wall of pores differ from that of bulk water because of the 
strong interaction between the water molecules and the surfaces of the pore walls. This makes it likely 
that the mobility of water existing in fine nanometer sized pores is different from that of water existing 
in the wider capillary pores. A better understanding of the differences in the properties of the water in 
hardened cement paste is necessary for a more detailed analysis of the changes in the structure of C-S-
H affected by ambient humidity.  

Recent experimental studies involving neutron scattering8, 9) and computer analysis involving 
Molecular Dynamics 7) or Monte Carlo simulations10) have provided new data on the molecular 
dynamics and physical properties of absorbed water, however many details are not completely 
elucidated yet.  

With 1H solid states Nuclear Magnetic Resonance (NMR), one technique that would be able to 
measure the mobility of water in cementitious materials11-13), there is the additional advantage that it 
does not require samples to be dried. 

 Thus, it is possible that the behavior of water in C-S-H can be observed with 1H NMR. Fabienne14) 
has reported that it is possible to distinguish 1H located at the Ca site from 1H located at the OH site in 
C-S-H by the differences in chemical shift. However, in 1H NMR the magnetic dipolar interaction 
influences nuclear magnetic relaxation and absorption line shapes and the spectra become broader 
because of magnetic interaction among molecules, and the sensitivity of 1H NMR is not sufficient to 
observe the mobility of water. With 2H NMR, it is possible to remove the magnetic interaction among 
molecules, and obtaining sharp spectra become able to analyze the dynamics of the water C-S-H 
interaction. Thus, using 2H it would be possible to measure the mobility of water molecules in 
hardened cement paste more sensitively by 2H NMR. With 2H NMR, it will be possible to distinguish 
mobile deuterium from immobile deuterium by determining the line shapes of the spectra, which are 
different depending on the mobility and spinning rate of the molecules15). 
The purpose of this study is to gain a more direct insight into the mobility of water in C-S-H by using 
2H NMR.  
 

Table 1 density, specific surface aresa, and mineral components of white cement. 

density specific surface Mineral comconents

(g/cm3) (cm2/g) (mass%)

C3S C2S C3A C4AF Gypsum Bassanite

3.05 3460 48.7 27.9 3.2 0 3.2 1.7
 



2. Materials and methods 
 
2.1. Sample preparation  
White cement is used in this study to avoid interaction from paramagnetic components. Its mineral 
composition, density, and specific surface area are given in Table 1. Samples were prepared by mixing 
heavy water (2H2O) and white cement (water/cement ratio 0.5 by mass), seal curing for 3 days after 
mixing, and fine grinding of the hardened samples by using an agate mortar. The samples were cured 
at RH11, 33, 60, 98% in an ambient environment conditioned by heavy water and salt for 91days. The 
weight losses from 20℃ to 1000℃ of the RH11, 33, 60, and 98% samples were 17.64,19.86,21.15, 
and 30.51％, respectively. 

 
2.2 2H NMR 
Solid-state 2H NMR experiments were performed with a Bruker MSL 400 spectrometer (magnetic 
field strength 9.24 T), with the measurement frequency, measurement bandwidth and 90°pulse width 
60.6MHz, 2.5MHz and 2.2μs, respectively. The samples were packed in 4 mm glass tubes and 
measured at 23, 60, and 80℃. 

The 2H NMR spectra were determined by the quadrupole echo method. The longitudinal relaxation 
time T1 is determined by the inversion recovery 
method and the saturation recovery method. 
Fourier transformation is applied by using the 
Lorentz window function of 1.5 kHz, and 1000 
scans were used for the T1 and spectra 
measurements. 
 
3. Results and discussions  
 
3.1. Spectra of 2H NMR 
Fig.1 (�) shows 2H NMR spectra determined by 
the quadrupole echo method for hardened white 
cement paste cured at 98% ambient RH for 91 
days. There is a sharp signal with1.2kHz width 
at half of signal maximum at 0 kHz and 
symmetrically shaped signals are also detected 
at ±96.7kHz. The symmetrical signals at ±96.7kHz derive from extremely slow molecular motion 
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Fig.1 2H NMR spectra of (ⅰ)RH98%, (ⅱ)RH60%,(ⅲ)RH33% and (ⅳ)RH11% 



components (hereinafter referred to 
as immobile components) with 
193.5kHz of quadrupole splitting Δνq. 
The signal at 0 kHz is a 
temporospatial mean value, which 
shows fast molecular motion. The 
spectra for samples cured at ambient 
RH60, 33, and 11% are shown in 
Fig.1 (�), (�), and (�), respectively. 
The width at half of maximum of the 
signals located at 0kHz for samples 
cured at ambient RH of 60, 33 and 
11% are 4, 5 and 6 kHz, respectively. 
Further, as shown in Fig.2, the 
intensities of the signals for these 
samples decrease with decreasing 

ambient RH.   
The intensities of the signal at ±96.5kHz induced by the molecular motion of the immobile 
components also decrease with decreasing ambient RH. The rate of decrease in the signal intensities 
for the immobile components is smaller than that for mobile components. This implies that the 
immobile components are much more difficult to remove from samples than the mobile components.  
 
 
3.2 The dynamics of the mobile components 
To identify the dynamics of the mobile component, the longitudinal relaxation time T1 of the signal at 
0kHz of the RH11% sample is determined by the inversion recovery and nonlinear least-squares 
methods. The longitudinal relaxation time T1 is given by Eq [1].  
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Where, τ is the queuing time, Iz the intensity of the spectrum, and α and β are constants. 
The relationship between τ and Iz is shown in Fig. 3. The T1 obtained by Eq. [1] is 0.009s. However, as 
shown Fig. 3, the calculated values (illustrated by the dotted line) are quite different from the 
measured values. 
Here it was assumed that T1 can be distinguished into two components, a long component and a short 
component, and Eq [1] is modified as follows: 
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Here, α, β, and γ are constants, T1l; T1s are the long component and the short component of T1. 
 The obtained T1l and T1s values are shown in Table2. Here, the T1l and T1s for the samples cured at 
ambient RHs of 11, 33 and 60％are very similar, suggesting that the dynamics of the mobile 
deuterium in these samples are very similar. However, the T1l of the RH 98% sample is quite different 
from the other samples while T1l and T1s of the RH 98% sample both are very similar to the T1s of the 
other samples. It suggests that because the fraction of T1s increases with increases in RH, only T1s 
overwhelmingly detected in the RH 98% sample. In the following, the discussion will mainly focus on 
the 11, 33 and 60％ samples. 

Fig.2 Measured and calculated values



The dynamics of the mobile components can be assumed to be isotropic like in bulk water because 
the temporospatial mean field can approximately describe the interactions of the spin of a molecule 
with its neighboring molecules. Here, the rotational correlation time τc is given by Equation [3] 16) 
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Where, Qcc is the quadrupole coupling constant (=225kHz17)), Η the non-symmetric coefficient 

(=0.0117)), and ω0 the measured frequency.  
 

As Equation [3] has two different solutions 
to τc for one T1, the T1 values were also 
measured at 60℃ and 80℃ to assist in the 
determination of whether τc is the value of 
the fast or the slow motion. As shown in 
Table 2, both T1l and T1s become smaller 
with increasing measurement temperature. 
This allows the hypothesis that both T1l and 
T1s belongs to the slow motion, and from 
this τc can be identified. The calculated 
results are shown in the Table 3. 
Kalinichev18) has reported that there is three 
water layers near the surface of C-S-H, 
determined by computer simulation of 
water molecular behavior. The layers 
reported there can be subdivided into three 
categories: (i) a one water molecule thick 
layer strongly absorbed on the surface of C-
S-H, termed the first layer; (ii) a water 
layer not directly absorbed on the surface 
but with the mobility is affected by 
interaction from the surface of the C-S-H 
and other water molecules, this layer 
consists of several layers of molecules and 
is termed the transition layer; (iii) a water 
layer that is not affected by either of the 

previously detailed two water layers or the surface of the C-S-H, this layer is the bulk water.  
Uedaira19) measured the mobility of water molecules located near the surface of proteins by NMR and 
reported the τc for these water layers: the τc of the first layer as approximately 10-8～-7s, that of the 
transition layer as 10-10～-9s, and that of the bulk water as 10-12s. In the data in this present study, the τc 
of the mobile component is similar to that of the bulk layer reported by Uedaira, suggesting that the τc 
of T1l contributes to the movement of water molecules in the first layer, outermost layer. The τc of T1s 
here is one order of magnitude smaller than the τc of the transition layer of proteins. This indicates that 
the mobility of the water in the transition layer of C-S-H is slower than that in protein. These values 
cannot, however, be directly compared because they are determined for different compounds, but the 
two mobile components of the samples cured at ambient RH of 11, 33 and 60% detected by 2H NMR 
may be hypothesized to comprise the first layer and the transition layer.  
Using the β and γ values determined here in Equation [2], the amount of water in the first layer and in 
the transition layer can be quantified, and the number of water molecules on the C-S-H surface and 
included in the first and transition layers, of the samples can be established. The results show 6.2 water 
molecule layers on the C-S-H surface at ambient RH of 11%, 9.0 water molecule layers at RH of 33% 

 
Fig.5 Schematic diagram of C-S-H structure 

Fig.4 The water layer thicknesses measured by BET and 
ATI-IR and calucrated by 2H NMR 



and 11.1 water molecule layers 
for the RH of 60%. With this, 
and assuming a diameter of the 
deuterium molecule of 0.28nm 
and that the deuterium 
molecules on the C-S-H surface 
are arranged in a laminated 
manner. From these 
considerations, the water 
thickness on the surface of C-S-
H at a given ambient RH can 
now be calculated, and the 
calculated relationship between 
the water thickness and ambient 
RH are shown in the Fig.4, with 
results of other measurement 

methods as will be explained below. Combining the water layer thicknesses in Fig. 4 for the NMR 
measurements with the definitions of pore sizes and structural elements of C-S-H proposed by 
Jenningsl20) and shown in the Fig 5, the water is all confined to the small gel pores at RH11% and 
water is present in both the small and large gel pores at RH of 33 and 60%. The globular shaped 
particle, which is the initial particle shape of C-S-H, also includes water as interlayer pore water in 
pores with radiuses smaller than 0.5nm. The results suggest that this interlayer water in the globules 
can be maintained even at RH of 11%. 
The water thickness on the surface of hardened cement paste determined by the BET21) method and 
Attenuated Total Reflection Infrared Spectroscopy (ATR-IR) 22) are also shown in the Fig 4. The NMR 
calculated water thickness in this study is appreciably thicker than those of these two measurement 
methods.  
The estimates of this NMR study uses data obtained during the desorption process, while the BET and 
AFM analysis uses data obtained during the adsorption process, after extensive drying of samples. It is 
well known that pores in C-S-H may assume a bottle like pore shape (narrow neck with a wider inside 
diameter) 23) and such pores would be able to keep water inside the pores, not releasing it at drying or 
curing. Thus even at low RH conditions, water would remain in these pores and be detected with the 
2H NMR. However, the extensive drying before BET and ATR-IR measurements would destroy the 
structure of bottle shaped pores and the remaining structures would have much less potential ability to 
retain water.  This would be one reason why only small amounts of water are detected with BET and 
ATR-IR. 
  
Conclusions 
To substantiate and provide a better understanding of changes in the dynamics of water molecules in 
C-S-H by ambient humidity with deuterium (2H) NMR spectra, the longitudinal relaxation time T1 and 
rotational correlation time τc were measured for hardened white Portland cement paste mixed with 
2H2O and cured at different humidities, 11, 33, 60 and 98%, for 91 days. The deuterium NMR spectra 
show two signals: a sharp central signal attributed to ‘mobile’ deuterium and a symmetric signal 
attributed to ‘immobile’ deuterium. The mobile deuterium water molecules located on the surface of 
the pore walls in C-S-H can be classified into two groups by τc. One is a strongly absorbed layer and 
the other is a semi-absorbed layer. The thickness of the water absorbed on the surface of pore walls 
can be estimated by the ratio of the semi-absorbed layer to the strongly absorbed layer.  
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Abstract 
The blended cement has been positively used in Japan, because of environmental problems and useful recycling of 
industrial wastes have been considered in recent years. 
Not only blast-furnace slags known as hydraulic materials, but also fly-ash and fumed silica that have character of 
pozzolanic activity are effectively used. The pozzolanic activity is generally confirmed by quantitative measurement of 
calcium hydroxide consumed in hydrated binder mixtures. On the other hand, the calcium silicate hydrates (C-S-H) 
value generated by the hydration estimated from the residual values, in which unhydrous cement clinker and crystalline 
hydrates are subtracted from whole hydrates, is not accurate. 
The authors have reported a study of changes in silicate anion structures of hydraulic binders, such as ordinary 
portland cement (OPC) and pulverized blastfurnace slags, during hydration using trimethylsililation (TMS) method. In 
this study, the pozzolanic reaction of the pastes mixed with fly-ash and calcium hydroxide are studied in terms of 
mechanisms of their influences on silicate anion structures by use of TMS method. We clarified difference between the 
reaction of hydraulic materials such as OPC / blast-furnace slags and of pozzolanic materials such as fly-ash from 
analytical results of silicate anion structures of C-S-H in detail. Furthermore, the activation of pozzolanic reaction of 
fly-ash with heating is related to the formation of C-S-H. 
 
Originality 
The analysis of silicate structures with trimethylsililation (TMS) method targets short-length siloxane chains (n=1 to 6) 
of calcium silicate hydrated (C-S-H). The hydraulic materials such as OPC and blast-furnace slags, irrespective of 
hydrated or unhydrated, are contained in analyzable objects with TMS method. The C-S-H generated from fly-ash and 
calcium hydroxide by pozzolanic reaction are derivatized by TMS method, although long random silicate chains such as 
raw fly-ash and some aggregates (glass-like silicates) are ruled out. Thus, only reacted parts of fly-ash can be analyzed 
with separation from unhydrous parts by use of TMS method. Both parts are not distinguished in other analytical 
methods such as 29Si-NMR, XRD etc. This research is different from another examination in terms of focusing only C-
S-H that is reacted part of pozollanic materials. 
 
Chief contributions 
The authors have studied of changes in silicate anion structures of cement-based materials by use of TMS method. In 
general the dimer and pentamer of siloxane chains increases with the progress of hydration. From the analytical results, 
we understood accurately the progress of hydration of binders. We could confirm that the siloxane origomer chains of 
C-S-H in concrete were degrated by carbonation. Influence on durability of concrete, influence of heavy metal ions or 
superplasticizers on cement hydration were confirmed by analysis of silicate anion structures with this method. 
 
Keywords: Pozzolanic Reaction, Silicate Anion Structure, Trimethylsililation, Fly-ash 
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Introduction 
The key industries of the electric power and steel making generates a large amount of by-product such 
as fly-ash and blast-furnace slag, respectively. A part of the by-products are effectively used as 
admixtures for concrete. Especially, blast-furnace slag which shows the latent hydraulic property 
under basic condition is researched as concrete admixture or slag cement all over the world.  Because 
of pozzolanic materials such as fly-ash and silica fume have the pozzolan reactivity, but doesn't have 
the latent hydraulic property, these materials are used with the case when it is necessary to suppress 
the heat of hydration to low or to potentiate the long-term strength. 
It is known that the pozzolanic materials react with calcium hydroxide which is generated on 
hydration of cement and form the calcium silicate hydrates (C-S-H) that is almost homogeneous 
materials formed by the hydration of cement, and it is thought that the C-S-H formed by pozzolanic 
reaction greatly contributes to long-term strength of the hardened body. In general the ratio of 
pozzolanic reaction is estimated from the consumption of the calcium hydroxide in the hydrated 
mixtures. The estimated CaO / SiO2 ratio of amorphous C-S-H calculated by subtracting constituents 
that can be quantitated from all hydrates is often used to make comparative study with other properties 
or durability of hardened body. However, there is no research examined about details of C-S-H 
generated by hydration (pozzolanic reaction) of pozzolanic materials. Especially, the research on 
comparison of C-S-H generated on the case of generally cement hydration and on the case of 
pozzolanic reaction is none at all.  
The distribution of siloxane chains that formes C-S-H gel in hydrated cement by using trimethylsilyl 
(TMS) method was recently investigated in our laboratory.(Koizumi et al.,2007 and Tsuyuki et 
al.,1999)  The process of oligomerization of the siloxane chains in C-S-H gel can be examined in 
detail by using this technique. In addition, it becomes possible to examine the siloxane chain length 
distribution only about C-S-H gel generated by the pozzolanic reaction, because the reactive calcium 
silicates (C-S-H gel and calcium silicate that can be dissolved to diluted hydrochloric acid) can be 
analyzed on the character of this method. In the present study, we assume that the hydration on 
mixtures of fly-ash and calcium hydroxide can imitate the pozzolanic reaction of fly-ash in the cement, 
and we examin the C-S-H gel generated from fly-ash in detail. The high temperature steam curing is 
often adopted for the promotion of pozzolanic reaction of fly-ash in production of precast concrete 
with fly-ash. In this study, we examined the influence on the distribution of the siloxane chains in C-S-
H synthesized from fly-ash and calcium hydroxide at various temperature. 
 
Experimental procedure 
Materials used 
Fly-ash powder specimen was a by-product of coal-fired power plant at Yokohama, Japan. Chemical 
compositions of fly-ash was shown in Table 1. The guaranteed commercial reagent calcium hydroxide 
was used. 
 

Table 1: Chemical composition of fly-ash (wt%). 
SiO2 Al2O3 CaO Fe2O3 MgO K2O SO3 
51.6 22.6 7.0 6.1 2.5 1.1 0.5 

 
Pozzolanic reaction 
The fly-ash paste was made by mixing of fly-ash and calcium hydroxide. The fly-ash and calcium 
hydroxide were mixed with mass ratio of 1:1 in distilled water for powders / water ratio of 1.0. The 
pozzolanic reaction of fly-ash paste was run in the sealed vessel at 20ºC. The reacted fly-ash paste 
taken out of the vessel was dried at 80ºC immediately, for terminating the pozzolanic reaction and 
removal of an excess of water. Similarly, fly-ash paste samples were prepared at 40, 60, and 80ºC for 
1 to 28days, to examine the influence by the temperature. (Thereafter, these fly-ash paste samples 
were named T40, T60 and T80, respectively.) Furthermore, the fly-ash paste samples cured at 20ºC for 
3days to 2years, after only the first 24 hours had been heated to 40,60 and 80ºC were prepared, too. 
(Thereafter, these fly-ash paste samples were named T40-20, T60-20 and T80-20, respectively.) 



Measurement 
The amount of unreacted calcium hydroxide included in each fly-ash paste samples that had been 
obtained by the above-mentioned was quantitated with thermogravimetry-differential thermal analysis. 
(TG-DTA; Bruker AXS Co.,Ltd.) 
The mineral phases contained in the each fly-ash paste samples were identified by powder X-ray 
diffraction analysis (XRD; D8-Focus, Bruker AXS Co.,Ltd.).  
The amount of unreacted fly-ash included in each fly-ash paste samples was quantitated from the 
volume of insoluble residue of fly-ash pastes by 2 mol/L hydrochloride solution. 
 
Trimethylsilylation method  
The silicate anion structures (chain-length distribution of siloxane oligomer) which were included in 
C-S-H gel formed by pozzolanic reaction of the fly-ash were determined by use of TMS method. 
TMS derivatives were obtained according to the method proposed by Suginohara and others (Okusu et 
al.,1981). Trimethylchrolosilane (TMCS) and Hexamethyldisiloxane (HMDS) were mixed with a 
solvent methanol at a volumetric ratio of 1 : 3 : 2.  18 mL of the solution was added to 100 mg of the 
hydrated fly-ash and stirred for 20 minutes at room temperature. After the full reaction, 20 mL of 
water was added to the solution, which was then applied to a separating funnel and shaken to complete 
the liquid-liquid extraction.  Water soluble lower layer was removed and the residual upper layer was 
further rinsed out for several times to remove water soluble components from the upper organic 
solvent layer. 2 g of non-ionic ionexchange resin (AMBERLYST-15, Rohm and Haas Company) was 
added to avoid isomerization and the solvent was kept for 12 hours. Then the solvent was thickened 
less than 1 milliliter under the nitrogen atmosphere and subjected to gas chromatography (GLC) 
analysis. Identification of the GLC intensity peaks are referred to the literature (Okusu et al.,1983) and 
the integrated peak areas drawn by the indicator (CR-6A, Shimadzu Co.,Ltd.) were substituted for the 
relative composition of the components because the reference material for the determination was not 
available. 
Only short-length chains (the size of oligomer of siloxane chains which have 1 to 6 of Si atoms) can 
become the targeting object of the analysis with TMS method. On the other hand, the long random-
chains and huge network-chains of silicates which were included in unreacted fly-ash is not mostly 
derivatized by this method. Figure 1 showed the constituent that could be analyzed before and after the 
pozzolanic reaction. Accordingly, the chain-length distribution of siloxane chains in the C-S-H gel 
which was only generated by pozzolanic reaction of fly-ash can be analyzed. 
A present structural analysis of silicate anion is almost used with 29Si-NMR method. In the point that 
can be analyzed by excluding the large-size silicate chains of unreacted pozzolanic material, TMS 
method is greatly different from 29Si-NMR method. 
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Figure 1: Comparison of TMS analyzable parts on pozzolanic reaction of fly-ash. 

 
Results and Discussions 
Crystalline substances 
Figure 2 showed the result of the crystalline phases detected by XRD analysis of fly-ash paste samples. 
The AFm and AFt phases was detected in most cases with Portlandite (unreacted calcium hydroxide), 
calcite (calcium carbonate which was patrially changed from calcium hydroxide on the operation 
process). It is considered that the AFm and AFt phases were formed by supplying the alminium that 
elutes from fly-ash. Only AFm phase was detected at the case of T20,T40 and T60. The AFm phase was 



confirmed at the age of 1 day in the cases of T40, T60 and T80 although it was confirmed at after the age 
of 14 days in the case of T20. In the case of T80, the peak that showed AFm phase disappeared at after 
the age of 3 days. In the case of T40-20 and T60-20, the AFt phase was confirmed with AFm phase at after 
age of 91 days although the AFt phase was not confirmed in the case of T80-20. These results indicate 
that the formation of AFm and AFt phases are greatly influenced by heating at 80ºC. 
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Figure 2: XRD patterns of reacted mixtures of fly-ash and Ca(OH)2. 

 
Consumption of calcium hydroxide 
The calcium hydroxide is consumed with the progress of the pozzolanic reaction of fly-ash. Figure 3 
showed the result of the amount of unreacted calcium hydroxide quantitated by TG-DTA of fly-ash 
paste samples. Because of the amount of calcium hydroxide was remained over 60 wt% at the age of 
28 days, it was considered that the amount of supplied calcium hydroxide was great enough to 
progress the pozzolanic reaction of fly-ash. As the overall tendency, the consumption of calcium 
hydroxide increased with curing time. The tendency was especially remarkable in the case of T40, T60 
and T80. The consumption of calcium hydroxide at the case of T80 was smaller than that of T60. In the 
case of T40-20, T60-20 and T80-20, the consumption of the calcium hydroxide increased with initial 
temperature, though the differences of the reaction ratio was a little, and was lower than the case of T40. 
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Figure 3: Consumption ratio of Ca(OH)2 on pozzolanic reaction of fly-ash. 

 
Unreacted fly-ash 
Figure 4 showed the result of the amount of unreacted fly-ash quantitated by measurement of insoluble 
residue by 2 mol/L hydrochloride solution of each samples. The insoluble residue of raw fly-ash 



(before pozzolanic reaction) was approximately 72 wt%. Therefore, it is thought that the silicates, 
which contained in a soluble part of fly-ash (approximately 28 wt%) is formed by short-length 
siloxane chains, and these chains have the possibility of hydrating by existence of calcium hydroxide. 
In this case, it is assumed that the hydration reaction, like a cement or blast-furnace slag on base 
condition, take place at the earlier stage of pozzolanic reaction. 
The consumption ratio of fly-ash on the pozzolanic reaction in the case of T40, T60, T80 and T80-20 was 
raised remarkably with the curing time, but was very low in the case of T20, T40-20 and T60-20. It was 
suggested that a reactive ratio of fly-ash rises when keeping continuously heating at over 40ºC or 
heating at 80ºC on the initial stage (24 hours) of the curing, by judging from a consumption volume of 
fly-ash. 
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Figure 4: Residual ratio of fly-ash by diluted HCl solution. 

 
Distribution of silicate anions (siloxane chain length) of C-S-H gel with TMS method 
Figure 5 showed the time-dependent changes on the distribution of siloxane chain length at each 
reaction temperature. In general it is confirmed that the dimer or more long siloxane chains are 
increase with the monomer is decrease when the oligomerization of siloxane chains occur on the 
hydration of cement or blast-furnace slag which shows the latent hydraulic property with progress of 
hydration time. (Koizumi et al., 2003) In the case of T20, the oligomerization of siloxane chains was 
confirmed till 14 days, but the monomer was inversely increased after 14 days. This tendency is 
greatly different from the case of hydration of cement and blast-furnace slag. The tendency of the 
increasing of monomer was advanced after the 7 days in the case of T40. In the case of T60 and T80, the 
distribution of siloxane chain length was constant composition after 7 days.  
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Figure 5: Siloxane chain length distribution of C-S-H gel (T20, T40, T60 and T80). 

 
Figure 6 showed the time-dependent changes on the distribution of siloxane chain length in the case of 
T40-20, T60-20 and T80-20. The oligomerization of siloxane chains at 7 days was accelerated with heating 
temperature by comparing T20, T40-20 and T60-20. In the case of T80 and T80-20, the distribution of 
siloxane chain length was constant composition after 7 days. 



It can explain the distribution of siloxane chains above-mentioned result as follows. The 
oligomerization of siloxane chains till 14 days reaction in the case of T20 is derived by hydration 
reaction of reactive short-length siloxane chains included in raw fly-ash. Heating accelerates this 
tendency. On the other hand, the silicate anion is eluted as monomer from the inert silicates contained 
in fly-ash by pozzolanic reaction with calcium hydroxide, then the siloxane chain length distribution 
temporarily shifts to lower. This elution of monomer from fly-ash is accelerated by heating and further 
monomer is supplied continuously. The total siloxane chain length distribution is depended on the 
balance of two type reactions (hydration and pozzolanic reaction). Especially in the case of T60, T80 
and T80-20, it is indicated that the elution of silicate anion (as monomer) is pronounced to overcome the 
shift to longer chain length by oligomerization of siloxane chains by heating. The heating condition of 
long-tern over 60 º C and short-term at 80 º C is not desirable aging conditions because the 
oligomerization of siloxane chains is inhibited. 
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Figure 6: Siloxane chain length distribution of C-S-H gel (T20, T40-20, T60-20 and T80-20). 

 
The amounts of C-S-H gel generated by pozzolanic reaction were compared according to the 
integrated value of the peak areas of monomer to hexamer by GLC analysis as shown in Figure 7.  In 
the case of T40-20, T60-20, T80-20 and T80, the generated amounts of C-S-H gel increased remarkably. 
However, most of the compositions were occupied by monomer and dimer, and an increase in long-
chain element (over trimer) was not admitted. The distribution of siloxane chains was shifted to the 
longer-chain length in the case of the hydration of cement, but the different tendency was confirmed 
when the pozzolanic reaction occur. It is necessary to continue watching the progress of the 
distribution of siloxane chain length with further curing time. 
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Figure 7: Total GLC peak areas of TMS derivatives of C-S-H gel. 

 
Conclusions 
The ditails on pozzolanic reaction of fly-ash was examined by the simplified system of mixtures of 
fly-ash and calcium hydroxide in this research. As a result of the distribution of siloxane chains in C-



S-H gel by time-dependent or by heating temperature with TMS method, the following findings were 
especially obtained. 
 
I) It was influenced the generation of AFt phases when heating at 80ºC. 
II) When long-term heating was continued, the reactive rate of fly-ash tended to rise with the heating 

temperature. The reactive ratio was especially higher by short-time heating at 80ºC than by 40 and 
60ºC although the tendency of short-time heatin similar to heating bu long-term was shown. 

III) Because of the supply of silicate anion of monomer by the pozzolanic reaction of fly-ash, it was 
confirmed that the average of the length of siloxane chains was shifted to shorter, and the 
pozzolanic reaction of fly-ash was identified after the 14-days curing in the room temperature (20º
C) from the results of the silicate structures (distribution of siloxane chains) of C-S-H gel. 

IV) The increasing of monomer was detected at earlier age by the heat-activation of pozzolanic 
reaction. 

V) It was understood that the distribution of siloxane chain length was influenced by the progress of 
pozzolanic reaction with short-term heateing. 
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Abstract 
Cementitious matrices are being used worldwide as a containment medium for radioactive and non-radioactive waste 
to retard the mobility of contaminants. AFm phases are hydrates precipitated during the hydration process of Portland 
and CSA cements. The most important AFm phase is the monosulfoaluminate (i.e. the sulphate AFm phase). These 
phases, of general formulae Ca2Al(OH)6·X·nH2O (X is either one singly charged anions or half a doubly charged 
anion), are layered compounds. Their structure is composed of positively charged main layer [Ca2Al(OH)6]

+ and 
negatively charged interlayer [X-·nH2O]. The mains anions encountered in AFm chemistry are carbonate CO3

2, sulfate 
SO4

2- and chloride Cl-. Nevertheless numerous others anions can insert the AFm interlayer region such as nitrate NO3
-, 

bromide Br-, iodide I-, chromate CrO4
2-… The chemistry of AFm phases have been widely studied, and their interesting 

anionic exchange capacity make these compounds are good candidates for the binding of anionic radio-nuclides 
present in nuclear wastes like chloride and carbonate (36Cl and 14C). The aim of the present study was to focus on the 
possibility to trap these three anions (sulfate, carbonate and chloride) by considering the existence of solid solutions 
and definite compounds. The crystallographic structures of two AFm mixed compounds were fully characterised: the 
chloro-carboaluminate compound [Ca2Al(OH)6]·[Cl 1/2·(CO3)1/4·2.25H2O] from single crystal data and the chloro-
sulfoaluminate compound, called Kuzel’s salt [Ca2Al(OH)6]·[Cl 1/2·(SO4)1/4·2.5H2O], from synchrotron powder data. 
The synthesized [Ca2Al(OH)6]·[Cl 1-x·(CO3)x/2] samples have shown the existence of two polymorphs for chloro-
carboaluminate (monoclinic and rhombohedral) at 25°C and only the rhombohedral polymorph at 85°C. In the cases of 
the two other poles Cl-SO4 and CO3-SO4, only definite compounds were detected, with a new carbo-sulfoaluminate 
compound observed by powder X-ray diffraction and Raman spectroscopy. 
 
Originality 
Chemistry of AFm phases and anion exchange has already been studied, namely for carbonate, chloride and sulfate 
anions. Nevertheless the understanding of the ionic immobilisation mechanisms in AFm phases need close studies in 
order to quantify the nature of the binding mechanisms which are very species sensitive. For this purpose, it is of great 
importance to characterise in detail the crystallographic structure of mixed compounds (containing two anionic 
species). The present paper presents the first resolved structures of bi-anionic AFm compounds: the chloro-
carboaluminate (related to hydrocalumite) and the chloro-sulfoaluminate (Kuzel’s salt). Long-rang order 
characterisations, combined with local environment characterisation brought by spectroscopic analyses (Raman and 
NMR), has been efficiently used to locate chloride and carbonate into the structure, and undertsand the anion exchange 
mechanisms. X-ray powder diffraction analysis on chloro-sulfoaluminate AFm phase has evidenced, for the first time, 
the existence of a second-stage AFm phase. This crystallographic study explains the absence of large solid solution 
domains for the chloride-sufplate system. 
 
Chief contributions 
The crystallographic characterisations, namely based on X-ray single crystal analyses, of AFm phases performed the 
last decade (on carboaluminate, Friedel’s salt structure transition, binitroaluminate, and the Br- or I- related Friedel’s 
salt halides) allow to improve knowledge on AFm crystal-chemistry. We investigate now the crystallographic 
description of more complicated systems; i.e. bi-anionic AFm phases. Such detailed structure description are needed to 
predict the long-term behaviour of binding hydrates from cementitious matrix, and the potential impact of the 
immobilised waste on the environment. This is particularly true when considering the immobilisation of radio-ncleides 
in concrete. The aim of our project is the chemical understanding and thermodynamic modelling of the process 
responsible for the retention of contaminant species in cimentitious systems. 
 
Keywords: AFm phases, chloride, sulfate, carbonate, X-ray diffraction. 
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1. Introduction 
Calcium sulfoaluminate (CSA) cements may have a good potential to stabilize hazardous wastes such 
as heavy metals ion exchange resins, aluminum-containing wastes or radioactive streams containing 
high amounts of borate and sulfate ions (Cau Dit Coumes et al. 2009). The hydration of CSA leads to 
the formation of two principal hydrates: monosulfoaluminate (AFm phase) and ettringite (AFt phase). 
These two phases present interesting structural flexiblity; their crystallographic structure admits many 
substitutions for both cations and anions (Chrysochoou et al. 2006, Glasser et al. 1999, Gougar et al. 
1996). This paper focus on the chloride and carbonate, which can be present as 36Cl and 14C in many 
nuclear waste streams, insertion into the monosulfoaluminate AFm structure. AFm phases belong to 
the lamellar double hydroxide (LDH) large family. The crystal structure of AFm phases is composed 
of positively charged main layers [Ca2Al(OH)6]

+ and negatively charged interlayers [X·nH2O]- where 
X is one monovalent anion or half a divalent anion. The following general formulae 
3CaO·Al 2O3·CaX2·nH2O for a monovalent anion, or 3CaO·Al 2O3·CaX·nH2O for a divalent anion, are 
generally used in cement chemistry. Several crystallographic studies have been performed on AFm 
compounds incorporating one type of anion only in the interlayer: SO4

2- (Allmann, 1977), Cl- (Terzis, 
1987, Rapin et al., 2002, Renaudin et al., 1999a), CO3

2- (Francois et al., 1998, Renaudin et al., 1999b), 
NO3

- (Renaudin et al. 1999c, 2000), I- and Br- (Rapin et al., 1999, Renaudin et al., 2004). Few 
crystallographic studies were devoted to bi anionic-AFm compounds: the CO3

2--OH- system (Fischer., 
1982), the Cl--Br- system (Renaudin et al., 2004), and more recently two new structures of mixed AFm 
phases, corresponding to the Cl--CO3

2- permutation (Sacerdoti and Passaglia, 1988, Mesbah et al., 
2010a and 2010b) and the Cl--SO4

2- permutation (Kuzel, 1966, Mesbah et al., 2010c). 
The aim of this work was the inverstigation of the existence of mixed AFm compounds containing 
sulfate, chloride and carbonate anions. This crystallographic study is the first step to evaluate the real 
capacity of CSA cements to trap nuclear wastes in real conditions. The formation of solid solution, and 
of definite compounds, has been investigated at two temperatures: 25°C and 85°C.  
 

2. Experimental section 
Mixed AFm powdered samples were synthesised in aqueous solution by mixture of C3A (3CaO.Al2O3) 
with the desired anions from CaCl2.2H2O, CaCO3 or CaSO4.2H2O in demineralised and decarbonised 
pure water to reach a final water to solid mass ratio of 50. The prepared suspensions were introduced 
in closed polypropylene bottles under nitrogen atmosphere and stirred during one month at 25°C. The 
same experience was realised at 85°C during 21 days in Teflon reactors. After that, the suspensions 
were centrifuged twice with demineralised water and a third centrifugation with isopropanol. Obtained 
powders were dried in desiccators under N2 and 31 r.h. controlled by saturated potassium acetate.  
X-ray powder diffraction (XRPD) patterns were recorded on the X’pert pro diffractometer in Bragg 
Brentano configuration using Cu Kα radiation (λ = 1.54184 Å). Powder patterns were recorded at 
room temperature in the interval 3° < 2θ < 120°, with a step size ∆2θ = 0.0167° and a total counting 
time of 3 hours. Silicon was used as standard to extract the instrumental resolution function and 
Rietveld refinements were realised using FullProf program to describe the long-range ordering. Micro 
Raman and 27Al were used to investigate the local order in the interlayer region. 
 

3. The chloro-carboaluminate system: [Ca2Al(OH) 6]·[Cl1-x·(CO3)x/2·nH2O] 
The chloro-carboaluminate sytem corresponds to this of hydrocalumite, a natural mineral described in 
1988 (Sacerdoti and Passaglia, 1988). Our results on this chloro-carboaluminate AFm system study 
have indicated the formation of a large solid solution domain (Mesbah et al., 2010a and 2010b), and 
the crystal structure of the AFm phase related to hydrocalumite [Ca2Al(OH)6]·[Cl0.5·(CO3)0.25·2H2O] 
has been described. The corresponding X-ray powder patterns from the chloro-carboaluminate 
samples synthesized at 25°C and 85°C are presented in Figure 1. Depending on the temperature and 
the chloride to carbonate substitution level used for syntheses, samples were respectively designated as 
AFm-[Cl1-x·(CO3)x/2]-25°C and AFm-[Cl1-x·(CO3)x/2]-85°C. 



 
Figure 1: XRPD patterns recorded for samples belonging to the AFm-[Cl1-x·(CO3)x/2]-25°C series (top) and to 
the AFm-[Cl1-x·(CO3)x/2]-85°C series: powder patterns (a), and zooms (b, c). AFm phases are indicated by Mc 
(monocarboaluminate), Rhombo. and Monocl. (rhombohedral and monoclinic polymorphs of chloro-
carboaluminate). Impurities are indicated by C (calcite), K (katoïte) and G (gibbsite), and Si relates the internal 
silicon standard. 
 

3.1. Mineralogical composition of the 25°C-series 
X-ray powder patterns shows the presence of three AFm phases: 1/ monocarboaluminate 
(Ca4Al 2(OH)12CO3·5H2O, triclinic P1 symmetry) was observed at high x values (x > 0.80), 2/ the two 
polymorphs of chloro-carboaluminate occurred for large x domains (one with rhombohedral symetry 
appears for 0.25 ≤  x ≤ 0.95, and the other with monoclinic symetry appears for 0.50 ≤  x ≤  0.95). 
Monocarboaluminate predominated for x ≥ 0.95, while chloro-carboaluminate was the main specie for 
lower x values. 
All the samples from the AFm-[Cl1-x·(CO3)x/2]-25°C series with 0.50 ≤ x ≤ 0.95 could therefore be 
roughly described by a two-phase mixture composed of the rhombohedral chloro-carboaluminate 
polymorph mixed either with monoclinic chloro-carboaluminate polymorph or with 
monocarboaluminate. Monocarboaluminate is replaced by the monoclinic chloro-carboaluminate 
polymorph when the x nominal value decreases from 1.00 to 0.80 (Figure 2). The weight amount of 
the rhombohedral chloro-carboaluminate polymorph fluctuated around 55 wt % for 0.50 ≤ x ≤ 0.90, 
and reached 100 % for x = 0.25. The other 45 wt % for 0.50 ≤ x ≤ 0.95 were composed of 
monocarboaluminate at high x values (x ≥ 0.90) or of monoclinic chloro-carboaluminate polymorph at 
lower x values (x ≤ 0.85).  The monocarboaluminate weight amount decreased deeply when chloride 
was introduced: ( 66 wt % for x = 0.95, 40 wt % for x = 0.90, and 5 wt % only for x = 0.85), which 
was compensated by the formation of monoclinic chloro-carboaluminate (4 wt % for x = 0.95, 8 wt % 
for x = 0.90, and 35 wt % only for x = 0.85). The existence of the two polymorphs for chloro-
carboaluminate samples, monoclinic and rhombohedral, returns to the known structure transition of 
Friedel’s salt. The carbonate-dependence of Ts in the AFm-[Cl1-x·(CO3)x/2]-25°C series has been 
described (Mesbah et al.; 2010a) and indicated that AFm-[Cl1-x·(CO3)x/2] compounds should be 
consider as carbonated Chloride AFm phases; i.e. carbonated Friedel’s salt.  



 
Figure 2: Refined weight amounts of monocarboaluminate (Mc, full squares), rhombohedral polymorph 
(Rhombo., full circles) and monoclinic polymorph (Monocl., open circles) of chloro-carboaluminate phases in 
the AFm-[Cl1-x·(CO3)x/2]-25°C series. Dotted lines are just guides for the eyes. 

 
 

3.2. Mineralogical composition of the 85°C-series 
The samples synthesized at 85°C were single phased (Figure 1). The rhombohedral polymorph only 
(and not the monoclinic one) of chloro-carboaluminate has been observed (x = 0.25, 0.50 and 0.75). 
Sample AFm-[(CO3)0.500]-85°C contained the triclinic monocarboaluminate phase only. The increase 
in the temperature of synthesis led to the stabilisation of the rhombohedral polymorph: which 
exhibited the same symmetry than the Friedel’s salt HT-structure. The single phase feature of samples 
with x = 0.25, 0.50 and 0.75 agrees with the existence of an AFm-[Cl-,CO3

2-] solid solution. 
Calculated chemical composition (from SEM analyses) and refined chemical composition (from 
Rietveld treatments) agreed fairly well with the targeted nominal composition. Observation made from 
the 25°C- and the 85°C-series agreed with the metastability feature of the monoclinic chloro-
carboaluminate polymorph; namely its disapearence in the 85°C-series. 
 

4. The chloro-sulfoaluminate system: [Ca2Al(OH) 6]·[Cl1-x·(SO4)x/2·nH2O] 
The crystal structure of Kuzel’s salt [Ca2Al(OH)6]·[Cl0.5·(SO4)0.25·2.5H2O] has been determined 
(Mesbah et al., 2010c). It corresponds to a second-stage layered compound with two successive kinds 
of interlayers: one contains chloride anions only and the other contains sulfate anions with water 
molecules. The possibilitie to exchange chloride by sulfate or sulfate by chloride in the different kinds 
of interlayer was investigated. Samples with x = 0.25, x = 0.50 and x = 0.75 (on both side of the 
Kuzel’s salt stoichiometry) have been synthesized at 25°C and 85°C. X-ray powder patterns 
corresponding to the six samples are presented in Figure 3. 

4.1. Mineralogical composition of the 25°C-series 
Qualitative analyses of the X-ray powder patterns showed multi-phased powders, with the presence of 
four different hydrates: monosulfoaluminate, Kuzel’s salt, Friedel’s salt (the two LT- and HT-
polymorphs were present simultaneously), and ettringite (the only AFt phase). The stabilization of the 
two polymorphs of Friedel’s salt was probably due to a weak carbonate contamination (as explained 
above). The major phase in the AFm-[Cl-

3/4·(SO4
2-)1/8]-25°C sample was Friedel’s salt (the two 

polymorphs HT + LT were present). Kuzel’s salt and ettringite were present as minor phases, whereas 
monosulfoaluminate was not observed. The AFm-[Cl-

1/4·(SO4
2-)3/8]-25°C sample contained the four 

hydrates. Ettringite and Kuzel’s salt predominated over monosulfoaluminate. Kuzel’s salt is the main 
phase for the x = 0.50 samples only, indicating the absence of large solid solution domain. 



4.2. Mineralogical composition of the 85°C series 
The sulfate-rich AFm-[Cl-

1/4(SO4
2-)3/8]-85°C sample synthesized at 85°C was mostly composed of 

monosulfoaluminate, with small amounts of  Kuzel’s salt. Ettringite, the stability domain of which is 
decreased at 85°C, was no longer observed. The AFm-[Cl-3/4(SO4

2-)1/8]-85°C sample contained the two 
chloride-containing AFm phases: Kuzel’s salt and Friedel’s salt (mixture of the two LT- and HT-
polymorphs). The AFm-[Cl-

1/2(SO4
2-)1/4]-85°C sample was mostly composed of the Kuzel’s salt,  with 

traces of monosulfoaluminate.  
These results, in agreement with previous study (Balonis et al., 2010), clearly show that the extended 
anionic permutation into the two kinds of interlayer regions is not allowed in the Kuzel’s salt structure. 
The staging feature of Kuzel’s salt explains the difficulties to substitute chloride and sulfate: the 
modification in one kind of interlayer involves a modification in the other kind of interlayer in order to 
preserve the electroneutrality of the compound. The second-stage feature of Kuzel’s salt implies that 
each interlayer should stay mono-anionic. 
 

  
Figure 3: PXRD patterns of the six powdered AFm-[Cl-

1-x(SO4
2-)x/2] samples: left (the 25°C-series) and right (the 

85°C-series). E, Ms, K and F refer respectively to ettringite, monosulfoaluminate, Kuzel’s salt and Friedel’s salt. 
 

5. The carbo-sulfoaluminate system: [Ca2Al(OH) 6]·[(SO4)1/2-x·(CO3)x/2,nH2O] 
Six samples of AFm phases containing both carbonate and sulfate anions were sytnthesized: the three 
compositions with x = 0.25, 0.50 and 0.75 at 25°C and 85°C. The corresponding X-ray patterns are 
presented in Figure 4. 

5.1. Mineralogical composition of the 25°C-series 
The qualitative analysis of the three powder patterns corresponding to samples obtained at 25°C 
showed the presence of three hydrates, ettringite, monocarboaluminate and a third phase. This third 
phase corresponds to a new mixed AFm phase containing both carbonate and sulfate anions into the 
interlayer space. The absence of displacement of the diffarction peaks indicates the existence of 
definite compounds without formation of extended solid solution. 

5.2. Mineralogical composition of the 85°C series 
Figure 4 shows the three syntheses realised at 85°C. Like the 25°C-series, samples are not single-
phase. Nevertheless ettringite do not occur and is replaced by monosulfoaluminate. 
Monocarboaluminate and the third AFm phases are always observed. The new AFm phase is formed 
only in the presence of both carbonate and sulfate. The layer spacing of this carbo-sulfoaluminate 
AFm phase is closed to this of hemicarboaluminate. Nevertheless its stability above 40°C indicates it 
can not consist of hemicarboaluminate (Matschei et al., 2007). Raman spectra realised on an isolated 
crystal from sample AFm-[(CO3)1/4(SO4

2-)1/4]-85°C is presented in figure 5. Vibrations caracteristic to 
carbonate (1087 cm-1) and sulfate (1006 cm-1) indicate: 1/ carbonate anions are weakly bonded in the 
centre of interlayer region (as obsreved in chloro-carboaluminate AFm, and not as 
monocarboaluminate), and 2/ sulfate anions are not equivalent to those in monosulfoalmuminate 
(which present a sulfate vibration at 982 cm-1). The crystallographic study is in progress to solve the 



structure and confirms the existence of a new mixed AFm phase with the permutation of carbonate 
and sulfate. 
 

  
Figure 4: PXRD patterns of the six powdered AFm-[(CO3)1/2-x(SO4

2-)x] samples: left (the 25°C-series) and right 
(the 85°C-series). E, Ms, and Mc, respectively refer to ettringite, monosulfoaluminate, monocarboauminate. 
AFm-CO3-SO4 corresponds to a new mixed carbonate-sulfate AFm phase. 
 

 
Figure 5: Raman spectra from the AFm-[(CO3)1/4(SO4

2-)1/4] compound. 
 

6. Conclusions 
This study investigates the potential of monosulfoaluminate (AFm hydrate largely formed in CSA, and 
also Portland, cement pastes) to stabilize chloride and carbonate anions: containment medium for 
radioactive and non-radioactive waste. The simultaneous presence of the three Cl-, CO3

2- and SO4
2- 

anions, with different geometric feature involves the formation of mixed AFm compounds. The 
trapping of chloride and carbonate could be possible in the presence of sulfate by their incorporation in 
the AFm phases. The formation of extended solid solution (chloro-carboaluminate case) or definite 
compounds (chloro-sulfoaluminate and carbo-sulfoaluminate cases) has been demonstrated. Crystal 
structures of mixed AFm phase explain the formation or not of extended solid solutions. 
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Abstract 
Five different Self-Compacting Concrete (SCC) compositions, composed of three different types of mineral additions 
(limestone powder, quartz powder and fly ash) and two types of cement (CEM I 52.5 R HES and CEM III/A 42.5 N LA), 
were exposed to a continuous immersion in a H2SO4-solution (pH ~ 1.7) for 26 weeks. Rate of attack was estimated by 
means of mass variation versus time. Microstructural degradation was investigated using polarizing light microscope 
and scanning electron microscope. SCC composed of CEM I and limestone powder gives better resistance to sulphuric 
acid attack compared to the traditionally vibrated concrete (TC) and SCC compositions with fly ash and quartz powder 
due to the buffering effect of calcium carbonate (CaCO3) under acidic conditions. The extent of damage is greater in 
SCC incorporating CEM I-fly ash, CEM I-quartz powder and CEM III/A-limestone powder despite the presence of 
CaCO3 in the latter. With the inward movement of the acid attack from the surface, two distinct zones are observed. The 
outmost attacked zone indicates severe erosion due to decalcification of the hydrated cement matrix under low pH and 
contains gypsum crystals formed extensively in the form of small or large inclusions. This is followed by a transition 
zone acting as the border which separates the attacked zone from the relatively sound part of the concrete. Gypsum has 
been found to be the only reaction product formed independently of the type of mineral addition, type of cement and 
water-to-cement ratio. Despite densification of the pore structure of SCC by incorporating fly ash and quartz powder to 
achieve lower permeability, low resistance to acid attack has been established. This is due to the negative consequences 
of pore densification creating less space to accommodate stresses induced by the growth of relatively large gypsum 
crystals. The fact that SCC with CEM I and limestone powder having higher porosity indicates better performance 
under sulphuric acid conditions, points to a combined role of pore structure and chemical effect of the mineral addition 
on the ultimate resistance of SCC to sulphuric acid attack. Contrary to the general statement that durability of concrete 
is improved with reduced permeability, this aspect can induce negative consequences under sulphuric acid conditions. 
 
Originality 
Incorporation of high contents of mineral additions in SCC reduces the porosity of concrete resulting in a refinement of 
the pore structure. Generally it can be stated that a denser pore structure reduces the permeability of concrete 
increasing its durability. Despite these positive aspects, pore structure refinement in SCC with fly ash and SCC with 
quartz powder results in low resistance to sulphuric acid attack while SCC with limestone powder with a higher 
porosity shows a better performance. Physical (pore structure of concrete) and chemical effects (chemical composition 
of mineral addition) seem to play a combined role in the ultimate behaviour of SCC under sulphuric acid conditions. 
 
Chief contributions 
Many scientific papers deal with durability issues of SCC induced by external sulphate attack but the essential 
knowledge on the durability of SCC to sulphuric acid attack is generally ignored and few researches are available. The 
introduction of SCC urges new questions related to the behaviour of powder-rich concrete mixtures in sulphuric acid 
environments. This paper provides results of a dedicated research on the influence of SCC compositions, being the type 
of mineral addition, type of cement and powder fraction, on the resistance of SCC to sulphuric acid attack. 
Microstructural investigations combined with mass variations, analytical methods and porosity will provide additional 
insights on the degradation of SCC under sulphuric acid environments and will contribute to a better understanding of 
the implications involved in design and construction of durable concrete structures. 
 
Keywords: Self-compacting concrete, sulphuric acid attack, mass variation, microstructure, gypsum 
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Introduction 
 
Self-compacting concrete (SCC) is a special type of concrete that readily flows and consolidates under 
its own weight due to its mix design incorporating high-range water-reducing admixtures and viscosity 
modifying agents or relatively high volume fractions of powders (cement and mineral additions such 
as limestone powder, fly ash, silica fume, etc.). As the incorporation of a high powder content 
modifies its microstructure, pore size distribution and permeability, eventually the ultimate durability 
properties of powder type SCC will be different from that of traditionally vibrated concrete (TC).  
One of the crucial durability issues that threatens the life cycle performance of concrete structures is 
the sulphuric acid attack leading to severe degradation problems. Sulphuric acid as a chief component 
in groundwater, wastewaters, sewage systems, backfills, microbiological actions etc. can severely 
concrete elements such as foundations, floors, basement walls and sewage pipe systems. The effect of 
sulphuric acid attack is more detrimental than that of external sulphate attack by sulphate salts due to 
two important aspects: the reaction with sulphate ions and the dissolution effect caused by hydrogen 
ions at low pH. Sulphuric acid first reacts with portlandite in the concrete matrix, resulting in the 
formation of gypsum that causes cracking and spalling of surface layers due to the volume expansion 
(up to a factor of 2). In a second step, gypsum may further react with calcium aluminate leading to the 
formation of ettringite which has higher volume (up to a factor of 7) than that of gypsum, thus 
resulting in more micro- and macro-cracking. At low pH levels ( 11.5-12) ettringite is not stable and 
decomposes to form gypsum. Under severe acidic conditions the hydrated cementitious matrix is 
decomposed with the decalcification of the calcium silicate hydrates (C-S-H). This eventually leads to 
the disintegration of concrete and strength loss.  
Although the use of SCC is growing in numerous concrete applications in many countries such as in 
Belgium, the fundamental knowledge on its performance to sulphuric acid attack is very limited in the 
literature (Monteny et al., 2000, Monteny et al., 2003, Bassuoni and Nehdi, 2007, Dinakar et al., 2008, 
Girardi et al., 2010). Studies were mostly concentrated on the external sulphate attack rather than 
sulphuric acid attack (Trägårdh and Bellmann, 2007). Compared to TC, SCC has a higher volume 
fraction of powder (cement and mineral addition) acting as the paste volume with cementitious 
properties. This makes SCC more vulnerable to deterioration in an acid sulphate environment because 
the prevailing low pH conditions lead to direct attack on the hydrated phases, specifically C-S-H. 
Thaumasite formation (reaction between C-S-H, carbonates and sulphates) in the presence of 
limestone is less pronounced under acidic conditions while it is promoted under alkaline conditions 
containing sulphate salts (Zhou et al., 2006). Even though concretes with low permeability show better 
sulphate resistance, the performance of SCC with a denser microstructure (due to lower water-to-
powder ratio and mineral addition) under sulphuric acid conditions is not straightforward. It may 
significantly depend on the type of mineral addition used but the role of mineral addition incorporated 
in SCC under acidic conditions is ambiguous. It is well established that SCC with limestone powder 
shows better resistance to sulphuric acid attack (Bassuoni and Nehdi, 2007). However, the 
performance of SCC incorporating pozzolanic materials such as fly ash or silica fume under sulphuric 
acid attack is contradictory. Therefore, in-depth research is needed on the durability aspects of SCC 
containing different types of mineral addition under aggressive sulphuric acid environments for a 
better understanding of the implications involved in the design and construction of durable structures. 
In this study, the resistance of various SCC mixtures to sulphuric acid attack is investigated. The main 
variables are the type of mineral addition, the type of cement and water-to-powder ratio. An effort is 
made to understand the degradation mechanism from mass variations and microstructural 
investigations, and to explore the possible relationships in-between.  
The SCC mixtures studied in this paper are based on the powder type SCC, using high powder content 
with readily available materials in Belgium. Ground limestone powder is the most commonly used 
mineral addition in Belgian precast and on-site SCC production. In addition, fly ash and quartz 
powder, which are also used as mineral addition for the SCC production in Europe, are studied. In this 
way, SCC mixtures with different compositional and microstructural properties are obtained to 
investigate their durability performance under sulphuric acid attack. 



Experimental program 
 
1. Materials and concrete compositions  
 
In total, six different concrete compositions were studied: five SCC and one traditionally vibrated 
concrete (TC). The compositions of the concrete mixtures are given in Table 1. The SCC mixtures 
were prepared using CEM I 52.5 R HES (High Early Strength OPC) and limestone powder (SCC-lst), 
quartz powder (SCC-qtz) or fly ash (SCC-fa) at the same mass fractions. One SCC mixture (SCC-lst-
c) was prepared using a different type of cement, CEM III/A 42.5 N LA (Slag Cement). The same 
water-to-cement (W/C) and cement-to-powder (C/P) ratios were considered. These two parameters 
were altered for the last SCC mixture (SCC-lst-p) by replacing part of the cement (CEM I) by 
limestone powder, resulted in higher W/C and lower C/P. The gravel and the sand used are natural 
siliceous materials. To improve the flowability of the SCC mixtures at constant W/C and W/P, a 
polycarboxylate-ether based high-range water-reducing admixture was used. 
 

Table 1: Composition of the concrete mixtures 

Materials (kg/m³) TC SCC-lst SCC-qtz SCC-fa SCC-lst-c SCC-lst-p 

Gravel 4/14 1225 698 698 698 698 698 

Sand 0/5 640 853 853 853 853 853 

CEM I 52.5 R HES 360 360 360 360 - 300 

CEM III/A 42.5 N LA - - - - 360 - 

Limestone powder - 240 - - 240 300 

Quartz powder - - 240 - - - 

Fly ash - - - 240 - - 

Water 165 165 165 165 165 165 

Superplasticizer - 4.50 5.00 6.75 3.50 3.75 

W/C (water/cement) 0.46 0.46 0.46 0.46 0.46 0.55 

C/P (cement/powder) 1 0.6 0.6 0.6 0.6 0.5 

W/P (water/powder) 0.46 0.28 0.28 0.28 0.28 0.28 

 
 
2. Sulphuric acid attack 
 
An accelerated test procedure was used to assess the compositional and microstructural parameters of 
SCC on the resistance to sulphuric acid environment. At the age of 28 days, cores ( = 80 mm, h = 80 
mm) were drilled from each cast concrete specimens and were immersed continuously in a sulphuric 
acid solution (1.5 g H2SO4 per litre water) at a constant pH of ~1.7 and at temperature 20°C up to 26 
weeks. During the first 6 weeks of immersion, the mass variation of the specimens was determined 
every week, followed by mass measurements every two weeks. In this way, rate of attack was 
estimated by means of mass variation versus time. 



3. Analytical techniques and microstructural investigations 
 
Thermogravimetric analysis (TGA) and X-ray diffraction (XRD) analysis were used to identify the 
nature of the hydrated phases in the SCC mixtures. In order to determine the reaction product formed 
after acid attack, the damaged part at the outer zone of the concrete specimens was scraped out and 
characterized by XRD. TGA was carried out using a Netzsch STA 409 PC DSC-TGA system in static 
N2 atmosphere (at 20-1000°C; heating rate 10°C/min). XRD was performed using a Philips Analytical 
X-ray diffractometer (CuKα radiation; 5-60 º2θ measuring range; 0.02 º2θ/s; 1.25 s/step). 
To perform microstructural investigations, polished thin sections were prepared after double 
impregnation with epoxy resin containing yellow fluorescent dye. Petrographic examinations were 
carried out using polarizing light microscopy and fluorescence light microscopy. Microstructural 
investigations were further performed using a scanning electron microscope (SEM, FEG XL30) on 
carbon-coated thin sections. Additionally, the pore structure and the porosity of the concrete 
specimens before exposure to acid attack were identified using mercury intrusion porosimetry (MIP).  
 
Results and discussion 
 
Results of MIP on unexposed concrete specimens are given in Figure 1. When compared to TC, all 
SCC mixtures containing high powder amounts show reduction in the volume of capillary pores (0.1-
100 µm), eventually leading to a reduction in the total porosity up to 17%. A shift from capillary pores 
towards gel pores (< 0.1 µm) is observed except for SCC-lst-c. Replacement of limestone powder by 
the same mass fraction of quartz powder or fly ash has resulted in higher volumes of the latter two due 
to their lower specific gravity. As a result, a denser microstructure is formed in SCC with quartz 
powder (SCC-qtz) and in SCC with fly ash (SCC-fa) when compared to that of SCC with limestone 
powder (SCC-lst). In addition, pozzolanic reaction taking place between fly ash and portlandite, 
forming secondary hydration products, plays a role in the densification in the pore structure of SCC-fa. 
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Figure 1: Pore volume of the unexposed concrete specimens. 

Figure 2 shows the mass variation of the concrete specimens with time during acid attack. The initial 
mass gain is due to the formation of the reaction products. This is followed by mass loss induced by 
the damaging effect of sulphuric acid on the hydrated cement matrix leading to decalcification of C-S-
H. We would expect that the physical effect of densification of the pore structure by mineral additions 
would improve the resistance of SCC to sulphuric acid attack because reduced pore size decreases the 
diffusion of the sulphate ions into the concrete. However, destructive effect of sulphuric acid leading 
to decalcification of C-S-H plays a major role here. Only SCC-lst shows the lowest mass variation at a 
lower degradation rate referring to a higher resistance despite the presence of portlandite. This is 



because limestone powder has the chemical role of neutralizing the acid in the matrix, and creating a 
buffer zone leading to a slower rate of degradation (Bassuoni and Nehdi, 2007).  
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Figure 2: Mass variation in SCC mixtures and TC during continuous immersion in sulphuric acid solution. 

XRD analyses of the damaged zone indicate the presence of only gypsum formed after sulphuric acid 
attack (Figure 3). Ettringite was not detected due to the prevailing low pH conditions. Quartz powder 
and fly ash were partially leached out from the damaged zone while the depletion of limestone powder 
is much more severe. Traces of gypsum and ettringite are not established in the core of the specimens, 
characterized typically with C-S-H, AFm and portlandite in XRD and TGA analyses results.  
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Figure 3: XRD patterns of the attacked zone of the SCC specimens (G: gypsum; Q: quartz) 

Microscopic investigations indicate that the sulphuric acid attack has induced severe erosion at the 
outer edge of the SCC specimens at a depth being typically in the order of a millimetre (Figure 4). The 
core of the specimens is relatively sound despite the presence of portlandite because of the reduced 
pore size making the diffusion of the sulphate ions into the concrete more difficult. With the inward 
movement of the reaction from the surface, two distinct zones are observed. There exists an outermost 
zone, i.e. attacked zone, containing gypsum crystals dominantly in the form of small or large 
inclusions (Figure 4). Large gypsum crystals were preferentially formed around the aggregates due to 
the higher porosity of the interfacial transition zone (ITZ) (Figure 5). Beyond ITZ gypsum crystals are 
present in the form of veins running along the damaged matrix in the attacked zone. The chemical 
reactions in this zone were accompanied by the detachment of aggregates from the surrounding 
matrix, formation of microcracks at the matrix surrounding gypsum crystals, and leaching of 
portlandite and limestone powder. Fly ash and quartz powder are still observed in this attacked zone of 
SCC-fa and SCC-qtz respectively (Figure 5). There exists a second zone beyond the attacked zone, 
which is the transition zone between the attacked zone and the unattacked zone looking relatively 
sound (Figures 4-5). However, under polarizing light microscope and SEM we have observed partial 



depletion of portlandite and limestone powder, and the presence of microcracks in this unattacked 
zone. The transition zone is characterized by a dense skin of calcium carbonate with a thickness of 10-
30 µm, acting as the border in-between the attacked and unattacked zones. The presence of calcium 
carbonate is possibly due to carbonation of depleted portlandite during weight measurements. 
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Figure 4: Polarizing light microscope images of SCC-lst and SCC-qtz  under parallel polarising (left) and 
crossed polarising mode (right) show the extent of damage induced by chemical attack of sulphuric acid  
(AZ: attacked zone; TZ: transition zone; UZ: unattacked zone; Gy: gypsum). 
 
SCC with quartz powder (SCC-qtz) and fly ash (SCC-fa) with a very dense pore structure show the 
greatest mass variation at a higher degradation rate (Figure 2). These two concrete compositions also 
indicate gypsum formation to a large extent. Since the formation of gypsum requires the presence of 
free portlandite, the addition of fly ash would lower its amount by pozzolanic reaction. TGA analysis 
has shown that only 2.2% portlandite was present in SCC-fa before exposure to sulphuric acid solution 
but gypsum was extensively formed. These results indicate that fixation of portlandite and 
densification of the pore structure seem to be ineffective to prevent the degradation mechanism. The 
densification of the pore structure by adding fly ash and quartz powder creates a negative effect to 
accommodate expansive reaction product of gypsum because finer pores provide less space for crystal 
growth leading to higher internal stresses and eventual microcracks to be further filled with gypsum. 
We have also observed microcracks in the unattacked zone of SCC-fa up to 2 mm beyond the 
transition zone while the depth of microcracks in SCC-lst is less than 0.5 mm (Figure 5). Similarly, 
concrete with silica fume having a dense pore structure has been reported to exhibit low resistance to 
sulphuric acid attack due to the densification of the pore structure (Monteny et al., 2003).  
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SCC-lst-c (CEM III/A) and SCC-lst-p (CEM I, C/P = 0.5) suffer from larger extent of acid attack, 
resulting in greater damage of the matrix and the detachment of the aggregates. These two SCC 
mixtures have also indicated a different trend in the mass variation with a second attack-phase after 15 
weeks, resulting in a second mass gain with further formation of gypsum. This is attributed to the 
lower cement content in SCC-lst-p and the type of cement in SCC-lst-c. Blast-furnace slag cements 
with a minimum slag content of 66 wt% (CEM III/B) show good sulphate resistance (Trägårdh and 
Bellmann, 2007, Monteny et al., 2003). However, CEM III/A incorporated in SCC-lst-c has a slag 
content lower than that value, making this concrete mixture more vulnerable to sulphuric acid attack. 
 

Figure 5: SEM micrographs showing a dense transition zone (TZ) between attacked zone (AZ) and unattacked 
zone (UZ) where spherical fly ash particles are observed (left image); gypsum crystals (Gy) surrounding an 
aggregate (Agg) at the ITZ (right image as highlighted within the square in the left image) in SCC-fa. 
 
Conclusions 
 
Physical effect (pore structure of concrete) and chemical effect (chemical composition of mineral 
addition) play a combined role in the ultimate behaviour of SCC under sulphuric acid conditions. 
Despite higher porosity of SCC with limestone powder, this type of composition gives a rather good 
resistance to sulphuric acid attack due to the buffering effect created by calcium carbonate against the 
chemical attack. On the other hand, densification of the pore structure of SCC by fly ash and quartz 
powder to achieve lower permeability has induced low resistance to the acid attack. Densified pore 
structure leads to negative consequences by creating less pore space to accommodate stresses induced 
by the growth of relatively large gypsum crystals formed as a result of sulphuric acid attack.  
 
References 
 
- Bassuoni, M.T., Nehdi, M.L., 2007. Resistance of self-consolidating concrete to sulfuric acid attack with 
consecutive pH reduction. Cement and Concrete Research, 37 (7), 1070-1084. 
- Dinakar, P., Babu, K.G., Santhanam, M., 2008. Durability properties of high volume fly ash self compacting 
concretes.  Cement and Concrete Composites, 30 (10), 880-886. 
- Girardi, F., Vaona, W., Di Maggio, R., 2010. Resistance of different types of concretes to cyclic sulfuric acid 
and sodium sulfate attack. Cement and Concrete Composites, 32 (8), 595-602. 
- Monteny, J., Vincke, E., Beeldens, A., De Belie, N., Taerwe, L., Van Gemert, D., Verstraete W., 2000. 
Chemical, microbiological, and in situ test methods for biogenic sulfuric acid corrosion of concrete. Cement and 
Concrete Research, 30 (4), 623-634. 
- Monteny, J., De Belie, N., Taerwe, L., 2003. Resistance of different types of concrete mixtures to sulfuric acid. 
Materials and Structures 36 (258), 242-249. 
- Trägårdh, J., Bellmann, F., 2007. Sulphate attack. In Durability of Self-Compacting Concrete, State-of-the-art 
report of RILEM Technical Committee 205-DSC, RILEM Report 38, RILEM Publications S.A.R.L., 89-118. 
- Zhou, Q., Hill, J., Byars, E.A., Cripps, J.C., Lynsdale, C.J., Sharp, J.H., 2006. The role of pH in thaumasite 
sulfate attack. Cement and Concrete Research, 36 (1), 160-170. 

TZ  UZ

Agg

AZ 

Gy 



Improving Strength Testing and Customer Value 
 

1Koski P1* 
1 HC, Cementa Research, Slite, Sweden 

2Johansson N 
2 HC,Cementa Research, Slite, Sweden  

3Isaksson R,  
3Isaksson-Taylor Management Consultants, Visby, Sweden 

4Taylor N 
4Isaksson-Taylor Management Consultants, Geelong, Australia 

5Johansson S-E 
5HC, Cementa, Malmö, Sweden 

 
Abstract 
Cement quality in many companies is improving when defined as performance to target with low variation. Here, focus 
is on strength performance. Many companies are targeting strength ranges well within standard requirements. Ideally 
the contribution from testing variability should not be more than 10% of the total variance. However, this is often hard 
to achieve when cement variability is low. That is, even if testing performance is acceptable according to testing 
standards, the result can be unacceptable since testing variability could make up to 50% of the total variance. This puts 
pressure on improving strength testing beyond requirements in the method. Reducing testing variation will reduce the 
total variation at dispatch which also means improving the customer value. This paper is based on research in several 
laboratories with focus on the three Cementa plants in Sweden. The research presents main causes for strength test 
variation and how to reduce them. Also, a follow up system based on Statistical Process Control is presented showing 
how assignable causes in testing can be detected and actioned quickly. 
 
Originality 
The paper presents an old area of research – cement strength testing - from a practical point of view adding new 
insights from a control and management perspective. 
 
Chief contributions 
The paper indicates what is needed to achieve the testing accuracy required to correspond with world class cement. 
 
Keywords:  Strength testing, mortar density, L-value, control samples 
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Introduction 
 
Cement quality can be measured in many ways, but often the cement strength is used as the main 
indicator. Quality can be expressed both as the average strength and the level of variation. In the EN 
197-1 cement performance standard the average and variation are combined in what are called the L- 
and U-values. The L-value describes the level where 95% of the strength population is higher and the 
U-value where 90% of the population is lower. It could be argued that the L-value could be used as an 
indicator of customer value. Competent concrete producers with effective processes set more stringent 
requirements on cement producers. As an example Swedish customers require that cement final 
strength varies by no more than ± 4 MPa around a set target. This can be compared to the maximum 
range specified in the standard of ± 10 MPa. With tougher requirements on cement performance it 
becomes increasingly important to have reliable and precise cement testing. Ideally the contribution 
from testing variability should not be more than 10% of the total variance. However, this is often hard 
to achieve when cement variability is already low. That is, even if testing performance is acceptable 
according to testing standards, the result can be unacceptable as testing variability could make up to 
50% of the total variance. This puts pressure on improving strength testing beyond requirements in the 
method. Reducing testing variation will reduce the total variation at dispatch which also means 
improving the customer value when using the L-value. Cementa Sweden is aiming to reduce variation 
to less than 1.5 MPa as the yearly standard deviation for all dispatch samples from the same plant. 
Based on this, the variance contribution from cement testing can be calculated. The variance (V) is the 
standard deviation (s) squared. 
 
V=s2 
Vdispatch = Vcement + Vtesting = (1.5)2 = 2.25 
Vtesting (at 10%) = 0.225 meaning that smax=0.47 
Vtesting (at 20%) =0.45 meant that smax=0.67 
 
Testing variation comprising 10% of the total variance would for the targeted variation in Cementa 
indicate that the standard deviation s should be <0.5 MPa on a yearly basis and when accepting 20% 
the standard deviation should be <0.7 MPa. Compared to specified performance in the strength testing 
standard EN 196-1 these are tough requirements. The long term repeatability given in the standard is 
<3.5% relative variation. At a strength level of 55 MPa this corresponds to 1.9 MPa or more than the 
total projected cement variation.  The effect on the L-value is considerable. For the sake of this 
assessment we can assume cement with no variation with an s of 1.9 MPa being the testing variation. 
L= average cement strength – kA*s ; kA for n=100 (assuming the total of yearly samples) is = 1.93, 
which results in an L-reduction of 1.93*1.9=3.7 MPa. The testing variation reduces the L-value by 3.7 
MPa which at a strength level of 55MPa represents an almost 7% reduction of customer value as 
reported by the producer. If instead the testing variation can be brought down to 0.7 MPa the reduction 
on the L-value is reduced to 1.35 MPa. The potential in reducing testing variation from the level 
required in the standard of 1.9MP to 0.7 MPa is an increase in the L-value of 2.3 MPa or about a 4% 
increase in reported cement performance. Depending on the market circumstances this could allow the 
same performance in L-value to be maintained at a lower production cost. In order to achieve a long 
term repeatability of 0.7 MPa, or about 1.3% as the Coefficient of Variation, world class testing is 
required. Not only does testing need to be consistent, but there also needs to be a good control loop 
based on statistical understanding that identifies when corrective actions are needed. The purpose of 
this paper is to identify the most important parameters affecting testing and how to control them,  
 
Cement strength testing 
The studied cement strength testing is performed according to EN 196-1. A mortar with water/cement 
ratio 0.50 containing cement, water and CEN Standard sand is mixed in a mixer. Each mix consists of 
450g cement, 225g water and 1350g sand, and is made for each compressive strength age. The mortar 
is moulded in steel moulds after mixing with one mix filling one mould. The steel mould consists of 
three compartments, so that three prismatic specimens (40×40×160 mm), hereafter called mortar bars, 



are moulded at the same time. The moulds are filled by the operator and the compaction is performed 
by a jolting table. After filling, compaction and removal of excess mortar, the moulds are placed in a 
moist cabinet (20 ± 1°C, >90% RH) for 24 hours. Specimens for 1-day strength testing are tested 
directly after demoulding. All other specimens are cured in water (20 ± 1°C) until strength testing is 
required, when the compressive strength is determined using a compression testing machine. Each 
prism is split into two halves, which are loaded separately into the testing machine and compressed at 
a rate of 2400 ± 200 N/second. The compressive strength (MPa) is calculated by dividing the maximal 
load at yield by the area under load. The compressive strength of the cement at a given age is derived 
from the mean compressive values of six prism halves. 
 
 
Causes of variation 
 
Variations in materials, mortar and storage temperature, laboratory conditions, humidity cabinet and 
water bath influence the compressive strength. The temperature of the materials and the moulds are 
influenced by the laboratory environment. The compaction of the mortar in the mould has a major 
influence on the compressive strength. The compaction is affected by the operators’ procedure for 
filling, striking and levelling off and by the compaction efficiency of the jolting table. The jolting table 
has some problems with variability, (CEMBUREAU, 1983). The size of the mortar bars can also differ 
due to the moulding and strike off procedure.  Even if material and equipment factors are covered in 
the standard, variations within the standard still could contribute to excessive variance. Based on our 
discussions and brief literature review operator influence was identified as one of the most likely 
causes for variation. The operator influence is assumed to result in variations in density that lead to 
strength variations. The two main causes elaborated further below are the compaction of the mortar 
(density, weight) and the influence on the procedure by the operator.  
 
 
Mortar bar density and weight and operator influence 
 
An investigation was carried out to study the influence of operator handling on mortar strength. In the 
investigation 7 operators prepared 5 mixes according to EN 196-1:2005, to produce a total of 35 
mixes, or 105 mortar bars of 160 x 40 x 40 mm. Type CEM I 52.5 R cement from a single batch was 
used for all tests and strength was tested only at 7 days. Mortar bar weight and density were also 
measured.  
 

 
 
Figure 1: Mortar bar weight plotted versus strength (left side diagram) and mortar bar density plotted versus 
strength (right side diagram). The correlation (R2) is significantly higher for the plot of density vs. strength. 
 



The results from this trial show that variations in strength can be better explained by variations in 
density than by variations in weight, see Figure 1. A heavier mortar bar does not necessarily indicate 
that the strength is higher because the higher weight could be due to increased mortar bar height and 
not increased density. This is the probable reason for the poorer correlation of weight versus strength. 
In compressive strength testing the area covered by the platen loading the mortar bar is always 40 by 
40 mm, so oversized mortar bars should not result in any substantial extra strength. Figure 1 also 
shows that for an increase in mortar bar density of 10 kg/m3 the 7d strength is raised by 0.8 MPa.  
 
Operator influences are cited in the literature as one of the main causes for testing variation, 
CEMBUREAU (1983). The EN 196-1:2005 standard describes in detail how to fill the mould 
compartment, strike off excess mortar and smooth the mould surface but in spite of this guidance 
slight differences in technique inevitably lead to strength variations. The seven operators in this 
investigation belong to three different laboratories but the equipment is of the same type at all three 
sites. To determine whether mould position may also influence strength the six mortar bar halves in 
each mix were uniquely identified according to their position in the mould, as shown in Figure 2. In 
addition to strength tests, other measurements on the moulded bars included mortar bar height, weight, 
and density.  

 

 
 

Figure 2. The labelled position of the six mortar bar halves. 
 

Findings here showed that the mortar strength level varied depending in which laboratory the mortar 
bars were made (Figure 3). This shows that Laboratory No. 1 had the lowest average strength value 
and Lab No.2 the highest. The consistency between the pairs of operators from each laboratory 
suggests that the different strengths are more equipment rather than technique related. But even when 
the operators belong to the same laboratory, they still produce different levels of variation. So it seems 
that differences in operator technique also contribute directly to the standard deviation 
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Figure 3. Mean value of all 5 mixes and calculated standard deviation. Operators A and B belong to lab 1, 
operators C, D, and E belong to lab 2 and finally operators F and G belong to lab 3. 
 
 
Effects on strength of bar height, weight and density 
 
As a further check, results of weight, measured height and density were compared to the strength. 
Since the measured height varies between operators, and also for the same operator, one can expect the 



weight to vary. Observation shows the operators make the mortar bars in slightly different ways, 
which can result in significant differences in mean bar weight. For these operators the mean mortar bar 
weight ranged between 575 to 588 grams. This indicates handling differences. The measured heights 
vary overall between 39.7 and 41.3 mm. For most operators the mortar bar heights do not seem to 
correlate with strength. However, the mortar bars by Operator D in the positions labelled 1, 2, and 3 
show a correlation with strength in that increased measured height increases strength. The same 
operator showed a similar correlation in a previous investigation.  
 

 
 
Figure 4. Left diagram shows density plotted against strength for mean of each mix but with Lab No.1 data 
omitted. Standard deviations for the same entities, are presented in the diagram on the right. 
 
The density should in theory affect the strength because a denser mortar bar with lower air content 
should give a higher strength. In this investigation Lab No. 1 used a different method to measure 
density which was subsequently shown to give an incorrect density level. Therefore the average was 
not used but only the standard deviation. Two operators, D and G show a correlation between density 
and strength on one side of the mortar bar halves (side 4, 5, 6 and 1, 2, 3 respectively). It seems that 
material handling by the operator has an important effect on density, weight and strength. In general, 
as the standard deviation in strength increases the standard deviation in density does also, see Figure 4. 
However, operators D and F seem to deviate from the trend line. Operator F has a relatively high 
standard deviation in strength compared to the standard deviation in density. The explanation could be 
that one mix has an unexpectedly high strength in relation to the measured density. Operator E, with 
the smallest standard deviation in both density and strength could be used as the benchmark for 
developing operator techniques. 
 

 
 
Figure 5. A mortar bar cut apart and analysed with air pore analysis. The left mortar bar side air content is 4.5 % 
and the right side air content is 3.7 %. 
 
The correlation between density and strength as shown in Figure 1 right diagram is not as good as 
could be expected. From another investigation (mortar bar made by operator D) an analysis of the air 
pores in a prism reveals that the air pores are not uniformly distributed, see Figure 5. The air content 



of two halves are 4.5 % and 3.7 % respectively. The half with the higher air content also has larger air 
pores. If the air pores are not uniformly distributed in the direction of compression during a strength 
test then the strength can be reduced. The strength reduction is due to a sloping load profile. This 
could be one reason for the deviation between the expected and the found correlation between density 
and strength. How the air pores are distributed and their size is most likely a consequence of the 
operator technique. This hypothesis needs further testing and confirmation. 
 
 
Other causes of variation 
 
Worn platens could be a problem that is not detected at calibration. Worn platens usually have 
rounded edges and are no longer truly flat. This concentrates the load supporting area through the 
prism so the mortar bar will break at a lower indicated strength. In this study different platens have 
been compared using both a new set and reworked ones without any particular differences becoming 
apparent. However, based on other tests and experience, worn platens could in the worst case reduce 
mortar strength by up to 10%. One way of avoiding this problem is to use tungsten carbide platens, or 
change the case hardened steel platens yearly after about 2000 mixes (1mix = three mortar bars and 6 
tests) or 12000 tests in total, which is the normal practise in these laboratories.  The jolting apparatus 
must be installed on a massive concrete block using mortar bedding. Alternative bedding under the 
jolting table, such as using paper packing, affect the vibration dampening and can lead to considerable 
loss of strength (some 2-3 MPa in recent tests). The number of jolts also has an effect, with additional 
jolts beyond the normally specified number (2 x 60 jolts) potentially increasing the measured strength, 
see Figure 6. Temperature could affect both early and final strength. The usual experience is that a 
slightly higher temperature increases the early strength but could reduce the final strength. To reduce 
this risk the temperature in the laboratory, humidity cabinet and water bath should be monitored 
continuously and maintained as close as possible to the target value. That is, even if the standard for 
the water bath indicates 20 ± 1 °C, the control limits should be much tighter, for example at ± 0.1 °C. 
The standard limits should be seen as tolerance limits with actual control kept well within them. 
Monitoring is not enough and actions also need to be taken when required. The easiest solution to this 
is to appoint a lead operator to be responsible for follow up.  
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Figure 6. Relationship between density and strength illustrated by varying amount of jolts.  
 

Repeatability and reproducibility with reference and control samples 
 
 
The testing challenge is to obtain the correct strength value with little variation over time. This 
requires two things, participation in a Round Robin test to define the correct value and the use of a 



weekly control sample to keep track of short term variation. Based on, for example, the average value 
of a chosen number of Round Robin tests, a target strength can be set for both early and final strength 
using the average difference. The difference between the target and the actual value can then be 
continually monitored using Statistical Process Control (SPC), see for example Oakland (1996). To 
monitor the short term strength variations a weekly control sample is usually prepared yearly from an 
homogenised batch of cement. Based on the initial test results target values for strength with ± 3 s 
control limits are then set. Also, the rolling standard deviation can be followed up as a measure of the 
repeatability.  Based on the calculations used earlier the repeatability over the year should be <0.7 
MPa. See Figure 7 for an example of follow up of control samples. Control samples can often detect 
seasonal variations in testing. The weekly samples have to be individually stored and well sealed to 
assure that there are minimal effects from aging, which could especially affect the early strength 
results. Control samples are used for assuring strength control and as support for improvement work. 
The current Cementa testing variation based on control samples is about 1 MPa for 28 days, or about 
2% relative standard deviation. While this is well within the standard requirements the target is to 
reach an average s over the year of <0.7 MPa. Results since the beginning of the year (Figure 7) 
indicate lower average and individual values in the September-November periods with increased 
variation, and both trends are typical reasons for further analysis.  
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Figure 7. Example for the follow up of strength level. Limits at ± 3 s have been set based on the 15 first results. 
The line represents a rolling average for 6 values.  
 
 
Conclusions and discussion 
 
The initial results from tests carried out in the Cementa Laboratories indicate that the main 
contribution to strength variability is from variations in density apparently caused by variation in 
operator technique. Standardising these practises, which is being done, is expected to reduce the 
testing variance significantly. It is still too early to say if this will be enough to reach the target of <0.7 
MPa, but with reduced operator influences it should also be possible to detect other causes of variation 
better. Obtaining the same density in the different laboratories should reduce the difference in the 
strength average obtained. The standardisation of operational practises should also help to improve the 
reproducibility.  
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Abstract 
In this paper investigations on belite cement with high hydraulic activity are presented. Currently, the technology of 
belite cement production is a subject of very intensive research works. Solutions in this matter cover low-lime 
cement clinkers produced at lowered clinkerization temperature, guarantee low energy consumption and reduced CO2 
emission on product’s unit. In the paper new conceptions concerning chemistry and technology of belite cements are 
discussed. 
In comparison with Portland cement clinkers, special clinkers with limited content of high-lime phases; alite up to 15% 
and max 4% C3A were produced. Quantity of low-lime phases C2S and C4AF reached to 60% and 15% respectively. To 
obtain better burnability of raw-mix and for activation of hydraulic properties, clinkers were doted by 3% SO3. The 
burning tests of special belite clinkers were realized using laboratory furnace and semi industrial rotary kiln.  
It was stated, that clinkerization temperature of the mentioned special belite-ferrite clinker is decreased about 100 0C. 
The clinker containing 1,5-2,5% free lime was very soft sintered and showed very good grindability. Strength 
determination proved very good hydraulic activity of special belite-ferrite clinker. Compressive strength after two days 
of cements ground to a specific surface area 4500 cm2/g was 10-12 MPa, after 28 days 70 MPa and after 360 days 90 
MPa. 
The XRD and SEM investigations of special belite-ferrite clinker microstructure proved that main phases of that clinker 
are β-C2S and C4AF with high SO3 concentration in solid solution. This phenomenon can explain high hydraulic activity 
special belite-ferrite clinker by crystal-chemical modification of the clinker phases. 
 
Originality of the research 
The problems described in the paper contribute original conception to cement chemistry and technology of special 
energy saving and low emission special belite cements. 
The problem to reduce energy consumption and CO2 emission in cement production processes is one of the most 
important duty in cement industry. The solutions in this matter cover two main trends; blended cements production with 
large quantity of non-clinker constituents and manufacturing of low-lime special clinker with lowered clinkerization 
temperature and CO2 emission on product’s unit. Extraordinary interests of specialist in cement chemistry are 
challenges of belite cements technology with high hydraulic properties. The conceptions of belite cement technology 
given in the paper concern special low-lime belite-ferrite cements. The results described in the paper concerning new 
technological assumption according to phase composition of the clinker and activation parameters to obtain clinker 
with very good hydraulic activity.  
 
Chief contributions made by the research 
Chief contributions made by the research provide new reasons in cement chemistry, according to energy-saving low-
emission special belite cements. It is necessary to note questions connected with physical-chemical modification of 
cement hydraulic activity. The investigations data and tested solutions of clinkerization process can be used as a base 
for technology requirements of active belite cements 
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Introduction 
 
The problem to reduce energy consumption and CO2 emission in cement production processes is one 
of the most important duty in cement industry. The solutions in this matter cover two main trends; 
blended cements production with large quantity of non-clinker constituents and manufacturing of low-
lime special clinker with lowered clinkerization temperature and CO2 emission on product’s unit. 
Since last ICCC extraordinary interests of specialist in cement chemistry are challenges related with 
problems to reduce CO2 emission in cement production process. 
Main assumption to modify phase composition of OPC clinker is replacing C3S and C3A with lower 
lime phases C2S, C4AF, C4A3$. General problems of low-lime clinker technology are to obtain binder 
with mechanical properties similar to OPC clinker. For belite cements problems come from very pure 
hydraulic activity, β form of belite in OPC clinker.  
To solve this problem very extensive researches are investigated covering physical-chemical aspects 
of improving hydraulic activity of belite cements (Campillo et al., 2007, Kacimi et al., 2009 and 
2010, Morsli et al., 2007). On the other way technologies of low emission cements containing next to 
belite low-basic phase:  C4A3$, C4AF are developed, i.e. belite sulphoaluminate cements and belite 
calcium-sulphoaluminate ferrite cements (Martin-Sedeno et al., 2010, Pelletier et al., 2010). 
Extremely values of CO2 reduction in mentioned production process of special low-lime clinkers are 
obtained using raw materials containing CaO not combined in carbonate minerals, including waste 
materials (Guerrero et al., 2004, Kacimi et al., 2010, Pimraksa et al., 2009).     
In this paper the conceptions of belite cement technology are aimed for special low-lime belite-ferrite 
cements. The questions concern new technological assumption according to phase composition of the 
clinker and activation parameters to obtain clinker with very good hydraulic activity. 
In comparison with OPC clinkers, special clinkers with limited content of high-lime phases; alite up 
to 15% and max 4% C3A have been analyzed. Low-lime phases C2S and C4AF reached to 60% and 
15% respectively. To obtain better burnability of raw-mix and for activation of hydraulic properties of 
clinker raw-mixes were doted by 3% SO3. 
Another aspects presented technology of special belite-ferrite clinker were: using non-carbonate raw 
materials for raw-mix preparation and very fine grinding of raw materials.  That conception assumes 
lowering clinkerization temperature of the mentioned special belite-ferrite clinker, even about 100 0C. 
Consequently very soft sintered clinker should indicate high hydraulic properties of poor crystallized 
phases belite and brownmillerite. Good grindability of the clinker gives another possibility to activate 
hydraulic properties by fine grinding with rational energy consumption.  
Given assumptions of technology of special belite-ferrite clinker were verified by semi-industrial 
production trials using rotary kiln.  
Produced clinker had very good properties: compressive strength after two days of cements ground to 
a specific surface area 4500 cm2/g was 10-12 MPa, after 28 days 70 MPa and after 360 days 90 MPa. 
That strength development explains clearly hydration process investigations using XRD, TG and 
microscopy method. 
 
 
Materials 
 
1. Raw materials for belite clinker production 
 
For production a batch of active belite clinker raw materials characterized in Table 1 were used. 
Chemical composition and fineness are given. It was assumed that all raw materials for belite clinker 
production did not contain carbonates forms. All materials were very fine powders. Hydrated lime and 
aluminate cement were market products, meanwhile halcedonite was a waste from halcedonite rocks 
processing, iron oxide was a pigment containing Fe3O4 and anhydrite was natural powdered rock. 
 
 



Table 1: Chemical composition and fineness of the raw materials for belite clinker production 

Raw 
materials 

Fineness 
Grain 

size, µm 

Chemical composition 
LOI SiO2 Al 2O3 Fe2O3 CaO SO3 K2O Na2O 

[ % of mass ] 
Hydrated 

lime 
<45 25,15 1,80 0,58 0,30 70,79 0,00 0,11 0,05 

Halcedonite <10 2,20 90,40 3,21 3,03 0,3 0,00 0,15 0,04 

Aluminate 
cement 

<90 0,50 0,10 69,39 0,29 29,0 0,00 0,08 0,00 

Iron Oxide <15 0,12 0,12 0,50 95,20 trace trace trace trace 
Anhydrite <90 2,40 0,58 0,20 0,12 40,21 56,12 trace trace 

 
 
2. Belite clinker production 
 
Active belite clinker production assumed the following parameters: 

• Lime Saturation Factor: 80 
• C3S content: 20% 
• C2S content: 55% 
• C3A content: max 3% 
• C4AF content: 15% 
• SO3 content: 3% 
• CaOfree: <1,5% 

 For determination of hydraulic activity properties about 100 kg batch of belite clinker was produced. 
The clinker was burnt using semi-industrial open rotary kiln with dimensions of 0,39/0,54 x 7 meters. 
Temperature of clinkerization process was 1350°C with slow cooling rate. 130 kg of raw mix 
calculated for mentioned raw materials was burnt. Characteristics of produced clinker are given in 
Tables 2-3.  
 

Table 2: Chemical composition of the active belite clinker 

Active 
belite 
clinker 

LOI SiO2 Al 2O3 Fe2O3 CaO MgO SO3 K2O Na2O CaOfree 

 
0,88 

 
24,41 

 
3,81 

 
4,22 

 

 
62,45 

 
0,75 

 
2,86 

 
0,14 

 
0,08 

 
1,22 

 
Table 3: Phase composition of the active belite clinker - Bogue calculation 

Active 
belite 
clinker 

LSF C3S C2S C3A C4AF C$ 

81 19% 55% 3% 13% 5% 

 
 
3. Belite cement preparation 
 
For investigation of hydraulic activity of produced belite clinker a 20 kg batch of cement was 
prepared. Clinker was ground with 4% gypsum addition to obtain fineness 4500 cm2/g according to 
Blaine method.  
 
 
 
 



Scope of determination and testing method 
 
The following examinations for active belite clinker were done: 

• Microstructure of belite clinker by optical microscope method;  
• Normative mechanical properties of belite cement after 2, 7, 28, 90, 180 and 360 days of 

hydration according to EN 196-1 (mortar 1:3); 
• Physical properties of belite cement according to EN 196-3 Standard; 
• Heat of hydration according to EN 196-9; 
• Hydration products of belite cement by XRD and TG determination. Ca(OH)2 and bound 

water in paste with 0,4 w/c ratio, after curing time: 2, 7, 28 and 90 days were analyzed.  
 
 
Results and discussion  
 
Presented results in Tables 2-3 indicate that chemical and phase composition of obtained belite-ferrite 
clinker correspond to planned conditions. LSF ratio – 81 ensure alite quantity below 20% and 55% of 
belite. Brownmillerite is a dominating phase in the matrix and its content in clinker calculated by 
Bogue method is 13% with 3% C3A content. That minerals proportion according to Bogue calculation 
is confirmed by XRD examinations as well, where main identified phases are belite and 
brownmillerite. Belite is identified as a β-C2S. There are no lines coming from C3A and very low 
intensity of alite lines, Figure 1. 
 

 
 

Figure 1: XRD pattern of active belite-ferrite clinker 
  

These proportions of mineral phases in belite-ferrite clinker are also confirmed by microscopy 
observations. Figures 2 and 3 show that belit is a main clinker phase in shape of regular or irregular 
crystals showing minimal development of lamella and nontwinned crystals. That microstructure 
should be related with high sulphur content in clinker. Alite crystals are rare and matrix contain 
mainly ferrite phase. 
Results of mechanical and physical properties of obtained active belite-ferrite clinker are given in 
Tables 4-5. Belite-ferrite cement achieved 12 MPa moderate early compressive strength after 2 days 
and huge strength development after 28 days of hardening. Compressive strength after 28 days is 74 
MPa. After 1 year cement achieved 90 MPa. That strength development should be related with high 
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hydraulic activity of belite. High reactivity of that phase ensures high compressive strength after 7 and 
28 days of hardening. Alite and brownmillerite phases seem to decide about 2 days strength.  
 

a)  b)  
Figure 2: Microstructure of active belite clinkers  

a) round and irregular belite crystals showing minimal development of lamella and nontwinned crystals. 
Magnification 500x. 

b) belite crystals microstructure similar to picture a). Angular alite crystals. The matrix phase with domination 
of bright crystals of ferrite. High porosity structure. Magnification 500x. 

 
Table 4: Mechanical properties of the active belite cement 

Cement Flexure Strength after days [MPa] Compressive Strength after days [MPa] 
Active 
belite 

cement 

2 7 28 90 180 360 2 7 28 90 180 360 
 

2,8 
 

6,0 
 

9,5 
 

9,5 
 

9,1 
 

9,1 
 

11,6 
 

33,0 
 

74,0 
 

85,1 
 

87,6 
 

89,0 

 
Table 5: Physical properties of the active belite cement 

 
Cement 

Specific 
surface 
[cm2/g] 

Density 
 

[g/cm3] 

Water 
demand 

[%] 

Initial 
time 
[min] 

Final 
time 
[min] 

Soundness 
 

[mm] 

Consistence 
 

[cm] 
Active 
belite 

cement 

 
4600 

 
3,16 

 
27,2 

 
90 

 
145 

 
7 

 
20,2 

 
Heat of hydration examinations confirm that aspect, including evaluation of heat of hydration and 
cement hydration products in function of curing time, Table 6 and Figures 3-5. Amount of portlandite 
after 2 days of hardening given in Table 6 indicates dominating influence of alite on hydration 
process. However, determined 9,9% Ca(OH)2 amount with theoretic portlandite quantity from 
hydration of 19% of alite being 7,5% indicates belite participation in early stage of hydration and 
hardening process. It is confirmed by XRD patterns in Figure 3.  
 

Table 6: Hydration product of active belite cement 

 
Cement 

Portlandite content after days of hydration Bound water content after days of hydration 
2 7 28 90 2 7 28 90 

% of mass  
Active 
belite 

cement 

 
9,90 

 
12,75 

 
16,94 

 
17,26 

 
10,66 

 
17,60 

 
18,93 

 
24,53 

 
 

ββββ-C2S 

ββββ-C2S 

Alite 

Ferrite 
phase 

Pores 



Figure 3: Hydration of active cement constituent after hydration time 
days, e) 90 days. XRD patterns Co 

Figure 4: Hydration products of active belite cement after hydration time 

Figure 5: a) Heat of hydration of 
 
Significant decrease of β-C2S lines is observed a
decrease after 28 days of hydration.

 10                                         
                                                                
 

 
: Hydration of active cement constituent after hydration time – a) 0 days, b) 2 days, c) 7 days, d) 28 

days, e) 90 days. XRD patterns Co Kα 37−40 2Ө. 

 

 
 

: Hydration products of active belite cement after hydration time – a) 2 days, b) 90 days. 
XRD patterns Co Kα 10−23 2Ө. 

 

of active belite cement b) Rate of heat evaluation of active belite cement

lines is observed already after 2 days of hydration
decrease after 28 days of hydration. Relations given in Figure 3 confirm very high hydraulic activity 
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a) 2 days, b) 90 days.  

 
active belite cement 

lready after 2 days of hydration, which rapidly 
Relations given in Figure 3 confirm very high hydraulic activity 
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of β-C2S phase in belite-ferrite clinker. Brownmillerite role in developing of early compressive 
strength is confirmed with high amount of ettringite in hydration products after 2 days, Figure 4 and 
rapid decrease of brownmillerite intensity lines, Figure 3. 
Very high speed of cement hydration in initial hardening period is confirmed by curves of heat of 
hydration, Figure 5. Kinetic of heat hydration of belite-ferrite cement is higher than that of OPC CEM 
I 32,5R. That relation is a result of rapid hydration of poor crystallized alite phase, forming in lowered 
clikerization temperature. Cumulative heat of hydration of belite-ferrite cement is very low because of 
low heat of hydration of dominating belite and ferrite phases. 
Results of normative properties of cements given in Table 5 emphasize very advantageous parameters 
of belite-ferrite cement, typical setting conditions for OPC, beneficial water requirement and very 
good workability properties. 
 
 
Conclusions 
 
Results presented in this article allow to make following conclusions: 
 

• Active belite clinker can be obtained. Besides main β-C2S phase brownmillerite and alite are 
present; 

• Main conditions to obtain active belite clinker are: proper chosen, fine raw materials;  
• SO3 presence is required for activation of belite clinker; 
• Active clinker was characterized by good mechanical and physical properties 
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Abstract 
EN 197-1 Standard specifies eight non-clinker constituents for common cement production: granulated blast furnace 
slag (S), natural pozzolana (P), natural calcined pozzolana (Q), siliceous fly ash (V), calcareous fly ash (W), burnt 
shale (T), limestone (L, LL), silica fume (D). Mentioned non-clinker constituents should be used for composite cements 
production, which in opposite to Portland cements CEM I, contain one or more non-clinker constituents. Portland 
composite cements CEM II, composite cement CEM V and blast furnace slag cement CEM III amount to 60% European 
commercial scale of cement production. In respect of demands to reduce CO2 emission in cement industry, further 
development of composite cements production can be anticipated. Respectively, composite cements containing lower 
content of energy-consuming Portland clinker are subject of comprehensive research works on their properties and 
building application conditions. In this paper, part of very extensive research works on Portland composite cements 
CEM II/B are presented. Cements CEM II/B containing only one non-clinker constituent and cements CEM II/B-M 
containing two or three non-clinker constituents have been analyzed. The normative properties of Portland composite 
cements containing one, two or three non-clinker constituents were compared. Additionally, the performance quality 
data of concrete made of these cements, covering durability tests on carbonation corrosion, chloride penetration and 
sulfate resistance have been discussed.  
 
Originality 
It was stated that normative mechanical and physical properties of Portland composite cements CEM II/B-M containing 
two or three non-clinker constituents are generally better than cements containing only one non-clinker constituent. The 
same result was observed for performance properties, which stimulate durability of concrete. The synergic effect was 
especially clearly observed for CEM II/B-M (S-V) and CEM II/B-M (S-LL-Q). This phenomenon could be explained by 
microstructure SEM observation and phase composition determinations of mortar and concrete after curing in different 
exposure classes. The Portland composite cements containing two or three properly chosen and composed constituents 
give cement matrix and interface zone providing better concrete durability. The most important reason in creating 
better properties of analyzed Portland composite cements is probably very dense microstructure cement hydration 
product with specific forms of C-S-H phase.  
 
Chief contributions 
The production and usability of composite cements in concrete technology are subject of comprehensive research 
works. The development of blended cement production is a great driving force by possibility of energy saving and CO2 

emission decreasing in cement industry. Blended cements in European market amount of 60% of cement production. 
Depending on historical experience of the industry in any country, very different non-clinker constituents are used, most 
common are: siliceous fly ash, granulated blast furnace slag and limestone. In the presented paper, blended cements 
containing fly ash, slag, limestone and some kind of pozzolana (Q) were taken into consideration. Original 
compilations of mentioned constituents in composite cements were explored and analyzed. New interpretation of very 
good properties of these binders was given. 
The research works realized for new kind of Portland composite cements very clearly confirmed synergic effect of non-
clinker constituents in stimulation of normative and performance properties. The result in this matter gives possibility 
to produce high quality composite cements with minimization of energy consumption and CO2 emission per unit of 
product. 
 
Keywords: Portland composite cement, non-clinker constituent, synergic effect 
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Introduction 
 
Cements with non-clinker constituents become more popular in construction practice. Rapid 
production increase of composite cements containing one or more mineral constituents is especially 
observed in last decade. Manufacturing of such cements leads to reduction of cement cost production 
by supplementing some ordinary Portland cement clinker part with non-clinker constituents. On the 
other hand, great development’s dynamic of cements with mineral constituents production is 
connected with CO2 tasks related with emission of carbon dioxide from production processes. 
Keeping CO2 emission limits has to be taken into consideration in amount of cement production. 
Tendencies of development of composite cements production observed in Europe countries are 
presented in Figure 1a. In United Europe countries the production amount of this cements type 
reaches almost 70% of total cement manufacturing. 
Different non-clinker constituents for composite cement manufacturing are used in several countries, 
depending on local experience and tradition of cement industry. EN 197-1 Standard specifies eight 
non-clinker constituents for common cement production: granulated blast furnace slag (S), natural 
pozzolana (P), natural calcined pozzolana (Q), siliceous fly ash (V), calcareous fly ash (W), burnt 
shale (T), limestone (L, LL), silica fume (D). Limestone LL, siliceous fly ash V and slag S Portland 
cements are most frequent manufactured Portland composite cements in CEMBUREAU countries. 
Especially large amounts of limestone are used for composite cement production. These cements are 
main product in France, Italy and Denmark. Portland composite cements with more than one non-
clinker constituent significantly participate in cements production in CEMBUREAU countries, Figure 
1b. 

 
Figure 1: Production assortment of cements in CEMBUREAU countries - M: cements containing more than one 

non-clinker constituent (Cembureau data, 2006-2009) 
 

Requirements in reducing clinker content in cements leads to extended researches on new types of 
cements containing large amounts up to 80 % of two or more non-clinker constituents. Composite 
cements CEM X are considered as a new type of CEM V composite cements containing also, besides 
slag and pozzolanic constituents V, P, Q other constituents according to EN 197-1 Standard. 
Especially cements with LL are intensively examined. Work on this field, conducting by European 
Committee for Standardization CEN/TC 51 is presented in diagrams - Figure 2. 
Performance properties of composite cements are next very main factor of their development 
progress. It was proved that some mechanical and physical properties of composite cements 
containing non-clinker constituents are better than these observed for Portland cement CEM I. Such 
cements give concrete and mortar with good mixture rheological properties, good mechanical 
properties and high corrosion resistance of aggressive medium. Particularly advantageous are 
obtained for composite cements with two or more non-clinker constituents. This synergic effecting, so 
beneficial creating the cement parameters due to each constituent interaction on properties is 
especially visible for slag-fly ash composite cements (Chladzynski, Garbacik, 2008). 
Properties of chosen cements with non-clinker constituents, in particular CEM II/B-M cement types 
containing at least two mineral constituents were presented in this paper. There were cements with 



granulated blast furnace slag (S), siliceous fly ash (V), natural calcined pozzolana (Q), and limestone 
(LL). Typical normative cements properties were compared. Original compilations of mentioned 
constituents in composite cements were explored and analyzed. Chosen results from wide 
performance properties examinations of concrete made of these cements were included in synergic 
effect analysis.  
 

 
Figure 2: Cements containing up to 3 main non-clinker constituents (Wolter, 2010a) 

 
 
Materials 
 
For investigation, the following Portland composite cements were used: 

• Portland composite cements containing composition of non-clinker constituents:  
CEM II/B-M (S-LL), CEM II/B-M (S-Q), CEM II/B-M (S-V) and CEM II/B-M (S-LL-Q); 
• Reference cements – Portland composite cements containing only one non-clinker 
constituent: CEM II/B-LL, CEM II/B-S, CEM II/B-V and ordinary Portland cement CEM I. 

All mentioned cements were produced in the semi- industrial scale by means of ball mill with 
capacity of 100 kg. Blending system of initially ground ordinary Portland cement clinker with non-
clinker constituents was applied for constant proportion 70% clinker and 30% non-clinker 
constituents and for constant mixing time 5 minutes. Proportions of CEM II/B-M cements 
constituents were kept for 1:1 or 1:1:1 ratio. Addition of gypsum as a setting time regulator provided 
constant 3% SO3 content in cements. All materials for composite cements production are 
characterized in Table 1. 
 
 

Table 1: Characteristic of used materials 

Material/parameter 

Ordinary Portland cement clinker 
Industrial product; Finenesses Blaine - 3800 cm2/g; Phase composition: 
C3S - 60%, C2S - 18%, C3A - 9%, C4AF - 9%; Na2Oe  -0,81%; CaOf - 1,5%  

Granulated blast furnace slag (S) 
Glassy phase - 98,5%; Initial (ground) finenesses Blaine - 4000 cm2/g; 
CaO+MgO/SiO2 ratio - 1,41; Al2O3 content - 7% 

Siliceous fly ash (V) 
Finenesses Blaine - 3800 cm2/g; Finenesses, residue on 45 µm sieve - 36%; 
LOI - 3,5%; Unburnt carbon - 3,5%; Free calcium oxide - trace; Activity 
index - K28 81%, K90 90% 

Natural calcined pozzolana (Q) 
Calcined coal shale from FBC system; Finenesses Blaine - 4000 cm2/g; 
LOI - 3,15%; Phase composition: Quartz, Metakaolinite, Anhydrite - 13%, 
Illite, Calcite - 3,6%, Free calcium oxide - 3%, Hematite 

Limestone (LL) 
Finenesses Blaine - 6000 cm2/g; CaCO3 content - 91%; TOC - 0,06%; Clay 
content - 0,15g/100g 

Gypsum additive Chemical gypsum; CaSO4•2H2O - 95,5%; Finenesses Blaine - 4500 cm2/g 



Scope of determination and testing method
 
The following examinations for cements quality assessments were done:

• Normative mechanical 
Standards; 

• Heat of hydration according to EN 196
• Durability properties: sulfate resistance

chloride penetration (AASHTO T259
• Microstructure of hardened cement matrix by SEM methods. 

In the paper mechanical properties, durability performance criteria and microstructure observations 
are discussed. 
 
 
Results and discussion 
 
1. Mechanical properties of composite cements
 
Relation of compressive strength 
non-clinker constituents is shown

Figure 

Compressive strength curve of 
pozzolanic constituent. Slow rate of strength increasing
increasing after long hardening time
during hardening process. Similarly
slag cement CEM II/B-S. High strength increase of this cement in longer period is mainly contributed 
to pozzolanic-hydraulic reaction.
increasing characteristic. CEM II/B
in long term of hardening, Figure 3a
proportional to limestone addition

Scope of determination and testing method 

The following examinations for cements quality assessments were done: 
mechanical and physical properties according to EN 196

Heat of hydration according to EN 196-9; 
: sulfate resistance (P 18-837), carbonation resistance
AASHTO T259-80); 

Microstructure of hardened cement matrix by SEM methods.  
mechanical properties, durability performance criteria and microstructure observations 

roperties of composite cements 

compressive strength development of Portland composite cements containing one or more 
is shown in Figure 3. 

 

Figure 3: Compressive strength of composite cements 
 

Compressive strength curve of Portland fly ash cement CEM II/B-V is typical for cement with 
. Slow rate of strength increasing in first 28 days of hardening

after long hardening time is observed. This relation is created by pozzolanic reaction 
Similarly, slow strength increase in first days is also observed for Portland
igh strength increase of this cement in longer period is mainly contributed 

hydraulic reaction. Portland limestone cement CEM II/B-LL has different s
CEM II/B-LL indicates good early strength and very poor strength increase 

Figure 3a. 28 days compressive strength of limestone cements decreases 
ddition in cement (Chladzynski, Garbacik, 2008). 

properties according to EN 196-1 and EN 196-3 

resistance (EN 13295), 

mechanical properties, durability performance criteria and microstructure observations 

ite cements containing one or more 

 

 

V is typical for cement with 
in first 28 days of hardening and high strength 

This relation is created by pozzolanic reaction 
slow strength increase in first days is also observed for Portland 

igh strength increase of this cement in longer period is mainly contributed 
has different strength 

very poor strength increase 
compressive strength of limestone cements decreases 



Influence of slag S, fly ash V, 
composite cements is observed
constituents. That synergic effect is very clearly confirmed by data presented 
Synergic effect is particularly noticeable for fly ash
M (V-S) is significantly higher than cements CEM II containing only on
fly ash, Figure 3b. 
It might be assumed that presented synergy effects of 
are correlated with modification of hydration process
products and creating non-additive properties.
cements can prove this thesis. 
 
 
2. Performance properties of concretes
 
Literature confirms good influence of composite cements on concrete properties 
2003, Giergiczny, Sokolowski, 2008
cements CEM II/M, depending on 
similar to Portland cement CEM I, improve 
properties of concrete, especially chemical resistance parameters
Concrete made of cement with limestone, 
more compacted matrix structure with lower permeability 
chemical (hydration products) way.
dominating role in limiting chloride ion diffusion
pozzolana-slag cements is significantly lower than
presented in Figure 4 confirm these relations. Stream of chlor
pozzolana-slag cements is almost stopped after long time of hardening process. Similar relation
observed for CEM II/B-M (S-Q)
listed in Table 2. 
 

Figure 4: Chloride penetration in concretes made of limestone and pozzolana

 

Cement 

CEM I 
CEM II/B-LL 

CEM II/B-M (S-LL) 
CEM II/B-M (S-Q)  

CEM II/B-M (S-LL-Q) 

 limestone LL and pozzolana Q addition on compressive strength of 
observed more intensive for cements containing two or more non

That synergic effect is very clearly confirmed by data presented 
Synergic effect is particularly noticeable for fly ash-slag cements. Compressive strength of CEM II/B

is significantly higher than cements CEM II containing only one mineral constituent:

that presented synergy effects of non-clinker constituents in 
ification of hydration process and microstructure of 

additive properties. Results of concrete examinations made of composite 

Performance properties of concretes 

good influence of composite cements on concrete properties 
, 2008, VDZ Congress, 2009, Wolter, 2010b). Portland composite 

cements CEM II/M, depending on non-clinker constituent type can achieve compressive strength 
imilar to Portland cement CEM I, improve workability of concrete mix and create

, especially chemical resistance parameters (Muller, 2006). 
Concrete made of cement with limestone, pozzolana, fly ash and/or granulated blast furnace slag give 
more compacted matrix structure with lower permeability created on the physical (filler effect) and 
chemical (hydration products) way. Pozzolanic reaction products, which seal cement matrix

chloride ion diffusion stream. Diffusion coefficient for concretes made of 
is significantly lower than for limestone cements (Muller, 2006). Test results 

presented in Figure 4 confirm these relations. Stream of chloride diffusion in concrete made of 
slag cements is almost stopped after long time of hardening process. Similar relation

) versus CEM II/B-LL composite cements for carbonation 

hloride penetration in concretes made of limestone and pozzolana-slag composite cements
months of curing in 3% NaCl 

Table 2: Depth of concrete carbonation 

Depth of carbonated layer
3 months 8 months 3 months

Laboratory conditions 
<0,1 1,18 0,14
0,45 4,64 2,10
1,47 4,40 1,78
0,49 4,61 1,25
0,50 4,58 1,42

compressive strength of 
two or more non-clinker 

That synergic effect is very clearly confirmed by data presented in Figures 3b,c,d. 
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and create better durability 
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stream. Diffusion coefficient for concretes made of 
for limestone cements (Muller, 2006). Test results 

ide diffusion in concrete made of 
slag cements is almost stopped after long time of hardening process. Similar relations are 

carbonation depth data 

 
slag composite cements after 8 

Depth of carbonated layer, mm 
3 months 8 months 

3% CO2 
0,14 1,61 
2,10 19,88 
1,78 16,95 
1,25 11,67 
1,42 13,48 



Especially high sulfate corrosion resistance of pozzolana-slag composite cements can be also 
explained by very dense matrix structure. As it is presented in Figure 5 Portland composite cement 
containing 15% S and 15% Q shows extremely low expansion in sodium sulfate solution. In 
comparison Portland composite cement containing limestone LL has significantly worse sulfate 
resistance. Analysis of microstructure after one year sulfate exposure confirms pozzolanic reaction 
function in creating very densified, better resistant matrix for chemical attack. SEM observations 
given in Figures 6-7 show almost absence of sulfate corrosion products in samples made of CEM 
II/B-M (S-Q) cement. Contrary, cements containing limestone LL loose sulfate resistance properties. 
In this case large amounts of expansive ettringite and gypsum can be identified, Figures 8-9. 
 

 
Figure 5: Expansion of composite cements mortars stored in Na2SO4 solution 

 
 

 
Figure 6,7: Microstructure of CEM II/B-M (S-Q) mortar after sulfate corrosion. No signs of sulfate destruction 

like breakings or matrix nonpermanence 
Figure 6 Point 1: Primary flaked ettringite. Figure 7: Very adherent structure of interface zone on coarse quartz 

grain, honeycomb C-S-H phase with low C/S ratio 

Figure 6 Figure 7 



 
Figure 8,9: Microstructure of CEM II/B-LL mortar after sulfate corrosion 

Figure 8 Point 1: Needle-like ettringite in destroyed area. Figure 9 Point 1: Interface zone of damaged cement 
matrix on coarse quartz grain with gypsum as a product of corrosion 

 
 
Conclusions 
 
Presented in this paper results of mechanical properties of composite cements containing two or more 
of non-clinker constituents confirmed synergic effect of non-clinker constituents on performance 
properties of cement. Especially synergic effect has been documented for Portland composite cement 
containing composition of pozzolanic constituents V, Q and slag S. Such relations are proved by 
examinations of mortar and concrete performance properties. 
Synergy effect of mineral constituents in composite cements can be mainly explained by cement 
matrix microstructure. Important condition in this subject seems to be modeling tight matrix 
microstructure, which is a result of advantageous physical interaction of particular non-clinker 
constituents on hydration processes and products, especially in amount and morphology of C-S-H 
phase with low C/S ratio. 
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Abstract 

An agent-based model considers a system as a collection of autonomous entities called agents. Each independent 

agent behaves on the basis of a set of rules and, depending on the system circumstances, may act in different 

ways. This paper describes an agent-based model to simulate the early and intermediate stages of cement 

hydration, taking into account the effects of curing temperature and water-cement ratio. With this approach, 

calcium silicate phases are considered as agents of the system, while time and water play the role of activator 

agents and temperature acts as a determiner agent. This computational model aims to describe the behavior of 

these agents individually, in order to simulate the dynamic of the hydration process of cement. A model based on 

agents for the cement hydration allows one to analyze the degree of hydration and the formation and growth of 

the C-S-H gel as functions of time. 

Regarding the influence of curing temperature on hydration kinetics, experimental results show two opposite 

effects: the reaction rate increases when temperature rises, but the density of the hydration products also 

increases at higher temperatures, resulting in a slower permeation of free water through the hydration products. 

Combining these two effects, the hydration rate is therefore lower during the late period at elevated 

temperature. Concerning the water-cement ratio, experimental studies have demonstrated that a higher 

proportion leads to a higher hydration rate from the middle period of hydration onwards, while it scarcely 

affects hydration rate in the early stages. These effects on hydration kinetics are reproduced by the agent-based 

model presented here. 

The model validation is conducted by comparison between computed and experimental results achieved on 

ordinary cement pastes with different water-cement ratios cured at various temperatures (ranging from 20ºC up 

to 50ºC). The thermal effects on the density of different cement pastes are analysed with the thermogravimetric 

analysis (TGA) and the derivative thermogravimetric analysis (DTG) curves. Such techniques will be used to 

determine the amount of non-evaporated water presented in the pastes, as well as to give effective information 

about the degree of hydration of the system at certain time. 

Originality 

Our previous work has involved this agent-based approach for modelling the early stages of cement hydration, 

focusing on the microstructure development and C-S-H gel formation, resulting in agreement with reported 

experimental results. The new approach presented here models the hydration process and microstructure 

formation of cement pastes at the particle level, with the novelty that the curing temperature, as a determinative 

factor, shows its effects on the hydration kinetics at early and intermediate stages. Through the use of 

thermogravimetric analysis, the thermodynamic data for the hydration products - which are used as time-

dependent input parameters within the model-, can be refined in order to achieve better accuracy.  

Chief contributions 

The agent-based model presented here, comprises an algorithm that computes the degree of hydration, the water 

consumption and the layer thickness of C-S-H gel as functions of time for different temperatures and different 

w/c ratios. The results are in agreement with reported experimental studies, demonstrating the applicability of 

the model. As the available experimental results regarding elevated curing temperature are scarce, the model 

could be recalibrated in the future. Combining the agent-based computational model with TGA analysis, a semi-

empirical method is achieved to be used for better understanding the microstructure development in ordinary 

cement pastes and to predict the influence of temperature on the hydration process.  

Keywords: agent-based modelling, microstructure development, thermogravimetric analysis. 
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1. I-TRODUCTIO- 

 

Hydration of cement is surely one of the most extensively studied processes within the research of 

cementitious materials. Because of the complexity of the physical-chemical reactions involved in the 

process, however, many aspects concerning its behaviour are not yet understood and many questions 

still remain unanswered. It has been widely reported that certain variables clearly affect the hydration 

of cement, including the grain size, chemical composition, physical state and availability of water. 

Another such factor is the curing temperature during the hydration process, which is arguably the one 

variable that has the most significant effect on the rate of hydration (Lin, 2009) and, therefore, on the 

strengh development of the material. 

 

Thermoanalytical methods (TGA/DTG and differential thermal analysis) have been shown to have an 

immense importance in the study of the effects of the curing temperature on the hydration of cement 

pastes (Guirado, 1998), not only to better understand the temperature influence on the cement based 

materials but also to assess fire-damaged concretes (Alarcon-Ruiz, 2005). In this work, 

thermogravimetric techniques have been used in combination with an intensive computational model 

framework, with the aim of providing a valid modelling approach to reproduce the thermal effects on 

the hydration process of cement pastes and to assess the influence of the water/cement ratio on the 

ultimate degree of hydration. 

 

1.1. THEORETICAL BASIS 
 

The theoretical considerations applied in this work, are founded on both the Arrhenius rate theory for 

chemical reactions -which is based on the concept of an activated molecule- and the currently accepted 

(Brown, 1980), (Sestak, 1984) equation of the kinetic rate of non-isothermal systems, given by the 

non-lineal law: 

 ( ) ( )A

d
k f

dt

α
θ α=  (1.1) 

where t represents time, α is the extent of reaction, θ  is the absolute temperature, f(α) is a function that 

fits the reaction model  (Guirado, 1998) and kA(θ) is the exponential approximation to the Arrhenius 

rate law: 
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E

R
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θ

−
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where the activation energy E and pre-exponential factor A, are the so called Arrhenius parameters, 

being R the universal gas constant. The Arrhenius law shown in (1.2) is, in fact, the basis of the 

procedure prescribed in (ASTM, 1998) in which the mix-specific activation energy is experimentally 

determined from the linear relationship between ln(kA) and 1/θ. Hence, the activation energy E is an 

index of the temperature sensibility of cement-based systems. 

 

In order to better select the Arrhenius parameters involved in the experimental work carried out in this 

research, the extent of reaction α, in the non-isothermal kinetic rate shown in (1.1) is expressed as 

 
d d d
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α α θ

θ
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hence, taking into account the constant heating rate β used in this work, equation (1.1) can be 

simplified: 
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Therefore, a relationship between the variation of the extent of reaction and the curing temperature can 

be obtained by: 
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The Arrhenius parameters E, A and the fitting function f(α) used in this work, were carefully chosen 

following the kinetic model reported by Breugel, 1991, pp.133. Regarding the activation energy E, 

further description will be provided in section 2.2. 

  

1.2. AGE%T-BASED MODELLI%G APPROACH 
 

The model presented herein is inspired by a stochastic simulation system called HydratiCA, (Bullard, 

2007). The HydratiCA model uses cellular automata’s approach and deals rigorously with the kinetic 

processes at the chemical phase level, reaching great detail of accuracy although that results in 

significant computational difficulty. Here we predict cement microstructure by simulating a number of 

cement particles confined in a computational volume which makes this approach tractable as well as 

scalable with the number of particles or the system size. 

 

Agent-based modelling (ABM) consists of a set of agents that encapsulate the behaviour of the various 

individuals that make up a whole system, following a set of rules (Holland, 1995). A great advantage 

of this approach in simulating complex systems is that emergent phenomena can be modelled through 

simple rules governing the behaviour of each agent. The agents are autonomous entities that may act 

in different ways, depending on the system circumstances. In the work presented here, we use an 

agent-based model to study the early and intermediate stages of cement hydration. With this approach, 

calcium silicate phases are considered as different kind of agents of the system, while time and water 

play the role of activator agents and temperature acts as a determiner agent. This is a localized 

microstructural model aiming to simulate the hydration kinetics and the microstructure development 

as hydration evolves at the cement particle scale, using localized rules to mimic the hydration process. 

 

This computational approach aims to contribute to the still scarce set of models for cement hydration, 

responding to the recent calls for Advances in Models <eeded, (Garboczi, 2009), (Scrivener, 2008), by 

providing a new computational paradigm in which the complexity of the process is efficiently 

distributed in individual computational entities. We have previously applied this agent-based approach 

for modelling the cement hydration process (Cerro-Prada, 2008, 2009), through an algorithm that 

computes the degree of hydration and the thickness of the C-S-H gel in terms of the time, considering 

hydration of alite and belite in ordinary Portland cement at constant ambient temperature, being these 

two chemical phases mainly responsible for the formation of C-S-H gel. The model has proved to be 

suitable for reproducing cement hydration process, achieving good agreement with reported 

experimental results.  

 

It is widely accepted that tricalcium silicate is responsible for much of the early age (28 days) strength 

development, that makes this mineral species the principal phase in Portland cement hydration 

modelling (Thomas, 2011), hence, simulating the behaviour of silicate phases seems to be the natural 

beginning to model the C-S-H gel formation; adding other phases and relevant mineral ions to the 

model is currently under investigation. In the work presented here, we enhance our model taking into 

account the effects of curing temperature and water-cement ratio - according to theoretical 

considerations shown section 1.1 - and combining the computed results with an empirical model given 

by thermogravimetric analysis, as will be described in the next section. In line with Breugel, 1991, the 

model also considers the influence of the curing temperature on the morphology and density of the 

hydration products, by taking into account the decreasing ratio between the volume of the products 

and the volume of the reactants, and including that ratio within the rules that govern the agents. 



2. METHODS A-D MATERIALS 

 

Type CEM I 42,5 Portland cement (Type I according with ASTM C150) was supplied by Portland 

Valderrivas, Madrid, Spain. Its chemical composition is shown in Table 1. The cement pastes were 

prepared with de-ionised water, using a water/cement ratio of 0.5. Mixing was conducted using the 

Hobart Mixer. The cement powder was first placed in a mixing bowl. Initially, a small amount of the 

mixing water was added. The mixing was conducted for a minute to remove lumps in the cement 

powder. The rest of the mixing water was then poured into the bowl and mixed was a further two 

minutes, and then vibrating was applied for 30 seconds to avoid any air bubbles. 

 
Table 1: Chemical Composition of OPC (wt%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 

20.80 4.40 2.90 62.3 2.70 3.14 

 

Finally, the fresh cement paste was poured out of the bowl and spin-coated on a square glass substrate 

for 10 seconds, during which the substrate rotated at 1500 r.p.m. The resulting specimens from this 

experimental technique were circular shaped plates with a diameter of approximately 31.5 mm and a 

thickness of 1.0 mm. The samples were then divided into two groups, each to be thermally treated at 

two different hydration stages: early hydration (0 ~ 3 days) and intermediate hydration (3 ~ 7 days). If 

the TGA was to be conducted at intermediate hydration, in order to avoid leaching of Ca(OH)2 from 

the cement paste system, the corresponding specimen was cured in a plastic bag with a small amount 

of lime water at 20ºC for 6 days. Thermal analysis was then conducted on both groups of samples, in a 

TA Instruments Q500 Thermogravimetric Analyzer, from ambient temperature up to 900ºC, with a 

heating rate of 10ºC min
-1
. 

 

2.1. DEGREE OF HYDRATIO% 
 

It can be assumed that the degree of hydration of a cement paste is directly proportional to the amount 

of chemically bound water present (Guirado, 1998). The combined water can be considered to be 

completely eliminated from the sample when heating from 105ºC up to 900ºC (Taylor, 1997), due to 

the descomposition of carboaluminate hydrates and the C-S-H. At lower temperatures, typically from 

30ºC up to 105ºC, the evaporable water is lost, and still there is a small but not significant part of 

bound water that escapes.  In the work we present here, the TGA data have been used to determine the 

chemically bound water from the difference between the sample weight at 105ºC and its weight after 

heating at 900ºC, minus the mass loss due to CO2 desorption produced by the calcite decomposition, 

which occurs between 600ºC and 800ªC. The degree of hydration of the cement paste at a hydration 

time t, can be calculated by the following expression (Mounanga, 2004): 

 105º 900º 600º 800º

0

( ) ( )
( )TGA

n
C

W W W W
t

W
W

c

α
− − −

=  (2.1) 

where WC is the initial anhydrous cement mass of the sample. The ratio W
0
n/c introduces the influence 

of the drying process used in the experiment, which varies between 0.18 and 0.26. This quotient 

qualitatively expresses the relation between the bound water in the cement sample when this is fully 

hydrated, and the cement content in the sample, providing there are no air pores. This value is 

estimated from the mineralogical composition of cement (according with Bogue’s formulae and 

Czernin, 1980):W
0
n/c = 0.2293. 

 



2.2. ACTIVATIO% E%ERGY 
 

As is mentioned in section 1.1, the activation energy E is currently used as one of the parameters when 

describing temperature effects on the cement’s hydration rate. Accordingly to experimental data, a 

formula has been established (Breugel, 1991) for the apparent activation energy in terms of the 

chemical composition of anhydrous cement, the curing temperature and the degree of hydration, 

namely: 

 1.5

3 0 3 3( , , ) exp ( %) 0.025 0.33( %) 30nE T C S p m C S T C Sα α  = − + + +   (2.2) 

where p0, m and n are experimentally obtained coefficients, α is the degree of hydration and (C3S%) is 

the mass percentage of alite in the sample, being T the Celsius temperature. According to expression 

(2.2), and also highlighted in section 1.1, the activation energy E changes during hydration process 

when curing temperate varies. Therefore, the agent-based model presented here, dynamically 

computes -in an adaptive fashion- the value of degree of hydration α according with activation energy 

variations, depending on the step within the hydration process. 

 

2.3. VALIDATI%G THE AGE%T-BASED MODEL 
 

The agent-based computational approach we have developed comprises a set of rules which come 

from a systematic ab-initio study of hydration process (Breugel, 1991). The kinetic laws drive an 

initial phase-boundary reaction in which a layer of C-S-H gel is formed over the surfaces of non-

hydrated cement particles, starting at a certain critical time when the product layer around each cement 

particle reaches the so called transition thickness. The core algorithm pseudo-randomly assigns to each 

cement particle its rhythm for decreasing, depending on the size and composition of the particle, 

coherently built from experimental data. 

 

The chemically bound water previously determined by the TGA experiments, can be used to validate 

the agent-based model at the taken-decision level, as the rules for the cement particles to chemically 

react are deterministic, depending on the amount of water available. In this sense, the computational 

model was launched to compute a qualitatively identical specimen than the samples analysed by the 

TGA facilities. The percentage of non-evaporable water empirically measured was recalculated as 

one’s complement of the available water and compared with the predicted value, which is necessarily 

required for the agents to decide whether the hydration proceeds. If the percentage difference between 

the predicted value and the combined water mass experimentally weighed is within a range of ±10%, 

then it can be assumed that reasonable validation of the computation model has been achieved for this 

analysis. This validation mechanism provides a simple but effective means of assessing the accuracy 

of the agent-based modelling framework, as well as establishing its capabilities for future 

enhancement. 

 

3. RESULTS A-D DISCUSSIO- 

 

In Figure 2 the TGA/DTG results of two samples with w/c=0.5 hydrated at 20ºC during 3 days and 6 

days are represented, corresponding to early and intermediate stages of hydration. Firstly, the 

significant weight gain that occurs at 30ºC in the sample hydrated for 3 days (Figure 2, left) needs to 

be observed. Assuming that the hydration takes place via dissolution and precipitation processes 

(Lothenbach, 2006), the moisture transport after abruptly exposing the paste to a higher temperature 

will take place, producting a pressure gradient that enhances both the water diffusion rate in the 

cement paste and the calcium hydroxide formation. This last mentioned reaction requires carbon 

dioxide absortion, which results in an initial overweight degradation of the sample. 

 

The degree of hydration is determined from TGA according with the expression (2.1), and compared 



with the predicted results computed by the Agent-Based model, as is shown in Figure 3. Very good 

agreement is found between the experimental and simulated values of α. The analysis of the 

chemically/physically combined water is highlighted, resulting both measured and modelled values in 

good agreement with experimental work reported, as well as from comparison with calculated values 

from chemical equations. 

 

 
Figure 2: TGA/DTG curves of OPC paste (w/c=0.5) hydrated at 20ºC for 3 days (left) and 6 days (right). 

 

 
Figure 3: Left: Experimental results and simulation of the evolution of the degree of hydration versus time of an 

OPC paste (w/c=0.5) at 20ºC. Centre: ultimate degree of hydration predicted versus water/cement ratio, at 20ºC. 

Right: Modelled degree of hydration versus time of the same OPC sample, at different temperatures 

 

The percentage difference between the predicted and measured value has been calculated, showing to 

fit within the validation range assumed in section 2.1. The effect of the spin-coating method used to 

prepare the specimens has been determined from comparison between the experimental initial water 

content and the modelled value for the same parameter, and so used to adjust the model. This novel 

preparation technique has herein shown its impact on the hydration process as producing a significant 

evaporation of the initial water present in the sample, modifying the experimental water/cement ratio 

at the pre-induction period. In this sense, further work on spin-coated cement pastes needs to be 

carried out in order to determine suitable correction factors for the ABM, when modelling hydration of 

cement systems prepared by spin-coating. Regarding the influence of the water/cement ratio on the 

ultimate degree of hydration, the computational model predicts a w/c ratio of approximately 0.3 to be 

required for fully completing the hydration process, modelling the relationship between these two 

parameters as is shown in Figure 3 (centre). These results support the previously observed fact that the 

equation (3.1) reported by Mills, 1966, might underestimate the ultimate degree of hydration (Lin, 

2009). 
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4. CO-CLUSIO-S A-D FURTHER WORK 

 

The efficacy of the Agent-Based model presented when computing the hydration process of OPC, has 

been achieved by comparing the degree of hydration computed with the value measured by the 

thermogravimetric analysis. The good agreement between experimental results and simulations shows 

that the temperature effects on the hydration process is well reproduced by the Agent-Based modelling 

approach. Analysis of the amoung of initial water loss during the spin-coating preparation technique 

and their effect on the degree of hydration, are currently under study, to validate the observations from 

adjusting the computational ABM to the experimental results. 
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Abstract 
Previously degradation studies carried out, over a number of different mortars by the research team, have shown that 
observed degradation does not exclusively depend on the solution equilibrium pH, nor the aggressive anions relative 
solubility. In our tests no reason was found that could allow us to explain, why same solubility anions with a lower pH 
are less aggressive than others. The aim of this paper is to study cement pastes behavior in aggressive environments. As 
observed in previous research, this cement pastes behaviors are not easily explained only taking into account only 
usual parameters, pH, solubility etc. Consequently the paper is about studying if solution physicochemical 
characteristics are more important in certain environments than specific pH values. The paper tries to obtain a 
degradation model, which starting from solution physicochemical parameters allows us to interpret the different 
behaviors shown by different composition cements. To that end, the rates of degradation of the solid phases were 
computed for each considered environment. 
Three cement have been studied: CEM I 42.5R/SR, CEM II/A-V 42.5R and CEM IV/B-(P-V) 32.5 N. The pastes have 
been exposed to five environments: sodium acetate/acetic acid 0.35 M, sodium sulfate solution 0.17 M, a solution 
representing natural water, saturated calcium hydroxide solution and laboratory environment. The attack mechanism 
was meant to be unidirectional, in order to achieve so; all sides of cylinders were sealed except from the attacked 
surface. The cylinders were taking out of the exposition environments after 2, 4, 7, 14, 30, 58 and 90 days. Both 
aggressive solution variations in solid phases and in different depths have been characterized. To each age and depth 
the calcium, magnesium and iron contents have been analyzed. Hydrated phases evolution studied, using thermal 
analysis, and crystalline compound changes, using X ray diffraction have been also analyzed. Sodium sulphate and 
water solutions stabilize an outer pH near to 8 in short time, however the stability of the most pH dependent phases is 
not the same. Although having similar pH and existing the possibility of forming a plaster layer near to the calcium 
leaching surface, this stability is greater than other sulphate solutions. Stability variations of solids formed by inverse 
diffusion, determine the rate of degradation. 
 
Originality 
The majority of studies establish aggressive levels considering the aggressive environment pH and the relative 
solubility of calcium salts formed by anions present in the aggressive solution. This paper tries to explain the different 
found, taking as parameter physicochemical characteristics of the solution. Also, this paper intends to determine the 
relative stability of the different compounds present in hydrated cement. Moreover, it intends to determine the “double 
layer protection” formation process which was proposed, by certain studies, to take place in pH organic acid 
originated environments which in principle cannot be justified by the formed salts solubility. The aim of the paper is to 
obtain a numeric model which starting from the composition data of the used cements and the environment 
characteristics could predict the material deterioration, considering the different aggressive ion reactivity.  
 
Chief contributions 
As expected the Ca2+ ion was the most sensitive to the leaching effects. This phenomenon can be observed both in the 
leaching ion analysis results and in the corresponding solid phase analysis. Other ions such as magnesium and sulfate 
also present leaching profiles, however, in lower concentrations. Calcium and magnesium results indicate that during 
study time, a leaching profile is produced within both the acetic acid-acetate and sodium sulphate environments. This 
profile is present in a much higher degree in the acetic acid-acetate environment as expected, arriving to 
concentrations of 3 g/L of Ca2+ and 0.065 g/L of Mg2+ approximately. Among the studied cements, we can observe that 
the type II cement present the worst behaviour related to leaching of Ca2+ and Mg2+. This phenomenon appears to be 
clearer in the acid environment and being less evident in the sodium sulfate environment. With regard to leaching of 
Ca2+ and Mg2+, the cements CEM IV/B-(P-V) 32.5N and CEM I 42.5R/SR present similar behaviours in environments 
where leaching is observed. A slight improvement is detected in the case of the cement type 42.5R/SR referring to 
leaching Mg2+ content in relation with other cements when submerged in the most acid solution. 
 
Keywords: paste, microstructure, degradation, leaching, thermal analysis. 
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Introduction 
 
The various existing standards relating to the aggressiveness classification of the different 
environments, establish the pH as one of the key variable. However it does not explain itself all 
observed effects. The aggressive behavior may be classified in a simple way according simultaneously 
to two parameters, those being the pH and the present anions. Media with a pH higher than 7 are 
considered low aggressive whereas media with a pH lower than 7 may be considered of important 
aggressiveness. There is only one exception to this general rule and it is referred to the high level of 
ammonia content media. In this case the medium pH after the first minutes of being in contact with the 
cement material establishes its pH level around of 8, presenting however high aggressiveness. 
The numerous studies carried out in the leachability field have justified the existence of these two 
facts, by the formation of a “double layer” of carbonates in the case of pH higher than 7 and in the 
case of the ammonia by the increase of calcium salts solubility when the medium present an important 
ionic power. This fact may take place in solutions with a high content of ammonia by the high 
solubility of its salts. 
Basically, the degradation process is determined by the portlandite solution, so the variation of this 
must ultimately determine the extension of the process. The data existent in the bibliography (Cardé, 
et al., 1996) allow obtaining the concentrations of Ca2+ in equilibrium. In deionized water, for 
porlandite and CSH gel, these concentrations have the values of 20·10-3 mol/L and 2·10-3 mol/L, 
respectively. When the used medium is an aqueous solution of ammonia nitrate 6 M (Heukamp, 2003) 
the value of this same equilibrium concentration, in of 2.7 mol/L for the portlandite and of 0.5 mol/L 
to the CSH gel. This variation of concentration of equilibrium Ca2+ is which gives justification to the 
acceleration of the decalcification process. Considering this information the apparent Kps of calcium 
hydroxide in deionized water has a value of 3,2x10-5. For the case of 6 M ammonia solution the 
apparent Kps of solubility would have a value of 8x10-4, 25 times higher. These results may point that 
this equilibrium, is ultimately, the one who defines the aggressiveness. This is equivalent to say that 
the ionic strength and the pH are what determine the medium aggressiveness. However, if we only 
regard to the degradation mechanism, the medium pH has influence in the decalcification process 
because, basically, it is an acid/base reaction. But in order that the process progress reaches an 
adequate speed the electro neutrality must be maintained. Given this, in spite of the quick diffusion of 
the H+ and OH-, the process will be controlled by the calcium diffusion (Kamali et al., 2008; Segura, I 
et al., 2008). The objective of this research is establishing the importance of the different stages in the 
process and the influence of the different parameters of those stages.  
 
 
Materials and methods 
 
The study was carried out with paste samples of cement CEM I 42.5R/SR (reference cement) and 
CEM II/A-V 32.5R. The range of fly ash content is specified in UNE-EN 197-1:2000, and is in the 
range of 6-20%. The chemical composition is shown in Table 1. 
 
 

Table 1. Mineralogical composition of the cements 

Cements Ca O SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 P2O5 Ign.loss 

CEM I SR 42.5R 62.39 18.50 3.60 2.94 0.98 0.81 0.89 3.02 0.44 2.19 

CEM II/A-V 32.5R 53.33 20.64 6.84 4.37 1.90 0.73 1.05 2.71 0.38 2.93 

 
 



The cement paste samples were prisms of 10x10x60 mm2 according to UNE-EN 196-3. The water/ 
cement ratio was of 0.4. The specimens were removed from the molds after 24 hours and cured in 
climatic chamber for 28 days for cement type CEM I and 90 days for cements type CEM II, in order to 
ensure hydration reactions from the fly ashes. The climatic conditions were 96 ± 2% HR and 20 ± 2º 
C. There were made 4 batches (84 specimens) for the cement CEM II and 3 batches for the reference 
cement. Aggressive media are solutions: acetic acid/sodium acetate with a pH 4.8 and a concentration 
of 0.35 M; sodium sulfate with a pH 8.3 and a concentration of 0.21 M; natural water with a pH 8. 
The pH of the different media was measured daily during the first week of the trial and weekly from 
the second week. There were two control media: one was a saturated solution of calcium hydroxide 
and the other the laboratory environment. The specimens were covered on all sides with an epoxy 
resin Sikagard 62. The end of the specimens was cut in order to remove the resin from it. After this the 
specimens were immersed in a saturated calcium hydroxide solution, which allows the surface 
saturation of the specimens before reaching the stage of degradation. This will limit the phenomena of 
capillary suction, reducing the process to a phenomenon of diffusion/reaction. A stirring solution 
device was designed and manufactured in order maintain solution homogeneity (Figure 1). 

A system for N2 gas bubbling was also provided, in order 
to prevent the dissolution of CO2 and thus the 
carbonation of the samples and solutions. In this system, 
9 specimens of each type of cement were immersed in 
each degradation media. The times of exposure to 
aggressive media have been 2, 30 and 92 days. At each 
exposure time were extracted 6 specimens for CEM I and 
9 for CEM II. Then the specimens are cut into sections 
approximately 2 mm thick, perpendicular to the 
longitudinal axis of the specimen. 8 cuts were carried out 
in every sample obtaining 8 layers per sample. The cut 
was made with a precision cutter petrographic Struers, 
Model Secotom-10, with diamond of 0.4 mm thick. After 
removing the resin, samples were pulverized in an agate 

mill Retsch RM 200 Automatic. Then the powder was sieved with a screen size of 0.16 mm. The ion 
Ca2+, Mg2+ and Fe3+ determination was carried out through an Ionic Cromatograph professional series 
mark Metrohm model 882 Compact IC, with an automatic sample processor model 858 equipped with 
ultra-filtration. The coupled columns are: anionic column Metrosep A Supp 5 250 and a cationic 
Metrodep C-3 250 column. In the layers 1, 2, 3, and 8 the ions were determined for both cements and 
in aggressive and reference media. 
The thermal analyses were carried out within a Simultaneous Thermal Analyser Labsys Evo 1600 of 
Setaram, equipped with a precision balance of ±0’01%. The employed detector was a TG/ATD CAÑA 
that includes a platinum-rhodium transducer capable of operating in conditions of up to 1600ºC.  The 
employed crucibles were alumina (α-Al2O3). As reference for data acquisition of ATD it was 
employed alumina from the own reference crucible. The dynamic heating ramp applied to the samples 
varied from 25ºC to1200 ºC. The heating speed was of 10ºC/min. The test atmosphere was N2, with an 
approximate flow of 80 ml/min. 
 
 
Results 
 
Figures 2 and 3 show the percentage of Ca2+ and Fe3+ related to cement weight of the different 
analysed wafers in the samples subject to a solution of sodium acetate/acetic acid. Figure 4 show the 
percentage of Ca2+ and Fe3+ related to cement weight at different depths of the samples exposed to 
sodium sulphate. In Figure 2 it is observed that for both cements and after two days of exposure there 
is already a slight loss of Ca2+. The behavior of both cements is almost the same. After 30 days of 
exposure, the Ca2+ is more significant being established at a depth of around 4.5 mm. This degradation 

 

 
Figure 1. Continuous agitation system 



depth matches with the experiments after 2 days of exposure. The loss of Ca2+ concentration after 90 
days of exposure ceases at a depth of around 10.5 mm. In Figure 3 there is no substantial Fe3+ content 
variation after 2 days of exposure, however, after 30 days, the Fe3+ variations relating the reference 
simple contents are considerable. These percentages are increases of 4.5 and 5.5 in the CEM II and the 
CEM I respectively. The behaviour of both cements is similar, being the Fe3+ content stabilised at a 
depth around 4 mm. At last, after 90 days of exposure the decrease of Fe3+ content starts at a depth of 
around of 10.5 mm. In figures 4 it is observed that in the calcium sulphate medium for any depth and 
any exposure time, there is not degradation of cement matrix due to ion Ca2+ loss. The values of the 
calcium concentration remain constant. 
 

 
Figure 2. % Ca2+ cement weight at different depth in 

acetic acid/sodium acetate solution 
 

 
Figure 3. % Fe3+ cement weight at different depth in 

acetic acid/sodium acetate solution 
 

 
Figure 4. % Ca2+ cement weight at different depth in Na2SO4 solution 

 
Figure 5 present the results made for our research group about of Ca2+ leached of samples of mortar 
made with cement CEM IV/B-V 32.5N exposed to three solutions with pHs 4.5, 6 and 8 [5]. Figure 6 
show the result of Ca2+ leached obtained in the present work. In figure 5 it is observed that calcium ion 
leaching correspond to the pH 4.5 medium followed of the pH 8 and pH 6. In this last case, we found 
values almost constant since the first days of the test. In the figure 6 it is noticed a much more 
different behavior. The Ca2+ concentration is much higher in acetic acid solution. Between sodium 
sulfate solution and natural water the differences between the ion Ca2+ leached is higher in the CEM II 
cement being more evident when the pH decreases. 
 
 
 
 



 
 

 
 

Figure 5. Ca2+ leached of samples of mortar made 
with cement CEM IV/B-V 32.5N (a/c= 0.5) 

 
Figure 6. Ca2+ leached in the different solutions for 
cement paste samples during the time of exposition 

 
Figures 7 and 8 show the DTA of CEM I exposed at calcium hydroxide solution and CEM II exposed 
at sodium sulfate solution during 30 days. Figures 9 and 10 shows the DTA of both cements exposed 
at acetic acid solution during the same time. 
 

 
 

Figure 7. DTA of CEM I exposed to calcium 
hydroxide solution during 30 days  

 

 
Figure 8. DTA of CEM II exposed to sodium 

sulfate solution during 30 days 
 

 
 

Figure 9. DTA of CEM I exposed to acetic acid 
solution during 30 days 

 
Figure 10. DTA of CEM II exposed to acetic acid 

solution during 30 days 
 
In figure 7 and 8 it is shown that the portlandite and bonding water contents do not vary throughout 
the length of the sample. In the CEM II, the percentages of water bonding are slightly higher than 
those of the CEM I, at expenses of the portlandite percentages. This slight variation may be due to the 
result of the pozzolanic reaction that takes place within the CEM II. After 30 days of exposure to 



acetic acid solution in both cements (figures 11 and 12) is observed the total portlandite disappearance 
in the superficial layers. Also it is observed a decrease of the carbonate content in the same layers, 
compatible with the dissolution of these compounds in acid media. The resulted obtained from the 
calculation of the bonding water, indicate that the tendency of a slightly lower content in the CEMI 
regarding CEM II. The bonding water band keeps its qualitative shape although a slight decrease in 
the layer 1 regarding the layer 8. This decrease is more evident in the CEM II.  
 
 
Discussion  
 
The leaching analysis (Fig. 6) shows that two of the media (natural water and calcium sulphate) do not 
present almost calcium leaching. The calcium concentration is stabilized after few days and it is 
maintained on this value. In both cement generated leached by the sodium sulphate are bigger than 
natural water. This behavior is similar to the one shown by the mortar leached whose aggressive 
medium had been prepared with a buffer solution of pH 6 (Antón, 2008). In all of them there is a small 
stage of little extension and there is no diffusion phase. Usually this behavior has been attributed to the 
formation of a carbonate calcium layer (Gerad, 2002) due to the carbonization of the aggressive 
medium. In our experimental design it is being compared solutions of significantly different pH 
(between 6-9). In addition the solutions used for paste samples have been maintained with a nitrogen 
flow. For the mortar samples the aggressive solutions have been kept on the air, so the carbonate 
concentration in the solution should not be the same. In spite of all this variations of the external 
medium analog results are produced. This fact seems to indicate that the precipitation of carbonates is 
determined by the conditions of the aqueous phase, oversaturated of calcium ions in the diffusion 
process towards the exterior (Le Bellego, 2003), and that has almost no relevance the carbonate 
content of the aggressive medium. 
The increase of calcium concentration present in the sulphate solutions may be caused by the increase 
on the solution ionic strength generated by the contribution of the sulphate ion to it. This hypothesis is 
reinforced comparing the apparent solubility constant value in the both leached solutions, considering 
them supposedly in equilibrium. The mentioned constants would have a relation of 23.97. The average 
values of calcium, much lower than the saturation values calculated, allow us to state that in this media 
the equilibrium is not reached during the studied period. The concentration values of the leaching in 
the ammoniac media and in pH values lower than 5 (Fig 5 and 6) show clearly the existence of two 
stages in the degradation process: the initial degradation stage with a kinetic of first order with respect 
to time and the calcium diffusion stage that according to the second Fick´s law depend on square root 
of t. In order to determine the level of accomplishment of this hypothesis in the tested samples in the 
different media it has been obtained the coefficient diffusion for all the studied mortars in the two 
solutions of different pH. In all solution it has been favored the formation of a buffer solution that 
allows to keep, as far as possible, the pH constancy and the not formation of calcium insoluble 
precipitates. In order to calculate the diffusion coefficient ANSI standard has been used, according to 
which and considering the limits of the effective diffusion coefficient application, it may be calculated 
according to the following equation [1] 

 
        (1) 
 

Where: an is leached element mass of the sample during the leaching interval (mg), A0 is total element 
mass in the simple at the beginning of the test (mg), (Δt)n is leaching duration interval (s), Def is 
effective diffusion coefficient (cm2/s), V is sample volume (cm3), S is sample geometric surface area 
and T is average leached time (s). The obtained results show and initial lineal stage, whose speed 
coefficient is function of t, and for the same type of cement its slope is in direct relation with the pH. 
The second leaching stage corresponds to the diffusion stage. The diffusion coefficients obtained with 
the paste CEM II in the solutions with pH 4.5 is of 17x10-11 cm2/s and of 2x10-11 cm2/s for the solution 
of pH 8.5. The leaching analysis in pH 4.5 for the studied cements shows the existence of a higher 



slope in the solution stage for the cement with higher calcium content. However the ratio between 
slopes and calcium initial content remains constant in both mentioned cases. That is to say that the 
solution stage depends on pH and initial portlandite content (Beddoe et al., 2005). The diffusion stage 
depends only on the sample characteristics. The calcium and iron content analyses in the solid phases 
for different ages studied (fig 2 and 3) show the calcium medium degradation, pointed out 
simultaneously by the calcium content reduction or by the increase of iron content. This increase is not 
an absolute increase in the concentration of Fe3+ ion, but a relative increase due to loss of material. 
That is, it is due to loss of density of the sample. Both may be used to determine the degradation level.  
The thermal analysis results allow following both the evolution of the porlandite content and the water 
bonding. The more significant data for our study it is shown by the constant carbonate content at the 
different studied depths. Considering the observed effects in the iron caused by the degradation, it may 
be evaluated to the different ages the carbonate variation at different depths.  
 
 
Conclusions 
 
1. The media with a comprised pH between 6 and 9 do not present aggressiveness regardless of the 
solubility level of the existing anions. The only media that present aggressiveness to the pH are 
concentrated solutions of the salt, that are determined by the high variation of the ionic strengthen of 
the medium. 
2. The absence of leaching is determined by the carbonate layer formation. This precipitation is 
produced regardless of the carbonate content of the outer solution. 
3. The leaching process in the media where no protection layer is formed presents a fast initial 
dissolution stage and followed by slower diffusion stage. The dissolution stage presents a first order 
kinetic and its speed is dependent of the pH. The reaction between the amount of calcium leaching and 
the initial calcium content in the sample during this stage is maintained constant in the studied 
cements. 
4. The calcium content reduction and the growth of iron content in the samples allow determining 
indistinctively the degradation depth. 
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Abstract :

A boron-doped belitic sulfoaluminate clinker was sintered in an electrical furnace. The addition of boron as a 
mineraliser had an effect not only on belite polymorphism but also on the chemistry of the C4A3 and C4AF 
phases. The aim of this study was to determine the distribution of boron in the clinker and to assess with more 
precision the chemistry of the different phases.

Elemental-mapping was performed with an energy dispersive X-ray (EDX) probe in a scanning electron 
microcope. EDX has low sensitivity for light elements such as B, therefore B elemental maps were obtained 
using time of flight secondary ion mass spectrometry (ToF-SIMS). Both methods allow only a microscopic 
approach and qualitative or semi-quantitative results are obtained. For a more precise determination of 
chemical composition and better statistics, a series of selective dissolutions were performed. These experiments 
allow initially the C2S phase to dissolve, then C4A3 and finally C4AF. X-ray diffraction (XRD) on the solid 
residue was used to check the efficiency of the dissolutions and inductively coupled plasma – absorption energy 
spectroscopy (ICP-AES) was used to analyse the three different filtrates. 

Originality :

This paper shows a relevant association of analytical tools used to analyse promising cementitious materials. It 
deals not only with qualitative microscopical data but also with quantative data obtained by wet chemistry. It is 
essential to understand the effect of dopants in sulfo-aluminate belitic clinker. 

Chief contributions :

This paper reveals the relationship between high temperature polymorphs of C2S and boron-rich phases. It 
confirms the possibility of this association in a clinker close from what could be industrially produced.
It also highlights the importance of solid solutions in clinker produced with raw material usually used in cement 
plants.

Keywords : sulfo-aluminate belitic clinker, EDX, ToF-SIMS, solid solutions, boron 
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Introduction

Boron has been used as a fluxing agent in the cement industry for many years. Several authors have 
shown its influence on the polymorphism of the belitic phase (Flint and Wells 1936, Fletcher and 
Glasser,1993). Several patent applications have been filed for Boron-doped sulfo-aluminate belitic 
cement (for example Gartner and Li, 2007). They all show that the new clinkers they describe are 
potential contenders for the replacement of Portland clinker.
Therefore, it is interesting to study the mineralogical particularities of a boron-doped high-iron 
sulpho-aluminate clinker synthesised with raw materials used in cement plants associated with boric
acid. This paper associates complementary analytical tools in order to describe as precisely as possible
the phase content of such a clinker. It reveals the existence of solid solutions in both belitic and 
yeelimitic phases.

1-Experimental method

1-1 Sample Preparation

The BSA clinker was obtained by firing a mix of limestone, bauxite, gypsum, red mud and boric acid 
at 1290°C for 30 min in an electrical furnace. Clinker chemistry is given in table 1. All the element 
contents apart from the B2O3 have been obtained by X-Ray Fluorescence (XRF) measurements. B2O3

content has been obtained by ICP-AES.

Table 1 : Clinker composition

CaO Al2O3 SiO2 Fe2O3 TiO2 SO3 B203 MgO K2O Na2O P2O5 SrO LOI
% 47.12 16.77 13.21 12.18 2.29 3.96 2.46 0.61 0.15 0.24 0.17 0.19 0.4

For the EDX mapping and ToF-SIMS analysis, the clinker specimen was included in an epoxy resin 
and polished up to 1µm.

For XRD, IRTF and chemical attacks, the clinker was ground in a vibratory mill from the Retsch 
Company for 1 minute.

1-2 Chemical analysis

Compositional analyses were carried out on a Bruker XRF S4-Pioneer and with a Horiba Jobin Yvon 
ICP-AES active.

1-3 Phase identification

XRD analysis was obtained by using a Bruker D8-Advance X-Ray powder diffractometer and IR
spectra have been obtained using a Nicolet 380 from Thermo Scientific. Phase quantification by XRD
has been performed using the relative intensities relations between phases.

1-4 Selective dissolution

The selective dissolution was performed in three steps. The first one aims to dissolve the silicate of 
calcium (C2S) with salicylic acid. Then C4A3 was dissolved by attacking the residue of the first step 



by sodium carbonate. The residue of this second step was washed using acetic acid.  A third filtrate 
was obtained by attacking the residue of the first two attacks with nitric acid to dissolve ferritic phases 
The three filtrates were analysed by ICP-AES.

1-5 EDX Mapping

Elemental mapping was performed on samples embedded in resin and polished to produce a flat 
surface using an EDAX probe from the AMETEK company associated to a Quanta 200 scanning 
electron microscope (SEM) from FEI. The spectral options were set with a Dwell of 1000 ms and 
resolution was 256 x 200.

1-6 ToF-SIMS

ToF SIMS surface images were acquired using the following conditions on samples embedded in 
resin and polished to produce a flat surface suitable for high resolution ToF-SIMS imaging.
Bismuth primary ions at 25 keV, 30 µs cycle time (80 dalton mass/charge range), 150 nm (medium 
resolution) or 50 nm (high resolution) diameter probe. Both positive and negative secondary ions 
were detected, in separate acquisitions. An oxygen partial pressure of 2 × 10-6 mbar was used to 
enhance B+ secondary ion yield. Pre sputtering of the sample surface with bismuth primary ions in 
continuous current mode (0.5 nA DC) was necessary to remove residual resin from the surface.

2-Results and discussion

41.5% of clinker has been dissolved after the first chemical attack (dissolution of C2S by salicylic 
acid), 30.8% of the clinker has been dissolved during the second attack (sodium carbonate and acid 
acetic) and the residue represents 27.7% of the initial mass.

XRD analyses of the residue of the three attacks have been performed. Table 2 shows the evolution of 
the main phases.

Table 2 : Phase evolution during the selective dissolutions

clinker Residue after first 
attack

Residue after 
second attack

Final residue

C4A3 32.5 52.7 1.1
C2S 38.1
C6AF2 7.7 15.5 24.1 9
C3FT 14.1 14.7 30.8 27.5
C2AS 5.7 12 13.5 0
Periclase 0.3 0.8 5.5 9.7
Na2SO3 5.2 11.5
others 1.6 4.3 19.8 42.3

The first attack selectively dissolved the C2S. The second attack allows the dissolution of the majority 
of the C4A3 but also of some iron-rich phase and C2AS. Similarly, the attack of the residue will 
allow the dissolution of most of the iron-rich phases, the rest of C2AS but also some C3FT.



Na2SO3 appears after the second attack as a residue of the sodium carbonate used to dissolve the 
C4A3.

All those observations are confirmed by the ICP-AES measurement. However, a mean composition 
for C2S can be given (table 3). It is also important to notice that the second filtrate (mix of 86% 
C4A3+6% C6AF2+ 8%C2AS) contains 2.7% of B2O3 while in the third filtrate no boron is detected. 
Therefore, it is most likely that C4A3 contains some boron. The iron content in the second filtrate 
cannot be explained by the presence of less than 10% of the C6AF2. This confirms EDX (tab 4) results 
showing the presence of iron in the C4A3  . 

Table 3 : mean composition of the C2S obtained by salicylic acid attack.

C2S 

CaO 62.8±0.9

SiO2 28.5±0.3

B203 5.2±0.5

Al2O3 0.6±0.1

SO3 0.9±0.1

Fe2O3 0.4±0.1

TiO2 0.3±0.1

MgO 0.5±0.1

Na2O 0.7±0.1

Table 4 : EDX phase analysis.

C4A3 C2S* (core) C2S* (edge) C4AF

CaO 37.26±0.35 59.89±1.04 56.15±1.1 40.09±1.97

SiO2 3.38±0.24 29.61±1.43 24.06±1.69 7.85±2.29

Al2O3 41.11±0.62 3.88±1.63 8.20±1.09 15.98±3.58

SO3 12.11±0.30 1.39±0.34 1.26±0.32 1.55±0.93

Fe2O3 4.97±0.60 2.77±0.81 7.63±1.57 31.70±5.23

TiO2 0.27±0.07 0.36±0.07 0.41±0.09 0.80±0.30

MgO 0.29±0.04 0.50±0.07 0.87±0.23 1.43±0.88

Na2O 0.29±0.04 0.96±0.04 0.96±0.11 0.40±0.20

P2O5 0.33±0.03 0.64±0.08 0.45±0.1 0.20±0.08
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Figure 1 shows the distribution of elements obtained using the EDX probe. No clear limits between 
C2S and C4AF phases can be determined and continuous enrichment in Fe and Al is noticeable from 
the core to the edge of the belite. Figure 2 also shows the calcium distribution in the same region of 
the same specimen but this time analysed by ToF-SIMS. The resolution being not high enough, a 
smaller area has been studied at a higher magnification (white square). Figure 3 and 4 show the Ca 
and B distributions.

Figure 1 : EDX elemental maps. Field of view is 100 µm by 87 µm

Figure 2 : ToF-SIMS elemental maps. The black square represents the region studied in more detail in figure 3. 
The lighter the region the higher the number of secondary ions detected. 

Si

Fe



Figure 3 : ToF-SIMS elemental maps (square from fig 2). The lighter the region the higher the number of 
secondary ions detected. 

Figure 4 : ToF-SIMS elemental maps of C2S showing the distribution of B and Ca. The lighter the region the 
higher the number of secondary ions detected. 

The B-rich regions appear to be transition zones between C4AF and C2S. However, the core of C2S is 
not completely depleted in B. 



Figure 5 shows an IRTF spectra of the clinker studied. The shoulder at 920 cm-1 characterising the 
C2S β polymorph is very faint while the peak at 847 cm-1 is very smooth. It seems to indicate that the
major C2S polymorph contains in the clinker is closer to the α form than to the β form (Ghosh 2002).

Figure 5: Fourier Transform Infra-red spectra of the clinker

Fletcher and Glasser have established that the B-rich phase in stable equilibrium with C2Sα is the 
C11S4B. It is therefore most likely that the belitic structure formed in this clinker is an intimate 
association of a C11S4B shell around a C2Sα core.

Conclusions

Boron is not an element usually analysed in industrially produced portland clinkers. Therefore new 
analytical tools have been used to complement XRF and XRD. ICP-AES allows the quantification of 
boron in the calcium silicate phases (5.93% weight percent). ToF-SIMS mapping has been used to 
establish that C11S4B forms at the edge of the C2S phase. As IRTF experiments demonstrate, Boron 
stabilises high temperature polymorphs such as the α form. Boron is also present in C4A3 (around 
2% weight percent) but the main dopant in this phase is iron. Solid solution of iron in C4A3 is 
confirmed both by selective dissolution and EDX analysis (5% weight percent).
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Abstract 
Geopolymers based on metakaolin (MK) were synthesized using different replacement levels of geothermal 

silica waste (GSW) in dispersion. This material is a byproduct of the electric energy generation by means of 

geothermal brine and steam extracted from the underground. Following from that, the aim of this study was to 

analyze the effect of the GSW on the mechanical properties and the development of the microstructure of the 

geopolymers exposed at different conditions as sulfate attack and elevated temperatures up to 800°C. The 

mixtures were activated with a solution of sodium silicate and sodium hydroxide with molar ratios SiO2/Al2O3 = 

2.8, 3.0 and 3.2, Na2O/SiO2 = 0.32 and H2O/Na2O = 10, utilizing 0, 5, 10, 15 and 20% of geothermal silica 

waste. The pre-curing treatment was carried out at 60°C during 2 hours.  After the curing periods of 3, 7, 14 

and 60 days the compressive strength was evaluated. The materials obtained were characterized by means of X-

ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and scanning electronic microscopy 

(SEM).  The tests to evaluate the sulfate attack and high temperatures involved an immersion for a period of 14 

and 28 days into a solution of 5% sulfate magnesium and an exposure to 200, 400, 600 and 800°C during 2 

hours, respectively. All the XRD patterns exhibited an amorphous peak displacement associated with 

geopolymeric gel formation and also a similar displacement in the characteristic band of aluminosilicates in 

FTIR spectrums was obtained indicating the geopolymerization. The results showed that geothermal silica 

waste affects negatively the mechanical performance mainly at early curing periods. The best mechanical 

performance was obtained with a ratio of SiO2/Al2O3 3.2 and 0% of geothermal silica waste. According to 

SEM, an increase in porosity was observed with a higher GSW load in the system. Also the GSW load affected 

negatively the chemical and thermal resistance of geopolymers. The sulfate attack promoted the re-formation of 

caolinite and the exposure to 800°C of 20% GSW systems promoted the highest loss of compressive strength.   
 

Originality 

Nowadays is important to reduce the carbon dioxide (CO2) emissions to the atmosphere since the world is 

facing important problems due to environmental degradation. This need could be directly related with the 

continuous search for environmentally friendly construction materials, in order to minimize the use of Portland 

cement and reduce the CO2 emissions generated by its production (5-7%). One of the ways to contribute to this 

reduction is the using of alternative and by-product materials, such as GSW, to develop new construction 

materials. In view of this, this work focuses in the alkaline activation of metakaolin and the use of GSW as part 

of raw materials further that synthesis of geopolymers demands less energy requirements. Also the 

incorporation of GSW into the system reduced significantly the use of sodium silicate, one of the most expensive 

ingredients in the geopolymer, therefore the production of the geopolymer could be less expensive, having 

higher compression strength values compared with ordinary Portland cement. 

 

Chief contributions 

The main contribution is the development of new materials and the use of geothermal silica waste. It’s 

noteworthy that over 80% of geothermal plants in the world that produce electric power by underground water 

and steam extraction, present problems related with the generation and accumulation of this kind of wastes. In 

this work was possible to incorporate this waste material up to 20 wt.% in the metakaolin-based geopolymer. 

Although the GSW load reduced the mechanical performance, the compressive strengths showed by all the 

systems exceed by far the properties obtained for the ordinary Portland cement. Even those geopolymers 

subjected to sulfate attack and high temperatures exhibited comparable compressive strengths to Portland 

cement. These results indicated that with the incorporation of the GSW to the geopolymeric matrix is possible to 

provide an added value to this waste material without an important reduction in the mechanical and chemical 

performance. 

 

Keywords: Geopolymers, metakaolin, geothermal silica waste. 



Introduction  

The concrete made of Portland cement is the second material more used after water. Several authors 

indicate that the production of one ton of Portland cement accounts for about one ton of CO2 released 

to the atmosphere, contributing with approximately 5-7% of the emissions of this harmful 

‘Greenhouse Gas’ due to human activities (Hardjito et al., 2004).  
In view of this, the search for environmentally friendly construction materials is important, in order to 

mitigate this problem. According with McLeod (2005) this could be achieved by: (1) partial 

replacement of portland cement, (2) use of cements with low energy and (3) development of 

cementive systems as geopolymers. Following from that, this paper presents the results of 

geopolymers sintetized from metakaolin (MK) using different replacement levels of geothermal silica 

waste (GSW) up to 20%. This GSW is a byproduct of the energy generation extracting water and 

steam from the underground. As a result, the Cerro Prieto Geothermal plant in Baja California, 

Mexico, has to remove approximately 5 tonnes of geothermal silica per month from process pipes and 

discarded to an evaporation pound (Díaz et al., 1999). This residue, as well as other similar waste 

sources worldwide, is a source of solid amorphous silica which can potentially be used as a 

replacement for silicate solutions in geopolymerization (Hajimohammadi et al., 2008) and this work 

presents the possibility of working with a mixture of MK and GSW, obtaining great mechanical 

properties. 

 

Experimental procedure 

Materials. A commercial MK named Brymex 95 was used. The oxide composition of MK was 

determined using X-ray fluorescence (XRF) and is shown in the Table 1, obtaining an initial molar 

ratio SiO2/Al2O3 of 1.2. MK is mostly amorphous with small amounts of crystalline phases as 

kaolinite and quartz with a particle size lower than one micron. GSW from the Cerro Prieto 

Geothermal plant in Baja California, Mexico was also utilized. The silica was washed with distilled 

water at 90°C and then filtered and dried at 180°C during 24 hours. The final chemical composition of 

the GSW is about 94% SiO2 (see Table 1). The alkaline activator was composed of a mixture of 

sodium silicate, sodium hydroxide and distilled water. 

 

Geopolymer synthesis. Geopolymers were synthesized following this procedure: 1) Preparation the 

activating solution with sodium silicate, sodium hydroxide and water, 2) Incorporation the GSW into 

the alkaline solution to get the GSW in dispersion, 3) Dosage of the raw materials, 4) Mix for 5 

minutes, 5) Cast in cubic molds and vibrations, 6) Pre-cure at 60°C during 2 hours and curing at 20°C 

during 24 hours, 7) Estimation of the compressive strength after the curing periods of 3, 7, 14 and 28 

days. The geopolymers cured up to 28 days were submerged in a solution of 5% of MgSO4 during 14 

and 28 days and also exposed to elevated temperatures of 200, 400, 600 and 800°C. The 

geopolymers synthesized were also characterized using XRD analysis with Cu K radiation. 

Pellets of samples were prepared using the KBr procedure in order to obtain the FTIR 

spectra. To analyze the microsctructure, specimens were cold mounted, ground and polished 

for their observation in SEM.  
 

The systems prepared are summarized as: SiO2/Al2O3 = 2.8, 3.0, 3.2, Na2O/SiO2 = 0.32 and 

H2O/Na2O = 10, utilizing 0, 5, 10, 15 and 20% of geothermal silica waste. 

 
Table 1. Oxide composition of MK Brymex 95 and GSW by XRF. 

 

Material 
Oxides % 

SiO2 Al2O3 Na2O Fe2O3 TiO2 CaO MgO K2O ZrO2 

MK 53 44.1 0.3 0.35 0.55 0.17 0.05 0.2 --- 

GSW 93.76 0.42 0.21 0.11 0.04 0.34 0.02 0.17 0.01 



Results and discussion 

Preliminary work 

The results of preliminary work indicated that pre-curing time is a parameter with high influence in 

the structure and mechanical properties of the final product in the geopolymers synthesized. Longer 

times at high temperatures affected negatively the development of the compressive strength. 

The water and sodium silicate contents were also considered for the preparation of the geopolymers. 

Due to the small particle size of the raw material, the water demand increased reducing the 

compressive strength. The best results obtained of the different ratios were those presented above. . 

 

Geopolymers cured under environmental condition 
The Figure 1 presents the results of the compressive strength for all the geopolymers prepared. The 

compressive strength increases with the curing time for all the systems; nevertheless it was reduced 

with the GSW load. High GSW content means more water content for the same N/H ratio and this 

promotes porosity and lower compressive strength. Is noteworthy that for the systems with 0, 5 and 

10% of GSW the compressive strength increases with de S/A ratio, which means a higher sodium 

silicate content in the system, forming silica gel and helping to densify the matrix, promoting the 

increase in the compressive strength values. However, in the systems with 15 and 20% of GSW, a 

significant increase in the compressive strength at 60 days was observed, possible due to the action of 

the GSW which promotes the mechanical development at latter stages of geopolymerization. Some 

works about epoxy resin based materials show these materials exhibit a compressive strength around 

50-100MPa similar to the geopolymers synthesized in this study. However, there are many problems 

with the use of epoxy resin (Alsayed et al., 2002), especially when the material is subjected to 

chemical and thermal attack, and this disadvantage limits its application.  

Figure 2a shows the patterns of the geopolymers synthesized using 0 and 20% of GSW (a and b, 

respectively). A shift of amorphous halo at 25°-35° 2 compared with the position of the amorphous 

halo in MK, as an indicator of structural change was observed; this halo is associated to the formation 

of the geopolymeric gel. It is also observed that with the increase in the S/A ratio, the kaolinite peaks 

disappear and the quartz reflections remain since is an inert phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Compressive strength for the geopolymeric systems synthesized. 

 

The FTIR spectrums for geopolymers with 0 and 20% of GSW are showed in the Figure 2b. The -H-

O-H- vibration at around 1645cm
-1

 is observed, which might be due to the greater alkali content in the 

pore solution and the inhibition of the water evaporation. Also is worth noting the disappearance of 

the 808cm
-1 

band (associated to the Al in tetrahedral coordination) due to the incorporation of the 

sodium balancing the aluminum charge. A shift in the band at 1103cm
-1

 (related with the 

characteristics bonds of aluminosilicates) towards low frequencies in geopolymers was also observed, 

this shift is consistent with the shift of the amorphous halo in the XRD patterns. This band has a 

greater displacement towards low frequencies when the GSW load increases. The systems with more 



i ii

a)

b)

c)

GSW content have more NaOH content and several authors (Lee et al., 2003) indicate that when the 

alkaline metal concentration is increased, the depolymerization is promoted.  

Microstructure of geopolymers was observed by means of SEM. Figure 2c i presents the geopolymer 

with 0% of GSW cured up to 28 days. The micrograph shows a dense matrix with low porosity. 

Furthermore, some MK unreacted particles with needle-like morphology were observed. 

Figure 2c ii shows the geopolymer with 20% of GSW cured up to 28 days. An increase in the porosity 

was observed compared with the geopolymers with 0% GSW. A previous report (García-Martínez, 

2006) indicates that for low sodium silicate/NaOH ratios, the sodium silicate is not enough and the 

resulting silica gel is insufficient to densify the matrix). Also, high GSW content involve more water 

content in the system, hence more porosity. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. a) XRD patterns; o kaolinite, quartz b) FTIR spectrums  

c) Microstructre of GP’s, i) 0% GSW ii) 20% GSW. 
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Geopolymers exposed to sulfate attack 

The compressive strength results of geopolymers cured up to 28 days and then submerged in a 5% 

MgSO4 solution during 14 and 28 day indicated that with the increase in the immersion time the 

compressive strength significantly decreases; systems with 20% of GW were the most affected, 

decreasing up to 87% compared with the geopolymers without sulfate attack. Also some of the visual 

signs which were possible to observe is the presence of cracks and the formation of a precipitate in the 

geopolymer surface according with the increase of GSW content and the immersion time. This 

precipitate could be an amorphous silica phase with the appearance of colloidal particles. Figure 3a 

shows the XRD patterns of geopolymers with 0, 10 and 20% of GSW. With the increase of GSW 

content the presence of kaolinite peaks were observed. This could be due to that the samples were 

submerged into an aqueous solution and  Sánchez-Soto et al. (2000) indicated that a re-hydroxylation 

of MK is possible due to water absorption. 

 

Figure 3. a) XRD patterns; o kaolinite, quartz b) FTIR spectrums of GP with 20% GSW compared with de GP 

cured up to 28 days with no attack c) Microstructre of GP’s: i) 0% GSW ii) 20% GSW. 

 

The most remarkable in the infrared spectrums shown in Figure 3b is the appearance of a shoulder 

around 1101cm
-1

. Elizondo-Martínez et al.(2006) associate this band to the sulfate presence; on the 

other hand Lee, 2002 associate this band to the preence of kaolinite, as similar as presented in the  

XRD patterns (see Figure 2a). Figure 3c presents the microstructures of geopolymers with 0 and 20% 

of GW at 28 day of immersion. The appearance of microcracks was observed, it might be due to the 

diffusion of the sulfate solution through the pores forming these defects. Bigger pores and unreacted 

particles were also observed. There are epoxy resin based materials with high durability, resistant to 

most inorganic chemicals except for highly oxidizing agents such as sulfates (Mailvaganam, 2001), 

and the systems synthesized up to 10% of GSW exhibited great chemical resistance to sulfates. 



a)

c)

b)
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Geopolymers exposed to thermal attack. 

The results of compressive strength for geopolymers exposed to 200, 400, 600 and 800°C are 

presented in Figure 4. The increase in the temperature caused the diminution of the compressive 

strength, which could be associated with the formation of cracks. The systems with high GSW content 

were the most affected. Geopolymers exposed at elevated temperatures exhibited an extensive 

cracking occurred at 800°C. When the structure is exposed to elevated temperatures, above 500°C, the 

chemically bound water leaves the structure as steam, which increases the internal pressure and the 

material expands and eventually cracks (Burciaga-Díaz, 2007). 

Figure 4. Compressive strength of GP’s exposed to elevated temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. a) XRD patterns; o kaolinite, quartz b) FTIR spectrums of GP with 20% GSW compared with de GP 

cured up to 28 days with no attack c) Microstructre of GP’s: i) 0% GSW ii) 20% GSW. 

 

Figure 5a presents the geopolymers with 0, 10 and 20% of GW exposed at 800°C. The patterns show 

the intensification of kaloinite peaks. Some reports indicate (Mackenzie, 2003) that geopolymers have 



high thermal stability and show a little tendency to crystallize at high temperature; however when 

geopolymers are exposed to temperatures above 500°C may experience structural changes of this type 

with the crystallization of the kaolinite. The spectrums of geopolymers with 20% of GW exposed at 

800°C compared with the unexposed geopolymer are presented in Figure 5b. The bands around 

1450cm
-1

 and 870cm
-1

 were intensified after the exposure (associated with the presence of 

carbonates), possibly due to the high content of Na in the systems, the environmental CO2 and the 

elevated temperature which promoted the formation of carbonate species. Also a band around 

1521cm
-1

 related with a recrystallization of kaolinite was observed. Microstructures of geopolymers 

with 0 and 20% of GSW exposed at 800°C are shown in Figure 5c.  From this micrograph is possible 

to note a dense structure despite the macrostructural cracking. Also some crystals were present, 

probably corresponding to the recrystallized kaolinite which according with several authors could 

affect negatively the mechanical strength (Xu, et al., 2003). 

 

Conclusion 

 Compressive strength increased when S/A ratio increased, and compressive strength decreased 

with the GSW content due to the increase in the porosity.  

 The compressive strength decreased when the geopolymers are exposed to chemical and thermal 

attack, observing cracking and recrystallization of kaolinite.  

 When the GW content increased, the compressive strength decreased, in both cases of attack, 

chemical and thermal, and re-formation of kaolinite is promoted.  

 In spite of the diminution of the compressive strength when GW content increases, the 

compressive strength values obtained for all the geopolymeric systems are above of the reported 

compressive strength for an ordinary Portland cement and even for the geopolymer resins. 
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AbstractAbstractAbstractAbstract
This paper describes an effect of gypsum content on mechanical property, hydration and hydrated product of calcium
strontium sulphoaluminate cement. Calcium strontium sulphoaluminate cement is a new type sulphoaluminate cement
and clinker minerals mainly are 1.5CaO·2.5SrO·3Al2O3·CaSO4（C1.5Sr2.5A3S），C2S and C4AF. Industrial strontium
slag can be utilized as raw material instead of partial limestone and gypsum in manufacture of this cement, which is
used to save resources and protect ecological environment. Clinker and different amount (0%, 3%, 6%, 9%, 12%)
gypsum were co-grinded and shaped in steely mould (2cm×2cm×2cm) at a w/c of 0.35, and compressive strength of
samples were measured at disparate curing age. Hydrated mechanism and micro-topography were determined by XRD
and SEM. The results showed that hydration of clinker minerals such as C1.5Sr2.5A3S is accelerated due to the addition
of gypsum, therefore cement possess well early stage strength. Hydrated products are AFt containing Sr, CAH10，
Ca(OH)2 and so on. Calcium strontium sulphoaluminate cement which is added with 6% gypsum bears stable early and
later stage strength, compressive strength of hydrated 3d and 28d are 64.58 MPa and 79.86 MPa separately. If gypsum
is overfull, network structure form in set cement interiorly and hamper spread of hydrates, therefore AFt which creates
in later stage of hydration would destroy internal structure of calcium strontium sulphoaluminate cement paste and
would cause retrogression of strength.

ORIGINALITYORIGINALITYORIGINALITYORIGINALITY
Calcium strontium sulphoaluminate (CSSA) cement is latest outcome of our laboratory, which is a new type
sulphoaluminate cement. One of clinker mineral is C1.50Sr2.50A3 S , which is composed through using 2.5 mol Sr2+ to
instead of Ca2+ in C4A3 S . Various amount gypsum are appended to cement clinker in experiment, and the main
research purpose of this paper is to investigate hydrated mechanism of CSSA cement and effect of gypsum (refering to
compressive strength, hydrated product and hydrated velocity). All of the above content have not reported in literatures.

CHIEFCHIEFCHIEFCHIEFCONTRIBUTIONSCONTRIBUTIONSCONTRIBUTIONSCONTRIBUTIONS
Manufacture of ordinary Portland consumes a lot of superior limestone, and formation temperature of clinker is high.
Sulphoaluminate cement has good performance in early strength, high strength and corrosion resistance. However,
progress of sulphoaluminate cement is limited because of expensive price of raw material. Industrial strontium slag are
utilized as raw material instead of partial limestone and gypsum in manufacture of new type calcium strontium
sulphoaluminate (CSSA) cement, which will reduce cost of producing cement and dispose industrial slag effectively.
Related to social benefit, CSSA cement is conducive to save resources and protect ecological environment. We have
studied influence of different quantity gypsum on hydrated process, hydrate and morphology of CSSA cement. Optimal
content of gypsum and hydrated mechanism of this new cement is made out, which will provide theoretical basis for
industrial production of CSSA cement.
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1.1.1.1. INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

The main clinker minerals of sulphoaluminate cement are anhydrous calcium aluminosulphate (C4A3S )
and calcium silicate (C2S), which exhibit particularly excellent characteristics such as low sintering
temperature, high strength, antifreeze, antiseep, corrosion resistance and low basicity. But its
application has been limited due to the high cost of production and raw material source of bauxite and
short setting time. A lot of improvement have been done and significant results have been.
C1.5Sr2.5A3 S which is synthesized with Ca2+ in C4A3 S substituted by Sr2+, is a hydraulic gelatinous
mineral with good performance. The new calcium strontium sulphoaluminate (CSSA) cement with
C1.5Sr2.5A3 S , C2S as clinker minerals has more superior performances. The compressive strength of
hydrated 3d and 28d are 67.75 and 89.63 MPa respectively. Industrial strontium slag can be used as
raw materials to replace limestone and gypsum partly for reducing the production cost of cement and
protecting environmental, when the cement is produced. Gypsum is a kind of indispensable
component for cement production. Compared with Portland cement, gypsum occupies a larger
proportion in sulphoaluminate cement. It not only plays a role in adjusting setting time but fully
involving in the cement hydration impacting cement strength. The purpose of this paper is to
investigate the influence of gypsum on the strength, hydration products and process of CSSA cement,
find the optimal content of gypsum, provide theory basis to the actual production of cement.

2.2.2.2. EXPERIMENTEXPERIMENTEXPERIMENTEXPERIMENTANDANDANDAND TESTTESTTESTTEST

2.12.12.12.1 EXPERIMENTALEXPERIMENTALEXPERIMENTALEXPERIMENTALMATERIALSMATERIALSMATERIALSMATERIALS

The raw materials for burning CSSA cement clinker were industrial materials, the chemical
composition is shown in Table 1. The gypsum of the cement raw meal prepared was chemically pure
gypsum.

Table 1: Chemical Composition of Raw Materials

Raw material loss SiO2 Fe2O3 Al2O3 CaO MgO SO3 SrO ∑
Strontium slag 11.26 10.95 2.42 1.17 14.82 1.42 17.91 34.54 94.49

Bauxite 15.39 10.56 4.62 60.58 1.52 1.88 0.00 0.00 94.55
Limestone 42.10 4.73 0.30 1.19 48.78 2.44 0.00 0.00 99.54
Gypsum 17.62 4.21 0.35 1.09 33.51 0.39 41.24 0.00 98.41

2.22.22.22.2 EXPERIMENTALEXPERIMENTALEXPERIMENTALEXPERIMENTALMETHODMETHODMETHODMETHOD
According to the proportion of cement clinker, each industrial raw material was weighed accurately.
Samples was pulverized in ceramic pots to pass through the 200 mesh screen, and the raw material
was mixed and appropriate amount of water was added, then the mixtures were pressed into Φ 60 × 10
mm cylindrical pat. The samples were put into the oven and dried for 2 hours at 110 ± 5℃. Then they
were placed into silicon-molybdenum rod furnace with 5 ℃/min heating rate till to the target
temperature. CSSA cement clinker was obtained after cooling to room temperature. The clinker was
mixed with the gypsum whose mass fractions were 0%, 3%, 6%, 9% and 12% respectively. Then the
cement was grinded in the planetary mill until the residue on sieve of 0.08 mm is less than 5%.
Cement paste specimen whose size is 2 cm × 2 cm × 2 cm was made with the water cement ratio of
0.35. After curing for 1 day in curing box, the specimen was demoulded (humidity ≧ 90%,
temperature 20 ± 2 ℃) and then put into water (temperature 20 ± 2 ℃) for continuous curing. The
compression strength of the specimen was measured after curing for certain time.



2.32.32.32.3 TESTTESTTESTTEST ANDANDANDANDCHARACTERIZATIONCHARACTERIZATIONCHARACTERIZATIONCHARACTERIZATION

The strength of cement paste was tested with YE-30 Hydraulic compression testing machines. The X-
ray diffraction（X-ray diffraction, XRD） that used in experiment was D8 ADVANCE which was
made by BRUKER-AXS corporation, and phase composition of hydrated paste was tested (Cu target,
graphite monochromator, voltage is 30 kV, current is 30 mA). The microstructure of cement paste was
observed with Hitachi S - 2500 type scanning electron microscope.

3.3.3.3. RESULTSRESULTSRESULTSRESULTSANDANDANDANDDISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION

3.13.13.13.1 ANALYSISANALYSISANALYSISANALYSIS OFOFOFOF CEMENTCEMENTCEMENTCEMENT STRENGTHSTRENGTHSTRENGTHSTRENGTH

Literatures show that the optimal amount of gypsum can promote the hydrated process of
sulphoaluminate cement, accelerate the formation of hydration products, improve the degree of early
hydration, make the pastes structure more density, and improve the early strength significantly. This is
due to the rapid formation of ettringite at the early age of hydration with the addition of gypsum. The
pores of cement paste are filled with needle ettringite, which intertwine to form the network structure.
So the early mechanical properties of cement are improved. CSSA cement would be affected
differently by disparate content of gypsum. In this study, the strength development regularity of CSSA
cement with different content of gypsum, and the optimal content of gypsum was found. Strength test
results are shown in Table 2.

Table 2: Relationship between Gypsum Content and Compressive Strength

Sample
No.

Gypsum
content
/ %

Compressive strength / MPa

1d 3d 7d 28d

1 0 11.43 52.63 65.56 76.58
2 3 33.42 45.37 52.62 66.51
3 6 48.56 67.75 80.49 89.94
4 9 46.35 64.58 68.69 79.86
5 12 47.26 68.48 70.55 63.91

From table 2, the early strength of cement can be increased from 11.43 MPa to 33.42 MPa on the first
day, because 3% of gypsum was added in cement clinkers. But the later strength was not very
obviously increased and was only 52.62 MPa on the seventh day. The early strength of cement would
be significantly improved by doped 6% of gypsum and reached 48.56 MPa on the first day, while the
later strength also increased greatly, which were 80.49 MPa at 7 day and 89.94 MPa at 28 day. The
strength of cement with 9% of gypsum would increased, however, the later strength increased slowly.
The strength of cement could achieve to the maximum in the early but fell back in the late when 12%
of gypsum was mixed,. Taken all of consideration, the optimum content in CSSA cement is 6%, and
the early and later strength of cement are improved significantly.

The results showed that the early strength of CSSA cement is enhanced greatly when 3% to 12% of
gypsum is added. This is because the hydration rate of C1.5Sr2.5A3 S and C2S are speeded up with
gypsum mixed. And the mechanical properties are changed with the different content of gypsum. The
mechanical properties of material, such as compressive strength, are decided by the development of



cement internal structure. The formation of structural systems is related not only with the growth rate
of hydration, but also with the diffusion rate. If the hydrated products form too fast to spread within
the system, the partial stress is surely imbalanced and leads to the instability of structure. When
content of gypsum are 3%, 6% and 9%, the growth rate of hydrations can reasonably match well with
the rate of diffusion, and the products evenly distributes in interior structure. Every pore will be filled
by new hydrated productions with hydration going along, and the cement strength grows sostenuto.
When the fraction of gypsum is 12%, because C1.5Sr2.5A3S could contact with gypsum fully, the speed
of hydration is accelerated. In result that AFt is the source of expansion, AFt create largely and form
into crystal structure in the early hydration, which is propitious for early strength. And when cement
strength reach a specific value, new formed AFt play main role in inflation. The spread of hydrated
productions is limited by network structure formed early, which causes that AFt increase inside
limited space and quantity and expansion of potential is augmented. Along with the further hydration,
the weak link of the network structure would be destroyed by large accumulation of AFt, and the
structure system become insecure accordingly, so upper strength is capable to decline.

3.23.23.23.2 XRDXRDXRDXRDPATTERNSPATTERNSPATTERNSPATTERNSOFOFOFOF CEMENTCEMENTCEMENTCEMENT PASTEPASTEPASTEPASTE

As shown in figure 1, the hydrated products are AFt, CAH10, and Ca(OH)2, etc.. When hydrating 3
days, there was a small amount of AFm in hydrated products of CSSA clinker, which was caused
without enough gypsum in hydration system. Yet, even the No. 2 sample contained the least gypsum
content (3%), it made great majority of calcium sulfoaluminate hydrates occur as the AFt. In addition,
as increasing of gypsum content, the diffraction peak intensity of CSSA dropped but the diffraction
peak intensity of AFt swelled. This indicates that the early hydrated rate of cement is accelerated with
a large number of gypsum. On the macroscopic view, the more of gypsum content, the higher early
strength of cement. The cement hydrated reaction had almost completed but there still have small
amounts of clinker at hydrated 28d. In the XRD of the cement paste who’s content of gypsum are 6%
and 12%, the characteristic peaks of hydrated products are the highest and similar, which illuminates
that these two cements hydrate completely and have same hydrated products. This also confirms that
the reason of strength regradation of sample No. 5 is that diffusion of new created AFt are blocked up
by network structure shaped in early age of hydration. AFt inflate constantly and demolish
configuration of cement paste lastly, so long-term strength descend.
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Figure 1: XRD patterns of cement paste



3.33.33.33.3 SEMSEMSEMSEMPHOTOSPHOTOSPHOTOSPHOTOSOFOFOFOF CEMENTCEMENTCEMENTCEMENT PASTEPASTEPASTEPASTE

Figure 2 and figure 3 are SEM photos of samples No. 1 and No. 3 hydrated 3d, respectively. In
addition to AFt, there also has flaky AFm in SEM picture of sample No.1, this is because of
inexistence of gypsum in hydrated system of cement. AFt come into being firstly and then AFm
engender. As hydration went on, the quantity of AFm is more and more. The major hydrated products
of sample No. 3 are needle-shaped AFt in SEM photo. Because there is enough gypsum in hydrated
system of 3CaO·3Al2O3·CaSO4-2CaO·SiO2-CaSO4·2H2O-H2O, CSSA first react with gypsum and
produce ettringite containing strontium and alumina gel (AH3), C2S hydrate generating calcium
silicate hydrate gel (C-S-H) and calcium hydroxide (Ca(OH)2). Intermediate products of AH3 and
Ca(OH)2 continue react with the gypsum and generate more ettringite containing strontium.

Figure 2: SEM photographs of sample No. 1 hydrated 3day

Figure 3: SEM photographs of sample No. 3 hydrated 3 day

4.4.4.4. CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS

(1) The addition of gypsum in the CSSA cement clinker can promote the hydration of C1.5Sr2.5A3 S
and other minerals. The main hydration products were ettringite bearing strontium, C-S-H, CAH10,
Ca(OH)2 and aluminagel etc..



(2) The optimum content of gypsum in the CSSA cement is 6%, which has a high early strength and
steady later increasing strength. The compressive strength of cement paste hydrated 3d and 28d are
64.58 MPa and 79.86 MPa, respectively.
(3) Much more content of gypsum in CSSA cement promotes the rapid hydration of cement, which is
benefit for the early strength of cement. However, the proliferation of newly generated hydrated
products is hindered because of the network structure formatted in the inner cement paste, which will
lead to the unsteady internal structure and even destruction of the cement paste, accordingly cement
later strength appears shrinkage.
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Abstract 
A radical, step change approach to reducing carbon dioxide emissions from cement manufacture is being 

investigated by the authors, involving a highly novel method of cement mineral synthesis using a molten salt 

process which yields a fine-grained product requiring little or no grinding. 

The specific environmental impacts which may arise from a molten salt route have been assessed and quantified 

here against the conventional manufacturing route in terms of resource efficiency (energy consumption and 

waste output), supply chain influences and management of the production process. The new molten salt route 

has been evaluated in comparison with conventional kiln calcination by a risk-based model which estimates the 

impacts of a range of semi-quantitative environmental issues. 

It is known that fine ceramic powders may be synthesized by dissolving precursor components in near-eutectic 

molten salt mixtures and then precipitating them at temperatures several hundred degrees lower than for their 

conventional syntheses, saving energy and (potentially) avoiding the need for grinding altogether. This 

technique has been investigated as a route to production of individual cement minerals at relatively low 
temperature. In essence, raw materials are dissolved in a molten salt and heated to around 800oC. The cement 

compounds (calcium silicates and aluminates) are precipitated on cooling as a fine powder, and then separated 

by centrifuging and washing in a non-aqueous solvent. 

The benefits to industry of adopting such a manufacturing route would lie mainly in lower energy demand, 

elimination of grinding, reduced carbon dioxide emissions and, ultimately, the possibility of sequestering 

carbon dioxide in the melt. But because of the lower temperatures required and the replacement of a rotary kiln 

that would require fossil fuel firing, there is also the prospect of using renewable sources of electricity to power 

the process. A versatile plant with a smaller overall footprint could produce novel cement types with non-

standard compositions and granulometry, and there are additional spin-off opportunities for nano-cements and 

for calcium alumino-silicates with exciting opto-electronic properties. 

 

Originality of the research 

Portland cement is manufactured by a universal world-wide process in which chemical and physical properties 

are precisely controlled. It is produced at low cost because of economies of scale, and it enjoys an assured 

single market outlet in the construction industry where its particular qualities impart a remarkable versatility to 

concrete. 

However, during the manufacture of cement, carbon dioxide is emitted in  similar mass to that of the product, 

and the conventional calcination process relies on fossil fuel to achieve the required elevated temperatures. The 

viable composition range is limited by process parameters, and there is high embodied energy in heating and 

grinding. In addition, conventional energy reduction measures are almost exhausted, green-field sites are now 

increasingly denied on environmental grounds, and manufacturing requires costly set-up and investment. There 

is consequently a widely recognised need for research on long-term reduction in emissions and energy such as 

undertaken in this project. 

 

Chief contributions 

The radical approach to cement manufacture described here aims to resolve the problems of excessive carbon 

dioxide emissions and energy consumption encountered in the current process for manufacturing Portland 

cement. If successful, it would allow significant reductions in emissions and energy to be made and, because of 

the low temperatures involved, to create new synthetic routes to novel classes of cements and electronic 

materials of related composition. 

 

Keywords: Cement, Sustainability, Low energy, Synthesis, Molten salt 



Introduction 

The sustainability challenge of cement manufacture 

 
Nearly 9 cubic kilometres of concrete are produced world-wide every year. Although the energy and 

carbon dioxide (CO2) embodied in concrete are low compared to other common construction 

materials such as glass, steel and polymers (Hammond & Jones, 2008), some 2,800 million tonnes of 

Portland cement (US Geological Survey, 2010) are manufactured to meet this demand. This huge 
amount of cement presents a serious climate change challenge simply because of the quantity of CO2 

emitted during its manufacture – still today almost 1 tonne CO2 per tonne of product. 

Despite significant recent advances in the design of cement kilns and alternative low-energy clinker 
compositions, steps towards reducing embodied CO2 to date have been only incremental and are now 

yielding diminishing returns (Gartner, 2006; Damtoft, 2008). 

This paper describes the theoretical analysis of the sustainability of a proposed molten salt route to 

cement manufacture that is believed to be novel and to represent a step change rather than a marginal 
improvement in the reduction of energy and CO2 emissions. The predicted impacts are compared with 

those calculated from the conventional, kiln calcination route. 

 

 

Molten salts 

 
Molten or fused salts are a class of inorganic compounds which are made liquid by heating. They 

possess a number of beneficial properties that make them attractive to industrial processes, as they act 

as good solvents and excellent heat transfer media, and are good electrical conductors with high 

thermal stability. They are non-volatile, with generally low vapour pressures, and are able to attain the 
high temperatures (where they are chemically stable) required for rapid reaction.  Finally, they are 

relatively cheap and easy to prepare and are generally environmentally benign. 

It is well known (Tremillon, 1997) that fine ceramic powders may be synthesized by dissolving 
precursor components in near-eutectic molten salt mixtures and then precipitating them at 

temperatures up to 600 °C lower than for their conventional syntheses. This saves energy and 

potentially avoids the need for grinding altogether (Du & Inman, 1996).  
Although advances in molten salt processing have been made by many other industries, notably the 

nuclear, metals-refining (Chen et al., 2000) and ceramics (Du et al., 1996) sectors, such technology 

has not yet been applied to the commercial manufacture of other oxide powders. 

However, the pressing need to reconsider processes in the energy-intensive industries has suggested a 
possible alternative route to cement manufacture, as outlined in Figure 1. 

 

 

Synthesis of cement compounds in molten salts 

 

Results from the ULECeS (Ultra-Low Energy Cement Synthesis) project, funded by the UK EPSRC 

and reported in considerable detail by Photiadis et al. (2009a, 2009b, 2011), are summarised here. 
Synthesis of the major cement compounds beta-dicalcium silicate (β-Ca2SiO4, C2S) and tricalcium 

silicate (Ca3SiO5, C3S) has been attempted in fused sodium chloride (NaCl). In all experiments the 

major product was β-C2S even where the intended product was C3S, when a certain quantity of 

unreacted CaO was detected in the solidified reaction mixture. There was no evidence of the  form as 
would normally be expected below 500°C. 

An important result of this work is the preparation of the cement compound β-C2S at a temperature of 

908 °C. This temperature and the reaction time (2 to 3 hours) are significantly lower and shorter than 

the 1000-1200 °C (>12 hrs) used in a typical synthesis of this mineral by solid state reaction (Taylor, 
1997). These preliminary results demonstrate that the synthesis of β-C2S is possible at substantially 

lower temperatures than have been reported previously. Moreover, this approach is not dependent on 

the inclusion of substitutional elements to stabilise the lattice. 



Quarry limestone and clay raw materials 
↓ 

Crush and blend raw materials 
↓ 

Heat to 1450 oC in fossil-fuel-fired  
refractory-lined kiln 

↓ 
Quench, crush and grind to powder 

 

↓ 
Dissolve raw materials in molten salt 

↓ 
Heat to ~ 900 oC in steel/glass 

↓ 
Precipitate cement powder 

↓ 
Centrifuge product and wash in solvent 

CONVENTIONAL (CALCINATION) PROPOSED (MOLTEN SALT) 

 

Figure 1: Proposed outline molten salt route compared with conventional process 

 

Calcium aluminates have also been synthesised in chloride melts, previous attempts having been only 

partially successful (Maries & Barry, 1985). 
There was also no evidence of chlorosilicate phases being present, which may reflect the relatively 

low solubility of the reactants in this solvent. This is encouraging, even though chloride-containing 

cements based on alinite, whose clinker composition typically includes 1 – 3 % chloride (Taylor, 

1997) are extensively described in the USSR, suggesting that complete removal of chloride from the 
product may not be necessary for commercial use. 

This paper offers a discussion as to whether our novel approach using molten salts as a solvent offers 

a genuine sustainability advantage over conventional cement production methods. 
 

 

Sustainability comparisons 

Scale, energy and kinetics of conventional cement manufacture 

 
It is generally accepted that there is diminishing scope for improving the conventional kiln calcination 

for manufacturing Portland cement (Gartner, 2006, Damtoft, 2008)), even though 10% or more of 

input heat must be lost through the refractories (Mastorakos et al., 1998) to avoid softening the mild 
steel casing. The process relies on nodularisation for efficient heat transfer and therefore speed of 

reaction, thus rendering alternative technologies such as fluidised beds less effective. It also relies 

heavily on fossil fuel burning, mainly because alternative fuels are not available in sufficient quantity, 

despite some (such as rubber tyres) possessing moderately high calorific value. 
 

 

Potential advantages of a molten salt route 

 

The properties of molten salts that favour the sustainable synthesis of cement compounds have been 
cited above. However, in comparison with kiln calcination, potential disadvantages include 

incomplete product recovery (estimated at around 10%) accompanied by salt recycling loss, and extra 

waste disposal costs. 
As far as process steps are concerned, the principal advantage with a molten salt process is the 

possibility of significantly reducing the heating energy, together with the elimination of clinker 

grinding which would save another 10% of total energy requirements (Gartner, 2006). Furthermore, 
the reaction temperature is low enough for the process to be powered entirely by electrical means, 

with a source that could feasibly be completely renewable and fossil-fuel-free. It is even possible that 

‘chemical’ CO2 derived from decarbonation of the limestone (so-called ‘RM-CO2’) could be 

sequestered in the melt, thereby making molten salt synthesis a near-zero emission process. 
Although a commercial-scale plant has still to be configured, it is anticipated that it would be smaller, 

less obtrusive and more versatile than a conventional plant.  Such a plant could use wastes as raw 

materials in the same way, but could produce novel cement types, compositions and granulometry.  
Secondary environmental gains resulting from a low or zero emission process include less regulatory 

pressure and greater public acceptance.  



Comparative sustainability evaluation 

 

Despite the difficulty of comparing a novel process so far carried out batch-wise in the laboratory on 
the scale of a few grammes with that involving a conventional kiln producing several thousand tonnes 

of cement a day, we believe that it is important to assess its potential sustainability. Furthermore, we 

frankly do not yet have a clear vision of how our proposed process might be configured on a 

commercial scale, although the large-scale production of aluminium metal by the electro-reduction of 
a molten salt is an example of distributed parallel processing which could possibly be appropriate for 

facilitating the introduction of our proposed process. 

Because of these obstacles, and since it is difficult to assign a precise numerical value to some of the 
impacts, sustainability data has been presented in the form of a risk-based model developed from the 

principles of Safety Hazard Analysis (Hughes and Ferret, 2008). This model is assembled by 

assigning a numerical rating [1 to 5 for ‘negligible’ to ‘very high’] for the likelihood of each 

sustainability impact actually occurring. A numerical rating [5 to 1 for ‘negligible’ to ‘complete’] for 
a possible mitigating strategy is then added to offset the likelihood of occurrence.  Similarly, 

numerical impacts and offsets are assigned for the severity of the consequence of the impact 

occurring, when a ‘not applicable’ (‘n/a’) entry scores 3 in all cases. The overall sustainability impact 
is calculated as a probability by multiplying ‘Likelihood’ by ‘Severity’, resulting in impacts with 

numerical values in the percentage range (4 to 100). 

Sixteen process industry sustainability metrics (IChemE, 2004) were identified as significant, 
representing four themes of sustainability – resources, emissions, economics and social issues. Data 

have been calculated in Tables 1 to 4 below (where ‘KC’ refers to conventional kiln calcination and 

‘MS’ to the proposed molten salt process).  

 
Table 1: Sustainability impacts: environmental resources 

 

Pro- 
cess 

Sustainability 
Issue 

Likelihood Severity Impact 
[%] Rating [15] Offset [51] Rating [15] Offset [51] 

 USE OF FOSSIL-FUEL (‘F-F’) AS PRIMARY ENERGY (FUEL TYPE) 

KC 
Fuels other than F-F not 
available in sufficient 
abundance/calorific value 

Burning of coal, oil 
and gas to continue 

Use of non-F-F 
where available 

Resource depletion 
expected soon 

Alternative fuel 
sources limited 81 

5 4 5 4 

MS 
Entirely electrical heating 
could be sourced from 
non-F-Fs  

Electrical heating 
as for Al smelting 

No need to use F-
Fs to power 

n/a n/a 
18 

1 2 3 3 
 DEPENDENCE ON VIRGIN RAW MATERIALS  

KC 
Limestone and clay/shale 
used  to ensure reliable 
chemical composition 

Generally used 
where available 

Limited by 
composition 

Abundant sources 
of virgin material 

Mitigation not 
necessary 40 

4 4 2 3 

MS 
In theory more tolerant to 
raw material composition 
by removing impurities  

Same materials as 
KC 

More variability 
than for KC? 

As KC As KC 
35 

4 3 2 3 
 WATER CONSUMPTION  

KC 
Used for cooling grinding 
mills 

May depend on 
ambient temp. 

Recycled via 
cooling ponds 

Significant only in 
hot countries? 

Unnecessary? 
24 

4 2 2 2 

MS 
Grinding unnecessary, but 
cooling of MS containers 
will be required 

Allow for 
considerable use 

As KC, but more 
difficult? 

As KC As KC 
32 

5 3 2 2 
 LAND TAKE FOR MANUFACTURING PLANT 

KC 
Plant very large, but 
generally situated above 
raw materials 

Large kilns more 
thermally efficient 

Smaller kilns less 
economic 

Significant only in 
congested areas 

n/a 
45 

5 4 2 3 

MS 
Plant could be smaller, 
and could consist of many 
units in parallel 

Need similar 
capacity to KC 

Versatile plant 
configuration? 

As KC Versatility could be 
exploited 32 

5 3 2 2 

 

  



Table 2: Sustainability impacts: environmental emissions 

Pro- 
cess 

Sustainability 
Issue 

Likelihood Severity Impact 
[%] Rating [15] Offset [51] Rating [15] Offset [51] 

 CARBON DIOXIDE EMISSIONS 

KC 
Arise from raw materials 
and burning of fossil fuel 

Fuel substitution 
limits reached? 

CCS not yet viable  Cement accounts 
for 6% global CO2 

Global warming 
now confirmed 90 

5 4 5 5 

MS 
Arise only from raw 
materials if renewable 
used to power plant 

Only about half of 
emissions from KC 

As KC but less 
CO2 to capture 

Lower emissions 
than KC 

CO2 sequestered in 
the melt? 36 

3 3 3 3 
 EMISSIONS OF SOX/NOX, DUST TO ATMOSPHERE (AIR QUALITY) 

KC 
Burning in air of fossil 
fuel containing sulfur 

Most fossil fuels 
contain some sulfur 

Scrub flue gas or 
use cleaner fuels 

Depends on plant 
location 

Determined by 
geology 36 

4 2 3 3 

MS 
Problem will not arise if 
electrical heating 
employed 

Use of electrical 
heating preferred 

Mitigation not 
necessary 

As KC As KC 
18 

2 1 3 3 
 HAZARDOUS & NON- HAZARDOUS EMISSIONS TO LAND (SOLID WASTE) 

KC 
Cement kiln dust (CKD) 
is main hazardous waste: 
all others non-hazardous 

CKD consequence 
of kilning process  

Now captured by 
precipitators 

Depends on 
location of plant 

Determined by 
geology 36 

4 2 3 3 

MS 
Principal waste salt 
residue, contaminated 
with impurities  

Consequence of the 
MS process 

Can be cleaned and 
recycled 

Medium chemical 
hazard 

Can be dissolved in 
water (see above) 40 

5 3 3 2 
 HAZARDOUS & NON- HAZARDOUS EMISSIONS TO WATER (WATER QUALITY)  

KC 
Emissions to water limited 
to a small amount of non-
hazardous cooling water  

Fairly unlikely  
 

Not required Negligible Not required 
20 

2 3 2 2 

MS 
Salt residue principal 
waste contaminated with 
impurities. 

Process not yet 
defined 

Recycle water if 
possible 

Treat before 
discharge 

Dissolve salt in sea 
water and disperse 30 

3 3 3 2 

 

 

Table 3: Sustainability impacts: economic issues 

Pro- 
cess 

Sustainability 
Issue 

Likelihood Severity Impact 
[%] Rating [15] Offset [51] Rating [15] Offset [51] 

 CAPITAL COST OF CONSTRUCTION AND DECOMMISSIONING 

KC 
Standard technology used 
w-w and developed to 
SOTA over decades 

High costs avoided 
by competition 

Further cost 
decline unlikely 

Depreciation over 
20-30 years 

Not required 
18 

2 4 2 1 

MS 
Extra costs to establish a 
more complex and novel 
process 

New equipment for 
product separation 

Cost reductions 
will take time 

May delay new 
process uptake 

Acceptance rate  
not known 42 

4 3 3 3 
 PLANT OPERATING COSTS, INCLUDING PROFITABILITY 

KC 
Concrete sector has grown 
accustomed to low cost of 
cement 

Cost kept low by 
competition  

Env. concerns drive 
up costs 

Low materials 
essential  

Difficult to 
decrease costs 24 

2 4 3 1 

MS 
Expected to be higher for 
new, more complex plant 

No grinding, 90% 
product recovery  

Cold skin avoids 
costly refractories 

Manufacturing cost 
a sensitive issue 

Difficult to 
decrease costs 35 

4 3 4 1 

 ENVIRONMENTAL & REGULATORY LIABILITY 

KC 
Greenfield planning 
permits harder to obtain, 
pollution issues critical 

Obtrusive nature of 
cement works 

Construction 
materials vital 

Collapse of local 
industry 

International trade 
to increase? 42 

4 3 3 3 

MS 
Smaller but more complex 
manufacturing plant 
envisaged 

New regulatory 
regime required 

New process more 
closely regulated? 

As KC As KC 
54 

5 4 3 3 
 POLLUTION PREVENTION (HS&E COSTS) 

KC 
Air quality major issue – 
requires scrubbing and 
precipitators 

Mandatory in most 
countries 

Alternatives not 
available 

Serious pollution 
issue – esp. CKD 

Mitigation not 
feasible 64 

4 4 4 4 

MS 
Solid and liquid wastes 
major issue 

Mandatory in 
developed world 

Control cheaper 
than for KC 

More controllable 
than for KC 

Disposal to sea 
feasible 42 

4 2 4 3 

  



Table 4: Sustainability impacts: social issues 

Pro- 
cess 

Sustainability 
Issue 

Likelihood Severity Impact 
[%] Rating [15] Offset [51] Rating [15] Offset [51] 

 LOCAL POLLUTION (NUISANCE) 

KC 
Air quality (dust plume 
grounding), noise 

Serious issue for 
some works 

Difficult to avoid Can be a serious 
issue locally 

Difficult to avoid 
49 

3 4 3 4 

MS 
Waste an issue rather than 
air quality and noise 

Probable while 
process developed 

Needs to be 
resolved 

As KC As KC 
49 

3 4 3 4 
 SAFETY OF WORKERS AND NEIGHBOURS 

KC 
Safety culture developed 
over decades 

Now diminishing 
in importance 

Mandatory 
enforcement 

Could force shut-
down 

Not feasible 
40 

2 3 4 4 

MS 
New safety regime to be 
developed  

Data from Al 
smelting industry 

As KC As KC As KC 
56 

4 3 4 4 
 PLANT LOCATION VERSATILITY 

KC 
Large plant generally 
situated on site of raw 
materials 

Site dictated by 
cost efficiency 

Not very feasible Not a significant 
issue 

n/a 
45 

5 4 2 3 

MS 
Smaller plant more 
adaptable to local 
construction needs? 

Site could be nearer 
customers 

As KC 
 

As KC 
 

n/a 
40 

4 4 2 3 
 PUBLIC ACCEPTABILITY 

KC 
Continuing need to 
educate public in need for 
construction materials 

Cement 
manufacture vital 

n/a May become 
significant 

n/a 
48 

5 3 3 3 

MS 
As KC As KC Modernised plant 

more acceptable? 
As KC n/a 

42 
5 2 3 3 

 

Conclusions 
 

The approach we have adopted to evaluate sustainability is admittedly rather subjective, but it does 

allow numerical comparison of qualitative and semi-quantitative values. It also enables a proposed 
process so far carried out only in the laboratory to be assessed against the established process for 

manufacturing Portland cement on a massive scale. 

The main impacts across four sustainability themes are represented diagrammatically in Figure 2. At 

this early stage in the project, it is probably not of great value to read too much significance into this 
diagram except that it highlights the advantages and limitations of a molten salt process and suggests 

directions for further investigation. Nevertheless, the clear advantages of the new process in reducing 

fossil fuel consumption and CO2 emissions are very evident. 
Commercial adoption of the process would also depend on the efficient removal of the reaction 

products from the solvent, and this is the subject of a further on-going project.  Certainly, the grinding 

energy will be considerably reduced, since the initial crystallite size is around 100 µm. Of particular 
interest is the lower reaction temperature; not only does this allow the overall energy associated with 

manufacture of cements to be reduced significantly, but it is sufficiently low to be attained by burning 

purely non-fossil fuels (such as bio-fuels) or by electrical heating using renewable sources. 

It must also be noted that the proposed process is still a long way from producing poly-mineralic 
compositions similar to Portland cement. However, we have shown that it is possible to produce 

single clinker minerals by the molten salt method, and such minerals may be added to cements in 

order to enhance their performance or to provide specific properties.  Furthermore, preparation in 
molten salts has potential to produce minerals on the nano-scale, as we have demonstrated recently in 

a related project aimed at synthesising pigment-grade titanium dioxide (Strusevich et al., 2010). 

An unexpected spin-off from this investigation could be a relatively straightforward route to making 

nano-scale dodecacalcium heptaluminate (C12A7). This compound has recently been discovered to 
possess ‘metallic’ conductivity and might be able to replace indium tin oxide as the standard 

transparent electrode used in most flat panel display screens. 



 
Figure 2: Comparative sustainability impacts of Kiln Calcination [▬▬] and Molten Salt [▬ ▬] processes 
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Hydration Behaviour of Magnesium Oxychloride Cement 
 

1Schollbach K1

Magnesium oxychloride cement, also called Sorel cement, was discovered by S. Sorel in 1867 and is an acid base 
cement that is the product of mixing powdered magnesium oxide (base) with a concentrated solution of magnesium 
chloride (acid). The principal crystalline phases formed are 3Mg(OH)2xMgCl2x8H2O (3-1-8) and 
5Mg(OH)2xMgCl2x8H2O (5-1-8) along with Mg(OH)2. Magnesium oxychloride cement possesses high early strength, 
good resistance to saline solutions and abrasion, as well as the ability to incorporate large amounts of fillers. The raw 
materials can be produced from seawater and the production of MgO requires far lower temperatures than the 
clinkerisation of OPCs, which makes this material an attractive prospect for reducing CO2-emissions. However, the 
inability of magnesium oxychloride cement to withstand prolonged exposure to water has prevented a more widespread 
use. Recently the material has generated renewed interest due to its possible application in the construction of dams in 
geological repositories in saline environments. 
 
In this work details about the hydration behaviour of magnesium oxychloride cements in relation to MgO reactivity 
which has a profound influence on the hydration behaviour and subsequent composition of the cement is presented. 
Samples were prepared with a solution/solid ratio of 1 and a MgCl2 concentration of 3mol/l. Magnesium oxide was 
prepared from alkaline magnesium carbonate at temperatures between 600°C and 1100°C. The hydration was 
investigated using isoperibolic heat flow calorimetry, XRD and SEM (Scanning Electron Microscop)y. The reaction 
products, including the amorphous content, were quantified using the Rietveld method with the help of an internal 
standard. 
 
Results show that the main hydration at room temperature has two heat flow maxima that correspond with the 
formation of 5Mg(OH)2xMgCl2x8H2O and Mg(OH)2. Increasing reactivity of the MgO speeds up the hydration and the 
maxima occur earlier. The phase content of 5Mg(OH)2xMgCl2x8H2O is between 38-44wt%, while the Mg(OH)2 content 
lies between 23 and 35wt% and decreases with increasing calcination temperature. Amorphous content is between 23 
and 37wt%. The most reactive MgO, calcined at 600°C, forms an exception. Here only 3Mg(OH)2xMgCl2x8H2O is 
formed along with a high amount of amorphous phase.  
 
The microstructure of the cement, as investigated with SEM, is dense. Pores are filled with well crystallized needles of 
5Mg(OH)2xMgCl2x8H2O. Again, the MgO calcined at 600°C forms an exception. Due to the high amorphous content 
and the small crystallite size of the 3Mg(OH)2xMgCl2x8H2O, almost no pore fillings ares visible. 
 
Originality 
The Hydration of magnesium oxychloride cement was studied in detail, combining calorimetric studies, Rietveld 
analysis and SEM. This is the first time the hydration in general and the influence of the magnesium oxide reactivity, 
caused by different calcination temperatures has been examined in magnesium oxychloride cement using these 
methods. 
 
Chief contributions 
The results of these investigations will form the basis for further research on the hydration of magnesium oxychloride 
cement, taking into account more variables, such as different concentrations used, ambient temperature or age. This is 
essential for understanding and prediction of the hydration behaviour, especially the amounts of 
5Mg(OH)2xMgCl2x8H2O and 3Mg(OH)2xMgCl2x8H2O formed, which influence the resulting hardness of this cement. 
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Introduction 
 
Magnesium oxychloride cement, also called Sorel cement (Sorel, 1867) is an acid base cement that is 
the product of mixing powdered magnesium oxide (base) with a concentrated solution of magnesium 
chloride (acid). The principal crystalline phases formed are 3Mg(OH)2xMgCl2x8H2O (3-1-8) (Wolf 
and Walter-Levy, 1953) and 5Mg(OH)2xMgCl2x8H2O (5-1-8) (Sugimoto et al., 2007) along with 
Mg(OH)2. Magnesium oxychloride cement possesses high early strength (Misra and Mathur, 2007), 
good resistance to saline solutions and abrasion, as well as the ability to incorporate large amounts of 
fillers (Mathur et al., 1986). The raw materials can be produced from seawater and the production of 
MgO requires far lower temperatures than the clinkerisation of ordinary Portland cements, which 
makes this material an attractive prospect for reducing CO2-emissions. It is also known that 
magnesium oxychloride cement can react with CO2 to form the mineral Chlorartinite (Sugimoto et al., 
2006). However, the inability of magnesium oxychloride cement to withstand prolonged exposure to 
water has prevented a more widespread use (Maravelaki-Kalaitzaki and Moraitou, 1999). Recently the 
material has generated renewed interest, because it can be used in the construction of dams in 
geological repositories in saline environments (Kudla et al., 2009).  
 
Systematic information about the hydration behaviour of magnesium oxychloride remains insufficient, 
since it depends on many factors, such as MgO quality, MgCl2 concentration, ambient temperatures 
and solid/solution ratios. Especially the amorphous phase which typically makes up 20 to 30wt% of 
the cement after the end of hydration has been insufficiently studied. For these reasons, this work 
attempts to gain a more comprehensive view over the hydration behaviour of magnesium oxychloride 
cement, by studying the influence of MgO quality with the help of calorimetry, XRD and SEM. 
 
 
Properties of Magnesium Oxide 
 
The reactivity of MgO, dependent on crystallite size and specific surface, has a profound influence on 
setting time and phase composition of magnesium oxychloride cement (Harper, 1967). To study this 
influence the MgO used for these experiments was produced by burning basic magnesium carbonate 
(Mg5(CO3)4(OH)2(H2O)4) for two hours at 600° to 1100°C in 100°C steps (MgO600-MgO1100).  
 
 

 
Figure 1: Specific surface and crystallite size of MgO 
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The MgO was then characterized by XRD using the Rietveld method to refine crystallite size under 
assuming spherical particles. The specific surface was measured using BET. The Results in Figure 1 
show that the specific surface declines with rising calcination temperature, while the crystallite size 
increases. Thus, it is to be expected that the MgO reactivity decreases with increasing calcination 
temperature. 
 
 
Influence of MgO Reactivity on Hydration Behaviour 
 
The MgO was reacted with 3mol/l aqueous MgCl2 solution with a solid to solution ratio of 1. The 
molar ratio of MgO/MgCl2 is 8:1. Heat evolution of the reaction was recorded using an isoperibolic 
heat flow calorimeter at room temperature. Mixing was done externally.  
It is clearly visible that with the exception of MgO600 the hydration occurs in three steps (Figure 2). 
First is a short and sharp increase in the heat flow directly after mixing, followed by an induction 
period, (Menetrier-Sorrentino et al., 1986) where the heat flow has a minimum. In this stage the 
crystal nuclei are formed, before crystal growth sets in during the main hydration phase that has three 
or in the case of MgO1100 two maxima (Figure 3). The two main maxima correspond to the formation 
of 5-1-8 (2nd maximum) and Mg(OH)2 (3rd maximum). X-ray measurements of a sample with 
MgO800 examined after 4h show 5-1-8 together with unreacted MgO, while a sample examined after 
8h shows the presence Mg(OH)2.  
 
As expected the hydration time increases with decreasing MgO reactivity from 24h to about 40h 
(Figure 3). The hydration maxima follow the same trend and occur later with decreasing maximum 
heat flow. 

 
Figure 2: Calorimetric measurements of hydrating magnesium oxychloride cement dependent on MgO 

calcination temperature 
 
In contrast, when MgO600 is used, no induction period is discernible and the main hydration follows 
directly after the first sharp heat flow increase due to wetting of the MgO. The heat flow during the 
main hydration is caused by the formation of the 3-1-8 phase, which is much more rapid than that of 5-
1-8 (Table 1). The total amount of heat produced by the hydration of magnesium oxychloride cement 
is lowest for MgO600 with 527,7J/g and between 745 to 785J/g for the other MgO used (Figure 3). 
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Composition after the End of Hydration 
 
The quantitative composition, including the amount of amorphous phase of the samples was 
determined using the Rietveld method. For this purpose 20wt% Si was used as an internal standard. 
The results are shown in Table 1. The samples are, with the exception of MgO600, fairly similar. The 
main crystalline reaction product is 5-1-8 and its percentage is highest for MgO1100 with 43,7wt%. The 
Mg(OH)2 content is between 23 and 35wt% and is highest for samples with low calcination 
temperatures. The amorphous content is between 23 to 34wt%. In the MgO600 sample only 3-1-8 is 
formed, along with a high amount of amorphous phase visible in several broad amorphous peaks 
(Figure 4). In the XRD measurements the peaks of the 3-1-8 phase also show high full width at half 
maximum (FWHM), which is a sign of very small crystallite size. Due to this, a Rietveld refinement 
was not possible. Interestingly no Mg(OH)2 was found 24h after mixing. The plausibility of the 
Rieveld refinements was checked by calculating the composition of the amorphous phase using the 
known starting composition. The results show an MgO content of the amorphous phase between 4 and 
13,5 wt%, while the MgCl2 content was between 5 and 6,1 wt% and H2O content between 13,7 and 
17,6 wt%. 
 
The behaviour of the 5-1-8 content can be explained by the slower reaction of the less reactive MgO 
that was calcined at higher temperatures. This allows for a longer crystallisation period and thus more 
well crystallized material. It remains unclear why the formation of 3-1-8 during hydration occurs at all 
and only when the most reactive MgO is used. The used MgO/MgCl2 ratio is 8:1 which should favour 
the formation of the magnesium richer 5-1-8. And since the dissolution of the highly reactive MgO600 
in MgCl2 is very fast, the magnesium concentration rises quickly, which should favour the formation 
of 5-1-8 even more. 

 
Figure 3: Total heat, hydration time and occurrence of 2nd and 3rd main hydration maximum dependent on MgO 

calcination temperature. 
 
A possible explanation is offered by Deng and Zhang (1999). According to this work the magnesium 
oxychloride phases could be formed by polynuclear aquohydroxoco magnesium complex ions. The 
described reaction starts with the formation of H+ ions during the hydrolysis of MgCl2 in H2O, which 
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causes the solution to have a low initial pH-value. These H+ ions are neutralised by the reaction with 
MgO. The pH-value rises and mononuclear complexes are formed by the reaction (1) and (2). 
 

 
xMg2+ (aq) + (x+y)H2O ↔  [Mgx(OH)y(H2O)z]2x-y + yH+  (1) 

[Mgx(OH)y(H2O)z]2x-y +Cl- + H2O→ [Mg3(OH)5(H2O)m]+ Cl-(4-m)H2O (2) 
 

This rise in the pH-value could also cause the complex ions to bridge and yield polynuclear complexes 
of uncertain composition. The reaction mechanism described is an assumption, because the crystal 
structures of the 5-1-8 phase consists of infinite triple chains with one Mg(OH)6 and two 
Mg(OH)4(OH2)2 edge shared octahedrons as building blocks (Sugimoto et al., 2007), while the crystal 
structure of the 3-1-8 phase consists of similar double chains (Wolf and Walter-Levy, 1953). 
 

Table 1: Composition of magnesium oxychloride cement after the end of hydration dependent on MgO 
calcination temperature 

Calcination  
Temperature 

 

5-1-8  
(wt%) 

Mg(OH)2  
(wt%) 

MgO  
(wt%) 

Amorphous 
(wt%) 

700 37,6 33,6 1,2 27,6 

800 39,5 35,4 1,6 23,5 

900 40,8 23,3 1,1 34,8 

1000 37,9 25  37,1 

1100 43,7 26,3 0,5 29,4 

 

Figure 4: XRD measurements of magnesium oxychloride cement after the end of hydration. Samples were 
produced with MgO600, MgO800 and MgO1100. 

 



It is possible that the rapid increase of the pH-value due to the high reactivity and dissolution rate of 
MgO600 leaves no time for the formation of longer complexes that eventually form the 5-1-8 phase and 
instead favours the formation of 3-1-8, which requires shorter complex bridges. 
 
 
Investigation of the Cement Microstructure 
 
Four days after mixing, the samples produced with MgO600, which contains 3-1-8 and a high amount 
of amorphous phase, and MgO1100, which contains a high amount of 5-1-8 (Table 1) were investigated 
using SEM. Both cements show the typical dense microstructure of magnesium oxychloride cement 
(Matkovic and Young, 1973), although the surface of the MgO1100 sample is much coarser due to the 
higher crystallinity. The main difference between the samples is visible inside the pores. The MgO600, 
shows almost no crystal growth inside its pores after 4 days, while the pores of the MgO1100 sample are 
covered with well crystallised 5-1-8 needles, that form wherever sufficient space is available. This 
correlates well with the XRD measurements (Figure 4), which show high FWHM values for the 3-1-8 
phase of the MgO600 sample indicating low crystallite size. 
 
 

 
Figure 5) SEM measurements taken of magnesium oxychloride cement A+B) Sample prepared with MgO600. The 

pores found in this cement are empty. C+D) Sample prepared with MgO1100. All pores are filled with 5-1-8 
needles. 

 
 
 
 

 



Conclusions 
 
It could be shown, that the quality of MgO plays a fundamental role in the hydration of magnesium 
oxychloride cement. Depending on the reactivity, as defined by specific surface and crystallite size, 
the hydration can take between 24 to 40h. With the exception of the most reactive MgO used, the 
calorimetry shows a short, sharp increase in heat flow directly after mixing. This is followed by an 
induction period and the main hydration, whose peaks correspond to the formation of 5-1-8 and 
Mg(OH)2. With decreasing reactivity these Maxima occur later, but 5-1-8 is always formed first. The 
amount of heat generated by this reaction is between 745 and 785J/g.  
When the most reactive MgO600 is used, the reaction product is the 3-1-8 Phase along with a very high 
amount of amorphous phase and the calorimetric measurements show no induction period. Here the 
amount of heat is 528 J/g.  
 
An explanation for the different behaviour is thought to be the much more rapid dissolution of MgO600 
in the acidic MgCl2 and the subsequent rapid increase of the pH-value. Both the 5-1-8 and 3-1-8 
phases are formed by the bridging of aquohydroxoco magnesium complex ions, caused by increasing 
pH-values. If this increase occurs too fast, it is possible that only the magnesium poorer 3-1-8 phase is 
formed, which requires shorter complex chains that the magnesium richer 5-1-8. This rapid 
crystallisation is also visible in the calorimetric measurements.  
 
The microstructure of the hydrated cement after 4d is dense with pores that are filled with well 
crystallized needles of the 5-1-8 phase, except when MgO600 was used. Here almost no crystal growth 
is visible inside the pores. 
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Abstract 
It is well known that the silicates contained in Portland cement give rise to hydrated phases when mixed with water. 
These hydrated phases are believed to be amorphous and responsible for the mechanical resistance of the obtained 
cement. In this work we investigate the extent of the hydration with cement ageing. An inherent difficulty in any study on 
cement or concrete that seeks to address the microscopic or submicroscopic scale is the variety of its constituent 
phases. Therefore cement phase identification as a function of the hydration degree constitutes an own objective. 
 
In this work we report the study of CEM I 52.5-R cement as a function of time by applying polarised transmitted light 
microscopy (PTLM), scanning electron microscopy (SEM) and powder X-ray diffraction (PXRD), with the intention of 
complementing the features of each technique in the complex task of identifying the phases. The analysed samples had 
an age of seven days, 28 days, and two years, and have been prepared following the UNE-EN 196-1:2005 standard.  
 
Polarised microscopy made possible the clear observation of only a few crystalline particles (> 5μ) distributed inside a 
fine-grained matrix. High contrast zones are firstly identified by PTLM to be subsequently analysed by SEM. Electron 
backscattering (BSC) and energy dispersive spectrometry (EDS) have been employed to correlate optical (PTLM) 
contrast with chemical composition.  
 
Powder X-ray diffraction has been carried out for phase identification and for semi-quantitative purposes. In the 
second case an internal standard (ZnO) has been used in the quantification of the crystalline phases as well as the 
amorphous phase. Nevertheless, the RIR method has proved not to be enough accurate to evaluate the amorphous 
content. 
 
Further analyses are planned for more accurate compositional data by the electronic microprobe and quantitative 
phase determination from powder X-ray diffraction by the Rietveld method. 
 
Originality 
One of the challenges of the present work has been the implementation of a systematic methodology to characterise the 
presence of primary phases in hardened cements as well as secondary phases. This protocol includes polarised light 
and SEM microscopies as complementary techniques to powder X-ray diffraction. This procedure has allowed us to 
identify several phases: C3S, C4AF, ettringite and portlandite. 
 
Chief contributions 
In this work the evolution of hardened cement phases with time has been analysed. With respect to crystalline phases, 
primary phases C3S, C2S, C4AF and secondary phases portlandite, ettringite and calcite are observed at early ages (7 
days sample). The evolution to 28 days cement is marked by the decrease of C2S and C3S, the maintenance of 
portlandite and a significant increase of calcite. This hydration process does not lead to the increase in portlandite due 
to the high carbonation degree. At two years CaCO3 has became the main compound (through different calcite 
polymorphs) and the only primary phases detected were C2S and C4AF. 
 
 
Keywords: hardened Portland cement, phase identification, polarised light microscopy, powder X-ray diffraction, SEM 
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1. Introduction 
 
It is well known that Portland cement comes from an initial mixture of lime (mainly CaCO3) and clay 
(hydrated silicates with different cations, mainly magnesium and aluminium). The clinker is obtained by 
reducing the size of the grains and heating them in a kiln up to 1400-1650ºC (Fernández Cánovas, M., 2004). 
The most important constituents of the clinker are (Montoya, P.J et al, 2000): 
 
- Tricalcium silicate (C3S): Ca3SiO5 => 40 – 50 %, weight 
- Dicalcium silicate (C2S): Ca2SiO4 => 20 – 30 %, weight 
- Tricalcium aluminate (C3A): Ca3Al2O5  => 10 – 15%, weight 
- Tetracalcium aluminoferrite (C4AF): Ca4(Al,Fe)4O10 => 5 – 10%, weight 
 
Hydration of principal constituents C3S and C2S gives rise to crystalline portlandite and a hydrated phase C-
S-H, commonly known as gel phase or amorphous phase with a complex and not very well known structure 
(Nonat, A., 2004). Minor phases, like ettringite, are obtained by hydration of other cement constituents.  
 
Identification of phases in a real Portland cement pastes is not an easy task due to the variety of polymorphs 
of the silicate constituents (de Noirfontaine, M. –N. et. al., 2006). Moreover, the presence of high amounts of 
non-diffracting phases difficult both identification and quantification. The present study constitutes a 
necessary and preliminary part of a future research of the effect of high temperatures on real Portland cement 
pastes and concretes. 
 
In this work, polarised transmitted light microscopy (PTLM), scanning electronic microscopy (SEM) and 
powder X-ray diffraction (PXRD) have been used to study the phase evolution of the Portland cement with 
time. Conventional nomenclature of cement chemistry has been employed, where C = CaO, S = SiO2, H = 
H2O, A = Al2O3 and F = Fe2O3. 
 
 
2. Experimental 
 
The samples were prepared in the laboratory from fresh CEM I 52.5-R (Cementos Molins S.A.) Portland 
cement pastes, with w/c ratio of 0.46. The pastes were mixed in a mechanical mixer according to the 
specifications of UNE-EN 196-1 standard. Samples were cast in 4x4x16 cm polystyrene moulds and kept in 
a moist chamber at a relative humidity of 95-100% and 20±2ºC until their analysis. 
Table 1 summarises the nomenclature and characteristics of the analysed samples.  
 

Table 1. Nomenclature and characteristics of the analysed samples 
 

Sample Preparation Cement w/c 
 Date Place   

CL7d 10/06/09 Laboratory CEM-I 52,5R 0,46 

CL28d 05/05/09 Laboratory CEM-I 52,5R 0,46 

CL2a 10/06/07 Laboratory CEM-I 52,5R 0,46 

Thin sections of 30 microns thickness have been prepared from samples CL7d, CL28d and CL2a for its 
observation in the petrographic microscope with the aim to distinguish between isotropic phases (among 
them the amorphous phases) from the anisotropic or crystalline ones and to identify them.   

PTLM has been complemented with scanning electronic microscopy (SEM) and powder X-ray diffraction 
(PXRD). For the first technique, a Nikon eclipse E400 POL microscopy has been used and a Quanta FEI 200 
FEG-ESEM has been used for SEM observations. Diffraction tests have been performed in a Bragg-
Brentano Siemens D-500 diffractometer with Kα1 Cu radiation (λ=1,54060Ǻ). Semi-quantification of the 
phases has been obtained using the algorithm (1) in which the scale factor (included in the intensity) and RIR 
(Reference Intensity Ratio) are taken into account (Chung, F.H. 1974, Snyder R.L. 1992): 
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3. Results 
 
3.1 Polarised transmitted light microscopy (PTLM) and SEM 
 
The next two examples show the possibilities of these techniques in the study of the hydrated cement phases. 
 
The first example corresponds to the characterisation of a CL7d thin section by PTLM (Fig. 1). With 
uncrossed polarizers some crystals are hardly distinguished on a light background. The comparison with the 
image taken under crossed polars allows a better description of the thin section. First of all, we can see C3S 
crystals, colourless and with high relief in parallel light (a), with a tendency to exhibit pseudohexagonals 
shapes and with grey interference colours of first order due to its low birefringence with crossed polars (b). 
Secondly, the dark zones observed in (a) should correspond mainly to brownmillerite crystals (C4AF) with 
brown pleochroism (defined as the variation of colour observed with parallel nicols when the stage is 
rotated). The C4AF crystals are often associated to C3S crystals (Melgarejo, J.C., 1997). Two cases showing 
this association are illustrated in figure 1 (A) and other cases can be clearly identified by the contact between 
the grey of C3S and the brown of C4AF in image (b). Thirdly, the portlandite (P), abundant in young Portland 
cements, appears as small colourless low relief crystals (a) homogeneously distributed or forming clusters 
(Pc) and shows its characteristic bright interference colours due to its high birefringence under crossed 
polars. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)       (b) 
Figure 1. PTLM images at 200x of a CL7d thin section, with uncrossed (a) and crossed polars (b); P: portlandite, Pc: 
portlandite cluster, A: association of C4AF and C3S   
 
Between the described three types of crystals and others of very difficult identification by PTLM (like C2S 
and ettringite, both identified by PXRD), a greyish matrix can be noticed under crossed polars (b) that never 
extinguishes (black) in a complete stage rotation (360ºC). This observation discards at a first sight the 
crystalline nature of the matrix, but if it was amorphous as is usually considered the C-S-H phase, it should 
maintain a black colour under crossed polars over the complete stage rotation. However, the observed matrix 
behaviour is compatible with a crystalline material of very fine grain, below the resolution limit of the 
microscope (10 microns), where the microcrystals should be oriented in all directions; in such a material 
extinctions and interference colours, where the observation of ones or the others depends on crystal 
orientation, could not be observed individually for each of the microcrystals and would appear averaged in 
gray. 
 
This matrix, as observed by PTLM, should be composed by the C-S-H hydrated phase and microcrystalline 
calcite produced by the portlandite carbonation, although the contribution of small crystals of other phases 
cannot be discarded. The carbonation would have also occurred on the thin section surface, giving rise to the 
deposition of calcite microcrystals that would have partially covered it, thereby masking the images and 
making difficult its study. We emphasise the bright interference colours and the sharp crystalline borders 
that have been observed by PTLM in very recent thin sections. Unfortunately, we do not have been able to 
take photographs of these observations. 
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The second example deals with a thin section firstly observed by PTLM and then characterised by SEM 
(figure 2), corresponding to the sample CL2a (two years). 
 

(b) (a) 

(c) (d) 

(e) (f) 
 
Figure 2. A selected zone on a thin section of sample CL7d, corresponding to silicon-rich compounds crystals rich 
in silicium with interstitial brownmillerite (C4AF); (a): PTLM image at 100x with uncrossed polarizers; (b): PTLM 
image at 100x under crossed polars; (c): backscattering image; (d): Al EDAX mapping; (e): Fe EDAX mapping; (f): Si 
EDAX mapping. 
 
A high contrast zone in brown and light colours was selected in the PTLM image (a) in order to compare 
with SEM observations. As seen in the previous example the dark colour would correspond to C4AF, 
whereas the light ones should correspond to one or more other phases. In the image with crossed polars (b) it 
can be observed that many of the clear crystals in (a) present a grey interference colour. Therefore, they may 
be C3S. In the backscattering image (c) it can be seen a large and clearer central zone produced by heavier 
chemical elements that fit with the darker profile in the PTLM image. The mappings of the three chemical 
elements chosen in figure 2 are most revealing. They are aluminium (d), iron (e), and silicon (f). 
 
The first two elements, which are present in brownmillerite, give rise to images that clearly correlate to the 
texture of the PTLM image: the interstitial C4AF ((a) and (b)), with an important presence of Al (d) and Fe 
(e) in the mappings that leave large hollows of absence of these elements and that correspond to the crystals 
of light colours; note the pseudohexagonal shapes of such hollows, for example the one indicated by the red 
arrow. The correspondence with the PTLM and backscattering images is evident. Moreover, the Si mapping 
(f) constitutes the negative image of the earlier mappings (again, consider the crystal indicated with the 
arrow). All these observations allow us to deduce that the light crystals have to correspond to one or to the 
two anhydrous silicon-rich compounds, C2S and C3S. The usual association with brownmillerite (Melgarejo, 
J.C., 1997), the pseudohexagonal shapes and the characteristic interference colour allow us to conclude that 
many of these crystals are C3S. Furthermore, small crystals of C2S and portlandite could be present in this 
zone. 

 



 

3.2. Powder X-Ray Diffraction 
 
The qualitative analysis provides compound and phase identification, including the polymorphic species.  
 
Figure 3a shows the diffractograms of samples CL7d, CL28d, and CL2a, where the ettringite, portlandite, 
calcite, aragonite and vaterite phases are indicated, as well as the constituents C2S, C3S and C4AF.  

 
Figure 3a: CL7d, CL28d and CL2a PXRD; upper figure marks the characteristic peaks of the found compounds; lower 

figures only indicate new peaks.  
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Figure 3b: Upper figure marks the isolated peaks explained by monoclinic and orthorhombic C2S in CL7d sample 
 
We can distinguish between two phases of C2S, one monoclinic with spatial group P21/n, and another one, 
orthorhombic, with spatial group Pbnm. These two phases are identified by 021 and -202 reflections (at 
28,11 and 36,66 º2θ respectively) for P21/n polymorph and by 101 reflection (at 21,811 º2θ) for Pbnm one 
(see Figure 3b).The phases of C3S found are the trigonal R3m polymorph and the monoclinic Cm one, but in 
this case we can’t assure the coexistence of these two phases due to the high degree of overlapping between 
their diffraction peaks, so that no peaks were observed that could be unambiguously assigned to one phase. 
For the compound C4AF, phases Pcmn and Ibm2 have been analysed, but we can only assure the presence of 

 



 

the first one. The most intense peak of a-Quartz clearly coincides with a weak single peak not assigned to 
any other phase.  

 
Figure 4: Evolution of the phases with time. 

 
As we can see in figure 4, the phases portlandite, ettringite and C4AF decreased from 28 days to 2 years. It is 
well known that ettringite is a hydration product formed at early age and that decreases with time (Pajares, I. 
et al, 2003). By the other hand, C3S decreases from 7 to 28 days until its disappearance at two years. The 
compound C2S remains until two years due to the slow reaction kinetics (Taylor, H.F.W., 1967). Calcite 
increased its content with time and at a two years two other carbonate phases appear, aragonite and vaterite. 
 
For the semi-quantitative analysis the internal standard ZnO was added in the three samples. In the case of 
CL7d (24.1%wt ZnO) and CL28d (24.8%wt ZnO) samples, a set of semi-quantitative trials were carried out 
taking into account the following variables: 

1. the four polymorphs of C3S and the three of C2S (only one polymorph of each compound in the same 
trial; all possible combinations were tried) 

2. allowing or not allowing the 2θ shift of the reference patterns 
3. considering peak data or profile data 

 
Table 2. RIR semi-quantificaction; weight contents (%) of the studied phases 

 

Phase Reference 
code 

Space 
group 

CL7d       
(7 days) 

CL28d       
(28 days) (a) 

CL28d     
(28 days) (b) 

CL2a    
(2 years) 

Portlandite 00-044-1481 P-3m1  3 6 6 3 
Calcite 00-005-0586 R-3c 10 9 9 10 
Ettringite 01-072-0646 P31c 3 3 3 3 
Brownmillerite 00-030-0226 Pcmn 5 7 6 7 
Hatrurite (C3S) 01-073-0599 R3m 22 17 ---    ---  
Hatrurite (C3S) 01-086-0402 Cm ---  ---   19 --- 
Larnite (C2S) 01-083-0465 P21/n 27 29 27 26 
Quarz 00-046-1045 P3221 5 1 1 3 
Aragonite 00-041-1475 Pmcn  ---   ---  ---  19 
Vaterite 01-072-0506 P63/mmc ---  ---  ---  3 
ZnO 01-080-0075 P63mc  25 28 29 26 
% weight amorphous phase estimation Wam  1 15 19 6 

 
From the whole of trials it results that polymorphs P63/mmc of both C3S and C2S are absent or in a very low 
quantity in the two samples. On the other hand, some combinations of variables 2) and 3) lead to aberrant 
results concerning quantities of some of the phases (up to 50% of ettringite and 70% of Quartz). Not taking 
into account the above two polymorphs and the aberrant results, it results in a smaller set of trials, where all 

 



 

 

the remaining C3S and C2S polymorphs were present in significant quantities. We use this set of trials to 
estimate the quantification uncertainty from the quartz content, being of  5%.  
The results of the 7 days sample are presented in table 2, where there are only considered the most present 
polymorphs, R3m for C3S and P21/n for C2S. A different situation was found for sample CL28d: in the final 
set of trials, someone’s showed the polymorph R3m of C3S (CL28d (a)) as the most present, while the other 
ones showed polymorph Cm of C3S (CL28d (b)) as the most present. The quantification method does not 
allow us to discern the most probable between the two results, but in any case they suggest the possibility of 
a change in the C3S polymorph proportion with time.  
Semi-quantification of sample CL2a (25.0%wt ZnO) has been performed adopting the same procedure. In this 
case C3S has not been detected by PXRD although it was observed by PTLM. The only explanation for that 
should be the more sensitivity of PTLM. 
We used the equation (2) for estimating the amorphous phase content Wam  (Alcobé, X. 2010), also included 
in table 2:  

(1 )
Wpxrd WprealWam

Wpxrd Wpreal





           (2) 

 
Differentiation of the equation gives error propagation from 5% to the 20% for the content of the amorphous 
phase. 

 
 

3. Conclusions 
 
The combination of PTLM and SEM techniques has been proved to be a powerful tool in the characterisation 
of hardened cements and a useful complement to X-ray diffraction in the complex task of phase 
identification.    
 
Different crystalline phases have been identified and characterised by polarised transmitted light microscopy 
as well as the matrix, with optical properties compatible with a microcrystalline material (with grain size 
below 10 microns).   
 
All the cement pastes prepared in the laboratory show non-hydrated phases, although after 28 days only C2S 
and C4AF remains; there is a clear increase of calcite and other CaCO3 polymorphs with time, correlated to a 
decrease in portlandite; ettringite is also reduced with time.  
 
RIR semi-quantification has been investigated and interesting preliminary results have been obtained, 
especially regarding the major crystalline phases. However, this method presents a large uncertainty of about 
5% that increases to 20% for the amorphous phase content quantification. This fact makes it necessary to 
apply alternative quantification methods, as the Rietveld one, to obtain more precise results. 
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Abstract 
At present, the development of ultra high performance (UHPC) concrete aims at reducing the content of energy-
intensive components, especially Portland cement clinker and silica fume, but also quartz flour. This can be realized by 
the use of fly ash as a pozzolanic addition while maintaining compressive strengths over 150 MPa at an age of 28 days 
under normal conditions, or over 200 MPa after heat treatment. In view of the current shortage of silica fume, the 
present contribution focuses on the replacement of silica fume by processed fly ash. 
The workability of the fresh concrete was characterized by measuring slump spread and with a rotation viscosimeter. 
As well as the usual compressive strength measurements, the phase composition of the concrete was investigated at 
ages of 1, 3, 7, 28 and 90 days using X-ray diffraction and NMR spectroscopy. Phase changes up to 24 hours were also 
examined by in situ X-ray diffraction. Knowledge of the phase changes involved in the hydration reaction enabled the 
optimization of UHPC mixes, even those without silica fume. 
The targeted 28 day compressive strength was reached for all concrete compositions; the strength of the UHPC without 
silica fume was above 220 MPa. 
 
Originality 
Contemporary UHPC is prepared with high cement contents, low w/c ratios and using superplasticizers based on 
polycarboxylate ether. The denseness of UHPC necessary for its high strength is achieved by the use of fine quartz flour 
and silica fume. Reactive silica fume yields additional strength because it fills small spaces in the matrix and forms 
additional C-S-H owing to the pozzolanic reaction. Up to now it was not possible to dispense with the use of silica fume 
in UHPC. Based on phase analysis, it was possible to design a UHPC without silica fume by using a suitably processed 
fly ash. Despite coarser particle sizes strengths over 220 MPa were achieved after heat treatment.  
 
Chief contributions 
At present, the application of UHPC in the field is limited owing to its large content of Portland cement, silica fume and 
quartz flour which result in high costs. In the present research, UHPC was developed with a reduced amount of energy-
intensive components, but nevertheless with 28 day strengths above 150 MPa and above 200 MPa after heat treatment. 
The development is based on the calculation of the packing density of the components and the investigation of the 
phases in the hydrated concrete. As well as fly ash, ground granulated blast furnace slag has successfully been used as 
a new UHPC component.  
 
Keywords: UHPC, Silica fume, Fly ash, NMR, Heat Treatment 
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1 Introduction 
Reduction of the amount of components requiring energy and cost intensive production is an 
important goal in the future development of ultra high performance concrete (UHPC). Recent research 
at the Centre for Building Materials (e.g. Heinz, Gerlicher 2009) concentrated on partial or complete 
replacement of mix components of different reactivity by fly ash of different fineness. 
In view of the current shortage of silica fume, the research presented in this paper aimed at the 
development of UHPC with a reduced amount of silica fume. Finely processed fly ash was considered 
as an alternative material for the provision of sufficient pozzolanic activity and fineness to obtain 28 d 
compressive strengths above 150 MPa under normal conditions and strengths above 200 MPa after 
heat treatment. As well as strength, the effect of replacement of silica fume by fine fly ash on fresh 
concrete workability and phase composition of the hydration products was investigated. 
 
2 Concrete Compositions 
The initial reference UHPC composition (REF in Table 1) was prepared with Portland cement CEM I 
52.5 R-HS/NA (SR/low alkali), quartz sand (0.125 - 0.5 mm) and quartz flour. The processed fly ash 
(d95 = 10 µm) was significantly coarser than the silica fume (d95 = 0.5µm) it replaced and the quartz 
flour (d95 = 55 µm) somewhat coarser than the cement. A methyl acrylic polycarboxylate ether based 
superplasticizer (PCE) was used. The silica fume in the reference concrete was replaced by fly ash 
stepwise at 25, 50 and 100 vol.%. 
 
Table 1: Mixes 
Composition REF SA25 SA50 SA100 
Cement kg/m³ 876 876 876 876 
Silica fume kg/m³ 142 107 71 0 
Fly ash, processed kg/m³ 0 36 72 144 
Water kg/m³ 187 187 187 187 
Superplasticizer kg/m³ 13 13 13 17 
Quartz flour kg/m³ 218 218 218 218 
Quartz sand kg/m³ 985 985 985 985 

 
 
3 Experimental Investigations 
The packing density of the particles and the space between the particles was calculated for the 
different dry mixes according to Schwanda, 1966. 
The concretes were mixed under partial vacuum in an intensive mixer. It was thus possible to adjust 
the air content of the fresh concrete to 1.0 vol.%.  
The fresh concrete was characterized by measuring slump flow using the Haegermann cone without 
jolting following DIN EN 1015-3. In addition, a better description of workability was obtained by 
measuring relative yield stress and viscosity in a rotation viscosimeter. The rheological measurements 
were begun 15 minutes after mixing water addition. The relative yield stress was determined by 
interpreting the data with the Herschel-Bulkley Model and the relative viscosity with the Bingham 
Model see (Metzger, 2006). 
Cylindrical specimens with a diameter of 50 mm and 50 mm high were cast immediately after mixing 
the fresh concrete. The specimens were stored at 20°C and 95% RH until demoulding after 24 h. 
Immediately after demoulding, part of the specimens were stored in water at 20°C until testing. The 
remaining specimens were placed in a water bath which was heated up to 90°C over a period of one 
hour. After 24 h at 90°C, the specimens were cooled down to 20°C over 12 h and then stored at 20°C 
and 65% RH before testing at ages of 3, 7, 28, 56, 90 d. The heat treated concretes are labelled HT in 
the following.  
The crystalline phases in young and hardened concretes were investigated by X-ray diffraction using 
additional specimens prepared without the quartz sand fraction. Semi-quantitative XRD analysis with 



a position sensitive detector was performed for young concrete ages starting at 7 minutes after mixing 
water addition and up to first setting. A scintillation detector was used for the quantitative analysis of 
the hardened concretes with ages up to one year. The silicate composition of the hardened concretes 
was also investigated by Si29 NMR. The results yields the amount of Si in the phases with respect to 
total Si content of the initial components, e.g. for cement just Si in the initial calcium silicates. It was 
therefore possible to quantify both crystalline and amorphous phases, see Gerlicher et al. 2009. 
 
4 Results und Discussion 

Physical Investigations 
As well as being chemically different, the processed fly ash differed in fineness and specific surface 
from the silica fume. Whereas the largest particle size of the silica fume was approximately 1 µm, 
95% of the fly ash particles were below 10 µm. This significantly affected the particle size distribution 
and the packing density of the mix as a whole. It is apparent in Table 2 that silica fume replacement by 
fly ash reduces packing density while increasing the space between the particles which leads to an 
increase in water requirement determined according to Puntke, 2002, i.e. the water-filled volume 
between the particles. The large difference between the space between the particles and water demand 
in Table 2 occurs because, as opposed to the Puntke measurement with concrete, the Schwanda 
calculation uses the particle size distributions not taking the reactivity of the particles into account. 
 
Table 2: Effect of silica fume replacement by processed fly ash on packing densities calculated according 
to Schwanda, 1966 and water requirement measured according to Puntke, 2002 

  REF SA25 SA50 SA100 
Schwanda Packing density PD [ - ] 0.886 0.873 0.860 0.836 
 Δ PD [vol.%] 0.0 -1.5 -2.9 -5.6 
 Space between particles [ - ] 0.129 0.146 0.162 0.196 
Puntke Water requirement [wt.%] 28.2 n.d. 28.9 29.2 
n.d.: not detected 
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Fig.  1: Slump flow (left) and relative yield stress and viscosity (right) for different amounts of silica fume 
replacement by processed fly ash 
 
The higher water requirement of the fly ash concretes affected fresh concrete consistency decisively. 
Despite a reduction in wetable surface area, the lower packing density led to poorer workability. 



However, an effect of fly ash on workability is not evident in the slump flow of the concretes in Fig. 1 
which was similar for all mixes. It was therefore necessary to investigate the mixes with a rotation 
viscosimeter as well. The relative viscosity of concrete SA50 was almost double that of the reference 
concrete REF, although the yield stress was the same, Fig. 1. 
 To be able to mix the concrete with complete silica fume replacement it was necessary to increase the 
dosage of superplasticizer by 39%. The high viscosity of this concrete did not permit its 
characterization with the viscosimeter. 
Owing to the slower reaction rate of fly ash, the strength development for specimens stored in water at 
20°C became slower when less silica fume was used, Fig. 2. Thus the 28 d strength decreased with the 
fly ash content of the mixes. In the case of heat treated contents, the strength of the reference mix REF 
can be achieved for replacement levels up to 50%. The strength of the concrete made without silica 
fume (SA100) is below that of the reference concrete, but still well above 200 MPa. It should be taken 
into account that a higher superplasticizer dosage was required for this concrete which will retard 
strength development. 
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Heat treated at 90°C
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Fig.  2: Compressive strength in dependence of amount of silica fume replacement by processed fly ash, 
water storage at 20°C (left) and 90°C heat treatment (right). 
 
Based on the NMR investigations described below an increase in C-S-H phases of 5% between 28 
and 90 d in heat treated concrete SA50 does not contribute to strength. In the case of water storage at 
20°C, 25 % more C-S-H results in a small strength increase. The ongoing reaction of fly ash after heat 
treatment of concrete SA50 contributes to strength development between 3 and 7 d. 
The low strength of the heat treated concrete without silica fume SA100 is due to, among other things, 
the slower reaction of fly ash as opposed to silica fume. The strength increase after heat treatment 
cannot be explained by a significant increase in C-S-H. However, a small additional reaction of the fly 
ash is discernible, Fig. 4. An explanation of the strength increase is still required.  

Mineralogical Investigations 
As well as physical investigations, the reactions responsible for strength development in young and 
hardened UHPC were also investigated using XRD and NMR. As already mentioned, a position 
sensitive XRD detector was used to follow the hydration reactions in young concrete during the first 
24 h. The results showed that as the amount of silica fume decreases more portlandite forms in 
concrete at much earlier times. 
The hydration progress of hardened concrete was also followed using NMR spectroscopy. Fig. 3 
shows the results for the reference mix REF. In the case of the concrete stored in water at 20°C, the 
amount of C-S-H increases with age owing to the reaction of silica fume (SF) with portlandite formed 



by cement hydration. The reactions were not complete after 28 d (also see Fig. 5). The parameters for 
the NMR measurement did not enable conclusions on the reaction of quartz. 
The reaction of the silica fume to C-S-H was accelerated by heat treatment. The reactions were 
virtually complete after seven days. After just three days, the silicate phases in cement (CEM) did not 
react further, i.e. directly after heat treatment. Compared to the specimens stored in water, a larger 
proportion of silicate phases in cement, 80%, remained unreacted in the concrete at an age of 28 d. 
Between 28 d and two years, the amount of C-S-H in the heat treated concretes increased by about 
18%. In the case of the concretes stored in water at 20°C, the amount of C-S-H increased by 67% 
owing to the continued reaction of silica fume. Without heat treatment more C-S-H had formed after 
two years as with heat treatment and the degree of hydration of silica fume in the concrete without 
heat treatment reached that of the heat treated concrete. The degree of hydration of the calcium 
silicates in cement was higher, cf. Fig. 5.  
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It is also apparent in Figs 4 and 5 that the silica fume in concrete SA50, in which of 50 vol.% silica 
fume is replaced by processed fly ash, rapidly reacts during heat treatment to form C-S-H. Further 
reaction after three days is not apparent. After heat treatment the cement achieves only a low degree of 
hydration which does not change appreciably in one year. The fly ash reacts to a smaller extent and 
exhibits no further activity after 28 d. Without heat treatment the reactions are slower. Thus silica 
fume and fly ash require one year to achieve the hydration level of the heat treated concrete, the 
silicate phases in cement having a higher degree of hydration. Thus, as for the reference mix, 
ultimately more C-S-H forms without heat treatment. Between 28 d and one year the amount of C-S-H 
in the heat treated concrete and the concrete stored in water increased by 8 and 45%, respectively. 
Heat treatment of concrete SA100 without silica fume does not lead to early termination of the 
hydration reaction as observed up to now. As can be seen in Figs. 4 and 5, the silicate phases in 
cement react beyond 90 d. The concrete stored in water at 20°C reaches the degree of hydration of the 
heat treated concrete after one year. C-S-H is now produced by the reaction of a large quantity of fly 
ash as well as calcium silicates in cement. After 28 d a similar proportion of fly ash has reacted as in 
concrete SA50. A small degree of fly ash reaction up to an age of one year is only perceived for the 
concrete stored in water at 20°C; the degree of hydration for the heat treated concrete is not reached. 
Besides cement hydration, the C-S-H phases in the concrete without silica fume are formed by the 
slower reacting fly ash. Consequently, the amount of C-S-H formed between 28 d and one year is 
smaller. In the case of heat treated concrete, the amount increases by 26% and for concrete stored in 
water at 20°C, 5%. 
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Fig.  4: Silicate phases in concrete SA50 (left) and SA100 (right) determined by NMR spectroscopy after 
water storage at 20°C and before and after heat treatment at 90°C (HT) 
 
As the amount of silica fume in the mix decreases, the degree of hydration of silicate phases in cement 
in heat treated concrete increases owing to the slow reaction of fly ash. When less silica fume is 
available less water is bound by the pozzolanic reaction. The hydration of the calcium silicates in 
cement is therefore enhanced due to the slower reactivity of fly ash compared with silicate phases in 
cement. Thus at an age of one year, the degree of hydration of silicate phases in cement in the fly ash 
concretes is already above that of the reference mix after two years. As well as values for the fly ash 
concretes after one year, Fig. 5 also shows values for the reference concrete after two years. 
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Fig.  5: Unreacted silicate phases after storage in water at 20°C and heat treatment at 90°C (HT) at ages of 
28 days (left) and one year (right). Values for the reference concrete at an age of two years (2a) are 
included. 
 
Parallel to the NMR investigations, X-ray diffraction investigations were also performed with 
hardened concrete. It was found that even for the 90°C heat treatment quartz flour does not participate 



in the hydration reactions. Apparently, after one or two years it had not reacted whatsoever. 
Portlandite is still detectable in the heat treated reference concrete specimens - although the NMR 
measurements revealed the presence of sufficient unreacted silica fume. 
When more silica fume was replaced by processed fly ash, more clinker silicates hydrated owing to 
the heat treatment. Also more portlandite was present on the replacement of highly reactive silica 
fume by less reactive fly ash. 
 
5 Conclusions 
In view of the current high cost and shortage of silica fume, the partial and complete replacement of 
silica fume in ultra high performance concrete (UHPC) by processed fly ash (< 10 µm) has been 
investigated. The replacement of silica fume by processed fly ash increases the coarseness of the mix 
as a whole and thus, as expected, worsens workability. Heat treatment at 90°C of concretes with 
replacement levels up to 50% results in strengths similar to heat treated concrete without replacement. 
Compressive strengths of over 200 MPa are even achieved by concrete without silica fume. On 
replacement of silica fume by fly ash, the degree of hydration of silicate phases in cement in heat 
treated concrete increases owing to the reduced binding of water in the pozzolanic reaction with silica 
fume. The slower reactivity of fly ash prolongs the reaction after heat treatment, thus increasing 
strength. The effect of compatible superplasticizers and combinations of different particle sizes 
requires investigation. 
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Abstract 
Self compacting concrete (SCC) is a promising material in the civil engineering industry. One of the benefits of 
the SCC is a fast and simplified casting followed by decreased labor costs. The SCC as any other type of 
concrete has a significantly lower tensile and shear strength in comparison to the compression strength and, 
therefore, it needs to be reinforced. Fiber reinforced concrete is an alternative to traditional stirrups 
reinforcement leading to lowered labor costs. To be able to access mechanical properties of the fiber reinforced 
concrete, knowledge of final spread and directions of fibers is necessary. Computational fluid dynamics (CFD) 
comes to play at this stage. Formulation of a possible CFD model that is able to solve multi-phase and multi 
component non-Newtonian flow with complex boundary conditions and fiber suspension and preferably in 
reasonable time brings a very challenging task. 
A relatively new group of models - Lattice Boltzmann Modeling (LBM) - is presented in this paper. The 
conventional LBM is modified to include fiber and particle suspensions and non-Newtonian rheology and is used 
to model the fiber reinforced self compacting concrete flow.  
 
Originality 
Application of Lattice Boltzmann Modeling to the field of fiber reinforced self compacting concrete is a novelty. 
It is the first paper dealing with multiphase flow with fiber shaped particle suspension and non-Newtonian 
rheology.  
 
Chief contributions 
One of the main contributions presented by the paper is the ability to predict final dispersion and orientation of 
fibers in the fiber reinforced self compacting concrete and thus to allocate possible problematic places. Such a 
prediction is not possible in other conventional methods in a comparable computational time.  
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1 INTRODUCTION

In the past, one of the main bottlenecks in application of steel fiber reinforced concrete for load carrying
structures has been the lack of design rules and design tools including the absence of safety factors tak-
ing into account knowledge of expected variations in material properties and structural performance. It
is believed that fiber orientation and distribution plays an important role in the final properties of struc-
tural elements and it is thus desirable to understand the underlying phenomena governing the final fiber
distribution and orientation. Extensive experimental work becomes relatively expensive and time con-
suming and therefore simulations capable describing the nature of the problem might be an appropriate
alternative.

In this paper a relatively new Lattice Boltzmann Method (LBM) (Aidun & Clausen, 2010) is being
used as a Computational Fluid Dynamics (CFD) solver to simulate a non-Newtonian flow of the self
compacting concrete (SCC). Particles of any shape such as round or elongated are implemented in the
form of a force field using a modified Immersed Boundary Method (IBM) with direct forcing (Feng
& Michaelides, 2005). A new non-linear dynamics algorithm has been developed and is being applied
to ensure stability of the simulation (Skocek et al., 2011). Free surface is implemented using a mass
tracking algorithm (Körner et al., 2005).

2 LATTICE BOLTZMANN

In the traditional CFD tools such as the Finite Volume Method, the problem is formulated in the form
of macroscopic quantities, namely spatially and time dependent velocity and pressure fields. The LBM
on the other hand, with its roots in the kinetic theory of gases, treats fluid as particle distributions where
the particles can be seen as e.g. molecules. Discrete particle distribution functions are used to discretize
the particle distributions. The LBM provides rules for mutual collisions and propagation of the particle
distributions as well as for the computation of the macroscopic quantities.

In the framework of the LBM, space is usually discretized by a set of Eulerian cells of a uniform
size. Similarly, time is discretized into uniform time steps. Usually, the space and time spacing, as
well as a reference density of the fluid are set to unity and the real problem is scaled accordingly.
Dimensionless lattice units are considered if not stated otherwise. Each Eulerian cell has one lattice
node in its center. The lattice node holds a set of N discrete particle distributions fα,α = 1...N for
different lattice velocities.

The LBM equation can then be written as

fα(x+ cα∆t, t +∆t) = fα(x, t)+Ωα(x, t), (1)

where cα is a microscopic lattice velocity of the particle distribution and Ωα(x, t) is a collision operator.
The lattice velocities are in the order of the speed of sound i.e. in the order of 1. The LBM for an incom-
pressible fluid is valid only for low Mach numbers and therefore u f (x)� 1, where u f is a macroscopic
velocity of the fluid. Local density can be computed as a sum of particle distributions in one node

ρ(x, t) =
N

∑
α=1

fα(x, t) (2)

and local velocity as a sum of particle distributions in one node multiplied by their respective lattice
velocities cα

u f (x, t) =
1

ρ(x, t)

N

∑
α=1

fα(x, t)cα. (3)

The equations presented above comprise almost all ingredients required for the fully working LBM.
Some parts such as the collision operator Ωα(x, t) were omitted for brevity. The LBM therefore has a



relatively simple implementation and reasoning for the given problem. The code is also easily paral-
lelized since most of the parts of the LBM core require local information only.

Further information regarding the LBM may be obtained from (Sukop & Thorne, 2005; Wolf-
Gladrow, 2000).

3 IMMERSED BOUNDARY METHOD MODIFICATION

The Immersed Boundary Method (IBM) will in short be introduced via an stationary example of a single
solid body immersed in a flow as presented in Figure 1. In the framework of the IBM, the fluid observes
the body in the form of a force field. Traditionally one would measure momentum exchange caused by
particle distributions hitting the body for a unit time. In the IBM, the particle distributions are allowed to
penetrate the solid body. At the end of each time step the penetrated particle distributions are measured
and corresponding forces F are exerted both back on the fluid and on the body. The total force exerted
on the body is defined as

F =
∫
V

ρ f (x)(u f (x)−ub(x))dV, (4)

where ρ f (x), u f (x) and ub(x) stand for the local density of the fluid, local velocity of the fluid and local
velocity of the immersed body. V is the volume of the body.

Measuring the amount of particle distributions penetrating the solid body is a crucial part and, as will
be shown, it restricts the usage of the IBM to bodies of the minimum size larger than

√
2 lattice units.

Outer particle distributions are schematically shown in Figure 1 A as hollow dots. Inner particle distri-
butions are not displayed for simplicity. All the particle distributions can be measured macroscopically
by a local velocity as presented in Eq. ( 3 ).

A) B) C) D)

Figure 1: Representation of particle distributions penetrating a solid body

Having u f (xb) = 0, where xb ∈ V , suggests, that no outer particle distributions penetrated the sta-
tionary solid body in that region. Contrary to this, a non-zero velocity u f (xb) 6= 0 suggests that particle
distributions originating outside of the body have reached the region inside the body and therefore should
be accounted for by the immersed boundary force. This is schematically shown in Figure 1 B, where
filled dots are outer particle distributions that penetrated the body in the previous time step. Decreasing
the minimum size of the body, outer particle distributions penetrating the solid body will stream through
the whole body and leave the body on the other side during one time step as presented in Figure 1 C, D.
Thus, the local velocity field no longer describes penetrating particle distributions correctly. The more
particle distributions leave the body, i.e. the smaller the body is with respect to spatial discretization,
the higher inaccuracy is observed as shown in Figure 3. Therefore, the minimum size of the element is
equal to the speed of particle distributions and is in the range of

√
2 lattice units.

Fibers are bodies with traditionally high aspect ratio. For the case of steel fibers the aspect ratio
ranges between 30 - 80. The discretized length of the fiber would have to be 40 - 110 lattice units to
satisfy the above mentioned condition. This would significantly restrict the usage of the method and
hence a correction of the method is explored in the following.



3.1 Fitting the Correction term

Drag force on an infinite circular cylinder midway between two parallel plates has been measured using
an uncorrected version of the IBM and compared to an empirical solution as described in (Benrichou,
2004). Geometry of the problem is shown in Figure 2. The flow is driven by a Poiseuille velocity profile

x

y

b

d

L

Figure 2: Geometry of the Poiseuille flow model

placed both at the inflow and at the outflow. An empirical drag force is computed as

Fx = µUx,max
π(4k2−8)

1.9362−3.7520k2 +2ln(k)
(5)

where Fx is the drag force, Ux,max is the maximum speed of the defined Poiseuille flow and k = d/b is the
fraction of the cylinder diameter and the channel width. The empirical solution in Eq. ( 5 ) is valid only
for a Newtonian flow at very low Reynolds numbers and for k < 0.4. In all the simulations, the Reynolds
number has been set to 0.1. The length of the channel has been set to value of L = max(30d,30), the
width of the channel to b = 20 and the diameter of the cylinder ranges from 0.3 up to 5 lattice units. A
Newton - Raphson method has been used for each of the diameters to find a correction term C, such as
to equalize the simulation drag force F with the empirical one Fx, assuming

Fx = F =C
∫
Ω

ρ f (x)(u f (x)−up(x))dV. (6)

It has been found out that the correction term can be approximated by

C = 1.8d−1.2, d < 1.5 (7)

1, d > 1.5. (8)

Figure 3 presents an error of the drag force as a function of the cylinder diameter both for a corrected
and uncorrected version of the IBM. It is clearly seen, that such a simple fitting function significantly
reduces the error from 80 % to 3 % for the diameter 0.3.

The Couette flow test has been run to support the suggested correction term.

4 COUETTE FLOW

A suspension of steel fibers of various volume fractions immersed in a Bingham fluid were subjected
to the Couette flow. The geometry of the problem can be seen in Figure 4. The following values were
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considered: Lp = 0.06 m corresponding to 12 lattice units, aspect ratio of the fiber 37.5, Lx = Lz = 2Lp,
Ly = 4Lp, ρp = 7000 kgm−3, ρ f = 2160 kgm−3, τy = 5 Pa and µpl = 10 Pas. The simulation was
performed for three shear rates equal to 0.4 s−1, 4.0 s−1 and 10.0 s−1 respectively, and for volume
fractions ranging between 0.001 and 0.04.

Lx

Ly

Lz

Lp ρf , τy, µpl

u/2

u/2

ρp

Figure 4: Couette flow geometry.

Resulting effective viscosities µe f f were computed from the stresses acting on the boundary walls.
Shear rates were obtained by a volume averaging of the fluid between the walls excluding zones closer
than 0.5Lp to walls. An assumption that the resulting effective fluid is a Bingham fluid has been applied.

Figure 5 shows a relation of the relative viscosity µe f f /µpl for different volume concentrations of
fibers. The computed values are compared with a relation by (Ghanbari & Karihaloo, 2009) both for
the case of the corrected and uncorrected version of the IBM represented as filled and hollow marks
respectively. A simulation of fibers with no rotation allowed has been run (circular marks) together
with simulations of fibers with allowed rotation (square and triangular marks). Simulations of fibers
with allowed rotations were further divided into two simulations, one with lubrication forces deactivated
(square marks) (Yamane et al., 1994) and the other with lubrication forces activated (triangular marks).

Looking at hollow and filled marks, one can observe that the IBM correction term apparently helps
to catch correctly the underlying physics and therefore results in more realistic values of the dynamic
viscosity comparable to (Ghanbari & Karihaloo, 2009). The IBM correction plays an important role
even for fibers with allowed rotation as shown by square and triangular marks. Increase of the viscosity
due to lubrication forces can be observed in the figure comparing square and triangular hollow marks.
The lubrication forces, however, play a less significant role in comparison to the IBM correction term
for the investigated volume fractions.
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Figure 5: Relative viscosity comparison for different volume concentrations of fibers

5 SLUMP TEST

Figure 6: Slump test time snaps. Color stands for viscosity.

The slump test has been modeled to present the capabilities of the method. A Cone of height 0.3 m,
base radius 0.1 m and top radius 0.05 m has been filled with the Bingham fluid of dynamic plastic
viscosity 10 Pas and yield stress 5 Pa. Steel fibers of the length = 0.05 m, aspect ratio = 37.5 and fiber
volume fraction = 0.2 % have been used in the simulation. Length of fibers corresponds to 12.5 lattice
units and diameter to 0.33 lattice units. A correction term from Eq. ( 7 ) has been applied. The shape of
the cone and distribution of fibers at 3 different time snaps are shown in Figure 6.

As for the efficiency of the code, it takes ca. 30 minutes using Intel Core 2 Due E8400 CPU with 3
GB of RAM to run 0.1 second of the simulation corresponding to 407 time steps. The fibers would have
to be at minimum 54 lattice units long without the correction term to obtain correct immersed boundary
forces. 0.1 second of the simulation would then take ≈ 1400× longer i.e. 1 month and the memory
consumption would also grow significantly.



6 CONCLUSIONS

The Lattice Boltzmann method together with the corrected Immersed boundary method and mass track-
ing algorithm has been applied to simulate a non-Newtonian liquid together with a particle inclusion.
A correction term of the IBM has been proposed and determined by fitting, to allow for particles of a
minimum size less than

√
2 to be included in the modeling. Fibers of a diameter not less than 0.3 lattice

units have been used so far and some of the results such as Couette flow or Slump test are presented in
this paper.

The presented model is based on well established methods and provides an efficient tool that can be
applied to a range of engineering problems on different length scales yielding results matching favorably
theoretical or experimental findings in a reasonable amount of time and using a reasonable amount
computation power.
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Abstract 

The basic component of calcium sulfoaluminate (CSA) cement is C4A3$, it is able to produce ettringite when hydrated 

with lime and/or calcium sulfate. Commercial CSA cements generally contain calcium sulfate both included in CSA 

clinker (as anhydrite) and added to it (as anhydrite or gypsum); lime, if required, can derive from CSA clinker (as free 

CaO) or hydration of Portland cement blended with CSA cement (as calcium hydroxide). The hydration features and 

technical properties of a CSA cement, arising from a clinker without free lime, cured from 90 minutes to 180 days, both 

alone (a) and blended with Portland cement (b), were investigated in this paper. Drying-shrinkage and compressive 

strength tests were performed and the results were interpreted on the basis of the microstructural data obtained 

through XRD and DTA-TGA analyses as well as mercury intrusion porosimetry. 

Phase (a) of the investigation looked at the use of CSA cement as a high-performance binder characterized by rapid 

hardening and dimensional stability as well as high chemical resistance and reduced shrinkage. The hydration of C4A3$ 

in the presence of calcium sulphate alone quickly generates, besides aluminium hydroxide, non-expansive ettringite 

particles developing in the form of large prismatic crystals responsible for an elevated mechanical strength. The most 

relevant features of the hydration process are: 1) a high reaction rate and phase stability; 2) a considerable free water 

consumption and a reduced capillary porosity; 3) a peculiar pore size distribution shifted towards low-porosity regions. 

Phase (b) of the investigation was mainly aimed at floor concrete applications, where both high compressive strength 

and low drying-shrinkage are needed at early curing times. Blending Portland cement with CSA cement enables it to 

exploit not only the intrinsic contribution of the latter in terms of early strength and reduced shrinkage, but also the 

shrinkage-compensating effect exerted by microcrystalline ettringite particles, responsible for an expansive behaviour 

and formed by the C4A3$ reaction with water, calcium sulphate and calcium hydroxide generated by Portland cement 

hydration. The hydration process of a suitable CSA-Portland cement blend is mainly characterized by: 1) the rapid 

formation of ettringite and its dominant role among the hydration products; 2) the reduced hydration rate of C3S and 

C3A at early ages; 3) the absence of calcium hydroxide; 4) the more concentrated porosity distribution (within the 

submicronic region) compared to that of Portland cement. 

 

Originality 

CSA cements are used worldwide, often as admixtures for Portland cement, and were first applied, mainly as expansive 

binders, around the end of 1950’s. Since then, high-performance and dimensionally stable cementitious matrices have 

been developed in the 1970’s by the Building Materials Academy of China, where they are presently almost exclusively 

manufactured. The circumstance that the characteristics of a CSA based additive are generally quite different from 

those of a real cement, together with the absence of European Standards regulating the use of cements derived from 

non-Portland clinkers for structural applications, generally forced the researchers to investigate CSA cement 

formulations obtained by synthetic laboratory preparations or Chinese CSA imported clinkers. 

This research draws its originality from a long-term joint collaboration between a university department and a cement 

company that actually produces the CSA cement under investigation, with the aim of acquiring a better basic and 

technological knowledge of its hydration properties. The results of this cooperative project have in part already been 

published, also in the previous ICCC Proceedings. The present paper deals with the search for correlations between 

microstructural characteristics and technical properties of a hydrated high-performance CSA cement and extends the 

investigation to the understanding of its behaviour when blended with Portland cement. 

 

Chief contributions 

The main objective of this work was to explain the results of drying shrinkage and compressive strength tests carried 

out on a high-performance CSA cement cured alone and in mixture with Portland cement, on the basis of 

microstructural data on the paste-hydrated cements. The role played by composition and proportioning of both 

cements, reaction rate of their constituents, nature of their hydration products as well as water consumption and pore 

size distribution in the hydrated systems, was elucidated. 

Applications for general structural purposes as well as pre-cast products and concrete pavements were envisaged. 

 

Keywords: Calcium Sulfoaluminate, Ettringite, High-Performance Cements, Expansion, Shrinkage Compensation

                                                 
1
 Corresponding author: Email dgastaldi@buzziunicem.it Tel +390161809740, Fax +3390161801458 

 



Introduction 

The improvement of cement performances and the reduction of the environmental impact related to its 

manufacture are most likely the main areas of innovation for the cement industry. Both requirements 

can be met by calcium sulfoaluminate (CSA) cements (Damtoft et al., 2008; Buzzi et al., 2010). These 

binders have interesting engineering properties (Muzhen et al., 1992) and are produced by grinding, 

depending on the application, about 20-50% calcium sulphate (as gypsum or anhydrite) with a CSA 

clinker burned at a relatively low synthesis temperature (< 1350°C) from a raw mix having a reduced 

limestone concentration (< 40%); thus, a specific fuel consumption, decreased CO2 and pollutants 

generation can be achieved (Gartner, 2004; Marroccoli et al., 2007). 

The peculiar technical behaviour of CSA cements is regulated by their main component, C4A3$, it is 

able to generate, when hydrated in the presence of lime and/or calcium sulphate, expansive or non 

expansive ettringite from shrinkage-compensating/self-stressing binders or rapid-

hardening/dimensionally stable cements (Mehta, 1973). Other interesting properties of CSA cements 

are low solution alkalinity as well as high impermeability and chemical resistance against several 

aggressive media (Muzhen et al., 1997; Glasser and Zhang, 1999). Together with C4A3$, CSA clinkers 

generally contain anhydrite, C2S, C4AF, C5S2$ and a variety of calcium aluminates (C12A7, C3A, CA) 

and silico-aluminates (C2AS, CAS2). 

Since the end of the 1950’s, CSA cements have been applied worldwide, mainly as expansive binders 

in mixture with Portland cements (Mehta, 1973). Around the 1970’s, high performance and 

dimensionally stable cementitious matrices, first developed by the China Building Materials Academy, 

were introduced to the market (Muzhen et al., 1992). In Europe the use of CSA cements is strongly 

limited by the lack of Standards concerning special cements derived from non-Portland clinkers. 

Nevertheless, their manufacture recently started and many common formulations, mainly used for 

quick repairs and pre-cast products or floor concrete applications, are based on pure CSA cements or 

blends with Portland cements. 

In this paper, the technical behaviour of three commercial products, one CSA cement and two CSA-

Portland cement blends, were investigated and correlated with the microstructural data obtained by 

means of experimental techniques such as X-ray diffraction (XRD) analysis and differential thermal-

thermo gravimetric analyses (DTA-TGA) as well as mercury intrusion porosimetry (MIP). 
 

 

Experimental 
 

1. Materials 
 

Five cements, supplied by Buzzi Unicem, were investigated: one CSA cement identified by the 

commercial code SA Cement SR03,  two CSA-based blended cements (MIX 1 and MIX 2), and two 

Portland cements (type I 52.5 R and II/A-LL 42.5R) used as reference terms. The mineralogical 

compositions of the two Portland cements and of the CSA clinker are summarized in Tab. 1. 

SR03 was a pure CSA cement constituted of CSA clinker and natural gypsum in the mass ratio 83:17. 

MIX 1 and MIX 2 were ternary mixtures consisting of CSA clinker, natural gypsum and II/A-LL 42.5 

R Portland cement in the mass ratios 40:20:40 and 32:16:52, respectively. 

 

 

2. Testing procedures and characterization techniques 
 

Compressive strength tests (up to 28 days) were performed according to the European Standard EN 

196-1. For drying shrinkage measurements, mortar samples were prepared according to the Italian 

Standard UNI 6687; one sample for each formulation was stored in water (20°C) for 28 days for the 

evaluation of the water expansion (the reference value L0 was measured at 24 hours for the Portland 

cements, at 3 hours for the SR03 cement and at 8 hours for the MIX1 and MIX2 samples).  

Cement pastes (w/c = 0.5) hydrated up to 90 days were investigated by MIP, XRD and DTA-TGA 

analyses. The pastes, shaped as cylindrical discs (15 mm high, 30 mm in diameter), were cured in a 



thermostatic bath at 20°C. At the end of each aging period, the specimens were in part submitted to 

MIP, in part pulverized for XRD and DTA-TGA analyses after grinding under acetone (to stop 

hydration), treatment with diethyl–ether (to remove non-bound water) and stored in a desiccator over 

silica gel-soda lime (to ensure protection against H2O and CO2). 

XRD analysis was performed by using a BRUKER-D4 Endeavor apparatus working in θ: θ geometry 

equipped with a LinxEye detector; EVA software was used for the data evaluation and the main 

phases were identified by comparison to the ICDD database. 

DTA-TGA were carried out through a NETZSCH TASC 414/3 instrument, operating between 20° and 

1000°C with a heating rate of 10°C/min. 

MIP measurements were performed with a THERMO FINNIGAN PASCAL 240 Series porosimeter 

(maximum pressure, 200 MPa) equipped with a low-pressure unit (140 Series) able to generate a high 

vacuum level (10 Pa) and operating between 100 and 400 kPa. 

 
Table 1: Mineralogical composition (mass %) and Blaine fineness (m

2
/kg) of Portland cements and CSA clinker 

 I 52.5 R II/A-LL 42.5 R CSA clinker 

C3S 63.0 56.0 - 

β-C2S 19.0 16.0 22.0 

C3A 3.0 2.5 5.0 

C4AF 5.0 5.0 3.0 

CaCO3 5.0 16.0 - 

C4A3$ - - 55.0 

C$ - - 12.0 

C$H2 4.5 4.0  

CaO 0.5 0.5 - 

Other - - 2 

    
Blaine  fineness 534 534 520 

 

 

Results and discussion 
 

The compressive strength test results are shown in Table 2. It can be observed that SA cement SR03 

shows a much better behaviour in the early aging stages with respect to the I 52.5 R Portland cement, 

especially within the first 24 hours of curing, while after 28 days the strength is comparable. 

The same happens for MIX 1 and MIX 2, when compared to II/A-LL 42.5 R Portland cement; 

moreover, MIX 1 exhibits after 8 hours a mechanical strength higher than MIX 2, thanks to the greater 

amount of CSA clinker. 

The drying shrinkage curves are illustrated in Figure 1. It should be noted that the shrinkage of the 

SR03 cement is largely lower with respect to the I 52.5 cement and is also less pronounced than the  

II/A-LL 42.5. MIX 1 and MIX 2 display a further decreased shrinkage, more reduced for MIX 2 

containing a higher Portland cement content. 

The XRD data on the hydrated CSA cements show: I) the rapid consumption of C4A3$ and calcium 

sulphate, and the quick formation of ettringite, particularly for SR03; II) a lower hydration rate of C3S 

and C3A in the early aging stages in the mixed samples than in Portland cement; III) the absence of 

calcium hydroxide among hydration products, due to its involvement in the formation of ettringite. 



Table 2: Mortar compressive strength data (MPa) and expansion values (µm/m) of the investigated samples 

 I 52.5 R II/A-LL 42.5 R SR03 MIX 1 MIX 2 

4 hours - - 23.3 - - 

8 hours 2.0 - 27.0 22.9 16.0 

1 day 21.5 11.5 35.8 23.5 24.4 

7 days 49.5 40.5 53.3 35.0 39.6 

28 days 61.0 50.3 61.8 51.8 54.0 

      
Water expansion 

(28 days)  
125 125 190 60 60 

 

 

 

Figure 1: Drying-shrinkage of SA cements 

SR03, MIX 1, MIX 2, and Portland 

cements I 52.5 R, II/A-LL, as a 

function of the curing period 

 
 

Figure 2 illustrates the XRD diffraction patterns at 90 minutes and 28 days of curing for the three 

hydrated CSA cements. 
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Figure 2: XRD patterns for hydrated SR03 

(a), MIX 1 (b) and MIX 2 (c) cured at 90 

min and 28 days: E = Ettringite; G = 

Gypsum; Y = Yeelimite (C4A3$); A = 

Anhydrite; C = C2S + C3S; C’ = C3S; $ = 

C3A 

 



The XRD results are confirmed by the data of DTA-TGA analyses, allowing the identification of the 

presence of ettringite, aluminium hydroxide and calcium hydroxide through the thermal effects at 

about 160°-173°C, 276°-282°C and 480°-490°C, respectively. Figure 3 shows the DTA-TGA curves 

related to cements SR03 and MIX 2 hydrated at 3 hours and 28 days. Both series of thermograms 

reveal the presence of ettringite (in a higher concentration for SR03) and the absence of calcium 

hydroxide; furthermore, aluminium hydroxide appears only in the hydrated SR03 cement samples. 

 

  

  
Figure 3: DTA-TGA thermograms for SR03 (left) and MIX 2 (right) cured at 3 hours (a, b) and 28 days (c, d) 

 

DTA-TGA was also used for the quantitative determination of the H2O content chemically bound in 

the paste, measured as loss on ignition at 600°C, useful for the calculation of the free water amount. 

The results, shown in Table 3, highlight that, especially in the early aging stages, the CSA cement 

formulations retain a free water amount much lower than that of Portland cement, in accordance with 

their higher hydration rate and greater stoichiometric water requirement (Bernardo et al., 2007). 

 
Table 3: Free water amount data for the hydrated cements at various aging times, mass %   

 6 hours 1 day 2 day 7 days 28 days 

II/A-LL 42.5 R 31 21 16 17 14 

SR03 14 13 11 11 9 

MIX 1 15 14 12 11 7 

MIX 2 15 15 15 12 11 

 

 

The technical and microstructural behaviour of the hydrated CSA cements can be understood taking 

into account that: 

1) For SR03, the hydration of C4A3$ and calcium sulphate occurs in the absence of lime, according to 

the following reaction : 
3323634 2$38$2$ AHHACHCAC +⇒++     (1) 

(a) (b) 

(c) (d) 



Ettringite quickly develops in the shape of large and prismatic crystals responsible for rapid 

hardening and dimensional stability (Mehta, 1980). Moreover ettringite and aluminum hydroxide 

have structures very different from that of the main hydration product of Portland cement, a 

calcium silicate hydrate consisting of multi-layered particles able to retain water molecules both on 

the inside and within the external voids; therefore, compared to Portland cements, CSA cements 

have a reduced sensitivity to drying shrinkage and creep (Oberholster, 1986). 

2) For MIX 1 and MIX 2, the hydration of C4A3$ and calcium sulphate occurs in the presence of lime 

(namely, calcium hydroxide generated by Portland cement hydration), according to the following 

reaction: 
323634 $396$86$ HACHCCAC ⇒+++       (2) 

Ettringite generated by this reaction can effectively counteract the shrinkage phenomena, being 

microcrystalline and expansive (Mehta, 1973). Drying shrinkage for MIX 1 and MIX 2 is therefore 

less pronounced than that of SR03, due to the development of the reaction (2); MIX 2 has an 

advantage over MIX 1 in terms of reduced shrinkage because of its higher Portland cement content 

and, consequently, larger availability of calcium hydroxide upon its hydration. 

MIX 1 and MIX 2, compared to SR03, have a lower mechanical strength, not only on account of the 

dilution with Portland cement, but also owing to the reduced C3S hydration rate; this is strictly related 

to the decreased availability of water which is required to a large extent by the reactions (1) and (2) of 

C4A3$ hydration (Bernardo et al., 2007). 

In terms of porosimetric features, CSA cements behave differently from Portland cements, especially 

in the early aging stages (Bernardo et al., 2006). Portland cement pastes initially show a continuous 

network of large capillary pores decreasing in size as curing time increases. Within calcium 

sulfoaluminate cement pastes, hydration products quickly develop and are able to reduce and isolate 

the interior space, rapidly developing discontinuous regions of small pores. Thereafter, the evolution 

of porosity often proceeds very slowly owing to the lack of water needed to continue the hydration 

reactions. 

Figure 4 displays the porosimetric behaviour of hydrated II/A-LL 42.5 R Portland cement and SA 

cement SR03, cured between 4 hours and 90 days. 

 

    
Figure 4: Derivative Hg volume vs. pore radius for II/A-LL (a) and SR03 (b) cement pastes cured at various ages 

 

Within the aging periods 4-24 hours and 3-90 days, the most preferred pore radius (MPPR) was 

included: a) for Portland cement pastes, in the range 79-767 nm and 5-30 nm, respectively; b) for 

SR03 cement pastes, in the range 14-31 nm and 6-10 nm, respectively. Preliminary results for MIX 1 

and MIX 2 indicated, in comparison with Portland cement, a more concentrated pore size distribution 

within the submicronic porosity region.  

 

 

Conclusions 
 

The technical and microstructural behaviour of calcium sulfoaluminate (CSA) cement alone is 

distinctly different from that shown when it is blended with Portland cement. 



In the first case, C4A3$ and calcium sulphate (added and/or belonging to CSA clinker) quickly hydrate 

in the absence of lime, thus giving, together with aluminium hydroxide, ettringite whose 

microstructural features are responsible for rapid hardening and dimensional stability. Compared to a 

high-strength and rapid-hardening Portland cement, a commercial CSA cement exhibits, in terms of 

mechanical strength, a much better behaviour, especially within the first 24 hours of curing; moreover, 

its drying shrinkage is significantly lower.  

In the second case, calcium hydroxide, originated from Portland cement hydration, combines with 

C4A3$ and calcium sulphate to generate only ettringite which, due to its expansive characteristics, is 

able to exert a strong counterbalance effect against the shrinkage phenomena. Two blends of CSA 

cement with a high-strength Portland cement have a very low drying shrinkage and show a mechanical 

strength higher than Portland cement alone at early aging times (up to 1 day of curing). The blend with 

a higher Portland cement content exhibits a lower mechanical strength after 8 hours of curing and a 

more reduced drying shrinkage. 

The rapid formation of ettringite is confirmed both by XRD and DTA-TGA measurements, revealing 

that the free water amount is much lower in the CSA based system. 

With respect to Portland cements, CSA cements reveal a peculiar pore size distribution, rapidly shifted 

towards the smaller pore region, due to the quick formation of the hydration products. The CSA-

Portland cement blends show a more concentrated pore size distribution within the submicronic 

porosity region.  
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Abstract 
To predict correctly the castings process of self compacting concrete a numerical model capable of simulating 
flow patterns at the structural scale and at the same time the impact of the varying volume fraction of aggregates 
and other phenomena at the scale of aggregates on the flow evolution is necessary. In this contribution, the 
model at the scale of aggregates is introduced. The conventional lattice Boltzmann method for fluid flow is 
enriched with the immersed boundary method with direct forcing to simulate the flow of rigid particles in a non-
Newtonian liquid. Basic ingredients of the model are presented and discussed with the emphasis on a newly 
developed algorithm for the dynamics of particles whose interactions strongly depend on velocities of particles. 
The application of the model is demonstrated by a parametric study with varying volume fractions of aggregates 
and speed of shearing used for computation of effective viscosities. 
It is shown that the presented model based on well established methods and without any artificial parameters, 
numerical tricks or modifications provides an efficient tool that can be applied to a range of engineering 
problems on different length-scales yielding results matching favorably theoretical or experimental findings. 
 
Originality 
Dispersion of aggregates during casting influences significantly the rheology of the fresh concrete and 
consequently the microstructure and properties of the hardened concrete. Detail simulation of the flow of a 
heterogeneous material presents a challenging task since the model needs to consider phenomena at the scale of 
structure (flow pattern during casting) as well as at the scale of aggregates (segregation) at the same time since 
one depends on the other. The presented modeling framework is capable of predicting the flow patterns at the 
scale of structure considering the effect of varying local volume fraction of aggregates and other properties.  It 
provides, thus, more accurate estimation of the dispersion of aggregates in the hardened concrete directly 
influencing its properties. This allows a more precise estimation of the effect of casting on the final properties of 
the structure and also optimization of the rheological properties of the fresh concrete with respect to the final 
properties. 
 
Chief contributions 
Combination of the finite volume-based flow model and the lattice Boltzmann model of non-Newtonian flow in 
the field of civil engineering is a novelty providing an access to the modeling of the heterogeneous flow at the 
scale of structure with reasonable computational time. Such modeling is not possible with conventional 
computational fluid dynamics tools in a comparable time. 
 
Keywords: Suspension, Lattice Boltzmann Method (LBM), Non-Newtonian fluid, Flow modeling, Self 
compacting Concrete 
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1 INTRODUCTION AND MOTIVATION

Self compacting concrete (SCC) is increasingly substituting conventional concrete requiring vibration
which introduces inhomogeneities in form of e.g. sand rich vibrator traces with reduced content of
both air and coarse aggregates. The SCC does not require vibrations and will, if stable, result in an
improved homogeneity of the hardened material. However, heterogeneities induced during the casting
of the SCC may lead to variations of local properties and hence to a potential decrease of the load
carrying capacity and durability of structures. Heterogeneities in SCC are primarily caused by static and
dynamic segregation of the coarse aggregates.

Thus, to predict castings with the SCC a numerical model capable of simulating flow patterns at
the structural scale and at the same time the impact of the varying volume fraction of aggregates and
other phenomena at the scale of aggregates on the flow evolution is necessary. At the structural scale
a finite volume based flow model with calculated particle trajectories is used. This macro-scale model
is combined with a micro-mechanical fully coupled model of flow of particulate suspensions based on
the the Lattice Boltzmann Method (LBM) providing the link between local properties and effective
properties on the macro-scale. The micro-scale model is presented in this contribution.

The modeling strategy consisting of the LBM and the Immersed Boundary Method (IBM) Feng
& Michaelides (2005) with direct forcing is introduced in Section 2. The emphasis is given on the
dynamics of particles discussed in Section 2.3 where a new approach dealing with forces on particles
strongly dependent on velocities of particles is introduced. This, together with the scheme for update of
velocities considering the internal fluid, see (Feng & Michaelides, 2009), make the model both robust
and accurate. An application of the model is demonstrated on an example of Couette flow of non-
colloidal suspension in Bingham fluid. A comparison of simulated values of effective viscosities with
Krieger-Dougherty relationship is used for the verification of the model. A summary is given in the last
Section.

2 MODELING STRATEGY

The micro-scale model combines the LBM used as the solver for fluid dynamics, the IBM with direct
forcing representing the fluid - particle interactions, newly developed non-linear algorithm solving the
dynamics and interactions of particles and finally a free surface algorithm based on the mass tracing
algorithm (not discussed here).

Rigid particles immersed in the fluid are modeled on three levels with different discretization and
assumptions:

• Level of fluid: Grid of Eulerian nodes used for solution of fluid dynamics using the LBM.

• Fluid-particle interaction: Particles discretized by Lagrangian nodes; interactions of particles
and fluid modeled via the IBM with direct forcing.

• Level of particles: Particles with exact (analytical) geometry; solution of dynamics and interac-
tions of particles.

Figure 1 shows the different levels and introduces symbols used. The Eulerian points, xE , are marked
by empty boxes and correspond to the LBM nodes with unit spacing. The solid circles show the dis-
cretization of a particle by a set of Lagrangian points, xL

i, j(t), where i stands for i-th particle and j for
j-th node. The gray shaded area depicts the particle with its exact geometry.
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Figure 1: Three levels of the model.

2.1 Level of fluid: Lattice Boltzmann Method

In contrast to the traditional CFD methods where the problem is formulated in spatially and time depen-
dent velocity and pressure fields (macroscopic quantities, top-bottom approach) the LBM, with its roots
in the kinetic theory of gases, treats fluid as individual molecules discretized by a set of discrete particle
distribution functions and provides rules for their mutual collisions and propagation. The macroscopic
quantities can be then computed as moments of the distribution functions (bottom-up approach).

Typically, the computational domain is discretized by a set of cells of a uniform size. Continuous
fields of macroscopic variables are then approximated by sets of average values of the variables in the
cells. Similarly, time is discretized into uniform time steps. Each cell has one lattice node in its center.
Each lattice node holds the set of discrete particle distribution functions, fα, associated with lattice
velocities, cα. The evolution of the system is governed by

fα (x+ cα, t +1) = fα (x, t)+Ωα (u(x, t),ρ(x, t)) , (1)

where Ωα is a collision operator and

ρ(x, t) =
α

∑ fα(x, t) and u(x, t) =
1

ρ(x, t)

α

∑cαfα(x, t) (2)

are density and velocity, respectively. See e.g. a recent overview of applications of the LBM to complex
flows (Aidun & Clausen, 2010) and references discussed herein for more details about the LBM.

The LBM can be easily parallelized due to the local interactions described by Eq. (1) which, together
with the simple algebra involved, lead to a favorably low computational costs and simple implementa-
tion.

2.2 Fluid-particle interaction: IBM with direct forcing

The basic idea of the IBM is that the velocity of the particle and fluid are equal at xL
i, j(t) due to the

no-slip boundary condition:
ui, j (t) = u f

(
xL

i, j(t), t
)
. (3)

Since, generally, xL
i, j(t) does not coincide with any of the Eulerian nodes, the velocity of the fluid at

point xL
i, j(t) , u f

(
xL

i, j(t), t
)

, can be obtained by a weighted spacial averaging of the LBM solution. A



difference in velocities caused by a respective movement of the particle and fluid can be transformed
into a force interactions assuming Newton’s second law of motion yielding force density

fL
i, j (t) =

ρ0

∆t

[
u f

(
xL

i, j(t), t−∆t
)
−ui, j (t−∆t)

]
(4)

and consequently to force assuming
FL

i, j (t) = fL
i, j (t)∆Vi, j. (5)

The total force and torque resulting from the fluid-particle interaction can be expressed simply as

F f luid
i (t) =

j

∑FL
i, j (t) (6)

T f luid
i (t) =

j

∑
[(

xL
i, j(t)−xCoG

i (t)
)
×FL

i, j (t)
]

(7)

where xCoG
i (t) denotes center of gravity of the particle.

To ensure the particle-fluid interaction and force equilibrium, FL
i, j (t) is mapped to the Eulerian nodes

in a way similar to the way u f

(
xL

i, j(t), t
)

was obtained.
The IBM, contrary to most methods assuming bounce-back walls at the fluid level, provides smooth

and stable change in positions and forces acting on particles and makes e.g. coupling with the free
surface algorithm easier. However, the most important feature of the IBM lies in its ability to accurately
simulate small objects of only a few lattice units or even sub-grid objects, see (Svec et al., 2011). This
results in a significant reduction of the computational time needed.

2.3 Level of particles: Non-linear dynamics

The dynamics of particles, their mutual force interactions, collisions and their interaction with boundary
conditions and other external loadings and restrictions are solved at the highest level. The most essential
topic from the aforementioned ones - the dynamics of particles - is discussed in this Section.

In this Section, δt stands for a time sub-step within the unit LB time step, ∆t = 1. Only the force -
translation acceleration - translation velocity - dependences are discussed to limit the number of equa-
tions. Similar relationships can be derived for torques and rotations.

In the case when the velocity of the particle does not change significantly during ∆t, the acceleration
can be computed as

u̇i (t) =
Ftot

i (t)
mi

, (8)

where the total force on particle Ftot
i (t) = F f luid

i (t)+Fext
i , where F f luid

i (t) is the particle-fluid interaction
given by Eq. (6) and Fext

i stand for all other force interactions evaluated at time t. The velocity of the
particle can be directly updated according to schemes in (Feng & Michaelides, 2009) and assuming
δt = 1.

However, in the case when the velocity of the particle changes significantly during ∆t, the accel-
eration obtained from Eq. (8) is wrong because F f luid

i (t) (and generally also Fext
i (t)) is not constant

anymore. This error leads to oscillations of particles with amplitude increasing in time caused by veloc-
ities of particles higher than the velocity of the fluid.

The problem of the overestimation of accelerations is overcome by the proposed adaptive sub-
stepping. A maximum allowed change in the forces acting on the particle per sub-step is prescribed
and a duration of the sub-step is computed from the restriction. Therefore, the forces can be assumed
constant during the sub-step and velocities of the particle updated assuming the acceleration obtained
from Eq. (8) applied for the computed duration. New forces and durations can be then computed based
on the updated velocities.



Eqs. ( 4 ) and ( 5 ) provide basic relationships linking the forces on the particle with its velocity.
Neglecting external forces for now, the forces can be expressed as

F f luid
i (t) =

j

∑FL
i, j (t) =

j

∑
(
u f

(
xL

i, j(t), t−∆t
)
−ui, j (t−∆t)

) ρ0∆Vi, j

∆t
(9)

=
j

∑
(
u f

(
xL

i, j(t), t−∆t
)
− (ui (t−∆t)+ωi (t−∆t)× ri, j (t))

)
Ai, j. (10)

Since u f
(
xE , t

)
is assumed constant during ∆t, forces at t +δti can be expressed as

F f luid
i (t +δti) =

j

∑Ai, ju f
(
xL

i, j(t), t−∆t
)
−

j

∑Ai, j (ui (t)+ωi (t)× ri, j (t)) (11)

− δti
j

∑Ai, j (u̇i (t)+ ω̇i (t)× ri, j (t)) (12)

which can be rearranged to

F f luid
i (t +δti) = F f luid

i (t)−δtiḞ
f luid
i (t) . (13)

Finally, Eq. (13) allows for a linear estimate of a time, δti, needed for a given change in forces, λ‖F f luid
i (t)‖,

and

δti =
‖F f luid

i (t +δti)−F f luid
i (t)‖

‖Ḟ f luid
i (t)‖

= λ
‖F f luid

i (t)‖
‖Ḟ f luid

i (t)‖
, (14)

with λ controlling the size of the sub-step.
Similar relationship can be found for torques and angular velocity. After the durations are found for

all particles, the actual duration of the sub-step is found as the shortest duration among all particles and
the velocities, positions and particle-fluid forces are updated for this duration. This is repeated until the
end of the sub-step, i.e. until ∑δt = 1. The particle-fluid forces are accumulated and used in the next
LBM step. Such an approach ensures stability for arbitrary force-velocity (displacement) relationships
if small enough λ is chosen.

3 APPLICATION: COUETTE FLOW OF NON-COLLOIDAL SUSPENSION

Suspensions of rigid mono-sized spheres of various volume fractions and a Bingham fluid were sheared
in the Couette flow shown in Figure 2. The following values were considered: d = 0.01 m correspond-
ing to 4 lattice units, h = 6.5d, w1 = 7d, w2 = 3.5d, ρs = 2600 kgm−3, ρ f = 2160 kgm−3, τy = 5 Pa
and µpl = 10 Pas. The simulation was performed for two shear rates equal to 0.1 s−1 and 1.0 s−1,
respectively, and for volume fractions between 0.05 and 0.3. Resulting effective viscosities were com-
puted from the stresses acting on the boundary walls, shear rates obtained by a volume averaging of the
fluid between the walls (including the internal fluid) excluding zones closer than d to the walls and the
assumption that the resulting effective fluid is a Bingham fluid. Figure 3 shows comparison of the com-
puted values (red circles) with Krieger-Dougherty relationship assuming Φmax = 0.74 and the exponent
equal to 2.5. As can be seen, the effect of spheres on viscosity is underestimated reflected by a linear
trend contrary to the non-linear trend predicted by the Krieger-Dougherty relationship. Since contacts
and collisions of spheres are not the dominant mechanisms at these volume fractions, the error needs
to be in an underestimated hydrodynamical interactions between the spheres. As proposed by several
authors (Nguyen & Ladd, 2002; Kromkamp et al., 2006), the LBM is capable of capturing correct lubri-
cation forces for objects approaching each other up to 1.1 lattice units. For closer gaps, the lubrication
force is underestimated. A correction of the lubrication forces proposed in (Nguyen & Ladd, 2002)

Flub,ab(t) =−6µπ(ua(t)−ub(t))n
r2

ar2
b

(ra + rb)2

(
1
h
− 1

hlub

)
, (15)
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Figure 2: Couette flow geometry.
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Figure 3: Effective viscosity as a function of volume fraction.

where ν is the dynamic viscosity, n is the unit normal vector, ra and rb are radii of spheres and h is the
distance between spheres was added to the particle interaction at the level of particles when the particles
approach closer than hlub = 1.1. As can be seen in Figure 3, this correction provided prediction matching
favorably the Krieger-Dougherty relationship.

4 CONCLUSIONS

A modeling approach for a fully coupled simulation of a suspension of rigid particles and non-Newtonian
flow was discussed and demonstrated. The approach is based on the division of the complex problem
to three levels allowing a formulation of a more general and robust model that can effectively simulate
particles of an arbitrary shape and size in an arbitrary fluid. Separation of the levels together with the new
algorithm for non-linear dynamics ensuring stability of the simulation allow a simple implementation of
arbitrary interparticle behavior as was demonstrated on the example of the Couette flow and correcting
lubrication forces.

The presented model is based on well established methods and without any artificial parameters,



numerical tricks or modifications provides an efficient tool that can be applied to a range of engineer-
ing problems on different length-scales yielding results matching favorably theoretical or experimental
findings.
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Abstract
Before starting development of life-extended concrete, the authors searched the hints by surveying the relics of the 
ancient Roma, Egypt and China. It was clarified that as the common point of these ancient concretes remaining for 
ultralong-term, carbonation had advanced. Carbonation had been considered an undesirable phenomenon in the past, 
since it neutralizes concrete of alkalinity and induces the corrosion of reinforcing steel. However, the authors found that 
by adopting a technique to actively carbonize concrete through blending it with a specific admixture, it was possible to 
remarkably densify concrete and suppress the successive penetration of carbon dioxide and chloride ions. This 
technique could also remarkably reduce the eluviation of calcium ions as described below, resulting in success in life 
extension. EIEN has high mechanical strength and high bending toughness, and it also has small change rate in length 
and small diffusion coefficient. Its striking feature is solubility, which is smaller than that of common concrete by four 
digits. EIEN has received carbonation curing, which forces to modify the CaO component to sparingly-soluble calcium 
carbonate, its solubility is remarkably small. The leaching phenomenon of Ca ions becomes a fatal defect, when the 
long-term durability of concrete is considered3). In addition, this phenomenon is the cause to change the surrounding 
environment of concrete to high alkalinity, which may affect vegetation environment, aqueous environment and 
ecosystem. EIEN, whose CaO component has been converted to neutral calcium carbonate, does not generate such 
problems. In addition, EIEN confines CO2, as a greenhouse effect gas, into concrete when carbonation curing is applied. 
This is the reason why EIEN is earth-friendly and environment-friendly.

Originality
As a result of pursuing the life extension of concrete to the utmost limit, the life-extended concrete “EIEN” has been 
developed. EIEN named after “Earth, Infinity, ENvironment.” In keeping with this name, EIEN is an earth-friendly and 
environment-friendly life-extended concrete. EIEN can be said to have been born from the combination of reverse ideas, 
because this material was born from the “material” and “curing method” that cannot be applied from common sense 
on conventional concrete. This paper introduces the outline of EIEN

Chief contributions
By making use of the high salt interception performance and leachingresistance of EIEN, it is applied to the repair of 
piers, which are under severe conditions of salt environment. The cases of buried formwork and pier repair using EIEN 
are shown in Photograph 1. In addition, as usage to make use of the features of low pH and leaching resistance, 
applications to vegetation concrete, water utilization facilities and water supply facilities are planned. Large 
expectation is also given to EIEN in the construction field of radioactive waste treatment plants, which requires the long 
life of facilities.

Keywords: Neutralization, Carbonation reaction, Self protection effect, γ-2CaO･SiO2,Iintelligent materia, Durability.
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Introduction

In recent years, not only concrete engineers but also regular people have shown a keen interest in 
durability of concrete construction.A variety of methods to ensure the durability of a concrete 
structure have been examined. Durability is ensured mainly by reducing the ratio of water to cement in 
concrete and by increasing design strength. The reduction of the ratio, however, may degrade pumping 
performance and workability. This is assumed to cause an execution defect and other macroscopic 
deficiencies that may greatly affect durability, so it does not always ensure high durability of the 
structure. In addition, a low ratio of water to cement exposes autogeneous shrinkage and requires a 
larger amount of unit cement in high-strength that increases heat of hydration. These contribute to the 
occurrence of initial defects. In consideration of this background, it is important to establish a 
technique that can provide high durability to concrete structures without increasing concrete strength. 
This technique requires a novel idea that transcends the traditional concept of durability design for 
concrete structures and technical development that can accomplish this goal. For example, considering 
concrete neutralization, we hope to enable functions in concrete which will make the permeation of 
CO2 difficult, without reducing the ratio of water to cement in the concrete (without increasing the 
strength of hardened concrete material). This requires the development of cement materials with self-
protection against neutralization. The authors found that fillers without hydraulic properties could 
suppress neutralization, and elucidated the mechanism1)-3). If such material is successfully utilized, 
cement materials with the ability to self-protect against neutralization could be developed. 
Unfortunately, there are only a few studies on intelligent material in the cement concrete field4)-9).  
In the present study, it gives as an example of the neutralization control function and it introduces the 
characteristic of γ-C2S as an intelligent material. Moreover, because concrete that mixed γ-C2S and 
gave processing of the carbonation curing compulsorily had found the long-term durability excellent, 
it reports.

2. POLICY OF MATERIAL DESIGN
The concept of material design for cement material with self-protection against neutralization includes 
the following components. First, this material consists of hydraulic andγ-C2S as the non-hydraulic 
materials. This is based on the concept of providing strength design and durability design (resistance 
to neutralization) to hydraulic materials andγ-C2S, respectively. The hydraulic material can be 
considered the variety of Portland cement or a known additive (granulated blast furnace slag, fly ash, 
etc.). 
γ-C2S can be deemed to be fillers in terms of an 
original role of cement. The material, however, 
shall be deemed to be a substance that reacts with 
CO2 causing neutralization, not mere a filler.This 
densifies the surface of hardened cement material 
subject to carbonation and then makes it difficult 
for CO2 gas to pass through the hardened material. 
This outline is applied to the concept of intelligent 
material and schematically shown in Fig. 1.

3. EXPERIMENT

3.1 Materials used
Table 1 shows the chemical constituents of materials used. OPC and HPC represent ordinary portland 
cement and high-early-strength Portland cement, respectively.γ-C2Sthat was selected as filler were 
synthesized from a reagent.For synthesis ofγ-C2S, calcium carbonate and silicon dioxide were 
measured on stoichiometric ratio, and then mixed and pulverized in a vibratory mill,fired for 3 hours 
ata temperature of 1450℃ and slowly cooled in an electric furnace.
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Fillers such as γ-C2S was pulverized to 4500cm2/g on Blaine’s specific surface for use. Additionally, 
lime stone powder (LSP) that shows no carbonation was examined as a comparative material. In this 
research, OPCwas innerly substituted for various fillers for comparative experiments.
3.2 Mix-proportion
(1) Mix-proportionofmortarorpaste
Mix-proportionofmortarorpastewere shown in Table2. 

Mortar was prepared in adherence to JIS R 5201.For a proportioning ratio ofγ-C2S or LSP, 25mass% 
on inner percentage was deemed to be a standard substitution rate for powder. This rate is equivalent 
to a replacement ratio of standard additive for limestone Portland cement that is classified as 
32.5N/mm2 class cement. Mortars with different replacement ratios of additive were also tested and 
examined in this research.In this test，the substitution ratio of additives was a variety of 5mass%, 
15mass%, 25mass%, 35mass% and 45mass%.A paste test was conducted for the following two 
purposes; First, it aimed to examine the development of strength associated with carbonation of fillers. 
In order to make paste for this purpose, 90mass% of various fillers were mixed with 10mass% of HPC 
and prepared on 30mass% of a ratio of water to powder. Namely, a small amount of HPC was used to 
obtain hardened cement material mainly consisting of fillers. A procedure for curing the past was as 
follows: After stripping a form of the paste in a material age of 1 day, sealed curing for the paste was 
conducted for 6 days at 20℃ until a material age of 7 days. After the sealed curing, carbonation curing 
was conducted for 56 days under the conditions of 30℃, 60% relative humidity ‘RH) and 5% CO2 
concentration. For comparison, the paste was pre-cured and then sealed at 30℃ for 56 days.The other 
objective for this paste test was to discuss the change in physical properties that were observed 
through the mortar test. In order to make paste for this purpose, a ratio of mortar excluded that of fine 
aggregate. 
(2) Mix-proportion of concrete
Mix-proportion of EIEN-concrete was shown in Table3.

Table 1 Chemical composition and density of material used
Chemicalcomposition  (mass%) DensityMaterial

LOI Insol. SiO2 Fe2O3 Al2O3 CaO MgO TiO2 SO3 R2O g/cm3

OPC 2.2 0.5 20.9 2.9 5.4 64.7 0.9 0.1 1.8 0.5 3.15
HPC 1.4 0.2 20.4 2.6 4.7 65.6 1.1 0.2 3.1 0.5 3.14
BFS -0.8 0.6 33.1 1.0 14.8 40.6 6.7 0.9 0.1 0.2 2.90
LSP 43.5 0.4 0.1 0.1 0.1 55.3 － － － 0.1 2.71
γ-C2S 0.1 － 34.7 0.1 － 64.8 － － － － 3.02
β-C2S 0.4 － 33.6 0.2 3.0 62.1 － － － － 3.28

Table-3 Mix-proportion of EIEN-concrete
UnitWeight（kg/m3）W/P

(%)
Air
(%)

SL.flow
(cm) W LHC Add. γ-C2S S G CF

23.1 2.5 650 150 450 50 150 935 689 24.5
W/P : water / powder ratio，SL.flow : Slump flow，LHC : Low Heat Cement，
Add. : fly-ash and fumed silica，CF : Carbon fiber

Table-2  Mix-proportion of paste or mortar
Cement Filler Water Sand Testing item

Paste-1 HPC 10 90 30 0 Compressive strength
Paste-2 OPC 75 25 50 0 Pore size distribution
Mortar OPC 55～100 0～45 50 300 Compressive strength,

accelerating carbonation



3.3 Test items and Experimental methods
a) Compressive strength
In order to determine the compressive strength of paste, a test specimen of 20mm×20mm×80mm was 
prepared and measured. In order to determine compressive strength of mortar, a test specimen of 
40mm×40mm×160mm was prepared and measured in compliance with JIS R 5201.In order to 
determine compressive strength of concrete, a test specimen ofφ10mm×H200mm was prepared and 
measured in compliance with JIS A1108.
b) Pore size distribution
Pore size distribution was measured with a mercury penetration porosimeter.
c) CO2 absorption
The sample was carbonated under conditions of 30℃, 60% relative humidity (RH) and 5% CO2 
concentration. The specimen was absolutely neutralized (carbonated and then cured for 56 days). An 
amount of carbon was determined on a basis of CO2 conversion, using an all carbon analyzer .
d) Bound water
After various types of powder were mixed on a basis of 100mass% of  water to powder ratio, they 
were made to react with each other at 50℃ for 14 days. After their hydration was ceased with acetone, 
they were decompressed with an aspirator and dried. The loss on ignition of the sample prepared was 
measured to determine the volume of bound water.
e) Accelerating carbonation
After a mortar test specimen was cured in 20℃ water until a material age of 28 days, the carbonation
of the specimen was accelerated. The condition for accelerated carbonation was decided to have two 
levels of 30℃, a relative humidity (RH) of 60% and CO2 concentration of 5% and 20℃ with a relative 
humidity (RH) of 60% and CO2 concentration of 5%.
f)Diffusion coefficient of chloride ion
Diffusion coefficient of chloride ion is measured according to JSCE-G571 2003.
g)solubility
De-molding was carried out in age of 1 day, and water curing was performed from 1 day to 2days. 
Then, it ground to 5mm and carbonation was performed. What continued and performed water curings 
as comparison was examined. It fine-ground below to 250 μm on age of 28days. It was immersed in 
pure water, and pH and soluble ion were analyzed to after 2 months.
h)bending strength and bending toughness
measurement of bending strength and bending toughness was performed according to "JIS A 1106 
1999" and "JSCE-G 552 1999", respectively.

4. RESULTS and DISCUSSION
4.1 Strength development by carbonation
Fig. 2 shows numerical values on compressive 
strength of paste mainly consisting of various 
fillers. This figure presents the results when 
hardened paste was sealed and cured for 56 
consecutive days after being sealed and cured for 7 
days or when a seal of the paste was stripped and 
its carbonation was accelerated for 56 days.Here, 
the paste with accelerated carbonation had the 
same accumulated temperature as the paste with 
sealed curing. On the other hand, the latter 
reflected strength development when being 
hydrated because of not being subject to 
carbonation reaction.
Little difference between LSP with sealed curing and accelerated carbonation was observed. 
Furthermore, γ-C2Swas found to show greater difference between strength developments from 
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hydration and from carbonation.γ-C2S was not observed to show significant increase of strength, 
although it was hydrated for 56 days at 30℃. In contrast, it was found to show a significant increase 
of strength and compressive strength of more than 100N/mm2 when being carbonized. It is consistent 
with past research reports that γ-C2S was hardened with carbonation reaction10).
4.2 CO2 absorption and bound water
Fig. 3 shows the amount of CO2 and water absorbed by non-hydraulic compounds such as powdered
γ-C2Shydraulic compounds such as β-C2S and HPC, and BFS as a potential hydraulic substance. First, 
look at the amount of bound water. HPC provided a very large value, followed by β-C2S. Non-
hydraulic compounds such as powderedγ-C2Showever, provided smaller values than BFS. This 
means that HPC and β-C2S have hydration reactivity while γ-C2S have little hydration. Looking at 
the amount of CO2 absorbed, γ-C2Sprovided a large value compared to HPC’s value, which exceeded 
β-C2S’s value. As indicated above, it was observed thatγ-C2S have showed little hydration but had 
high reactivity with CO2. It was found thatγ-C2S had high activity with carbonation reaction.

4.3 Evaluation of neutralization suppression effect by accelerating carbonation
Fig. 4 shows compressive strength after pre-curing and neutralization depth after accelerated 
carbonation and additive substitution rates. Compressive strength after pre-curing, being of a 28-day 
age, is expressed as a bar chart. In addition, neutralization depth is expressed as a line chart.  Water 
cement ratio are described in the figure for reference. As the substitution rate of additive increases, 
the ratio of water to cement becomes larger. A LSP line provided greater neutralization depth due to 
larger ratios of water to cement. On the other hand, aγ-C2S line’s neutralization depth did not 
become very large even with an additive substitution rate of 45mass%. 
4.4 Accumulated pore volume and pore distribution

Fig.5Change of micro-structure with carbonation     Fig.6 Change of micro-structure with carbonation
 of hardened cement paste containing LSP                  of hardened cement paste containingγ-C2S
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Fig.5andFig.6 show the relationship between accumulated pore volume amount and pore diameter 
before and after carbonation in the case of 25mass% of the substitution ratio.Comparing LSP toγ-C2S 
on the basis of additive types, hardened cement paste containingγ-C2S showed a significant reduction 
in pore volume amount in both cases of substitution ratios.  Namely, theγ-C2S-based paste showed 
denser structure after carbonization.

5. Long-life concrete “EIEN”
5.1 Outline of EIEN
The author found that by adopting a technique to actively carbonize concrete through blending it with 
a specific additive (γ-2CaOSiO2), it was possible to greatly increase the density of the concrete and 
suppress penetration of carbon dioxide and chloride ions. This technique could also remarkably reduce 
the leaching of calcium ions as described below, resulting in remarkable life extension. 
5.2 Properties of EIEN
The physical properties of EIEN in comparison with common concrete are shown in Table 3.

EIEN has high mechanical strength and high bending toughness, and it also displays a small rate of 
length change and a small diffusion coefficient. Its striking feature is solubility, which is less than that 
of common concrete by a factor of four digits. EIEN has received carbonation curing, which forces 
modification of the CaO component to sparingly-soluble calcium carbonate, thus its solubility level is 
remarkably low. The leaching phenomenon of Ca ions becomes a fatal defect, when long-term 
durability of concrete is considered12). 
5.3Manufacturing condition of EIEN and carbonation curing device
We EIEN development groups optimized the material 

design of EIEN.It is preferable that cement selects the 
low heat Portland cement13），14）. Moreover, an ideal 
excellent matrix in durability can be achieved by 
appropriately mixing fly-ash and fumed silica15） . 
Additionally, the condition of carbonationcuring was 
optimized.There is an appropriate setting at time 
(hereafter, pre-curing time) until carbonation curing 
begins 16）. There is a condition desirable as for the 
density of carbon dioxide and humidity.
Photo-1 shows the carbonation curing device.This 

device is designed by the size of the container of the 
trailer.
If it is pre-cast board, this device can take curing a lot of pre-cast boards.This device consists of 

the curing tank with the control unit of carbon dioxide.The carbon dioxide control unit is a design 
that can apply the concrete of the cast-in-site also to making to the carbonation curing.

Table-3 Properties of EIEN
PropertiesTest items Unit

EIEN Normal concrete
Ratio for 

normal concrete
Compressive strength 130 57 2.28
Tensile strength 8 4.4 1.82
Bending strength 11.5 6.4 1.80
Bending toughness

N/mm2

9 0.1 90
Porosity ％ 6.1 8.6 0.71

Length change 10-6 83 694 0.12
Diffusion coefficient of 

chloride ion
cm2/year 0.012 0.782 0.02

Solubility Ksp (mol/L)3 10-8.17 10-4.97 0.0006

Photo-1 Carbonation curing device



5.4 Application of EIEN
Because of its high salt interception performance and 
leaching resistance, EIEN has been applied for the repair 
of piers, which are under severe conditions of a salt-
laden environment. The cases of buried form and pier 
repair using EIEN are shown in Photo-2. In addition, to 
make use of the features of low pH and leaching 
resistance, applications to build vegetation concrete, 
water utilization facilities, and water supply facilities, 
are planned. Great expectation is also given to EIEN in 
the construction field of radioactive waste treatment 
plants which demand very long and durable life.

5. CONCLUSIONS

(1) By using γ-C2S，cement based materials with aself-protectionfunction against neutralization can 
be designed. γ-C2S show extremely small activity in hydration, but high activity in carbonation. 
For this reason, carbonation provides increased strength and structural denseness and contributes to 
inhibiting the penetration of CO2. In particular, γ-C2S is preferred in order to obtain the suppressive 
effects on neutralization. The suppressive effect of γ-C2S on neutralization becomes greater as the 
additive substitution rate is increased.

(2) We developed long-lived concrete "EIEN" that mixed γ-C2S with fly-ash and fumed silica and 
gave carbonation curing. EIEN has high mechanical strength and high bending toughness, and it 
also displays a small rate of change in length and a small diffusion coefficient. Its striking feature 
is solubility, which is less than that of common concrete by a factor of four digits.
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Abstract 
The paper summarises the experimental data on the products of synthesis of mixtures containing metakaolinite 
(AS2), silica (SiO2) and lime (CaO) in various proportions, under hydrothermal conditions at 180°C. The actual 
compositions of reacting mixtures were determined by the molar ratios Ca/(Al+Si), Al/(Si+Al) and C/S, in the 
respective ranges (0.75÷1.5), (0.2÷0.5) and 1.0÷3.0. Compositions of the reacting mixtures correspond to 
stoichiometric ratios of particular oxides, being the components of hydrogarnets from the series C3AS3 – C3AH6, 
whose composition varies in accordance with the formula Ca3Al2(SiO4)3-x(OH)4x, for x in the range (0.0-2.0). 
The mineralogical characteristic of thus obtained products of synthesis are evaluated basing on XRD, DTA, TG, 
IR and SEM+EDAX test data. Results obtained to date reveal that the hydrogarnet C3AH6 is the most frequent 
product obtained  in the analysed systems. It coexists with other products of the synthesis, belonging to the 
group of hydrated calcium silicates, chiefly revealed as an amorphous phase C-S-H and tobermorite (C5S6H5). 
 
Originality 
The main purpose of the research program being outlined is to define the conditions for formation of 
hydrogarnets and to find out how their presence should affect the functional features, particularly the resistance 
parameters, of autoclaved products, such as sand-lime bricks. The experiments are performed to explore the 
potential applications of fly ashes (by-products of solid fuel combustion in fluidised-bed installations) to 
manufacturing of lime and silica materials. Those wastes contain silica, being the main component of barren 
rock accompanying the coal deposits, dehydroxylated clay minerals, such as metakaolinite determining their 
pozzolana features, and the products of flue-gas desulphurisation, mostly in the form of anhydrite, as well as 
free lime, as the residue of non-reacted sorbent. As they are the carriers of both silica and lime, they can be well 
used as partial substitutes of basic components of sand-lime products, that is aggregate and the binding agents. 
However, they also contain aluminium ions which prompt the formation of hydrogarnets, as evidenced by 
earlier research data. The presence of hydrogarnets in autoclaved sand-lime-bottom ash products might affect 
their resistance features and durability, the scale of these impacts depending on the quantity of isomorphic 
substitutions following the pattern 4(OH)-

↔[SiO4]
4-. 
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1. INTRODUCTION 
Hydrogarnets of the series A3B2{[TO 4]3-x(OH)4x}, x ranging  from 1 to 3, have the structure of garnets 
in which the process of partial or complete isomorphic substitution occurs, referred to as ‘hydrogarnet 
substitution’, in accordance with the formula 4(OH)- ↔ (SiO4)

4-. Cations of metals A and B occur in 
respective configurations 8 and 6 and the tetrahedron, cation T is mostly silicon. Because of the 
possibility of isomorphic substitution as a continuous process, a series of solid solutions will be 
formed, their names depending on extreme terms in the given series. Grossular (Ca3Al 2[SiO4]3) - 
hydrogarnet (Ca3Al 2(OH)12) is a well known hydrogarnet series whose elemental composition varies 
in accordance with the general formula Ca3Al2 [SiO4]3-x(OH)4x. It is assumed that those structures in 
the series are most stable in which x = 1, for example hydrogrossular (Ca3Al 2[SiO4]2(OH)4). This 
series is of great importance in the sector of manufacturing of construction materials based on mineral 
binders in the form of cement or lime. This series is of particular importance for ceramic engineers 
since its components determine the functional features of those construction materials, particularly 
their durability and strength, in the context of their susceptibility to carbonisation. These impacts, 
however, are not clearly defined, as several aspects are involved, yet it is a well-established fact that 
the higher the silica contents in hydrogarnets, the better the chemical resistance of construction 
materials containing those mineral binders.  
Depending on the extent of ‘hydrogarnet substitutions’, physical properties of individual components 
of the series of solid solutions will vary. In the case of the series C3AS3 – C3AH6, the increase in the 
number of substitutions of the tetrahedrons [SiO4]

4- by the complex [(OH)4]
4- is accompanied by the 

continuous change (increase) of the elementary cell parameters, from ao = 1.185 for grossular to ao = 
1.256 for hydrogarnete. Furthermore, as the number of complexes [(OH)4]

4- increases, apart from the 
lattice parameters, the position and intensity of reflexes will change, too. Besides, some diffraction 
lines will disappear whilst new ones will appear instead. At the same time, the growth of the 
elementary cell is accompanied by the decrease of the refractive index ‘n’ from 1.743 for C3AS3 to 
1.605 for C3AH6 and by the change of density. With the increase of the amount of water present in the 
hydrogarnete structure in the form of hydroxyl groups, the dehydroxylation effect becomes more 
intense and the temperature of its maximum on the DTA curve goes down from about 750-850°C for 
C3AS3 to (350-500)°C for C3AH6. 
 
2. MATERIALS 
Reaction mixtures for the synthesis of hydrogarnets contain the following materials: 
- metakaolinite METASTAR 501 (symbol ME) whose composition is shown in Table 1. 
- burnt lime obtained by calcination analytically pure CaCO3 at the temperature 1050°C for 3 hours 

(symbol C) 
- silica powder (manufacturer: Quartzwerke GmbH), commercially available as SIKRON-

Feinstmehl SGL-300 (symbol S) 
- analytically pure aluminium oxide γ-Al 2O3 (symbol A) 
- distilled water (symbol H) 
 
Table 1. Chemical analysis of metakaolinite METASTAR 501 
SiO2 Al2O3 CaO MgO Fe2O3 Na2O K2O TiO2 MnO P2O5 L.I.O 
52.22 41.41 0.08 0.26 0.49 0.01 1.73 0.01 0.01 0.13 1.66 
 
3. EXPERIMANTAL 
The synthesis of hydrogarnets of the series C3AS3 – C3AH6 was conducted under hydrothermal 
conditions. Chemical composition of the reaction mixtures was varied, determined by the relevant 
molar ratios: C/(S+A), A/(S+A) and C/S. Those molar rations were determined by the complex value 
x present in the general formula defining the composition hydrogarnets of the given series. For each 
considered value of x a reaction mixture was prepared in the form of dry components, whose chemical 
composition would represent the theoretical hydrogarnate composition for the given value of x. 
Synthesis of hydrogarnets was conducted for the following values of x: 0; 1.0; 1.5; 2.0. Accordingly, 
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the formulas expressing the composition of particular hydrogarnets and the corresponding molar 
ratios agree well with the data in Table 2. 
 
Table 2. Chemical composition of synthesised hydrogarnets 

Molar ratios Sample 
designation 

Value of 
x 

Hydrogarnete formula 
C/S C/(S + A) A/(S + A) 

ME – 0 0 
C3Al 2[SiO4]3  
(3CaO·Al 2O3·3SiO2, C3AS3) 

1.0 0.75 (3/4) 0.25 (1/4) 

ME – 1 1.0 
C3Al 2[SiO4]2(OH)4  
(3CaO·Al 2O3·2SiO2·2H2O, 
C3AS2H2) 

1.5 1.0 0.33 (1/3) 

ME – 1.5 1.5 
C3Al 2[SiO4]1.5(OH)6   
(3CaO·Al 2O3·1.5SiO2·3H2O, 
C3AS1.5H3) 

2.0 1.2 (6/5) 0.4 (2/5) 

ME – 2 2.0 
C3Al 2[SiO4](OH)8  
(3CaO·Al 2O3·SiO2·4H2O, 
C3ASH4) 

3.0 1.5 0.5 

 
Reaction mixtures are prepared in stabilised and reproducible conditions. The procedure involved 
weighing the required amounts of basic components: metakaolinite (ME) and lime ( C). Furthermore, 
certain amounts of silica powder (S) or aluminium oxide (A) were added to make up for the 
deficiency of silica or aluminium in metakaolinite and to obtain the desired chemical composition of 
reaction mixtures, determined by the molar ratios given in Table 2. Afterwards the mixtures are 
homogenised in an agate mortar, in the first stage with no presence of water, and then with water 
added. The amount of distilled water added to the mixture is determined by the need to ensure the 
complete hydration of calcium oxide and to achieve such consistency of the slurry that the ratio of 
water ‘w’ to dry substances ‘s’ should equal 0.8. Thus prepared slurry is then transferred to Teflon 
crucibles which are then placed inside pressure cylinders acting as laboratory autoclaves. The slurry is 
then subjected to hydrothermal treatment. The samples are autoclaved at the temperature 180°C, 
which corresponds to the saturated vapour pressure of 1.002 MPa, for a variable period of time: 8, 24 
and 72 hours. The time required to reach the specified conditions is about 1.5 hours and the autoclaves 
are cooled down to the ambient temperature in an unconstrained manner.  
The phase composition of thus obtained materials is analysed using the XRD, DTA, TG, IR and 
SEM+EDAX methods. 
 
4. RESULTS 
The analysis of the phase composition of thus obtained products uses mostly the XRD data. X-ray 
tests were performed using an X-ray diffractometer (Philips PW 1040). X-ray patterns were registered 
in the angle range CuKα 5 - 60o 2θ and the presence of mineral phases was established on the basis of 
ICPDS-ICDD file Copyright 2005. Test results in the form of XRD data are compiled in Fig 1. 
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Fig 1. XRD data of samples synthesised for 24 hours 

Designations: Hg-hydrogarnate; Q-quartz; P-portlandite; C- calcite; V-vaterite; B-boehmite; A- aluminium 
oxide; CA- carboaluminate; T- tobermorite; 

 
IR spectra (400 – 4000 cm-1) are registered using the standard technique involving the KBr tablet 
transmission. Measurements are taken with a Fourrier spectometer Bio-Rad FTS 60MV with the 
resolution capacity 4 cm-1 for 256 repetitions. Test results in the form of IR spectra of the investigated 
samples are shown in Fig 2. 

 
Fig 2. IR spectra of the investigated materials 
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Investigations by the thermal methods DTA and TG are conducted using the device NETZSCH STA 
449 F30 Jupiter. Measuring is done on the carrier DTA-TG, in the temperature range 20-1000°C, the 
heating rate 10°C/min, in the presence of air with Al 2O3 in the crucibles. Test results in the form of 
DTA and TG curves are shown in Fig 3. 

a) b) 

  
Fig 3. Thermal treatment data: a) DTA curves; b) TG curves 

The microstructure of autoclaved materials is analysed using a scanning microscope  NOVANANO 
SEM 200 (FEI COMPANY) equipped with a micro-analyser EDAX. Samples to be tested are first 
sprinkled with coal powder. The most distinctive images of microstructure of investigated sample 
profiles are shown in Fig 4. 

  
ME-0 ME-1 

  
ME-1.5 ME-2 

Fig 4. Microstructure of investigated materials 
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5. DISCUSION 
The analysis of X-ray test data (Fig 1) reveals that for each investigated  sample the basic product of 
synthesis will be hydrogarnete, accompanied by tobermorite. Furthermore, for hydrogarnets we 
observe most characteristic line shifting for the specified value of ‘d’, which evidences the formation 
of solid solutions. The locations of reflexes from the planes (2,1,1) and (6,4,0) and their half-width 
indicate that in each case we obtain a hydrogarnete, whose composition varies in accordance with the 
Vegard’s law (correlation factor 0.999), for x ranging from 2.38 to 2.65. It is reasonable to suppose 
that the composition of this product falls between the compositions of hydrogarnets given by the 
formulas: C3Al 2(SiO4)0.62(OH)9.5 and C3Al 2(SiO4)0.35(OH)10.6. Actually that means that in each case the 
recorded extent of silica substitutions (‘hydrogarnet substitution’) is less than the predicted 
(theoretical) value. 

The analysis of IR spectra in Fig 2 reveals that the band responsible for OH- group substitutions is that 
registered for the wave number 3666 cm-1. Its intensity grows with the increasing number of 
substitutions, and its small half-width is indicative of the fact that OH- groups are distributed in an 
ordered manner within the structure of the material. The spectral line 3570 cm-1 displays similar 
though less pronounced behaviour. The spectral line corresponding to the wave number 3400 cm-1 
displays an entirely different behaviour and the large band half-width indicates that it can be 
associated with tensile vibrations of OH- groups, distributed in the statistical manner in the structure 
of the material, or, more probably, it can be associated with water molecules physically connected 
with the material’s surface. This conclusion can be drawn from the changes of the band intensity 
correlated with that of the spectral line 1630 cm-1, associated with deformative vibrations of H-O-H 
within the water molecule. 

The IR spectrum for the sample ME - 0 reveals a spectral line 973 cm-1, indicative of the occurrence 
of asymmetric tensile vibrations in Si-O and the spectral line 458 cm-1 associated with bending 
vibration in  SiO4 tetrahedrons, which is a distinctive feature of ortho-silicates, including 
hydrogarnets. The spectrum also reveals the presence of a doublet of spectral lines 780-800 cm-1, 
indicative of vibrations symmetrically stretching the Si-O-Si bridges, which is a distinctive feature of 
β-quartz. This doublet is absent in subsequent spectra, which suggests that the samples do not contain 
free quartz. Furthermore, a spectral line is revealed corresponding to the wave number 914 cm-1, 
characteristic of Al-OH vibrations (LKAl = 6, octahedron). The band intensity tends to increase in 
subsequent spectra, which can indicate that a part of OH- groups are associated with aluminium, 
specifically with AlO4 tetrahedrons. Of particular importance is the fact that position of a band with 
the highest intensity tends to shift from the wave number 973 cm-1 (sample ME - 0) to 957 cm-1 
(sample ME - 2), which can indicate that substitutions of OH- groups in a large extent  depolymerize 
the structure, which tends towards the ideally mono-silicate structure. Furthermore, the spectra reveal 
the lines for the wave number 1432 cm-1, associated with CO3

2- groups, which is confirmed by the 
presence of carbonates.  

DTA and TG curves for the investigated materials, shown in Fig 3, are very similar. That can indicate 
that the analysed samples have a similar composition in qualitative terms. Quantitative differences 
involve the intensity and temperature of the predominant endothermic peak associated with 
dehydroxylation of hydragarnets. The enhanced peak intensity and the increase of its maximum 
temperature from 344.4°C (sample ME - 0, x = 0) to 366.4°C (sample ME - 2, x = 2) evidence the 
formation of the series of hydrogarnets with the decreasing number of silicate substitutions. However, 
the scale of the temperature increase suggests that the number of ‘hydrogarnate substitutions’ 4(OH)-

↔[SiO4]
4- seems inadequate in relation to the specified value of x, determining the composition of 

reaction mixtures. That is why the chemical composition of thus formed hydrogarnets does not 
represent their predicted (theoretical) composition. 

The microstructural analysis of investigated samples (Fig 4) reveals the co-existence of two basic 
products synthesised under hydrothermal conditions: tobermorite formed in the shape of elongated 
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crystals, and hydrogarnets with a typical crystal morphology. In a majority of investigated samples 
these products form a heterogeneous mixture of statistically distributed crystals. 

One can conclude, therefore, that regardless of the initial composition of reaction mixtures, in each 
case the synthesis conducted under hydrothermal conditions will yield two products with crystalline 
structure: tobermorite and hydrogarnate, containing silicon. However, the extent of silicate 
substitutions in the structure of hydrogarnets is lower than expected and fails to reflect the chemical 
composition of mixtures used in the process of synthesis, no matter what the time of duration. 
 

This study is a part of a research project sponsored by the Polish Ministry of Science and Education from the 
resources allocated for years 2011-2013, as a project No N506 282140. 
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Abstract 
In self-compacting concrete (SCC), the role of superplasticizer is crucial for rheological reasons. Besides, the 
superplasticizer (SP) can influence the hydration reaction kinetics. In this study, the effect of the superplasticizer 
on the hydration reaction kinetics is investigated using cement pastes composed of CEM I 52.5 N from two 
different suppliers, two types of polycarboxylic ether (PCE) based superplasticizer and fly ash as mineral 
addition. To define the early-stage hydration reaction kinetics, the heat of hydration was monitored using 
isothermal calorimetry and the setting time was determined using automated Vicat needle measurements. The 
similar types of PCE superplasticizers (SPX and SPY) have different charge density of the backbone. SPY has 
the highest charge density and also the solid content of its dispersion is higher. Adding both SP dispersions in 
equal concentration (as % cement mass) to the cement pastes, either or not containing fly ash, the following 
findings are established for the Vicat measurements: the initial setting time increases, while increasing the 
concentration of each SP; the initial setting time is higher for 1% of SPY compared to 2% of SPX; the setting 
time interval increases disproportionally, compared to initial setting time, for 2% of SPY. Isothermal 
calorimetry measurements of the same pastes have lead to the following observations concerning the SP dosage: 
similar retardation of initial setting as in the Vicat measurements is observed; the height and the width of the 
hydration peaks decreased when more SP was added, suggesting a diminished formation of the AFt-phases. TGA 
measurements confirm the prolonged precipitation of Ca(OH)2 and therefore, reaction of the SP with Ca2+ ions 
in pore solution might be expected. In that way, the estimated retardation can be linked to the charge density of 
the SP. Other mechanisms concerning SP-ion interaction were regarded feasible to explain the observed 
retardation behavior.  The obtained differences in retardation behavior of the same type of cement from different 
suppliers have been attributed to the cement characteristics: The cement with the larger fraction of fine particles 
has shown an earlier initial hydration. The cement with the highest calculated SO3/C3A ratio  clearly showed a 
more explicit hydration peak, attributed to AFt formation. The addition of fly ash showed an acceleration of the 
hydration reactions, favoring the arguments for a more homogeneous distribution of nucleation sites provided 
by fly ash. 
 
Originality 
The retarding effect of synthesized superplasticizers has been illustrated in literature and efforts have been made 
to explain the retarding mechanism. The objective of this paper is to clarify the retarding effect on hydration 
kinetics, of the selected superplasticizers, in order to combine them with other accelerators or retarders. The use 
of this combination of admixtures favors sustainable applications like over-retarding residual fresh concrete at 
site, followed by activation after one or more days. In that way the potential waste of concrete is prevented.  
 
Chief contributions 
To describe the early-stage hydration reaction kinetics, the heat development of cement pastes is monitored, as 
well as the setting time is estimated by Vicat penetration test. These results were evaluated, using several 
mechanisms presented in literature, in order to explain the retardation effect of two commercially available PCE 
superplasticizers. In this way, the insight in hydration behavior clarified the observed retarded setting.     
 
Keywords: Self-compacting concrete, polycarboxylic superplasticizer, hydration kinetics, retardation 
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Introduction 
 
Self compacting concretes rely on a carefully designed combination of a wide range of admixtures, 
mineral additions and cements to obtain their characteristic properties (Skarendahl et al., 2000; De 
Schutter et al., 2008). All these components also influence the hydration reaction kinetics and the 
robust implementation of their main functionality is not always guaranteed, especially in the case of 
retarded setting due to superplasticizer type or content. Therefore, efforts have been made to better 
understand these secondary effects, having an influence on the hydration reaction kinetics (Uchikawa 
et al., 1995; Zingg et al., 2009; Zhang et al., 2010). To estimate these secondary effects related to 
polycarboxylic ether (PCE) superplasticizers (SP), a wide parameter study on cement pastes will help 
understanding the changes in hydration kinetics and will contribute to the clarifying of this behavior.  
In this paper, the hydration reaction kinetics of cement pastes with various compositions are studied 
using two similar types of PCE superplasticizers and ordinary Portland cement, supplied from two 
different manufacturers. The latter will show to what extent the characteristics of the same cement 
type, from different production source, influence the reaction kinetics of cement hydration. Both SP 
are added in the same range of concentrations, to determine the influence of the effectivity of these SP. 
All these combinations have also been used for cement pastes with fly ash (FA) addition. In this way, 
the effect of the mineral addition can be measured. To estimate the effect on hydration kinetics, 
measurements at a very early age are indispensible. For this, the Vicat needle penetration test and 
isothermal calorimetry were combined.  
 
Materials and methodology 
 

1. Materials 
 
In total 16 mixtures with the same water to cement ratio (W/C = 0,45) were studied. Two types of 
polycarboxylic SP are considered from one manufacturer in 1 % and 2 % of mass fraction of cement.  
 

Table 1 : Chemical compostion cements and fly ash 

 
CEMA 
(mass %) 

CEMB 
(mass %) 

FA  
(mass %) 

CaO 64 61,3 5 
SiO2 21 17,4 35,5 
Al2O3 5 5,6 48,5 (incl.  
Fe2O3 3 3,8 Fe2O3) 
MgO  0,9 0,93 (incl. 
Na2O 0,81 0,42 Na2O) 
K2O  0,78 1,04 
SO3 2,8 3,3 0,04 
Cl- 0,04 0,04 0,01 
LOI 1,9 2,2 4,67 
Insol. 
Resid. 

0,8 0,5  
 

 

 

Figure 1 : particle size distribution cements and fly 
ash 

The first superplasticizer (SPX) is a copolymer of MPEG-metacrylate and metacrylic acid with molar 
ratio equal to 1:3. The second superplasticizer is also a copolymer of MPEG-metacrylate and 
metacrylic acid  but with the molar ratio equal to 1:2. For each superplasticizer, the average total 
molar mass is 30000 g/mol and the MPEG-metacrylate side chain has an average mass of 1100 g/mol. 
Considering the difference in molecular design and charge density, one could say that for every 3 
monomer units of SPX, 2 negative charges are counted in the backbone polymer and for every 4 
monomer units of SPY, 3 negative charges are counted in the backbone polymer. The length of the 
average side chain is equal for both SP. Note that the solid content of SPY is 75% higher than for 



SPX. The insoluble residue for both SP is approximately 1% of the ignited mass. A class F fly ash 
(Blain specific surface = 431 m²/kg) has been used as mineral addition to achieve a cement to powder 
(cement and fly ash) ratio (C/P) of 0,75. Two suppliers have been contacted for the delivery of CEM I 
52.5 N. These two deliveries are arbitrarily called CEMA (Blain specific surface = 354 m²/kg) and 
CEMB (Blain specific surface = 445 m²/kg). The chemical composition and the particle size 
distribution of  the two types of cement and fly ash are given in respectively  Table 1 and Figure 1.  
 
2. Methods 
 
The overview of the mix compositions is given in Table 2. The mixes in the upper half of this table 
contain fly ash, indicated with a cement to powder ratio (C/P) equal to 0,75. The mixes in the lower 
half of the table contain no fly ash (C/P = 1). For each cement, the two superplasticizers have been 
added by 0%, 1% and 2% of the cement mass. The penetration tests were performed by a Controls 
Vicamatic automatic device. The time of initial setting has been determined in accordance with EN 
196-3 (1994). The final setting time has been determined as the time at which two consecutive 
penetration depths differ less than 0,5mm. This time has been rounded to the nearest 5 min 
considering the initial setting time and to the nearest 15 min considering the final setting time, as 
defined by the standard. The rate of heat evolution of the paste was monitored by the 8-channel TA 
Instruments TAM Calorimeter, at 20°C. Thermogravimetrical analyze (TGA) was performed at the 
age of 24h, after removal of free water using vacuum drying (at 0.025 mbar for 2 hours). The TGA 
was performed using a Netzsch STA 409 PC system in static N2 atmosphere (at 20-1000°C ; heating 
rate 10°C/min).  

Table 2 : Mixture composition 

C/P Cement SP SP Dosage ID 

0.75 

CEMA 

SPX 1% M1 
2% M2 

SPY 1% M3 
2% M4 

- - REF1 

CEMB 

SPX 1% M5 
2% M6 

SPY 1% M7 
2% M8 

- - REF2 

1 

CEMA 

SPX 1% M9 
2% M10 

SPY 1% M11 
2% M12 

- - REF3 

CEMB 

SPX 1% M13 
2% M14 

SPY 1% M15 
2% M16 

- - REF4 
 
Results and discussion 
 
1.Vicat needle penetration test 
 
Figure 2 shows the average time to initial setting2

                                                 
2 coefficient of variance smaller than 10% 

 and the time interval2 between initial and final 
setting, extracted from Vicat needle penetration tests on the pastes M1-M16.  



Influence of cement. From Figure 2 (c) en (d), it can be seen that the setting time and the setting time 
interval is higher for CEMA than for CEMB (REF3 > REF4). Also the setting time interval is raising 
proportionally much more, from the reference to the mix with 2%SP, for CEMA (130 => 535 min.) 
than for CEMB (90 => 170 min.). In Figure 2 (a) and (b), the same trends in retardation can be seen in 
the mixtures with fly ash (REF1 > REF2), although the setting time interval from M4 and M8 are 
exceptionally higher compared to respectively M3 and M7. These effects confirm the difference 
between two cement suppliers and are due to differences in mineral composition and fineness of the 
cements. As can be seen in Figure 1, CEMB contains more fines than CEMA and for this, the 
exposure of mineral phases to free water is higher than for CEMA. This makes the hydration start 
sooner for CEMB. The fine particle fraction also seems to be retarded less than the medium and large 
particle fraction, according to (Ramachandran, 1995). According to the supplier (Table 1) and a 
calculation, using Bogue formulas, it should be noted that the C3S content for CEMA is equal to 55,1 
mass% and for CEMB is equal to 64,9 mass%. Together with the fine particle distribution this may 
also contribute to the earlier hydration of CEMB.  
 

 
(a) CEMA with FA 

 
(b) CEMB with FA 

 
(c) CEMA without FA 

 
(d) CEMB without FA 

Figure 2 : initial setting time and interval setting time, deducted from needle penetration tests 

Influence of SP. It is clear from the four groups of mixtures in Figure 2 that 1% of SPY leads to 
significant retardation of the hydration reactions which is pronounced more than SPX at 2%, while the 
solid content is only 75% higher for SPY. The longer setting time should therefore also be attributed to 
the difference in molecular structure of the superplasticizers. According to (Uchikawa et al., 1995), a 
chelate might be formed in the pastes as a result of interaction between Ca2+ ions and the admixture 



molecules. This would lower the Ca2+ concentration in the system and thus hinder the solid phase 
nucleation and hydration products growth. This is called retarded cement hydration. 
Applied to the used SP, the charge density of SPY is higher than for SPX, both having the same side 
chain length. More Ca2+ ions might then react with SPY than with SPX and less Ca2+ ions may be left 
available to precipitate as Ca(OH)2. This might lead to a higher retardation of the initial hydration 
reaction when SPY is used. A higher concentration of each SP would then logically promote this 
effect. This has been confirmed by the percentage of Ca(OH)2 , determined by TGA analyses: At 24h, 
M1 has 2,2% Ca(OH)2 , while M2 has only 1% Ca(OH)2. Neglecting the differences in SP this trend is 
also recorded for M5 (4,5 %), M6 (2,7 %) M7 (1,8 %). The results in Figure 2 clearly indicate that 
addition of  2% SPY results in a considerable retardation of the hydration reactions. Regardless of the 
presence of fly ash, it can be seen in M4, M8, M12 and M16 that the initial and final setting time is at 
least 2,9 times higher than the setting time of the relevant reference sample. Considering the final 
setting time of CEMA this is even 4 times higher than the reference. It is also clear that the setting 
time interval is often increased disproportional by adding 2% SPY. This will be discussed together 
with the calorimetry results.  
Influence of fly ash. Comparing Figure 2 (a) and (c) or (b) and (d), it can be noted that the initial and 
the final setting time are both equally reduced by about 25% to 30%, when adding fly ash to the 
mixture (except for M4 and M8). For CEMA the average setting time interval is reduced by 
approximately 35%, while for CEMB this is only reduced by 13% (excluding M4 and M8). Therefore 
the fly ash seems to reduce the retarding effect of the superplasticizers. It has been shown by other 
researchers (Gutteridge et al., 1990) that the addition of fly ash accelerates the hydration reactions also 
when no admixtures are involved. This can be seen in the differences between REF1 and REF3 or 
REF2 and REF4. The reason for this might be twofold. Firstly, the water to cement ratio is kept 
constant, but fly ash might absorb some of the mixing water and proportionally less water could reach 
the pure cement. With the water being the limited component, proportionally less hydration should 
take place and the initial hydration should be finished sooner. A second reason can be the increase in 
nucleation sites provided by the fly ash.  
 
2. Isothermal calorimetry  
 
In Figure 3, the rate of heat evolution is given for all mixes, in function of the amount of cement in the 
mixes. In Figure 3 (c) one can recognize the retardation behavior established in the previous 
paragraph. Hydration reactions in the mixes with SPX (M9 and M10) start sooner than mixes with 
SPY (M11 and M12). Also the higher concentration of each superplasticizer makes the hydration 
curves shift further to the right, referring to longer retardation of the hydration reactions. The same 
trend is also seen for the other groups of mixtures. Considering the shape of the curve in Figure 3 (c) , 
belonging to REF3, one can observe a shoulder at the right side belonging to renewed ettringite 
formation, which is part of the AFt phase in hydrating cement (Taylor, 1990). Its presence has also 
been verified with an XRD measurement. This shoulder will be referred to as the second peak. The 
first peak is then the left side of the peak, often associated with the initial hydration of C3S. One could 
also observe that the peak width is becoming smaller in the following curves. This might mean that the 
right shoulder is disappearing or overlapping with the first peak. Considering the shape of all the 
curves in Figure 3, it seems more likely that the peaks coincide partly. The same general trend 
considering the width can be observed for the mixes with CEMB in Figure 3 (d), although the 
difference in cement characteristics makes the shape of the peak tops differ from Figure 3 (c). As 
stated before, the earlier and faster hydration for CEMB, might be attributed to its larger share in the 
fine particle fraction and the given mineral composition. Also a larger shoulder can be observed for 
REF4, compared to REF3.  The availability of sulphate ions might contribute to this shift to the right 
of this second hydration peak. As suggested in (Zingg et al., 2009), the competitive adsorption 
between sulphate ions and carboxylic groups of the PCE molecules during initial hydration, might lead 
to partial replacement of sulphate by PCE-molecules in the double layer at the particle pore solution 
interface and lead to less sulphate consumption. This would ensure the sufficient supply of sulphate 



ions during the acceleration period and later on, so a sufficient amount of AFt can be formed. 
According to the supplier (Table 1), CEMB contains 0.5% more SO3 than CEMA. Compared to the 
calculated (Bogue) amount of C3A (8,2 mass% for CEMA and 8,4 mass% for CEMB), this higher 
SO3/C3A ratio could also contribute to the retardation of the second peak for CEMB (Sandberg, 2004). 

 
(a)  

 
(b)  

 
(c)  

 
(d)  

Figure 3 : Rate of heat evolution at 20°C per gram of cement 

In the case of M13 and M 14 it is clear that the formation of calcium silicate hidrates (CSH) and 
portlandite is not as fast as in the reference mix, which makes the renewed ettringite phase to be more 
visible. In Figure 3 (a) the rate of heat evolution per gram cement is shown for the mixes containing 
CEMA and fly ash (M1 – M4). In agreement with the results of the needle penetration test, the mixes 
with SPX (M1 and M2) hydrate sooner and faster. It can also be seen in Figure 3 (a) that the second 
peak of M1 and M2 is higher than the first peak. This effect has not been seen as clear in M9 and 
M10, but it might be expected that these second peaks are more highlighted here. This effect has also 
been observed by (Baert, 2009) and might be due to the more homogeneous spreading of nucleation 
sites, offered by fly ash particles. This could avoid local sulphate depletion and provide more sulphate 
for the formation of the AFt phase. From Figure 3 (b) it can be seen that for CEMB the peaks are 
sharper, but are also following the same trend as in Figure 3 (a). Except for the shape of M7 
containing SPY, that is not congruent with the shape of M8. It seems plausible that from a certain 
threshold value, the superplasticizer concentration is influencing the basic shape of the curves: The 
peaks are smoothed, with less distinguished peak area, and are decreasing in height with a slightly 
broader base. As the second peak has been attributed to the higher availability of sulphate, the 
reduction or coinciding (shift to the left) of this peak might then be attributed to the lack of sulphate, 
when a threshold concentration of SP is added. This is also suggested in (Zingg et al., 2009), as a high 
charged SP might be responsible for the higher consumption of sulphate, which might result in so-
called organomineral phases (Flatt et al., 2001). Another suggestion, by (Peng et al., 2005), states that 



the PCE molecules can absorb on the sulphate surface as well. Due to these phenomenons, the 
sulphate availability should then be reduced and the formation of ettringite phase should be 
diminished. By consequence, the second peak might disappear and also the height of the global 
hydration peak would indeed decrease. In the light of the setting intervals obtained by Vicat needle 
penetration tests, the fluent increase in setting time interval width might favor the mechanism of 
absorbance of the PCE molecules. In this way, the dissolution of SO4

2- as well as Ca2+ ions should be 
hindered, which could cause the temporarily lack of crystallized minerals to contribute to the final 
setting. When over retarding the hydration reactions, proportionally a lot more PCE molecules could 
be available to hinder dissolution, during the acceleration period. The actual mechanism will be 
investigated more in-depth in the on-going research (PhD research main author: “Controlling the 
rheology of concrete for the combined use of plasticizers/retarders and accelerators”). 
 
Conclusions 
 
In this study the retardation behavior has been estimated using Vicat needle penetration tests and 
isothermal calorimetry. An increasing initial setting time and setting time interval was observed while 
increasing the effectivety of the SP. The initial setting time is higher for 1% SPY compared to 2% 
SPX. From certain over dosage of SP, the setting time interval increased disproportionally compared 
to the initial setting time. Similar retardation of the initial setting was observed by calorimetry. TGA 
measurements confirm the prolonged precipitation of Ca(OH)2 and therefore, reaction of the SP with 
Ca2+ ions in pore solution might be expected. The higher the charge density and concentration of the 
SP in this study, the more the precipitation of portlandite is prolonged and eventually the initial 
setting. From the lack of a second hydration peak (AFt phase) in calorimetry results it was suggested 
that, in case of over dosing, the SP hinders the dissolution of calcium and sulphate ions, during the 
acceleration period. The cement with the larger fraction of fine particles has shown an earlier initial 
hydration. The cement with the higher SO3/C3A ratio has shown higher relative retardation of the 
second hydration peak. The addition of fly ash showed to reduce initial setting time and showed higher 
AFt peaks in the calorimetry results.  
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Abstract  

 

Diethanol-isopropanolamine (DEIPA) is an alkanolamine used in the formulation of cement additives and 

concrete admixtures. Besides being a good grinding aid in the cement mill, DEIPA increases the strength of 

cements at all hydration ages, and cements blended with fly ash and slag tend to show a greater response to the 

chemical. 

In this research, the impact of DEIPA on the hydration of blast furnace slag blended cements is studied using 

several analytical techniques, such as quantitative X-ray diffraction with Rietveld refinement (QXRD), scanning 

electron microscopy (SEM) with backscattered electron image analysis, thermogravimetric analysis (TGA), and 

chemical shrinkage. Isothermal calorimetry was also used to demonstrate the impact of DEIPA on the reactivity 

of slag in blended cements. Compressive strength tests were performed to assess the impact of the amine in such 

cements. 

It is demonstrated that DEIPA increases the mortar strength by enhancing primarily the aluminate hydration 

and the morphology and composition of the hydrates, such as calcium hydroxide and C-S-H.  The visual 

observation was confirmed by isothermal calorimetry, where DEIPA was found to directly enhance the rate of 

reaction of granulated blast-furnace slag after 48 hours of hydration. 

 

ORIGINALITY: Evaluating the degree of hydration of clinker and supplementary cementitious materials such 

as fly ash and slag in blended cements is a difficult task. Because of that, identifying the mechanisms by which 

chemicals can improve the performance of blended cements is a challenge. This article demonstrates that 

available analytical techniques can be used to investigate the hydration of blast furnace slag and the hydration 

of clinker as separate entities in blended cements.  In addition, this is the first presentation to describe how 

DEIPA activates cement and slag hydration. 

 

CHIEF CONTRIBUTIONS: The article presents a technical approach that allows one to understand the 

impact of chemicals on slag and fly ash blended cement hydration as well as to investigate the impact separately 

on clinker and on the supplementary material. In addition, the article gives microstructural information 

explaining how DEIPA increases the strength of cements containing slag, contributing to a better understanding 

of the microstructure - performance relationship. The benefit of the amine could also be converted into a higher 

content of supplementary materials in the concrete while still maintaining the same performance. 

 

Keywords: Slag blended cement, hydration, alkanolamines, DEIPA. 
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1. INTRODUCTION 

 

Supplementary cementitious materials (SCMs) are now routinely used to reduce the concrete carbon 

footprint and increase the durability of structures. Cement replacements by SCMs in excess of 50% 

have been used for decades, with low heat of hydration, volume stability, and good long term strength 

(Mehta, 2010). The replacement of a high percentage of portland cement by SCMs can however give 

low strengths at early ages and impact construction schedules. Chemical admixtures could help 

improve the early strength of concrete containing SCMs.   

Alkanolamines have long been used as cement grinding aids and chemical admixtures in concrete, 

and can accelerate strength gain. Triethanolamine (TEA) at 0.1% has been found to intensify the C3A 

and C4AF reaction and ettringite formation (Ramachandran, 1973) and to retard the C3S and C2S 

hydration (Ramachandran, 1972). Gartner and Myers (1993) suggested that an enhanced iron 

transport model is responsible for the increase in portland cement hydration with Tri-

isopropanolamine (TIPA). TIPA has also been found to accelerate both setting and strength gain in 

cementitious systems (Aggoun et al, 2008) (Sandberg and Doncaster, 2004) (Katsioti et al, 2009). 

TIPA was found to provide better strength enhancement than TEA because TIPA is not as quickly 

adsorbed by hydration products due to steric hindrance provided by the methyl groups (Cheung et al, 

2010). TEA has been shown to improve the strength development of mixtures containing slag at 

additions of up to 0.5% by mass of cement, a dosage that would cause severe retardation and strength 

loss in ordinary portland cement mixtures (Tachihata et al, 1984). Diethanol-isopropanolamine 

(DEIPA) has also been shown to act synergistically with calcium chloride (CaCl2) to increase the 

strength development of cementitious systems containing SCMs (Riding et al, 2010). This study 

compares the use of different alkanolamines on the hydration and strength enhancement of SCMs in 

cementitious systems, with a focus on the use of DEIPA and a preliminary discussion on the 

mechanism of strength enhancement of slag blended cements.    
 

2. MATERIALS AND METHODS 

 

Five ordinary portland cements, four ground granulated blast furnace slags (GGBFS), and one 

composite cement containing slag, limestone, clinker, and gypsum were tested in pastes and mortars. 

TEA, TIPA, DEIPA, and tetra(hydroxyethyl)ethylenediamine (THEED) were used to compare the 

effects of different alkanolamines on cement and SCM hydration. The chemical composition of the 

cements and SCMs, determined by X-ray fluorescence (XRF), is presented in Table 1.   

 
Table 1: Chemical composition of the binders 

% 
Cement 

A 

Cement 

B 

Cement 

C 

Cement 

D 

Cement 

E 

Cement 

F 

Slag 

A 

Slag 

B 

Slag 

C 

SiO2 28.8 20.7 20.6 19.1 20.6 19.8 39.2 35.6 34.9 

Al2O3 9.4 4.7 4.8 5.1 4.7 5.9 9.3 10.1 12.8 

Fe2O3 1.6 2.3 2.0 3.8 2.8 2.7 0.4 0.5 0.5 

CaO 48.2 64.4 63.8 60.6 63 64.5 35.4 38.4 42.9 

MgO 6.9 1.6 2.7 7.0 3.4 0.9 12.9 10.5 6.9 

SO3 0.5 2.9 3.0 1.3 3.1 3.0 1.6 2.9 1.5 

Na2O 0.2 0.1 0.1 0.2 0.3 0.2 0.3 0.4 0.2 

K2O 0.6 0.9 0.3 0.9 0.5 0.5 0.4 0.5 0.5 

LOI (950C) n/a 1.8 1.8 2.6 1.5 1.0 1.7 n/a n/a 

 

Thermogravimetric analysis (TGA), isothermal calorimetry, and chemical shrinkage were used to 

investigate the hydration rates of blended cement systems incorporating DEIPA. The volumetric 

method for chemical shrinkage was used. In this method, deionized water was placed above the 

cement paste with a pipette inserted into a rubber stopper that was used to seal the sample container.  



A drop of colored liquid lighter than water was placed in the pipette to monitor the water level drop 

during the experiment. The paste chemical shrinkage was determined using image analysis of the 

colored liquid location in the pipette in pictures taken using a timed web camera. Optical microscopy 

was also used to investigate the impact of DEIPA on a slag blended cement paste. Thin sections of the 

pastes were prepared by vacuum impregnating a slice of the hardened paste with an epoxy resin 

containing a fluorescent dye. Subsequently, the impregnated slice was mounted on a glass plate, 

ground and polished to a thickness of 20 m. The thin sections were examined in a polarizing optical 

microscope using transmitted light, crossed polarized light and blue transmitted light with a yellow 

blocking filter (fluorescent mode). 
 

3. RESULTS 

 

Figure 1 illustrates the impact of four alkanolamines on the heat profile of cement pastes prepared 

with slag B and cement B, all added at the same dosage (200ppm on cementitious). DEIPA activates 

the aluminate reactions occurring between 13 and 15 hours faster and stronger than TEA, TIPA, and 

THEED. The large peak seen at about 13 hours in the samples containing DEIPA will occur at 

different hydration times depending on the amount of sulfate present in the sample, as shown in 

Figures 2 and 3. This suggests that DEIPA affects the aluminate reactions. Table 2 shows the results 

of compressive strength testing performed in ASTM C109 mortars to verify if the activation of the 

aluminate reactions would result in enhanced strength. It can be seen that the impact of DEIPA on the 

compressive strength of the slag-containing mortars is positive in most cases.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Isothermal calorimetry of pastes with 50% slag and 200ppm of alkanolamines (ppm on cementitious 

wt). Water/cementitious ratio of pastes is 0.4. Pastes were prepared with Cement B and slag B. 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 2: Isothermal calorimetry of mortars containing 50% cwt slag with the indicated dosages of DEIPA (ppm 

on cementitious weight). Mortars prepared according to ASTM C109 protocol, with cement E and slag B. 
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Figure 3: Isothermal calorimetry of pastes containing 50% slag with the indicated dosages of DEIPA (ppm on 

cementitious weight). Water/cementitious ratio of paste is 0.4. Pastes were prepared with Cement F and slag B. 

 

Table 2: Compressive strength of slag blended cement mortars tested according to ASTM C109. 

Binder 
DEIPA 

(ppm) 

1 day 3 days 7 days 28 days 

MPa % blank MPa 
% 

blank 
MPa % blank MPa % blank 

100% Cement A (68% 

Slag, 25% clinker, 5% 

limestone, 2% gypsum ) 

0 6.3 100 19.9 100 33.1 100 49.3 100 

200 6.7 107 22.0 110 41.8 126 58.8 119 

50% Slag A, 50% 

Cement B 

0 6.2 100 - - 24.3 100 49.4 100 

100 6.8 109 - - 24.7 102 49.6 100 

200 6.7 107 - - 25.7 106 48.7 99 

30% Slag C, 70% 

Cement C 

0 9.2 100 - - 38.0 100 - - 

200 10.8 117 - - 38.3 101 - - 

30% Slag C, 70% 

Cement D 

0 14.3 100 - - 37.0 100 - - 

200 14.5 101 - - 38.1 103 - - 

DEIPA was seen to have the largest effect on the cementitious system hydration rate as shown in 

Figure 1, and was selected for more detailed investigation in the remainder of the study. Figure 2 

shows the impact of increased dosages of DEIPA on the isothermal calorimetry curves of ASTM 

C109 mortars in which 50% by mass of cement E was replaced by the same mass of slag B.  It can be 

seen that the addition of the amine intensifies the exothermic event that is associated with the reaction 

of aluminates in the system. In addition, increasing dosages of DEIPA decrease the time of the 

exothermic aluminate hydration peak seen at between 13 and 18 hours in Figure 2. Similar reaction 

behavior is observed in other systems containing different slag and cement sources (see Figure 3). In 

fact, the experience of the authors is that DEIPA will consistently increase the intensity of this 

exothermic event whenever supplementary cementitious materials such as fly ash and slag are present 

in the system. 

The effect of DEIPA on slag hydration was then explored by comparing mixtures with and without 

slag.  Figure 4 shows the aluminate hydration rate increase seen in samples containing 30% slag C 

with cement C, especially compared to the OPC mixtures.  Chemical shrinkage experiments showed 

that the DEIPA did enhance the slag degree of hydration in addition to the aluminate in the cement, as 

shown in Figure 5 for cement D with slag C. The chemical shrinkage values shown in Figure 5 are 

calculated as the average of three samples and normalized per gram of dry cement.  The increased 

chemical shrinkage for the samples containing DEIPA and slag contrasts with the decreased chemical 

shrinkage measured for the OPC samples containing DEIPA.  Image analysis of scanning electron 

microscope (SEM) images of cementitious systems showed an increase in the slag degree of hydration 

at 28 days from 45 to 59% (Riding et al, 2010), confirming the increase in slag degree of hydration 
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shown here by the chemical shrinkage testing.  The impact of DEIPA on the degree of hydration of 

slag blended cements was also measured using isothermal calorimetry. The increased heat of 

hydration from the use of slag was calculated by subtracting the heat of hydration per gram of dry 

cement of the OPC mixtures from those containing slag, and then normalizing by grams of dry slag.  

The increase in slag heat of hydration from the use of DEIPA corresponds to a decreased portlandite 

content, as shown in Figure 6. 

 

Figure 4: Isothermal heat of hydration for cement C with and without 30% slag C and DEIPA at 0.35 w/cm 

paste 

 

Figure 5: Chemical shrinkage of pastes with cement D with and without 30% Slag C paste at 0.35 w/cm 

 

Figure 6: Portlandite content vs slag heat of hydration for cement C and 30% slag C paste at 0.35 w/cm 

Figure 7 shows the optical microscopy images of 28 days-old cement pastes prepared with Cement A 

and 40% water and allowed to hydrate for 28 days at 100% RH and 23
o
C. The images show that, in 

the absence of DEIPA, there are clearly defined sharp edged cement and slag particles, these having 
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an isotropic (glassy) appearance. The apparent lack of slag hydration and calcium hydroxide being 

present in relatively high amounts suggests little slag hydration has occurred. In the presence of 

DEIPA, a richer blue color was noticed in all samples. An opaline ‘milky’ appearance is much more 

pronounced, with the slag grains being significantly less well defined, with blurred edges. Slag grains 

are also slightly birefringent, suggesting possible hydration or crystallization as a hydration product. 

Much of the slag appeared to have hydrated away. No or at least considerably less calcium hydroxide, 

but more hydration products were noticed. In addition, less fine capillary porosity was noticed 

between the samples. 
 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 7: Samples of cement pastes made with Cement A and 0.4 water/cementitious ratio analyzed with optical 

microscopy. No DEIPA samples are shown in images a,b,c. Samples with 200ppm DEIPA are shown in d,e,f. 

Images a and d were taken with plane polarized plate; Images b and e with crossed polarized plate; and images c 

and f with crossed polarized plus sensitive tint plate. Image widths 0.285mm. 

 
4. DISCUSSION 

 

It is well known that the addition of SCMs can alter the sulfate balance and increase the sensitivity of 

the cementitious system to an accelerated aluminate reaction, especially in the case of SCMs 

containing active aluminate phases, such as GGBFS. DEIPA has been shown in this study to increase 

the heat of hydration peak attributed to the aluminate reactions in the isothermal calorimetry, 

suggesting that the aluminate hydration is intensified.   

DEIPA results in less content of calcium hydroxide but in a higher degree of hydration in general, 

indicating a higher rate of the pozzolanic reaction. In addition, previous SEM imaging of similar 

systems (Riding et al, 2010) shows larger portlandite crystals in the presence of the amine, suggesting 

that the crystallization of the hydration products can be affected by the alkanolamine. In terms of 

performance, the amine was not observed to impact setting times of the different slag blended 

cements tested in this investigation. Compressive strength was enhanced in most tests at all ages. 

The mechanisms by which DEIPA enhances the hydration of slag blended cements are not yet fully 

understood. It is known by the authors that DEIPA is removed from the pore water by the hydrating 

cement at a larger extent than TIPA, but at a lesser extent than TEA (unpublished data). The ability of 

TIPA to remain longer in solution and to dissolve iron are determining factors for the strength 

enhancement of mortars at later ages as shown by Sandberg (2003). DEIPA (referred by Sandberg as 

CB200) also promotes iron dissolution, but to a much lesser extent. Regardless, Sandberg showed that 



DEIPA is able to enhance early and late strengths. Clearly, more work is needed to elucidate the 

mechanisms by which DEIPA enhances the hydration of cementitious systems including slag blended 

cements. 

 
5. CONCLUSION 

 

The use of different alkanolamines was shown to increase the hydration of portland cement, with 

DEIPA increasing the aluminate hydration rate more than TEA, TIPA, or THEED.  This increase in 

hydration from the use of DEIPA resulted in an increase in the 1-day compressive strength.  DEIPA 

was also shown to decrease the portlandite content at 28 days while increasing the slag degree of 

hydration.  The increase in slag hydration and consequently strength from the use of DEIPA was 

especially seen in the mortar mixtures containing high amounts of slag.  It is speculated that the 

increase in slag hydration from DEIPA could be because of a similar mechanism as the aluminate 

hydration increase, accelerating the formation of AFm phases. Perhaps this facilitated iron transport 

makes the aluminates to react earlier and faster, thus resulting on early and late strength enhancement. 
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Abstract   
Mechanistic understanding of the impact of sulfates on the compressive strength of cement paste is a poorly 
understood problem. While the reaction of sulfates with aluminate clinker phases have been generally 
emphasized, in this study we take a closer look at the often neglected impact of sulfates on the hydration and 
mechanical strength development of tricalcium silicate (C3S) paste. The objective of this study is to determine 
whether there is an optimal effect of calcium sulfate on C3S hydration and C3S paste strength and to explain the 
mechanism. Evolutions of the degree of hydration and the corresponding compressive strength and porosity 
volume are determined at different age.  Results have shown that there are specific effects of calcium sulfate on 
C3S hydration and pastes cohesion which have been linked to the fact that, according to the literature, the 
sulfates ions adsorb on the C-S-H surface. At 3 days, an optimal effect is observed and the observed increase of 
the compressive strength is linked to an increase of hydration degree in the presence of calcium sulfate. 
 
 
Originality  
In this article, the impacts of gypsum on hydration and mechanical strength of C3S pastes were studied. It 
enables for the first time to actually quantify effects of calcium sulphate on hydration kinetics and 
microstructure development in order to evaluate their respective effects. The results show that the main effect of 
calcium sulphate on mechanical strength gain is due to an increase of hydration degree of tricalcium silicate 
pastes.   Additionally it has been possible to show that for a same quantity of precipitated hydrates, there is an 
increase of the paste cohesion at early age (first hours of hydration) and a decrease of mechanical strength at 
later age (28 days).    
 
 
Contribution 
The addition of calcium sulphate to cement clinker is an essential step in optimizing the mechanical properties 
of hydrated cement pastes. Despite the fundamental knowledge accrued in the literature, the current method of 
determining the optimum sulphate dosage has limited theoretical basis. In this study, we shed light on the often 
neglected impact of sulphates on the hydration and strength development of C3S. 
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Gypsum, C3S, hydration of C3S, mechanical strength of C3S 
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1. Introduction 



The mechanical properties of hydrated cement pastes need to be optimized according to the nature of 
cement products. Among the factors of optimization, the addition of calcium sulfate intended to 
regulate the reactivity of tricalcium aluminate (C3A), in quantity and quality in cement is an essential 
parameter. Determined empirically so as to obtain the best compromise of mechanical strength in 
different time (1 day or 28 days for example), it nowadays rests on no real scientific basis, despite the 
various studies described in the literature (e.g Lerch, 1946; e.g Tang , 1984; e.g Soroka, 1986). 
Because the hydration product of silicate phase, calcium silicate hydrate (C-S-H), is responsible for 
setting and hardening of cement paste, it is necessary to understand how the C3A-CaSO4 couple 
modify the hydration and the properties of C3S paste.  It is known that during hydration there are, on 
the one hand, strong interactions between C3A and calcium sulphate which control the sulphate (e.g 
Pourchet, 2009) and aluminate concentrations levels in pore solution, and between C3A and C3S on 
the other hand (e.g Tenoutasse, 1968; e.g Minard, 2007). Furthermore, previous studies have shown 
that there are also interactions between the silicate phase and calcium sulfate (e.g Bentur, 1976) which 
can lead to an optimum in strength of C3S paste, at constant water to C3S+gypsum ratio. The 
objectives of this study is to confirm this founding, to determine more precisely the dependence with 
calcium sulfate dosage, to explain the role of calcium sulfate on hydration development and the 
relation with the strength. 
 
2. Materials and methods 
2.1. Materials 
All of the experiments were made with the same batch of C3S. The C3S used in this study was 
synthesized by Lafarge LCR from pure CaCO3 and SiO2. It is a triclinic form; the particle size 
distribution has a D50 value of 14.5 µm. 
 
2.2. Methods  
The development of hydration and mechanical properties of C3S pastes have been studied at 25°C 
during 28 days.  The calcium sulphate was gypsum and the gypsum to C3S ratio ranges from 0 to 6%. 
A special attention was taken on low percentages to complement the Bentur’s study.  
 
Different characterisation methods were used at early age and long term. The measurements have 
been carried out at two deadlines: three and twenty eight days. For all sulphate rates, hydration 
degree, mechanical strength and total porosity were monitored by thermogravimetric tests (TGA), by 
compressive strength measurements using a semiautomatic pneumatic press built in the lab, and by 
mercury intrusion porosimetry (MIP) micromeritics Autopore III respectively.  
Two series of experiments were conducted : one keeping constant the water to C3S+gypsum ratio as 
Bentur did and the second keeping constant the water to C3S ratio; in both cases the water to solid 
ratio was 0.5 and the gypsum to C3S ratios were 0, 0.22, 0.56, 1, 2 and 6%. 
 
5 g of powders were mixed with water with an electric stirrer and samples were cast into PVC moulds 
to form micro cylinders samples (6 mm diameter and 11 mm height), and consolidated by vibration. 
Filled moulds were placed in sealed bags and cured at 25°C during two days and then demoulded. 
They were then cured in saturated lime water at 25°C. The hydration of the samples was not stopped 
before compressive tests. TGA curves were obtained using a Nietsch STA- 449 C. Samples were 
heated at 10°C/min, in the flow of nitrogen.  The hydration degree of C3S has been determined 
considering the mass loss of Ca(OH)2 in the C3S paste at 550°C. 
In addition, systematic calorimetric measurements have been done using a TAM Air Isothermal 
Calorimeter (Thermometrics) from a part of each mix. The advancement of hydration of C3S pastes 
has been estimated from the total heat liberated by hydration at each time. It is obtained by integrating 

the heat evolution rate curves and according to %100
)(

)(
3

3
3 ⋅

Δ
=

SC

SC
SC H

tQ
tα  with SCH 3Δ = 460, 16 

J.g-1 to 25°C (e.g Grant, 2006).  



 
3. Results and discussion 
 
3. 1. Effect of gypsum on the properties of C3S paste at 3 and 28 days 
 
3 days curing time 
The evolution in function of the percentage of gypsum of compressive strength, degree hydration and 
porosity of C3S pastes are plotted on Figure 1 and Figure 2 for the samples cured 3 days and on 
Figure 3 and Figure 4 for the sample cured 28 days. 
An optimum of the compressive strength is only observed at the 3 days curing time in the case of the 
mixes at constant water to C3S+gypsum ratio. In the case of pastes at constant water to C3S ratio, a 
continuous increase of the compressive strength is observed which is the most important for the 
lowest dosages (less than 1%). This strong increase is fully correlated to the increase of the degree of 
hydration and the decrease of the porosity.  While the same evolution of the degree of hydration and 
porosity with the gypsum dosage is observed in the case of the pastes at constant water to C3S+ 
gypsum ratio, the compressive strength decreases from a dosage equal to 1%.  
Below 1% of gypsum the evolution is very close whatever the type of mix (constant w/c or w/s). In 
these conditions, all the calcium sulphate is in solution; the concentration is lower than the solubility 
of gypsum. W/S mixes with 0.22 and 0.56 % are then equivalent to w/c = 0.501 and 0.503 
respectively inducing a small decrease of the strength for the same degree of hydration with respect to 
the mixes at constant w/c ratio.  
From 1% of gypsum, in the case of constant w/c mixes, the excess of gypsum increases the solid 
volume fraction of the paste and then the strength for the same degree of hydration (filler effect). On 
the contrary, in the case of the constant w/s mixes, the excess of gypsum obviously does not play the 
same role as the C3S does and the effective w/c ratios increase from 0.505 , 0.51 and 0.53 respectively 
inducing a decrease of the strength for the practically the same degree of hydration.  
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Figure 1 : Evolution of the compressive strength versus percent of gypsum of C3S pastes cured 3 days, at 25°C 
and at constant Liquid to C3S ratio and constant Liquid to Solid ratio. Each point is the average of measurements 
on at least 10 samples. 
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Figure 2: Evolution of the advancement of hydration and porosity versus percent of gypsum of C3S pastes 
hydrated at 3 days, at 25°C and at constant Liquid to C3S ratio and constant Liquid to Solid ratio.   
 
28 days curing time 
After 28 days of curing, there is not a significant difference between the two types of mix. The 
compressive strength slightly decreases in both cases probably more than one could expect from the 
evolution of the degree of hydration.  
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Figure 3: Evolution of the compressive strength versus percent of gypsum of C3S pastes cured 28 days, at 25°C 
and at constant Liquid to C3S ratio and constant Liquid to Solid ratio. Each point is the average of measurements 
on at least 10 samples. 
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Figure 4: Evolution of the advancement of hydration and porosity versus percent of gypsum of C3S pastes cured 
28 days at 25°C and constant Liquid to C3S ratio and constant Liquid to Solid ratio.   
 
 
3. 2. Effect of gypsum on the development of hydration of C3S 
 
It was been clearly shown above that the increase of strength for the low percentages of gypsum is 
linked to a higher degree of hydration at the same age. It is known that calcium sulphate adsorb onto 
C-S-H and then could modify the growth process of C-S-H onto the surface of the C3S grains which 
controls the kinetics of hydration. In order to evaluate how sulphate modify the growth and the 
consequences on the long term evolution, experimental heat evolution rate curves have been fitted 
using the C-S-H anisotropic growth model developed by Garrault et al and recently extended to the 
complete hydration of C3S. 
 
In this model the nucleation growth process of C-S-H is described as an anisotropic aggregation of C-
S-H nanoparticles around nuclei dispersed onto the surface with two different growth rates, 
respectively parallel and perpendicular to the surface of the C3S grains. The C3S grain surface is 
described by a squared network. The heterogeneous nucleation is modelled by a random distribution 
of cubic particles (e.g Garrault, 2001; e.g Garrault, 1999) on the squared network representing the 
anhydrous surface. The C-S-H growth is then described by aggregation of new cubic particles around 
the first ones. This growth or aggregation is anisotropic as suggested by AFM observations (e.g 
Gauffinet, 1998) and occurs at two different rates parallel and perpendicularly to the surface grain. At 
each iteration, each cluster on the surface matrix grows parallel to surface according to the Vx and Vy 
rates and perpendicularly to the surface according to the perpendicular growth rate Vz until the 
complete coverage of the matrix surface. The input data are the size of the grains which determine the 
surface of the growth; the parameters are the number of initial nuclei, the parallel growth rate, the 
perpendicular growth rate and a coefficient representing the permeability of a C-S-H cluster. Output 
data are the degree of hydration over the time, the surface area developed by C-S-H, the thickness of 
the C-S-H layer over the time. The figure 5 and figure 6 show the experimental and simulated curves 
corresponding to the C3S mixed with 0.22% gypsum paste.  
 



Figure 5 and Figure 6: Experimental evolution and simulation of the hydration of C3S+0.22% gypsum 
(W/C=0.5) at 25°C. The parameters of the simulation have been adjusted to fit the heat evolution rate during the 
first 50 hours. It predicts well the degree of hydration after 28 days measured by thermal analysis. The 
simulation has been performed considering 2 different grain size populations (70% 10µm and 30% 150µm), 
nuclei density 1.7 10-5- parallel growth rate 6.6x6, perpendicular growth rate 6, Δt0 =15mn. 
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Figure 7: Evolution of growth rates and permeability versus percent of gypsum of C3S pastes hydrated at 3 days, 
at 25°C and at Liquid/C3S constant. 
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Figure 8: Evolution of advancement of hydration of C3S versus percent of gypsum of C3S pastes cured at 3 and 
28 days at 25°C.   
 
Figure 7 shows the evolution of the growth rates and the permeability of the C-S-H clusters with the 
amount of gypsum. The main evolution with the addition of gypsum occurs as soon as a small amount 
is added. Gypsum increases the growth rates of C-S-H and its permeability leading to a greater 
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percentage of hydration for the same curing time. The simulations predict quite well the degree of 
hydration at 3 and 28 days (figure 8). 
 
4. Conclusion  
The adsorption of calcium sulfate on C-S-H surface modifies the nucleation-growth process. The 
modification is quantified by the mean of simulation of C3S hydration evolution according to an 
anisotropic growth model which explains the evolution of the degree of hydration with the addition of 
gypsum for the same curing time. An optimum effect concerning mechanical strength is only 
observed at short term (3 days) when the water to C3S+ gypsum ratio is kept constant. The decrease of 
the strength for a constant degree of hydration is only explained by a smaller amount of C3S when the 
amount of gypsum increases. At longer term the continuous decrease of the strength with the 
augmentation of the amount of gypsum when the degree of hydration increases is more surprising 
especially at constant water to C3S ratio. Taking into account the level of adsorption of calcium 
sulphate (e.g Barbarulo, 2002; e.g Medala, 2005) at 28 days, all the calcium sulphate is adsorbed onto 
the surface of C-S-H. According to Medala et al, the measured interparticle forces between C-S-H 
particles are smaller; the observed smaller compressive strength could be the consequence.  
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Abstract 
One valuable contribution of the cement industry to global climate protection could be the application of low-energy 
cement, e.g. belite cement. Recently, at KIT (Karlsruhe Institute of Technology) a new family of binding materials 
called Celitement was designed as a promising environmentally friendly and cost-effective alternative. To achieve 
sustained success a huge effort was made to understand the fundamentals of the Celitement process. One particular 
example is the decoding of the phase transformation mechanisms during thermal treatment of alpha-
Ca2[SiO3(OH)](OH) (alpha-C2SH) single crystals. Alpha-C2SH can be used as precursor for both cement types, 
Celitement and belite cement.. In this presentation we will illustrate the power of synchrotron infrared radiation when 
applied to studies of crystallochemical variations within micro single crystals. Sophisticated analyses of this type are 
particularly useful in establishing correlations between macroscopic properties and materials microstructure, and thus 
play an essential role in the rational design of sustainable materials. 
The brilliance of the infrared synchrotron light is significantly higher than that of a conventional light source and 
provides excellent signal-to-noise even at the diffraction limit. Synchrotron infrared images of alpha-C2SH single 
crystals as synthesized and after heating were recorded at the infrared beamline of the ANKA synchrotron facility. In 
the temperature range between about 300 and 400°C we observe coexistence of the precursor phase alpha-C2SH and 
it's first transformation product dellaite (Ca6[Si2O7][SiO4](OH)2). Dellaite domains form in the core of the crystals. 
The rim consists of alpha-C2SH. This indicates an "autoclave effect" within a single crystal, where the water diffusion 
out of the crystal structure plays a decisive role by building pressure inside the crystal high enough for dellaite to form. 
The dehydration of alpha-C2SH is a multi-stage process for the reason of different bond strengths of the OH groups. 
Protons bonded to Ca polyhedra expel at higher temperatures compared to the relatively weak OH bonds coordinating 
silicate tetrahedra. Two isolated SiO3(OH) silicate tetrahedra condense in the course of dehydration to form a dimer: 
2[SiO3(OH)] - H2O = [Si2O7], which is the first step towards formation of dellaite. The whole equation for the phase 
transition of alpha-C2SH into dellaite could be presented as follows: 3Ca2[SiO3(OH)](OH) – 2H2O = 
Ca6[Si2O7][SiO4](OH)2.  
 
Originality 
You invite papers to review the advances in the chemistry of cement in light of present concern about climate change 
with focus on sustainability. The motto of the 13th ICCC is "cementing a sustainable future". The present paper reports 
about the development of a family of novel sustainable binding materials aiming at reducing energy and CO2 emission 
during production. The focus of the presentation is an example of the importance of fundamental cutting-edge research 
for the sustained success of materials design.  
 
Chief contributions 
The main contribution by our research is the development of a family of novel sustainable binding materials based on a 
fundamental knowledge of the processes during manufacturing which in turn is based on cutting-edge basic research 
utilizing among others synchrotron-based techniques at large-scale facilities.  
 
Keywords: novel binding materials, Celitement, cutting-edge research, synchrotron-based infrared microspectroscopy 
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Introduction 
 
Global climate change, one of the worldwide most important topics nowadays, does affect the cement 
industry to a great extend. It can be expected that in foreseeable future the production of cement will 
have to be restructured in order to meet the challenges of changing world economics. One valuable 
contribution of the cement industry to global climate protection without suffering economic losses and 
even saving energy and money in the process could be the application of low-energy belite cement. 
Recently, at KIT (Karlsruhe Institute of Technology, Campus North) a new family of binding 
materials called Celitement was designed as a promising environmentally friendly and cost-effective 
alternative (Stemmermann et al., 2010; see also presentations by Peter Stemmermann and by 
Krassimir Garbev). To achieve sustained success a huge effort was made to understand the 
fundamentals of the Celitement process. One particular example which we present in this paper is the 
decoding of the phase transformation mechanisms during thermal treatment of alpha-
Ca2[SiO3(OH)](OH) (alpha-C2SH) single crystals (Garbev et al., 2008). 
Fundamental cutting-edge research and elaborate analyses of the correlations between macroscopic 
properties and materials microstructure play an essential role in the rational design of sustainable 
materials. Infrared (IR) microspectroscopy is one very powerful technique for characterization of 
spatial variations in the crystallochemical composition of heterogeneous materials. This technique 
couples the high degree of chemical specificity that underlies the utility of IR spectroscopy with the 
microscale spatial resolution possible with modern IR optics and sources. As technologically relevant 
materials have increasingly micrometer (and even sub-micrometer) critical dimensions, the demand 
for techniques that improve the attainable lateral resolution of IR microspectroscopy is continuously 
growing. The brilliance of the infrared synchrotron light (SR-IR) is significantly higher than that of a 
conventional light source and provides excellent signal-to-noise even at the diffraction limit. Further, 
IR spectroscopy is inherently very sensitive to the presence of protons and to the degree of 
polymerization of silicate tetrahedra in crystal structures which is a valuable advantage for the study of 
cement phases compared to e.g. x-ray diffraction. At the ANKA synchrotron facility in Karlsruhe, we 
have been developing cement-related applications based on FTIR microspectroscopy. Our aim is to 
address the need for more sophisticated investigations by using the advantages of the synchrotron 
radiation in the infrared spectral range compared to conventional laboratory IR sources. 
 
Synchrotron-based infrared microspectroscopy 
 
ANKA is a relatively new synchrotron radiation facility at the Karlsruhe Institute of Technology (KIT, 
Campus North), a large government research center in the southwest of Germany. The acronym stands 
for Angstrom Source Karlsruhe. The electron storage ring is 110.4 m in circumference and stores a 2.5 
GeV electron beam at a typical current of 200 mA which provides intense light spanning the 
electromagnetic spectrum from the infrared through x-rays. ANKA is part of the national and 
European infrastructure offered to scientific and commercial users for performing excellent science 
and relevant technological development. One direction of ANKA is the development of synchrotron-
based infrared sources and technologies. ANKA operates two infrared beamlines. ANKA-IR1 is a 
beamline oriented for condensed matter and solid state research, equipped for ellipsometry, high 
pressure and low temperature experiments, while ANKA-IR2 is a dedicated infrared 
microspectroscopy beamline. ANKA-IR2 is equipped with two experimental stations, one for IR 
microspectroscopy and the other for IR nanospectroscopy (Figure 1). The experimental setup at the 
ANKA-IR microscope has been steadily optimized to meet the needs of the cement-related 
applications. Diffraction-limited experiments can be carried out for example in transmission and 
reflection (normal-incidence as well grazing-incidence or ATR) geometry, and as a function of 
temperature (liquid-He up to 600°C) in a broad spectral range (from NIR down to approx. 100 cm-1). 
 

 
 
 



 
 
 

 
 

Figure 1: The ANKA-IR2 beamline 

 
 
Alpha-C2SH phase transformations upon thermal treatment in air 
 
Single-spot infrared spectra: Three series of samples (so-called C1, C7, C16) were synthesized using 
different starting materials and were subsequently heated in air (Garbev et al., 2008). XRD powder 
patterns of the products of all three syntheses revealed alpha-C2SH as the main product, with varying 
minor contents of additional phases. XRD powder patterns as a function of temperature (HT-XRD) 
showed different kinetics and/or different processes during the course of the heating of the three 
samples. For example, we observed formation of dellaite (Ca6[Si2O7][SiO4](OH)2) as intermediate 
product during dehydration for samples C7 and C16. This was very unusual as dellaite formation has 
been reported so far only under hydrothermal conditions (T>350°C), combined with high pressure 
(P>340 bar). In order to prove  whether the phase transformations during thermal treatment take place 
on the level of an ‘‘ex-single crystal’’ of alpha-C2SH or whether they are driven by the minor 
impurities present in the bulk (calcite and trabzonite for C16, calcite and portlandite in the case of C7) 
we complemented the powder XRD (bulk method) by single crystal SR-IR microspectroscopy. 
Untwinned alpha-C2SH C7 crystals approx. 30 µm x 25 µm x 3 µm in size were selected using an 
optical microscope. Position dependent IR transmission spectra (spectral resolution 4 cm-1) were 
acquired at ANKA using a Bruker IFS 66v/S spectrometer coupled to a Bruker IRscopeII microscope 
(Bruker Optics, Karlsruhe, Germany). Schwarzschild objectives (x36, 0.5 NA) in a confocal 
arrangement were used to project the signal coming from areas with a diameter of 6 micrometers onto 
a liquid-nitrogen-cooled MCT detector. High brilliance synchrotron infrared radiation was necessary 
to obtain spectra with a good signal-to-noise ratio at this lateral resolution. The beam direction was 
perpendicular to the ab-plane of the alpha-C2SH crystals and their corresponding postheating 
conversion products. The spectrum of the unheated alpha-C2SH is similar to those already described in 
the literature (Ryskin, 1974; Pampuch and Swiderski, 1980): for example a strong band at 1278 cm-1 
typical for an OH bending vibration of a hydroxyl bonded to SiO4 (!-OH(Si)) and a very strong band 
at 3537 cm-1 arising from OH stretching of hydroxyl bonded only to Ca (Figure 2; for more detailed 



assignment see Garbev et al., 2008). The samples were subsequently treated thermally in air at 
different temperatures for 3 h each. After the HT-XRD and IR data the signal arising from alpha-C2SH 
disappears above 400°C which is accompanied by the appearance of signals resulting from dellaite 
and x-C2S. Typical IR bands of dellaite are seen at 1050 cm-1 (Si-O-Si antisymmetrical stretching) and 
at 3574 and 3595 cm-1 (OH stretching of hydroxyl bonded only to Ca; Figure 2). The appearance of 
Si–O–Si bands together with visible diminishing of the intensity of the !-OH(Si) and "1-[Si–O(H)] of 
alpha-C2SH indicates that condensation of the acidic tetrahedra triggered by a water loss takes place 
via the reaction [SiO3(OH)]+[SiO3(OH)]![Si2O7]+H2O (Garbev et al., 2008). In the range 400-600°C 
we observe dellaite together with x-C2S. At 700°C there are no more signals from dellaite and above 
700°C we observe coexistence of x-C2S and #'L-C2S. 
 

 
 
 

Figure 2: IR spectra of C7 single crystals: under ambient conditions (RT) and after heating (and subsequent 
cooling to ambient conditions) at various temperatures up to 900°C. The left-hand part presents spectra in the 

range 650–1320 cm-1. The right-hand part of the figure shows the O-H stretching bands in the range 1600–4000 
cm-1. 

Synchrotron infrared mapping: The IR results from single-spot spectra indicate the coexistence of the 
precursor phase alpha-C2SH and its transformation product dellaite in the ex-single crystal heated at 
400°C. In order to analyze the lateral distribution of these two phases we further performed step-by-
step mapping with the IR microscope. Images were created by integration of the intensity over a 
certain spectral range, which is uniquely characteristic for each phase (Figure 3). Interestingly we 
observe that the remnants of alpha-C2SH span the outer part of the crystal while dellaite forms in the 
central part. This indicates an "autoclave effect" within a single crystal, where the water diffusion out 
of the crystal structure plays a decisive role by building pressure inside the crystal high enough for 
dellaite to form. The dehydration of alpha-C2SH is a multi-stage process for the reason of different 
bond strengths of the OH groups. Protons bonded to Ca polyhedra expel at higher temperatures 
compared to the relatively weak OH bonds coordinating silicate tetrahedra. Two isolated SiO3(OH) 
silicate tetrahedra condense in the course of dehydration to form a dimer: 2[SiO3(OH)] - H2O = 
[Si2O7], which is the first step towards formation of dellaite. The whole equation for the phase 
transition of alpha-C2SH into dellaite could be presented as follows: 3Ca2[SiO3(OH)](OH) – 2H2O = 
Ca6[Si2O7][SiO4](OH)2. 
 



 
 
 

Figure 3: Visible picture (20x) of alpha-C2SH crystal after heating at 400°C (left). Corresponding synchrotron IR 
images (32 $m x 32 $m). Spectral integration from left to right: 1030-1075 cm-1 (indicative of presence of 

dellaite), 1255-1305 cm-1 (indicative of presence of alpha-C2SH), 3560-3612 cm-1 (indicative of presence of 
dellaite), 3510-3560 cm-1 (indicative of presence of alpha-C2SH). 

 
Conclusions 
 
The mechanisms of dehydration of alpha-C2SH, which is a promising precursor phase for the 
production of highly reactive C2S can be studied on the level of single microcrystals with the help of 
synchrotron infrared radiation. Sophisticated analyses of this type are particularly useful in 
establishing correlations between macroscopic properties and materials microstructure, and thus play 
essential role in the rational design of sustainable materials.  
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Abstract 
 
The Portland cement industry is individually responsible for 5% of global greenhouse gas emission into atmosphere. 
Thus, the sustainable development in both modern and developing countries requires the concrete industry to search for 
reasonable environmental-friendly substitutions. Alkali-Activated Slag (AAS) and Alkali-Activated Fly-Ash (AAFA) 
cements are two outstanding nominees which are mainly comprised of industrial by-products. While increasing demand 
for industrial waste materials and reducing the need for landfills, producing these cements requires less fossil fuels 
leading to less pollutants and more domestic energy independence. However, a detailed characterization of mechanical 
and durability properties along with economical considerations can lead to their widespread acceptance.Chemical 
analysis of AAS and AAFA cements reveals a considerable aluminum to silicon ratio depending on the composition of 
constituent slags. The state of the art experimental approaches juxtapose 29Si and 27Al MAS NMR techniques and XRD 
data to elucidate a proper atomic structure for the hydration resultants. The experimental community agrees upon the 
formation of longer silica chains and higher number of Q3 sites in CSH gel in presence of aluminum species. In this 
model, aluminum atoms are substituted in silica chains producing a net deficit charge which is counter-balanced by 
ions. Several experimental and numerical studies are performed to characterize the position of the aluminum atoms in 
the drierketten chains in terms of bridging and pairing sites. However, there is no characterization of mechanical 
properties.In this study, atomistic simulation techniques are exploited to unravel many of the intricate questions 
regarding the atomic structure and mechanical properties of Calcium-Aluminate-Silicate-Hydrates namely CASH. A 
wide range of atomic structures from normal and anomalous Tobermorite 11Å and 14Å crystals to complex realistic 
CSH gels are exploited to incorporate aluminum inside. The combinatorial approach employed generates thousands of 
initial probable structures with different aluminum to silicon ratio and different charge-neutralizing agents. All these 
atomistic specimens are relaxed using Gibbs free energy minimization approaches and stability and mechanical 
properties are calculated afterwards. A proportionate number of samples are chosen to undergo shear and tensile tests 
to investigate on the effect of aluminum content on the fracture energy release rate.. 
 
Originality  
The research on the aluminum incorporation has been bounded for several years by investigating the position of 
aluminum in the tetrahedral silica chains. This research is the first original work which puts a step forward and 
predicts the mechanical properties of Calcium-Aluminates-Silicate-Hydrates by means of atomistic simulation 
techniques. For the first time, a combinatorial approach is taken to produce thousands of initial atomic structures 
based on all possible aluminum substitutions in the silica tetrahedral chains. To the knowledge of authors, there is no 
report on the analysis of mechanical properties of CASH, mainly indentation, shear and elastic modules, using 
numerical methods. The first analysis of aluminum content effect on the fracture energy release rate of CASH makes 
this work the first of its kind on using molecular methods for such applications in nano-chemo-mechanics of 
cementitious materials.  
 
Chief Contributions 
In summary, in low C/S regimes aluminum-silicon substitution is the dominant type of substitution and calcium-
aluminum substitution is prohibited mainly because of low highly-structured calcium content in the interlayer spacing. 
In contrast, in high calcium concentrations the limited numbers of bridging silica are first saturated with aluminum and 
afterwards aluminum atoms substitute calcium in the interlayer spacing. Therefore, it is accentuated that the aluminum-
calcium substitution is merely possible in the disordered interlayer spacing of calcium-silicate-hydrates with with high 
concentration of cations.  In this way and for the first time, we are able to provide a consistent explanation for the XRD, 
WDS and NMR observation based on a molecular model in which aluminum substitution is calcium-dependent. In the 
case of calcium-aluminum substitutions, this model entails the discovery of complex 3D networks of alumino-silicates 
which can have substantial effect on the strength and durability of concrete structures. 
 
Keywords: atomistic simulation,  cement hydrate,  fly ash, mechanical properties, structural characteristics 
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Introduction 
 
Hydration of alite (C3S) and belite (C2S) as calcium silicates phases present in the cement clinker 
creates the poorly crystalline structure of cement paste. The main resultant phases of hydration are 
calcium-silicate-hydrate, portlandite and some other minor species. The binding property of 
cementitious materials is generally attributed to the calcium silicate hydrate phase known as CSH. It is 
mainly composed of octahedrally coordinated calcium sheets attached to silica tetrahedral chains at 
either side. Interlayer spacing filled with calcium and structural water molecules intervene the parallel 
aforementioned blocks of calcium silicate layers (Taylor 1986). The nanostructure of CSH is greatly 
influenced by calcium to silicon ratio (Nonat 2004). In low C/S regime the silica chains are long and 
resemble Tobermorite minerals (Hamid 1981; Merlino, Bonaccorsi et al. 2001) but the structure of 
CSH gel in high C/S ratio is mostly composed of dimmers (Taylor 1986; Cong and Kirkpatrick 1996; 
Nonat 2004; Pellenq, Kushima et al. 2009). Existence of phases rich with aluminum in the original 
clinker can considerably alter the composition of the final paste. For instance, presence of Aluminum 
can increase both the mean silica chain length (Faucon, Delagrave et al. 1999; Andersen, Jakobsen et 
al. 2003) and the interlayer spacing distance in the CSH gel (Faucon, Delagrave et al. 1999; Sun, 
Young et al. 2006).  
 
Aluminum can be present as guest ions in alite and belite (Skibsted, Jakobsen et al. 1994) and is one of 
the main components of calcium aluminate and ferrite (Taylor 1997). Depending on the source, fly ash 
and slag have noticeable amount of Aluminum and adding them to the clinker can introduce a new 
aluminate resource (Mehta 1985; Puertas, Martinez-Ramirez et al. 2000; Fernandez-Jimenez, Palomo 
et al. 2006). In the early 80s, the pioneering work of Stade et al. (Stade and Wieker 1982) showed that 
the position of aluminum in the gel depends on the C/S ratio and it was confirmed later by Faucon et 
al. (Faucon, Delagrave et al. 1999). Based on their observations, the Aluminum atom is mostly 
tetrahedrally coordinated in low C/S regimes while it is octahedrally coordinated at high C/S values. 
The octahedrally coordinated aluminum exists in ettringite, hydrogarnet, monosulphate and other 
aluminate hydrates (Rawal, Smith et al. ; Meredith, Donald et al. 2004). It might also be present in the 
interlayer spacing of CSH (Stade and Wieker 1982; Stade and Muller 1987; Andersen, Jakobsen et al. 
2003; Andersen, Jakobsen et al. 2004; Sun, Young et al. 2006; Pardal, Pochard et al. 2009) or on the 
particle surfaces (Rawal, Smith et al. ; Sun, Young et al. 2006). Although, Faucon et al. (Faucon, 
Delagrave et al. 1999) propose that Aluminum might enter the octahedral sheets of CSH, Andersen et 
al. (Andersen, Jakobsen et al. 2003; Andersen, Jakobsen et al. 2004) and Sun et al. (Sun, Young et al. 
2006) argue that Al-O bond is smaller than Ca-O and therefore such a substitution might be 
improbable.  
 
Considering a Tobermorite-like description for the CSH structure, Aluminum can potentially 
substitute in different positions in the silica chain. Separate 29Si and 27Al MAS NMR studies have 
shown that aluminum cannot occur in the ending tetrahedral position of silica chain (Komarneni, Roy 
et al. 1985; Faucon, Charpentier et al. 1998; Schneider, Cincotto et al. 2001). The existence of 
tetrahedral Aluminum connecting different silica layers is confirmed by NMR investigations 
(Komarneni, Roy et al. 1985; Sun, Young et al. 2006) which suggests the formation of complex 3D 
silica networks in presence of Aluminum ions. Based on NMR experiments, Komarneni et al. 
(Komarneni, Roy et al. 1985) and Faucon et al. (Faucon, Charpentier et al. 1998; Faucon, Petit et al. 
1999) have expressed that Aluminum can be present in both bridging and pairing sites of silica chains. 
However, other NMR studies have expressed that Aluminum can only occur in the bridging position 
of the silica chains (Richardson, Brough et al. 1993; Andersen, Jakobsen et al. 2003; Sun, Young et al. 
2006; Pardal, Pochard et al. 2009). Faucon et al. exploited Molecular Dynamics simulation to describe 
the stability of Aluminum substitution in both bridging and pairing sites of Tobermorite 14Å where it 
was found that aluminum is slightly favorable in the bridging position. By comparing the condensation 
energies of aluminum substitution in isolated silica pantamers, Manzano et al. (Manzano, Dolado et al. 
2009) had the same observation and found out that Aluminum is less stable in ending positions. Also, 
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they simulated the polymerization of the CSH gel in presence of aluminum atoms and reported the 
formation of longer silica chains (Manzano, Dolado et al. 2008). Despite the knowledge on the 
position of Al within the structures, there is a lack of information on how the elastic properties are 
affected when Al takes part of the CSH gel. The aim of this work is shed light on this topic using 
atomistic simulations. 
 
Results 
 
Morphology of CSH structures influences their mechanical properties 
 
Experimental evidences show that the crystalline structures of calcium silicate hydrates are fairly 
complex. The calcium to silicon ratio plays an important role in their structure and its value ranges 
from 1.2 to 2.3 with the mean value of 1.75 (Richardson 1999). In CSH gels with low calcium content, 
i.e. low c/s ratio, large silica chains precipitate.Tobermorite 11Å, 14Å and anomalous with C/S ratios 
of 1, 0.83 and 0.67 respectively, are considered as the minerals which might represent the structure of 
CSH gel in low C/S ratios. These minerals are very similar in the structure and are made up of infinite 
parallel octahedral calcium sheets tethered by infinite tetrahedral silica chains. Interlayer spacing 
intervene these sandwich panels and it is mostly filled with calcium atoms and structural water 
molecules. The main difference arisesform the silicate chain structure. Tobermorite 11Å and 14Å are 
merely constructed of Q2 sites while the anomalous Tobermorites has both Q2 and Q3 
sites.TheQnnomenclature is based on the number of tetrahedral sites attached to each silica group.they 
are classified as Q1, Q2 and Q3 where the index represents the number of neighboring silica groups 
(figure 2). Considering the position of silicon atom in a finite size silica chain, they can be divided into 
three classes of bridging, pairing and ending sites (figure 1). In summary, bridging site can be either 
Q3 or Q2 but pairing and ending sites are always Q2 and Q1, respectively. 
 
Table 1 : atomistic calculation of geometrical and elastic properties of CSHs of varying calcium to silicon ratio. 

Specimen Height (Å) Ez (GPa) Elayer (GPa) Indentation Modulus (GPa) 
Tobermorite 14 Å 28.8 53 76 63 

Tobermorite 11 Å 24.4 74 107 101 

Tobermorite Anomalous 23.1 113 87 77 

CCSH model 24.0 56 67 65 

 
 

 
 

 
 
 

 
 
 
 
 
 
 

 
First we calculate the elastic properties of the pure crystals. The indentation modulus (M), young 
modulus (Ez), the average young modulus of layers (Elayer) and specimen height in the direction 
perpendicular to chains, known as basal distance, are provided in table 7. Anomalous Tobermorite has 

(a) (b) 

Figure 1: Tetrahedral silica chains.  a) Schematic position of Qn in an interconnected finite silica chain. N is the 
number of silica tetrahedral attached to a silica tetrahedral. b) Bridging and paring sites within silica chain. 
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the highest Ez and it is apparently due to the existence of Q3 in the crystal which bridges between 
different layers. Ez of the Tobermorite 11Å is higher than that of Tobermorite 14Å mainly because of 
less structural water and thus a lower interlayer distance which increases the interconnectivity of 
adjacent layers. In addition, the higher interlayer calcium content and making the iono-covalent bonds 
by nonbridging oxygen atoms, makes Tobermorite 11Å stronger in basal direction. Despite having 
lower interlayer spacing, C-CSH has the same Ez as Tobermorite 14Å due to high water concentration 
in its interlayer spacing. The same trend is observed in the indentation modulus except for 
Tobermorite 11Å having larger M than anomalous Tobermorite. Indentation modulus represents the 
volumetric aspects of stiffness rather than a preferred direction. The average elastic modulus in the 
direction of layer for Tobermorite 11Å and anomalous are 107 and 87 GPa, respectively.  
 
Substitution of one Aluminum atom in CSH structures 
Substitution of aluminum atoms in the silica chains of Tobermorite minerals has two options. Due to 
the finite silica chain length in the C-CSH structures, aluminum substitution has three candidate 
nesting places, bridging, pairing and ending. The cation interchange leaves the structure with a net 
deficit charge. To maintain the electro-neutrality of the crystalline structure, either a sodium atom 
should be inserted in to the interlayer spacing or non-bridging oxygen exchanged by a hydroxyl group. 
Considering all these options, the Gibbs free energy of the aluminum incorporated structure is 
minimized and the mechanical properties and structural dimensions are calculated afterwards. The 
overall results for substituting an Aluminum atom in the different CSH structures and using different 
counter-ions are provided the table (2).  
 

Table 2 : The effect of incorporation of one aluminum atom in the silica chains on the cell dimension, 
mechanical properties and chemical stability of CSHs of lower calcium to silicon ratio (Tobermorites). 

Specimen Position Neutralizer Height Ez Indentation Modulus Free Energy (eV) 

Tobermorite 14 Å 

Bridging Na 1.01 0.94 1.02 E1 

Pairng Na 1.01 1.28 1.13 E1+4.8 

Tobermorite 11 Å 

Bridging Na 1.01 0.97 1.02 E2 

Pairng Na 1.01 0.96 1.04 E2 

Tobermorite Anomalous 
Bridging Na 1.00 0.96 1.14 E3 

Pairng Na 1.00 0.97 1.10 E3+0.5 

 
The data in Table (2) demonstrate that in presence of sodium atom in the structure, the Gibbs free 
energy of the aluminum substituted Tobermorites are slightly affected by the position of the aluminum 
atom in the chain. For the case of Tobermorite minerals, the bridging substitution might be negligibly 
favorable. This is in agreement with several NMR studies of synthetic CSH gel in presence of sodium 
atoms claiming that bridging position is more probable in the pairing sites (Andersen, Jakobsen et al. 
2003; Sun, Young et al. 2006; Pardal, Pochard et al. 2009). However the energy difference is too small 
compared to the precision of the potential itself and the oscillation of energy at Finite temperature in 
NVT and NPT ensembles. Therefore, according to our simulations, it might not be irrational to assume 
that aluminum substitution in the presence of sodium is also possible in pairing sites.  
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Mechanical Response of the Specimens with Increase in the tetrahedral Aluminum Content 
To study the effect of aluminum content on the mechanical properties of the Tobermorite minerals and 
the more realistic CSH structure, the number of aluminum substitutions is increased gradually. The 
Tobermorite models used in this study are made up of two sets of identical silica groups. This 
simplifying assumption enormously reduces the number of distinct configurations needed to be 
analyzed. The number of substitution in this case is increased from 1 to 4 in each of the silica groups 
and both sodium and calcium cations are used to electro-balance the system. Providing full degrees of 
freedom to all atoms and the cell dimensions, the Gibbs free energy of all these models are minimized. 
Afterwards, the energy content and the mechanical behaviors of each of these samples are separately 
analyzed.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
The first step to investigate the effect of substitution on the atomic structure is to carefully study its 
influence on the geometrical observables of the structure. The effect aluminum content on the height, 
twice the basal distance, of the Tobermorite minerals and C-CSH structure is presented in diagram (1-
a). The first and the most important finding in this diagram is that the average height of the aluminum 
included minerals is not affected by the type of exploited charge-balancing agent. Given this important 
observation, the CCSH model is only analyzed using sodium as charge-balancing atom. These two 
structural characteristics limit the effect of cations on the increasing the height of samples. 
Tobermorite 11Å, anomalous Tobermorite and C-CSH model have roughly the same basal distance 
and therefore their response should be similar to each other. Up to A/S ratio of 15%, they exhibit a 
linear response where the Tobermorite 11Å has the highest slope and C-CSH model the lowest. The 
high slope In Tobermorite 11Å is mainly due to the fact that in this mineral the silica chains are close 
to each other and the water content is not that much to filter the effect counter-ions in the free space. 
As a result, insertion of cation is only compensated by increase in the basal distance. Presence of Q3 
sites in the structure of anomalous Tobermorite constraints its free deformation in the basal direction. 
Therefore, it has a lower slope with respect to Tobermorite 11Å.The excessive water content in the C-
CSH model prevents charge-balancing cations to fully interact with silica atoms in the chains. This 
mitigates the effective expansion of the layers which causes the C-CSH model to have a lowest slope. 
In the specific case of C-CSH model, after the 15% A/S threshold, the slope of the height curve 
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changes suddenly. Before this threshold, the insertion of charge-balancing cations is compensated by 
two mechanisms, namely reconfiguration of the water molecules and increase in the basal distance. 
After this turning point, the cation-induced rearrangement of the structural water is somehow saturated 
which increases the role of the second mechanism. In other words, further insertion of cations pushes 
the interlayer content toward the silica and calcium layers leading to effective change in the basal 
distance. This mechanism shift leads to a substantial change in the gradient of height which might 
justify the experimental observations regarding the notable increase in the basal distance in the 
presence of aluminum in the CSH gel.  
 
Tobermorites and the C-CSH model are classified in a class of layered materials. It means that in the 
absence of cross-layer connections, they exhibit strong elastic properties in the direction of layers 
while the properties in the perpendicular direction are lower. Diagram (1-b) exhibits the effect of 
aluminum content on the elastic modulus, Ez, of the Tobermorites and C-CSH model. Excluding 
Tobermorite 14Å, the young modulus in the basal direction is decreased and this reduction is not 
function of the type of neutralizing agent. Juxtaposing diagrams (1-a) and (1-b) shows that the young 
modulus Ez is highly correlated to the enlargement of the specimens in the basal direction. In the case 
of moderately monotonic increase in the basal distance, it is observed that young modulus Ez 
decreases. All these three models have roughly the same slope of 15-20% of mechanical properties 
decrease in 10% of increase in aluminum incorporation. In Tobermorite 14Å, the basal distance is to 
some extent constant and this phenomenon demonstrate the particular behavior of this mineral in 
presence of aluminum substitution. The basal distance is increased as soon as cations are inserted in 
the interlayer spacing and this directly leads to a decrease in the young modulus Ez. The further 
insertion of cations is not effectively forcing layers to take apart and this coincides with increase in the 
young modulus in the basal direction.  It is inferred that the inserted cations are bonding to the non-
bridging oxygen atoms of silica tetrahedral dangling in the interlayer space and making a network 
between adjacent layers.  
 
Conclusions 
 
It was shown numerically that mechanical performance of CSH representing structures is deeply 
rooted to the atomistic morphology of those structures. The chemical stability of aluminum 
substitution is studied via atomistic simulation. It is shown that in the case of tobermorite minerals, the 
bridging position might be a little bit favored to the pairing position. Given the chemical stability, a 
series of combinatorial simulations are performed to measure the mechanical properties and 
geometrical measures of CSH structures of varying C/S ratios. 
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Abstract 

The objective of the paper is to assess the flow properties of concretes incorporating or not metakaolin as a 

function of the variation of the granular composition. The solid mix proportion of the concrete that was used per 

weight is 1:2:2.6 (binder: sand: coarse aggregates). The binder was composed of either 100% cement CEM I or 

a combination 85% CEM I + 15% metakaolin flash. The sand was composed of two fractions (50% each): the 

sand 1 (Sd1) 0/0.315mm and sand 2 (Sd2) 0.315/1.0mm. The coarse aggregates were prepared with five binary 

granular compositions, where the first part (FP) was 0/4mm, and the second part (SP) was 4/12.5mm. The 

binary composition was made according to five rates (FP/SP) per weight: 30/70, 40/60, 50/50, 60/40 and 70/30. 

The water/binder ratio was kept constant at a value of 0.6. A superplasticizer (vinyl copolymer type) was used in 

order to adjust a fluid consistency of the concrete. In the case of concrete incorporating metakaolin, whatever 

the granular composition, an extra quantity of superplasticizer was necessary to maintain the consistency 

because of the high cohesion. The properties measured at the fresh state were the slump and the rheological 

properties, shear-dependent and time-dependent ones by means of a concrete rheometer.  

Even though the slump is quite similar between concretes, the results show a great influence of the binary 

composition of coarse aggregates and metakaolin on the rheological properties of the concrete. In particular, a 

recovery of the structure was, in some cases, visible when metakaolin (MK) was incorporated. 

 

Originality 

The originality of the proposed paper is centred on the combined effect of the variation of the granular 

composition and the presence or not of metakaolin flash on the rheological properties at the concrete scale.  

 

Chief contributions 

The main contribution of this paper is the study of the combined effect of metakaolin and granular composition 

on the flow properties of concrete. This contribution can be of interest for concrete manufacturers. 
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1. Introduction 

Concerns about environmental preserving, issued from the high energy expense and CO2 emission 

related to cement manufacture, have brought about pressures to reduce cement consumption through 

the use of supplementary materials. Contrary to other pozzolanic mineral admixtures, MK is not the 

by-product of an industrial process; it is obtained from the calcination (600-900°C) of kaolinite clay 

that can be locally available in large quantities. Production of MK does not involve releasing large 

amounts of CO2 into the atmosphere and is less energy consuming than the production of clinker. 

Regarding strength and durability aspects, previous studies have shown that partial replacement by 

mass of cement with metakaolin (MK) in cement-based materials, in the range of 10% to 25%, was a 

potential solution, both under curing conditions at ambient temperature (Badogiannis, et al., 2002; 

Courard, et al., 2003) and steam cured conditions relative to the precast context (Cassagnabère, et al., 

2010). Regarding the flow properties of MK/cement-based materials in the fresh state, most studies 

clearly show that they are impaired, in the replacement level values of 5% to 25%, due to the 

important water demand of MK (Gaboriau, et al., 1996; Bai, et al., 2003). The high water requirement 

is often attributed to the high specific surface area and the irregular and platelike shape of MK 

particles, and can be compensated by the incorporation of a superplasticizer (Melo and Carneiro, 

2010). Thixotropic behaviour is also reported in the presence of MK, with some contradictory results. 

On the one hand, thixotropy is enhanced when MK is incorporated (Moulin et al, 2001), explained by 

the accelerating effect of MK on cement hydration, while, on the other hand, it is mainly due to the 

cement component and its hydration products and is somewhat lowered when MK is present (Curcio 

and De Angelis, 1998). Differences in properties of MK (purity, morphology) can justify these 

opposite results. 

Here, the effect of the incorporation of a metakaolin flash together with the effect of the variation in 

the composition of the granular skeleton (sand + gravel) on the properties (shear-dependent and time-

dependent) of fresh concrete are studied. The purpose of this paper is to highlight the importance of 

rheological tests to refine a concrete composition based on a placing context on site.  

2. Experimental program 

2.1. Raw materials 

A Portland cement CEM I 52.5R complying with the European standard EN 197-1 was used. A 

metakaolin issued from the flash calcination of a local kaolinite (South West, France) was also 

employed. Physical and chemical characteristics of both products are given in Table 1. The particle 

size distributions (laser diffraction – dispersion in water + ultrasound for MK, dispersion in ethanol + 

ultrasound for cement) are shown in figure 1a. 

Table 1: Main characteristics of cement and metakaolin 

Cement 

Specific Gravity 3.13g/cm
3
  BET N2 surface area 1.3 m

2
/g  Water demand

*
 0.275 Circularity

**
 0.780 

Chemical composition (wt %) 

SiO2 Al2O3 Fe2O3 CaO MgO K2O NaO2 SO3 LOI 

20.20 4.40 2.46 65.20 1.03 0.17 0.13 3.41 2.17 

Metakaolin 

Specific Gravity 2.60g/cm
3
  BET N2 surface area 13.0 m²/g Water demand

*
 0.570 Circularity

**
 0.776 

Chemical composition (wt %) 

SiO2 Al2O3 Fe2O3 CaO MgO K2O NaO2 SO3 LOI 

68.70 25.70 2.30 0.70 Trace 0.20 / / 0.8 

Molar proportion of mineralogical phase (%) 

Metakaolin Quartz Illite Hematite Water Other 

53 43 trace 1 1 1 
*
Minimum water/powder ratio per weight producing a thick paste and below which the mix (water+powder) 

looks like a humid soil (de Larrard, 1999a). 
**

 For a given powder, this is the mean value from 30000 grains analysed by the means of an optical microscope 

equipped with an automated particle characterization system. Circularity is the ratio of the perimeter of a circle 

with the same area as the particle divided by the perimeter of the actual particle image. 



An acrylic copolymer-based superplasticizer (density = 1.115; 35.0% by weight of solid content in the 

commercial solution) was incorporated in the concrete designs. 

Four fractions of siliceous aggregates were used (size distributions in figure 1b):  

- two crushed fine sands, 0/0.315mm (Sd1) and 0.315/1mm (Sd2) (specific gravity = 2680 

kg/m
3
, absorption coefficient Ab = 1.5% by mass);  

- a rounded coarse sand 0/4mm (S0) and rounded gravel 4/12.5mm (CA) (specific gravity = 

2620 kg/m
3
, absorption coefficient Ab = 1.5% for S0 and 1.1% for CA). 
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(a) Cement and metakaolin (b) Aggregates 

Figure 1: Grading curves of the solids used in concrete 

2.2. Concrete designs and mixing sequence 

The solid mix proportion in concrete was 1:2:2.6 per weight (binder: sand: coarse aggregates). The 

binder was composed of cement only or a combination of cement and metakaolin (85%/15% per 

weight). The fine sand was a binary composition of Sd1 and Sd2 (50%/50%) so that an optimized 

particle size distribution in the fine fraction of aggregates was achieved. The composition was 

determined from pilot tests and kept constant in this study. Conversely, the combination of coarse sand 

and gravel was varied. Then, based on the continuity of the size distribution and high packing between 

S0 and CA, five binary compositions were selected (S0/CA ratio per weight): 30/70, 40/60, 50/50, 

60/40 and 70/30.  

All batches, preliminary or adjusted, were mixed in an open-pan mixer with a vertical axis. Whenever 

possible, the amounts of water and superplasticizer (SP) added to the solids were kept constant, which 

corresponds to a water/binder ratio of 0.6 and a superplasticizer/powder ratio of 0.5% (% per weight). 

When the targeted slump was not achieved (200 mm  20mm) during preliminary batches, an extra 

quantity of superplasticizer was added in most cases. Both water and superplasticizer additions were 

necessary in the concrete incorporating metakaolin and made with the 70/30 combination of coarse 

aggregates (S0+CA). Finally, ten adjusted concretes were obtained and the mixing sequence was 

systematically as follows: 

- introduction of coarse aggregate (S0+CA), binder and sand (Sd1 and Sd2), homogenization for 30 s; 

- progressive incorporation of water along with the superplasticizer for 120s, next mixing for further 

150s. 

The concrete designs are gathered together in Table 2 (the air voids are not taken into account). 

Table 2: Mix designs (kg/m
3
) 

S0/CA  Cement MK Sd1 Sd2 S0 CA Water added SP 

30/70 
C1 376 0 376 376 292 681 226 1.88 

C1-MK 320 56 376 376 292 681 226 2.63 

40/60 
C2 376 0 376 376 389 584 226 1.88 

C2-MK 320 56 376 376 389 584 226 3.01 

50/50 
C3 376 0 376 376 486.5 486.5 226 2.63 

C3-MK 320 56 376 376 486.5 486.5 226 3.16 

60/40 
C4 376 0 376 376 584 389 226 1.88 

C4-MK 320 56 376 376 584 389 226 4.14 

70/30 
C5 376 0 376 376 681 292 226 1.88 

C5-MK 320 56 376 376 681 292 251 7.526 



2.3.Rheological tests 

Immediately after mixing, slump was measured to control the targeted fluid consistency (200 mm  20 

mm). At five minutes of age, 5-liter sample of each concrete was placed in a cylindrical tank and was 

subjected to shear by means of a helical impeller. Such a measuring tool generates axial flow which 

contributes to maintain the homogeneity of the suspension during the test. The shear-dependent 

properties were determined at variable but controlled rotational speeds. The same shearing history was 

applied for all concretes studied (figure 2). First, a rotational speed value of 0.5 rad/s was applied to 

measure the static yield torque from which the flow is initiated. Second, the rotational speed was 

increased by 1 rad/s at 5-sec intervals up to 6 rad/s in order to get free of the time-dependent behaviour 

(Legrand, 1972, Wallevik, 2009). To that end, the rotational speed of 6 rad/s was applied for 100 

seconds. Third, the torque at steady-state flow was measured from high to low rotational speeds. The 

RheoCAD rheometer used here was manually operated in order to wait for the steady state to be 

reached at each rotational speed. This procedure induced total shear duration of 400 seconds  30 

seconds depending on the concrete. After a 180-sec period at rest, the time-dependent behaviour was 

evaluated by subjecting the concrete suspensions to constant rotational speed of 0.05 rad/s during 200 

seconds. 
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Figure 2: Variations in rotational speed adopted  for 

shear-dependent and time-dependent measurements 

Figure 3: Static yield torque versus slump 

3. Results 

3.1. Need of rheological tests 

Despite the desired consistency is achieved for most of cases, figure 3 clearly shows that concretes 

with the same slump value may exhibit significant different rheological parameters. This 

observation recalls what was outlined earlier (Tattersall and Banfill, 1983, de Larrard, 1999b), i.e., the 

high importance of rheological measurements because the concrete flow cannot be defined by a single 

parameter as the result of an empirical workability test. At least in laboratory, at the stage of the 

concrete design, the importance of rheological characterization is becoming more and more marked 

due to the increasing number of constituents in a concrete composition and the implicit increasing 

interactions between them. 

3.2. Shear-dependent tests 

3.2.1. Rheological behaviour 

Neither the incorporation of metakaolin nor the change in the composition of the granular skeleton 

modifies the viscoplastic behaviour (Binghamian one), as shown in figure 4.  

3.2.2Influence of design parameters on flow properties 

Figure 5 presents the values of the static yield torque Ts and the coefficient of viscosity Cv. This 

coefficient corresponds to the slope of the fitted linear relationship between torque and rotational 

speed in the limit of the speed range investigated. Figure 5 deserves several comments. 

 

 



3.2.2.1. Effect of the combination of coarse sand and gravel on the flow 

When metakaolin (MK) is not incorporated, the increase in the coarse sand/gravel ratio per weight 

implies the increase in Ts and Cv values, except for C4 concrete. Contrary to C1, C2 and C3, the bulk 

density of the solids with and without cement remains constant for C4. This observation indicates that 

the packing of the aggregates (Sd1+Sd2+S0+CA) is not perturbed by the cement which exactly fills in 

the voids without loosening effect. Accordingly, the flow is improved. Regarding C5, even if the 

packing of aggregates is not altered by the insertion of the cement, the yield torque Ts is the highest 

and the viscosity coefficient Cv is similar to the one of C2 and C3; probably explained by the 

enhancement of the inter-particle friction due to the increase in the number of particles for a given 

volume of concrete. 

When MK is incorporated, the influence of the granular skeleton on the flow can be discussed from C1 

to C4 concretes only because an extra quantity of water was necessary to achieve the desired 

consistency for C5 (Table 2). The Ts values are not affected by the variation in the coarse sand/ gravel 

ratio while the evolution of the Cv values is quite similar as the one observed on concretes without 

MK. However, in all cases (C1 to C4), the incorporation of the binder (cement+MK) provides a 

constant increase in the bulk density of the solids. Accordingly, despite the difference in the size 

distribution between cement and MK and the change in the interactions between the finest particles, 

the influence of the composition of the skeleton of aggregates remains dominant on the flow. 

3.2.2.2. Effect of the incorporation of metakaolin on the flow 

The effect of the incorporation of MK on flow is dependent on the combination of aggregates. It is 

significantly marked when there is a lack of fines (C1) while it vanishes with the increase in fines (C2, 

C3 and C4). An explanation can be found in a similar morphology between cement and metakaolin 

(table 1). 

Regarding C5 concrete, the increase in the water and superplasticizer amounts to keep constant the 

consistency brings down the Ts and Cv values while maintaining the stability. This interesting result at 

the fresh state should be confirmed at the hardened state through the measurement of the compressive 

strength. 

So, in light of the results presented in sections 3.2.2.1 and 3.2.2.2, which granular skeleton should be 

chosen in relation to the placing of concrete in practice? Considering the ease of flow (the highest Cv 

values are observed for C3 and C3-MK concretes despite an increase in the superplasticizer dosage) 

together with segregation aspects (C1 concrete is slightly prone to segregation), C2 and C4 concretes 

(40/60 or 60/40 combination of coarse sand S0 and gravel CA, respectively) can be selected, whether 

or not metakaolin. Considering concerns about environment preserving, C2-MK and C4-MK concretes 

should be chosen. The time-dependent tests enable us to refine the choice (section 3.3). 
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Figure 4: Torque – rotational speed relationship – illustration of the Binghamian behaviour existing for all the 

concretes studied 
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Figure 5: Flow parameters  

3.3. Time-dependent tests 

After a period of rest, concretes were sheared at the lowest rotational speed allowed by the rheometer 

(figure 2). The resulting torque-time curves are plotted on figure 6. 
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Figure 6: Structural breakdown/build-up under shearing after a period of rest  

Before discussing on these curves, it is important to note that a sharp and quick increase in torque was 

observed as soon as the shear is applied (within 3-4 seconds) indicating that all concretes were 

strongly restructured. In all cases, the restructuration extent (t=0 on figure 6) was less than or equal to 

the static yield stress Ts measured a few minutes after mixing (figure 5a). Accordingly, the hydration 

effects did not yet overcome the previous shearing history. Subsequent to the restructuration, the 

curves exhibit a regular shape that is consistent with homogeneity of the shearing in the material. 

However, while a structural breakdown occurred for most of concretes, a structural build-up was 

conspicuous for C4-MK and C5-MK concretes. In these cases, it is evident that the incorporation of 

MK is a cause of this observation. The MK used here presents a significant amount of quartz (table 1) 

that contributes to a global circular particle shape (see also table 1). According to Curcio and De 

Angelis (1998), contrary to angular and platelike particle morphology, circular particle shape is prone 

to inter-particle bonds. This is, in some extent, in agreement with a study evidencing the build up of a 

structure in pastes blended with impure MK (31% quartz by weight) (Moulin, et al., 2001). In this 

study, at the concrete scale, the structural build up in presence of MK is really enhanced provided that 

the quantity of fines is increased in the granular skeleton, as it is the case in C4 and C5 concretes. 

Indeed, without MK (figure 6 on the left), the slope of the structural breakdown noticeably decreases 

for C4 and C5 concretes, indicating a starting of an inter-particle network due to the increased number 

of fine particles.  

From a practical point of view, the ability of restructuration at low shear rate can involve dead zones 

(overall movement of parts of concrete without visible shearing) inside the formworks at a small 

distance from the point of casting. Then, it follows a heterogeneous concrete at the hardened state with 

No MK MKNo MK MK

C1 C2 C3 C4 C5C1 C2 C3 C4 C5



high quantity of air voids. Nevertheless, if such dead zones are avoided by the means of a proper 

vibration, the capability of structural build up, once concrete is placed, can moderate bleeding, 

improve surface finishing and reduce formwork pressure.  

Hence, in this study, the rheological tests make possible the selection of a concrete composition (C2-

MK or C4-MK) depending on the placing context.  

4. Conclusions 

Faced with the increase in the number of concrete components and implicit complex interactions 

between them, the study of the fresh state of concrete is becoming increasingly important in predicting 

the flow related to a context of placing. Although a desired consistency (slump) is achieved, this study 

has shown that rheological tests can discriminate the shear-dependent and time-dependent properties 

of different concrete compositions. In particular, concretes made with fine granular skeleton and 

incorporating metakaolin flash at 15 mass percent replacement of cement exhibited structural build up 

after a period of rest. In practice, provided that proper means are used to maintain the real ease of such 

concretes to flow, their capability of restructuration, once placed, can be advantageously exploited to 

reduce some undesired properties (bleeding) and facilitate the conditions of production on site 

(decrease in formwork pressure). The structural build up can be explained, in some extent, by the 

significant content of quartz in the metakaolin used in this study. The resulting global circular particle 

shape is likely to enhance the flow during casting and develop an inter-particle network after placing, 

contrary to angular and platelike particle morphology. 
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Abstract 
The development of self-compacting concrete in Saudi Arabia under the hot and harsh conditions widespread in 
the Kingdom represents a real challenge. Moreover, the requirement of utilization of local fine materials in self-
compacting concrete is essential for mass production and cost reduction. The adequate additions of local fine 
materials as fillers in self-compacting concrete should render efficient plastic viscosity and ensure sufficient 
stability of all phases. However, an increased amount of fine materials requires the use of high range 
superplasticizer to get the desired flowability. The optimization of the rheology of self-compacting concrete 
necessitates the optimization of its paste phase, i.e. cement, water, fine materials and superplasticizer. A few of 
polycarboxylate-based super plasticizers intended for the production of self-compacting concrete are available 
in Saudi Arabia construction market, such as Glenium. The robustness of this type of superplasticizer with 
cement and fine material is critical. A little variation in the dosage of Glenium could lead to detrimental 
bleeding, segregation and formation of a thick powder layer at the concrete top surface. Formulation of robust 
mixtures of cement with Glenium and limestone dust is the aim of the current paper. A modified mini-slump test 
supported with photographic-based evaluation method is used. In this method an evaluation index called visual 
deposit surface index is taken as a qualitative and semi-quantitative index for the superplasticizer concentration 
range that should be tested. Binary combinations of cement with Glenium and limestone dust are evaluated in 
paste then being applied in self compacting concrete.  Different rheological properties such as T500, Slump flow, 
J-ring flow and visual stability index of SCC mixtures with limestone dust are determined at different times until 
a standard flow of 650 mm is attained. As an outcome of this research, a good agreement between the effective 
range of superplasticizer dosages obtained from the visual deposit surface index and rheological properties of 
concrete is attained. 

 
Originality of the research 
The current research presents a simple test method to optimize the incorporation of a polycarboxylate high 
range water-reducer admixture in self-compacting concrete using a photographic-based evaluation method. 
This method determines an effective and robust range of admixture dosages that can be added to SCC without 
creating significant segregation and without forming a remarkable layer of floated fine particles at the top 
surface. 
 
Contribution of the research 
The current research contributes to the increase in demand for using the local fine materials and admixtures in 
self-compacting concrete with minimum concomitant compatibility and robustness inconveniences. Moreover, it 
helps in the production of low cost self-compacting concrete in Saudi Arabia under the hottest, most dry and 
harshest climate in the world. 
 
Keywords: Optimization, Mini-slump test, Rheology, SCC 
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1. Introduction 
 
The optimization of superplasticizers used for self-compacting concrete (SCC) is essential to 
formulate successful and robust SCC mixtures [1-8]. The optimization of the key properties of SCC, 
namely, filling ability, passing ability and segregation resistance necessitates the optimization of the 
cementitious matrix, i.e. cement, water, fine materials and superplasticizer. Compatibility between 
cement and superplasticizer is one of the most critical concerns during the production of SCC 
mixtures, which arises when cement is blended with different types of additives known as fine 
powders [9-14]. When polycarboxylate-based superplasticizer, such as Glenium, is overdosed or 
surpassed the optimum dosage, the impurities as well as inactive or inactivated clinker components 
bleed onto the concrete surface forming a light color layer. During hardening, micro-cracks appear at 
this layer, which obliterate the aesthetic appearance of the top concrete surface as well as the quality of 
concrete during service. Formulation of robust mixtures of cement with Glenium and limestone dust 
using simple tests is the aim of the current paper.  
 
2. MATERIALS 

 
2.1. FINE POWDERS 
 
Ordinary Portland cement, identified as CEM meeting the requirements of ASTM C150, is used as the 
available binder to which other cementitious materials are added as partial cement replacements. CEM 
has a median grain size of 11µm. Limestone dust (LSD) is sourced from the East of Riyadh, Saudi 
Arabia with a median grain size of 19µm. The physical and chemical properties of the above 
mentioned powders are summarized in Table 1. The particle size distributions of the fine powders are 
shown in Figure 1.a.  
 

Table 1: Physical and Chemical Properties of Cementitious Materials 
Oxide composition (%) CEM LSD 

SiO2 20.2 1.93 
Al2O3 5.49 0.39 
Fe2O3 4.12 1.50 
CaO 65.43 52.29 
MgO 0.71 0.31 

Na2Oeq 0.26 0.05 
SO3 2.61 0.47 

Loss on ignition (%) 1.38 42.75 
Specific gravity 3.14 2.70 
Fineness (m2/kg) 373 348 

 
2.2. FINE AND COARSE AGGREGATES 
 
Natural and crushed sands (NS and CS, respectively) and coarse aggregate (CA10) of grain sizes 
shown in Figure 1.b were procured from Riyadh, Saudi Arabia with specific gravities of 2.59, 2.65 and 
2.63 g/cm3, respectively. The coarse aggregate has a nominal grain size of 10mm. These data were 
used in the mix design for SCC mixtures. 
 
2.3. CHEMICAL ADMIXTURE 
 
Glenium 51 is composed of modified polycarboxylic ether (PCE) polymer, which is one of the most 
common chemical admixtures used in the production of SCC and available in Saudi Arabia. It has a 
specific gravity of 1.1 and dry extract of 36%.  
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Figure 1. Particle and grain size distributions for fines powders (a) and aggregates (b) 
 
3. Experimental Scheme 
 
The experimental program was carried out in 2 phases. The optimization of PCE dosage in paste 
mixtures with different LSD replacement levels of 0, 5, 10, 20 and 30% was carried out utilizing mini-
slump test constituting phase-I. Phase-I was performed to relocate the obtained optimum PCE dosage 
to be successfully used in mini and lab scale concrete mixtures as the main part of phase-II. The 
replacement level of 20% LSD was investigated in phase-II. Particular mixing procedures and testing 
methods were adopted. 
 
3.1.  Mixing procedures and testing 
 
An electrical blender with two different sets of hand mixes and mixing bowls with spreading plate 
were used in this study. The whole test set-up is shown in Figure 2. In paste, the protocol of mixing 
was to pour CEM over water premixed with the selected PCE dose in bowl-1 then manually mixed for 
1 minute. Subsequently, 2-minute mechanical mixing at speed-1was applied followed by pause. Once 
5 minutes were reached, the paste was poured into the Cone-1 to uplift and measure the 2 
perpendicular spread diameters after the stop of the paste flow. The dimensions of Cone-1 are 
mentioned in Figure 3. The average of the 2 diameters of each mix was calculated and the average 
spread diameter data were plotted against the corresponding PCE dosages. After measurements, paste 
mixtures were cast in special moulds shape like the number 8 to measure the tensile strength when 
required and to be easily used in the visual representation alignment. In mini-scale concrete, the same 
procedures used in lab scale mixtures were used in mini-slump method. CA10 and NS were added to 
the bowl during mixing (Hobart) containing the absorption water followed by addition of CEM. Half 
of mixing water was added in 30 seconds to the bowl while keep mixing followed by the rest of water 
containing the selected PCE dosage in 30 seconds. After that, continuous 2-minute mixing was kept 
proceeded by 3-minute pause followed by 2-minute mixing. At 10 minutes, the spreading diameters 
and the flow time using mini-slump cone-2 were measured.  
 
3.2. Paste and concrete mix design  
 
A volume of 500ml was used in mini-slump tests for paste and mini-concrete mixtures while a volume 
of 30 L was used in concrete lab scale. A fixed water-to-binder ratio (W/B) of 0.3 was used. The 
volume-based mix design to correlate paste to concrete is shown in Table 2. The concrete mix design 
comprises in its composition the same volume proportions of paste constituents, as can be calculated 
from Table 2. It is important to remark that PCE dosage was calculated as a percent of the dry extract 
(D.E.) with respect to cement content.  
 
 
 

(a) (b) 



   
               Paste  Whole setup Concrete 

                               
             Paste               Concrete 

Figure 2. Mini-slump test setup and testing method 
 

Table 2. Volume-based mix design for the 2 phases  
Volume-based mix Proportions (%) Materials 
Paste (phase-I) Concrete (phase-II) 

CEM 51.50 19.41 
NS - 18.43 
CS - 12.07 

CA10 - 31.79 
Water 48.50 18.29 

 
4. Results and discussion 

 
���� Mini-Slump Test in Paste�
 
The visual representation of the tested control and LSD paste mixtures after hardening was achieved 
by aligning hardened samples alongside each other to make the selection of PCE dosage practical. The 
visual selection needs less effort to select the optimum PCE dosage, as simply presented in Figure 3. 
Alignment of hardened samples facilitates the visual selection of the optimum PCE dosage, as it 
depends mainly on the color differentiation by visual sense.  
 
The visually selected points from this method have shown a linear relationship between LSD 
replacement levels and the corresponding PCE dosages, as presented in Figure 4. The extension of this 
method to cover different water-to-binder ratios (W/B) will be shown with more details in another 
study. 
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Figure 3: Formation of a apparent powder layer at the critical PCE content   
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Figure 4: Paste visual deposit surface index (VDSI) from visually selected points as a function of LSD content  

 
From the graphical point of view, the selection of the optimum PCE content depends on a point on the 
graph at which there is no much variation in the average flow value, the inflection point. However, the 
selection of the PCE dosage from graphical presentation becomes difficult with an increase in LSD 
replacement level. The effect of different W/B ratios, the chemical nature of the white deposit and the 
reason for its formation are under investigation using XRD, DTA and TGA analyses. 
 
4.2. Concrete Mixtures Using Mini-Slump Test 
 
Prior to investigate the SCC mixtures in lab scale, the optimum PCE dosage in concrete using mini-
slump method has been investigated. During this study, it has been found that the demand in PCE 
increases from paste to concrete. This was attributed to the fine aggregate content (NS) and the fine 
powder in fine and coarse aggregates which increase the surface area, as shown in Table 2. The flow 
times of mini concrete control (Co) and 20% LSD (20LSD) mixtures with different PCE contents are 
presented in Figure 5(a). The optimum PCE dosages are around 0.22 and 0.39%, as D.E with respect 
to cement content. The obtained optimum PCE values were then investigated for the key properties of 
the lab scale SCC control and 20% LSD mixtures. Washing aggregates in control mix has lowered the 
optimum PCE content from 0.22 to 0.13 % due to the removal of fine particles, which needs less PCE. 
Consequently, the flow time has decreased from 13.3 to 6.7 sec due to the presence of extra PCE 
content which becomes available in the mix. Figure 5.b is directly obtained from Figures 4 and 5.a it 
shows the relationship between the optimum PCE dosages obtained from the VDSI in paste and 
corresponding mini-slump flow times in concrete mixtures. For example, the VDSI for control paste 
mixture is 0.11% and the corresponding value from concrete mini-slump flow time is 0.22%. The 
same for the 20% LSD mixture, the VDSI is around 0.18% and the corresponding value from mini-
slump flow time is 0.39%. Therefore, the optimum PCE dosage in concrete can be predicted from 
VDSI value. 
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Figure 5: Mini-slump Flow time with different PCE contents in control and 20% LSD concrete mixtures (a) the 

relation between optimum PCE contents from VDSI and mini-slump flow time for concrete mixtures  
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4.3. Lab Scale SCC mixtures 
 
The mix ingredients of the lab scale SCC control and 20% LSD mixtures are shown in Table 3 and 
their mix design proportions are mentioned in Table 2.  Different rheological properties such as T500, 
J-ring, V-funnel and visual stability index (VSI) of SCC control and 20%LSD mixtures were 
determined with time until a standard flow of 650 mm was attained. The optimum PCE contents for 
control and 20%LSD were 0.22 and 0.39%, respectively, as obtained from Figure 5.a. The results of 
the fresh properties are shown in Figures 6 and 7. The effect of adding 20% LSD on the T500, slump 
flow and J-ring flows is shown in Figure 7. The addition of LSD has increased the flow time and 
decreased the flowability with respect to the control mix. This is due to the interaction of LSD with 
cement as shown by others [15-18]. The test results are in the acceptable range and provide the 
anticipated key properties without white layer formation and segregation, as shown in Figures 6 and 7. 
Furthermore, the control mixture even in the absence of fine additives has shown no sign of 
segregation although the slump flow was 830mm, as clearly shown in Figure 6. The VSI index varies 
from 0 to 1 even under elevated slump flow, which is required under the hot and harsh condition of 
Saudi Arabia. As the J-ring test is always being done after slump flow test, at 10 min test the PCE 
becomes more efficient due to extra mixing; therefore, it gives a little bit higher VSI (from 0 to 1). As 
a result, it is preferable to prepare enough concrete and have extra SCC cones and plates to test and 
synchronize all the rheological properties at exact same time and skilled personnel.   
  

Table 3: SCC mixture ingredients 
 

Materials (kg/m3) CEM LSD NS CS CA10 Air (%) Water SP (%, D.E.) 
C0 600 - 470 315 823 1.6 180 0.22 

C20LSD 480 120 468 313 819 1.2 180 0.39 
 

 

    
Figure 6: Measurements of the rheological properties of control mix 

 
 

 
Figure 7: Measurements of the rheological properties of 20% LSD mix 

    
5. Conclusions 

 
The proposed visual method based on the formation of surface layer is effective; however, insight 
investigation is required to decipher the nature of this layer and the parameters affecting its formation. 
The visual representation of hardened samples using VDSI is practical and helpful. Furthermore, the 
introduction of flow time in mini-scale concrete test has given the test the practicality and 
repeatability. The mini-slump test extension to concrete scale has enabled the simulation of the lab 
scale mixtures saving time and materials under investigation. There is a linear relationship between the 
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proposed VDSI in paste mixtures and mini-slump flow time in mini concrete mixtures. The key 
properties data obtained from the lab scale SCC mixtures confirm the validity of the visual method 
based on VDSI index in combination with mini-slump flow time in concrete. As a conclusion, this 
research can be helpful in the development of cost-effective self-compacting concrete in Saudi Arabia. 
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ABSTRACT 
Cement pastes are concentrated suspensions of granular particles in water and their rheology strongly affects the 
behaviour of all concretes and other cementitious materials. While the rheology of cement pastes has been extensively 
studied over the last 60 years, leading to the general conclusion that cement particle shape, size and concentration are 
key variables, the overwhelming majority of the results to date have been expressed in terms of the effect of 
water/cement ratio on the measured rheological parameters. While this has been helpful in making empirical progress, 
a more fundamental approach requires that the concentration be expressed in volumetric terms. A suitable relationship 
is the Krieger-Dougherty equation: 
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Here )(φη  is the viscosity at solid volume fraction φ  of a suspension of particles whose maximum packing fraction is 

mφ  when dispersed in a medium of viscosity sη . ][η  is referred to as the intrinsic viscosity and varies according to the 

shape of the particles, from 2.5 for spheres up to very high numbers for fibres of high aspect ratio. While originally 
formulated for viscosity the Krieger-Dougherty equation can be used for other rheological parameters such as yield 
stress. From the relationship between  )(φη  and φ  curve fitting enables the values of mφ  and ][η   to be estimated for 

a liquid medium of viscosity sη . 

 
This paper uses a comprehensive series of datasets relating rheology and concentration, which have been collected 
from the literature over the past 60 years. Each dataset has been converted from the original water/cement ratio form 
to volume concentration and then fitted to the logarithmic transformation of the Krieger-Dougherty equation by linear 
regression. The logarithmic form makes it possible to use a linear fit, whereas the untransformed equation diverges to 
infinity at the maximum packing fraction which makes it difficult to assess the best fit of the data. 
 
The paper draws conclusions on the appropriate values of the suspension parameters (maximum packing fraction and 
intrinsic viscosity) for the different datasets and discusses the implications of the findings in the light of what we know 
about the properties of cement. It considers the validity of the equation for modelling the rheology of cement pastes and 
other cementitious materials. 
 
ORIGINALITY: 
The originality of this paper lies in the fact that no-one has attempted a widely applicable correlation between cement 
paste rheology and concentration which exploits the rich array of data that has been collected since research on cement 
paste rheology started. A graphical survey was carried out in Tattersall and Banfill’s book in 1983 but is purely 
empirical showing the range of measured rheological parameters obtained at a range of water/cement ratios. A few 
individual papers have attempted to fit their own data to the Krieger-Dougherty equation but the fit has mostly been 
made ‘by eye’. The logarithmic transformation of the equation has been used by Hendrickx et al but no attempt at a 
wider comparison was made. 
 
CHIEF CONTRIBUTIONS: 
An ability to model the rheology of cementitious materials depends on the veracity of the relationship between rheology 
and concentration. At the time of writing there is no generally applicable relationship for this and this paper offers the 
possibility of deriving such a relationship. This is a novel contribution. 
 
KEYWORDS: Cement paste, rheology, concentration, plastic viscosity, yield stress 
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1. INTRODUCTION 
 
An ability to model and predict the flow behaviour of fresh cement based materials is important to 
optimise their performance in use. Flow of concrete into formwork, pumping, compaction by 
vibration, injection of grout, oilwell cementing and application of mortar by hand are all situations 
where rheology is a controlling factor. Increasing use of computer-based modelling and simulation 
requires good quality data on the rheology of the materials concerned, all of which is governed by the 
rheology of cement paste, the universal constituent of all cement based materials. 
 
The rheology of cement pastes is generally well explained by the Bingham model, although many 
other equations of flow, all involving a yield stress, have been used to characterise the experimental 
data obtained (Banfill, 2006). Tattersall and Banfill (1983) presented an empirical graphical 
compilation of data showing the inverse exponential relationship between water/cement ratio WC and 
the yield stress �0 and plastic viscosity � of cement pastes, which has been widely used by others, and 
takes the form 
 

WCBeA 1
10

−=τ    and WCBeA 2
2

−=µ       (1) 

 
where A1, A2, B1 and B2 are constants. However, water/cement ratio is an inconvenient concept for 
fundamental studies, all of which use solid concentration as the controlled variable (Buscall et al, 
1987, Zhou et al, 1999). A widely employed relationship in studies of suspension rheology is that of 
Krieger and Dougherty (1959), the use of which for cement pastes was investigated by Struble and 
Sun (1995): 
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Here )(φη  is the viscosity at solid volume fraction φ  of a suspension of particles whose maximum 

packing fraction is mφ  when dispersed in a medium of viscosity sη . ][η  is referred to as the intrinsic 

viscosity and varies according to the shape of the particles, from 2.5 for spheres up to very high 
numbers for fibres of high aspect ratio.While formulated for the viscosity of Newtonian liquids, it can 
be applied to Bingham materials to predict the variation of yield stress and plastic viscosity. However, 
defining the parameters of the equation from experimental data is uncertain because predicted yield 
stress and plastic viscosity diverge to infinity as the volume fraction approaches the maximum packing 
fraction. A possible solution lies in the use of the logarithmic form of the equation, as was done for 
mortars by Hendrickx et al (2009). 
 
This paper applies the logarithmically transformed equation to a number of experimental datasets, 
most of which have been published in the literature, and investigates the possibility of deriving 
generally applicable values of the material constants in order to facilitate their use in the modelling of 
cement paste rheology. 
 
 
2. THEORY 
 
The solid concentration in a cement paste is defined by the volume fraction φ  and is related to the 
water/cement ratio by mass as follows 
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where wρ and cρ are the density of water and cement respectively. In this paper the density of cement 

is taken as 3150 kg/m3, so equation 3 becomes 
 

( )3175.03175.0 += WCφ          (4) 
 
The logarithmic form of the Krieger-Dougherty relation (equation 2) is 
 

)1ln(][)ln()(ln mms φφηφηφη −−=         (5) 

 
From this a graph of lnη against )1ln( mφφ− should be a straight line with intercept )ln( sη  and 

slope ][ηφm− . Since the liquid medium in a cement paste is water, by definition 001.0=sη Pa.s and 

therefore )ln( sη = –6.91. This also applies to the plastic viscosity of a Bingham material so from a set 

of volume fraction – plastic viscosity data it is simply necessary to choose by inspection a value of 

mφ such that the intercept of the graph, obtained by extrapolating the experimental points, is -6.91. The 

value of ][µ is then obtained from the slope of the line. 
 
In principle, the same process can be used for yield stress but the fact that the yield stress of the liquid 
medium is zero makes extrapolation impossible. In practice using the same value of mφ  as for plastic 

viscosity will give a value of (�0)s that is zero within experimental error. Since [�] and [�0] are 
constants that reflect the geometrical features of the particles in the suspension their values should be 
similar. 
 
 
3. PROCEDURE 
 
35 datasets from 14 reference sources, reporting the effect of water/cement ratio (or in a few cases 
volume fraction) on measured yield stress and plastic viscosity were used. The criteria for inclusion in 
the study are (i) there are at least four points, i.e. four different water/cement ratios, (ii) there are 
values for both yield stress and plastic viscosity at each water/cement ratio, (iii) the material is 
Portland cement alone, i.e no limestone, flyash, slag etc, to ensure that the assumed density of 3150 
kg/m3 is valid, and (iv) the pastes are of cement and water only with no admixtures present. Many 
sources do not report the mixing method used and some do not mention the type of rheometer used for 
the tests, matters that have been criticised previously (Tattersall and Banfill, 1983). In most cases the 
values of yield stress and plastic viscosity were obtained by reading graphs and some datasets had to 
be disregarded because the graphs are just too small to be readable. 
 
After conversion of water/cement ratio to volume fraction using equation (4) the value of mφ was 

varied until the best fit straight line through the graph of ln µ against )1ln( mφφ− by linear regression 

gave an intercept of –6.91. [�] was obtained from the slope of the graph. The same value of mφ was 

used for the graph of ln 0τ against )1ln( mφφ− in order to obtain the values of (�0)s  and [�0]. All 

statistical calculations used the appropriate functions in Excel®. 
 
 
 
 
 



4. RESULTS 
 
Figure 1 is an example of a set of data (Ish-Shalom and Greenberg, 1962), from which mφ = 0.562. 

The lines calculated by linear regression and their respective equations are marked on the graph, from 
which the plastic viscosity line, with its high value of R2 suggesting a good fit to the data, has an 
intercept of –6.91. The intercept of the yield stress line is –1.98, corresponding to (�0)s  = 0.14 Pa. This 
can be considered to be zero within experimental error because the data for yield stress was obtained 
by extrapolating each flow curve to zero shear rate and controlled shear rate rheometers cannot, by 
definition, be exact at zero shear rate. The points in the yield stress data set have wider confidence 
intervals and this is reflected in the lower R2 value and the error in the intercept. Clearly, since ln0 = –
� the actual value for an infinitely dilute suspension is almost meaningless. Finally, for this set of 
data, [�] = 4.25 and [�0] = 3.53. These are slightly lower than but still consistent with the parameters 
reported by Struble and Sun (1995), which were in the ranges  mφ = 0.64 - 0.80 and [�] = 4.5 - 6.8. 
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Figure 1: ln µ  (lower line) and ln 0τ  (upper line) plotted against )1ln( mφφ− . Data of Ish-Shalom and 

Greenberg, 1962. 

In choosing the value of mφ to give the best fit straight line through the graph of ln µ against 

)1ln( mφφ− by maximising R2 it was found that in 6 of the 35 datasets it was impossible to choose a 

rational value. In these cases the best fit value of mφ  either exceeded 1.0 or fell below the highest 

value of φ in the dataset, both of which are impossible by definition. These datasets were therefore 
excluded from further consideration. Of the remaining 29 datasets, it was possible to adjust the value 
of mφ to achieve a best fit line that achieved an intercept of –6.91 in only 21 cases. It was felt 

inappropriate to artificially fix the value of the intercept at –6.91 in the remaining 8 cases as this 
would have biased the conclusions. Thus, in 21 datasets it was possible to follow the procedure 
outlined in section 3. The outcome of this exercise is summarised in Table 1.� 
 

Table 1: Values of mφ  to achieve )ln( sη  = –6.91 

Individual values of mφ  Mean Median value 

0.4, 0.477, 0.5, 0.51, 0.52, 0.521, 0.53, 0.561, 0.562, 0.562, 0.585, 0.59, 
0.59, 0.615, 0.645, 0.748, 0.775, 0.784, 0.79, 0.93, 0.988 

0.63 0.585 

 



For the 29 cases where it was possible to choose a rational value of mφ to give a best fit straight line 

even with a different intercept from –6.91, the values are given in Table 2. 
 

Table 2: Values of mφ  to achieve best fit of ln µ against )1ln( mφφ−   

Individual values of mφ  Mean Median value 

0.42, 0.45, 0.45, 0.46, 0.46, 0.47, 0.47, 0.48, 0.495, 0.5, 0.5, 0.52, 0.52, 
0.52, 0.52, 0.53, 0.53, 0.53, 0.54, 0.565, 0.58, 0.59, 0.62, 0.65, 0.65, 
0.65, 0.65, 0.9, 0.988 

0.54 0.52 

 
In both Tables 1 and 2 the mean is higher than the median value, suggesting that the two values above 
0.9 are skewing the distribution. When these are removed the means fall from 0.63 to 0.59 and 0.54 to 
0.51 respectively, similar to the medians. Thus the most suitable general value of mφ  to achieve the 

twin objectives of a good fit to the measured data and an intercept near to –6.91 is mφ = 0.55. 

 
It is now possible to apply mφ = 0.55 to every one of the 35 datasets to obtain an overall relationship. 

Figure 2 includes 161 data points, including both those from datasets for which it was impossible to 
find a rational value of mφ  and those with an intercept significantly different from –6.91. The best fit 

straight lines are plotted, and presented with their respective equations obtained by linear regression. 
The value of R2 is higher for the ln µ  graph than for ln 0τ which is consistent with the smaller spread 

in the data, but both are highly significant correlations. In view of the difficulty in assigning an 
appropriate value of the intercept in the ln 0τ graph no attempt is made to force the line to an intercept. 

On the other hand, for the ln µ  graph the free linear regression gave an intercept of –6.4 (R2 = 0.7), 
which is not significantly different from –6.91. Using the standard error on the slope to give the 90% 
confidence interval, from the ln µ  graph the slope is –3.31±0.21 and intrinsic viscosity [�] = 6.0±0.4 

and from the ln 0τ graph the slope is –1.75±0.24 and intrinsic yield stress [�0] = 3.1±0.4. Finally, a 

prediction interval can be defined from these data. According to Chatfield (1975) there is a probability 
(1-�) that a future observation of y at a point x0 will lie between 
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Setting y = ln µ , x = )1ln( mφφ− , x0 = –1.5, 0â = -6.91, 1̂a = –3.31 and 2,2/ −ntα = 1.655 at � = 90%, 

x is the mean and xi is the ith value of x, with n = 161 and sy:x is the standard error, gives the 
prediction interval at )1ln( mφφ− = –1.5 as 1.945±1.356. The dashed lines on Figure 2 represent this 

prediction interval and, as expected, about 12 points out of 161 lie outside these limits. Repeating the 
same process for the yield stress line gives the prediction interval at )1ln( mφφ− = –1.5 as 

2.873±1.563. The dashed lines on Figure 2 show that about 20 points lie outside these limits. 
 
These relationships can now be summarised as a pair of formulae, expected to be able to predict yield 
stress and plastic viscosity of cement pastes at solid volume fraction φ  with 90% confidence: 
 



ln 0τ = 0.24 – (1.75±1.2) ln(1 – φ /0.55)        (7) 

 
ln µ = –6.91 – (3.3±1.0) ln(1 – φ /0.55)        (8) 
 

y = -1.7557x + 0.2388
R2 = 0.4791

y = -3.3107x - 6.91
R2 = 0.6584
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Figure 2: ln µ  (lower line) and ln 0τ  (upper line) plotted against )1ln( mφφ− for 161 points 

4. DISCUSSION 
 

mφ in equation 2 is typically between 0.6 and 0.7 for mono-sized spherical particles and decreases for 

asymmetrical particles and flocculated dispersions because they cannot pack together so closely. 
Polydispersity enables closer packing, with higher mφ . Additionally mφ increases with shear rate, e.g. 

from 0.63 to 0.71 over a 105 fold range of shear rate (Barnes et al, 1989). Struble and Sun (1995) gave 
0.64 for a single flocculated cement paste, at high shear rate: their 7 values for dispersed cement were 
higher (up to 0.80). Therefore the value of 0.55 obtained from here seems reasonable for undispersed 
cement pastes at low shear rates. [�] is 2.5 for spheres, 3 to 5 for angular particles and higher still for 
rods or fibres (Barnes et al, 1989). The observed value of 6 is consistent with the kind of irregular 
flocculated structure likely to be found in a cement paste. The observed value of the intrinsic yield 
stress [�0] of 3.1 is lower but this is again reasonable because yield stress is more strongly affected by 
interparticle interactions and thus the state of flocculation in the paste than the plastic viscosity. 
Struble and Sun (1995) reported values of 4.5 to 6.8, of which one (6.3) was for a flocculated paste. 
 
The validity of equations 7 and 8 may be checked by using them to predict the yield stress and plastic 
viscosity of plain cement pastes from other datasets, see Table 3. Only two of the ten measured values 



fall outside the prediction interval, and one of those is only marginal. This shows that the prediction 
equations are satisfactory, but the prediction intervals are wide, covering a 6- to 40-fold range. This 
reflects the experimental differences in paste preparation, test methods and materials (Banfill, 2006). It 
would be interesting to extend the analysis to dispersed cement pastes containing superplasticisers. 
 

Table 3: Comparison between measured yield stress (Pa) and plastic viscosity (Pa.s) and the 90% prediction 
interval for equations 7 and 8.   

Reference φ  
Lower

0τ  
Mean 

0τ  
Upper 

0τ  
Measured 

0τ  
Lower 
µ  

Mean 
µ  

Upper 
µ  

Measured
µ  

Nehdi and 
Rahman 2004 

0.443 2.0 13 83 12 0.043 0.21 1.6 1.28 

Nehdi and 
Rahman 2004 

0.388 1.6 6.3 26 7 0.017 0.057 0.25 0.34 

Rudzinski 1984 0.346 1.4 4.3 13 10 0.01 0.026 0.088 0.045 

Rudzinski 1984 0.328 1.3 3.7 10 8 0.008 0.02 0.06 0.03 

Puertas et al 
2005 

0.443 2.0 13 83 38 0.043 0.21 1.6 0.8 

Grzeszczyk 
1997 

0.388 1.6 6.3 26 13 0.017 0.057 0.25 0.26 

 
5. CONCLUSIONS 
 
The logarithmic form of the Krieger-Dougherty equation has been fitted to 161 measured values of 
yield stress and plastic viscosity of cement pastes, taken from 14 reference sources. Prediction 
equations for these two parameters have been derived and are able to predict the properties of cement 
pastes that were not part of the original datasets. 
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Abstract 
Nowadays the cements with pozzolanic and hydraulic additions are an important option to decrease the environmental 
impact of the cement production, since besides substituting partially the cement; they allow the consumption of 
industrial wastes which are potentially environmental pollutants. In line with this, the aim of this research was the study 
of composite cements pastes with up to 50% of replacement materials as fly ash (FA), metakaolin (MK), ground 
granulated blast furnace slag (GGBFS) and geothermal silica waste (GSW). The latter is a by-product of geothermic 
electric power plants that produce energy by means of steam and brine extraction from the underground. Since the 
GSW had a nanometric particle size, it was incorporated to the systems in an alkaline suspension, which modified the 
rheology of the pastes, the pH and the content of Ca and Si ions in the pore solution, affecting the final properties of the 
cements. Cubic composite cement pastes samples of 50mm were prepared with a w/s ratio of 0.4, using replacement 
levels of 50%, 40% and 30% of the mentioned additions. The setting and curing temperatures were 20° and 50°C. The 
samples were cured up to 180 days. After the compressive strength tests the composite cements were analyzed by means 
of XRD and SEM. The results indicated that the compressive strength was improved with the incorporation of the 
replacement materials, primarily due to their pozzolanic and hydraulic behaviour; accelerating the hydration reactions 
and helping in the CSH gel generation. The hydration temperature also affected the mechanical properties, with an 
increase in the early ages and a reduction after 28 days of hydration. The fine and uniform particle size distribution of 
the GSW suspension provided a higher specific surface increasing the reaction rate and the formation of new hydration 
products through the calcium hydroxide consumption. The depletion of the CH was corroborated by means of XRD 
analyses. Furthermore, the GSW diminished the porosity, observing more compact structures (using SEM) and 
increasing the Si-O-Si bonding. The effect of the GGBFS was observed at long hydration periods, with an increase of 
the compressive strength. The FA and MK also modified the mechanical strength but its effect was lower compared to 
the GSW. 
  
Originality 
This work involves several innovation aspects from different points of view. One of them is related with the development 
of new cementing materials, which could reduce the CO2 emissions to the atmosphere; contributing also with the 
continuous searching for applications of several industrial wastes which, could be used as replacement materials of 
portland cement with the aim to obtain those environmental improvements. The major innovation in this work is the 
design of alternative materials mixtures, which include the analysis of multi-composite cements including a nanosilica 
waste (the GSW described above) which contributed to the enhancement of the properties of the composite cements, 
increasing its potential application. This material was added as an alkaline suspension that represents another 
innovation in this work. The use of composite cements, with a suitable combination of Portland cement and four 
additions as GSW, FA, MK and GGBFS results in a more rational employment of the natural resources and industrial 
wastes. Through the incorporation of these alternative waste materials the characteristics and properties of the 
composite cements were enhanced; including also the recovering and recycling of those industrial byproducts 
 
.Chief contributions 
The major contributions of this research are the environment protection, the design of a new mixture to produce 
composite cements with outstanding properties and the preparation of a suspension with the GSW uniformly dispersed 
in order to use it as a potential addition in the cement which could act not only as microfiller, but also enhancing the 
mechanical and microstructural properties. To reach these goals, the work comprises the production of the quaternary 
cements, which will have the potential to reduce costs, CO2 emissions and the generation of industrial wastes, since the 
GSW represents a huge problem to the geothermal plants without utilization currently. Also, these composite cements 
using quaternary blends enhance the potential use in many aspects, so there is growing interest in the development of 
these types of cements. Since they could be optimized to achieve synergetic effects, which allow obtaining materials with 
outstanding characteristics. Alternative materials such as industrial wastes have successfully been used with Portland 
cement in order to produce high performance blended cements that are less expensive and environmentally friendly, as 
well as economical and environmental advantages by reducing CO2 emissions. 
Keywords: Blended cements, hydration, geothermal silica waste  
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Introduction 
 
The solid waste management is one of the major environmental concerns in the entire world. In the 
cement production the use of waste as partial replacement material is common but limited in several 
countries. The use of industrial waste with hydraulic or pozzolanic characteristics, as alternative 
materials in order to partially replace the cement has a clear growth potential, by consuming and 
recycling this wastes and also conserving natural resources and reducing emissions of pollution gases 
into the atmosphere.  
 
As a result, currently the utilization of other materials that allow the development of new composite 
cements with highest chemical and mechanical properties is investigated. Additionally, some of the 
materials that are already used as additions like pozzolans and slags, have also a microfiller effect in 
cements. According to Mehta et al. (1983) the pozzolanic material reactivity is defined by the 
hydraulic index degree and the amorphous structure that the material had.  
 
Therefore, the aim of this research is to develop new cementious materials which need fewer natural 
resources and at the same time produce less pollution to the atmosphere, generating quaternary 
blended cement with an enhancement of the mechanical and chemical properties.  One of the materials 
used in the work is a geothermal silica waste generated in México; several reports indicated that is a 
potential addition of the portland cement with similar characteristics than the silica fume, but without 
an application nowadays. 
 
1. Materials and Methods 
 
The materials selected for the development of this project were Portland cement that was obtained 
from Cemex México and four replacement materials: two different types of ground granulated blast 
furnace slag (SLAG1 and SLAG2) with different chemical composition, hence different hydraulic 
index (see table 1a) and amorphous phase percentages as shown in the figure 1, fly ash type F, 
metakaolin and geothermal silica waste obtained from the Comision Federal de Electricidad in Baja 
California, Mexico. The main characteristics of the GSW were: chemical composition rich in 
amorphous silica with traces of sodium and potassium chlorides, the particle size in the range of 10-50 
nm (see Figure 2), white color and density of 2.1g/cm3.  

                   
Figure 1: XRD patterns of the 2 types of slags    Figure 2: Micrograph of Geothermal silica waste by TEM.  

 
Different systems of blended and neat cement pastes with w/c ratio of 0.4 and 0.4% of superplasticizer 
were prepared, cured up to 180 days. All the experiments were hydrated at 20 and 50 °C. The 
replacement levels used were up to 50% of OPC as can be seen in Table 1b. The GSW was added to 
the systems as an alkaline suspension, to modify the pH in the mixes, the rheology of the pastes and 
the content of Ca and Si ions in the pore solution, which could directly affect the final solid and 
aqueous phase composition of the blended cements.   After the hydration periods of 3 to 180 days, the 
samples were characterized by means of compressive strength:  then solid fractions of the samples 
were crushed washed in acetone and dried at 50°C in order to stop the hydration reactions. TGA/DTA 
analyses were carried out in open vessel with helium flux using 10 mg of powdered cement at 20 



°C/min up to 980°C. The XRD experiments were performed to evaluate the mineralogical composition 
of the powdered samples, scanned between 5° and 85°. The microstructure was analyzed using 
backscattered electron images in SEM. 

 
Table1. Chemical composition of the materials used (a) and experimental systems (b).  

(wt%) OPC SLAG1 SLAG2 FA GSW MK 

SiO2 18.69 35.55 31.49 60.67 94.76 58.71 
Al2O3 4.73 9.978 9.41 26.08 0.173 23.54 
Fe2O3 2.17 1.065 0.51 5.473 0.0387 1.86 
CaO 64.55 38.84 43.45 2.689 0.418 7.18 
MgO 1.77 7.869 8.786 0.749 - 0.14 
TiO2 0.21 2.38 1.42 1.23 - 0.36 
Na2O 0.25 0.426 0.325 0.729 0.296 0.58 
K2O 0.69 0.571 0.442 1.8 0.22 0.81 
MnO 0.074 0.897 1.26 - 0.0457 - 
P2O5 0.125 - - - - 0.5 
Cl - - - - 0.0547 - 

SO3 4.12 2.41 2.89 0.532 - 1.68 
PPI 3.60 - - - 4.96 - 
BET 

(m2/kg) 
523 494 - 446 665 - 

 
2. Experimental result  
 
2.1. Compressive Strength.  
 
The results of compressive strength for all cements with the two different slags cured at 20 and 50°C 
respectively are presented in Fig 3. All the blended cements showed a reduction in the compressive 
strength development at early ages compared with the OPC. However, at long hydration periods the 
evolution of the values in the blended cements shows significant differences. The highest strengths 
were those with 50% of replacement, 10% of GSW and the SLAG1 cured at 20°C. This behavior is an 
agreement with Verbeck and Helmuth (1968) who claimed that at lower temperatures the hydration 
products have enough time to diffuse and precipitate uniformly in the cement paste forming a 
relatively compact matrix of hydration products. Nevertheless, at higher hydration temperatures, the 
reaction rate is higher than the diffusion rate and most of the hydration products remain near to the 
anhydrous cement grains, leaving the interstitial space relatively open. Following from this, after 28 
days of hydration, the strength of the neat cement cured at 50ºC decreases, this phenomenon has been 
previously reported for neat and blended cements with GSW (Beatriz de León Malacara, 2007 and L. 
Y. Gómez-Zamorano et al., 2004).  
 
In a general way, the pozzolanic silica additions accelerated the hydration of the OPC as nucleation 
sites at the beginning and then by the production of CSH consuming the CH. Nevertheless previous 
reports indicate that an increase in the replacement lever higher than 30% with pozzolanic additions 
with small particle size could be prejudicial to the hydration process (Mehta, P.K., 1989).  
 
In the system with the lowest amount of GSW and the higher amount of FA (see S4) the early gain of 
compressive strength presented a reduction compared with the rest of the systems. This behavior could 
be related with the poor reaction of the FA, which at the initial stages could only be helping in the 
rheology of the pastes, but not contributing with sites of nucleation and acceleration of the cement 
reactions, which could lead a diminution of the early compressive strength values; however, the final 
values of the three systems with SLAG1 presented a considerable increase in the mechanical 
properties compared with the neat cement (see S1 and S3).  The effect of SLAG2 is also showed in the 
graph, with a diminution in the mechanical strength compared with SLAG1, but as the rest of the 
systems with higher properties compared to the neat cement. Fig.3b presents a comparison between 
the OPC and blended cements cured at 50°C, in early age the mechanical properties are higher for the 

Systems 
Replacement level (%) 

TEMP 
OPC SLA1 SLAG2 FA GSW MK 

T1 100 - - - - - 

20°C 
S1 50 30 - 5 10 5 
S3 70 10 - 5 10 5 
S4 50 30 - 10 5 5 
S7 50 - 30 5 10 5 
T7 100 - - - - - 

50°C 
S13 50 30 - 5 10 5 

a 

b 



OPC, although after 28 days this behavior was reverted, observing an increase in the compressive 
strength for the blended cements cured at room temperature, this effect could be due to the 
phenomenon explained above. 

     

 
Figure 3: Compressive strength of:  (a) samples cured at room temperature and (b) comparative with the increase 

in the temperature. 
2.2 XRD Analysis.  
 
The cement hydration was followed by means of the estimation of the changes in the peak intensity of 
crystalline phases in the XRD patterns and changes observed in TGA/DTG analyses.  
 
Figure 4 shows the X ray diffraction patterns of the neat and blended cements with 50 and 30% of 
replacement, cured at 20°C up to 28 days. From Figure 4 is possible to observe that the hydration 
products formed are similar in the different samples. Nevertheless, the main difference observed 
between neat and blended cements is the consumption of the calcium hydroxide (CH) due to the 
pozzolanic reaction which could be related with the increase in the compressive strength values.  
Following from this, the strong pozzolanic behavior was affected by the silica load (red line with 10% 
of GSW and pink line with 5% of GSW) and curing temperature, with the highest CH consumption at 
10%GSW and 50ºC. This evidenced the pozzolanic behavior of the GSW, which is similar to those 
reported by other authors with different pozzolanic materials (V. Yogendran et al, 1991).  
 
 

a 

b 



        (a)                                                                                   (b) 

 
Figure 4: X ray diffraction resultsfor all the systems at (a) room temperature and (b) 50°C. 
M=monosulphoaluminate, A=alite, B=belite, Q=Quartz, C=calcite, CH=Calcium hydroxide, Y=gypsum, 
F=ferrite  
 
2.3 TGA/DTA Analysis.  
 
As mentioned before, the TGA analyses were performed to follow the hydration of the neat and 
blended cements.  The amount of ettringite, gypsum and portlandite was estimated from the weight 
loss between 50-110,110-140 and 440-500°C respectively. Also, the DTA analysis showed the 
formation of C-S-H gel, AFm, Hydrocalcite and Portlandite phases as observed in the Fig. 5. 
Additionally, the data indicated a decrease of calcite but a formation of calcium monocarbonate in all 
of the blended cements compared with the OPC. Kuzel et al. (1996) reported the formation of 
monocarboaluminates in the presence of carbonates, which prevents the formation of ettringite, and 
generation of monosulphoaluminate, as indicated by the green line, and also observed in the XRD 
results in fig 4. 
 
The reaction of the replacement materials is reflected by the increase in the amounts of C-S-H gel in 
the range of 100-200°C and the decrease of CH in the range 450-550°C, indicating the strong 
pozzolanic behavior of the replacement materials. The presence of calcite was also observed at 
approximately 730°C, at the same time the presence of a second peak at 700°C which refers of CO2 
liberation, indicating the formation of calcium monocarboaluminate, as mentioned before. The 
reduction in the AFt content was also observed for the blended cements.   

 
Figure 5: TGA data of all systems at room temperature. Ms=monosulphoaluminate, Mc = monocarbonate and 

CaCO3=calcite 



2.4 Scanning electron microscopy.  
 
The samples of neat and blended cements were hydrated for 90 days at 20°C and analyzed by means 
of backscatter electron images (see Fig. 6) at 500 magnifications.  
 
The main features observed are those commonly presented in cement pastes with water/solids ratio of 
0.40, with a fraction of the cement unreacted, with calcium hydroxide crystals (for the neat cement) 
and porosity dispersed throughout the microstructure. All the blended cements (Fig. 6.S1, 6.S7 and 
6.S13) showed a similar microstructure and chemical evolution, with cement grains already reacted 
and a more compact matrix compared to the neat cement (Fig. 6.T1). The reduction in the porosity 
could be due to: A) the filler effect of FA and GSW, but also the latter as nucleation sites due to its 
nanometric particle size, B) calcium hydroxide consumption by the pozzolanic reaction forming new 
hydration products. Fig. 6.S13 shows the microstructure of a blended cement (system 13) cured at 
50°C, where it is possible to observe some cement grains with irregular rims due to the onset reaction, 
which occur so fast at elevate temperature that the system had not enough time to generated the 
hydration products and the porosity was increased.  A similar pattern was observed in samples with 
SLAG2 (figure 6.S7) as with the presence of SLAG1 with similar hydration products and a reduction 
in the porosity. Some of the reaction products included: C-S-H-AFm-C-A-S-H.  
 

             

             
Figure 6: Backscattered electron images illustrating the microstructure of samples cure at room temperature for 
neat cement (T1), blended cement with 50% of replacement and SLAG 1 (S1), blended cement with 50% of 
replacement and SLAG 2 (S7) and   blended cement with 50% of replacement and SLAG 1 but at 50°C (S13), 
the identification of the SEM image corresponding to the system. 

 
 
 
 
 

S1 

S7 S13 

T1 



3. Conclusions 
 
According to the results, the reactivity in the blended cements is strongly affected by the amorphous 
physical state of the SLAG 1, providing better mechanical strength properties in the systems with high 
replacement levels. 
 
At the same time, the use of high concentrations of a suspension of GSW has been prove a favorable 
evolution and reactivity of hydration products, generating higher nucleation sites and obtaining more 
compact matix and better properties in the microstructure. 
 
The strong pozzolanic behavior of the GSW was evidenced by the consumption of the CH  and 
generation of C-S-H gel as showed in the XRD and TGA results, the high reactivity of this material is 
due to its composition, high fineness and its amorphous state, but especially the used of this material 
as a suspension promoted excellent physical, chemical and mechanical properties.  
 
In general, the use of high rates of hydraulic and pozzolanic materials in the formation of  quaternary 
cements,  produced  an increase in the mechanical properties of the systems, as well as in the hydration 
reactions enhancing the final microstructure by means of the reduction of the porosity.   
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Abstract 
Cement grinding is an energy intensive process. Electrical energy consumed for grinding clinker is typically around 
40% of the global electrical energy used in cement production. Specific industrial power consumption depends on 
clinker composition and ranges approximately from 30 to 80 KWh/t. Conventional-type mill has very low yield which 
partly justifies the large energy consumption.  
Additives permit to improve grinding efficiency and/or reduce energy consumption with positive effect on cement 
quality too. The effectiveness of grinding aids is difficult to be evaluated by laboratory tests and a final judgement on 
the advantages of their use can be given only by carrying on industrial tests. Nevertheless laboratory tests are 
necessary for preliminary evaluations of grinding aids efficacy and development of new formulations. 
The present work is aimed at investigating the possibility offered by Zeisel mill in order to forecast grinding aids 
effectiveness. Till now this mill has been mainly used to measure clinker grindability without the presence of cement 
additive. In a first part the paper presents grindability data obtained with three glycol-type grinding aids and their 
resulting ranking. In a second part an hybrid formulation, i.e. based on ingredients increasing specially mill output and 
selected among the previous ones and on a chemical increasing also compressive strength, is evaluated.  Quantification 
of the energy saving is calculated at different Blaine values. The additives effect is compared with that of a commercial 
product not only at lab scale but also at industrial level. The results are in good agreement. Possibilities and limits of 
Zeisel mill are described.   
 
Originality 
The main originality of this work lies in the application of Zeisel mill for evaluating the efficacy of grinding aids at lab 
level. As far as we know this original mill is typically used only to measure clinker grindability not the effect of the 
additives. Presentation of possibilities offered by this technique and relative limits represent a second point of 
originality. Comparison and ranking of different grinding aids, both experimental and commercial, integrate the 
peculiarity of this work. 
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Introduction 
 
About 40% of the total electrical energy required to produce cement is consumed during  grinding of 
clinker (Jankovic et al., 2004). A great proportion of  energy input  is lost as heat, wear, vibrations, 
noise, elastic and plastic deformations etc. and only a small fraction of it, approximately 1%, is used 
for fracture, i.e. to create new surface area (El-Shall et al.,1984). Heat production accounts for ca 90% 
of the energy input of the mill causing a rise in temperature of ca 80°C. Local temperature can even be 
higher because of impact of the grinding media against the nodules of clinker. Water is added to both 
the inlet and the outlet ends of the mill to cool the product and the mill itself. 
To reduce energy consumption in clinker grinding, technology has followed three ways: 
- use of grinding aids able to prevent cement particle re-agglomeration during and after the milling 
process (Massazza et al., 1980); 
- optimal design of grinding systems in order to make more efficient use of existing machines 
traditionally based on multi-compartment tube mills with balls. This approch has been used 
extensively for the design and optimization of wet grinding circuits bringing large benefits, less 
employed  for dry grinding (Benzer et al., 2001); 
- development of equipment able to enhance energy utilization such as vertical roller mills (VRM) or 
high pressure grinding rolls (HPGR). Theoretically the specific energy consumption respect to ball 
mills amounts approximately to 50-70% for these mills. Whereas required particles sizes up to about 
4500 Blaine in VRM and HPGR can be achieved, the resulting particle size distribution of the cement 
and thus cement performance can vary in the different systems raising the need for accurate product 
quality control plans. 
Nowadays ball mills still account for almost 60% of all mills in cement plants.  
The property of grindability is used to characterize the energy expenditure required to comminute a 
certain quantity of clinker from an initial to a final particle size distribution (Unland, 2001).  
Three fundamental comminution equations have been developed to predict the energy requirements 
for particle size reduction: Rittinger’s Postulate (1867), Kick’s law (1885) and Bond’s law (1952) 
(Rhodes, 1998). They can be considered particular cases of a unique law: the energy dE required to 
effect a small change in size dL is a simple power function of the size: dE/dL= - c Lm . 
The ease with which  clinker can be ground depends on many variables among which those linked to 
microstructure play a primary role such as porosity, composition and crystal size (Hills, 1996). As 
regards composition grindability increases with decreasing silica ratio and with increasing alumina 
(Al2O3) and iron oxide (Fe2O3) contents (Duda, 1977). Higher alite content and smaller alite crystal 
size results in increased grindability, whereas higher belite content and larger crystal size reduces 
grindability (Viggh, 1994). The more liquid phase there is, the lower is grindability of the clinker 
(Duda, 1977). 
Different testing method have been developed to determine grindability. Three commonly used 
methods are described by Bond, Hardgrove and  Zeisel (De Weerdt, 2007).  As underlined by Unland 
(Unland, 2001) grindability tests determine a system property not a material property.  It means that 
the output value does not characterize exclusively the material but rather the test apparatus with the 
material to be investigated.  This fact explains in part the sometimes contradictory grindability results 
obtained with different methods using different stress principles. Another reason which leads to 
different values is the clinker mineralogy i.e. composition, structure, residual stress state, etc.  
Zeisel test has proven to give reliable data for designing raw mills (Zisselmar, 1981) and it represents 
the standard method used nowadays for determining grindability (Unland, 2003) even if other methods 
are used by various authors.  
The present work is aimed at investigating the possibilities offered by  Zeisel mill in order to forecast 
grinding aids effectiveness at laboratory level. The study of new compounds and the development of 
new formulations need indeed a preliminary assessment  letting the final and conclusive  judgement to 
the industrial tests.  
 
 



Zeisel mill 
In 1935 Zeisel developed a “grindability tester” with the object of “predicting the specific 
consumption in KWh/t required for obtaining particular surface areas” in the comminution of 
materials in  tube mills (Klapdohr et al., 1983). 
The equipment is composed of three main parts: 
- the bowl equipped with eight steel balls (25mm diameter, total weight = 509g) 
- the grinding shaft with a rate ranging from 100 to 2000 rpm and a load from 9.5 to 27 kg 
- the measuring device consisting in a rotating shaft fixed to a calibrated spring supporting a plate 
where the jar is placed 
 

 
 

Figures:1-2:  Zeisel equipment and detail of the bowl 
                                                                                                                                            
After setting  rate and load, the grinding ram sets the balls in rotating motion. Shear stresses, during 
the grinding, are transferred to the bowl and to the rotating system under the bowl, bond to a calibrated 
spring. A torque (= force*radius of the rotating system) is associated to each rotation angle. Through 
software elaboration, the torque of a torsion spring is used to measure the specific grinding energy Wt, 
expressed in KWh/t. 
Mathematical expressions for grinding energy, W, and for the specific grinding energy, Wt, are 
reported below: 

                     


 PldtcPdt  
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nlW                      (1)         

                                               

W, Wt = grinding energy (N*m) 
l = rotating system radius (m) 
n = grinding ram rate (rpm) 
P = force (N) 
t = time (s) 
π*n/30= constant 
m= mass of milling samples (g) 
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In order to obtain correct measurements, composition of the feed to Zeisel mill must be made of hard 
materials such as clinker or slag. Soft material such as limestone have the tendency to form 
agglomerates even at low percentages and even in presence of grinding aids. This aspect does not 
seem too much limitative because industrial energy consumption is primarily caused by grinding 
clinker and not softer mineral  components. 
 



Materials and Methods 
Clinker 
Clinker analysis as well as mineralogical composition is shown in table 1. 
 

Table 1: Clinker analysis/mineralogy 

Loss ignition 0,20 SiO2+ insoluble residual 20,71
Free CaO 0,62 Al2O3 5,09

Fe2O3 4,13
CaO 65,23
MgO 1,39
SO3 1,27
Na2O 0,10

SrO 0,08
C3S 65,52 K2O 0,04
C2S 10,29 Mn2O3 0,05
C3A 6,51 P2O5 0,49
C4AF 12,56 TiO2 0,25

XRF Analysis (%)Chemical Analysis (%)

Mineralogical composition (%)

Clinker

 
 
Comminution of clinker was carried on by a preliminary stage of crushing with a  jaw-crusher 
followed by sifting the material with a vibrating device equipped with two sieves getting a final 
powder diameter in the range 0.5mm dmax 1mm. The powder (30.25g) was mixed with the exact 
quantity of grinding aid and put in the Zeisel bowl. After 600 rotations of the grinding shaft at 
200rpm, for 3 minutes and with a load of 20 kg, Blaine specific surface (SSB) was measured 
according to UNI-EN 196-6 standard.  
 
Results and discussion 
Part 1: glycols as grinding aids 
The first set of additives considered in this study comprises ethylene glycol (EG) and two oligomers of 
EG i.e. diethylenglycol (DEG) and triethylenglycol (TEG). 
The average curve of a set of tests made on the plain clinker is situated in the upper part of the figures 
3-5. Specific energy values (KW*h/t) vs. specific surface Blaine (cm2/g) have been interpolated using 
the exponential function E=k ecx obtaining variance always greater than 0.99.  
According to the classification of grindability proposed by Unland (Unland, 2003) the present clinker 
is  coded as normal. 
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Figures 3-5: Grinding energy of clinker without and with additive, at different dosages, vs SSB 
 
The effect of EG, DEG and TEG respectively on the specific grinding energy of the clinker  is shown 
in the figures 3-5. For each glycol the curves  relative to the different dosages are situated under that 
corresponding to the control (no additive) and show a diverging pattern with the increase of the  
Blaine fineness. 
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Figures 6-8: Clinker grinding energy saving with glycols, at different dosages 

 
The saving of the grinding energy respect to the control and at different dosages of glycols is 
presented in the figures 6-8. They show that: 
- low glycol dosage, i.e. 0.02%, is enough to get significative grinding energy saving, up to 30%  
- increasing the quantity of the additive the energy conservation increases 
- the saving depends on the Blaine value and in most of the cases the curve exhibits a maximum 
The relative value of the grinding energy is approximately in the range 20-30% with EG, 30-55% with 
DEG, 20-40% with TEG, anyway depending on Blaine and dosage. 

d=0,02%

0

5

10

15

20

25

30

35

40

45

1500 2000 2500 3000 3500 4000 4500 5000 5500
SSB (cm^2/g)

G
rin

di
ng

 e
ne

rg
y 

sa
vi

ng
 (%

)

DEG

TEG

d=0,03%

0

5

10

15

20

25

30

35

40

45

1500 2000 2500 3000 3500 4000 4500 5000 5500
SSB (cm^2/g)

G
rin

di
ng

 e
ne

rg
y 

sa
vi

ng
 (%

)

EG
DEG
TEG

 

d=0,04%

0

5

10

15

20

25

30

35

40

45

50

55

1500 2000 2500 3000 3500 4000 4500 5000 5500
SSB (cm^2/g)

G
rin

di
ng

 e
ne

rg
y 

sa
vi

ng
 (%

)

EG
DEG
TEG

d=0,05%

0

5

10

15

20

25

30

35

40

45

50

55

1500 2000 2500 3000 3500 4000 4500 5000 5500
SSB (cm^2/g)

G
rin

di
ng

 e
ne

rg
y 

sa
vi

ng
 (%

)

EG
DEG
TEG

 
 

Figures 9-12: Clinker grinding energy saving at fixed dosage, with different glycols 
 
As regards the comparison among the additives it results that (fig.9-12): 
-all the curves show a concave profile. At 0.03, 0.04 and 0.05 % EG and TEG curves are close each 
other at the lower Blaine values while they are more separated at the higher finenesses.   
-at all dosages and Blaine values DEG curve is the highest in all the graphs that is to say DEG is the 
most effective of the three glycols followed by TEG and at last EG.  
The existence of different behaviours among the glycols is very likely correlated with more than one 
molecular parameter such as the degree of hydrophilicity and the molecular weight. With DEG and 



TEG the hydrophilic nature is weakened somewhat, compared to EG (Jolicoeur 2007) and the length 
of the molecule is increased. This should lead to some variations in the ab(ad)sorption degree and 
consequently in the inter-particle repulsion, with effect on the optimum dosage at fixed Blaine value 
as noted by other researchers (Teoreanu 1999). 
  
Part 2: ammines as grinding aids 
The second set of additives considered in this study comprises triethanolammine (TEA) and 
triisopropanolammine (TIPA). 
Ammines are very interesting ingredients for grinding aids because of their capability to increase 
grinder productivity and to some extent to improve also mechanical strength of hydrating Portland 
cement paste as in the case of TIPA (Sanbergh, 2003; Perez et al., 2003). 
The figures 13-16 show the effect of saving of grinding energy respect to the control and compared to 
DEG at different dosages. 
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Figures. 13-16: Clinker grinding energy saving with ammines, at different dosages, respect to DEG 
 
It results that the curves of the two ammines are close each other for dosage in the medium range, i.e. 
0.03 and 0.04% while they are more distant at the two extremes, i.e. 0.01 and 0.05%. At all the 
dosages TIPA is more efficient than TEA but not so much as DEG. 
 
Part 3: hybrid formulations as grinding aids 
In order to take advantage of the positive ammine effect on the compressive strength of the selected 
clinker and the DEG superior efficacy an experimental formulation (XP) was developed. 
Fig.17 shows the saving of grinding energy of XP respect to the control and in comparison to the 
effect of  a well-appreciated commercial grinding aid (COM). At about 4000 Blaine the energy saved 
with the XP product is ca 7%. 
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Figure. 17: Clinker energy saving with the experimental and the commercial product 

 
The industrial test of XP on a composition based on the same clinker studied in laboratory with the 
presence of gypsum and 3% of limestone  permitted an increase of the mill yield of abt. 4% compared 
to the commercial grinding aid. The value is close to that obtained by Zeisel mill. 
 
Conclusion 
Evaluation of the efficacy of grinding aids in laboratory is a problematic job. Nowadays a conclusive 
judgement on their effectiveness can be get only by carrying on industrial tests. Neverthless laboratory 
tests are necessary to develop new products.  In this experimental work Zeisel mill has proved to be  a 
valuable equipment for preliminary estimations. To get reliable data, check of reproducibility is 
recommended specially with plain clinker.  
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Abstract 
The combined impact of curing conditions and partial substitution of cement by ground granulated blast furnace slag 
(slag) on the development of porosity of cement paste cured up to two years maturity was studied by mercury intrusion 
porosimetry (MIP). The method seems suitable to characterise both the volume of larger pores and the threshold pore 
size. The threshold pore size is the largest size of pores providing connectivity and thus one of the parameters 
controlling the transport of substance in the material.  Preliminary results indicate that slag causes a refinement of 
pores illustrated by a decreased threshold pore size for a given intruded volume for pastes (w/b=0.4) cured saturated at 
20ºC for 28 days or more. The impact of slag was less pronounced after two years saturated curing and for samples 
cured sealed at 20oC. For pastes cured at 55oC the beneficial effect of slag was not observed, as the relationships 
between intruded pore volume and threshold pore size for samples with and without slag were comparable.  
 
Originality 
Limited information is available on the impact of curing conditions (temperature and moisture) on the porosity of 
systems with slag. 
 
Chief contributions 
Partial replacement of cement by slag may facilitate sustainable construction. For service life design and construction 
planning improved understanding and knowledge of the impact of curing on the performance of concretes with slag are 
required. The present paper illustrates a pore refining impact of slag on pastes cured at 20oC, but also that increased 
curing temperature seems to reduce the impact of slag.        
 
Keywords: Portland cement paste, slag, porosity, curing temperature, mercury intrusion porosimetry  
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1. INTRODUCTION  
 
The reaction of cement with water leads to the formation of a porous material. The amount, size and 
distribution of pores affect the engineering properties. As a first approximation, the total porosity 
affects the mechanical behaviour, whereas the size and threshold of pores affect durability.  
 
A number of factors may influence the pore structure of cementitious materials, for instance the use of 
supplementary cementitious materials (SCMs) as slag, fly ash and silica fume, and curing conditions. 
SCMs may increase the volume of hydrated solid products decreasing the overall porosity. Also, the 
distribution of products may be improved due to an improved initial packing and an increased number 
of nucleation sites.  
 
Studies reveals that curing temperature may also play a significant role in the pore structure 
development of cementitious materials (Zhang, 2007). Reactions proceeds more rapidly at higher 
temperature resulting in a less homogeneous paste. Also, the C-S-H density increase with temperature 
(Zhang, 2007). Raise in temperature may also alter the equilibrium assemblage of the solid cement 
phases (e.g. Aft and AFm phases) which may result in decreased solid volume and increased porosity 
(Lothenbach et al., 2008). Apparently no information is available on the impact of curing temperature 
on the porosity of pastes with slag.  The impact of the moisture conditions on the porosity was dealt 
with by Bentz & Stutzman (2008). The capillary pore system in cement pastes cured under sealed 
conditions is likely to depercolate (become disconnected) earlier than in pastes cured saturated; 
however a subsequent repercolation was observed in pasted with low w/c (0.35). On the other hand for 
saturated curing, the capillary porosity is water filled and accessible to the growing hydration 
products; therefore at this condition the degree of hydration will be maximized and smaller empty 
pores will be formed. This is in agreement with earlier findings of restricted hydration at relative 
humidity below 80%, see e.g. Patel et al. (1988). 
 
Mercury intrusion porosimetry (MIP) may be used for porosity characterization of cement-based 
materials, e.g. (Day and Marsh, 1988). The range of pore diameters measured by MIP is from 0.003  
µm (pressure = 414 MPa) up to 1000 µm  (Micrometrics, 2000). The method provides information on 
the volume of larger assessable pores and the threshold pore size, i.e. the size of pores providing 
connectivity. The threshold pore size is considered relevant for the assessment of the resistance to 
transport of substance in the material.  
 
MIP is simple, fast and less costly when compared to other methods for porosity characterisations, e.g. 
scanning electron microscopy (SEM) and water sorption. When comparing porosity data the size of 
pores measured should be kept in mind; MIP provides information on pores in the capillary range. 
And MIP has been intensely used due to its capability to analyze over a broad range of pore size. One 
topic of concern is that dried sample are required for MIP and that drying may change the 
microstructure of cement based materials, see e.g. (Jennings, 2007). Limited impact of drying was 
found when using solvent exchange (Kocaba, 2009); but the information in the literature is somewhat 
contradictive (Taylor and Turner, 1987). Another topic to be considered is that according to Bager 
(1975) the size of the pieces of material tested has an impact on the intrusion curve; however, he found 
only minor differences for grain size larger than 0.5 mm. Finally, the high pressure applied in MIP 
might cause a compaction of the gel, which may increase the measured total volume of pores.  
 
The aim of the present study was to describe the combined effect of cement substitution by ground 
granulated blast furnace slag (slag) and curing conditions (temperature and moisture) on the pore 
structure. For that purpose, the pore structure of hydrated cement pastes with and without slag cured 
sealed or saturated at 20ºC or 55ºC for 1, 3, 28, 90 and 720 days were studied by MIP.  
 
 



2. EXPERIMENTAL 
 
2.1 MATERIALS 
 
Cement pastes with 0% (C), 40 % (C_s40) and 70% (C_s70) slag substitution by volume and cured 
sealed or saturated at 20ºC or 55ºC for 1, 3, 28, 90 and 720 maturity days were tested by MIP. The 
chemical composition and the density of the cement and slag are listed in the Table 1. The degree of 
hydration of the cement for pastes C and C_s40 cured saturated at 20ºC for 28 days were in another 
project determined by SEM to be 70 % (± 5%) and 82% (± 3%) (Kocaba, 2009).  
 

Table 1: Main oxides and densities of the cement and slag (le Saout, 2007 )) 
 

Id. 
Material Density 

(g/cm³) 
Main oxides (XRF) in percentage (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 P2O5 
C Cement 3.18 20.6 4.4 2.5 63.6 1.8 2.8 0.9 0.2 0.2 0.4 
s Slag 2.6 35.5 12 0.8 41.8 6.7 1.9 0.3 0.2 0.5  

 
The mixing of the pastes was carried out in three steps: (1) water was added to the premixed powder 
and mixing was undertaking for three minutes at a speed of 500 rpm; (2) two minutes break; and (3) 
mixing for two minutes at 2000 rpm.  The paste was cast in moulds (diameter 22 mm, height 70 mm) 
to a height of approx. 50 mm. The samples were cured either 1) sealed in a closed mould (bleeding 
water was removed after two hours); or 2) saturated  (with bleed water) in closed mould for one day  
and subsequently transferred to a slightly larger closed mould (diameter 30 mm, height 70mm) filled 
with saturated calcium hydroxide (Ca(OH)2) solution to limit leaching. Curing was undertaken at 20ºC 
and 55ºC for the periods given in the Table 2. The same batch was used for samples cured for one and 
three maturity days, and a separated one for samples cured for 28 maturity days. The curing periods 
for the pastes cured at 55ºC were calculated using the equation for the relative rate of reaction (H(T)) 
suggested in (Hansen and Pedersen, 1977) and assuming an activation energy (Ea) of 33.5 kJ/mol. 
 

Table 2: Duration of curing 
Temperature (ºC) Moisture Time (days) 
20 Saturated 1 3 28 90 720 
55 Saturated 0.23 * 0.69 6.5 20.7 - 
20 Sealed 1 3 28 -  720 
55 Sealed 0.23 * 0.69 6.5 20.7 - 
*not cement pastes with 40% of slag (C_s40); - : not tested. 
 
Dried samples are required for MIP. The hydrated samples were cut in slices of approximately 5 mm 
and submerged in isopropyl alcohol for seven days (volume of solvent 50 times the volume of the 
water in the sample). Subsequently, the samples were placed in desiccators with silica gel and dried 
under vacuum for one day. Just before the start of MIP, the samples were crushed in to pieces of 5 to 
10 mm a sieve (32 mesh) was used to limit smaller particle sizes. Two samples from the same batch 
were tested.  
 
2.2 MERCURY INTRUSION POROSIMETRY (MIP)  
 
MIP was carried out using the Autopore IV 9500, from Micromeritics Instruments at Heidelberg 
Cement. MIP is undertaking by intruding mercury into the porous material at incremental pressures; at 
each step the intruded volume is measured. The maximum pressure applied was 414 MPa. Pore radius 
values (rw) are related to the pressure (pw)  applied to force mercury into a circular cross-section and it 
is given by the Washburn Equation (Equation 1) (Washburn, 1921). The values used for contact angle 
and surface tension (see below) are in the range suggested by others (Cook and Hover, 1991, 



Diamond, 1999). The bulk density of the sample is determined from Equation 2, assuming that no 
intrusion of mercury into the sample occurs at 0.033 MPa (Micrometrics, 2000)).  The volume of 
pores was calculated using Equation 3.    
 

                                                                                                                                      (1)                                                                                                                                                                                                                                                                                                                                    
 
where                                               
rw pore radius, m 
γs-l surface tension solid-liquid, applied value: 485x10-7N/m 
θ  contact angle between the liquid and the pore wall, applied value: 141.30 degrees 
pw  pressure applied on mercury to intrude the pore, applied range: 0 to 414 N/m² 
 

                                                                                                                           (2)  

 
where  
wpt weight of penetrometer (sample cell) filled with mercury, g 
ws  weight of dry sample, g 
wps   weight of penetrometer with the sample and mercury (until 0.033 MPa the volume), g  
ρHg density of mercury, 13.5 g/cm³ 
ρbulk bulk density of sample; g/cm³ 
                                                                                   

                                                                                                                                    (3)  
 
where 
Vp  volume fraction of the pores 
VHg  volume of mercury intruded, cm³ 
 
Two important pore structure parameters can be extracted from the cumulated pore volume versus 
pore diameter graphs: threshold pore size and total pore volume, see Fig. 1. The threshold pore size is 
the size of pores providing entry to the pore network, i.e. connectivity, and it is one of the parameters 
controlling transport properties of the paste. Threshold pore sizes may be acquired from the 
intersection of the two tangents to the curve of cumulative pore volume versus pore size. The total 
pore volume compares to the volume of larger (capillary) pores and may be related to the mechanical 
properties of the paste. The total pore volume is the highest cumulative pore volume intruded. 

 

 
Figure 1: Determination of threshold pore diameter and total pore volume intruded. 
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3. RESULTS AND DISCUSSION 

 
Threshold pore diameter and total pore volume versus time is illustrated in the Fig. 2. The curves show 
that for saturated curing at 20oC for more than 28 days the threshold pore size is smaller for the pastes 
with slag than for the plain cement paste, whereas the total intruded pore volume is larger for pastes 
with slag than for plain cement paste for saturated curing up to 720 days at 20oC. 
 

  
Figure 2: Threshold pore diameter (left) and total pore volume (right) versus time for cement pastes 
with and without slag cured saturated at 20ºC for 1, 3, 28, 90 and 720 days.  

. 
The effect of slag addition and curing conditions (temperature and moisture) is illustrated in the Figs. 
3 and 4. Each data point is the average of two measurements on samples from the same batch; the 
minimum and maximum values are illustrated by an error bar. To illustrate the possible pore 
refinement without taking into account the degree of reaction of the binders, graphs of the correlation 
between total intruded pore volume and threshold pore size were prepared. For samples cured at 20ºC 
a measurable reduction in the pore threshold size was observed for the slag pastes when compared to 
plain cement paste with similar pore volume, see Fig.3. This is in agreement with observations of 
improved resistance to ingress of e.g. chloride ions, see e.g. (Hooton, 1986). For pastes cured at 55ºC 
the beneficial effect of slag is not observed as the relationship between intruded pore volume and the 
threshold pore size for samples with and without slag are comparable, except for pastes with 70% of 
slag cured for 90 maturity days (Fig. 3).   
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Figure 3: Total pore volume (determined by MIP) versus threshold pore diameter for cement pastes 
with and without slag cured saturated at 20ºC (full lines) and 55ºC (broken lines) for 1, 3, 28, 90 and 

720 maturity days. The arrows illustrate increasing curing time. 
 

The impact of temperature on the pore structure of pastes cured saturated is shown in the Fig. 3. For 
the plain cement paste initially a small reduction followed by an increase in the pore threshold size for 
similar pore volume was observed for increased curing temperature. Kjellsen (1990) found that 
increased curing temperature resulted in larger pore volume measured by MIP for plain cement pastes 
(w/c= 0.50, 70% hydration) hydrated at 5°C , 20°C  or 50°C. Similar observations of increased total 
pore volume have been made by e.g. Zhang (2007) and Lothenbach et al (2008), who explained the 
increased pore volume by a combination of increased density of the C-S-H and different reaction 
products (e.g. monosulfate on the expense of ettringite). Assuming comparable degree of reaction of 
the cement paste cured for 28 maturity days at 20oC and 55oC, a similar impact of curing temperature 
as found in the literature can be observed for the plain cement paste. The slag pastes show, however, a 
different trend; coarser threshold pore sizes for similar pore volume are observed at increased 
temperature (55ºC). This indicates a larger negative impact of high curing temperature on the transport 
properties of slag concrete compared to concrete from Portland cement; additional studies are 
therefore undertaken. After 28 days curing at 55oC, an increased threshold pore size is observed for 
pastes with 40% and without slag, indicating coarsening of the porosity or microcracking.  

 
The effect of moisture conditions during curing (sealed or saturated) on the pore structure of samples 
cured at 20oC is shown Fig. 4. No major impact on the pore structure characteristics are observed for 
samples with slag cured saturated or sealed for 1, 3 and 28 days. However, an increased threshold pore 
size is found for the pastes cured sealed for 720 days. This may be due to repercolation of the pore 
structure as observed by Bentz and Stutzman (2008). Further studies using different methods are 
ongoing to investigate the long term impact of curing conditions on Portland cement pastes with and 
without slag addition. 

 
Figure 4: Total pore volume (determined by MIP) versus threshold pore diameter for cement pastes 

with and without slag cured saturated (full lines) and sealed (broken lines) at 20ºC for 1, 3, 28, 90 and 
720 days. The arrows illustrate increasing curing time. 

 
4. CONCLUSIONS 
 
The pore structure of hydrated cement pastes with and without slag cured sealed or saturated at 20 ºC 
or 55ºC for 1, 3, 28, 90 and 720 days were studied by MIP. MIP was found suitable for characterising 
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the pore structure of cement based materials; the test provides information on the maximum size of the 
connected pores and the total volume of capillary pores. In the assessment of MIP data the impact of 
preconditioning the sample, the test conditions, the range of pore sizes measured as well as the 
assumptions made in the data analysis should be taken into account. Slag pastes cured saturated at 
20ºC for more than 28 days had a refinement of the pore threshold when compared to plain cement 
pastes with similar total pore volume. Focus was placed on the impact of curing conditions 
(temperature and moisture), where temperature and at later age moisture were found to affect the 
porosity of the pastes. Curing of slag paste at increased temperature caused an increased threshold 
pore size (at similar total pore volume), whereas plain cement pastes showed an increased pore volume 
(at similar threshold pore size). At later age the threshold pore size was observed to increase for most 
pastes cured sealed or at 55ºC indicating coarsening of the porosity or microcracking.  
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Abstract
Ordinary Portland cement(OPC), low heat Portland cement(LHC) and Eco-cement(EC) pastes in the presence of
various additives such as limestone powder, granulated blast furnace slag, silica fume or fly ash with large water solid
ratio (W/S=1) were prepared by using special viscosity thickener and polycarboxylic acid type superplasticizer. These
pastes were cured for 1day to 4years in water at 20C. Hydration process and microstructure were discussed by
hydration rate and pore structure in the hardened pastes. Obtained results were summarized as follow.
In the paste with large water solid ratio, hydration rate of cement was larger than that with generally used water
cement ratio, because it was not affected by the decreasing effect of densification of microstructure by formation of
hydrates. Belite in the cements was almost hydrated within the 182days of curing. The morphology of hydrates was
changed considerably with the kind of cement. And the morphology of the hydrates largely affected on the pore
structure of the pastes. The large pore around 500nm in diameter was only observed in the hardened EC pastes of 1
years of curing. In the addition of lime stone powder, monocarbonate hydrate was produced and the amount of pore
between 10-104nm in the hardened pastes were larger than that without additives. In the addition of slag, the amount of
pore between 10-104nm in the hardened pastes was less than that without additives, the pore structure in the hardened
pastes was changed considerably with the kind of cement. In the addition of silica fume, ettringite remained in the
hardened paste for 4years of curing, pore size and the amount of pore between 10-104nm in the hardened pastes were
small or less than that without additives.

Originality
It is well known that hydration rate of cement and a texture of hardened cement paste are affected by water cement

ratio (W/C). In order to get a uniform texture, cement pastes are usually made with W/C = 0.3~0.4. Hydration rate of
cement in the pastes is restricted by little space for hydration products and observation of morphology of hydrates is
difficult in the dense texture. On the other hand, hydration process in suspension is quite different in the paste hydration.
In this study, the cement paste with large water solid ratio (W/S=1) without bleeding was able to be prepared by using
viscosity thickener of alkyl allyl sulfate and tetra alkyl ammonium salt and polycarboxylic acid type superplasticizer,
and the hydration process, morphology of hydrates and pore size distribution in the hardened paste of OPC, LHC and
EC with additives were able to be discussed in detail.
In addition of above mentions, the structure of inkbottle pore was precisely discussed by the repetition measurement of

mercury penetration of 2 times of increasing of pressure and decreasing pressure at measuring one sample.

Chief contributions
In this study, it was made clear that hydration rate of cement minerals was not delayed largely in the cements paste
with large water cement ratio, and belite was able to be almost hydrated within the 182days of curing at 20C. The
morphology of hydrates was able to be clearly observed in the pastes. And it was made clear that the morphology of
the hydrates largely affected on the pore structure of the pastes. Obtained results might be contributed to discuss
mechanism of hydration and formation of microstructure in the cement pastes.
The effects of additives on the pore structure of 3 kind of cement were precisely discussed. Obtained results of precise
pore structure such as inkbottle pore or through pore might be contributed to make clear for transformation

phenomena of materials in cement pastes and concretes.

Keywords: Portland cement, Eco-cement, Additives, Hydration, Water cement ratio, Morphology of hydrate, Hardened
paste, Pore structure, Mercury intrusion method
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1. Introduction

Durability of concrete is one of the most significant items for building materials. And lots of studies
for durability of concrete are reported. Durability of concrete is greatly affected by transformation of
materials through in a pore structure of hardened cement paste. Studies of pore structure in a hardened
cement paste are essential to understand durability of concrete. Total pore volume measured by
mercury intrusion method usually included through pore and inkbottle pore which is not related with
transformation of materials. Through pore or inkbottle pore can not be distinguished by 1 time of
measurement. Authors showed that through pore or inkbottle pore can be distinguished by the
repetition measurement of mercury intrusion of 2 times of increasing pressure and decreasing pressure
at measuring of one sample. The comulrative pore volume at second time measurement showed the
amount of through pore volume. And amount of the inkbotlle pore was showed by the diffrent amount
of the comurative pore volume between first time measurement and second time measurement [1].

It is well known that hydration rate of cement and a texture of hardened cement paste are affected
by water cement ratio (W/C). In order to get a uniform texture, cement pastes are usually made with
W/C = 0.3~0.4. Hydration rate of cement in the pastes is restricted by little space for hydration
products and observation of morphology of hydrates is difficult in the dense texture. On the other
hand, hydration process in suspension is quite different in the paste hydration. Recently, a special
viscosity thickener was developed in Japan, and cement paste with large water cement ratio
(W/C=1) without bleeding was able to be prepared by using the reagent [2]. Authors studied
hydration process of cement in the paste with large water solid ratio (W/S=1), rate of hydration,
morphology of hydrates and pore size distribution in the hardened paste were discussed in previous
papers [3]-[7].

In this study, effect of additives such as limestone powder, blast furnace slag, silica fume or fly ash
on the hydration process of OPC, LHC and EC cement pastes with large water solid ratio (W/S=1)
and pore structure of hardened cement pastes were precisely discussed by the repetition measurement
of mercury penetration of 2 times of increasing of pressure and decreasing pressure at measuring of
one sample.

2. Experimental procedure

2.1 Materials

The cements used were ordinary Portland cement (OPC) produced by cement association of Japan
which has not any additive, low heat cement (LHC) and Eco-cement (EC) produced by Taiheiyo
Cement Company. Specific density and Blaine specific surface area of the OPC, LHC and EC were
3150kgm-3, 327m2kg-1, 3220kgm-3, 338m2kg-1 and 3170kgm-3, 420m2kg-1 respectively. Used additives
were limestone powder, blast furnace slag, silica fume and fly ash. Specific density and Blaine specific
surface area of the limestone, slag, silica fume and fly ash were 2700kgm-3, 440m2kg-1, 2900kgm-3,
440m2kg-1, 2200kgm-3, 22000m2kg-1 and 2300kgm-3, 407m2kg-1 respectively. The chemical
composition of the cements and additives is listed in Table 1.

Table 1 Chemical composition of cements and additives
Ig.loss SiO2 Al2O3 Fe2O3 CaO MgO SO3

OPC 0.62 21.24 5.02 2.51 64.86 1.84 2.02

LHC 0.76 25.9 2.66 2.61 63.38 0.79 2.13

EC 1.33 17.8 7.2 4.1 61.1 2.24 3.9

Limestone 43 0.76 0.4 55.6 0.2

Slag 0.1 3.9 14.3 0.3 42.5 6.7

Silica fume 0.92 94.97 0.13 1.66 1.41

Fly ash 2.57 51.07 22.53 10.75 5.68 0.69 0.41



2.2 Sample preparation and measurement

Each additive such as limestone, slag, silica fume and fly ash was mixed with OPC, LHC or EC. Each
mix portion was as follows, cement: limestone 70:30, cement and slag 50:50, cement: silica fumes
80:20 and cement: fly ash 70:30 by mass% respectively. OPC, LHC and EC pastes with or without
additive were prepared with water solid ratio =1 by using viscosity thickener of alkyl allyl sulfate and
tetra alkyl ammonium salt and polycarboxylic acid type superplasticizer made by Kao Company. The
mix portion among cement, viscosity thickener and superplasticizer was 100:1.5:0.75 by mass%.
These pastes were cured for 1day to 4 years in water at 20C. Hydration processes were followed by
means of XRD method. The pore structure of hardened pastes was measured by means of mercury
intrusion method. Before mercury intrusion measurement, sample was crashed to 3.5-5.6mm in size
and dried at 40C for 24 hours. The measurement was carried out repetition measurement of mercury
intrusion of 2 times of increasing pressure and decreasing pressure at measuring of one sample. The
measuring range of pore size distribution was between 10nm–100μm in diameter.

3 Result and Discussion

3.1 Hydration process

Figure 1 shows XRD patterns of the LHC cement and the hardened pastes of LHC without additive
cured for 1day to 182days respectively. A large peak of portlandite appeared and both peaks of alite
and belite were decreased from 1day. And peaks of belite were not observed within 182days. Belite is
known to be the lowest hydration rate mineral in cement, and the much amount of belite is contained
in LHC. It was supposed that hydration rate of cement minerals was not delayed largely in the cements
paste with large water cement ratio, and belite was able to be almost hydrated within the 182days of
curing at 20C. Figure 2 shows XRD patterns of the hardened pastes of EC cured for 1 year with
various additives. Both peaks of alite and belite were not recognized in the hardened pastes of EC.
Hydration of EC was thought to be almost completed within 1years curing.

Fig.1 Changes in XRD patterns of the hardened
pastes of LHC with curing time

Fig.2 XRD patterns of the hardened pastes of
EC cured for 1years with various additives

Figures 3 and 4 show XRD patterns of the hardened pastes of OPC and LHC cured for 4years with
various additives respectively. Both peaks of alite and belite were not recognized in the both hardened
pastes of OPC and LHC. The peak pattern of the hardened paste of LHC without additive was almost
same to 182days. Hydration of cements minerals was thought to have been almost completed within
182days of curing. In the samples with limestone, peaks of AFm (monocarbonate) and AFt (ettringite)
were observed. And large peaks of portlandite were observed but the amount of portlandite was
decreased in comparison to the sample without additives. In the samples with slag, peaks of AFm were
observed but AFt was not recognized. AFt was only recognized in the pastes of EC. Peaks of
portlandite were clearly observed in the all pastes and the amount of Ca(OH)2 was greatly decreased.
In the samples with silica fume, peaks of AFt were observed but AFm was not recognized. And the



small peaks of portlandite were observed in the sample of OPC but not observed in the sample of LHC
and EC.

Fig.3 XRD patterns of the hardened pastes of
OPC cured for 4years with various additives

Fig.4 XRD patterns of the hardened pastes of
LHC cured for 4years with various additives

Figures 5 and 6 show SEM photographs of the hardened pastes of OPC and LHC cured for 6 months
respectively. The plate like C-S-H less than 1μm was observed at the pore space in the hardened
pastes of OPC and lump shape and smaller size of C-S-H was observed on the cement particles in the
hardened pastes of LHC. Figures 7 and 8 show SEM photographs of the hardened pastes of OPC for 6
months with silica fume and with limestone respectively. In the case with silica fume, the more small
size C-S-H densely produced around the cement particles was observed. In the case with lime stone,
the larger size C-S-H produced around the cement and lime stone particles and a few μm pore among
the particls were observed.

Figure.5 SEM photograph of the hardened
paste of OPC cured for 6 months Figure.6 SEM photograph of the hardened

paste of LHC cured for 6 months

Figure.7 SEM photograph of the hardened
paste of OPC with silica fume cured for 6
months

Figure.8 SEM photograph of the hardened
paste of OPC with lime stone cured for 6 months



3.2 Pore structure

The total amount of pore volume larger than 10nm was measured at the first time measurement. In the
hardened pastes of OPC cured for 4years with various additives, the amount of pore volume larger
than 10nm in the sample was 500mm3cm-3 without additive, 560mm3cm-3 with limestone, 470mm3cm-3

with slag and 430mm3cm-3 with silica fume respectively. The amount of pore volume larger than 10nm
was increased by the displacement of limestone but decreased by the displacement of slag or silica
fume. In the hardened pastes of LHC cured for 4years with various additives, The amount of pore
volume larger than 10nm in the sample was 480mm3cm-3 without additive, 560m3cm-3 with limestone,
360mm3cm-3 with slag and 400mm3cm-3 with silica fume respectively. The amount of pore volume
larger than 10nm was the slightly less than that of OPC. The amount of pore volume larger than 10nm
was also increased by the displacement of limestone but decreased by the displacement of slag or
silica fume.

Figures 9 and 10 show the pore size distribution of the hardened pastes of OPC and LHC cured for 4
years with various additives. In the case of OPC, the curve and mode diameter of the pore size varied
widely with the additives. A sharp peak at about 200nm in diameter and a widely distributed peak
smaller than 200nm in diameter were observed in the sample without additive. A broad peak around
300-500nm in diameter observed in the samples with limestone. Two peaks were observed in the
sample of slag. One was a small peak around 30-60nm in diameter which was not observed in the
sample without additive. The other one was a sharp peak at 360nm in diameter which was somewhat
larger diameter than that without additive. A large broad peak at 60nm in diameter observed and no
peak larger than 100nm in diameter existed in the samples with silica fume. It was found that the less
amounts of large pore and much amounts of small pore were existed in the sample with silica fume. In
the case of LHC, two sharp peaks at 60nm and 200nm were observed in the samples without additive.
The distribution was considerably different from the OPC samples. A large broad peak around 100-
300nm in diameter observed in the samples with limestone. Two peaks were observed in the sample of
slag. The one was a large broad peak around 30-60nm in diameter. The other one was a small broad
peak around 100-360nm in diameter which was somewhat larger diameter than that without additive.
A large broad peak around 30-60nm in diameter was observed and no peak larger than 100nm in
diameter existed in the samples with silica fume. The less amounts of large pore and much amounts of
small pore were existed in the sample with silica fume.

Fig.9 Pore size distribution of the hardened pastes of
OPC cured for 4 years with various additives

Fig.10 Pore size distribution of the hardened pastes of
LHC cured for 4 years with various additives

In the hardened pastes of EC cured for 1years with various additives, The amount of pore volume
larger than 10nm in the sample was 520mm3cm-3 without additive, 580mm3cm-3 with limestone,
490mm3cm-3 with slag and 470mm3cm-3 with silica fume 560 mm3cm-3 with fly ash respectively.
Figure 11 shows the pore size distribution of the hardened pastes of EC cured for 1years with various
additives. In the case of EC, The distribution was considerably different from the OPC or LHC
samples. A widely distributed peak smaller than 100nm in diameter was observed and a large pore
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about 600nm in diameter still existed in the
samples without additive. Large and broad
peak around 1000nm in diameter was observed
in the samples with limestone. Two peaks were
observed in the sample of slag. The one was a
broad peak around 30-60nm in diameter. The
other one was a sharp peak 200nm in diameter
which was same diameter than that without
additive. A large broad peak under 100nm in
diameter was observed and no peak larger than
100nm in diameter existed in the samples with
silica fume. A large broad peak around 50-
100nm in diameter was observed and a small at
600nm in diameter existed in the samples with
fly ash.

Fig.11 Pore size distribution of the hardened
pastes of EC cured for 1 years with various
additives

The amount of through pore volume larger than 10nm was measured at the second time measurement.
The amount of through pore volume larger than 10nm considerably decreased comparison with the
total pore volume at the first time measurement. In the hardened pastes of OPC cured for 4years with
various additives, the amount of through pore volume larger than 10nm in the sample was 300mm3cm-

3 without additive, 380mm3cm-3 with limestone, 260mm3cm-3 with slag and 230mm3cm-3 with silica
fume respectively. The amount of through pore volume larger than 10nm was increased by the
displacement of limestone but decreased by the displacement of slag or silica fume. In the hardened
pastes of LHC cured for 4years with various additives, The amount of pore volume larger than 10nm
in the sample was 320mm3cm-3 without additive, 390m3cm-3 with limestone, 130mm3cm-3 with slag
and 160mm3cm-3 with silica fume respectively. The amount of through pore volume larger than 10nm
was the slightly less than that of OPC. The amount of through pore volume larger than 10nm was
considerably decreased by the displacement of slag or silica fume.

Figures 12 and 13 show the pore size distribution of through pore in the hardened pastes of OPC and
LHC cured for 4 years with various additives. The pore size distribution expanded and the peak
observed remarkably lower than that of the first time measurement. In the case of OPC, A widely
distributed peak around 200nm in diameter was observed in the sample without additive. A broad peak
around 200-800nm in diameter was observed in the samples with limestone. A widely distributed peak
around 200nm same as the without additive but somewhat lower peak observed in the samples with
slag. A large broad peak at 60nm in diameter observed and no peak larger than 200nm in diameter
existed in the samples with silica fume. In the case of LHC, A widely distributed peak around 70nm in
diameter was observed in the sample without additive. A broad peak around 100-500nm in diameter
was observed in the samples with limestone. A small peak around 700nm with widely distributed
small size was observed in the samples with slag. A small broad peak around 60nm in diameter
observed and no peak larger than 200nm in diameter existed in the samples with silica fume.

Figure.12 Pore size distribution of through pore
in the hardened pastes of OPC cured for 4years
with various additives

Figure.13 Pore size distribution of through pore
in the hardened pastes of LHC cured for 4years
with various additives



The size of pore surrounding C-S-H less than 1μm might be less than a hundred nm The pore in the
range of the small size such as 30-60nm observed in the hardened pastes was supposed to be existed
surrounding C-S-H. The size of C-S-H produced in the hydration of LHC was smaller than that in the
OPC. Therefore the pore size distribution of the hardened pastes of LHC was smaller than that of OPC.
In the case with pozzolanic additive such as slag or silica fume, smaller size of C-S-H was produced
densely in the hardened pastes. Therefore the pore size distribution of the hardened pastes with
pozzolanic additive was smaller than that without additive.

Fgure 14 shows the rato of the through pore
and total pore in the hardened pastes of OPC
and LHC cured for 4years with various
additives. The parcentage of through pore in
the sampleof OPC and LHC without additives
was about 60%, 67% respectively. It was
increased by the displacement of limestone but
decreased considerably by the displacement of
slag or silica fume. The parcentage of through
pore in the sample of LHC with pozolanic
additives was less than 40%.

Figure.14 The percentage of through pore
volume in the hardened pastes of LHC and OPC
cured for 4years with various additives

From the results above mentions, it was found that the amount of through pore in the hardened pastes
was decreased considerably and pore size distribution of through pore was sifted to small saize by
pozzolanic additives. It was supposed that the transfomation of material might be decreased in the
hardened pastes of LHC for long time curing with pozzolanic additives.

3 Conclusions

1) The hydration rate of cement minerals was not delayed largely in the cements paste with large water
cement ratio, and belite was almost hydrated within the 182days of curing at 20C.

2) The amount of through pore in the hardened pastes was decreased by pozzolanic additives.
3) Pore size distribution of through pore was sifted to small size by pozzolanic additives.
4) The amount of through pore in the hardened pastes was decreased considerably and pore size

distribution of through pore was sifted to small saize by pozzolanic additives. The transformation
of material might be decreased in the hardened pastes with pozzolanic additives.
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Abstract 

Hydrocalmite  is one of the hydrates formed from various calcium aluminates, and this phase is composed of a 

positively charged main layered [Ca2 (Al, Fe) (OH) 6]
 +
 and a negatively charged interlayer [X

-
·nH2O] where X 

denotes one formula unit of a monovalent charged anion or half a formula unit of a divalent charged anion. 

Many different anions can serve as X. This hydrocalmite is kinds of a layered double hydroxide (LDH). There 

are many researches about the anion-exchange reaction on a hydrotalcite-like compound such as Mg-Al-OH 

systems. It has been little quantitatively-assessed about the anion-exchange. In this report, the anion-exchange 

selectivity between divalent anions such as SO4
2-
 or CrO4

2-
 and Friedel’s salt is examined. Friedel’s Salt is 

synthesized from 3CaO·Al2O3, CaCl2 and water. The starting material is a mixture of 3CaO·Al2O3 and CaCl2 in 

molar ratio of 1:1, and water to powder ratio is 0.6 in mass. This synthesized Friedel’s salt and CaSO4·2H2O or 

CaCrO4 are mixed with water. The mixing ratios of CaSO4·2H2O or CaCrO4 to Friedel’s salt are from 0.25 to 

3.5 in molar ratio. The volume of water to the powder is 20 mm
3
 to 1 mg, and the dipping time is 2 weeks.  By 

the addition of CaSO4·2H2O, ettringite ([Ca3Al (OH) 6·12H2O] 2·3(SO4) ·2H2O) is formed. The amount of 

ettringite is increased with increasing the additive ratio of CaSO4･2H2O; on the other hand, Friedel’s salt is 

gradually decomposed. When the addition ratio of CaCrO4 to Friedel’s salt is below 1.00 in molar, 

hydrocalmite containing CrO4
2-
(Ca4Al2 (OH) 12·CrO4·8H2O) is formed. In these cases concentration of Cr in 

solution phase is below 0.5×10－3
mol·dm

-3
.When the addition ratio of CaCrO4 to Friedel’s salt in molar is 

above 1.00, hydrocalmite containing CrO4
2-
 is formed. However, Kuzel’s salt and Friedel’s salt is not 

determined by XRD. When the additive ratio of CaCrO4 is above 2.00, concentration of Cr in solution phase is 

above 1×10－2
mol·dm

-3
, and ettringite containing CrO4

2-
([Ca3Al (OH) 6.12H2O] 2·3(CrO4) ·2H2O) is formed  

 

Originality 

-Hydrocalmite composed by hydration of Calcium Aluminates is quantitatively assessed about anion-exchange.  

-The influence of CaSO4·2H2O or CaCrO4 on the stability of Friedel’s salt is investigated. 

-The anion exchange selectivity of Friedel’s salt under the coexistence of the divalent anions such as SO4
2-
 and 

CrO4
2-
 is examined. 

 

Chief contributions 

-Clarification of anion exchange mechanism of hydrocalmite 

-Application as heavy metal ion adsorbent of Friedel’s salt, calcium-aluminate hydrates and calcium-

aluminates 

. 

1. Introduction 

 Hydrocalmite belongs to the layered double hydroxide (LDH) family. There are a lot of researches 
about the anion-exchange reaction on a hydrotalcite-like compound such as Mg-Al-OH systems. 
Friedel’s Salt (Ca2Al (OH) 3·Cl·2H2O) has a chloride ion in interlayer and Friedel’s Salt was able to 
immobilize CrO4

2- by an anion-exchange reaction between Cl- and CrO4
2- (Dai et al., 2009). Calcium 

aluminate mono-sulfate hydrates (C3A·CaSO4·12H2O: S-hydrocalmite) was also able to fix CrO4
2- 

(Takahashi et al., 2003). 
However, it is not cleared about anion selectivity of hydrocalmite between Cl- and SO4

2- or CrO4. In 
this report, this selectivity between divalent anions such as SO4

2- or CrO4
2- and monovalent anions of 

Cl- in Friedel’s salt is examined. 
 
2. Experimental 

Materials 
 Friedel’s salt is synthesized by the hydration from C3A and calcium chloride dihydrate (CaCl2·2H2O), 
where the Al2O3 to CaCl2 ratio is one to one in molar ratio. The solid have mono-phase of Friedel’s 
salts identified by XRD. C3A is synthesized by burning in a laboratory electric furnace at 1350 º C 
from chemical reagents of CaCO3 and Al (OH) 3. 

Sample preparation 
Friedel’s salt and gypsum or CaCrO4 are mixed with water. Mixing ratio of Friedel’s salt to gypsum 



or CaCrO4 is from 0.00 to 3.50 in molar ratio and mixing ratio of Friedel’s salt to water is 0.05 in 
weight. Their mixtures are cured in incubator at 25 º C. After the predetermined time, the solid phases 
and the liquid phases are separated by filtration. The solid phases are soak in excess acetone, and 
dried in vacuum desiccators. The products in solid phase are identified by XRD, and the amount of 
the combined water is estimated by the loss on ignition at 1000 º C.  

Measurement of ion concentration in solution  
Concentration of chromium, Ca2+ and Al3+ in solution were measured by an atomic absorption 

spectrometer. The concentration of chromium assume as CrO4
2- in solution. Because the solubility 

product constant of Cr (OH) 3 is 7.0 ×10-31(25 º C) and the pH of these solution is about 11.0 ~ 12.0, 
Cr3+ in solution are precipitated as Cr (OH) 3. The concentrations of Cl- and SO4

2- in solution are 
measured by anion chromatography analysis. 
 
3. Results and discussion 

3.1 The reactions between Friedel’s salt and gypsum 
Solid phase 

Table 1 shows the results of hydrated products identified by XRD. When the additive ratio of 
gypsum to Friedel’s salt in molar was 0.25 and 0.50, a little Kuzel’s salt 
(C3A·0.5CaCl2·0.5CaSO4·12H2O; d-spacing of 8.38 and 2.90 Å) was produced, though S-
hydrocalmite (d-spacing of 8.97, 4.48 and 2.36 Å) was not formed. When the ratio of gypsum was 
above 2.50, gypsum remained. In all samples, Friedel’s salt was residual and ettringite 
(C3A·3CaSO4·32H2O: S-ettringite; d-spacing of 9.73, 5.62 and 3.88 Å) was formed. Figure 1 shows 
the peak-area ratio of Friedel’s salt (d-spacing of 7.82, 2.86and 3.79 Å) and ettringite (d-spacing: 
5.86Å) to MgO decided by XRD. MgO as internal standard was added to samples in 20 weight %, and 
the scanning speed was 0. 2 deg. (2θ) ·min-1 (Isizaki 1988). With increasing the additive ratio of 
gypsum, peak-area ratio of Friedel’s salt was decreased. When the additive ratio was below 1.50, the 
peak-area ratio of ettringite was increased with an increase in the additive ratio. That of ettringite was  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The ratio of gypsum to 
Friedl’s salt in molar

Products

2 weeks 15 weeks

0.25
Friedel’s salt, * Kuzel’s salt,

* Ett(S)

Friedel’s salt, * Kuzel’s salt, 

* Ett(S)

0.50
Friedel’s salt, * Kuzel’s salt, 

* Ett(S)
Friedel’s salt, * Ett(S)

0.75 Friedel’s salt, Ett(S) Friedel’s salt, Ett(S)

1.00 Friedel’s salt, Ett(S) Friedel’s salt, Ett(S)

1.50 Friedel’s salt, Ett(S) Friedel’s salt, Ett(S)

2.00 Friedel’s salt, Ett(S)

2.50 * Friedel’s salt, Ett(S), Gyp

3.00 * Friedel’s salt, Ett(S), Gyp

3.50 * Friedel’s salt, Ett(S), Gyp

The ratio of gypsum to 
Friedl’s salt in molar

Products

2 weeks 15 weeks

0.25
Friedel’s salt, * Kuzel’s salt,

* Ett(S)

Friedel’s salt, * Kuzel’s salt, 

* Ett(S)

0.50
Friedel’s salt, * Kuzel’s salt, 

* Ett(S)
Friedel’s salt, * Ett(S)

0.75 Friedel’s salt, Ett(S) Friedel’s salt, Ett(S)

1.00 Friedel’s salt, Ett(S) Friedel’s salt, Ett(S)

1.50 Friedel’s salt, Ett(S) Friedel’s salt, Ett(S)

2.00 Friedel’s salt, Ett(S)

2.50 * Friedel’s salt, Ett(S), Gyp

3.00 * Friedel’s salt, Ett(S), Gyp

3.50 * Friedel’s salt, Ett(S), Gyp

* : small amount 
Ett(S) :C3A·3CaSO4 ·32H2O     Gyp    :CaSO4·2H2O 
Friedel’s salt  :C3A·CaCl2·10H2O(Cl-hydrocalmite)
Kuzel’s salt   :C3A·0.5CaCl2·0.5CaSO4·12H2O(Cl,SO4-hydrocalmite)

Table 1: The products from the mixture in Freidel’s salt and gypsum measured by 
XRD. (dipping time:2 or 15 weeks)



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
not changed in spite of increasing the additive ratio 
when the additive ratio was above 2.00. 
Liquid phase 
Figure 2 shows the concentration of Cl- and SO4

2- 
ions in solution, respectively. Concentration of Cl- 
was increased with increasing additive ratio of 
Gypsum. Concentration of SO4

2- was below 1.0 × 10-

5 mol·dm-3, when the additive ratio of gypsum to 
Friedel’s salt in molar was below 0.75. SO4

2-

concentration in solution was increased rapidly with 
increasing theratio of gypsum, when the additive 
ratio of gypsum was from 1.0 to 2.0. When the  
additive ratio was above 2.50, concentration of SO4

2-  
was about 0.75× 10-2 mol·dm-3 and maintained 
virtually constant. It was considered that SO4

2- 
concentration was not changed  because gypsum 
remained  in the solid as shown in Table 1.  

Figure 3 was shown about relation between concentration of Cl- in solution and peak-area ratio  
of Friedel’s salt to MgO. With increasing in Cl- concentration, peak-area ratio of Friedel’s salt was 
decreased approximately linearly. From Table 1 and Figures 1 and 3, Friedel’s salt was decomposed 
because ettringite were formed with an increase in additive ratio of gypsum. Then, the reaction             
formula for the formation of ettringite was shown as Eq. (1), when the additive ratio was below 2.00. 
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C3A·CaCl2·10H2O + 3CaSO4·2H2O +16H2O → C3A·3CaSO4·32H2O + Ca2+ +2Cl- (1) 

 
In these systems, S-hydrocalmite was not formed, though S-ettringite was formed. These results 
agree with thermodynamic date about the relative stabilities of aluminates hydrates(Perkins et al, 1999, 
Matschei et al, 2007, and Bimin-yauri et al, 1998). However, when the ratio was 2.50 and 3.00, 
gypsum remained. From the thermodynamic date, all gypsum should react with Friedel’s salt to form 
ettringite as shown as Eq. (1).  Then, it is considered that it was due to heterogeneous reaction or 
shortage of reaction time. 
3.2 The reactions between Friedel’s salt and CaCrO4 

Solid phase 
Table 2 shows the products from mixture in Friedel’s salt and CaCrO4 measured by XRD, and Figure 
4 shows the XRD patterns of the products from mixture in Friedel’s salt and CaCrO4. When the 
additive ratio of CaCrO4 in molar was below 0.75, the peaks of Friedel’s salt were decreased with an 
increase in CaCrO4, and the peaks of Cr-hydrocalmite (d-spacing of 10.27, 5.15 and 2.87Å) appeared. 
When the ratio was 1.00, the peak of Friedel’s salt disappeared. When the ratio was below1.00, 
unknown peak (d-spacing of 8.66-9.00Å) appeared, when the ratio was below 1.00. Their peaks are 
expected to be the peaks of hydrocalmite, which has both Cl- and CrO4

2- in interlayer. However, close 
consideration about unknown phase is required.  

When the ratio was below 2.00, the peaks of Cr-hydrocalmite were increased with an increase in the 
additive ratio of CaCrO4. However, when the ratio was above 2.00, the peaks of Cr-hydrocalmite were  

slightly decreased with an increase in the CaCrO4 and the little peaks of Cr-Ettringite (d-spacing of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2: The products from the mixture in Freidel’s salt and CaCrO4 detected by 
XRD. (dipping time:2 and 15 weeks)

The ratio of CaCrO4 to 
Friedl’s salt in molar

Products

2 weeks 15 weeks

0.25
Friedel’s salt, 

* Cr-ｈydrocalmite ,

Friedel’s salt, 

* Cr-ｈydrocalmite ,*Unknown.

0.50
Friedel’s salt, 

Cr-ｈydrocalmite ,*Unknown

Friedel’s salt, 

Cr-ｈydrocalmite ,*Unknown.

0.75
*Friedel’s salt, 

Cr-ｈydrocalmite ,*Unknown

*Friedel’s salt, 

Cr-ｈydrocalmite ,Unknown.

1.00 Cr-ｈydrocalmite Cr-ｈydrocalmite ,*Unknown

1.50 Cr-ｈydrocalmite Cr-ｈydrocalmite

2.00 Cr-ｈydrocalmite ,*Ett(Cr) 

2.50
Cr-ｈydrocalmite ,* Ett(Cr) ,  

* CaCrO4

3.00
Cr-ｈydrocalmite ,* Ett(Cr) ,  

* CaCrO4

3.50
Cr-ｈydrocalmite ,* Ett(Cr) ,  

* CaCrO4

The ratio of CaCrO4 to 
Friedl’s salt in molar

Products

2 weeks 15 weeks

0.25
Friedel’s salt, 

* Cr-ｈydrocalmite ,

Friedel’s salt, 

* Cr-ｈydrocalmite ,*Unknown.

0.50
Friedel’s salt, 

Cr-ｈydrocalmite ,*Unknown

Friedel’s salt, 

Cr-ｈydrocalmite ,*Unknown.

0.75
*Friedel’s salt, 

Cr-ｈydrocalmite ,*Unknown

*Friedel’s salt, 

Cr-ｈydrocalmite ,Unknown.

1.00 Cr-ｈydrocalmite Cr-ｈydrocalmite ,*Unknown

1.50 Cr-ｈydrocalmite Cr-ｈydrocalmite

2.00 Cr-ｈydrocalmite ,*Ett(Cr) 

2.50
Cr-ｈydrocalmite ,* Ett(Cr) ,  

* CaCrO4

3.00
Cr-ｈydrocalmite ,* Ett(Cr) ,  

* CaCrO4

3.50
Cr-ｈydrocalmite ,* Ett(Cr) ,  

* CaCrO4

* : small amount 
Cr-ｈydrocalmite :C3A·CaCrO4 ·14H2O Ett(Cr) :C3A·3CaCrO4 ·32H2O
Friedel’s salt          :C3A·CaCl2·10H2O



  0.23, 5.11 and 3.41Å) appeared and CaCrO4 (d-
spacing of 3.63, 2.70 and 1.86 Å) was residual.  
Liquid phase 
Figure 5 shows the results about concentration of Cl- 

and CrO4
2- in solution phase. The concentration 

of Cl- was increased with an increase in additive 
ratio of CaCrO4 when the ratio was below 1.50. 
When the ratio was above 2.00, concentration of Cl- 
was about 0.15 mol · dm-3. Concentration of CrO4

2- 
was increased sharply when the additive ratio of 
CaCrO4 was below 2.00. When the ratio of CaCrO4 
was from 0.25 to 1.00, CrO4

2- was incorporated in 
Cr-hydrocalmite and Cr concentration was from 1.0
×10-5 mol · dm-3 to 5.0×10-3 mol · dm-3. When the 
ratio was above 2.50, Cr-ettringite and CaCrO4 exist 
in the products. At this case, Cr concentration was 
above 5.0 × 10-2 mol · dm-3. Figure 6 shows the 
relation between the amount of absorbed Cr 
calculated from Cr concentration in solution and the 
amount of eluted Cl- from Friedel’s salts. When the 
amount of absorbed Cr was from 0 to 1.8 m mol·g-1, 
the slope of the solid line is almost 2.00. The 
reaction formula for about this was shown as Eq. 2. 
(Anion-exchange reaction) 

 
C3A·CaCl2·10H2O + CaCrO4 + 4H2O  

→C3A·CaCrO4·14H2O + Ca2+ + 2Cl- (2) 
 

At this case, concentration of CrO4
2- was more than 10times as much as Cl- concentration. Figure 7 

shows the ion-exchange isotherms of hydrocalmite between CrO4
2- and Cl-. From this figure, 

hydrocalmite has selectivity with affinity being CrO4
2- > Cl-, because CrO4

2- is a divalent anion and 
Cl- is a monovalent anion. When the amount of sorbed Cr was above 1.8 m mol·g-1, almost all Cl- was 
released from Friedel’s salts. At this case Cr-Ettringite was formed with Cr-hydrocalmite and residual 
CaCrO4. These resultsagree with thermodynamic date about the relative stabilities of aluminates 
hydrates (Perkins et al, 2000, and Perkins et al, 2001). It is considered that the difference of results  
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between section 3.1 and 3.2 is the difference of stabilities of aluminates hydrates between S-
hydrocalmite and Cr-hydrocalmite 
 
4. Conclusion 
The anion-exchange selectivity between divalent anions such as SO4

2- or CrO4
2- and Friedel’s salt has 

been investigated. The following results are derived. 
1) At low additive ratio of gypsum to Friedel’s salt, S-hydrocalmite is not formed, though a little 
Kuzel’s salt is produced. 
2) With increasing in the additive ratio of gypsum to Friedel’s salt, Friedel’s salt is decreased and 
ettringite is formed. This reaction formula is shown as Eq. (1). 
3) When the additive ratio of CaCrO4 to Friedel’s salt in molar is below 1.00 in molar, anion-exchange 
reaction of hydrocalmite between CrO4

2- and Cl- is shown as Eq. (2). 
4) From the ion-exchange isotherms, hydrocalmite has selectivity with affinity being CrO4

2- > Cl-. 
5) CrO4

2- is immobilized in various hydrated forms, which are varied with an increasing in additive 
amount of CaCrO4. At small additive ratio, Cr-hydrocalmite is formed. When the additive ratio of 
CaCrO4 is above 2.50, the amount of Cr-Ettringite is increased with an increasing in the additive ratio.  
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Figure 6: Relation between amount of 
absorbed Cr in solid and amount of 

eluted Cl- from Friedel’s salts 
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Abstract 

The  water-to-cement ratio of ultra high strength concrete is extremely low; therefore the addition of high-
range water reducing agent(suerplasticizer:SP) and silica fume(SF) is indispensable at mixing. This research 
was conducted to elucidate how a high-range water-reducing agent of plycarboxylic acid type for high strength 
and a high-range water-reducing agent of plycarboxylic acid type for ultra high strength, both different in 
molecular structure, would affect the compressive strength and hydrate of low-heat portland cement if added to 
the cement along with silica fume. The influences were discussed from the perspectives of cement hydration 
required by the Rietveld method using powder X-ray diffraction (XRD), and silicate-chain polymerization of 
hydrate calcium silicate (C-S-H) by the trimethylsilyl (TMS) derivatization method. 

When the high-range water-reducing agent of plycarboxylic acid type for ultra-high strength concrete and 
silica fume were added, compressive strength slightly decreased in the first seven days of aging but showed no 
change after 28 days of aging. 

Meanwhile, the C3S hydration rate reached 70 to 85% after 7-day aging, regardless of SP type and the 
amount of SF addition, but then became stagnant. However, SF addition increased the C2S hydration rate at the 
initial age. The SF hydration rate became 40 to 50% after 7-day aging and 60 to 70% after 91-day aging. 
However, adding more SF was found to reduce the reaction rate. Therefore, neither SP type nor molecular 
structure was found to affect C-S-H generation or silicate chain polymerization significantly.  

This study suggests that SF addition promotes C2S reaction, C-S-H generation, and silicate chain 
polymerization at the initial stage of aging.h 

 
Originality 

The effects of the interaction between silica fume and high-range water reducing agent on cement hydration in 
a low water-to-cement ratio were clarified by means of cement hydration by the XRD-Rietveld method and of 
silica fume hydration by the selective leaching method. This research is particularly unique in that the 
interactions were viewed from the perspective of silica-chain polymerization of C-S-H by the TMS derivatization 
method. 

 
Chief contributions 

The main contribution of this research is making possible by cement hydration analysis the estimation of the 
appropriate amount of silica fume and high-range water reducing agent required when determining the mix 
proportions  for ultra high strength concrete.  
 
Keywords:  Ultra high strength concrete i, Silica fume, Superplasticizer , C-S-H, XRD/ Rietveld 
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1. Introduction 
 

In recent years, construction using ultra high-strength concrete of over 120N/mm2 has been 
increasing. For this kind of ultra-high strength concrete featuring an extremely low water-powder ratio, 
it is indispensable to add a superplasticizer (SP) and admixing materials such as silica fume (SF). SP 
studies used to be focused on the improvement of fluidity and water reduction. However, regarding 
the influence of SPs on long-term performance after concrete hardening, the general water-cement 
ratio is now being studied from the viewpoints of pore structure and cement hydrate. It has been 
reported that the silicate structure of calcium silicate hydrate (C-S-H) differs depending on the SP 
type[1]. Comparatively large amounts of SP are added for ultra high-strength concrete and SPs for 
ultra high-strength concrete have different structures from general-purpose SP. Furthermore, when it 
comes to SF, reports on the results of concrete tests on fresh properties and dynamic characteristics 
and the results of evaluation tests on the closest packing of powder state that the optimum amount of 
SF addition for high strength concrete is 10 to 20 mass%[2]. However, not many studies have focused 
on hydration or C-S-H structure. In this study, therefore, low-heat Portland cement paste was hardened 
by adding general purpose plasticizer and ultra-high strength use SP, and SF. Its compressive strength 
was measured, its hydrate composition was measured by powder X-ray diffraction  (XRD) Rietveld 
method, and the C-S-H silicate chain length structure by the trimethylsilyl (TMS) derivation method 
to clarify the influence of SP and SF on compressive strength and cement hydration. This study aimed 
to verify the optimum addition rate of SF from the viewpoints of compressive strength and hydration. 

 
2. Experiment  

2.1 Materials and Mix proportions 
 

Low-heat Portland cement (LC, ρ=3.22g/cm3), silica fume (SF, ρ=2.20g/cm3), and ISO standard 
sand (S, ρ=2.63g/cm3) were mixed using distilled water (W). For the SP, a general-purpose AE 
superplasticizer (advanced polymer containing polycarboxyl group with sulfonic acid terminal: SP-N) 
and an SP for ultra-high strength cement (anionic polymer surfactant mainly composed of 
polycarboxyl graft copolymer: SP-U) were used. For the antifoaming agent, a polyether-type 
antifoaming agent (DEF) was used. Table 1 shows the properties and chemical compositions of the 
cement and Table 2 shows mix proportions. The water-binder ratio (W/(C+SF)) was fixed at 22% and 
the amount of SF addition was set at 10 or 20 mass%. The amounts of SP addition and DEF addition 
were adjusted for a mortar flow rate of 250±20mm and an air volume of 3% or less. SP-U was used to 
admix SF. From the mortar admixture, fine aggregate was removed to prepare the paste admixture for 
analysis. For the paste admixture, no-SP admixture (NON-SP) was set to check the effect of SP on 
hydration. After adding water, the paste was mixed in a mortar mixer for five minutes, and, after being 
scraped off and left to stand for five minutes, was mixed for one more minute. The mortar was placed 
in a lightweight φ50×100 mm mold and covered with wrapping film and aluminum tape for sealed 
curing at 20°C to a specified material age. Some paste was cast in a 250 ml polyethylene bottle and 
kept on a rotator for up to one day to prevent bleeding and separation. After the first sample was 
removed from its mold, the cement was cut with a diamond cutter and covered with aluminum tape to 
create a specimen of each age. The paste cement for analysis was removed from the bottle, crushed to 
about 0.15 mm or smaller with a hammer and an agate mortar, its hydration was stopped using ethanol 
and acetone, and it was then stored in a vacuum desiccator to await measurement. 
 

Table 1: Chemical composition of materials 
 
 
 
 

 
 

 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

LC 3470 - 1.04 21.80 4.49 2.90 63.90 1.84 2.26 0.20 0.38

SF - 22 1.94 96.90 0.40 0.10 0.20 0.30 ‐ 0.20 ‐

chemical composition (%)kind of
materials

Blaine surface
area(cm

2
/g)

BET surface
area(m

2
/g)

ig.loss
(%)



Table 2 : Mix proportions 
 
 
 
 
 
 
 
 
 
2.2 Test Method  

 
For compressive strength measurement compliant with JIS A 1108, the amounts of calcium 

hydroxide (CH) and pore water (H) generated were measured in the paste sample using a 
thermogravimetric/differential thermal analyzer (TG-DTA). The CH and H amounts were calculated 
from mass decreases at endothermic peaks at about 400 to 450°C and 20 to 105°C, respectively. 
Samples containing amorphous material had to be measured using Rietveld refinement, resulting in 
underestimated CH values, and these values were used to determine phase composition. The H amount 
was also used to determine phase composition. The non-dissolved SF residual amounts of SF-added 
cement pastes SF10 and SF20 were measured using the selective dissolution method[3] and used as 
un-reacted SF amounts to calculate the SF reaction rate. Cement minerals and hydrate were quantified 
by XRD using the technique of Hoshino et al[4]. For Rietveld analysis, TOPAS (Bruker AXS) was 
used. The cement minerals and hydrates of alite (C3S), belite (C2S), pore substances (C3A, C4AF), 
gypsum dihydrate (Gyp), bassanite (Bas), calcium hydroxide (CH), ettringite (AFt) and mono-sulfate 
(AFm) and the internal standard substance of α-Al2O3 (10 mass%) were quantified simultaneously 
with each amorphous substance containing SF[5]. To calculate the amount of C-S-H generated, the 
amorphous amount was calculated from the quantitative value of the internal standard α-Al2O3 as 
shown in Equation (1) and the un-reacted SF amount obtained by the selective dissolution method was 
subtracted. In this study, we assumed all hydrates generated to be C-S-H as Hoshino et al. did[4]. The 
amount was also replaced with the CH amount calculated by TG-DATA to determine phase 
composition by using the H amount. 
 
 
 

Where, C-S-H: Amount of C-S-H generated (mass%) 
R: α-Al2O3 admixing ratio (mass%) 
A: Quantitative value of α-Al2O3(mass%) 
S: Un-reacted SF amount (mass%) 

 
Silicate ion SiO4

4- is a monomer with four O atoms around a central Si atom. If two silicate ions 
share one O atom, they become a dimer called Si2O7

6-. In the cement minerals C3S and C2S, silicate 
ions exist as monomers. With their hydration to form C-S-H, silicate ions polymerize to chains and 
undergo a shift to polymer form. To know the tendency of increase in the C-S-H silicate chain length 
(degree of polymerization) with the progress of hydration, we measured the chain length distribution 
using the TMS derivation method (TMS) as Koizumi et al. did[1]. The paste samples were crushed to 
about 0.15 mm or smaller with an agate mortar for TMS derivation. The TMS derivatives obtained 
were analyzed by gas chromatography and the component ratio (silicate chain length distribution) was 
measured of silicate ions, from monomers through to hexamers. 

Silicate chain length distribution can be expressed by the molar fractions available from the peak 
areas from monomer through to hexamer by gas chromatography. The silicate chain is considered to 
correspond to the classification of the silicate phase (C3S, C2S) and C-S-H silicate component. 
However, the mass ratio of the phase composition cannot simply be compared with the molar fraction 
of silicate chain length distribution. In addition, it is not possible to distinguish silicate chains derived 

(1)

 W/(C+SF) SP DEF

(%) W C SF S (C×mass%) (C×mass%)

SP-N 1.00 0.07

SP-U(SF0) 1.05 0.07

SF10 230 932 104 1.30 0.05

SF20 223 808 202 1.80 0.06

NON-SP - －

SP-N 1.00 0.07

SP-U(SF0) 1.05 0.07

SF10 406 1428 183 1.30 0.05

SF20 394 1428 357 1.80 0.06

-

-1879
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Mortar 22
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from un-reacted C3S or C2S from those derived from C-S-H generated by cement mineral dehydration 
or SF pozzolanic reaction. Based on the assumption that the volume of silicate components in each 
chain is almost proportional to the chain length (silicate (Si) number), we calculated the total volume 
of silicate components (silicate phase and C-S-H) from the phase composition determined by Rietveld 
refinement. We then multiplied the molar fraction of silicate chain length distribution by the number 
of chains (n = 1 to 6) for conversion to a volumetric ratio. In this test, the results were used for 
evaluation from the viewpoint of the average polymerization component ratio of polymer (dimer 
through to hexamer). The samples were measured at the ages of 7, 28, and 91 days. 

 
3. Results and Discussion 

3.1 Compressive Strength 
 

Fig. 1 shows the compressive strength test results. The compressive strength of SP-U (SF0) was 
about 3% lower after 7-day aging but about 7% higher after 28-day aging and about 8% higher after 
91-day aging than that of SP-N. Compared with SP-U (SF0), SF10 showed 4% lower compressive 
strength after 7-day aging but almost equal strength after 28-day and 91-day aging. Compressive 
strength for SF20 was 7% lower after 7-day aging, almost equal after 28-day aging, and about 5% 
higher after 91-day aging. 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
3.2 Cement Hydration 
 
For analysis, cement paste samples were used after their hydration was stopped. 
Fig. 2 shows the CH amounts obtained by TG-DTA. The CH amounts of SF-free NON-SP, SP-N, 

and SP-U (SF0) showed similar tendencies. The amounts were up about 8 mass% after 7-day aging, 
about 9 mass% after 28-day aging, and about 10 mass% after 91-day aging. The increase from the age 
of 7 days to that of 91 days was about 2 mass%. Compared with the CH amount of SP-U (SF0), that of 
SF-added SF10 was about 2 mass% lower, and that of SF-added SF20 was about 4 mass% lower. At 
the age of 28 days, SF10 was about 3 mass% lower and SF20 about 6 mass% lower. At the age of 91 
days, SF10 was about 4 mass% lower and SF20 was about 8 mass% lower. The change from the age 
of 7 days to 91 days was a decrease of about 2 mass% for SP-U (SF0), a minute decrease of less than1 
mass% for SF10, and about 2% for SF20. The CH amount decreased probably because the progress of 
the SF pozzolanic reaction caused CH consumption to exceed CH generation. 

Fig. 3 shows the SF reaction rates obtained by the selective dissolution method. The SF reaction rate 
reached 40 to 50 mass% after 7-day aging, 50 to 65 mass% after 28-day aging, and 60 to 70 mass% 
after 91-day aging. Compared with the reaction rate of SF10, that of SF20 was about 10 mass% lower 
by the age of 28 days but almost the same at the age of 91 days.Fig. 4 shows the phase composition of 
each admixture obtained by powder XRD and Rietveld refinement. Figs. 5 and 6 show C3S and C2S 
reaction rates obtained from the phase composition. Fig. 8 shows the amount of C-S-H generation.  
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Figure 3:  Measured hydration  
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Irrespective of SP type and SF addition, the C3S reaction rate reached 70 to 80 mass% in all 
admixtures after 7-day aging. After the age of 7 days, the increase was slight and the reaction was 
slow. Whether or not SP existed and irrespective of SP type, the C2S reaction rates of NON-SP, SP-N, 
and SP-U (SF0) were 0 to 7 mass% after 7-day aging, 13 mass% after 28-day aging, and 36 to 42 
mass% after 91-day aging. The C2S reaction rates of SF10 and SF20 were 4 to 12 mass% after 7-day 
aging, 22 to 27 mass% after 28-day aging, and 34 to 38 mass% after 91-day aging. The initial reaction 
rate was found to be accelerated more in SF10 and SF20 than in SP-U (SF0). C2S hydration is 
suppressed when the liquid-phase Ca2+ concentration is high due to C3S hydration, but accelerated 
when the Ca2+ concentration decreases after C3S hydration is finished. SF pozzolanic reaction is 
thought to reduce the Ca2+ concentration and promote C2S reaction[6]. Compared with NON-SP, SP-N 
showed C-S-H generation about 7 mass% greater and SP-U (SF0) showed equal generation after 7-day 
aging. At the ages of 28 days and 91 days, however, both SP-N and SP-U were equal. Compared with 
SP-U (SFO), SF10 showed C-S-H generation about 7 mass% greater and SF20 about 11 mass% 
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Figure 8: Measured amount of silicate  
anion in cement paste（SF10）
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greater after 7-day aging. After 28-day aging, the increase was about 13 mass% for SF10 and about 9 
mass% for SF20, and after 91-day aging, about 9 mass% for SF10 and about 8 mass% for SF20. The 
C3S reaction rate was not affected by the admixture conditions, such as SP type and SF addition. This 
result suggests that the admixture-based differences in the amount of C-S-H enerated stem from the 
promotion of both SF reaction volume and C2S reaction caused by SF addition. 

 
3.3 Distribution of C-S-H Silicate Chain Length 
 
Fig. 8 shows an example of measuring SF10 silicate chain length distribution using the TMS 

method. In Fig. 9, the silicate component volumes of C3S, C2S, and C-S-H are assumed to be almost 
proportional to the chain lengths (silicate (Si) numbers) shown in Fig. 4. Based on this assumption, the 
molar fraction in Fig. 8 was multiplied by the chain length number (n = 1 to 6) to calculate the 
volumetric ratio shown in Equation(2). To calculate the total C-S-H volume (Vn), the phase 
component amounts of C3S, C2S, and C-S-H in Fig. 4 were totaled after dividing them by the density 
in Table 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Where, Component ratio of monomer m after n-day aging: Fmn (m = 1 to 6) (vol.%) 
Molar function of monomer m after n-day aging: Mmn (m = 1 to 6) (mol%) 
Total volume of total silicate after n-day aging: Vn (vol.%) 
 

According to the results, the SF-free admixtures (NON-SP, SP-N, and SP-U) did not show any 
difference according to SP type, but a monomer decrease due to the progress of hydration and its 
accompanying dimer increase were confirmed. Regarding the SF-added admixtures (SF10 and SF20), 
the monomer decrease due to the progress of hydration was less than in SF0, and the amount of dimer 
or higher-level polymers was remarkably greater than in the SF-added admixtures. This is probably 
because the supply of silicate ion SiO4

4- from SF may have increased the SiO4
4- concentration. 

Regarding the silicate chains of trimer and higher-level polymers, it is difficult to evaluate the progress 
of polymerization appropriately because of the low component ratio. From the component ratios of 
dimer through to hexamer calculated in Fig. 9 for convenience, we calculated the average 
polymerization component ratio by using Equation (3). Using Equation (4), we then calculated the 
polymerization component ratio (DP0) of yet to be mixed non-hydrated cement. change rate (Rn) of the 
average polymerization component ratio (DPn) at each age from the average polymerization 
component ratio (DP0) of yet to be mixed non-hydrated cement. 

(2)
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          Where, Average polymerization component ratio of dimers through to hexamers after n-day aging:DPn 

 

 
Where, Change rate of the average polymerization component ratio after n-day aging: Rn 
Average polymerization component ratio of dimers through to hexamers after 0-day aging: DP0 
Average polymerization component ratio of dimers through to hexamers after n-day aging: DPn 

 
Fig. 10 shows the change rates of the average polymerization component ratio of dimers through to 

hexamers in each admixture. According to Koizumi et al.[1], if a high concentration of SP is added 
under a condition of high W/C, the polymerization of silicate chains is retarded and the degree of 
retardancy differs according to the SP type. Regardless of the presence or absence of SP and 
irrespective of SP type, the change rates of the average polymerization component ratio in NON-SP, 
SP-N, and SP-U(SF0) showed the same tendency. Compared with the case of no hydration, the change 
rates were three or four times greater after 7-day aging, five or six times greater after 28-day aging, 
and then stagnant with only slight changes. The change rates of the average polymerization component 
ratio in SF-added admixtures (SF10 and SF20) were five or six times greater after 7-day aging and 
nine or ten times after 91-day aging, compared with the case of no hydration. The promotion of 
silicate chain polymerization by SF addition indicated the possibility of SiO4

4- eluting from SF, not 
only as monomer but also as polymer, and generating C-S-H. 

 
4. Conclusion 
 
 When SP for ultra-high strength concrete and SF were added, compressive strength slightly 
decreased in the first seven days of aging but showed no change after 28 days of aging. 

Meanwhile, the C3S hydration rate reached 70 to 85% after 7-day aging, regardless of SP type and 
the amount of SF addition, but then became stagnant. However, SF addition increased the C2S 
hydration rate at the initial age. The SF hydration rate became 40 to 50% after 7-day aging and 60 to 
70% after 91-day aging. However, adding more SF was found to reduce the reaction rate. Therefore, 
neither SP type nor molecular structure was found to affect C-S-H generation or silicate chain 
polymerization significantly. 

This study suggests that SF addition promotes C2S reaction, C-S-H generation, and silicate chain 
polymerization at the initial stage of aging.According to the results of this study, the optimum 
proportion of SF addition in the admixture design of ultra high-strength concrete can be estimated 
from hydration, and the amount to be added is 10%. 
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Abstract 
Because of the brittleness of concrete, cracks are easily caused by shrinkage and external loading, and 
these microcracks lower the performance of concrete. However, these microcracks can be healed by 
further hydration when some extra water and unhydrated cement particles are available. A typical feature 
of high performance concrete (HPC) is that a high proportion of unhydrated cement particles remains in 
the matrixes due to the low water/cement (w/c) ratio. Therefore the main criterion for the self-healing is the 
effective supply of extra water in the system. 
In this research, the extra water was assumed to be stored in capsules which were pre-mixed in the HPC 
concrete mixture. When the HPC cracks, the cracks pass through the capsules because of the low strength 
of the capsules. In this way the water can be released from the capsules. This released water induces the 
further hydration of unhydrated cement particles. As a result, the cracks in the HPC will be healed by the 
further hydration products. However, the amount of further hydration products which are formed in the 
cracks as the function of time is not figured out. The effects of crucial parameters, i.e. the fraction of 
unhydrated cement and the crack width, on the efficiency of self-healing by further hydration are not clear. 
In order to realize the self-healing of cracks in HPC, the mechanism of self-healing by further hydration 
was studied in this paper. A model to simulate self-healing of cracks was developed based on the 
thermodynamics and diffusion theories. The amount of further hydration products formed in the 
microcracks was predicted through this model. The fraction of anhydrous cement, i.e., 14%, 29% and 43% 
was taken into account, as well as the crack width of 8 μm and 16 μm. The quantitative relationship 
between the efficiency of self-healing and the crucial parameters was determined. Therefore, the study of 
the mechanism of self-healing by further hydration provided convincing theoretical basis for realizing the 
self-healing in HPC. 
 
Originality 
It is proved that the self-healing in HPC can prolong the service of concrete structure. One of the methods 
to realize the self-healing is to utilize the further hydration of unhydrated cement in HPC. The cracks are 
expected to be filled up by the newly formed hydration products. However, the main challenge of this 
method is that there is little or even no water existing in the system for the further hydration during the late 
period of the hydration. In this paper, in order to provide convincing theoretical basis for realizing the 
self-healing in HPC, the mechanism of self-healing by further hydration was studied by modeling. A model 
to simulate self-healing of cracks was developed based on the thermodynamics and diffusion theories. The 
quantitative relationship between the efficiency of self-healing and the crucial parameters, i.e. the fraction 
of unhydrated cement and the crack width, was determined. 
 
Chief contributions 
One of the main contributions of this research was the investigation on the mechanism of self-healing in 
HPC by further hydration. A model to simulate self-healing of cracks was developed based on the 
thermodynamics and diffusion theories. The amount of further hydration products formed in the crack as 
the function of time was calculated by this model. The effects of crucial parameters, i.e. the fraction of 
unhydrated cement and the crack width, on the efficiency of self-healing by further hydration were 
determined. This investigation on the mechanism of self-healing provides convincing theoretical basis for 
realizing the self-healing in HPC by providing extra water from the inner of the concrete. 
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1. Introduction 
Because of the external loading and shrinkage, cracks are unavoidable in high performance 
concrete (HPC). These cracks facilitate the ingress of aggregative and harmful substances into the 
HPC, which reduces the durability of the concrete structures and increases the cost for repairing. 
In order to extend the service life of concrete structure and reduce the repair cost, one of the 
possible solutions is the self-healing of cracks. In the last decade, self-healing of cracks in 
concrete structures has been received much attention. Yang (Yang et al., 2009), Jacobsen 
(Jacobsen and Sellevold, 1996) and Ramm (Ramm and Biscoping, 1998) have investigated the 
self-healing of concrete in various conditions. Two mechanisms of self-healing have been 
proposed in cementitious materials, such as the formation of calcium carbonation (Evardsen, 
1999) and the further hydration of unhydrated cement (Schlangen et al., 2006).  
For the second mechanism, in fact, a substantial amount of cement remains unhydrated over time 
because of the lack of water, especially in HPC. If concrete cracks and extra water penetrates into 
concrete and reacts with the unhydrated cement, it will produce new hydration products. The 
formation and growth of hydration products will eventually fill the cracks. However, the amount 
of further hydration products formed in the crack as the function of time is not clearly 
determined. The effects of crucial parameters, i.e. the fraction of unhydrated cement and the 
crack width, on the efficiency of self-healing by further hydration are not clear. In this paper, the 
mechanism of self-healing by further hydration was simulated by numerical modeling. This 
model is based on diffusion theory and thermodynamics, i.e. the mass balance, charge balance 
and chemical equilibrium. Through the model, the amount of further hydration products formed 
in the microcrack as the function of time was calculated. The crucial parameters i.e., the fraction 
of unhydrated cement and the crack width which influence the self-healing process were 
discussed. 

2. Numerical simulation of further hydration 

2.1. Further hydration process and assumptions of the model 
As shown in the Figure 1, it is assumed that the extra water is stored in capsules which are 
pre-mixed in the concrete mixture. When the concrete cracks, the cracks can pass through the 
capsules. The water stored in capsules is released into the cracks immediately and the cracks are 
entirely filled with water. The unhydrated cement particles on the crack surfaces contact with 
water and the further hydration of these cement particles takes place. The clinker phases of 
cement dissolve instantly once the water is accessed. Ca2+ and OH− begin to diffuse out 
immediately and then the silicate starts to diffuse out as well (Dent Glasser, et al., 1978). 
Consequently, the concentrations of various ions in the crack solution increase gradually. Once 
the ion activities reach the equilibrium criteria, the further hydration products are formed in the 
crack solution. As the further hydration products are formed around the unhydrated cement 
exposed on crack surfaces, the rate of further hydration slows down and gradually becomes more 
and more diffusion-controlled (van Breugel, 1991). During this period, some parts of the ions are 
consumed to form the inner products while other parts of ions may diffuse into to the crack 
solution. Therefore, the formation of healing products in the crack keeps going on, but becomes 
slower and slower. In addition to the unhydrated cement exposed on the crack surfaces, some ions 
also diffuse into the crack solution from the unhydrated cement embedded inside the concrete 
matrix and facilitate the formation of healing products in the crack. According to the process of 
further hydration mentioned above, the assumptions were made as follow: 
(1) The temperature of the crack solution was 20℃. 
(2) The crack was passed through the capsules. 
(3) The water immediately penetrated to the crack and filled the crack entirely. 
(4) The water stored in the capsules was much enough to keep the cracked saturated for long 

time. 
(5) The ion diffusion between the pore solution and the crack solution was limited and ignored. 
(6) The unhydrated cement inside the concrete matrix was not taken into account. 
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Figure 1: Schematic diagram of further hydration        Figure 2: Discretization of the crack 

2.2. Frame of the model 
Based on the assumptions above, the self-healing of cracks in HPC was simulated based on the 
diffusion and thermodynamics theories. In the simulation, a cube with the size of micrometers 
was taken out from the microcrack as the simulation system. This tiny cube was discretized into 
micro-voxels, as shown in Figure 2. Accounting for the calculation time and the accurateness, the 
size of the voxel was set as 1 μm × 1 μm × 1 μm. There were 3 different phases which were taken 
into account on the crack surfaces: CSH, unhydrated cement and pore. According to the literature 
(Ammouche, et al., 2001), microcracks are conventionally defined as the cracks whose width is 
about few micrometers (< 10 μm). In this modeling, the microcracks width 8 μm and 16 μm were 
assumed. With regards to the fraction of unhydrated cement in the HPC, it was reported that the 
observation of the very old HPC by scanning electron microscopy showed a significant volume of 
unhydrated cement (Aitcin, 1998). In this simulation, the fraction of unhydrated cement was 
defined as 14%, 29% and 43% respectively. 

 

Initial 
conditions 

Boundary 
conditions 

Ion 
diffusion 

Thermodynamics 
model 

Input 

Ion 
concentration 

Solid 
products 

        
         Figure 3: Flowchart of this model 

The ion concentrations in each micro-voxel were calculated by the ion diffusion model based on 
Fick’s law. Meanwhile, a thermodynamics model based on chemistry equilibrium, mass balance 
and ion charge balance was established to simulate the further hydration taking place in the crack. 
At each time step, the ion concentrations calculated by the diffusion model in each micro-voxel 
were input into the thermodynamics model. Therefore, the amount of further hydration products 
was calculated, as well as the ion concentrations after the chemical reaction. These concentration 
outputs from the thermodynamics model were input into the diffusion model again as the initial 
conditions for the next step of calculation. The main flowchart was presented in Figure 3. 

2.3. Ion diffusion in cracks 
The ions diffuse into crack solution can be described by Fick’s first law. The flux of ions can be 
expressed as follow: 

i i iJ D c    (1) 
where: iJ = i th ion flux; iD = diffusion coefficient and ic = i th ion concentration. As the CSH 
and CH are formed in the solution of the crack, the ion diffusion is hampered and the diffusion 
coefficient decreases with the increasing volume of CSH in the solution. In the model, the 
diffusion coefficient is calculated as: 

,0 ,0 ,( )i i i i CSHD D D D      (2) 



solV V   (3) 
where: ,0iD = initial diffusion coefficient in solution; ,i CSHD = diffusion coefficient in CSH. solV = 
volume of solid phases in each voxel; V = volume of each voxel. 
The boundary conditions of the ion diffusion are corresponding to the different phases on crack 
surfaces. The amount of ions from the unhydrated cement was related to the increase of the 
degree of hydration of the unhydrated cement particle. According to the assumptions made in 
section 2.1, the mathematical expression of the boundary conditions is written as: 
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where ,i UHCc = the concentration of  the i th ion on the surface of unhydrated cement; n  = the 
normal direction of the crack surface;    = the molar of the i th ion diffusing from the 
unhydrated cement as a function of degree of hydration of the cement particle; s = the area of the 
unhydrated cement particle contacting with crack solution; t = diffusion time; ,i porec = the 
concentration of the i th ion in the pore solution; ,i CSHc = the concentration of the i th ion on the 
surface of CSH; ,i sD = diffusion coefficient of i th ion on the crack surfaces, ,i s iD D . 

2.4. Thermodynamics model for further hydration 
Accompanying with the dissolution of the clinkers and the ion diffusion, the precipitation of 
solids in the crack solution can be described by the thermodynamics model. This model was 
established based on the assumption of thermodynamics equilibrium, mass balance and charge 
balance. The mathematic description of the model was presented as the governing equations.  
The cement-water system containing N  chemical species was considered. In this system, there 
are l  independent chemical reactions taking place. The charge balance for the ions involving 
with the further hydration in the system can be written as (Anderson, and Crerar, 1993): 

1

N

i i
i

Z c

  (5) 

where i = the number of the species and iZ  = the valence (including sign) of the i th species. 
For example, iZ  would be -2 for SiO2(OH)2

2− .  
In this reaction system, the mass of each chemical element before and after chemical reaction 
should keep balance, which was given as (Anderson, and Crerar, 1993): 

0e e e
e

B b c   (6) 

where eB  = the molal concentration of the element e  in the system (such as Ca  in this 
modeling) and eb  = the number of the atoms of the element e in the chemical formula of every 
species. For example, in this modeling the mass balance equation for the element Ca, eb  for the 
species (Ca(OH)2)2(SiO2)2.4·(H2O)2 should be 2.  
The equilibrium equations can be calculated by the formula (Anderson, and Crerar, 1993): 

1 1
log log log 0

N N

k ki i ki i
i i

K c  
 

      (7) 

where kK  = the equilibrium constant for the k th chemical reaction; kiv  = the number of times 
the i th species occurring in the k th chemical reaction; i  = the activity coefficient of the i th 
species. The set of Equation (5), (6) and (7) are a nonlinear system and Newton-Raphson method 
was used to solve these equations. Equation (5), (6) and (7) can be generalized as: 

  0ic   (8) 



According to Newton-Raphson method, the Equation (8) can be approximated by the linear 
system as follow (Press et al., 1992): 
 '

, 1 , , ,( ) ( )i n i n i n i nc c c c      (9) 
Equation (9) can be rewritten as: 

   '
, ,i n i i nc c c    , , 1 ,i n i i nc c c    (10) 

The concentration of i th species can be calculated when the iteration is the convergent according 
to Equation (10). 

3. Chemical species and reactions 
In the simulation, only the further hydration of C3S and C2S were considered in the self-healing 
process. The chemical reaction and equilibrium constants involved in the further hydration are 
presented in Table 1. The species in the solution are shown in Table 2. 

Table 1: Chemical reactions in the modeling 

Chemical reaction log k  Reference 
Ca2+ + OH−    CaOH+  1.18 (Hummel et al., 2002) 
H2O   OH− + H+ -14.00 (Hummel et al., 2002) 
SiO2(OH)2

2− + H+   SiO(OH)3
− 13.33 (Hummel et al., 2002) 

CaH2SiO4    Ca2+ + SiO2(OH)2
2−  -8.6 (Mazibur Rahman et al., 2002) 

Ca(OH)2    Ca2++2OH− -5.19 (Reardon, 1990) 

Table 2: Chemical species in the modeling   

No. 1 2 3 4 5 6 7 8 11 
Species Ca2+ CaOH+ H+ H2SiO4

2− H3SiO4
− OH− H2O CaH2SiO4  Ca(OH)2

The reaction rate depends on    , the molar of each ion diffusing from the unhydrated cement 
particles, as described in Equation (3).   is the degree of hydration of the C3S and C2S at 
different time. In this simulation, the degree of hydration of C3S and C2S presented in the 
literature (Odler and Schuppstuhl, 1982) was cited.  

4. Results and discussion 

The process of self-healing based on the further hydration of anhydrates was simulated by the 
model established above. The crack width 8μm and 16μm and the fraction of unhydrated cement 
14%, 29% and 43% in the concrete were taken into account in the simulation. 
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         (a) Early stage of self-healing (b) Middle stage of self-healing 

Figure 4: Volume of solid formed in crack; Fraction of unhydrated cement: 43%; Crack width: 8 µm. 
 



In the Figure 4, the volume of solid phases formed in the crack is presented as the function of 
time when the fraction of unhydrated cement is 43% and the crack width is 8 µm. As shown in 
the Figure 4 (a), during the first 4 hours of the further hydration, the development of solid phases 
is limited. This can be attributed to the hampered reaction during the induction period. After the 
induction period, the solid phases increase significantly. The amount of CSH becomes lager than 
calcium hydroxide after 6 hours of further hydration. The formation rate of solid phases in the 
crack obviously drops down after 100 hours of the further hydration. The total volume of solid 
phases formed in the period of 1 hour to 100 hours is about 2.2 times as that formed between the 
100 hours and 500 hours, which are presented in the Figure 4 (b). The reason is that the transport 
of ions to and from the surface of the anhydrous cement is getting more and more difficult as the 
further hydration products are formed around the anhydrous particles. 
The fraction of the crack which has been healed during the same period rises with the increase of 
the fraction of the unhydrated cement on the crack surfaces. As shown in the Figure 5, about 35% 
of the crack of which the width is 8µm was healed in 500 hours when the fraction of unhydrated 
cement is 43%, while only about 12% of the crack was healed when the fraction of the 
unhydrated cement is 14%. It is obvious that the more the unhydrated cement, the higher the 
efficiency of self-healing. 
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The fraction of the crack which has been healed at different time is shown in Figure 6. From this 
figure, it can be learned that in 500 hours of the self-healing, the fraction of healed crack with the 
width of 16 µm is about 13%, while 35% instead of 26% for the crack with 8 µm. Therefore, the 
proportion of inversion between the fraction of healed crack and the crack width is not exactly 
linear. It demonstrates that the volume of solid phases formed in the wide cracks is smaller than 
that formed in the narrow crack even if the fraction of anhydrous cement and the healing time are 
the same. This can be attributed to the lower concentration of ions in a wider crack and it gets 
more difficult to reach the equilibrium criteria for the formation of solid phases. Thus the wider 
the crack is, the smaller fraction of the crack is healed. It is in a good agreement with the 
conclusion from the literature (Yang et al., 2009) where it states that the crack with smaller width 
is easier to be healed. 
From this simulation, it can be learned that it is possible to heal the microcracks in HPC by 
further hydration. Moreover, the self-healing by further hydration will be more efficient in the 
HPC with lower w/c ratio owe to the high fraction of unhydrated cement. In addition, the cracks 
will be healed more easily if some fibers are added into concrete to make the crack width smaller, 
such as the ECC. It has to be emphasized that one of the most important factors to realize the 
self-healing promoted by further hydration is the possibility to access the extra water. The further 
hydration will keep going on until the extra water is used up. Therefore, it is the most important 
to provide sufficient water for further hydration for the self-healing. 

Figure 5: Healing fraction of the crack with different 
fraction of unhydrated cement; Crack width: 8 µm.

Figure 6: Healing fraction of the crack with different 
width; Fraction of unhydrated cement: 50%;



5. Conclusion 
In this contribution, a model coupled to simulate self-healing of cracks in HPC was developed 
based on the diffusion and thermodynamics theories. In the modeling, the capsules containing 
water were supposed to be passed through by the microcracks. The water penetrated into the 
microcracks immediately after the capsules were broken and the microcracks were entirely filled 
with water. The crack space was discretized into micro-voxels. The ions dissolved from the 
unhydrated cement and diffused into the crack solution. The ion diffusion was calculated and 
input to the thermodynamics model. Based on the mass balance, charge balance and chemical 
equilibrium, the amount of further hydration products formed in the crack was calculated through 
the thermodynamics model. In this simulation, the self-healing in the HPC with different fraction 
of unhydrated cement, i.e., 14%, 29% and 43% was calculated. Besides that, the crack widths of 8 
μm and 16 μm were also taken into account. 
The simulation results showed that the self-healing is more efficient when the crack width is 
smaller and the fraction of unhydrated cement is higher in the HPC. Therefore, the fraction of 
unhydrated cement and the crack width are important parameters of self-healing by further 
hydration. It is suggested that the self-healing by providing extra water for further hydration will 
be realized more easily in HPC with low water/cement ratio or fiber concrete such as ECC in 
which the cracks are usually smaller. What is worthier to mention is that the amount of extra 
water is most crucial for self-healing promoted by further hydration. When the extra water is used 
up, the further hydration will stop. However, in this model, the crack was supposed to be 
saturated during the process of self-healing. The amount of water needed for self-healing was not 
calculated. The distribution of the unhydrated cement was not considered as well. In the future 
work, the model will be improved to take the water consumption and the distribution of 
unhydrated cement into account. 
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Abstract 
Following the development of an adequate thermodynamic database, a number of predictions have been made 
concerning hydrate coexistence and the predictions verified experimentally. They show that hydrated Portland cements 
-the metastable persistence of C-S-H excepted- are approaching equilibrium. If the equilibrium is perturbed, as by 
leaching or ingress of reactive ions, or by changes in temperature, a new equilibrium is rapidly reached. 
Thermodynamic calculations coupled with rate laws based on transition state theory are used to show how fast 
individual phases or phase assemblages respond to perturbation of the equilibrium states. Selected examples from the 
literature were chosen for verification. 
 
Changes in phase composition often occur in steps, each step being characterised by having at least one degree of 
freedom. Phase changes buffer against change; for example, portlandite, gypsum and C-S-H are very effective buffers 
in hydrated OPC paste. This realisation is in fact a great simplification in understanding the relationships between 
chemical and phase composition. 
 
Buffering actions also enable the mineralogy of paste and the composition of pore fluid to be greatly simplified into a 
limited number of cases. Of course the additional presence of soluble species such as (Na, K) causes the numerical 
value of the buffering aqueous concentrations to be numerically “fuzzy”. But the concept, even in simplified form, 
opens new possibilities to determine qualitatively and quantitatively the amount of phases present from the reactive 
composition.  
 
Originality 
 
The use of thermodynamic calculations allows the impact of changes in the composition of the starting materials, or 
temperature, or both, to be assessed. Thus thermodynamics is now used as a standard tool in the cement industry for 
the derivation of key performance indicators, e.g. chemically bound water, total porosity, as a function of cement 
composition and reactive fraction. Calculation has simplified quantification of the complex hydration behaviour of 
cementitious materials. So far however, calculations have been restricted to thermodynamic equilibrium states and 
kinetics is often not taken into account. We give examples relevant to hydrated Portland cements as well as to Portland 
cement based blended cements which show how thermodynamic principles, coupled with kinetic rate laws, can be used 
to simplify experiments on lab scale as well as giving a uniform framework to  interpret experimental results  
 
Chief contributions 
 
The chemical composition of a hydrated Portland cement is easily determined by modern and classical analytical 
methods but the phase composition is not so readily determined. In recent years we showed that cementitious systems 
can be treated similarly to other materials; thermodynamic laws can be applied to predict mineralogical changes as 
function of composition, temperature, etc., if certain metastable phenomena are taken into account. In fact many 
chemically complex materials, e.g. alloys, contain mixtures of metastable and stable phases and are amenable to 
conventional thermodynamic treatments with only slight modifications. However in recent years the number of 
publications based on the application of thermodynamic methods in cement science increased steadily, which shows 
that a general acceptance of thermodynamics as a tool in addition to conventional experimental methods has been 
achieved. 
 
Keywords: buffering systems, phase assemblages, kinetics, pore solution, aqueous chemistry 
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Introduction 
In experimental studies of cement we are used to constructing a grid, varying the composition of 
cement systems incrementally and observing the system response. One problem with this approach has 
been the infinite number of compositions which in theory could exist: given that experiments are 
usually made on a coarse grid of arbitrarily selected compositions, we have the problem of 
interpolating between grid points. Frequently we also need to extrapolate beyond the limits of the grid. 
We show that additional conceptual approaches can be used to permit a computational approach to 
interpolation and extrapolation. A simple example related to heterogeneous systems is the application 
of buffering concepts. Buffer concepts have been so useful that they have been extended to other 
functions, for example to solid-liquid equilibria: geochemists make extensive use of these concepts in 
relating mineral stability to different environments. The purpose of this paper is to illustrate how 
buffer concepts can be employed in cement science.  

Thermodynamic Modelling 
All thermodynamic calculations were done with Phreeqc v. 2.15 (Parkhurst et al.1999). Meaningful 
calculations require a self-consistent thermodynamic database. For cement hydrates a new database, 
cemdata07, was developed (Matschei et al. 2007b, Lothenbach et al. 2008a). The applied dissolution 
constants and reactions for relevant minerals at 25°C are given in Diederick 2009 who converted the 
cemdata07 database into the Phreeqc format. In order to take kinetic reactions into account, simple 
rate laws based on transition-state-theory (Lasaga et al. 1981) were implemented into Phreeqc: 

)exp(fAkR RT
GΔ

SSA

r

−1⋅⋅⋅= 00                       (1) 

With k0 as specific rate constants in mol/(m2s), A0 as specific surface area in m2, the optional factor 
fSSA = (moles of solid m/initial moles of solid mo)n with n=2/3 which was used to correct for a 
reduction of the specific surface area of gypsum and calcite during dissolution. Finally the term (1-
expΔGr/RT) describes the variation of the dissolution rate as function of the Gibbs free energy of reaction 
ΔGr, which accounts for a slowing of dissolution as equilibrium is approached. In Phreeqc this term 
was implemented as function of the saturation ratio Ω (=IAP/Ksp), with IAP as ion-activity product 
and Ksp as equilibrium constant of the dissolution reaction, according to the following relations: 

( )ΩlnRT
Ksp
IAPlnRTGΔ r =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=−     (2) 

Hence equation 1 simplifies to: 
)Ω(AkR −1⋅⋅= 00      (3) 

All calculations are made for 25°C. Table 1 shows the estimated specific rate constants and the 
assumed specific surface area of the cement hydrates applied in the present example calculations. 

Table 1: Parameters relevant to dissolution calculations estimated from literature data   

mineral 
specific surface 
area (estimates) 

estimated specific rate constant k0 at 
25°C references 

  [m2/g] [mol/(m2s)]   
portlandite 1 7.2E-06 Bullard et al. 2010 
gypsum 0.5 1.0E-04 Jeschke et al. 2001,   Niemann 2005 
calcite 0.5 7.5E-07 Chou et al. 1989 
C-S-H (C/S~1.7) 250 1.0E-9.5 Nonat 2010, Schweizer 1999 
ettringite 10 1.0E-12 Baur et al. 2004 
monosulfoaluminate 10 1.0E-11 Baur et al. 2004 

The authors are aware of the limitations of the transition state theory approach, as for example has 
been highlighted by Dove et al. 2005 and Hellmann et al 2006. Nevertheless as kinetics of dissolution 
of cement hydrates are not widely studied the available experimental data are limited. In order to get a 
first impression on the magnitude of the dissolution behaviour of cement hydrates relevant to buffering 
we chose the above simple rate law.  
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Model systems 

General characteristics of buffering systems  
Before we come to more specific cement-related examples we note the characteristics of a buffering 
system and extend the application of buffering concepts to species other than the hydrogen ion. In 
general buffers controlling the aqueous composition of chemical systems depend on mass balances 
and reaction kinetics of the buffering phase assemblage. Hence the buffering capacity of a system 
depends on the mass balance of the system including the ongoing reactions, e.g. if a buffering 
component controlling the aqueous composition of a system is exhausted as a consequence of 
chemical reactions, the system undergoes a transition to a different buffer system. The second 
important point for highly dynamic systems e.g. hydrating cements, where buffers are involved with 
chemical reactions, the dissolution kinetics of the buffering species reaction needs to be faster than the 
kinetics of the overall chemical reaction in order to maintain equilibrium in the aqueous solution. 
Another point especially relevant to cements is their content of soluble ions, e.g. alkalis, resulting in 
interferences such that buffers do not have numerically fixed activities at constant temperature, instead 
the values are “fuzzy” but can be quantified via the speciation codes used here.  
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Figure 1: Calculated time to equilibrium in water (water/solid weight ratio = 10) vs. estimated solubility, based 
on thermodynamic calculations. Note (i) that during equilibration of monosulfate, co-precipitation of ettringite is 
calculated to occur and (ii) due to the absence of systematic experimental data for the dissolution mechanisms of 
C-S-H the numbers should be taken as tentative. See text for further explanations. 
 
Figure 1 shows the results of a numerical equilibration experiment of different solids in water at an 
initial water/solid weight ratio of 10, similar to that often used in practical solubility determinations. 
The calculations are based on equation (1) with the rate constants and specific surface values given in 
Table 1. As shown in Figure 1 gypsum, calcite and portlandite approach equilibrium rapidly, in 
seconds to minutes, while C-S-H, ettringite and monosulfate need several days to reach an equilibrium 
with the surrounding solution. From Figure 1, it becomes clear that there is no relation between 
solubility and equilibration time. Phases with a high solubility (e.g. portlandite) may reach equilibrium 
at the same time a less soluble phases (e.g. calcite).  

Several literature studies (Atkins et al. 1991, Jones 1944) derive solubility data for AFm by dissolving 
initially phase-pure monosulfoaluminate in water. But, as in the title study, co-precipitation of 
ettringite occurred in the course of experiments. In the past, this behaviour has been attributed to the 
metastability of monosulfoaluminate with respect to mixtures of ettringite and hydrogarnet at 25°C. 
However, whereas ettringite was always found hydrogarnet could not be detected. Our attempts to 
kinetically model the dissolution of monosulfoaluminate in water showed that if monosulfoaluminate 
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is assumed initially to dissolve stoichiometrically at the rate given by Baur et al. 2004, the solution 
will become supersaturated with respect to ettringite after ~14h (Figure 2, right). This will cause the 
observed co-precipitation of ettringite (Figure 2, left) and explains the “non- stoichiometric” ionic 
composition of the solution at equilibrium that was reported by several authors. In agreement with 
previously reported equilibrium calculations (Matschei et al. 2007a) monosulfoaluminate and 
ettringite are predicted to stably coexist together when equilibrium is reached. Experiments are 
currently underway to further validate the calculations. 

Figure 2: (left) SEM micrograph showing AFm and co-precipitated ettringite after 4 weeks equilibration from 
undersaturation and (right) calculated evolution of saturation index (SI) of monosulfate and ettringite during 
numerical equilibration experiment in initially deionised water (all data at 25°C and initial l/s = 10). 

For C-S-H we need to point out that the dissolution behaviour is very complex as this phase is known 
to dissolve incongruently. By treating C-S-H as an ideal solid solution we are able to reproduce the 
incongruent nature of C-S-H dissolution as soon as saturation with respect to C-S-H is reached. 
Nevertheless, the dissolution behaviour of C-S-H in undersaturated conditions needs further 
investigations and we therefore advise the reader to take the results as tentative: further refinement and 
accurate measurements of dissolution and precipitation rates and improved knowledge of nucleation 
and growth are needed to further develop these type of calculations to include C-S-H. 

Buffering in cementitious systems 
In this section we would like to adapt the above described dissolution model to more realistic systems 
relevant to hydrated cement paste. We assume two scenarios (i) a Portland cement system containing 
initially 65% C3S, 15% C2S, 7.5% C3A, 7.5% C4AF and 5% gypsum and (ii) a Portland limestone 
system where cement (i) was blended with 20% limestone. In a first step, we calculate the equilibrium 
fractions during 100% hydration of both cements with a w/c ratio of 0.5. The calculated mass fractions 
and the impact on specific l/s ratios are given in Table 2. 

 OPC Limestone blended cement 

constituent mass 
l/s weight ratio in 
pore solution mass 

l/s weight ratio 
in pore solution 

  [g] [-] [g] [-] 
pore solution 19.9  23.0  
portlandite 32.6 0.6 26.6 0.9 
C-S-H (C/S~1.7) 68.7 0.3 54.6 0.4 
ettringite - - 9.8 2.3 
monosulfoaluminate 22.2 0.9 - - 
C3AH6 3.0 6.6 - - 
Fe(OH)3 3.6 5.5 2.9 7.9 
monocarboaluminate -  15.9 1.4 
calcite -  17.2 1.3 

Table 2: Mass balance of the example cements at 25°C equilibrium (degree of hydration = 100%) 
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Based on the imposed mass balance restrictions (Table 2), the rate constants and the estimated specific 
surface areas (Table 1) we now repeat the calculation of equilibration times for different cement 
constituents relevant to hydrated cements (see  Figure 3). Three different scenarios were considered: 
equilibration in (i) pure water, as a benchmark, (ii) saturated calcium hydroxide solution and (iii) a 
solution initially containing 500mM NaOH saturated with portlandite, to calculate the impact of 
alkalis.  
For a direct comparison to Figure 1 we added the equilibration times in pure water to  Figure 3. It is 
apparent that the corrected l/s ratios of the hydrates relevant to 100% hydration at w/c=0.5 
significantly decreases the equilibration times for all hydrates incl. calcite, except for gypsum, where 
we kept l/s at 10 which is a realistic value for the first minutes of hydration. Nevertheless the earlier 
trends already observed in Figure 1 stay the same. Portlandite, gypsum and calcite reach equilibrium 

 Figure 3: Calculated time to equilibrium of cement constituents at given l/s and compositio

within seconds, whereas C-S-H, monosulfate and ettringite need hours to days.  
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(Note: equilibration calculations for portlandite done for pure NaOH solution) 

The previous calculations led us conclude that the pore solution of hy
portlandite. If one now applies the kinetic calculations to a pore solution saturated with calcium 
hydroxide,  Figure 3, it is apparent that this dramatically impacts the equilibration times of the 
remaining solids. For monosulfate and ettringite the equilibration times decreases by up to 2 orders of 
magnitude, from hours to minutes. For C-S-H, C/S ratio 1.7, we estimate an almost instantaneous 
equilibration under portlandite -saturated. The time needed to reach equilibrium decreases from >1h in 
pure water to <1s in a calcium hydroxide saturated solution. In real cements, considerable amounts of 
alkalis are present, which impact significantly on the time to reach equilibrium. Especially for sulfate- 
and carbonate-bearing phases, we calculate an increase of the time to reach equilibrium mainly due to 
higher equilibrium solubilities of these phases in alkaline conditions. Nevertheless, the values are only 
estimated, based on the assumption that the rate constants of dissolution are not significantly impacted 
by the increased pH of the solution, which may not be so. More experimental data are needed to 
modify the calculations.  
The calculations gave clear indications which phases are likely to be the most common buffers of OPC 
based systems: At early stages of hydration, where the system is highly dynamic we expect gypsum 
and portlandite to be the major buffers of the pore solution. As soon as sufficient C-S-H is formed and 
most of the silicates have reacted, C-S-H should also reach equilibrium early in the progress of 
hydration. Ettringite, however, seem to have relatively sluggish dissolution behaviour and may 
therefore not control the equilibrium at early stages of hydration.  
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Finally we would propose a crosscheck with the time-dependent saturation index calculations on OPC 
pore solutions as reported (Rothstein et al. 2002, Lothenbach et al. 2008b, Kelzenberg et al. 1998) 

Figure 4: Saturation indexes of cement hydrates as function of time (experimental data taken from literature (see 
text); shaded area represents estimated error range of calculations) 

librium to assess the ability of selected 
cement constituents to buffer the chemical composition of the pore solution. To act as a buffer, the 

 be available in sufficient quantity preferably at high reactivity (e.g. with high specific 

rich blended cements or leached concrete, the response time of C-S-H to re-

the 

(Figure 4). As expected from the previous calculations, the pore solutions are within seconds after 
mixing close to saturation with respect to gypsum and portlandite, but also C-S-H, whereas the 
solutions are strongly supersaturated with respect to ettringite and monosulfate. From this, we can 
conclude that the phase assemblage gypsum-portlandite-C-S-H buffers the composition of the pore 
solution with respect to calcium, silica and sulfate in the first hours of hydration. But after 
consumption of gypsum, indicated by negative saturation indexes (Figure 4) portlandite and C-S-H 
buffer the pore solution, whereas monosulfoaluminate and ettringite are still slowly approaching 
equilibrium with time. It should be noted that the saturation index calculations follow a power-law 
which is strongly related to the stoichiometry of the reference reaction used to calculate the 
equilibrium constant, e.g. the reactions for ettringite is based on the formula 
Ca6Al2(SO4)3(OH)12.26H2O. Thus the numerical values of the saturation index, especially for complex 
compositions, e.g. ettringite, are very sensitive to solution analytical errors. 
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Discussion 
We link the kinetics of dissolution to thermodynamic equi

solid should
surface area to interact with the solution) and should dissolve/precipitate sufficiently fast in order to 
quickly reach equilibrium especially at very dynamic situations where chemical reactions taking place 
that involve buffering solids. The study has demonstrated that portlandite, gypsum, C-S-H and calcite 
are potentially very efficient buffers in OPC based systems. It was shown and validated by 
experiments reported in the literature that, at early ages, the pore solution is close to equilibrium with 
respect to gypsum, portlandite and C-S-H. This is an important conclusion, enabling definition of 
distinctly different regimes in a hydrating cement, with an abrupt transition between regimes. For 
modelling kinetics it may often be sufficient to treat portlandite and gypsum (depending on the stage 
of hydration) as an equilibrium phase rather than using kinetic rate laws that may lead to excessive 
computational times. 

The calculations demonstrated that solids may only be an effective buffer if another buffering species 
is present as shown for C-S-H in portlandite saturated conditions. Hence in portlandite depleted 
systems e.g. in SCM 
equilibrate is likely to increase significantly. This may affect durability related properties e.g. the 
impact of kinetics on transport of ionic species in concrete as highlighted by De Windt et al. 2008. 

The impact of kinetics on processes relevant to cement chemistry has not been studied very 
systematically in the past. Therefore relatively few useful datasets link kinetic aspects with 
thermodynamic equilibrium calculations. Hence this study should be regarded as conceptual and 
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calculations presented are descriptive of trends rather than absolute values. However, there are 
promising approaches relevant to cement science about combining classical thermodynamics with 
kinetic approaches. Damidot et al. 2007 and 2009 derived rate laws based on transition state theory 
that describe reasonably well the dissolution of C3S or the precipitation of ettringite. Bullard 2010 
developed a coupled nucleation and growth model based on transition state laws. Other authors (Dove 
et al. 2005, Juilland et al. 2010) suggested coupling Gibbs free energy of reaction with step retreat 
functions and etch pit formations. Still to be explored is the relatively complex dissolution behaviour 
of C-S-H which is believed to be strongly impacted by processes relevant to surface chemistry (Nonat 
2010). Atomistic modelling provides another alternative to derive rate laws based on first principle 
calculations. These theoretical approaches can be used to calibrate simpler models via up-scaling 
procedures. In this way all stages of cement can be modelled, commencing with hydration and ending 
in dissolution and reaction with the service environment. 
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Abstract 
With the environmental awareness related to the production of CO2, geopolymer-type materials represent now 
an alternative to classical binders found in civil engineering applications. On a chemical point of view, 
geopolymers enter in the category of aluminosilicates. They are produced by activating (with alkalis and/or 
temperature) mineral fines which contain silicon and aluminum. Traditionally, most studies involve geopolymers 
made of metakaolin, fly ash or slag. Soda-glass is a material having a high content in silicon. However, due to 
its low aluminum content (~2%), studies dealing with its use in geopolymers are not common. 
This work presents the results of an experimental campaign aiming to produce geopolymers from cullet glass. 
The study also gives the principal formulation parameters affecting the behavior of this type of materials. The 
properties are evaluated in terms of compressive strength, morphology and composition of hydrates. The glass 
used for the production of geopolymers comes from recycled glass bottles. The studied parameters are the 
fineness of the glass, the temperature of synthesis (20, 40 and 60°C), the nature and concentration of the 
activation product (KOH, NaOH). 
The results show that: 

- cullet of soda-glass can be used as base material for the production of geopolymers 
- high fineness of glass leads to better mechanical performances 
- it is not necessary to use high temperature to obtain high performances from cullet-geopolymer since 

geopolymers are obtained at ambient temperature.  
- KOH is the activation product which leads to the higher performances 

 
Originality 
Development of geopolymers based on a material rarely used in this area. 
The studies found in the literature report the use of materials (e.g. metakaolin, fly ash, slag) which already have 
important reusing channels as cement binders. This is not the case for glass cullet, although it contains high 
amorphous silica. A slight grinding and an alkaline activation are sufficient to valorize this material. 
Most geopolymers are made using materials containing both Si and Al. Although soda-glass only have a small 
amount of Al (~2%), it is shown that it is possible to synthesize geopolymers having high performances. 
 
Chief contributions 
The aim of this work is to use an industrial by-product (cullet glass) for the synthesis of geopolymers. Actually 
mixed glass of different colours is economically difficult to reuse in the manufacture of new-glass products. 
Geopolymers could be an interesting alternative to recycle high quantities of glass cullet which are often stocked 
in landfill. 
 
Keywords: Glass cullet, geopolymers, mortars, activation 
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1. Introduction  
It has been shown that the geopolymers represent a competitive alternative to the Portland cement 
[Davidovits, 1991 - J.S.J. Van Deventer et al., 2005], and begin to be widely used in diverse 
applications. Geopolymer is a term used to describe inorganic polymers based on aluminosilicates 
[Davidovits, 1993] and can be produced by synthesizing pozzolanic compounds or aluminosilicate 
source materials with highly alkaline solutions [Davidovits, 1991]. The ability of varying the molar 
ratio Si/Al, and therefore the structure and the physiochemical properties of the polymers broadens the 
scope of these materials. However most of the studies are limited to the use of certain mineral fines 
such as metakaolin [Zibouche et al., 2009 - Aly et al., 2008], silica fume [Prud’homme et al., 2010], 
fly ash [Panias et al., 2007 - Komljenović et al., 2010] or slag [Mozgawa et al., 2009 - Maragkos et 
al., 2009]. Indeed, all those materials share the ability of providing silica and aluminium to the 
reactional environment which is necessary to the polymerisation reaction [Maragkos et al., 2009 – Xu 
et al., 2000]. 
Geopolymers in this study are produced by mixing glass, which contains high contents of silicon and 
low aluminium, with an alkaline solution. Since glass cullet is a by-product, the production of raw 
materials for geopolymers does not require a high level of energy consumption, except for the 
grinding.  
The objective of this investigation is to assess the performances of glass cullet based geopolymer 
composites (mortar) and their performances under different temperatures and synthetised with two 
types of alkaline solutions at different concentrations. 
 

2. Experimental procedures 

2.1 MATERIALS 

The glass used in this study was bottle soda-lime silica glass, coming from municipal collect. It was 
composed of 100% of green glass. Different finesses of glass, denoted Fx (x =1, 2, 3), were obtained 
after grading, washing, drying, crushing and sieving the raw material. Table 1 gives the chemical 
compositions and the finenesses of the classes used for the study. The mean density was 2.5 g/cm3. 
The sand used was a quartz sand in accordance with standard EN 196-1 [AFNOR. NF EN 196-1, 
2006]. 
Alkaline activators in the investigation were hydroxide solutions, prepared to concentrations of 1, 5 
and 10 M using potassium and sodium hydroxide (KOH and NaOH) flakes of 90% purity dissolved in 
distilled water. 

Table 1 – Chemical and physical characteristics of glass cullet 

Chemical composition (% by mass) 
  SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Loss on ignition 
           
  71.7 2.0 0.3 11.6 1.2 0.1 12.2 0.7 0.1 
   

Physical characteristics  Finesses of glass 
  F1  F2  F3 
Specific surface Blaine (cm2/g)  1080  2070  4170 
Mean diameters (µm)  120  40  18 

Specific gravity (g/cm3)  2.5 
   

 

2.2 SAMPLE PREPARATION AND TEST METHODS 

The study was conducted on mortars, composed of three parts of sand and one part of glass. The 
alkaline-solution to binder ratio was 0.5. 
Mortars were prepared according to standard EN 196-1 [AFNOR, 2006] by preparing prismatic 
samples (4x4x16 cm). The setting up was carried out by vibration for 30 seconds, to release any 
residual air bubbles, of a single layer of mortar. The moulds were sealed in plastic bags to minimize 
moisture loss and then stored directly at 20°C, 40°C or 60°C and 100%HR. After 24h, the samples 
were unmolded and then cured at 20°C, 40°C or 60°C and 100%HR until the age of test (7, 28 and 56 
days). Compressive tests were performed according to standard EN 1015-11 [AFNOR, 2006]. Each 
compressive strength result was the mean value of 3 individual tests.  



 

The morphology of hydrates was determined by scanning electron microscopy (SEM – JEOL JSM 
6380 LV). Their elementary compositions were measured using energy dispersive X-ray spectroscopy 
(EDX, 15 kV and 10 nA). The mortars are referred to by: Fx.Y.(Na or K)z with:  
Fx, tested glass fineness (x=1, 2, 3)  Y, curing temperature: 20°C, 40°C and 60°C 
Na =NaOH and K= KOH    z: Activating solution molarity (z= 1M, 5M, or 10M) 
Example: F3.20°C.Na5 (fineness of glass: F3 / curing temperature: 20°C / activator: NaOH / 
concentration: 5M) 
 
3. Results 

3.1 COMPRESSIVE STRENGTH  

The results of the compressive strength test on the geopolymer-mortars are summarized in Figure 1, 
Figure 2 and Figure 3. The compressive strengths evolve continuously versus time, characterising the 
progress of the geopolymerisation reaction.  
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Figure 1 : Effect of curing temperature on the compressive strengths of the geopolymers-mortars based on glass 
F1, F2 or F3 and solution 1M-5M-10M NaOH or KOH - Conservation at 40°C or 60°C -100%RH  

 
 



 

- Glass fineness and curing temperature effect  

From Figure 1 stands out that glass fineness influence markedly the development of mechanical 
performances of the geopolymer mortars: the higher the fineness, the higher the mortar compressive 
strength gets. Whatever the term, the curing temperature and the type and concentration of alkali 
solution, the mortars based on glass of fineness F3 had the highest strength. Fineness F1 leads 
systematically to lower compressive strengths. The environment alkalinity and temperatures used 
seemed to be insufficient to attack deeply F1 particles and form products of binding nature. The coarse 
particles reaction products maybe remain insufficient to ensure a good coating of the grains and 
guarantee their cohesion. 
Figure 1 also shows that curing temperature has an effect on the reaction kinetics and the compressive 
strengths of the mortars. The general trend shows that the geopolymers-mortars compressive strength 
obtained at 40°C was higher than those recorded at 60°C. A further analysis of the curves shows that 
the effect is not marked at 7 days, but becomes more and more significant as the reaction progresses 
over time. That could be explained by the very quick reaction of the glass at 60°C leading to the 
formation of a product layer around the grains that would prevent further reactions. 
When comparing the results at 56d for the three temperatures tested (Figure 2), it is seen that the 
optimal temperature was 40°C. So, the temperature of 20°C seemed to be insufficient to attack the 
glass despite the high concentrations used. Still, it’s interesting to note that compared to other used 
materials in the geoplolymer fabrication (metakaolin, fly ash...), the glass has a low but significant 
compressive strength at ambient temperature. 
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Figure 2: Effect of curing temperature on the compressive strengths of the geopolymers-mortars based 
on glass F3 and solution NaOH (5M-10M) or KOH (5M-10M) at 56 days -Conservation at 20°C, 40°C 

or 60°C -100%RH 
 

- Activator nature and concentration effect 

Two types of activators were studied: KOH and NaOH. Figure 3 (a) shows the compressive strength 
variations of the mortars activated with KOH compared to the mortars activated with NaOH for the 
three finesses studied and for the three concentrations tested (1M, 5M and 1M). Overall, it can be 
seen:  

- that at a low concentration (1M), the effect of NaOH seems to be more significant than that of 
KOH 

- for the highest concentration (10M), the effect is reversed. 
- for the medium concentration (5M), 50% of the specimens stored at 40°C, show higher 

compressive strengths when activating with NaOH than when activating with KOH. 
According to the literature [Komnitsas et al., 2007], because of the difference in alkalinity and also the 
Na+ and K+ ions size, the KOH and NaOH-based solutions lead to the formation of geopolymers with 
different properties, in particular from a mechanical point of view. 
 
No matter if it is alkaline or thermic, it seems that when the activation is low (C=1M, T=40°C) the 
glass shows a better activity in presence of NaOH.  



 

Figure 3 (b) presents the effect of the activator concentration on the long-term compressive strength 
(56 days) for the geopolymer-mortars based on glass (F1, F2, F3) and solution 1M-5M-10M of NaOH 
or KOH. It’s appears clearly that: 

-The concentration of 5M seems to be the optimal concentration among those studied (1M-5M and 
10M) whatever the nature and fineness of the activator. The activation of the glass at this 
molarity enables to form products of binding nature. The effect of fineness is more marked at 
this concentration.  

- Although the concentration of 1 mol/litre is sufficient to ignite the glass reaction, the compressive 
strengths remain relatively low. 

- The concentration of 10M is less favourable for the glass reactivity. It could be supposed that the 
geopolymerisation reaction begins around the glass grain, but that a geopolymer coating is 
formed around the grains and prevent the reaction to go on. This would explain the low 
compressive strengths obtained despite the strong activation. 
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geopolymers-mortars based on glass F1, F2 or F3 and solution 1M- 5M-10M NaOH or KOH 
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3.2 MICROSTRUCTURAL ANALYSIS 

A microstructural analysis of the four types of mortars has been carried out. Figure 4 gathers all the 
observations and analysis made with SEM and EDX. It can be seen that the reaction products can be 
assimilated to alkali-silica reaction gels usually encountered in glass-based mortars and concretes [Xie 
et al., 2003] or other alkali-reactive materials [Bérubé et al., 2005]. In this context, test inquiring the 
dimensional variations on specimens should be carried out in order to verify the possible expansive 
behavior of the hydrates obtained under those conditions. Indeed, alkali-silica gels-like hydrates are 
sometimes observed when glass is used in the cimentitious matrix.  
Overall, the EDX analyses have shown the presence of products having a wide composition. As shown 
in Figure 4, they are principally composed of: silicon, sodium, potassium, calcium and aluminium. 
However, this latter was not found anywhere but on mortar F3.60.Na5. The presence of calcium, 
which comes from glass 12% (w%) in the composition, implies the formation of C-S-H which 
probably contributed to the matrix cohesion at ambient temperature.  
 
In particular way, the mortar F3.60.Na5 was compared to: 
1- F2.60.Na5 in order to study the influence of the glass fineness: from a morphologic point of view, it 

seems that the fineness (at least those studied here) does not look to have an influence on the 
nature of the formed products. 

2- F3.40°C.Na5 in order to study the influence of the curing temperature: it is to be noted that 
temperature seems to influence the facies of the reaction products which happen to be more 
compact at 40°C. 

3- F3.60°C.K5 in order to study the effect of the activator nature on the new-formed products: in that 
case, it is to be mentioned that despite the strong concentration of potassium (5M) in mortar 
F3.60.K5, the presence of that element in the formed products remains relatively low. 



 

Considering those gels obtained after the glass reacted in the alkali medium are poor in both calcium 
and aluminum, chemical stability studies in water are necessary. Tests are by the way in process. 
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Figure 4: SEM and EDX of geopolymers - 56 days at 40°C or 60°C-100%HR  

(1) F3.60.Na5 (2) F2.60.Na5 (3) F3.40.Na5 (4) F3.60.K5 
 

3.3 CONCLUSION 

• Cullet of soda-glass activated with bases (KOH and NaOH) has good mechanical strengths 
according to the fineness, temperature, and activating product nature and concentration: high 
temperature and high concentration are less favourable for the geopolymerization reaction. 

- It is not necessary to use high temperature to obtain high performances for cullet-
geopolymer 



 

- Geopolymers can be obtained at ambient temperature but they have low compressive 
strengths.  

- KOH is the activation product which leads to the higher performances 

• The composition of new-formed hydrates depends on temperature, fineness and nature of the 
activator. Two types of products can be identified: a first one of silico-alkali aluminium-
incorporated type found in the mixture F3.60.Na5  and a second one of silico-alkali type found 
in the studied specimens 
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Abstract 

Calcium-Slicate-Hydrate (C-S-H) gel is the binder phase and the principal source of strength in all 

Portland cement concretes. Despite the widespread use of concrete and decades of studies on C-S-

H, the interplay between the structure, composition and  morphology of this complex gel persists to 

be poorly understood. Here we propose a bottom-up multi-scale approach developed with the focus 

of predicting the morphology and properties of C-S-H at the micro level based on the consequences 

at the atomistic level. In particular, we show that different Ca/Si ratios present in real cement 

hydrate system drive the morphology and structure of C-S-H microtexture. First, using 

combinatorial approaches, we build all possible molecular “polymorphs” of C-S-H phases for each 

Ca/Si ratio. By allowing for short silica chains distributed as monomers, dimers, and pentamers, 

these C-S-H archetypes of molecular descriptions of interacting CaO, SiO2, and H2O units provide 

realistic values of the Ca/Si ratios and the density computed by a unique combination of grand 

canonical Monte Carlo simulation of water adsorption and NPT molecular dynamics at 300 K. 

Second, we show that upon applying tension to the thermodynamically stable polymeric C-S-H 

structures, rupture occurs mostly around the silica-rich regions and defected regions. These regions 

represent particle boundaries for C-S-H amorphous systems, and form the microtexture of C-S-H 

which is simulated by Monte Carlo method using a coarse grain potential derived from MD 

simulation of the C-S-H particles. Finally, we probe the bulk modulus of our microtexture model, as 

compared to experimentally measured properties of C-S-H.  
 

Originality 

Our method to obtain a C-S-H microtexture starts with information at the atomic level without any 

fitting parameters. Partial charges of all atomic species are obtained and validated based on ab initio 

calculations on C-S-H models. These charges play a crucial role on MD interactions, which 

eventually determine coarse grain potential parameters used in modeling C-S-H microtexture. This 

bottom-up approach introduces innovative paradigms to study and modify the cement chemistry at 

the molecular level.  
 

Chief contributions 

The molecular structure and morphology of C-S-H phase at different Ca/Si ratios have been a 

matter of controversy in the cement science community.  Herein, we have proposed an atomistic-

based combinatorial method, which i) shows C-S-H as a polymorphic material, and ii) identified C-

S-H strength boundaries, which affect C-S-H properties at the larger scales. To our knowledge, by 

analyzing more than 130 different amorphous C-S-H molecular systems, our proposed 

combinatorial approach in conjunction with coarse grain modeling is a new bottom-up methodology 

to decode the interplay between the cement chemistry, structure and morphology in amorphous C-

S-H systems. This method is amenable to other complex amorphous systems which may lack clear 

structure and particle boundaries. 
 

 

Keywords: C-S-H, Combinatorial atomistic modeling, particle boundaries, microtexture.
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Introduction 

 

Concrete is the most widely used synthetic material on Earth. The current worldwide cement 

productions stands at 2.3 billion tons, enough to produce more than one cubic meter of concrete per 

capita and year. But concrete’s omnipresence comes at a non-negligible ecological price, as its 

production amounts to 5-10% of total anthropogenic carbon dioxide emissions, and significant levels 

of NOX worldwide. On the other hand, there is no other bulk material on the horizon that could replace 

concrete as the backbone material for our societal needs in housing, shelter, infrastructure, and so on. 

There is thus a need to rethink concrete for the age of global warming to make it part of the sustainable 

development of our societies. From a computational materials science perspective, this paper will deal 

with recent developments in our understanding of concrete at fundamental scales that hold the promise 

to contribute to a paradigm shift in concrete science and engineering. The focus of this paper is 

twofold:  1) to present a statistical mechanics method in conjunction with a combinatorial approach to 

decode different C-S-H phases; and 2) to identify the strength boundaries of the different C-S-H 

phases to form particles, which make the C-S-H microtexture. 

 
Figure 1. Histogram of local values of Ca/Si in C-S-H [3]. 

 

By mixing water and cement, a complex hydrated oxide called Calcium-Silicate-Hydrate (C-S-H), 

precipitates as nanoscale clusters of particles. Here cement chemistry notation is employed to 

represent C=CaO, S=SiO2, H=H2O. C-S-H is a nonstoichiometric gelatious oxide and the hyphenated 

expression refers to different combinations of C, S and H. C-S-H is the primary product of cement 

hydration and is considered to be the smallest building block for concrete strength and durability. 

However, despite the widespread use of concrete since Roman times, the interplay between the 

structure, morphology and chemical composition of C-S-H has eluded many scientific attempts.  The 

average Ca/Si ratio of C-S-H in modern Portland cement systems is 1.7 with local values measured by 

Transmission Electron Microscopy (TEM) between 1.2 to 2.3 (see Fig. 1) [1,2,3]. Based on high 

resolution 
29

Si, 
1
H, and 

17
O nuclear magnetic resonance (NMR), X-ray adsorption spectroscopy and 

Raman spectroscopy [3], it is widely accepted that C-S-H at the nano-level has a (defected) layered 

structure that often resembles that of crystalline tobermorite and jennite minerals [4]. Quite recently, 

we proposed a realistic molecular model for C-S-H, which uses only the averaged NMR information 

as the overriding constraint [5]. This atomistic model predicts C-S-H chemical formula as 

[CaO]1.65[SiO2][H20]1.75 with Ca/Si=1.65 which is close to the mean in Fig. 1 and is consistent with the 

average neutron scattering measurement [CaO]1.70[SiO2][H20]1.80 [1]. In this paper, we focus on all 

spectrum of local values of Ca/Si ratio (Fig. 1) and for each Ca/Si ratio we use a combinatorial 

approach to examine all possible scenarios for creating a defected C-S-H model. 

 

 

 

 



Model construction 
 

One of the key driving parameters in all C-S-H systems is the Ca/Si ratio. To construct different C-S-

H models, which represent all local values of Ca/Si measured by energy dispersive X-ray analyses of 

hardened cement paste [2], we start with a monoclinic supercell of crystalline dry tobermorite mineral 

(a well-known C-S-H model) of interlayer spacing 11 Å with 2, 3 and 1 units along axes a,b and c 

with a unit cell chemical formula Ca6Si6O18. The cell contains two CaO layers lying in the ab plane 

and eight silica chains (two on the top and two on the bottom of each CaO layer as shown in Fig. 2). 

Note that in this initial configuration, Ca/Si=1 and there are Ca ions present in the interlayer spacing to 

neutralize the electro-negativity of CaO layers. In order to construct a C-S-H model with a certain 

Ca/Si ratio, say Ca/Si=1.8, we remove as many as neutral SiO2 units from the supercell until we reach 

Ca/Si~1.8 (decreasing Si simply increases Ca/Si ratio).  

 

 
Figure 2. A side view of tobermorite crystal. Green ribbons represent Ca layers and pink pyramids represent  

silicon tetrahedra chain. 

 

Note that the SiO2 removal breaks the periodicity of silica chains by creating defects in the structure. It 

is worthwhile to mention that there are two types of SiO2 units in the supercell, the bridging SiO2 and 

the pair SiO2 units, which are located at the backbone of the layers. Since experimental results indicate 

that the bridging SiO2 units are much less stable than those in the backbone layer [3], we first remove 

all available bridging SiO2 units and then remove pair SiO2 units from the backbone. This is 

particularly the case for large Ca/Si ratios. After creating the required defects in the silica chains, we 

relax the dry supercell using the CSH-FF potential model [6] at 0 K as implemented in GULP [7] to 

find a density ~2 g/cm
3
. At this point the interlayer distance slightly increases (2-4%) and a significant 

distortion appears in the layered structure forming a glassy phase. Next, we perform a Grand 

Canonical Monte Carlo (GCMC) simulation of water absorption in the above defected supercell, by 

coupling the system to an external bath at a chemical potential corresponding to liquid water at 300 K. 

At equilibrium, the water absorption increases the density to 2.3-2.6 g/cm
3
, which is close to the 

experimental values observed in C-S-H [1]. Finally, further relaxation of this hydrated model, slightly 

increases the interlayer spacing and hence decreases the density. In this final structure, one can 

observe that water molecules are not only present in the interlayer space (such as in tobermorite), but 

also in the cavities inside the layers, which are created as a result of defects. The latter water 

molecules are ultra-confined or frozen in the structure; reminiscent of what cement chemistry coined 

“bound water”.  
 

Combinatorial approach 

 

Since there are many possible ways of creating defects in the above supercell, we have developed a 

computational combinatorial approach to examine all possible defect scenarios for a targeted Ca/Si 

ratio. For each scenario, we repeat all steps in the above model construction procedure and find the 

relevant hydrated C-S-H model. After constructing about 130 combinatorial hydrated C-S-H models, 

we find the overall chemical composition of the computational model to be [CaO]1.2-2.1[SiO2][H20]1.05-



2.34. Some of these C-S-H models are shown in Fig. 3. For simplicity we only display the defected 

silica chains (water molecules and Ca ions are not shown). 

 

 
Figure 3. Sample combinatorial C-S-H models with defects for different Ca/Si ratios. The yellow bars represent 

Si atoms and the red bars indicate Oxygen atoms. For the purpose of clarity, water molecules and interlayer Ca 

ions are not shown. 

 

Figure 4 shows the shear stress, τzx, versus shear strain γzx for a few representative combinatorial C-S-

H models. Upon applying a shear load to these models, the τzx versus γzx in almost all combinatorial C-

S-H models show a saw-tooth type behavior, reminiscent of glassy materials. Two observations 

deserve particular attention: (1) for low Ca/Si ratios (less defects), the first stress drop which 

corresponds to strain localization inside the water layers, is larger than that in models with large Ca/Si 

ratios (more defects). (2) The shear strain at which the stress drop occurs, decreases with increasing 

Ca/Si ratio. These two observations hint toward an intimate play between the molecular morphology 

and fracture properties: The larger stress drop at higher elastic strains indicated that the energy 

released upon fracture propagation is greater in low Ca/Si materials (less defects) than in high Ca/Si 

materials (more defects). In turn, with more molecular defects, the deformation mechanism is rather 

gradual and more of a stair-type behavior, hinting towards a more ductile failure mode of the material 

at molecular scale. These preliminary results still deserve further confirmation, but provide some 

evidence that a brittle vs. a ductile behavior of C-S-H can be modulated by varying the chemistry.  
 

 
Figure 4. Shear stress versus shear strain for a few combinatorial C-S-H models. 

 

Model validation 

 

We use nanoindentation measurements that probe the stiffness and hardness of nanoscale clusters of 

randomly-oriented solid C-S-H particles via the grid technique [8]. For a quantitative comparison, we 

consider the mechanical properties of all hydrated C-S-H models, computed by stretching the supercell 

to calculate the elastic constants and strength. We use Reuss-Voigt-Hill approximation to calculate the 

bulk modulus, K, and shear modulus, G. One can relate K and G to plane-stress stiffness M, which is 

easily accessible by nanoindentation techniques. In the isotropic case, M relates to (K,G) of the 

indented half-space by: 

                                                                            

        𝑀 = 4𝐺
3𝐾+𝐺

3𝐾+4𝐺
                                       (1) 
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For hardness comparison, we applied incremental shear strains to the unit cell and at each step relaxed 

the cell. Next, shear stress was calculated by taking the derivative of the energy density with respect to 

the strain. Finally, hardness was approximated through yield stress for a von-mises material (further 

details on this technique and simulation methodologies are discussed in [9]). Figure 5 shows these 

results for a variety of combinatorial C-S-H models. Our simulation results are in general in very good 

agreement with experimental data; showing that a combination of predictive molecular simulations 

with advanced nanoindentation techniques provides powerful tool to rethink C-S-H from first 

principles. In particular, Fig. 5 shows that for a fixed Ca/Si ratio, say 1.6, there are different stable 

morphologies, which can significantly vary in mechanical properties. This important finding hints 

toward “polymorphic” C-S-H, in which the molecular morphology is equally important as the 

chemical composition.  

 
Figure 5. Comparison of the simulation data and nanoindentation experiments on real C-S-H samples. 

Experimental data courtesy of Dr. Stewart and Dr. van Vliet at MIT.   

 

Predicting particle boundaries 

 

One of the controversial issues in cement sciences concerns size and boundaries of C-S-H 

nanoparticles. There are different hypotheses in the literature about the particle sizes and shapes. 

Recent studies reveal a granular behavior at the nano-level for C-S-H particles [8]. In order to bridge 

the gap between the C-S-H atomistic models and the C-S-H particles, we here proposed a new 

methodology based on a bottom-up approach to predict C-S-H particle boundaries. Via displacement 

controlled simulations, we stretch all the combinatorial hydrated C-S-H models in X, Y and Z 

directions until rupture. The resulting rupture planes are identified as particle boundaries; thus defining 

an encapsulated volume which we refer to as particle  (Fig. 6(a)). One can observe that in the direction 

parallel to the layers, strains are almost all localized around defect regions and rupture starts form 

these regions. On the other hand, in the direction perpendicular to the layers, rupture occurs in the 

water layers close to the silica rich regions (see Fig. 6). In fact, the coalescence of water molecules 

shields the atomic interactions between the CaO layers and causes all the strains to be localized in 

these regions. Upon applying stretch, these weak local regions represent critical strength boundaries 

for the combinatorial C-S-H particles. By repeating this procedure for all combinatorial C-S-H models 

and taking the average particle sizes, we obtain more or less similar representative particle size of the 

order 2-3 nm for each Ca/Si but with different rupture planes, which subsequently affect the surface 

properties. 

 

 



 
Figure 6. (a) A cartoon representing strength boundaries in the C-S-H models. In the direction parallel to layers, 

rupture occurs in the defected regions where strains localize. (b) A typical hydrated C-S-H model; Yellow 

spheres represent Si atoms, blue spheres represent Ca atoms, red spheres represent Oxygen atoms and white 

spheres represent Hydrogen atoms. (c) In the direction parallel to the layers, rupture starts from the water layers 

in the vicinity of Si-rich regions. The red circle in (c) represents the particle boundaries in Z direction, which is 

around 2 nm from end to end. 

 

Microtexture of cement hydrate 

 

After finding the representative particles for different Ca/Si ratios, we can put them in a large 

simulation box that considers the distribution of the Ca/Si ratio according to the (experimental) 

histogram in Fig. 2. Next by using an in-house code for Monte Carlo simulation, we model the 

microtexture of C-S-H using a coarse-grain modeling technique. Here, the inter-particle interactions 

are critical in determining the properties of the C-S-H microtexture. To obtain a simple interparticle 

interactions, we employ all-atom MD simulation of two C-S-H particles with Ca/Si=1.7 inside a water 

solution to obtain the potential energy as a function of  interparticle separation (from -0.4 nm to 2nm). 

The force field parameters for this MD calculations are from CSH-FF, which is directly obtained from 

first-principle calculations [10]. We start with a random packing density and employ Monte Carlo 

simulation via NPT ensemble at 300 K to stabilize the microtexture of cement hydrates (Fig. 7). Once 

the particle positions and cell parameters are equilibrated, one can validate the microtexture 

morphology by calculating N2 adsorption/desorption in the porous areas via Coarse-Grained Lattice 

Theory. Similarly, by slightly expanding and shrinking the microtexture followed by relaxations in 

NVT ensembles, and taking the 2
nd

 derivative of the energy density, one can predict the bulk modulus 

of C-S-H microtexture. In our preliminary results, we found bulk modulus to be around 17 GPA, 

which is very close to those obtained via nanoindentation experiments [8].  

 
Figure 7. a) Snapshot of a C-S-H microtexture made of spheres of 2.6nm in diameter. b) the porous 

area in between the particles in a). 

 



Conclusions 

 

A bottom-up statistical mechanics-based methodology in conjunction with a combinatorial approach, 

provides a rational way to decode several structures for C-S-H with varying chemical compositions. 

Upon applying a shear load, the models display a characteristic saw-tooth stress-strain behavior, which 

is reminiscent of glassy materials. The mechanical properties of these models are in excellent 

agreement with nanoindentation measurements obtained for solid C-S-H particles. Furthermore, for 

the first time we have shown that C-S-H is a polymorphic material, meaning that for a given chemical 

composition, there are several stable molecular morphologies with significant variation in mechanical 

properties.   

 

The use of these C-S-H polymorphs in rupture calculations suggests a mechanistic way of defining 

particles delimitated by weak regions (strength boundaries) where strains are localized in molecular C-

S-H models. These regions lead to indentifying C-S-H nanoparticles for all combinatorial hydrated C-

S-H models in function of Ca/Si. Ultimately these particles form a nanogranular C-S-H microtexture, 

which is modeled with Monte Carlo simulations with inter-particle interactions based on parameters 

directly obtained from partial atomic charges computed by ab-initio calculations. Further refinement 

and validation of this microtexture model against experiments such as shear test, tension loads and 

large scale nanoindentation simulations are currently underway. Ultimately, this bottom-up approach 

is expected to provide the knowledge required to re-engineer the fundamental building block of 

concrete in view of lowering the environmental footprint of concrete consumption.  
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Abstract 

The flowability and its time-dependent loss of cement paste were investigated. The saturating dosage of superplasticizer 

was determined. The influence of sulfate and soluble alkali content in cement paste on the compatibility of cement with 

naphthalene superplasticizer was discussed. 

The results show that adequate sulfate content benefits the compatibility through delaying the hydrating process of 

cement, which decreases the time-dependent flow loss and the hydration heat of cement paste. Increase of sulfate 

content in cement paste reduces the initial flowability and prolongs the setting time of cement, which has negative effect 

for the compatibility. It is hard to find an optimum quantity of sulfate for the compatibility on account of both positive 

and negative effects. This phenomenon is due to the influencing mechanism of sulfate on cement hydration and the 

rheology of cement paste.  

The flowability of cement paste is obviously affected by the soluble alkali content. The saturating dosage of naphthalene 

superplasticizer was lowered and the time-dependent flow loss of cement paste was reduced by adequate soluble alkali 

content. The optimal quantity of soluble alkali for the compatibility has been identified. Adequate soluble alkali content 

decreases the hydration heat of cement paste, benefits the compatibility through the promoting of sulfate effect in the 

cement paste solution. However, when the soluble alkali content exceeds a certain amount, the saturating dosage of 

naphthalene superplasticizer and the hydration heat of cement paste rise very fast and the setting time of cement paste 

was brought forward. The hydration process of cement was influenced by superfluous alkaline caution in the cement 

paste, which causes the rapid decline of the compatibility of cement with naphthalene superplasticizer. Therefore, there 

is an optimum quantity of soluble alkali for the compatibility. The optimum quantity of soluble alkali varies depending 

on the concentration of naphthalene superplasticizer in the cement paste.  

 

Originality 

The influencing mechanism of sulfate and soluble alkali on compatibility of cement with naphthalene superplasticizer 

was studied. Sulfate benefits the compatibility through the delaying of cement hydration and decreasing of the 

saturating dosage of superplasticizer; however, there are some adverse effects on the compatibility due to the increase 

of sulfate content in cement paste, which reduces the initial flowability and prolongs the setting time of cement. There is 

not an optimum quantity of sulfate for the compatibility. The optimal quantity of soluble alkali for the compatibility has 

been identified. The results show that adequate soluble alkali benefits the compatibility through the promotion of 

positive effects of sulfate in the cement paste. Therefore, the optimum quantity of soluble alkali varies depending on the 

sulfate content in the cement paste. 

 

Chief contributions 

The influence of the sulfate and soluble alkali content in cement paste on the compatibility of cement with naphthalene 

superplasticizer was studied. The interaction of sulfate, soluble alkali and cement with naphthalene superplasticizer 

was investigated. The influencing mechanism of sulfate on cement hydration and rheology of cement paste was 

confirmed. It is proved that sulfate exerts more influence with adequate dosage of naphthalene superplasticizer in 

cement paste. It is also proved that adequate soluble alkali benefits the compatibility through the promotion of positive 

effects of sulfate in the cement paste. This result will be helpful to solve the compatibility problems emerging in the 

practical applications of superplasticizer and provide the technical measures to improve the compatibility of cement 

with supeplasticizers. 
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1. Introduction 

The compatibility of cement-superplasticizer system has an important influence on the performance of 

superplasticizer. Incompatibility causes poor flowability, rapid flowability loss and abnormal setting (Yan P 

Y, Wang Y. 2006), which directly affect the workability and mechanical properties of concrete (Liu B J. 

2002). Initial flowability, the saturating dosage of superplasticizer, flowability time-dependent loss and 

setting time was always investigated as the evaluating indicator of compatibility. The satisfactory 

compatibility was considered as better initial flowability, lower saturating dosage, less flowability loss and 

normal setting time. (Yan P Y, Wang Y. 2006) 

The influencing factors of compatibility and their mechanisms have been investigated intensively in recent 

years. The influencing factors were organized in Table 1. 

Table1: The influencing factors of the compatibility of cement with superplasticizer 

Superplasticizer Cement Cement paste 

Type Mineral composite Hydration rate 

Dosage Sulfate type and content Type of hydration product 

Adsorption amount Soluble alkali content  

 Finess of cement particle  

(Hanehara S, Yamada K. 1999.  Jiang SP, et al. 1999.  Bonen D, Sarkar SL.1995. Han S, Yan PY. 2010.) 

Flash setting can be attributed to lack of sulfate in the cement paste with high content of C3A at the initial 

stage of hydration. The amount of CAH phase increases rapidly in cement paste. On the other hand, overdose 

of sulfate leads to false setting due to large amount of calcium sulfate crystal. Therefore, sulfate content has 

remarkable influence on the compatibility of cement with superplasticizer. The optimum dosage of sulfate 

was historically investigated (Yamada K, et al. 2001). However, other studies claimed that there is no 

obvious optimum dosage of sulfate for flowability and setting.(Guan BH, et al. 2010) The influencing 

mechanisms of sulfate on the adsorption amount of superplasticizer and the hydration process of cement 

paste are quite complex, which are determined by many compound factors together(Han S, Yan PY. 2010). 

Akali in cement paste comes from the raw materials of cement manufacturing, especially from lime, clay, 

shale etc. Some unexpected alkali was together with the addition of naphthalene superplasticizer. Alkali 

content in cement paste are categorized as total alkali content, soluble alkali content and effective alkali 

content(Wang Y. 2006.). Soluble alkali herein corresponds to the release of the alkali in cement paste. 

The influence of soluble alkali on the compatibility of cement with superplasticizers was intensively studied 

in recent years. An influencing factor was defined as sulfated degree of alkali (SD value) and calculated by 

the following formula: 

3

2 21.292 0.85

SO
SD

Na O K O



                                                            (1) 

SD value should be controlled between 0.4 and 2.0 in the manufacturing process of cement.  Incompatibility 

was caused by either too high or too low sulfated degree of alkali. This varying range was based on 

engineering experiences and also widely used to estimate the danger of incompatibility. 

The influencing mechanism of soluble alkali on compatibility was studied by many researchers, but the 

conclusions are not consistent. Jiang, et al  investigated the compatibility of six type of cement with different 

alkali content. The result showed that compatibility was determined by soluble alkali content. The optimum 

content was 0.4%-0.5% Na2Oeq, where cement paste has better flowability and less flowability loss. It was 

independent of the type and dosage of superplasticizers(Jiang SP, Gikim B, Aitein PC. 1999). On the other 

hand, a literature (Song XF, 2002) showed that cement with different alkali content represents opposite 

results. Cement A with 1.01% Na2Oeq content induced better compatibility than cement B with 0.61% Na2Oeq 

content. The result suggested that soluble alkali content was not the essential reason for incompatibility. 

According to some studies, the flowability of the cement paste without superplasticizer increases along with 

the soluble alkali content raises when the soluble alkali content between 0.5% and 1.5% Na2Oeq. The 

flowability loss was slightly changed. In the addition of soluble alkali, the effect of naphthalene 

superplasticizer decreased significantly and the setting time of cement was obviously reduced.(Sun ZP,Jiang 

ZW,Wang YJ, et al . 2002) 

In addition, the intercalation of superplasticizer and the soluble alkali influence was investigated. The 

influence of alkali on compatibility was also discussed. The influencing mechanism was considered as the 

electrochemistry effect. According to some experimental results, when the type and dosage of 

superplasticizer was constant, high content of soluble alkali in cement results in rapid flowability loss. 

(Wang Y, 2006.) (Song R Y, Cao L B. 2001.) 

In this paper, the influence of sulfate and alkali on the compatibility of cement with naphthalene 

superplasticizer was further investigated. The flowability of cement paste and its time-dependent loss was 



 

measured and the hydration exothermic characteristics was studied along with the variation of sulfate and 

alkali content of cement paste. The influencing mechanisms of sulfate and soluble alkali on the flowability, 

flowability loss and hydration heat was discussed. 

2. Experimental 

2.1. Materials 

A pure Portland cement which is specified by GB8076-2008 Chinese Standard “Concrete Chemical 

Admixtures” for tests of concrete chemical admixture was used. Its specific surface area is 312m
2
/kg. Its 

chemical and mineral composition is shown in Table 2. A solid naphthalene superplasticizer was used. 

 
2.2. Adjustment of sulfate and alkali content in cement 

CaSO4·2H2O was used to adjust the sulfate content of cement. The amount of SO3 in the cement paste was 

equal to SO3 amount in the cement plus the SO3 amount added in by CaSO4·2H2O. The initial soluble alkali 

content of cement is 2.42%.  

Na2SO4 was used to adjust the soluble alkali content of cement. K
+
 and Na

+
 were always conversed to Na2Oeq 

as follows: 

2 2 20.658eqNa O Na O K O          (2) 

Soluble alkali content was characterized by Na2Oeq. The initial soluble alkali content of cement is 0.55%. 

2.3. Flowability measurement 

According to the method specified by GB/T8077-2000 Chinese Standard “Methods for Testing Uniformity 

of Concrete Admixture”, a mini slump cone with 36mm in diameter of upper edge, 60 mm in diameter of 

bottom edge and 60mm in height was used in the experiment to measure flowability of cement paste. 800 g 

standard cement was weighed. The water-cement ratio was 0.29. Solid content was used to calculate the 

dosage of superplasticizer. The mixed cement paste was put into the mini slump cone. After tamping and 

leveling the surface, the mini slump cone was lifted vertically to let cement paste flow freely. The diameter 

of cement paste at the end of flowing was measured to evaluate flowability at 5min, 30min, and 60min after 

mixing for each group of cement paste. 

2.4.  Hydration heat measurement 
The hydration heat was measured by Tony7338 isothermal calorimeter. 6 g standard cement was weighed. 

Water-cement ratio was fixed at 0.29. Cement and water was contained in the machine separately. As 

temperature was constant at 25 ℃, water was injected into the cement container and the releasing heat was 

measured for 48h. 

3. Results and Discussion  

3.1  Influence of naphthalene superplasticizer on hydration heat of cement paste 

 

Figure 2: Influence of superplasticizer content on 

releasing rate of hydration heat of cement paste during 

accelerated period 
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Figure 1: Influence of superplasticizer content 

on releasing rate of hydration heat of cement 

paste in the first hour 
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Table 2: Chemical Composition of Cement and Mineral Composition of Cement Clinker (wt%) 

Chemical Composition Mineral Composition 

IL SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq f-CaO C3S C3A C2S C4AF 

0.6 21.86 4.25 2.66 63.59 2.19 2.42 0.55 0.53 53.45 5.96 23.94 8.09 

 



 

The cement paste with different superplasticizer content was prepared with the initial dosage of sulfate. The 

total amount and releasing rate of hydration heat was measured. Results were shown in Figures 1 and 2. 

The first peak of hydration exothermic rate curve of cement was delayed by dosage of superplasticizer. 1.0% 

of naphthalene superplasticizer has the most obvious effect. 1.0% is also the saturating dosage of 

superplasticizer defined by flowability of paste. According to the total heat of hydration, the hydration 

degree of cement does not decrease with naphthalene superplasticizer. Therefore, the wetting process of 

cement and hydration degree of C3A was slightly delayed by naphthalene superplasticizer in the first hour. 

The influence of naphthalene superplasticizer on hydration exothermic rate of cement during the accelerated 

period was shown in Figure 2. Large amount of CSH gel and AFt forms during this period. Two peaks were 

delayed by naphthalene superplasticizer and the peak of AFt formation decreased obviously with the increase 

of superplasticizer dosage. The total heat of cement paste deceased slightly due to a dosage of naphthalene 

superplasticizer. However, the decreasing rate was lower than 15%, which suggested that the hydration 

degree of cement paste was not affected significantly by naphthalene superplasticizer. Therefore, the 

compatibility of cement with initial sulfate content was satisfactory.  

3.2  Influence of sulfate on saturating dosage of naphthalene superplasticizer 

As shown in Figure 3, The saturated dosage decreases constantly with the increase of sulfate content. Low 

saturating dosage refers to low dosage of superplasticizer for the sufficient flowability, as a result of which, 

the compatibility will be satisfactory. Meanwhile, the maximum initial flowability was shown in Figure 4. 

The maximum initial flowability decreased with sulfate addition because the crystallization of sulfate in 

cement paste causes an increase of its stickiness. It is hard to define an optimum dosage of sulfate due to 

these contrary effects. It’s good to improve the compatibility by finding a compromised dosage of sulfate.  

 
3.3 Influence of synergetic effect of naphthalene superplasticizer and sulfate on the hydration of cement 

paste 

The first and second peak of hydration exothermic rate curve was delayed and declined by sulfate. Without 

superplasticizer, the total heat of cement paste with 3.5% sulfate content decreased by 30% within 48 hours. 

Therefore, the hydration process of cement was hindered by increasing of sulfate content. As shown in 

Figure 5 and 6, the total hydration heat of cement decreased significantly and the setting of cement paste was 

delayed severely with the saturated dosage of superplasticizer in the cement paste and 3.5% sulfate content. 

According to Figure 1 and 2, the total hydration heat of cement was not decreased by superplasticizer and the 

hydration degree of cement was not influenced. However, the hydration of cement was hindered severely by 

superplasticizer in the cement paste with 3.5% sulfate content. The total initial hydration heat was declined 

obviously. The same varying principle was found during the accelerated period of hydration process. An 

abnormal setting should be caused by synergetic effect of naphthalene superplasticizer and sulfate. 

Therefore, the essential reason for low compatibility, especially an abnormal setting of the cement past with 

superplasticizer was not the improper use of naphthalene superplasticizer but the overdose of sulfate. 

Naphthalene superplasticizer changes the dispersion of cement paste and promotes the effect of sulfate on the 

hydration process. Therefore, with dosed naphthalene superplasticizer, the amount of sulfate content in 

cement paste should be controlled strictly along with the dosage of naphthalene superplasticizer so that the 

incompatibility can be avoided. 

Figure 4: Influence of sulfate content on the 

maximum fluidity of cement pastes 
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Figure 3: Influence of sulfate content on the 

saturating dosage of superplasticizer 
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3.4 Influence of soluble alkali on saturating dosage of naphthalene superplasticizer 

The influence of soluble alkali on the saturating 

dosage of naphthalene superplasticizer can be 

characterized in Figure 7. Appropriate amount of 

soluble alkali did not have negative effect on 

superplasticizer saturation. However, the 

saturating dosage of superplasticizer increased 

rapidly with the soluble alkali content over 0.8%. 

Over dosage of soluble alkali has negative effect 

on the compatibility of cement with naphthalene 

superplasticizer. The optimum level of soluble 

alkali content ranged from 0.55% to 0.8%. 

According to the result, soluble alkali content 

below 0.8% doesn’t have negative effect to 

compatibility. The main effect of soluble alkali 

on the saturating dosage was embodied in the 

initial period of hydration process. 

 

3.5 Influence of soluble alkali on hydration 

process of cement paste 
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Figure 8: Influence of soluble alkali on hydration process 

of cement paste in the first hour 
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Figure 9: Influence of soluble alkali on hydration process 

of cement paste in the accelerated period

The soluble alkali content of cement paste without naphthalene superplasticizer varied. The exothermic rate 

and total heat of hydration process was measured. As indicated in Fig. 8 and 9, the hydration process was 

influenced slightly by the soluble alkali in the absence of naphthalene superplasticizer. The hydration heat of 
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Figure 7: Influence of soluble alkali on saturating dosage of 

naphthalene superplasticizer 

Figure 6 : Influence of sulfate content on hydration 

exothermic rate of superplasticized cement paste in 

the accelerated period 
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Figure 5 : Influence of sulfate content on hydration 

exothermic rate of superplasticized cement paste in 

the first hour 
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cement paste was slightly decreased and delayed. Even though the soluble alkali content was above 1.5%, 

which will affect the saturating dosage of superplasticizer greatly, the hydration process was not much 

influenced.  

3.6 Influence of synergetic effect of naphthalene superplasticizer and soluble alkali on the hydration 

The change of hydration heat of cement paste with different soluble alkali and naphthalene superplasticizer 

content was shown in Fig. 10 to 13. The hydration heat of cement in the first hour was reduced by soluble 

alkali in the superplasticized cement paste, which improved the initial flowability of cement paste. When the 

soluble alkali content was increased, the setting of cement paste was shortened and the total hydration heat in 

48 hours slightly increased. Moreover, the second peak of hydration exothermic rate curve brought forward, 

especially in the cement paste with 1.5% naphthalene superplasticizer content. With 0.8% soluble alkali 

content, the total hydration heat during the accelerated period was increased, however, the setting of cement 

paste was influenced slightly. With 1.5% soluble alkali content, the setting of cement paste was shortened 

evidently. The total hydration heat increased obviously. Considering the sulfate could lower the hydration 

heat and delay the setting of cement paste, the premature setting and high hydration heat was the influencing 

result of soluble alkali. 

 

0.0 0.2 0.4 0.6 0.8 1.0
0

10

20

30

40

50

60

0

2

4

6

8

10

12

14

16

18

20 cement (0.55% Na
2
O

eq
) + 0.8% SP

 0.8% Na
2
O

eq

 1.5% Na
2
O

eq

H
e
a
t/J· g

-1

R
e
le

a
si

n
g

 r
a
te

(d
Q

/d
t)

/J
· 

(g
h

)-1

Hydration time/hour

Figure 10: Influence of synergetic effect of 0.8% 

naphthalene superplasticizer and soluble alkali on the 

hydration of cement in the first hour 

 

5 10 15 20 25 30
0

2

4

6

8

10

12

14

0

20

40

60

80

100

120

140

160

180

200

220

240
 cement (0.55% Na

2
O

eq
) + 0.8% SP

 0.8% Na
2
O

eq

 1.5% Na
2
O

eq

H
e
a
t/J· g

-1

R
e
le

a
si

n
g

 r
a
te

(d
Q

/d
t)

/J
· 

(g
h

)-1

Hydration time/hour

Figure 11: Influence of synergetic effect of 0.8% 

naphthalene superplasticizer and soluble alkali on the 

hydration of cement in the accelerated period. 
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Figure 12: Influence of synergetic effect of 1.5% 

naphthalene superplasticizer and soluble alkali on the 

hydration of cement in the first hour 
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Figure 13: Influence of synergetic effect of 0.8% 

naphthalene superplasticizer and soluble alkali on the 

hydration of cement in the accelerated period

In summary, the saturated dosage of superplasticizer in cement paste was reduced by optimum soluble alkali. 

Overdose of soluble alkali increased the saturated dosage of superplasticizer rapidly, which caused a severe 

incompatibility. Adequate soluble alkali let sulfate play a positive role in cement paste. The sulfate 

concentration was increased in cement paste solution, which benefited the compatibility. The initial 

hydration heat was reduced by soluble alkali. Overdose of soluble alkali did not cause any problem in 



 

cement paste without superplasticizer. In cement paste with superplasticizer, overdose of soluble alkali 

accelerated the exothermic hydration of cement and resulted an abnormal setting, which resulted in a severe 

incompatibility. 

4. Conclusions 

The hydration degree of cement paste is not much influenced by saturated dosage of naphthalene 

superplasticizer. Adequate sulfate decreases the saturated dosage of naphthalene superplasticizer and the 

time-dependent fluidity loss of cement paste, which improves the compatibility of cement with naphthalene 

superplasticizer. The maximum initial fluidity is reduced, which has negative effect on compatibility. 

Overdosage of sulfate hinderes the hydration process of cement and affects the compatibility severely. 

Adequate soluble alkali content improves the compatibility through promoting the effect of sulfate in cement 

paste. The saturated dosage of naphthalene superplasticizer is severely increased when the soluble alkali 

content exceeded 0.8%.  

Overdosage of soluble alkali does not severely affect the setting time of cement paste without 

superplasticizer. With naphthalene superplasticizer, overdosage of soluble alkali greatly increases the 

hydration exothermic rate of cement in the acceleration period. The setting time of cement is shortened 

obviously, which have a negative impact to the compatibility. The optimum dosage of soluble alkali is 

existent between 0.55% and 0.8%.  

The sensitivity of cement paste to sulfate and soluble alkali content is increased by superplasticizer. The 

normal content of sulfate and soluble alkali in cement paste without superplasticizer would probably cause 

the severe incompatibility in the cement-superplasticizer system.  The sulfate and soluble alkali content in 

cement paste with superplasticizer should be controlled more strictly to prevent the incompatibility. 
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Abstract 
An experimental approach has been used to study the effects of high temperatures on the mechanical properties of a 
cement paste. Because of the heterogeneities of this material, a thermal loading will induce stresses which can damage 
the cement paste. Classical uni-axial compressive tests have been used to show the effects of high temperatures on the 
Young modulus and on the compressive strength of a cement paste. Surprisingly, the evolution of the Young modulus is 
not monotonous. After a first damaging process, there is a hardening of the cement paste for temperatures higher than 
200°C. This result implies a competition between two phenomena: a thermal damaging and a hardening of the CSH 
hydrates. . In addition, poro-mechanical tests have allowed analyzing the possible mechanism of thermal damaging and 
to compare it with results on mortars.  
 
Originality 
This work matches the subject area of concrete durability of the congress, in particular the performance at high 
temperatures. It highlights the difference in the thermal damaging process between cement paste and mortars and the 
interest of a multi-scale study. 
 
Chief contributions 
Poro-mechanical tests enable to investigate the presence of micro-cracks by studying the influence of a confining 
pressure on the compressibility bulk modulus of a material. Moreover, the study of a pure cement paste allows having a 
multi-scale approach of the response of cement based materials to high temperatures.  
 
 
Keywords: cement, high temperatures, Young modulus, strength, poro-mechanics 
 

                                                 
1 Corresponding author: Email gregory.caratini@enpc.fr 
 



Introduction 
 
Present and future industrial activities can expose intentionally or accidentally cement based materials 
to high temperatures (up to 200 degrees). Let’s quote for example the nuclear waste storage activity or 
the nuclear power station accident.  It is then convenient to study the performance of these materials 
under such temperatures. Studies have been done in this way [Khoury, 1992; Culfik et al, 2002; 
Farage et al, 2002; Fu et al, 2003; Lion et al, 2005; Odelson et al, 2007], notably the study of the 
effects of a heat treatment up to 400 degrees on mortars [Xiaoting et al, 2009]. The work described 
here adds information on the impact of such temperature on cement based materials. 
 
1. Experimental methodology 
 
1.1. Materials 
 
The material tested here is a hardened cement paste type CEM II/B-M (LL-S) with a water-to-cement 
ratio of 0.5, as in [Xiaoting et al, 2009]. Cylindrical samples of 16cmx32cm have been casted and 
stored at least three months in a lime-saturated water at 20°C. Small samples are then cored in the 
previous ones and dried at 60°C until mass stabilisation. They are then exposed to heat treatments of 
105, 200, 300 or 400 degrees, with a slow heat rate (20°C/h) to avoid thermal gradients, a stabilisation 
plateau of 1 hour, and they are cooled at 20°C/h.until the return at the reference temperature. The 
effect of thermal treatment is so studied by comparison with the reference state at 60°C. 
 
 
 
 
 
 
 
 
 

Fig 1: thermal cycling used for the preparation of the samples. 

The impact of the dehydratation of CSH is targeted here and this dehydratation happens mainly 
between 150 and 400 degrees [Taylor, 1997; Lea, 1998; Noumowé, 1995; Arlacon-Ruiz et al, 2005]. 
 
1.2. Experimental procedures 
 
The evolution of the mechanical properties of cement paste is introduced here after the heat treatments 
mentioned earlier, comparing results from uni-axial compressive tests and poro-mechanical tests. 
 
1.2.1. Uni-axial compressive test 
 
Tests are made on cylindrical samples of 40 mm height and 20 mm diameter first dried at 60°C and 
then heated up to either 105, 200 or  400 degrees. Three cycles of loading/unloading from 1 MPa to 10 
MPa are applied and the elastic properties (Young modulus E and Poisson ratio ν) are measured on the 
third unloading using two longitudinal and two transversal strain gauges glued on the sample surface. 
A last loading until the failure of the sample gives the compressive strength σc.  
Four samples were tested for the reference state dried at 60°C then two samples were tested for 
thermal treatments at 105, 200 and 400°C. Standard error of the strain measure is about 10-6

 and the 
accuracy of the force sensor of the testing machine is about 1%, which leads to a standard error of 
about 2% on each measure. 
 
 

Temperature (°C) 

Time (h) 

Stabilisation 1 h 

Ttargeted 

60  
20 °C / h 20 °C / h 



1.2.2. Poro-mechanical tests 
 
The porous medium theory framework is applied to a biphasic material constituted by an isotropic, 
elastic homogeneous solid phase and a saturated porous space. The constitutive law is 
then: m b vK bpσ ε= − , where σm is the mean stress applied, Kb the compressibility bulk modulus , εv 

the volumetric strain, b the Biot coefficient and p the pressure of the fluid saturating the porous space.  
With this framework, we can see that a drained (p=cte) hydrostatic compressive stress test where a 
confining pressure Pc is applied, will allow to reach the value of Kb for different confining pressure 
levels.   
The test is carried out using a hydrostatic loading cell [Lion et al, 2005], see fig 3: 

Fig 2: hydrostatic loading cell. 

The sample, where two longitudinal and transversal strain gauges have been glued, is protected by a 
Viton@ membrane. It is then put into the hydrostatic loading cell and immersed in pressured oil. A 
confining pump (Gilson® 303) maintains a constant confining pressure. So, at some confining state Pc, 
and in drained conditions, an unloading ∆Pc gives access to the measure of Kb: 

c
b

P
K

υε
∆= −
∆

 

This measure is made for Pc values of 6, 9, 15, and 21 MPa with an unloading ∆Pc=-3 MPa.  
The accuracy of the pressure sensor is about 1% and the standard error of the strain measure is about 
10-6, which leads to a standard error of about 3% on each measure. 
5 samples of the reference state and 4 samples initially treated up to 400°C were tested for confining 
pressures up to 21 MPa.  
 
2. Results 
 
2.1 Results of uni-axial compressive tests 
 
The results show that, as for mortars [Xiaoting et al, 2009], the compressive strength of the cement 
paste decreases with the thermal loading. Indeed, after the heat treatment up to 400°C, the 
compressive strength has been reduced by 43%, from 78 MPa to 44 MPa. Nevertheless, the evolution 
of the Young modulus is not monotonic. For thermal loadings up to 200°C, the Young modulus of the 
cement paste decreases, then it increases for thermal loadings up to 400°C. This result is widely 
different from the mortar, the Young modulus of which decreases continuously with the temperature 
of the heat treatment. 
 
 
 
 
 

Table 1: Young modulus measured with the uni-axial compressive tests. 

Thermal loading 60 °C 105 °C 200 °C 400 °C 
E (GPa) 13,4 13,0 9,7 10,6 

Variation coefficient 2,9 % 1,1 % 0,5 % 6 % 
E/E60°C 1,00 0,97 0,72 0,79 



 
Fig 3 : uni-axial compressive test results. On the left, evolution of the Young modulus with the treatment 

temperature. On the right, evolution of the compressive strength with the treantment temperature. 

 
2.2 Results of the poro-mechanical tests 
 
For the reference state samples and the samples heated up to 400°C; the compressibility bulk modulus 
Kb does not depend significantly on the confining pressure (see figure. 4). The mean value of the 
modulus is 7,5 GPa for the reference state and 6,3 GPa after a thermal loading up to 400°C; which is a 
Kb reduction of 16 %. These results can be compared to those of the uni-axial compressive tests using 
the formula: 3(1 2 )calc bE Kν= − with ν = 0,2. The two experiments give corroborating results.  

Fig 4: Variation of the compressibility bulk modulus with the confining pressure for the reference state on the 
left and after a heat treatment up to 400°C on the right. 

Thermal 
treatment 

Kb mean (GPa) 
Variation 
coefficient 

Statistical interval 
(95% of the tests) 

Ecalc (GPa) 
Euniaxial test 

(GPa) 
60 °C 7,5 2,1 % [ 7,2 ; 7,8 ] 13,6 13,4 
400 °C 6,3 4,2 % [ 5,8 ; 6,9 ] 11,4 10,6 

Table 2: Results of the poro-mechanical tests and comparison with the uni-axial compressive tests. 

The statistical interval is the interval of the values of 95 % of the results of tests that should be 
obtained supposing that the distribution of the measures follows a Gaussian distribution. It is 

corresponds to the interval 2 ; 2b bK s K s − +   where where bK is the mean value of the measures 

for the considered temperature of treatment and s the corresponding standard deviation. 



3. Discussions 
 
The morphology of CSH hydrates is yet in discussion. Consider here for this discussion a particulate 
representation of the CSH phase [Feldman and Serada, 1968; Sierra, 1982; Gauffinet et al, 1998; 
Jennings, 2000; Richardson, 2008]. 
 
3.1 Evolution of the Young modulus with the thermal treatment 
 
A decrease of the Young modulus of the cement paste after a thermal loading seems logical. It has 
already been observed for temperatures up to 200°C notably [Farage et al, 2002].  
Indeed, cement paste is a heterogeneous material composed by different hydrates with different 
mechanical and thermal expansion properties [Bazant and Kaplan, 1996]. In the temperature range of 
this study (under 400°C), portlandite crystal has an anisotropic positive thermal expansion coefficient 
[Xu et al, 2001]. On the opposite, neutral diffraction tests on synthesized tobermoritic CSH showed 
that CSH are subjected to an anisotropic contraction by the normal direction of the lamellas [Gmira et 
al, 2003]. These high heterogeneities of thermal expansion coefficients can lead to very high stresses 
at the interface portlandite-CSH [Schulson et al, 2001]. But also, because of the heterogeneities of 
shape and orientation of CSH [Gauffinet et al, 1998; Richardson, 2008], important stresses can occur 
at the interface of two different CSH particles, or between the other hydrates of the cement paste too.  
Meanwhile, a porosity increase has been observed, from 41% at the reference state to 50% after the 
heat treatment at 400°C. The observed decrease of the Young modulus for thermal treatments lower 
than 200°C is then not surprising. It is convenient with a damaging provoked by the thermal cycling 
heating applied (see fig 1).  
 
Nevertheless, the increase of the Young modulus for thermal loadings up to 400°C is much more 
surprising (see fig 3). The explanation of this stiffness gain must be prospected at the hydrates scale, 
and notably at the CSH particle scale. As quoted before, CSH are dehydrating between 150 and 400 
degrees, and each CSH particle is subjected to a contraction. And molecular simulations showed that 
this contraction leads to an increase up to 30% of the Young modulus of the CSH particle [Pellenq et 
al, 2008]. Then, for temperatures high enough to provoke the in situ CSH particle contraction, there is 
a competition between a thermal damaging and a hardening of CSH hydrates.   
 
3.2 Evolution of the compressibility bulk modulus with the thermal treatment 
 
We observed that the compressibility bulk modulus of the cement paste does not depend on the 
confining pressure applied, both for the reference state and the thermal loading at 400°C. And the 
sensitivity of the compressibility bulk modulus to confining pressure is the signature of cracking in the 
“classical” sense, that is to say cracks which can be closed under confinement, what can partially or 
totally reestablish the elastic properties of the non-cracked material. So this non-sensitivity gives 
information about the damaging mechanism of the cement paste. The mainly consequence of the 
thermal treatment seems to be a non classical cracking.  
For mortar or concrete, results are very different. The same tests, done on mortars composed by the 
same cement paste and exposed to the same thermal treatment, showed a high sensitivity of the 
compressibility bulk modulus for temperatures higher than 200°C [Xiaoting et al, 2009]. This is due to 
the creation of “classical” cracks in the mortar, cracks at the sand grain scale.  
The main difference is so a scale one. Thermal damaging of the mortar occurs mainly at the sand grain 
scale, the grains causing cracks in the cement matrix or at the interface sand grain - matrix [Fu et al, 
2004]. In the pure cement paste, the thermal degradation occurs at the hydrates scale, mainly at the 
hydrates interfaces.  
 
 
 



 
3.3 Evolution of the compressive strength with the thermal treatment 
 
The compressive strength of the cement paste decreases with the thermal treatment. This diminution 
has several causes.  
First, as mentioned before, the porosity of the samples increased after the thermal treatment. And there 
is a direct correlation between porosity and cement based materials strength [Feldman and Serada, 
1968; Roy and Gouda, 1973; Feldman and Beaudoin, 1974].  
Moreover, it has been showed that the cohesion of the CSH phase could be explained by iono-covalent 
forces [Powers et al, 1947; Sierra, 1961; Lesko et al, 2001; Pellenq et al, 2008], forces which occurs 
both inside the CSH particle and between different CSH particles. So, the thermal treatment can 
provoke the departure of water molecules initially present in these spaces, which will lead to a 
decrease of the ionic forces, and so on a diminution of the cohesion which  decreases the compressive 
strength of the cement paste.   
 
Conclusions 
 
This work deals with the evolution of the elastic properties of the cement paste after thermal 
treatments up to 400°C. It appears that, while the compressive strength decreases continuously, the 
stiffness is subjected to a competition between a thermal damaging and a hardening of the CSH 
particles for temperatures higher than 200°C. Moreover, hydrostatic tests showed that the thermal 
damaging does not create substantial “classical” cracks, but mainly a thermal degradation of the 
hydrates interfaces. 
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Abstract 

For some time now steelmaking slag has been employed as a substitution of hematite and bauxite in clinker 

production. As it has calcium oxide in its composition the the quantities of limestoneconsumed in its production 

could, consequently,  be reduced. This work presents the characterization of two cements produced by clinkers 

obtained with steel slag. One of the clinkers was composed of a blend of a modified oxygen steelmaking slag by 

pyrometalurgical process and in natura oxygen steelmaking slag. The other one was composed only of in natura 

oxygen steelmaking slag. A rotative high temperature pilot scale furnace was applied to produce clinker and 

cement in enough quantities for chemical, mineralogical, physical and mechanical characterizations. 

Chemical analysis reflected light microscopy and quantitative mineralogical XRD analysis using Rietveld 

method and were applied in clinker characterization. The physical-mechanical characterizations of cements 

were done after the addition of gypsum in clinkers. Furthermore, the cement hydration was analyzed by means 

of isothermal calorimetry, thermogravimetry and X-ray diffraction in cement paste. The chemical compositions 

of clinkers are similar. Regarding the clinker phases, the C3S and C3A contents determined by Rietveld method 

were lower than those estimated by Bogue. In the case of C2S and C4AF contents the values were higher. 

Compressive strengths of cements were satisfactory when compared with ordinary Portland cement. 

The combination of techniques for the characterizations represents an effective contribution to understand the 

behavior of these non- conventional cements and motivate producers to re-evaluate the common quality control 

currently applied by clinker and cement manufacturers and users. 

 

Originality 

Clinkers production from unconventional raw materials that exhibited mineralogical and physical-mechanical 

properties compatible with conventional clinker, allowed the possibility of obtaining sufficient quantities of 

cement of low environmental impact in laboratory scale, which  allowed conducting durability studies before its 

production on an industrial scale. 

 

Chief contributions 

A useful laboratory scale methodology for the production of non- conventional clinkers was established, where 

a set of modern techniques was applied for the chemical and mineralogical characterizations during cement 

hydration. 

 

Keywords: oxigen steelmaking slag, clinquerization, XRD Rietveld method, thermogravimetry, conduction 

calorimetry. 

                                                
1 Corresponding author: Email fchotoli@ipt.br.  Tel +55-11-3767.4143 , Fax +55-11-3767.4124. 



1. Introduction 

The application of sustainability concepts has been growing in the cement industry, recently. Civil 
construction is the major consumer of raw materials. In Brazil, cement consumption reached 59.3 x 

106 tons in 20092 - the third position in terms of consumption of materials in civil construction (John, 

2000). For this reason, researches have been developed aiming at the use of alternative raw materials 

or clinker substitution by reactive materials such as blast furnace slags or pozzolans. After 1990, the 

co-processing in the cement industry and the use of alternative raw materials or cement substitutes 

gained acceptance to transform many types of urban solid and industrial wastes into energy and to 

reduce CO2 emissions by the cement industry (John, 2000).The use of steel slags in the production of 

clinker has been studied successfully, which lower the maximum temperature for clinkerization and 

promote the formation of the phases contributing with its content of high free lime (CaOfr), FeO and 

other minor chemical elements (Yu-ji & Gong Xin, 1980; Levert et al. 1982; Monshi & Asgarani 
(1999); Baoxun & Yonghao, 1985, Gore et al., 1992). These studies were justified by the high volume 

of steel slag generated in the world even though recycling still restricts its use. However, a quantity 

addition of oxygen steelmaking slag in raw meal is limited due to the high Fe content in the slag. The 

scope of this study is to evaluate clinkers obtained by modified oxygen steelmaking slags (by 

pyrometalurgical process) and oxygen steelmaking slag in natura (as obtained in siderurgical 

conventional process), in order to use both as raw materials for clinker production, at higher contents 

than cited by those researchers. 
 

2. Experimental study 

2.1. Steel making slag treatment and clinker production 
Oxigen steelmaking slag in natura (200kg) (SL-1) was fused at 1700ºC in an electric oven-phase arc of 400 

kVA (type Heroult) and poured into the pot, without coating, pre-heated for subsequent reaction with 

aluminium dross (30kg) under industrial controlled conditions, to obtain the modified slag SL-2. As a result 

200kg of modified slag and 24kg of recyclable metal were obtained (INPI, 2006). 
 

Table 1: Raw meal proportions, theoretical Bogue composition and clinker modulus 

Raw 

materials, % 

RM-   

SL-1 

RM-

SL-2 

BOGUE, 

%  

RM-     

SL-1 

RM-   

SL-2 
Burning condition RM-SL-1 RM-SL-2 

Limestone 73.3 71.8 C3S 60.2 59.9 HT (ºC/min)
EV

 4 4 

Clay 19.2 18.7 C2S 15.5 15.2 MT (ºC) 1370 1380 

Bauxite 1.7 --- C3A 8.8 8.8 BT (min) 21 29 

SL-1 5.7 1.4 C4AF 13.1 13.2 CR (ºC/min)
EV

 20 20 

SL-2 --- 8.1 Clinker modulus Control parameters 

   LSF 0.95 0.95 CaOfr, % 2.1 4.0 

   AR 1.4 1.4 IR, % 0.5 0.5 

   SR 2.0 2.0 
Compressive strength 

by Ono (MPa)
 EV

 
39.3 41.3 

      
Particles in chimney 

(FRX) 
K, F, S, Ca and Na 

Legend: RM: Raw meal; HT: heating time, MT: maximum temperature; BT: burning time; CR: Cooling rate; 

FRX: fluorescence X-ray qualitative analysis; EV: estimated value; IR: insoluble residue; LSF: Lime Saturation 

Factor; SR: Silica Ratio; AR: Alumina ratio. 

The slag fraction was analyzed and mixed with conventional raw materials used in the cement industry 

to produce raw meal (Figure 1). As slag SL-2 has a low Fe content, a SL-1+SL-2 mix at a Al/Fe 5.8 
ratio was applied as raw material to prepare RM-SL-2 raw meal. These data are summarized in Table 

1.  

The burning processes of the alternative clinkers were controlled by free lime and insoluble residue 

analysis, with the mineralogical parameters suggested by Ono (Campbell, 1999 – see Table 1 and 

Figure 1). A rotative high temperature pilot scale furnace was necessarily employed in order to 
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produce enough clinker in a quantity that it could be milled and, then, the related cement properties 

evaluated. The chemical compositions of the raw materials and slags are shown in Table 2. 

 
Figure 1: Flowchart of methodology used in the study. 

 

Table 2: Chemical analysis of raw materials and slags (SL), in mass % 

Components Limestone Clay Bauxite SL-1 SL-2 

LOI 43.8 a 10.3 a 30.0 a n.a. n.a. 

SiO2 0.46 a 67.5 a 0.78 a 10.7 a 11.7 a 

Al2O3 < 0.01 
c
 14.4 54.1 

b
 1.8 

c
 15.9

 b
 

Fe2O3 0.04 c 5.00 e 11.5 e 17.5 e 2.69 e 

FeO --- --- --- 13.2 
e
 13.5 

e
 

Feo --- --- --- 1.5 e 0.84 e 

CaO 55.5 
h
 1.28 

c
 < 0.01 

d
 41.6 

b
 37.3

 b
 

MgO 0.28 
a
 0.88 

c
 < 0.01 

d
 6.9 

c
 12.4 

c
 

SO3 0.09 a 0.09 a 0.07 a --- --- 

CO2 40.9 
f
 0.49 

f
 --- ---. --- 

Na2O n.d. 0.08 c --- 0.10 0.34 c 

K2O 0.01 
c
 0.75 

c
 0.02 

c
 0.03 0.01

 c
 

MnO 0.11 i --- 0.31 d 4.43 c 4.11 c 

TiO2 n.d. --- 1.77
 d
 0.35 

c
 0.30 

c
 

P2O5 0.11 
i
 --- 0.15

 d
 1.5

 d
 1.24

 d
 

CaO fr --- --- --- 5.1 g 0.16 g 
Legend: a) gravimetric analysis; b) complexometric titrimetry; c) atomic absorption spectrometry; d) atomic 

emission plasma spectrometry (ICP); e) dichromate potassium titrimetry; f) gasometric analysis; g) basic-acid 

titrimetry; h) permanganate potassium titrimetry; i) fluorescence X-ray analysis; j) flame photometry; l) value 

calculated from the total Fe; n.d.: not detected; LOI: loss of ignition. 

 

2.2. Materials chemical analysis 

The materials were analyzed by Brazilian Standard Methods whose procedures are analogous to 
ASTM C 114/08 "Standard Test Methods for Chemical Analysis of Hydraulic Cement" and analytical 

instrumental methods according to Table 2. 
 

2.3. XRD qualitative and quantitative analysis 

The sample was manually pressed into a 27 mm diameter sample holder and tested using Panalytical 
X´Pert MPD equipment with X´Celerator detector. The measurements were made between 10 and 70 

º2θ with angular step of 0.02 º2θ and a 20 s/step. A tube with copper anode LLF, 40 kV / 40 mA, with 
½º divergence slit was used for the analysis. 

The effective clinkerization was investigated through phases quantification by Rietveld calculation, 

obtained in X-Pert HighScore version 2.1 and based on standard diffraction data provided by ICDD 
(International Center For Diffraction Data). 
 

2.4. Heat of hydration 

The clinker reactivity was investigated by measuring the liberated heat during hydration for 72h. The 

Raw materials
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dosage

Mixing and 

pellet prepare

Chemical  

analysis

Chemical and 

mineralogical 

analysis

ONO´ 

Method

Burning-lab. 

scale DRX, FRX

2th step CaOf ree, 

MgOf ree

1th step 

DRX, FRX

Microscopic 
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CaOf ree, 

MgOf ree

3th step 

Physical-

mechanic 

tests

ONO´ 

Method

Burning-pilot 

scale



experiments were carried out using a Thermometric Tam Air isothermal calorimeter, at a measurement 

temperature of 25°C. The cement paste with a 0.5 w/c ratio for each sample was mixed with a small 
ladle for 3 minutes, 1000 rpm. 15 grams were weighted into a flask; the flask was capped and placed 

into the calorimeter. The initial heat peak was not recorded because the mixing was done externally. 
 

2.5. Characterization of hydrated cement 

The products of clinker hydration (after 5 days) were investigated in the same cement pastes analyzed 

by calorimetry, after addition of 3% gypsum, dried at 40ºC for 24 hours and groundto 75µm. This 
material was analyzed by thermogravimetry using TA Instruments SDT 2960 thermobalance under 

argon atmosphere, 10ºC/minute heating rate, from 30ºC to 1000ºC, and; XRD qualitative analysis 

using apparatus and parameter according to 2.3. 
 

2.6. Physical tests 
From a previous study we complement the results about the cement hydration with strength resistance 

and fineness tests. The cements (clinker+4.3% gypsum) were tested by Brazilian Standard Methods 

whose procedures are analogous to reference in ASTM C 150/04 "Standard Specification for Portland 

Cement ". 
 

3. Results analysis and discussion 

Appling the same modulus cited in Table 1 and chemical analysis of limestone and clay (Table 2) was 

found 76.5% of limestone for a traditional raw meal. Using SL-1 and SL-1+SL-2 in the raw meal 

caused reductions in the consumption of limestone to 73.3% and 71.8%, respectively, thus 

contributing to reduce CO2 emissions. The presence of wüstite (FeO), srebrodolskite (2CaO.Fe2O3), 

magnetite (Fe2O3.FeO), hematite (Fe2O3), mayenite (Ca11.3Al14O32) and gehlenite [Ca2Al(AlSiO7)] in 
the slags contribute to decrease the consumption of correctivematerials for aluminium (bauxite) and 

iron (hematite). 

 

Raw meal containing both slags had good burnability due to low results insoluble residue and free 

lime (Table 3). Furthermore, the mix of both slags was improved even further by increasing the 

consumption of 67% (from 5.7% in C-SL-1 to 1.4%+8,1% in C-SL-2 – see Table 1). 

Reduction of maximum temperature occurred also in clinkerization processes (from the typical 

industrial temperature of 1450ºC to 1380ºC). This phenomenon agrees with Baoxun & Yonghao 

(1985) findings, who verified that the presence of silicates, wustite (FeO), P2O5 and some chemical 

elements in slags F, Na, K, Mn, P, increase the raw meal reactivity, increasing the solid phase 
reactions during clinkerization process and consequently the formation of C2S and C3S at temperatures 

lower than those that occur in the conventional cement industry. Moreover, the C2S present in the 

slags contributes to reduce the time of C3S formation starting from C2S. The chemical compositions of 
the clinkers are shown in Table 3. 

 
Table 3: Chemical analysis of clinkers (C-SL), in % 

Compo-

nents 

C-SL-1 C-SL-2 Compo-

nents 

C-SL-1 C-SL-2 Compo-

nents 

C-SL-1 C-SL-2 

Major components Minor components Separate determination 

LOI 1.54 a 1.73 a Na2O 0.02 j 0.01 j IR 0.22 a 0.17 a 
SiO2 20.7 

a 20.5 
a
 K2O 0.14

 j
 0.14

 j CaO fr 2.75
 g
 2.98

 g 
Al2O3 7.09 b 7.10 b TiO2 0.41 c 0.40 c CO2 0.21 f 0.23 f 
Fe2O3 4.90 4.61 P2O5 0.19 d 0.21 d Legend: see Table 2, and; IR: 

insoluble residue. 

Obs.: others elements like Ba, Mo, 

Zr, Zn, Hg, Sb, Cr, Cd were found at 

levels < 100ppm.  

CaO 63.1 
b 61.6 

b
 Mn2O3 0.51 

c 0.66 
c 

MgO 1.23 b 2.81 b NiO 0,220 d 0,224 d 
SO3 0.25 

a
 0.30 

a SrO 0,053
 d
 0,053

 d 

 

Regarding the burning conditions, the elongated shape of alite crystals denotes that an elevated 



maximum temperature was applied. The average dimensions of the alite crystals were between 11µm 

and 15µm (Figure 2). The first cooling rate (between 1450°C and 1250°C) was considered fast, 

whereas the second cooling rate (between 1250°C to 50ºC) was considered slow, due to the occurrence 

of a crystallized interstitial phase. The clinkers analyzed by reflected light microscopy showed the 
presence of small C2S regular zones (Figure 2), indicating an adequate procedure for raw meal 

grinding. 

 
 

 

 

 

 

 

 

 

 
Figure 2: Aspects of clinkers C-SL-1 (left) and C-SL-2 (right), showing elongated shape of alite crystals.     

KOH etch (0.1M, in ethanol)/HNO3 etch (1%, in isopropyl alcohol). 

Table 4 presents the results of quantitative phases determination by XRD/Rietveld method. Variations 
in relation to estimated contents by Bogue calculus (Table 1) can be related to the occurrence of higher 

concentrations of minor elements such as P and Mn, present in slags. These elements may have 

influenced the major phases formation through the decrease of liquid phase formation temperature 
(Moir & Glasser, 1992). Their presence contributed to the stabilization of higher temperature 

polymorphs during clinker cooling and promoted the clinker reactivity (Hahn et al., 1969 apud Taylor, 

1998). 
 

The low percentage of alite and higher percentage of belite can most likely be attributed to an 

insufficient period of burning time as observed by reflected light microscopy (Figure 2). The C3A 

cubic phase was formed due to a low content of alkalis. Despite the AR fixed (Table 1) we observe an 

unbalance of C3A and C4AF. The use of controlled amounts of MgO in raw meal minimized the 

formation of periclase. The low content of SO3 is due to the use of a low amount of sulfur raw meal 
and electrical rotative furnace without pre-calcination system. 

 
Table 4: Mineral phases of the clinker, obtained by XRD/Rietveld method. 

Determinations C-SL-1 C-SL-2 Determinations C-SL-1 C-SL-2 

Alite (C3S) 51.4 51.5 Calcium oxide (CaO) 0.3 not detect 

Belite (C2S) 23.5 22.7 Magnesium oxide (MgO) not detect 0.4 

Tricalcium aluminate (C3A)  4.1 8.1 Calcium hydroxide [Ca(OH)2] 3.2 3.0 

Brownmillerite (C4AF) 17.6 19.3  

 
The fineness in 75µm sieve of cements was higher than that recommended by Brazilian Standard 

Specifications (<12% for OCP) (Figure 3). This occurred due to the presence of harder particles 

formed during the clinkerization process by use of the slags even though the fineness Blaine 
considered was acceptable. The initial and final setting by Vicat (between 65min. and 150min) and 

expansion test by Le Chatelier method (<1mm) showed normal performance according to standard 

specifications.  
 

Compressive strengths of cements were satisfactory at 3 and 7 days; however, slightly lower at 28 

days when compared with Portland cement type I and IA according to ASTM C 150/04 (Figure 4). 

C-SL-1 C-SL-2 



Figure 3: Fineness of clinkers +3% gypsum and 

data specification of ASTM C 150/04 (OPC Type 

I and IA). 

 
Figure 4: Compressive strength of clinkers+3% 

gypsum and data specification of ASTM C 150/0404 

(OPC Type I and IA). 

 

In 72h of hydration, clinkers liberated the highest heat at 36h, slowly diminishing afterwards (total 

hydration heat: 156.5J.g-1 for C-SL-1 and 176.6J.g-1 for C-SL-2), without a noteworthy induction 

period. With an additional 3% of gypsum short induction periods occurred with high heat ratio for the 

acceleration period (total hydration heat: 219J.g
-1

 for C-SL-1 with 3% gypsum and 216J.g
-1

 for C-SL-2 
with 3% gypsum). 

 

The results obtained from thermogravimetry and XRD are consistent with the results presented by 
isothermal heat conduction calorimetry. Comparing samples, the results of DTG show a slightly 

higher formation of Ca(OH)2 in the samples with 3% gypsum (4.3% in C-SL-1 and 4,1% in C-SL-2) 

than without gypsum (3.5% in C-SL-1 and 3,9% in C-SL-2). The XRD patterns recorded from the 
pastes hydrated for 5 days shows: a presence of portlandite and an absence of C3S in the samples with 

3% gypsum confirming effective hydration of major phases as C3S; a presence of calcium aluminate 

hydrates is coherent with a low content of SO3 in the clinkers. On the other hand, the addition of 

gypsum leads to the dissolution of ettringite and precipitation of monosulfate (Table 5). 

Table 5 – Compounds identified by XRD 

Compound name Chemical formula 
ICDD 

code 
C-SL-1 C-SL-2 

C-SL-1 
+3%gypsum 

C-SL-2 
+3%gypsum 

Calcium silicate Ca3SiO5 00-042-0551 X X - - 

Larnite Ca2SiO4 00-033-0302 X X X X 

Brownmillerite 

FeAlO3(CaO)2 

 

Ca2(Al,Fe3+)2O5 

00-030-0226 
 

01-074-1346 

X 

 

X 

 

X 

 

 

X 

Portlandite Ca(OH)2 

00-044-1481 
 

01-078-0315 
 

00-004-0733 

X 

 

 

X 

 

 

X 

 

 

X 
Calcium aluminium oxide 

hydroxide hydrate 
Ca2Al(OH)7.3H2O 00-033-0255 X X - - 

Calcium silicate hydrate Ca2SiO4.0,5H2O 00-015-0642 X X - - 
Monocarboaluminate 

hydrate 
Ca4Al2O6CO3.11H2O 00-041-0219 X - - - 

Monosulfate 
(Ca2Al(OH)6). 

(S0.5O2(OH2)3) 
01-083-1289 - - X X 

Legend: X: Compound present 

 

4. Conclusion 

The use of oxygen steelmaking slags treated by pyrometallurgical process permitted obtaining clinker 
with optimized conditions by means of increasing the amount of slag (~6 to 9%), decrease of 

limestone consumption (~4%) and lower burning temperature (1450 to 1380 ºC). Regarding the 

modified oxygen steelmaking slag by pyrometalurgical process, it is an effective means of decreasing 
residual iron content. The mix of slag in natura with a higher iron content plus modified slag with 



higher aluminum content results in  a raw material  suitable for cement production in a higher 

percentage and also solves the disposal problem. 
 

The chemical, mineralogical and mechanical properties of the cement produced were satisfactory. 

However, the conditions of clinkerization process in the rotative pilot scale furnace can be optimized 

to obtain a higher percentage of C3S. Evaluation of clinker mechanical properties was made possible 

by the use of rotative pilot scale furnace which produced  a sufficient quantity of material required for 

standard tests. Such tests are rarely conducted with the use of a static furnace due to the length of time 

itdemands. Such an approach makes laboratory tests of clinker production feasible in a shorter time 

and before industrial scale testing, increasing confidence in the research. It is the aim of this research 

to continue focusing on the improvement of clinker quality. The use of other sources of raw material 

and new characterization studies for understanding the mineralogy and reactivity of clinkers could also 
be explored. 
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Abstract 
This work presents the characterization of a group of portland pozzolanic cements produced by the same plant 
during a controlled period of time. The analyses were conducted in order to explain the compressive strength of 
these corresponding concretes which produced values lower than those expected from and stipulated by the mix 
design. From the stored samples of IPT’s Laboratory five samples were selected from the range of the concrete 
strength variation observed, 27-37MPa, and a reference with 38 MPa. First of all, analyses of the anhydrous 
cements by X-ray diffraction and thermogravimetry did not indicate any contamination by truck transportation 
or pre-hydration during the storage period. Plasma atomic emission spectrometry was used to quantify elements 
Ba, Sr, P, Mn, Ni, V, Zr and Ti. The results confirmed the origin of these cement deliveries as being from the 
same factory. Regarding the clinker phases, quantified by Rietveld X-ray analysis, the C3S content was lower 
than that taken as the reference cement. The pozzolanic fractions, obtained by selective dissolution with diluted 
hydrochloric acid, were variable among these samples. Their mineralogical compositions (identified by X-ray 
analysis) and vitreous phases (quantified by the Rietveld method) indicate the addition could have pozzolanic 
activity for the analyzed samples. As these cements presented high sulfate content, the soluble sulfates were 
quantified through the percentages of soluble alkalis (determined by flame photometry) in an effort to calculate 
(from the total sulfate by gravimetry) the effective percentage of gypsum added for setting control. The heat 
hydration curves, obtained by isothermal calorimetry, show a common chief peak occurring at around 12 hours, 
then, another, unusual one, occurring at 28 or 32 hours. To investigate this phenomenon, three cement samples 
were hydrated for 20, 22 and 72 hours and their hydrated phases identified by X-ray analysis and quantified by 
thermogravimetry. The results showed the net heterogeneity of these cements and a discussion about them was 
held in order to explain its effect on the compressive strength. The characterization results for these cements, 
obtained by using innovative techniques, could potentially serve as some motivation for cement manufacturers 
to review the common quality control practices they are currently applying. 
 
Originality 
A set of innovative techniques was applied to characterize the chemical and mineralogical compositions of the 
sample cements, establishing a useful methodology that permitted obtaining consistent data to determine what 
role the cement played in the unexpected performance of concretes prepared with a known mix design. This 
methodology may also be applicable as a tool to better identify possible problems in concrete manufacturing. 
 
Chief contributions 
This investigative approach can yield useful information to provide a more reliable basis for cement producers 
and concrete manufacturers when discussing eventual unsatisfactory performance issues. In the present study, 
the methodology allowed for the following: a) identification of the pozzolanic fraction, the sulfate content and 
the heterogeneity among diverse cement lots through quantification of the clinker phases; b) to ensure that the 
cement came from the same source, that is, the same raw materials and plant; c) to determine what effect the 
cement had on the hydration reactions and compressive properties. 
 
Keywords: Portland pozzolanic cement; concrete; conduction calorimetry, X ray Rietveld analysis, 
thermogravimetry. 
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1. Introduction 
During a certain three months, a ready-mix concrete manufacturer observed lower compressive 
strength results than that specified by the contractor, and an uncommon setting and hardening 
evolution after placing. The Laboratory of Materials at IPT (Instituto de Pesquisas Technologicas), 
responsible for quality control, obtained mechanical characterization results that like those observed 
for the concrete, that is, variable compressive strength of 28 days tests, lower than expected. 
Some hypotheses were proposed by the cement producer although, excluding any failure of its quality 
control system. In fact, the results reported by the producer, which were collected using Brazilian 
standard specification (NBR 11578/1994) did not accuse any anomalous result during the questioned 
period. The search for an agreement between the two litigious parties lasted for almost one year, 
during which, the non-conforming concrete was substituted, than don’t lasting specimens available to 
their analysis, adding data to the comprehension of the possible causes of the failure observed. 
Neither the producer nor the consumer were able to justify the comparatively incoherent results 
between their laboratories and the option was to conduct a detailed characterization of the counter-
proof cement samples by submitting them to actual techniques other than those indicated by standard 
specification. The search for a cause to the problem led to the following hypotheses: a) problems or 
mistakes during the mix preparation such as materials dosage, w/c ratio, eventual difficulties during 
transportation to the jobsite, not reported; these hypotheses were disregarded due to the lack of 
concrete specimens available to confirm any uncommon characteristic; b) cement contamination 
during bulk truck transportation from the plant to the jobsite; c) possible alterations in cement 
composition due to irregularities occurred in the process during the specified period. With the 
respective counterproof cement samples available in the IPT laboratory, all the experimental methods 
were applied in an attempt to validate hypotheses b or c.  
 
2. Experimental Methods 
All the delivered cements were portland pozzolanic type with calcareous filler addition. Samples 
delivered during that period were adequately stored as counter-proof in IPT’s Laboratory, tested, and 
accepted by both parts as valid for this study, although there was some percentage of hydration, 
determined by thermogravimetry (see table 1). From the compressive strength results, five samples 
were chosen from these lots within the variation range observed, that is, 26.8-29.7-30.5-34.6-37.4 
MPa, and a reference one with 37.9 MPa, the highest result determined. 
 
2.1. Anhydrous pozzolan portland cements chemical composition analysis 
a) Determination of S2-, lime free, CO2, and loss on ignition by Brazilian Standard Methods whose 
procedures are analogous to ASTM C 114/08 "Standard Test Methods for Chemical Analysis of 
Hydraulic Cement". b) Determination of the pozzolanic fraction as an insoluble residue by selective 
dissolution of 1g of sample in HCl cold solution (1:50), followed by determination of the filtrate by 
gravimetry of SiO2, SO3, MgO and Al2O3; by titrimetry CaO, and Fe2O3. c) SO3, Na2O, K2O 
quantitative water soluble determination by ASTM C 114/08. d) Dissolution of the sample in nitric 
acid and Cl- and F- determination as described in "ASTM C 1152/04 - Test Method for Acid-Soluble 
Chloride in Mortar and Concrete". e) Chloride and fluoride quantitative determination by ion selective 
electrode potenciometry following the ASTM D 512/04 "Test Methods for Chloride Ion in Water" 
procedure. f) Spectrometry of atomic emission plasma (ICP) determination of barium, manganese, 
nickel, phosphorous, strontium, titanium, zinc, zirconium, and vanadium, was carried out on a 
Spectrometer of Atomic Emission Plasma- Varian-ICP, Vista MPX. g) Thermogravimetric analysis 
carried out with a 1g cement sample on a Netzsch STA 409PG thermobalance, under a heating rate of 
10°C/min from room temperature up to 1000°C. 
 
2.2. Quantitative phases determination by XRD Rietveld method 
Rutile p.a. (99.5% purity) was selected as the internal standard; the sample was manually pressed in a 
27 mm diameter sample holder and tested using Panalytical X´Pert MPD equipment with a multiple 
strip real time (MSRT) detector (X’Celerator). The measurements were made between 10º and 70º 2 



with angular step of 0.02º 2 and a 20 second time step. A tube with copper anode LLF, 40 kV / 40 
mA, with ½º divergence slit was used for the analysis. The determination was made with a 0.5 w/c 
ratio cement paste. The Rietveld calculation applied was performed using the crystal structures of 
phases found in the qualitative analysis of the cement and of the pozzolanic fraction. Calcite and 
gypsum fraction obtained by the stoichiometric method were considered in the quantitative results. 
 
2.3. Particle size distribution (psd) 
Determinations by Malvern Mastersizer 20000 Version 2.0 though ISO 13320-1:999 (E). Procedure: 
particle size distributions (PSD) in ethenol were assessed by laser diffraction (Helos/Sucell - Sympatec 
GmbH) at several collection times. 
 
2.4. Heat of hydration 
The experiments were carried out using Thermometric Tam Air isothermal calorimeter, at a 
measurement temperature of 25°C. The cement paste with a 0.5 w/c ratio for each sample was mixed 
with a small ladle for 3 minutes, 1000 rpm.15 grams were weighted into the flask accessory; 
afterwards the flask was capped and placed into the calorimeter, so the initial heat peak was not 
recorded due to external mixing; heat flow was recorded for 72 hours. 
 
2.5. Quantitative determination of cement hydrates 
Sample preparation - Part of the pastes prepared for calorimetry were reserved in sealed bottles for 20 
hours, 72 hours, and 28 days. Afterwards they were removed from the bottle, frozen in liquid nitrogen 
to stop hydration, stored at –30ºC and freeze-dried. 
Thermogravimetric analysis – the dried samples were ground to 150 – 75 m and one fraction 
analyzed in the thermobalance under nitrogen atmosphere, 10ºC/minute heating rate, from 30ºC to 
1000ºC. The mass losses were all corrected to a non-volatile base. This determination was carried out 
for different curing periods according to the beginning and ending of the peaks presented. 
 
3. Analysis of results 

3.1. Particle size distribution 
As shown in Fig. 1 the particle size distribution is in the same range for all samples and then makes 
no contribution to the compressive strength results. 

3.2. Cement composition 
a) The metals concentration ranges determined by 
spectrometry, expressed in mg/kg, were: titanium: 
997- 1200; strontium: 280-340; manganese: 228-360; 
zirconium: 134-232; barium: 91-136; vanadium: 98-
112; phosphorous: 75-104; nickel: 31-35; zinc: 26-
37. The results were within the range expected by the 
producer, indicating that the cement originated from 
the same plant.  
b) The percentages of sodium and potassium sulfates 
were calculated from the water soluble results, and  

Fig. 1 – Particle size distribution of Portland 
pozzolanic cements. 

residual portion of total sulfate, as gypsum content, 
by: Na2SO4 : Na2O soluble x 2.29 / K2SO4: K2O. soluble x 1.85 / CaSO4.2H2O: (SO3 total x 2.15) – 
(Na2O soluble x 1.29) - (K2O. soluble x 0.85) / The chloride ion in all samples was in the range of 
0.04-0.09% / No fluoride was detected and it was concluded that no fluor-based mineralizer was added 
to raw materials. 
c) The calcite content was calculated from the result of gasometric CO2 determination: 
CaCO3:CO2x2.27. 
d) Sulfide was not detected, so there was no addition of blast furnace slag to the cement. 



e) The insoluble residue from selective dissolution was taken as the pozzolan material. The qualitative 
XRD analysis identified its mineralogical composition as: quartz (-SiO2), albite (NaAlSi3O8), 
analcyme (NaAlSi2O6.H2O), all of them quantified by the Rietveld method, and by subtraction from 
the total, the amorphous phase. These results were recalculated expressing them in relation to the 
cement. The results are presented in Table 1. 
f) The qualitative XRD analysis identified in the cement compositions: alite, belite, cubic C3A, 
brownmillerite, periclase, calcite and gypsum; the quantitative determination of C3S and C2S results by 
XRD Rietveld method were expressed in percentages of the cement and presented in Table 1. 
 

Table 1 - Percentage Composition of the cements and compressive strength 
Cement sample 01 06 08 17 18 19 

Compressive strength (MPa) 26.8 37.4 37.9 34.6 30.5 29.7 
Composition  Percentual results 

Clinker 

C3S 41.3 42.5 39.4 31.6 25.4 28.8
C2S 4.9 7.5 9.2 19.6 17.5 18.7 
C3A 2.1 4.7 2.8 3.0 3.0 2.5 

C4AF 4.0 3.6 4.3 4.9 4.1 3.7 
Periclase (MgO) 1.5 0.8 0.7 1.7 0.7 0.6 

Na2SO4 0.32 0.21 0.17 0.25 0.16 0.17
K2SO4 1.90 1.16 1.20 1.02 1.10 1.08

Ca(OH)2 1.80 1.51 0.78 0.70 0.73 0.76 

Water Syngenite 0.28 0.21 0.13 0.19 0.09 0.10 
Free 1.97 1.34 0.89 1.55 1.34 0.92 

Additions CaSO4.2H2O 8.8 6.4 7.6 6.9 6.3 6.3 
CaCO3 7.9 9.6 7.2 5.9 6.6 7.4

Pozzolan 

Quartz 4.6 4.4 13.8 5.2 16.6 17.6
Feldspath 7.6 5.5 4.1 7.1 7.2 1.9 

Clay mineral (analcime) 4.7 3.5 0.0 4.6 0.0 0.0 
Amorphous phase 6.4 7.2 7.7 5.7 9.3 9.4 

g) Figure 2 illustrates the DTG curves of the 
anhydrous cements. All presented five 
endothermic peaks of decomposition in the 
following temperature ranges: the first one 
from 104 to 115.5°C (ettringite dehydration); 
the second one from 147.6 to 150.5°C (gypsum 
dehydration); a third, small peak, from 264.9 to 
276.6 °C (syngenite dehydration); a fourth, 
small peak, from 474 to 483.1°C (portlandite 
dehydration); and a final one from 792.7 to 
808.2°C (calcite decarbonation).  

        
Fig. 2 - DTG curves of anhydrous pozzolanic        

portland cements 

Table 2 presents the mass weight loss for each range, plus their total and loss in ignition percentages. 
The last two values match quite well. 
 

Table 2 - DTG percentual mass weight loss for anhydrous cement 
Sample 105-115°C 145-150°C 265-280°C 475-485ºC 795-810ºC Total LOI 

01 0.53 1.80 0.28 0.58 2.87 7.74 7.87 
06 0.36 1.27 0.21 0.46 3.58 7.41 7.51 
08 0.15 1.40 0.13 0.14 2.18 5.80 5.98 
17 0.27 1.47 0.19 0.05 2.13 5.94 6.01 
18 0.13 1.20 0.09 0.03 2.25 5.67 5.81 
19 0.13 1.21 0.10 0.03 2.30 5.69 5.76 

 



3.3. Calorimetry 
This thermal technique is very convenient for characterizing and comparing different cement lots from 
the same plant by hydration kinetics, which illustrates variations in composition. The calorimetric 
curves show an initial peak of heat liberation as soon as the cement comes into contact with water. 
Then a second, dormant period or induction period (IP) appears, where the reaction rate is very slow. 
And, a third period showing the acceleration of the reactions, when the heat liberated is at a maximum, 
then followed by a deceleration period when the concentration of the reactants gradually diminish 
(figure 3). Regarding the curve profiles, only two samples (6 and 8) present a common intense peak 
during the acceleration period with higher heat ratio liberation. The other four samples present a rather 
intense third peak due to a specific reaction (1, 17, 18 e 19), at different moments, with lower heat 
ratio liberation. The heat liberated during each of these acceleration periods, the heating ratio and total 
heat liberated during 72 hours, are presented in table 3; all these results are presented in the same order 
as the cement strength resistence.  
Table 3 - Hydration cements calorimetry results 

Sample IP (h:min) Heat ratio 
(W/kg.h-1) 

IP     
(J/kg.h-1) 

Hydration 
heat until 

22 h 

Hydration 
heat until 

36 h 

       
(36-22)h

Heat of 
hydration 

72 h 

Heat of 
hydration 
72h - IP 

1 4:30 0.25 32 146 190 44 223 191 
6 4:10 0.46 39 188 274 86 334 295 
8 3:40 0.47 41 189 229 40 292 251 
17 4:50 0.37 45 156 223 67 282 237 
18 4:20 0.31 41 142 209 67 267 226 
19 4:20 0.31 39 140 207 67 265 226 

 
The profiles of the heat liberated during 72 hours 
of hydration can be seen in figure 3. The 
induction period began after one hour of 
hydration and ranged from 32 to 49 minutes; the 
acceleration period developed from this end point 
up to 22 hours; it is interesting to observe the net 
difference between these cements regarding the 
liberated heat ratio during this period. 
Afterwards, during evolution of the deceleration 
period, between 22h to 36h, can be differentiated 
through their profiles: two samples 6 and 1 
present a common profile with a heat liberation 
of 40 and 44 J/g; samples 6, 17, 18 and 19 
present a second uncommon peak with heat 

 
Fig. 3 - Conduction calorimetry of portland 

pozzolanic cements results determined for 72h. 
liberation of 86, 67, 67 and 67 J/g, respectively; sample 8 presents a lower, second peak between 54 
and 72 hours. The fact is, the total heat liberated emphasizes the differences in reactivity among the 
cements, a consequence of their varied compositions. 

 
3.4. Thermogravimetry analysis 
In order to identify the reactions due to their uncommon peaks, samples 6 and 19 were hydrated for 20 
and 22 hours respectively, and then for 72 hours. Moreover, all samples were hydrated for 28 days. 
After d-dried the quantitative determination of the hydrated products were carried out by 
thermogravimetry. 
After 22 hours of hydration, samples 6 and 19 showed a peak evolution at 200°C, characteristic to 
monossulfoaluminate formation, although this hydrate has not been identified on their diffractogram; 
the hydration of periclase is observed by the peak present at ~ 385°C after 36 hours; their results are 
given in table 4. The hydration evolution for samples 6 and 19 is shown in figure 4. 



Table 4 - DTG results of hydrated cements 

Samples 
Loss mass weight, by temperature range, calculated to non volatile basis (ºC) 
125-150 170-250 350-390 460-500 570-810 

1 28 d 8.30 3.50 1.20 2.93 4.24 

6 
20 h 3.69 1.50 0.59 2.45 4.88 
72 h 5.47 4.86 1.03 3.52 4.72 
28 d 6.97 5.47 1.22 3.55 4.88 

8 
72 h 4.91 2.38 0.86 2.97 3.88 
28 d 7.30 3.79 1.16 3.15 4.01 

17 28 d 6.69 4.39 0.99 2.29 3.05 
18 28 d 5.57 4.41 0.84 1.99 4.06 

19 
22 h 2.02 1.94 0.42 1.40 3.94 
72 h 3.63 3.57 0.71 1.91 3.92 
28 d 5.49 4.40 0.98 2.04 3.91 

 
From the DTG curves, at 28 days, presented in 
figure 4 and the percentages calculated on non 
volatile base, presented in table 4, the following 
is concluded:  

a) The peak at ~125°C is due to both ettringite 
and C-S-H, and the peak at (486-503)°C, due to 
portlandite; as the individual contributions of 
ettringite, C-S-H, and the pozzolanic effect were 
not determined, these results were not correlated 
to their corresponding mass weight loss due to 
portlandite.  

b) The peak at ~194°C is clearly seen for samples 
with the highest percentages of gypsum, that is, 
samples 6, 17, 18 and 19 (6.3% to 6.9%); 
samples 1 and 8 have lower mass weight losses at 
this temperature and a higher percentage of 
gypsum (8.8% and 7.6%, respectively) which is 
coherent to the heat hydration curves that did not 
present the peak of monossulfate hydrate 
formation; instead, they have the highest mass 
weight loss at 125°C, most certainly due to 
higher ettringite content.  

c) The peak at 356-388°C, due to magnesium 
hydrated compound, had a complete loss of mass 
weight,  1.20%.  

d) From 680°C and afterwards, the mass weight 
loss is due to calcite, 0.5% higher than the 
anhydrous cements. Figure 4 illustrates the 
comparative results for C-S-H + ettringite, 
monossulfoaluminate, calcite and portlandite, this 
last one corrected for the loss of the 
correspondent anhydrous cements. 

 

 

 

 
Fig. 4 - DTG curves of hydrated pastes of 

pozzolanic portland cements 



4. Discussion of results 
 In fact, the compositions of the cements are variable in regards to the content of clinker and, 
also, the content of C3S and C2S, which are responsible for the compressive strength. The relationship 
between C3S and strength resistance are coherent, with the exception of sample 1, which has the 
highest content of C3S but, the lowest strength resistance. The R2 correlation at 28 days between 
compressive strength and C3S or C3S+C2S percentages are equal to 11%. If sample 1 is disregarded, 
the correlation is 85%. 
 The early reaction of portland cement is very 
sensitive to the gypsum percentage (SANDBERG; 
LAWRENCE, 1998); differences of 0.5% are enough to 
observe differences in its heat hydration profile: in fact, 
samples 1 an 8 have an excess of gypsum, which is 
responsible for the formation of a high content of 
ettringite and no monossulfoaluminate. Samples 6, 17, 
18, 19 had an uncommon, retarded transformation of 
ettringite to monosulfoaluminate, with 29% of the heat 
liberated during this period, of the total liberated for 72 
hours. Figure 5 shows the good correlation of the heat 
release rate for the acceleration period and compressive 
strength. 
 Samples 6 and 8 have the highest compressive 
strength and the same percentage of portlandite mass 
weight loss which permits suggesting they have the 
same C-S-H percentage. For this set of samples a 
correlation between composition and compressive 
strength is not easy to obtain because the variable 
clinker percentage, the correspondent content of C3S 
and C2S, and pozzolanic addition. 
 

 
Fig. 5 - Rates of heat release cement vs 

compressive strength for the acceleration period. 

 
Fig. 6 - Compressive strenght (MPa) for 

3, 7 and 28 days 

5. Conclusions 
The obtained results demonstrate that the variations in the production of the cement is caused either by 
the clinker composition, regarding C3S and C2S percentage, or by the gypsum dosage. It is known that 
the gypsum effect is negative on compressive strength if it is added in a higher percentage than that 
needed for retardation. The authors conclude that these results explain the low compressive strength of 
the corresponding concretes, which were lower than the values expected according to the mix design. 
 

6. References 
RAMACHANDRAN, V.S., BEAUDOIN, J.J. Handbook of Analytical Technics in Concrete Science and 
Technology, Noyes Publications, Park Ridge, New Jersey, USA, 1999, 964p.  
GOBBO, L. A.; SANT’AGOSTINO, L. M.; D’AGOSTINO, L. Z. XRD-Rietveld quantitative analysis of 
glass-containing by-products used in the Brazilian cement industry. 12th INTERNATIONAL CONGRESS 
ON THE CHEMISTRY OF CEMENT. Montreal, Canada, 2007.  
TAYLOR, H. F. W. Cement chemistry. London: Thomas Telford Publishing, 1997. 
SANDBERG, P.  Optimization of cement sulfate, Grace Construction Products, Application Notes 314-05. 
LAWRENCE, C.D. Physicochemical and mechanical properties of portland cements. In: Leas’ Chemistry of 
Cement and Concrete, P. C. Hewlett Ed., John Wiley & Sons Inc., 1998. 
RAHHAL V., TALERO R.: Fast physics-chemical and calorimetric characterization of natural pozzolans and 
other aspects. Journal of Thermal Analysis and Calorimetry. Vol. 99, 2010; pág. 479-86. 
 

7. Acknowledgments 
The authors are very thenkful to Supermix Concreto S/A. and Instituto de Pesquisas Tecnológicas (IPT), for the 
permission to publish these results. 



1 

 

The C-S-H gel formation understood by Atomistic Simulation Methods 
 

Manzano H.
1
* 

1 
Concrete Sustainability Hub, Department of Civil and Environmental Engineering, Massachusetts Institute of 

Technology, 77 Massachusetts ave, 02139, Cambridge, United States. 

van Duin A.C.T.2
 

2
 Department of Mechanical and Nuclear Engineering Pennsylvania State University, University Park 16802, PA, USA 

3
Yip S., 

1
Buehler M., 

1
Ulm F., 

4,1
Pellenq R. 

3
 Concrete Sustainability Hub, Department of  Nuclear Engineering, Massachusetts Institute of Technology, 77 

Massachusetts ave, 02139, Cambridge, United States. 
4 
Centre Interdisciplinaire des Nanosciences de Marseille, Centre National de la Recherche Scientifique and Marseille 

Universite, Campus de Luminy, Marseille, 13288 Cedex 09, France. 

 

 

Abstract 

The amorphous C-S-H gel, acronym of Calcium Silicate Hydrated gel, is undoubtedly the most important component of 

the cement paste. Cement mechanical properties, durability, chemical stability, and engineering properties such as 

creep or shrinkage have been demonstrated to depend strongly on the C-S-H gel behavior. Therefore, an intensive 

experimental effort has been made to study the properties and behavior of the C-S-H gel, with special focus on the 

nanoscale. The actual state of the art describes the gel as a nanogranular material, where some nano-sized particles 

that coalesce to form the C-S-H matrix. Many aspects of the C-S-H gel remain obscure, as the real composition and 

structure of the particles, the interaction between them, many of their properties, and their formation mechanism. 

Precisely this last point is of great interest, as it might be the key to understand aspects like the cement hydration or the 

C-S-H gel nanoparticles structure, and hence, their properties. Most of the insight on the C-S-H gel formation comes 

actually from studies on the hydration of clinker phases. The hydration process under different conditions – and its 

retardation or acceleration – can be indirectly related to the C-S-H gel formation due to the necessary chemical 

equilibrium between the pore solution and the solid phases. However, the amorphous nature of the gel and the complex 

hydration kinetics make a difficult task a precise and direct investigation of its nucleation and growth mechanisms. In 

this work we take advantage of atomistic simulation methods to study in deep the formation of the C-S-H gel from a 

very fundamental point of view. Atomistic simulation methods are not a traditional tool in cement research. 

Nevertheless, they have proof in the last years that they can be an excellent complement to the experiments in order to 

understand the characteristics of the material at the atomic- and nano-scales. Here we investigate the C-S-H gel 

formation using a combination of different atomistic simulation methods, supporting our results with recent 

experimental findings. We propose a model for the nucleation and growth of the C-S-H gel which can be fully 

integrated with the clinker hydration process, as well as with the microstructure development and cement paste aging. 

 

Originality  

The C-S-H gel formation has been previously studied by means of different experimental techniques, either direct, such 

as SEM and TEM, or indirect, such as DSC, NMR spectroscopy, or IR spectroscopy. However, the hydration complexity 

and heterogeneity makes very difficult the characterization of the real chemical reactions and structures formed during 

the process. Although the already mentioned complexity is also a drawback for atomistic simulation, all the variables 

can be controlled more precisely in the simulation, and very detailed processes can be studied. This is the novel 

approach adopted here, combining different levels of theory, from force-field to ab-initio calculations, to the 

investigation of the C-S-H gel formation. Up to the authors’ knowledge, such a study has been never carried out, and 

therefore the originality is beyond any doubt. The suggested model will improve the actual C-S-H gel knowledge. In 

fact, the application of atomistic simulation methods in cement research is itself a novel approach to the problem. Only 

a couple of groups have worked in the past with such methodology, although the relevancy of the obtained results 

increased the interest of the community in atomistic simulation as a complementary tool to the experiments.  

 

Chief Contributions 

The obtained results will contribute directly to the understanding of the C-S-H gel formation. Despite the great effort of 

the community in the last years, non-conclusive results have been reached. We expect from our results to clarify the 

problem, building a consistent model for the C-S-H gel nucleation and growth. Furthermore, the result could be related 

to other aspects as the hydration process and the C-S-H gel structure.  

 

Keywords: C-S-H gel, nucleation, growth, atomistic simulation, reaxFF, hydration reactions 
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Introduction 
 

The C-S-H gel is the main component of the cement paste, up to the 70% in volume. It is the main 

responsible of the cement properties, including the strength, chemical durability and stability (Taylor 

1997). If we want to improve the performance of cement based materials, is this gel the component in 

which we should act, modifying its structure in the desiderate direction. However, the C-S-H gel 

formation is still an open question in cement research. The large number of coupled chemical reactions 

that take place and the heterogeneity of the products and reactants make difficult a proper 

characterization of its nucleation and growth mechanism (Merlini, Artioli et al. 2008; Alizadeh, Raki 

et al. 2009; Bullard and Flatt 2010; Karakosta, Diamantopoulos et al. 2010). Information from 

atomistic simulations could give us details on the atomic scale physico-chemical changes, and hence, 

the clues to modify and improve cement properties. Unfortunately, to study the nucleation and growth 

mechanisms we need to track big systems evolving during considerable time, far from the range 

affordable by quantum mechanics based simulations. We should turn to force field methods, which in 

cement science have been already used to determine elastic properties of many cement paste 

components and related systems, study surface interactions using ideal crystalline surfaces, and 

suggest a glassy model for the C-S-H gel based on the perfectly ordered tobermorite (Kalinichev, 

Wang et al. 2007; Sanchez and Zhang 2008; Manzano, Dolado et al. 2009; Manzano, Gonzalez-Teresa 

et al. 2010; Pan, Xia et al. 2010). However, classic force field methods have the inconvenient that they 

do not describe bond formation and bond breaking necessary for the C-S-H gel growth. The bonds are 

“fixed” during the simulation, and condensation or acid-based reactions necessary to study the C-S-H 

gel formation cannot be reproduced. To overcome this problem, we have recently parameterized the 

Ca-O/H/Si elements within the ReaxFF reactive force field, developed originally by van Duin and 

coworkers to study hydrocarbons, organometallic compounds in water, ZnO surfaces, silica water 

interactions, etc (van Duin, Dasgupta et al. 2001; Fogarty, Aktulga et al. 2010; Han, Choi et al. 2010; 

Raymand, van Duin et al. 2010). ReaxFF uses a general relationship between bond distance, bond 

order and bond energy that leads to a proper formation and dissociation of chemical bonds. It can 

reproduce chemical reactions with a good accuracy in systems with tens of thousands atoms, far from 

the typical size of less than 100 atoms affordable by quantum mechanical methods. We will present in 

the 13
th
 International Congress on the Chemistry of Cement the new force field, which can be used for 

the study of C-S-H gel particle formation under different pH conditions, chemical compositions or in 

presence of seeds, as well as the hydration reactions of the clinker crystals. 
 

ReaxFF parametrization 
 

The parameterization of a force field is a tedious process. Most force field train the potentials based on 

a reproduction of structures and surfaces description (Cygan, Liang et al. 2004) or structure and elastic 

constants (Shahsavari, Pellenq et al. 2010). In the case of reaxFF this is not enough, and several 

additional processes must be included, as reaction paths or coordination effects. In order to have a 

complete description of calcium we have considered several crystalline phases, and water-Ca clusters 

for the behavior in solution. High level ab-initio simulations are performed in those reference systems, 

and the resulting data is used to fit the potentials and parameters. In table 1 we present the system and 

the type of data used to train the force field. Some results of the fitting process are presented in figure 

1. It is clear that reaxFF reproduces with great accuracy the Density Functional Theory data for the 

CaO and Ca(OH)2, and hence, the experimental values. 
 

The main characteristic of reaxFF is that it can describe bond-break and bond-formation, which is 

usually a missing capability of classic force fields. An scheme of the energy evolution during the 

condensation two silicate monomers in presence of Ca(OH)2 is presented in figure 2a. We cannot 

compare the result with ab-initio simulation, as they have not been used yet to study this specific case, 

but the results are in the range of the reaction energies using monovalent counterions as Li
+
 or NH3 

(Trinh, Jansen et al. 2009). So far, only the force field developed for silicate-based glasses by  
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Table 1: Ab-initio calculations performed to fit the Ca-O/H interactions within reaxFF. The system under study, 

code, simulation details and fitted property are showed. All the simulations were done using the Density 

Functional Theory formalism. The deformations in strain-energy calculations were applied in steps of 0.5%, for 

contraction and expansion. The reaction paths were calculated fixing the O-H distance in the dissociated water 

molecule in steps of 0.1Å, with full freedom of all the other bond lengths and all the angles 

 

System Type of Calculation Fitting property 

Calcium Oxide,            

CaO 

Siesta code, GGA PBE functional, 

DZP basis set 

Atomic charges, bond distances-angles, 

energy vs strain for isotropic and 

anisotropic deformations 

Calcium Hydroxide, 

Ca(OH)2 

Siesta code,  GGA PBE functional, 

DZP basis set 

Atomic charges, bond distances-angles, 

energy vs strain for isotropic and 

anisotropic deformations 

Ca+2 – n H2O clusters       

(n=1-8) 

Gaussian code, GGA B3LYP 

functional, 6-311G**+ basis set 

Water binding energies, bond distances-

angles, atomic charges 

Ca+2 – 2OH- – n H2O        

(n=3-8)                     

Gaussian code, GGA B3LYP 

functional, 6-311G**+ basis set 

Water-OH binding energies, bond 

distances-angles, atomic charges 

Calcium metal,               

bcc and fcc 

VASP code, GGA PBE functional, 

Plane Waves 

Energy vs strain for isotropic 

deformations 

Ca+2 – 6 H2O +  H2O →  

Ca+2 – OH- – 5 H2O + H3O 

Gaussian code, GGA B3LYP 

functional, 6-311G**+ basis set 
Atomic charges, bond distances-angles, 

energy barrier, and energy gain 

Ca+2 – 6 H2O +  H2O →  

Ca+2 – OH- – 5 H2O + H3O 

Gaussian code, GGA B3LYP 

functional, 6-311G**+ basis set 
Atomic charges, bond distances-angles, 

energy barrier, and energy gain 

 

 
Figure 1: Comparison of the energy vs volume fit for reaxFF and quantum mechanics (QM) simulations. The 

volume change corresponds to an uniaxial  deformation in the z crystallographic direction of CaO and Ca(OH)2 
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Garofalini and coworkers has the ability of forming silicate chains starting from the monomers 

(Feuston and Garofalini 1990; Blonski and Garofalini 1997). It was used by Dolado et al. to study the 

silicate polymerization of alumino-silicate chains in presence of calcium ions and water (Dolado, 

Griebel et al. 2007; Manzano, Dolado et al. 2008). They succeed in reproducing the chain length as a 

function of the C/S ration, and the effect of Al enhancing the chain growth. Dolado will present 

shortly a paper with new results on this topic (Dolado 2010). However, we would like to stress that the 

Garofalini potentials can describe reactions between silicate groups but the Ca-O interactions are 

fixed, while in reaxFF all the interactions are balanced with respect to the atomic environment. It 

allows a better description of water-Ca interactions during diffusion, condensation or deprotonation 

reactions. Calcium will play also a key role in clinker dissolution, which reaxFF will be able to 

simulate. In figure 2b we show the water binding energies for the Ca
+2

 – n H2O clusters (n=1-8) 

calculated by DFT and reaxFF. As the number of water molecules coordinated to calcium increases, 

the strength of their ionic bond decreases, because the charge must be delocalized in more bonds. Ab-

initio data reproduces this behavior as the electronic fluctuations are specifically simulated. ReaxFF 

reproduces with great accuracy the Ca-water bond strength evolution, using an overcoordination 

penalty energy to fit ab-initio data.  

 

The main disadvantage of reaxFF is the complexity and number of parameters necessary to account 

for all the possible states of the elements. At each simulation step the environment (coordination 

number and element) of each atom must be checked. It decreases the performance of the simulations, 

usually 10
6
 times faster than ab-initio but typically 10 times slower than other force fields. 

 

 

 
Figure 2: Water binding energy to a Ca+2 ion as a function of the number of water molecules calculated by DFT 

and different force fields. The 6+1,2 represent the formation of a second shell. 

 

Early results on the C-S-H gel formation 
 

The C-S-H gel formation will be studied by looking at the polymerization of silicate groups in 

presence of calcium ions and water. This is a first “brutal force” approach, which will be modified in 

view of the first results obtained. As we sample and identify the “events” (chemical reactions, 

diffusion, or structural arrangements) taking place during the nucleation and growth of the C-S-H gel 

in certain conditions, we will be able to speed the reaction, starting from precursors or building blocks. 
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In addition, several recent developments in new ensembles to enhance the system evolution in time or 

reactive montecarlo schemes could be promising techniques for the current problem (Bonomi and 

Parrinello 2010; Nangia and Garrison 2010). Nevertheless, all of them require a previous knowledge 

of the reaction, energy barriers, arrangements, diffusion or dynamics of the constituent elements.  

Hence, this approach is a necessary first step that in addition provides us with interesting information 

about the nucleation and growth of the C-S-H gel.  
 

In a box of 6x6x6 nm we introduce randomly SiO(OH)3
-
, Ca

+2
 and OH

-
 groups in the necessary 

quantities to reach neutral systems with calcium to silicon ratio (C/S) equal to 0.5 and 2.5. The two 

extremes, far from the average value of 1.7 of the cementitious C-S-H gel, are useful to check the 

performance of the method. We have use the LAMMPS code for the Molecular Dynamics simulations 

in the NVT ensemble. The Verlet integrator algorithm with a time step of 0.25 fs was used during 1ns 

of simulation. To enhance the diffusion and the reactions, the temperature was increased up to 1000K 

and equilibrated with a Noose-Hoover thermostat (Frenkel and Smit 1996; Leach 2001). After the 

simulation, a simple visual inspection like the presented in figure 3 reveals that the species have 

organized in certain regions of the simulation box. In the case of C/S = 0.5 all the calcium (orange 

balls) is completely surrounded by silicate groups, with the excess of those free in the unit cell. On the 

other hand, when the C/S ratio is high, there are no free silicate groups in the simulation. Clearly, 

silicate monomers and calcium ions have a great preference for each other, nucleating inside the box. 

The shape of the formed C-S-H gel is clearly more elongated for low C/S ratios, suggesting a higher 

organization. However, the fact that the system had different initial densities and that the calculations 

did not reach equilibrium yet make the conclusion not definitive.  

 

Figure 3: Snapshot from our simulations during the last simulations steps (10ps). The C/S ratios are 0.5 and 2.5 

in the left and right respectively. Silicate monomers or chains and water molecules are represented by sticks, and  

calcium atoms by spheres. Code color: H-white, O-red, Si-purple, Ca-orange. 

 

The presence of water molecules can be detected. As there was no water among the initial species in 

the box, it can only come from condensation reactions between silicate groups. They can be in fact 

detected by visual inspection. However, to quantify how much the silicate polymerized, we looked at 

the radial distribution function, presented in figure 4. We present the initial curves during the first 10 

ps of simulation, and the last state also during 10 ps. It can be seen how the Si-Si peak at small 

distances increases, which indicates that the initially isolated monomers reacted. The effect is smaller 

for high C/S ratios, in fully agreement with experiments and previous simulations (Richardson and 
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Groves 1992; Richardson 2000; Dolado, Griebel et al. 2007). We must mention that chains of any 

length were found, and not only dimers or pentamers as is experimentally observed (Mohan and 

Taylor 1982). It may indicate that the final silicate chain lengths are due to structural characteristics of 

the system rather than consequences of the reaction itself. The mismatch between the Ca-O and Si-O 

distances might imply the necessity of a Dreierketten like arrangement to link the chains with a 

calcium oxide layer, while in a Ca free environment silicate chain of any length can growth (Brinker 

and Scherer 1990). It is noteworthy that there is much more water in the simulation at high C/S ratios, 

even if the polymerization degree is smaller. The water molecules arise then from acid-base reactions 

between Si-OH and Ca-OH groups to form the Si-O-Ca linkages.  

 

 
Figure 4: Si-Si Radial pair distribution function of the C/S 0.5 and 2.5 simulations at the initial and final steps 

 

Conclusions 
 

The parameterization within reaxFF of the elements involved in the C-S-H gel opens new possibilities 

in the atomic scale simulation of cement-based materials. We present in this work the capabilities of 

the force field to simulate realistically different chemical environments like solids (CaO, Ca(OH)2, and 

Ca metal) species in solution (Ca
+2

-water clusters) and deprotonation reactions. Despite being still 

ongoing research, we demonstrate the potential of the force field to simulate the nucleation and growth 

of the C-S-H gel. We can track in our simulations the formation of silicate chains and clusterization of 

the species in the simulation box. The information, already valuable on its own, could be also the basis 

to more complex metadynamic simulations, which eventually will lead us to understand the nucleation 

and growth of the C-S-H gel.  
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Abstract 
The growth mechanisms of portlandite have not, to our knowledge, been studied on an atomistic level before. The 
interest in doing so now is the fact that portlandite morphology has been observed to vary significantly with the 
chemical environment of the growing portlandite crystals. If these changes in morphology are completely understood, 
the morphology of portlandite in hydrated cementitious systems might be controlled. As portlandite is an important 
component of hydrated cementitious systems and of concrete a change in morphology might enhance the durability 
and/or aid in the fine tuning of the physical properties of concrete structures. This is a very important issue as at the 
moment cement production is responsible for a non-negligible part of CO2 emissions. In order to understand changes of 
the portlandite morphology, the properties of portlandite-water interfaces have to be known and understood. The 
method of choice will be classical molecular dynamics which has an atomistic resolution but, contrary to ab initio 
methods, allows the study of systems with a size of several nm3 for a couple of nanoseconds. This is important as 
adsorption, desorption and surface diffusion processes happen at the nanosecond time scale. However to be able to 
estimate the accuracy of the method, the behavior of the employed force field has to be well described. Therefore for the 
current work three different force fields will be used and characterized by comparing properties of simulated 
portlandite, tobermorite(9 Å), water and portlandite aqueous solutions to known experimental data. The force field will 
then be used to calculate the equilibrium shape of CH particles (Wulff shape) in vacuum as well as in water. 
 
Originality 
The optimisation of the mechanical properties and durability of concrete is therefore very important in order to reduce 
the gray energy of concrete structures and reduce the related CO2 emissions. The nature of the solid liquid interfaces 
where dissolution of the anhydrous phase, adsorption of cement admixtures and growth of new crystalline phases take 
place are however very difficult to access experimentally. This makes the optimization of the material very complex. 
The use of atomistic modeling has made great progress over recent years in many different fields such as properties of 
interfaces, crystal growth and self-assembly. While some work in that direction has already been done a systematic 
study of different portlandite-water interfaces with an estimation and comparison of the performance of different force 
fields for cementitious materials is still missing and is therefore the object of this work. 
 
Chief contributions 
Results from molecular dynamics simulations of portlandite-water interfaces will be presented. Additionally an 
extensive study and comparison of three different force fields for cementitious systems will be presented. 
 
Keywords: Portlandite, Morphology, Atomistic Simulation 
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1. INTRODUCTION 

The purpose of this work is to gain a better understanding of portlandite-water interfaces. Many processes, 
such as changes in portlandite morphology with changing chemical environment of the growing crystal, will 
be dominated by the properties of the portlandite-water interface as well as by adsorption and desorption 
processes of different ions on these interfaces. Therefore, if the portlandite-water interface is well 
understood, portlandite properties such as the morphology may be controlled and modified. As portlandite is 
a major component of hydrated cementitious systems and hence of concrete a change in morphology might 
modify the durability and may allow the fine tuning of the physical properties of concrete structures. 
However while the crystal structure of portlandite is well known (Petch 1961; Desgranges et al. 1993; 
Richardson 2004), not much theoretical or experimental work has been done to study the different 
portlandite-water interfaces. The [00.1] portlandite – water interface has been studied by Kalinichev and 
Kirkpatrik (A. G Kalinichev & Kirkpatrick 2002) who used molecular dynamics with the CLAYFF (Cygan 
et al. 2004) force field to study the dynamics of the adsorption of aqueous chloride (Cl-), sodium (Na+) and 
cesium (Cs+) ions on the surface. As the focus of the authors was on the mechanisms of adsorption and the 
movement of the ions, they did not look at the interfacial energy of the [00.1] surface. From experimental 
observations it is known that naturally found minerals often have a hexagonal platelet morphology with a 
perfect cleavage plane in [00.1] direction (Anthony et al. 1997). This indicates that under ambient 
conditions, in the absence of water the [00.1] surface has a low absolute and relative energy. Harutyunyan et 
al., used soft X-ray techniques to observe the growth of CH growth near cement particles in a CH and C$ 
saturated solution (Harutyunyan et al. 2009). The observed portlandite particles had a hexagonal platelet 
morphology with a aspect ratio of 2.5 to 2.7. The surface energy of the particles was estimated to be 
approximately 0.114 J/m2. This would indicate that the morphology of portlandite is not greatly influenced 
by the presence of water, however several authors reported that a hexagonal platelet morphology of 
portlandite in aqueous systems can only be observed in the presence of sulfate ions (Berger & McGregor 
1972; Gallucci & Scrivener 2007; Galmarini et al. 2011). Particles formed by coprecipitation of a calcium 
salt (either CaCl2 or Ca(NO3)2) and NaOH are facetted with [00.1], [20.3] and [10.0] facets (Galmarini et al. 
2011). The measured surface energies relative to the [00.1] surface were 0.50-0.83 for the [10.0] and 0.60-
0.84 for the [20.3] facet. 

The presented work will focus on the characterization of three different force fields for cementitious systems. 
A good choice and knowledge of the force field employed is essential for the simulations of different 
portlandite-water interfaces and the calculation of their interfacial energies. 

2. METHODS 

2.1. FORCE FIELDS 
Three different force fields were used in this work. They will be numbered FF1 to FF3 in the rest of this text. 

FF1: the first force field employed was the CLAYFF force field (Cygan et al. 2004). The CLAYFF force 
field is a partial charge model which has been developed for clays and has already been used for simulations 
of cementitous systems (A. G Kalinichev & Kirkpatrick 2002; Andrey G. Kalinichev et al. 2007). While the 
original CLAYFF force field contains a description of Ca2+ in solution, no corresponding model for the OH 
group exists. Therefore the description of OHaq has been taken from (Balbuena et al. 1996). 

FF2: The second force field is based on a force field by Lewis and Catlow which divides the oxygen ions 
into a positively charged core and a negatively charged shell linked by a harmonic spring (Lewis & Catlow 
1985). This allows the oxygen polarization to change with changing environment. The version used here is 
based on the further development of the force field by different authors (S. Kerisit et al. 2003; N. H. de 
Leeuw et al. 2000) and on the water force field developed by de Leeuw and Parker (De Leeuw & S. C. 
Parker 1998). This force field has already been used to simulate cementitious systems by Pellenq et al. 
(Pellenq et al. 2009). 

FF3: The third force field is an adaptation of FF2 by Freeman et al. to be able to use the potential with rigid 
molecule water force fields (Freeman et al. 2007). Rigid water molecules have been shown to give very good 
results for water simulation, especially the TIP4P/2005 force field (Abascal & Vega 2005). Thus the 



TIP4P/2005 force field has been chosen for the description of the water. The exact parameters used can be 
found in (Galmarini et al. 2011). 

2.2. METHODS 
The energy minimization calculations were made with the METADISE code (Watson et al. 1996), which 
implements an energy minimization technique based on classical potential models. The total energy of the 
system is calculated by summing the interactions between all pairs of atoms up to a cutoff radius of 15 Å. 

For bulk calculations, periodic boundary conditions have been applied in all directions. For surface 
calculations, periodic boundary conditions have been applied in the interface plane only. Along the direction 
normal to the surface the structure has been divided in two regions, atoms in the region adjacent to the 
surface were allowed to relax to their minimum energy position whereas atoms in the region further away 
from the interface were fixed at their previously calculated single crystal positions. 

The molecular dynamics calculations were made with the dl_poly 2.20 code (Smith & Forester 1996). The 
timestep employed for all simulations was 0.2 fs. The simulations were done either at constant volume and 
constant temperature (NVT) or at constant pressure and constant temperature (NPT). The cutoff employed 
for the short range interactions was 8.5 Å, for the coulomb interactions the Ewald summation was employed. 

In addition, to be able to estimate the specific heat capacity for the water potential, NPT calculations with 
varying temperature during the simulation have been done with the LAMMPS code (Plimpton 1995). A 
water box containing 256 molecules was first equilibrated at T=300 °K and 0 bar pressure for 0.1 ps. Then 
the temperature was increased linearly from 300 °K to 500 °K during 0.2 ns, then decreased again from 500 
°K to 250 °K during 0.3 ns. 

The total simulation times will be given in equilibration time plus production run time. For all calculations 
periodic boundary conditions have been applied in all directions. For bulk portlandite (6x6x4 
crystallographic units in a, b and c directions), bulk water (2048 water molecules) and portlandite-water 
solution (box of 2045 water molecules with one calcium ion and two hydroxyl groups) the NPT ensemble 
was used. For portlandite and tobermorite the simulation box was first equilibrated (NPT simulation with an 
anisotropic Noose-Hoover-Melchionna thermostat which allows the cell to relax for 5+15 ps). The heat of 
dissolution of portlandite was calculated as the difference between the configurational energy of the 
portlandite-water solution Eport_H2O_sol and the energy of the same number of water molecules in the pure 
water simulation NH2Oport_H2O_sol/NH2O,H2O*EH2O minus the energy of one Ca(OH)2 unit in portlandite 
1/NCa,port*Eport. 

For portlandite-water interface calculations the simulation box consisted of a portlandite slab delimited on 
both sides by identical surfaces. On one side of the portladite slab, a water box has been placed. 
Perpendicular to the portlandite-water interface the periodic images of the slab are separated by a vacuum 
gap to prevent the development of stresses in the slab. After initial equilibration of the box, the calculations 
were done at constant volume (NVT). The final simulations were carried out for 10 + 20 ps. To calculate the 
portlandite-water surface energy γ, the energy of the original portlandite-water slab Eport_H2O was compared to 
half the energy of a pure portlandite slab Eport,slab plus half the energy of a pure water slab EH2O,slab both twice 
the size of the original portlandite or water slab respectively. 

3. RESULTS AND DISCUSSION 

3.1. PORTLANDITE 
The difference between the calculated and the experimentally observed (Petch 1961) portlandite lattice 
parameters were all within less than 10 %, this means that all force fields seem to bee able to reproduce the 
portlandite with good accuracy (Table 1:) with both energy minimization and molecular dynamics. In 
addition, the Voigt and the Reuss bounds of the bulk and shear modulus were calculated by energy 
minimization. Here there are some differences between the force fields: FF1 seems to describe the Reuss 
bonds better than the Voigt bonds, which are underestimated, whereas both FF2 and FF3 underestimate the 
Reuss bond while describing the Voigt bonds with good accuracy. 

The surface energy of 12 different surfaces has been calculated for each force field. The calculated surface 
energies corresponded to portlandite-vacuum surface energies. The surface energies were then used to 
calculate the equilibrium morphology of portlandite in vacuum (Figure 1:). The results for FF2 and FF3 are 



similar showing large [00.1] surfaces (i.e. low relative [00.1] surface energy) and hexagonal platelet 
morphology. This is consistent with mineralogical literature values which describe the [00.1] surface as a 
perfect cleavage plane indicating a low [00.1] surface energy (Anthony et al. 1997). In addition the 
hexagonal platelet morphology has also been observed for naturally found portlandite minerals. The 
equilibrium morphology for FF1 is completely different, the surface with the lowest energy is the [10.2] 
surface which dominates the morphology with only small [00.1] and [11.2] surfaces. 

Table 1: Portlandite cell parameters calculated by energy minimization (EM) and molecular dynamics (MD) 
respectively and Voigt and Reuss bounds for the bulk elastic modulus (K) and shear modulus (G). Results for FF1, 

FF2 and FF3 compared to experimental results (Petch 1961; Desgranges et al. 1993; Monteiro & Chang 1995). 

 a (EM) 
[Å] 

c (EM) 
[Å] 

a (MD) 
[Å] 

c(MD) 
[Å] 

Kvoigt 
[GPa] 

Kreuss 
[GPa] 

Gvoigt 
[GPa] 

Greuss 
[GPa] 

FF1 3.56 4.91 3.67 4.57 33.58 32.62 12.47 11.26 

FF2 3.66 4.82 3.62 5.14 40.02 18.66 22.99  7.19 

FF3 3.67 4.90 3.68 4.82 40.07 19.70 23.03  5.26 

Exp 3.59 4.91 3.59 4.91 46.93 32.39 19.29 13.39 

 

a) b) c)  

Figure 1: Equilibrium morphology of portlandite in vacuum calculated with FF1 (a), FF2 (b) and FF3 (c). 

3.2. WATER 
For water, both FF1 and FF2 give higher heat capacity and diffusion coefficients than observed 
experimentally (Table 2:). For FF2 the value of the diffusion coefficient is higher than a previous calculated 
value of 1.15 m2/s reported by de Leeuw and Parker for the same force field (De Leeuw & S. C. Parker 
1998), however their value was calculated at constant pressure whereas the value reported here was 
calculated for simulations at constant volume corresponding to the experimentally observed density. The 
calculated density at constant pressure is higher for FF2 (1.2 g/cm3) than  experimental (1.0 g/cm3). The 
higher diffusion rate reported here is therefore probably a consequence of the lower density during the 
simulation. FF3 gives very good results for all calculated thermodynamic properties. The good performance 
for the description of water of FF3 compared to other force field has already been reported elsewhere 
(Abascal & Vega 2005; Bickmore et al. 2009). 

Table 2: Heat of vaporization (Hvap), specific heat capacity (Cp), self diffusion coefficient (D) and density (ρ) of water. 
Results for FF1, FF2 and FF3 compared to experimental results (Abascal & Vega 2005). 

 Hvap 
[kcal/mol] 

Cp 
[kJ/mol*K] 

D 
[m2/s] 

ρ 
[g/cm3] 

FF1 8.83 113.6 4.5 1.0 

FF2 11.20 121.2 6.5 1.2 

FF3 11.30 85.1 1.9 1.0 

Exp 10.52 75.6 2.3 1.0 

[00.1]
[10.0]
[11.2]
[10.2]



3.3. TOBERMORITE 
As for portlandite, the calculated 9 Å tobermorite lattice parameters are within less than 10% of the 
experimentally observed values for all force fields (Table 3:). It seems that all tested force fields lead to a 
good description of the bulk properties of solid phases representative of cementitious systems. 

Table 3: 9 Å tobermorite cell parameters calculated by molecular dynamics. Results for FF1, FF2 and FF3 compared to 
experimental results (Merlino et al. 1999). 

 a 
[Å] 

b  
[Å] 

c 
[Å] 

α 
[°] 

β 
[°] 

γ 
[°] 

FF1 11.3 7.34 9.81 98 89 89 

FF2 11.3 7.34 10.07 97 89 89 

FF3 10.64 6.94 10.60 100 84 94 

Exp 11.16 7.30 9.57 101 93 90 

3.4. PORTLANDITE-WATER 
As important as the description of solid cementitious phases and water is the description of water-solid phase 
interactions. With this in mind molecular dynamics calculations of a calcium hydroxide solution were done. 
The results for the heat of dissolution of portlandite and the nature of the first solvation shell are given in 
Table 4:. The property which varies most between the different force field is the heat of dissolution. For both 
FF1 and FF2 the heat of dissolution is negative which is at odds with experimental observations. For FF3 the 
calculated heat of dissolution is closer to the experimentally observed value, however the properties of the 
first solvation shell of the hydroxyl ion are not entirely consistent with experiments: the nearest neighbor 
distances (O-Hw and H-Ow) as well as the number of nearest neighbor water molecules (CN O and CN H) 
are too high. Therefore the force field has been slightly adapted by eliminating the O-Hw short range term. 
This change is consistent with the philosophy of the employed TIP4P/2005 water force field which does not 
contain short range terms for oxygen - hydrogen (Ow-Hw) interactions. With this changed potential (FF3+) 
the calculated heat of dissolution becomes close to the experimentally observed value and the structure of the 
first solvation shell of the hydroxyl ion becomes closer to experimentally observed values, although the 
number of nearest water molecules is still a bit high. The results for portlandite, water and 9 Å tobermorite 
will be the same for FF3 and FF3+ as the change only concerns hydroxyl-water interactions. 

Table 4: Heat of dissolution (ΔH) and nearest neighbor water distance (X-Ow for positively and X-Hw for negatively 
charged ions) as well as the number of water molecules in the first solvation shell (CN) for Ca2+

aq and OH-
aq. 

Results for FF1, FF2 and FF3 compared to experimental results (Botti et al. 2003; Fulton et al. 2003; Lothenbach & 
Winnefeld 2006). 

 ΔH 
[kJ/mol] 

Ca-Ow  
[Å] 

CN Ca 
[-] 

O-Hw 
[Å] 

CN O 
[-] 

H-Ow 
[Å] 

CN H 
[-] 

FF1 -2586 2.5 8.3 1.4 5.2 2.7 5.8 

FF2 -  428 2.7 9.0 1.8 7.3 2.5 4.9 

FF3    373 2.5 7.6 2.1 6.7 2.9 8.5 

FF3+    161 2.4 7.8 1.7 5.4 2.7 8.0 

Exp 134-135 2.4 7.2 1.4 3.7 2.6 6.3 

The force field with the overall best performance, namely for portlandite-vacuum surfaces, thermodynamic 
properties of water and calcium hydroxide solutions, was FF3+. This force field was therefore used for 
molecular dynamics simulations of the portlandite-water interface in order to estimate their interfacial 
energies. Calculations were done for [00.1], [10.0] and [20.3] portlandite surfaces, which have been 



experimentally observed on portlandite in aqueous systems (Galmarini et al. 2011). When compared to 
portlandite-vacuum surfaces, the average interfacial energy of the [00.1], [10.0] and [20.3] surfaces decrease, 
indicating an overall hydrophilic nature. The relative interfacial energies of the [10.0] and the [20.3] relative 
to the [00.1] surface decreases and becomes close to the values observed energies for portlandite formed by 
coprecipitation of a calcium salt (either CaCl2 or Ca(NO3)2) and NaOH (Galmarini et al. 2011). In fact the 
energy of the [20.3] surface becomes lower than that of the [00.1] surface. This indicates that the [20.3] 
surface is probably part of the equilibrium morphology of portlandite in pure aqueous systems. 

Table 5: Relative surface energies and mean surface energy in vacuum and in water calculated for FF3+. 
Experimentally measured relative interfacial energies for portlandite formed by coprecipitation of a calcium salt 

(either CaCl2 or Ca(NO3)2) and NaOH (Galmarini et al. 2011) as well as surface energy of  portlandite formed in a 
CH and C$ saturated solution (Harutyunyan et al. 2009). 

 γ [10.0]/γ [00.1] γ [20.3]/γ [00.1] <γ> 
[J/m2] 

FF3 vacuum 7.6 12.6 0.51 

FF3+ water 1.16 0.71 0.11 

Exp 0.50-0.83 0.60-0.84 0.11 

3.5. COMPARISON TO OTHER RESULTS IN LITERATURE 
The exact method employed will determine the results as well as the employed force fields. Therefore in this 
section the current results are compared to previously reported results found in literature. There are several 
possible differences between the methods used by different authors which might lead to slightly different 
results. For energy minimization the possible differences lay in the Ewald summation employed and/or the 
cutoff, the initial configuration of the atoms as well as the minimization algorithm employed. For molecular 
dynamics calculations possible differences lie in the Ewald summation employed and/or the cutoff, the time 
stepping algorithm, the size of the simulation box, the thermostat and barostat employed as well as their 
relaxation times. 

Results for portlandite bulk calculations have been reported by several authors (Sebastien Kerisit et al. 2003; 
A. G Kalinichev & Kirkpatrick 2002; Cygan et al. 2004). The energy minimization results for FF1 reported 
by Kalinichev et al. and for FF2 and FF3 reported by Kerisit et al. are all within 1% of the current results. 
The results for FF1 reported by Kerisit et al. differ slightly from current results (especially the values for the 
elastic constants); it is possible that Kerisit et al. used a slightly different version of the CLAYFF force field 
which does not contain angle dependent terms for Ca-O-H (Cygan et al. 2004). The molecular dynamics 
calculations reported by Cygan et al. are within 5% of our results. Kalinichev et al. also reported energy 
minimization results for 9 Å tobermorite and were within 5% of the current energy minimization calculations 
(a: 11.6 Å, b: 7.3 Å, α: 99 °, β: 88 °, γ: 90 °). 

The comparison of the calculated thermodynamic properties with results reported in literature for FF2 and 
FF3 (Abascal & Vega 2005; De Leeuw & S. C. Parker 1998) lead to differences of the order of 10-20%. 

4. CONCLUSION 

The performance of three different force fields for cementitous systems has been evaluated by comparing 
calculated thermodynamic and structural properties for portlandite, water, tobermorite and calcium 
hydroxide solutions to experimental observations. The force field with the overall best behavior was FF3+ 
which was based on the TIP4P/2005 water potential (Abascal & Vega 2005) and a compatible potential for 
the inorganic part of the system (Freeman et al. 2007). 

Simulations of different portlandite-water interfaces have shown that the [20.3] surface, which has a high 
energy in vacuum, is stabilized by water and is likely to appear in the equilibrium morphology in pure 
aqueous water. 

Acknowledgements: This research has been financed by the industrial-academic research network on 
cement and concrete Nanocem. 
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Abstract 

The modification of cement matrixes with carbon nanotubes allows considerably improving physical and 

mechanical properties of constructional composites. For more effective uniform distribution of nanotubes in 

mineral binding matrixes, fresh suspensions should be applied. 

Nanoparticles with sizes 6 - 20 nm possess high surface energy and, as a rule, they are combined into “clews” 

or clusters with sizes up to 400 - 900 μm. At the same time, nanoparticles are difficult to distribute onto single 

nanostructures in aqueous disperse medium and require special technologies for their dispergation. In the 

carbon nanosystems  dispergation process the problem of their stabilization in aqueous suspension, when 

storing prior to use, becomes urgent. 

The type of plasticizing additive used during the dispergation of carbon nanotubes significantly influences the 

concrete mechanical characteristics. Polyplast SP-1 is the optimal plasticizing additive which increases the 

compression strength by 96.8 % when adding carbon nanotubes in the amount of 0.006 % from Portland cement 

mass. 

 

Originality 

The investigation of cement concrete microstructure demonstrated that the introduction of carbon nanotubes 

results in a cardinal change in the morphology of crystalline-hydrate new-formations in cement matrix. The 

introduction of carbon nanotubes results in structuring the cement matrix with the formation of dense defect-

free structure with good cohesion with the filler surface. Such structure provides the increase in the strength of 

cement concrete, confirmed with the results of concrete mechanical test. 
 

Chief contributions 

In the experiments on the modification of fine cement concrete the aqueous dispersion of carbon nanotubes in 

plasticizer solution obtained in hydrodynamic ultrasound dispenser was used. Optimal content of carbon 

nanotubes during making concrete mixture was 0.006 % of cement mass. Compressive strength reached 36.33 

MPa, (control specimen – 18.46 MPa), that gives 96.8 % strength increase. Bending strength reached 3.35 MPa 

(control specimen – 2.31 MPa) that gives 45,1 % strength increase. 

 

Keywords: cement matrix, carbon nanotubes, morphology, microstructure 
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Introduction 

 

It is rational to use carbon nanodispersed systems as a modifying addition when making cement 

concretes with improved mechanical properties. It is ascertained that inclusion of carbon 

nanodispersed systems in composition of mineral astringent matrixes results in its structuring with 

forming crystalline hydrate formations of increased density and durability. Also the density increasing 

for 2-3 times using minute amounts of carbon nanodispersed systems is noted. 

The main purpose of work is determination the possibility of modification of dense aggregate 

concrete’s structure by multilayer carbon nanotubes Graphistrength
TM

 made by corporation Arkema as 

nanodispersed addition and its influence on modified cement matrix structure. 
 

 

Materials and researching methods 

 

Specimen for mechanical tests were produced in compliance with standard technique. Bars of 

40x40x160 mm were used as specimens. Properties of fine cement concrete based on the Portland 

cement (СЕМ II/A-S 32.5R) and on the glass sand with fineness modulus Мf = 3,08 were studied. 
Microstructure of the concrete cement matrix were studied on bitmapped electronic microscopes XL 

30 ESEM-FEG by «PHILIPS» and JSM JC 25S by «JEOL». 

Multilayer carbon nanotubes Graphistrength
TM 

, produced by Arkema were used as nanodispersed 

addition. They consist of 10-15 layers of nanotubes with outer diameter from 10 to 15 nm and length 

from 1 to 15 μm (Fig. 1b) and average density 50-150 kg/m
3
. 

In the process of carbon nanosystems dispergation the problem of their stabilization in aqueous 

suspension, when storing prior to use, becomes urgent. Nanoparticles with sizes 6 – 20 nm possess 

high surface energy and, as a rule, they are combined into “clews” or clusters with sizes up to 400 - 

900 μm (Fig. 1а). At the same time, nanoparticles are difficult to distribute onto single nanostructures 

in aqueous disperse medium and require special technologies for their dispergation. Clusters do not 

segregate into separate nanotubes while damp mixing, so it is necessary to provide their breaking up 

in the volume of mineral matrix through their preliminary dispergation in environment of surface-

active agent (SAA) solution in the ultrasonic unit. 

 

                                     a)                                                                                             b) 

Figure 1: Multilayer carbon nanotubes Graphistrenght
TM

; 

(a) – assembled representation of bars with minimum particle size of 400 μm, 

(b) – 20000-times zoomed carbon nanotubes 

 

A water suspension with addition of surfactant SP-1, in the ratio carbon nanotubes and 

surfactant as 1:5, produced in hydrodynamic ultrasonic grinding aid agent, was used in experiments. 

By means of ultrasonic grinding aid agent parent particles with nanotubes were separated. Derived 

http://www.multitran.ru/c/m.exe?t=366155_1_2
http://www.multitran.ru/c/m.exe?t=2653598_1_2
http://www.multitran.ru/c/m.exe?t=3112528_1_2
http://www.multitran.ru/c/m.exe?t=2135573_1_2
http://www.multitran.ru/c/m.exe?t=2142389_1_2
http://www.multitran.ru/c/m.exe?t=2142389_1_2


elements of 170 nm (Fig. 2) generates stable dispersion of waterborne carbon nanotubes. To quantify 

the size of particles we used multi-shaped system 90 Plus/BI-MAS. 

Figure 2: Nanotubes  Graphistrenght 
TM

  particle size distribution after dispergation in hydrodynamical 

hypersonic grinding aid agent 

 

 

 

Result and discussion 

 

The appearance of carbon nanotubes in of surface-active substance medium after dispergation in 

ultrasonic grinding aid agent is on the Fig. 3
1
. The carbon nanotubes situated in cracks were formed in 

the surface-active agent film after its drying-out and shrinkage on the surface of carrying base  as it is 

shown on the Fig 3. 

а)      b) 

Figure 3: Carbon nanotubes on the surface-active agent film after its drying-out and shrinkage on the 

surface of carrying base 

                                                 
1
 The analysis of microstructure is perfomed in Innovation centre “Nanomaterials and nanotechnologies”  in 

Tomsk Polytechnical University 
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Optimal content of carbon nanotubes during making concrete mixture was 0.006 % of cement mass. 

Compressive strength reached 36.33 MPa, (control specimen – 18.46 MPa), that gives 96.8 % strength 

increase. Bending strength reached 3.35 MPa (control specimen – 2.31 MPa) that gives 45,1 % 

strength increase. 

 
Figure 4: Influence of concentration of multilayer carbon nanotubes Graphistrength

TM
: 

 (a) - compression strength; (b) – bending strength 

 

Carbon nanotubes dispersion results in cement matrix structuring with formation of compact 

defect-free cover on the solid phases surfaces including cement and aggregate particles. This cover 

provides better bond with surfaces of these particles. Spatial skeleton cells in the structure of modified 

cement matrix are formed due to contact interactions of the structured boundary layers. The great 

number of spot contacts provides ultimately filled system causing sharp strengthening of modified 

cement matrix due to spatial packing formation. 

 

а)                                                                                  b) 

Figure 5: Cement matrix microstructure in the fine grain concrete structure: 

(а) – control specimen; (b) -  specimen modified with carbon nanotubes 
 

Calcium hydrosilicates crystals with friable structure are observed in the contact zone of the 

cement matrix without modifying carbon nanotubes that was approved by microstructure analysis 

under big amplification. Contact zone has structure defects (Fig. 5a). Cement matrix structuring after 

http://www.multitran.ru/c/m.exe?t=2733347_1_2
http://www.multitran.ru/c/m.exe?t=4151784_1_2


carbon nanotubes dispersion results in formation of the compact cover with thickness from 1 to 5 µm 

which crystalline hydrates vertically oriented towards the surface of the solid phase (Fig. 5b). 

According to results of cold resistance analysis the cold resistance index of control specimens was 

F200 but specimens of the concrete modified with multilayer carbon nanotubes dispersion 

demonstrated increased index up to F300. The porosity of the cement concrete modified with carbon 

nanotubes dispersions is considerably decreased due to compaction of the new formations which is 

shown on Fig. 5b.  Compact structure of the cement brick predetermines its reduced water absorption 

and correspondingly increases cold resistance of the cement matrix. 

а)                                                   b)                                                            c)    

Figure 6: Microstructure of the compact cement concrete after cold resistance tests: (а) – control 

specimens with cold resistance index F200, (b) – specimens of the concrete with carbon nanotubes (cold 

resistance index F300); (с) - fragment of the crank with nanotubes covered with calcium hydrosilicates 

 

Probably rising of the concrete cold resistance is caused by additional nanoreinforcement of the 

cement brick in the concrete (Fig. 6c). As it is shown on Fig. 6 cracks in the cement brick appearing 

during cold resistance tests predominate in control specimen (Fig. 6a) prepared without modifying 

carbon nanotubes. Growth of microcracks in control specimen (Fig. 6b) is restrained by uniformly 

distributed multilayer carbon nanotubes in the cement brick.     

 

 

Conclusions 
 

Therefore carbon nanostructures infusion in cement concretes of dense structure increases the 

mechanical characteristics of material. The kind of the plasticizing additive used for carbon nanotubes 

dispergation, has significant influence on mechanical characteristics of concrete. Polyplast SP-1 is the 

optimal plasticizing additive which increases the compression capacity for 96,8 % when carbon 

nanotubes are added in number of 0,006 % of Portland cement mass 
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The Frost Resistance of Drainage Concrete Used as an Internal Layer of 

Concrete Pavement 
 

 

Abstract 

 

This paper aims at presenting the results of the research of drainage concretes under cyclic load, 

undergoing freezing and thawing. The results analysis was based on compressive strength, examined after 28 

days of concrete maturing after frost-resistance tests and compressive tests under cyclic load. Such concretes 

are used in some countries (Belgium, Holland, Germany) for external road paving surfaces. The results are 

missing for Eastern European countries, where winters are colder and longer. 

 

ORIGINALITY: Done  research shown that  in the case of drainage concrete undergone cyclic aggravation the 

increase of compression strength in comparison to compression after 28 days was observed. The research of 

one-fraction drainage concrete with extensometers and comparison of these results with the results of typical 

concretes proves that the process of drainage concretes destruction proceeds in a much more placid way than in 

case of ordinary concrete. This can influence the durability and grooving resistance of drainage concrete road 

surfaces. During the cyclic tests of drainage concretes the decrease of samples height was observed, but its 

value was significantly lower than in the case of typical concretes. Obtained results suggest a better grooving 

resistance on road surfaces. Most probably the aggregate grains change their position due to the compression 

force, and therefore the sample has undergone compression, which caused increase in the concrete density, and, 

therefore, its strength increase. The exact research of the processes would be possible through macroscopic and 

microscopic tests. The good compressive strength is for drainage concrete with 10-20% porosity. 

 

CHIEF CONTRIBUTION: The literature as well as the synthesis of scientific research, together with our 

experimental research gave the base for create porous pavement roads in severe environment, especially in east 

Europe and Asia. By this time the research was conducted only for soft climate, e.g. in Spain, Netherlands, 

Belgium and Germany. This can lead to increase of interest of drainage concretes. 

 

Keywords: drainage concrete, freeze resistance, cyclic load 

 

 

1. INTRODUCTION 

 

Up till now, the general technical requirements concerning road pavement are usually formulated 

in the range of the pavement construction as well as the safety and comfort for traffic. The use of 

porous drainage pavement is the consequence of the evolution of the requirements concerning 

contemporary road construction as well as pro-ecological approach towards road-building. One-

fraction porous concrete with drainage function is the subject of the authors research. 

 

2. DRAINAGE CONCRETE CHARACTERISTICS  

 

The drainage concrete is designed in a similar way to conventional concrete, with increase in the 

pores amount and permeability taken into account. Drainage concretes influence the aquaplaning 

phenomenon in a positive way and they contribute to noise emission reduction (Bendtsen 1999). Such 

concretes are used in road construction, especially as the topmost pavement surfaces, especially as the 

abrasive road surface, bridge and race course pavements where the beneficial characteristics of 

drainage can be their main advantage (Gerharz 1999, Hagen1999,). Here, the question arises how the 

concretes behave in natural environment, with temperature above and below zero degrees Celsius and 

changeable road traffic load. The main drainage mixture feature, providing paving correct work, is its 

open structure. In traditional, bitumen-mineral mixtures used for abrasive layer, a close structure of 

free space indicator between 2 – 4% is required. In case of cement-based drainage concrete the 

required amount of pores is 15-25% (Gerharz 1999). The proposed layers structure is presented in 

Figure 1. 



 
Figure 1 : Two-layer drainage concrete pavement construction – overall view and cross section 

 

3. THE RESEARCH 

 

The authors analyzed the literature concerning fatigue research (Josa 1999, Kim 1993, Mikos 

1983, Park 1990, Ravinga 1996) and concrete frost resistance (Rusin 1995, 2000, Neville 2002). In 

the initiative research phase the drainage concrete components were chosen, and then, by changeable 

samples thickening (Figure 2), the compressive strength was optimized with the porosity function. 

The different thickened samples were submitted to compressive in an endurance device (Figure 3). 

Table 1 underneath shows – for comparison - recipes of porous concretes used in Belgium, Germany 

and by authors. After the results analysis, for the essential research, 40 impacts of the Proctor device 

was decided for the samples, which allows to obtain the optimal density as well as compressive 

strength (Figure 1- right side). 

The main aim of drainage concretes research was to assess and compare the compressive static and 

fatigue strength for frosted and not frosted samples, as well as to determine the influence of these 

factors on displacement and concrete durability. 

The static research and those conducted with respect to the cycle aggravation were conducted  by 

authors in the Institute of Structural Engineering at Poznan University of Technology, using a strength 

device INSTRON 8505 type. The frosted and not frosted samples were submitted to cycles of axial 

compressive, applying force equal 40% and 60% of average static compressive strength.  

During the test the characteristics of load (force amplitude, load levels, quantity of cycles) and the 

material response were controlled. Six series of tests were carried out using authors recipe. 
 

Table 1 – The recipes of porous concrete 
 

Belgium  

Vollenzele 

Germany    

Leimen  

Authors   

Poznan 

cement 

CEM I 42,5 

320 kg cement 

CEM I 32,5 

  350 kg cement 

CEM I 42,5 

  350 kg 

porphyry grit  

4/7mm 

   1350 kg noble grit 

5/8mm 

1580 kg basalt  grit 

 5/8mm 

1837 kg 

sand 

 to 1mm 

50 kg - - - - 

polymer emulsion 

(water solution) 

64 l polymer emulsion  

BD10 

52,5 kg polymer solution  

BD10 

     52,5 kg 

w/c 0,30* w/c 0,27 w/c 0,17 

*  The water cement ratio is calculated taking the amount of added water into account as well as the amount of 

water in the polymer emulsion (50% in our case) 



            
Figure 2: The samples during the test 

 

3.1. FROST RESISTANCE TESTS 

 

After the frost resistance tests the mass decrease was assessed (usual method, according to the Polish 

standard) as well as the compressive strength. For example the mass loss for series I was between 

1,764 % to 2,195% for 75 – 300 number of freezing and thawing cycles. The compressive strength 

decrease for example for series I to IV is shown in Figure 3. 
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Figure 3: The loss in compressive strength for I-IV series 

 

According to standard PN-B-06250:1988 the maximum acceptable compressive strength (durability) 

decrease is 20%, so for all samples from every series and 75, 150, and 225 freezing – thawing cycles 

the results were satisfactory. The results for all series with 300 freezing – thawing cycles were 

discarded due to large discrepancies and acceptable values crossing.    

 

3.2. FATIQUE TESTS 

 

After the cyclic load tests were finished, the samples were compressed, which showed the concrete 

fatigue strength. Figure 4 presents the results of tests for series VI at 40% and 60% of average 28-day 

static compression strength after 75, 150 and 225 freezing – thawing cycles as well as variable load 

cycles from 0 to 1 000,000 cycles.  

According to the diagrams the decrease in concrete strength after given freezing – thawing cycles in 

comparison to not frozen concrete can be noticed. Concrete is a springy – plastic medium. Due to this 

the increase in flexibility of operation could have occurred, which caused its density increase and, 

thus, increase in its strength, which can be seen in Figure 4 and Table 3. It was observed, that the 



compressive strength increases up to 10,000 load cycles, than it shows a tendency to decrease. 

However, up to 1 million cycles the strength is still higher than in the case of not frozen concrete 

(fck28), which has not undergone cyclic loads. 

 
Figure 4: Compression strength of drainage concrete subjected to cyclic load with 40% and 60% of given force  

 
Table 3 – Compressive strength for the drainage concrete samples after cyclic load          

 

Sample number Compressive strength  

(f froz.) [M Pa] 

Compressive strength  

after cyclic load [M Pa] 

1-10.000 22 24,23 

2-100.000 22 22,86 

4-100.000 22 23,48 

1,1-10.000 22 23,38 

2,1-10.000 22 21,62 

3,1-10.000 22 26,80 

4,1-10.000 22 25,56 

1,1-100.000 22 22,26 

2,1-100.000 22 27,06 

3,1-100.000 22 25,30 

4,1-100.000 22 22,86 

5,1-100.000 22 27,51 

 

3.3. SAMPLES HEIGHT  CHANGES AFTER 10 000 AND 100 000 LOAD  CYCLES 

 

The samples were also tested at cyclic load with extensometers. The aim was to measure 

displacements in dependence to the force. The comparison of displacement values is presented in 

Figures 5 and 6. The results were obtained from tests carried out using extensometers. Both full and 



drainage concrete samples were tested after they had undergone 150 freezing – thawing cycles. The 

displacement values for drainage concrete samples were relatively higher than in full concrete 

samples. 

 
Figure 5 : Comparison of displacement values for samples after 150 freezing  - thawing  and 10,000 load cycles 

 

 
Figure 6:  Comparison of displacement values for samples after 150 freezing - thawing  

and  100,000 load cycles (also for 5
th

 series ) 

 

The cyclic load tests for drainage concretes show also the increase in compression strength after 

cyclic aggravation in comparison to 28 days compression strength as well as to the strength value 

after freezing. During the cyclic aggravation tests of drainage concretes decreasing of strength was 

observed, but its value was still significantly higher than before the aggravation took place. It can be 

stated, that the samples strength increases due to aggregate displacement, but without diminution of 

adherence to the leaven surrounding the grains. The aggregate grains have changed their location 

under the forces acting, which caused increasing in the structure density. This effect was caused by 

fiber – springy concrete matrix with the addition of dispersion BD10 (Figure 7). The matrix resilience 

question was discussed during 12
th
 ICCC (Jasiczak, Januszewski , Montreal 2007). 

 

          
Figure 7: Cement mortar modified with polymer emulsion (Jasiczak J., Januszewski J., 2007)  



4. CONCLUSIONS 

 

The results of research of the compression endurance, density and frost resistance of concretes 

presented above fulfill the project’s authors’ expectations. Along with the surface density of drainage 

concrete its internal density increases, which causes the increase in its compressive strength. Such 

increase is a desirable feature, but there arise the question, whether the increase in density would not 

result in the loss of the concrete main feature, that is the discharge the water from its surface. 

After having completed the research depicting the durability for concretes that have undergone 

freezing – thawing cycles the decrease in concrete strength was proved. The research results allow to 

state that up to 225 freezing – thawing cycles the decrease in concrete strength is accepted by the 

standards. 

The results analysis and observation during the strength tests and macroscopic assessment allow to 

state, that up to 225 freezing – thawing cycles as well as for million cycles of traffic aggravation the 

drainage concrete does not undergo damage, which leads to conclusion, that the pavement drainage 

concrete in the climate of Poland and Western Europe (where the winter temperature amplitude is 

much lower than the laboratory temperature amplitude from -18º C to +18º C) can be used for at least 

10 years without the necessity of repair. 
 

Article was made  thanks to funds 11-061/2011 DS 

5. REFERENCES 

 
Books 

Neville A.M.,1995. Properties of concrete.  4
th

 ed. London: Longman. 

Rusin Z., 2002. Technology of frost-resistant concrete. Polish Cement . Krakow. 

 

Scientific journals: 

Bendtsen H.CH., Larsen L.E., 1999. Noise reducing pavements. Nordic Roads & Transport Research. Denmark 

No 3. 

Gerharz B., 1999. Pavements on the base of polymer-modified drainage concrete Colloid and surfaces, A: 

Physicochemical and Engineering aspects 152, p.205-209. 

Hagen M.G., Cocharan G.R., 1999. Comparison of pavements drainage systems Record 1519, Transportation 

Research Record 1519. 

Josa A., Aguando A., Pindado M.A., 1999. Fatigue behavior of polymer modified porous concrete. Cement and 

Concrete Research 29, p.1077-1083. 

Kim J.K., Kim Y.Y., 1993.  Experimental study of the fatigue behavior of high strength concrete. Cement and 

Concrete Research, p. 1513-1523, No 26 (10). 

Mikos J., 1985. Strength of concrete as a function of porosity Archives of Civil Engineering vol. XXXI, 1-2. 

Park Y.J.,1190.  Fatigue of concrete under random loadings. Journal of the Structural Engineering, p.3228-

3235, No 116. 

Ravinga G., Oliviera A., 1996. Damage in high – strength concrete due to monotonic and cyclic compressive – 

a study based on splitting tensile strength. ACI Materials Journal, No 6 . 

 

Conference papers 

Jasiczak J., Januszewski J., 2007. Microstructure of steel- cement paste contact zone in concrete modified with 

mineral additives and chemical admixtures. 12
th

 International Congress on the Chemistry of Cement, Montreal, 

Canada . 

The Ministry of the Flemish Community.1999.  Test sections of noiseless pavement. Brussels. 

 

Thesis 

Szerszen M.,1995. Fatigue Strength  in Concrete Under Cyclic Compressive Loads. Thesis (PhD). Krakow 

University of Technology. Krakow (in Polish). 

 

Standards 

PN-EN 206-1: 2003. Concrete. Part 1: Specification, performance, production and  conformity. 

PN-B-06250:1988 Ordinary Concrete (in Polish). 



Evolution of Electrical Resistivity of Concrete with Cement Hydration   
 

Lencioni J 
Instituto Tecnológico de Aeronáutica (ITA), São José dos Campos, Brasil 

Lima M1* 
Instituto Tecnológico de Aeronáutica (ITA), São José dos Campos, Brasil 

 
 
 

                                                 
*Corresponding author: Email magdlima@ita.br , Tel +551239476832, Fax +551239476803 
 



Evolution of Electrical Resistivity of Concrete with Cement Hydration   
 
 
Abstract 
 
This paper presents a study about the evolution of superficial electrical resistivity of concrete since the 
confection of specimens. The purpose of this study is analyze the variation of superficial electrical resistivity of 
concrete with the cement hydration process, and try to define a period (in days) from which its variation is not 
significant. For this, 12 non-reinforced cubic specimens, with 20x20x20 cm dimensions, were made with only 
one cement type, one water-cement ratio and were exposed to laboratory environment until de-molding. The de-
molding was realized after 48 hours and the specimens were submitted to submersed cure in a water tank. The 
evolution of superficial electrical resistivity was measured in aleatory ages, usually once a week, until the age of 
209 days. In this paper, tests results are presented and analyzed in order to propose an ideal age, considered to 
obtain trustful values to the superficial electrical resistivity of concrete. Establish this age makes possible to 
correlate, more safely, the values of superficial electrical resistivity to corrosion probability of concrete 
reinforcement. 
 
ORIGINALITY: There is not in Brazil and in the world similar study to define an adequate minimum age to the 
tests of superficial electrical resistivity of concrete. Actually, Brazil has not an official standard to the tests of 
electrical resistivity made on the concrete surface. To contribute with a future elaboration of a national standard 
to these tests, the authors detected the need to quantify some parameters involved with the superficial electrical 
resistivity of concrete. Considering this, the authors defined the necessity of to establish an adequate minimum 
age to the tests.  
 
CHIEF CONTRIBUTIONS: The main contribution of this study is define the minimum age to perform the superficial 
electrical resistivity tests in the concrete. This is important to elaborate a Brazilian standard, at this moment. 
International tests recommendations and standards do not refer this parameter. This parameter permits to 
obtain representative data for these tests and an appropriate interpretation for the results.  
 
Keywords: Concrete, Superficial Electrical Resistivity, Cement Hydration 
 
 
1. INTRODUCTION 
 
Actually, exists in Brazil only an official standard to the tests of electrical resistivity on the concrete, 
relating to the tests of volumetrical electrical resistivity, that are made only in laboratory, in cylindrical 
specimens (Associação Brasileira de Normas Técnicas, 1985). There is not a standard to the tests of 
electrical resistivity in the concrete surface – or the superficial electrical resistivity –, that can be made 
in laboratory and in situ. These tests are performed based on standards and test procedures adopted of 
other countries. As consequence, are adopted distinct procedures to each case in analysis, do not 
existing uniform test recommendations and, consequently, do not existing uniform classifications to 
the corrosion risk of the concrete reinforcements.  
In the same time, does not exist, in Brazil and in other countries, a study to establish an adequate 
minimum age to realize the tests of superficial electrical resistivity of concrete. Define a test age 
permits to obtain trustful values and representative data for these tests, and it makes possible to 
correlate, more safely, the values of superficial electrical resistivity to the corrosion probability of 
concrete reinforcement. Considering this, the authors defined the necessity of study and establish an 
adequate minimum age to these tests. 
This study is part of Lencioni (2011) doctoral thesis, in development with the orientation of Doctor 
Lima, and aims to quantify some parameters involved in the measurements of superficial electrical 
resistivity of concrete. This study hopes to contribute to a future Brazilian standard to this technique.  
 
 
 
 



1.1 SUPERFICIAL ELECTRICAL RESISTIVITY OF CONCRETE 
 
The importance of studying and quantifying the apparent electrical resistivity of concrete is in the fact 
that this property, together with the oxygen access to the steel bars, constitute the two principal 
elements that govern the electrochemical process of the reinforcement corrosion (Cascudo, 2005). A 
concrete with high electrical resistivity has a little possibility to develop the reinforcement corrosion 
(Mehta and Monteiro, 2008). 
The electrical resistivity of the concrete is related to the principal stages in the service life of a 
structure: the initiation period and the propagation period (Polder, 2001). Due to the electrochemical 
nature of the corrosion process, is expected a relation between the concrete resistivity and the steel 
corrosion rate after depassivation, since the ionic mobility between the anodic and cathodic regions is 
a control factor of the reactions velocity (Santos, 2006). Within a given structure, areas with low 
resistivity will have a relatively high corrosion rate after depassivation (Polder, 2001). Resistivity does 
not show, by itself, whether or not steel in concrete is in an active state of corrosion. It informs the risk 
of corrosion due to the humidity content in the concrete (Nuclear Energy Agency, 2002). Resistivity 
measurements may show where in the structure corrosion may be strongest (Polder et al, 2000). 
The superficial electrical resistivity of concrete can be measured by several means, but the Wenner 
method is the most frequently used. In this method, four equally spaced contact electrodes are placed 
on the concrete surface and a small AC current is applied between the outermost two electrodes. The 
resultant potential difference between the inner two electrodes is measured to obtain the resistivity. 
Measurements can be performed rapidly in laboratory or in situ using commercially available 
equipment in a nondestructive manner since it is performed on the concrete surface (Cascudo, 2005). 
 
 
1.2 THE CEMENT HYDRATION AND THE ELECTRICAL RESISTIVITY 
 
According to Zheng and Zhou (2008), the electrical conductivity measuring (or its inverse, the 
electrical resistivity) can be used as an effective and reproducible method quantitatively to assess 
cement hydration. 
The electrical resistivity increases with concrete age, what means progress in cement hydration. Since 
the amount of evaporable water in a typical paste varies from about 60% by volume at the time of 
mixing to 20% after full hydration, the electrical conductivity of the concrete should also be a function 
of time (Whittington et al, 1981).  
 
 
2. MATERIALS AND METHODS  
 
 
2.1 EQUIPMENT TO MEASUREMENTS OF SUPERFICIAL ELECTRICAL RESISTIVITY OF CONCRETE  
 
Commercially available equipment was used to measure electrical resistivity on the concrete surface. 
This equipment was based on Wenner method, with a current of 180 µA, frequency of 72 Hz, 
impedance of 10 MΩ, and was able to register resistivity variations between 0 and 99 kΩ.cm ± 1 
kΩ.cm; the space between the electrodes was 5 cm (fixed). 
 
 
2.2 SPECIMENS 
 
The laboratory investigations were performed on 12 specimens of non reinforced concrete. The 
concrete had the following characteristics: 

• without additives 
• one cement type (defined in Brazil as CP III - RS - 32, a Portland cement with blast furnace 

slag addition)  



• one water/cement ratio (w/c = 0,60); 
• a minimum consumption of 350 kg of cement per m³ of concrete,  
• mechanically compacted 

These specimens were molded with 20x20x20 cm dimensions. These dimensions were defined based 
on a study of Gowers and Millard (1999) that established some geometrical characteristics of a 
concrete element to avoid the current scape of the equipments used to measure the superficial 
electrical resistivity. After de-molding, the specimens were put in two tanks with water and submitted 
to submersed cure.  
 
 
2.3 TEST PROCEDURE  
 
The evolution of the superficial electrical resistivity of the concrete specimens was monitored since its 
de-molding. This monitoring was performed in aleatory ages, usually once a week. In this paper, are 
presented the results obtained until 209 days. The tests were performed with the specimens in 
saturated condition (cure under water during all period of tests); the moisture gradient was considered 
inexistent between the cube centre and the studied surface. 
All values of superficial electrical resistivity were measured in the centre of an only face of each cube 
(the choosed face was that one that was not in contact with the formwork).  
The main objective of this monitoring was demonstrate the variation of the superficial electrical 
resistivity of concrete with the cement hydration evolution, and investigate an age (in days) from that 
the variation in the values of electrical resistivity were not significant and the tests start to give 
representative data, with less variation, and should be effectively correlated with the reinforcement 
corrosion probability. 
 
 
3. RESULTS 
 
The values of superficial electrical resistivity obtained for the 12 specimens until 209 days are shown 
in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 1: Values of superficial electrical resistivity, obtained for the specimens until 209 days. 

 Specimens 

Age 
(in days) 

1 2 3 4 5 6 7 8 9 10 11 12 

 Superficial electrical resistivity of concrete (in kΩ.cm) 

2 1,9 2,3 2,8 2,3 2,8 2,8 2,5 2,8 2,5 2,5 2,8 1,9 

3 2,3 2,8 2,8 2,3 2,8 2,8 2,8 3,1 2,8 2,5 2,8 2,3 

7 5,1 5,8 5,4 4,8 5,4 5,1 6,1 6,1 5,4 4,8 5,4 4,5 

10 8,0 8,6 8,0 7,3 8,0 8,6 9,4 9,4 8,9 8,0 8,0 7,0 

14 11,0 12,0 11,0 10,0 11,0 11,0 13,0 14,0 13,0 10,0 11,0 10,0 

17 14,0 17,0 15,0 14,0 15,0 17,0 18,0 18,0 16,0 14,0 15,0 14,0 

21 17,0 20,0 20,0 17,0 20,0 19,0 22,0 23,0 21,0 17,0 18,0 17,0 

24 17,0 19,0 20,0 17,0 20,0 17,0 20,0 22,0 20,0 18,0 17,0 16,0 

28 22,0 25,0 21,0 21,0 25,0 23,0 22,0 25,0 21,0 19,0 19,0 19,0 

31 22,0 24,0 22,0 22,0 23,0 23,0 28,0 29,0 25,0 23,0 21,0 20,0 

35 25,0 27,0 27,0 24,0 26,0 26,0 29,0 32,0 28,0 24,0 25,0 23,0 

41 27,0 29,0 28,0 26,0 28,0 28,0 30,0 35,0 30,0 26,0 26,0 24,0 

48 30,0 34,0 31,0 30,0 33,0 32,0 34,0 39,0 34,0 29,0 29,0 28,0 

56 31,0 34,0 31,0 30,0 32,0 32,0 37,0 42,0 36,0 31,0 31,0 30,0 

63 33,0 37,0 33,0 32,0 34,0 35,0 37,0 41,0 35,0 32,0 32,0 30,0 

71 38,0 39,0 36,0 34,0 35,0 37,0 42,0 48,0 43,0 36,0 36,0 35,0 

78 39,0 41,0 41,0 38,0 39,0 42,0 42,0 49,0 43,0 39,0 39,0 35,0 

86 38,0 43,0 39,0 36,0 39,0 41,0 41,0 49,0 42,0 37,0 36,0 35,0 

97 38,0 43,0 40,0 37,0 40,0 42,0 45,0 49,0 45,0 40,0 39,0 37,0 

174 45,0 50,0 41,0 40,0 45,0 48,0 52,0 54,0 53,0 43,0 52,0 47,0 

181 47,0 50,0 42,0 38,0 44,0 46,0 50,0 57,0 51,0 44,0 41,0 41,0 

188 50,0 50,0 45,0 40,0 42,0 49,0 53,0 59,0 55,0 47,0 43,0 47,0 

202 50,0 51,0 43,0 41,0 41,0 51,0 47,0 48,0 48,0 39,0 39,0 45,0 

209 47,0 48,0 43,0 38,0 38,0 38,0 50,0 58,0 54,0 40,0 40,0 45,0 

 
Analysing the values of Table 1, the authors present the graphic of Figure 1, where can be observed 
the evolution of superficial electrical resistivity with the concrete age increasing. This graphic was 
elaborated considering the maximum, minimum and mean values of superficial electrical resistivity, 
obtained to each measurement age.  
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Figure 1: Evolution of superficial electrical resistivity with concrete age. 

 
 

4. DISCUSSION 
 
The graphic of Figure 1 gave a R² = 0,935, that represents a good correlation between the obtained 
data and the measurement age, and means that the cement hydration is responsable for variations in 
the values of superficial electrical resistivity.  
The varyance analysis (ANOVA) is another way to demonstrate this correlation. The results obtained 
with ANOVA are presented in Table 2 (the ANOVA was performed considering the data presented in 
Table 1). 
 

Table 2: ANOVA to obtained values of superficial electrical resistivity. 

Treatment 
Sum of squares 
(SS) 

Degrees of 
freedom (DF) 

Quadratic mean F0 F(0,05) 

Concrete age 52572,2 22 2389,6 199,3 1,54 

Error 3034,0 253 12,0   

Total 55606,3 275    

 
The analysis of variance gave F0 = 199,3 and F(0,05) = 1,54. Then, F0 >> F(0,05) and, with a confidence 
level 95%, it can be affirmed that the evolution in cement hydration acts strongly on the increasing of 
the values of superficial electrical resistivity. 
The values of superficial electrical resistivity tend to stabilize with the stabilization of the cement 
hidration. In the graphic of Figure 1 it is possible to distinguish a stabilization tendency after 120 days. 
With these results, the authors estimate that the superficial resistivity of concrete stabilize around 50 
kΩ.cm. 
 
 
5. CONCLUSIONS 
 

(1) It was possible to demonstrate the relation between the cement hydration evolution and the 
superficial electrical resistivity of concrete. 



(2) With the obtained data was possible the elaboration of a graphic that gave a R² = 0,953, that 
showed a good correlation between the analised variables (cement hydration or age of 
concrete and superficial electrical evolution). 

(3) The ANOVA was another way used to demonstrate and prove the correlation mentioned in 
(2). 

(4) Considering the obtained values to superficial electrical resistivity and the used cement type, it 
was possible to distinguish a stabilization tendency to the electrical resistivity around 
50kΩ.cm and 120 days. Then, it is possible consider that from this age no more significant 
variations occur in the values of superficial electrical resistivity. 

(5) The stabilization tendency presented in this paper is valid to laboratory conditions. Some 
external factors can influence the measurements made in on site conditions. Concrete 
carbonation, temperature and relative humidity of the environment, for example, can intefere 
in measured values of superficial electrical resistivity. 
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Abstract 
X-ray computed microtomography (micro-CT) was utilized to obtain three- dimensional (3D) images of the hydrating of 
cement paste with water-to-cement (w/c) ratio at different ages, i.e., 1, 3, 7 and 28 days. On the basis of the gray level 
histogram of microtomography images, the phase threshold values for each specimen were determined. The component 
phases of the cement paste such as pores, hydration products and unhydrated cement particles were identified from 
each other. The volume fraction of pore and degree of hydration of the specimens at different curing ages were 
estimated from the image analysis and compared with the experimental data measured by mercury intrusion 
porosimetry (MIP) tests and loss-on-ignition (LOI) tests respectively. Furthermore, the degree of pore connectivity was 
analyzed based on cluster-labelling technique. Finally, transport properties, e.g. diffusivity of tritiated water of each 
specimen was estimated and compared with the experimental results obtained from the literature. The results derived 
from image analysis show a reasonably agreement with the measured results, which indicates that micro-CT is a 
reliable and suitable technique to characterize the microstructure evolution of hydrating cement paste. The obtained 
microstructure can be used to estimate the transport properties of cement-based materials. 
 
Originality 
X-ray computed microtomography as an innovative and non-invasive 3D imaging technique is utilized to acquire the 
3D microtomography images of hydrating cement paste by second author of this study. The spatial resolution is 0.5 
µm/voxel. To our knowledge, it is the highest resolution of lab-based CT image in the study of cement-based materials 
up to now. Based on the microtomography images, the image analysis is carried out. The estimated characteristics of 
hydrating cement paste such as porosity and degree of hydration are validated with the experimental results. In 
addition, the relationship between the measured microstructure and transport property of hydrating cement paste is 
studied.  
 
Chief contributions 
In view of the crucial importance of transport properties of cement paste to the durability assessment and design of 
cement-based materials, it is of great practical significance to predict the transport properties. Transport properties 
are intimately related to the microstructure. Therefore, it is of importance to investigate the microstructure of cement 
paste firstly. The study presented herein represents the measured microstructure by using X-ray microtomography at a 
high spatial resolution. Furthermore, the microstructure-based prediction of transport properties of cement paste is 
carried out. The predicted results can be used as input to determine the transport properties of mesoscale 
mortar/concrete based on the further unpscale modeling and used by civil engineers and designers to assess the 
durability and predict the service life of structures.    
 
Keywords: X-ray computed microtomography, Microstructure, Transport property, Cement paste 
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1. Introduction 
  
Transport properties of cement paste play a critical role in the durability design and assessment of 
cement-based materials. They are intimately related to the microstructure of cement paste, especially 
the pore structure characteristics. Analysis and quantification of the pore structure in three-dimension 
(3D) will help us a better understanding of transport phenomena in cement-based materials. In recent 
years, the 3D X-ray computed microtomography (micro-CT) was applied in the study of cement-based 
materials [Promentilla 2009, Rougelot 2010]. X-ray micro-CT is a non-invasive and non-destructive 
imaging technique that is based on the absorption dependency of X-rays on material density, atomic 
number of the chemical components of the material and the energy and power of the CT machine. The 
major disadvantages of micro-CT scanning are the limitations in spatial resolution and temporal 
resolution and distinction between components of the materials having similar attenuation coefficients. 
With the recent development of micro-CT scanning, the spatial image resolution for the research of 
cement-based materials could be as high as 0.5 µm/voxel. Although the resolution may be not 
sufficient, it will provide us new information about the evolution of 3D microstructure, especially the 
pore structure of cement-based materials.  
In this study, X-ray micro-CT is applied to obtain three-dimensional (3D) images of hydrating 
Portland cement paste specimens with water-to-cement (w/c) ratio 0.5 at different curing ages. The 
spatial resolution of images is 0.5 µm/voxel. On the basis of image analysis, the 3D microstructure of 
hydrating cement paste consisting of pores, hydration products and unhydrated cement particles are 
identified and the reconstructed microstructure characteristics such as porosity and degree of hydration 
are investigated. Furthermore, the diffusion process of tritiated water through the reconstructed 3D 
microstructure is simulated by means of finite element method (FEM). Based on Fick’s law, the 
effective diffusion coefficients of tritiated water is estimated. 
 
2. Experiments and methods 
 
2.1. Experiments description 
 
The cement used was Portland cement (ASTM type I). The w/c ratio of the paste is 0.5 (mass basis). 
The sample was cured in a standard curing room (a relative humidity of 95% and a temperature of 20 
ºC) for 1, 3, 7 and 28 days, which are referred here as OPC_1d, OPC_3d, OPC_7d and OPC_28d 
respectively.  
X-ray micro-CT testing was performed at the Beckman Institute for Advanced Science and 
Technology of University of Illinois at Urbana-Champaign (UIUC). Firstly, the cement paste was 
poured into the syringe. Secondly, the steel needle of the syringe was prior pulled out and replaced 
with a 250 µm micro plastic tube and the plastic tube was adhered tightly on the syringe with super 
glue. Finally, the fresh cement paste was injected into the micro plastic tube by gently pushing the 
piston of the syringe. Details of this experimental procedure were described in a previous paper [He 
2010].  
The degree of hydration can be expressed as the ratio of the non-evaporable water content per gram 
cement to the maximum amount of non-evaporable water at complete hydration, which is assumed to 
be equal to 0.23g/g for OPC. In this study, Loss-on-ignition (LOI) test [Feng 2004] was carried out to 
measure the non-evaporable water content of the hydration specimen at certain age.  
 
2.2. Image processing and analysis 
 
The original X-ray projections received by the CCD detector of CT machine were converted to digital 
signals and stored in the computer as a data matrix. The data matrix was then reconstructed by the 
Xradia Reconstruction software with the algebraic method. In the image, the grayscale value of each 
voxel is proportional to the density of the corresponding material at that point in space. From authors’ 
previous study, it has been presented that the representative elementary volume (REV) for diffusivity 



in cement paste is 100×100×100 µm3 [Zhang 2010]. In order to reduce the computing time and avoid 
the possible edge effects, a cubic volume of interest (VOI) of 100×100×100 µm3 (2003 voxels) is 
extracted from the center of the images where the cement paste is considered to be the most 
homogeneous for further image analysis.  
After the acquisition of 3D reconstructed image of VOI, the image analysis is carried out to segment 
the images into a number of distinct categories corresponding to various particular phases of cement 
paste, i.e. pores, hydration products and unhydrated cement particles. In the present study, a global 
thresholding method, the most frequently used technique for image segmentation, is applied to 
differentiate the pore space and solid matrix (hydration products and unhydrated cement particles). 
Global thresholding is to scan each voxel in the image and determine a threshold value, below or equal 
to which voxels are considered to be pore phase and above which they are regarded to belong to solid 
phase (hydration product and unhydrated cement particles). As regards the choice of the threshold, the 
grayscale level histogram is usually used. An example of gray-level histogram for VOI is shown in 
Figure 1. In the following section, we will use this image data as a typical example to illustrate the 
analysis procedure. It can be seen that there are two peaks which correspond to the hydration product 
and unhydrated cement particle respectively. However, the segmentation of pore and hydration product 
is not clear.  
The volume fraction of unhydrated cement φun can be evaluated from the data by defining a hydration 
product/unhydrated cement threshold to separate the phase of unhydrated cement and hydration 
product. The degree of hydration can be estimated on the basis of the volume fraction of unhydrated 
cement φun and  the well-known Powers model, where the volume fractions of unhydrated cement φun 
is a function of the initial w/c ratio and the current degree of hydration α, as expressed: 
 

(0.32 0.32 ) /( / 0.32)un w cϕ α= − +                                                 (1) 
 
For instance, as shown in Figure 1, the gray level corresponding to the transition point (T1) between 
the two peaks is considered as hydration product/unhydrated cement particle phase threshold. The 
corresponding volume fraction of unhydrated cement φun= (1-0.8529) =0.1471 results in a degree of 
hydration α=0.6231.  
In addition, the transition point (T2) in the curve of volume fraction change against grayscale level 
change is selected to be pore/hydration product phase threshold where the segmented volume fraction 
starts to change sharply with the increase of grayscale value.   
 
 

 

T1 

T2 

Figure 1: Example of image segmentation based on gray-level histogram 



The connectivity is one of the most important characteristics for pore structure of cement paste. After 
pore segmentation, a home-made program Perc_3d on the basis of cluster-labeling algorithm proposed 
by Hoshen and Kopelman [Hoshen 1976] is applied to analyze the connectivity of pore voxels. More 
detailed information about this procedure is listed in Ref [Zhang 2010]. After the cluster-labeling is 
complete, the labeled voxels that are not connected to both ends of specimen (x-, y- and z-axis) are 
identified to be isolated pores. The degree of pore connectivity is defined as the volume fraction of the 
labeled pore voxels that are connected to both ends of specimen. A degree of pore connectivity of one 
means that all the pore voxels are interconnected to each other. Otherwise, a degree of pore 
connectivity of zero demonstrates that disconnection happens in at least one direction of the specimen. 
The connected porosity can be estimated by multiplying the degree of pore connectivity to volume 
fraction of pore voxels. 
 
2.3. Transport properties 
 
Based on the reconstructed microstructure, the transport properties of the hydrating cement paste can 
be investigated. Due to the limited space, in the present study, the diffusion process of tritiated water 
through cement paste simulated by means of finite element method (FEM) is taken as an example. 
Tritiated water is chosen as solute for simulation because of the negligible chemical interactions of this 
type of water with the cement hydrates. Each voxel of the reconstructed microstructure is converted 
into corresponding finite element. Water transport is dominated by the capillary pores as long as they 
form continuous pathway. In the simulation, only the diffusion of tritiated water through capillary 
pores is taken into account. The diffusion coefficient of tritiated water through capillary pores was 
assumed to be 2.05×10-9 m2/s (at 20 ºC) [Mills 1973].  
In experimental investigations, a two-compartment diffusion cell test is commonly used to determine 
the diffusion coefficient of tritiated water in cement paste. Similar to the experiments, a procedure to 
simulate diffusion cell test is performed. The concentration on the upstream compartment C1 is kept 
constant during the simulation (in this study, it is 1 M, i.e., 1 mol/l). In addition, C1 is chosen much 
larger than the concentration on the downstream compartment C2. In the simulation, C2 is chosen to be 
zero. In addition, the initial concentration in cement paste is assumed to be zero. The concentration 
gradient leads to a flux of tritiated water across the specimen, with the flow migrating to the 
downstream surface and ultimately reaching the steady state. The flow Q in all the elements lying on 
the downstream surface is summed. The flux J across the entire microstructure is obtained by dividing 
the flow Q by the area of the cross-section A. The value is then used in accordance with Fick’s first 
law to estimate the effective diffusion coefficient of tritiated water through hydrating cement paste. 
Detailed procedure is explained in a prior paper [Zhang 2010]. 
 
3. Results and discussions 
 
Figure 2a) shows a cross sectional X-ray CT image of the specimen OPC_3d with a diameter of 250 
µm. The corresponding VOI is shown in Figure 2b). In the 8-bit grayscale image, each voxel takes on 
a value ranging from 0 to 255. In this case, 0 is black corresponding to minimum density (pores). 255 
is white corresponding to maximum density (unhydrated cement particles). 
By choosing the threshold value on the basis of the method mentioned above, the pores, hydration 
products and unhydrated cement particles can be identified from each other. Accordingly, the 3D 
microstructure of VOI of each specimen can be reconstructed, as shown in Figure 3a) ~ d). One can 
see that with the increase of the curing age, the capillary pores (blue voxels) are gradually filled by 
hydration products. The hydration products (grey voxels) appear first around the cement particles and 
then spread to the available space in capillary pores. It is quite obvious during the first three days. The 
unhydrated cement particles (dark red voxels) become smaller and fewer. Figure 4 illustrates the 
evolution of volume fraction of the pores, the hydration products and the unhydrated cement particles. 
The total porosity of cement paste estimated from mercury intrusion porosimetry (MIP) test [Raymond 
1999] is also plotted in Figure 4 for comparison. Even though the porosity derived from MIP test is 



somewhat higher than the volume fraction of pores from µCT image analysis. However, the trend of 
the evolution of the porosity shows a good agreement. The difference in porosity is likely attributed to 
the spatial resolution of microtomography images. In this study, the spatial image resolution is 0.5 
µm/voxel. As a consequence, the pore space smaller than 0.5 µm are not detected and will be 
identified as a part of hydration products. However, the trend of porosity evolving with curing age 
based on µCT image data shows a good agreement with that measured by MIP test. Comparing with 
MIP test method, the advantage of using micro-CT scanning is that the dimensional distribution of the 
pores and their connectivity can be characterized. 
 
 

     
               a) Micro-CT image                       b) Voume of interest (VOI) 

Figure 2: An example cross sectional X-ray microtomography image and corresponding VOI 
 

Figure 5 gives the degree of hydration of cement paste as a function of curing age, which is compared 
with the experimental results measured by LOI test. It can be seen that there is a relatively good 
agreement between the two curves. Whereas the values from µCT image analysis are somewhat higher 
than that of from LOI test, especially in the third day.  
Figure 3e) shows the derived pore structure of the specimen OPC_3d. Figure 3f) demonstrates the 
interconnected pore voxels corresponding to the pore structure shown in Figure 3e). The isolated pore 
voxels which are not connected to either the top or bottom surface are removed. These isolated pores 
make no contribute to transport properties of cement paste. The degrees of pore connectivity of the 
specimen at varying curing ages are 0.95, 0.85, 0.84 and 0.48 respectively. The degree of pore 
connectivity decreases sharply with the increase of curing age of cement paste, especially for the 
specimen OPC_28. This agrees very well with the general knowledge on the microstructural 
development of cement paste and the progress of hydration reaction over time. As we know, with the 
progress of cement hydration, the capillary porosity decreases and capillary pores becomes 
disconnected at a certain time. The obtained connected porosity of cement paste at 1 day, 3 days, 7 
days and 28 days are 25.96%, 17.01%, 15.84% and 6.41% respectively. The results show good 
quantitative agreement with that presented in Ref. [Promentilla 2009], where the connected porosity 
(defined as effective porosity in [Promentilla 2009]) derived from the microtomography images of 
cement paste (w/c=0.50, image resolution= 0.5 µm/voxel) with curing age of 2 days, 7 days and 28 
days are 15%, 12% and 9% respectively and the corresponding degree of pore connectivity are 0.82, 
0.75 and 0.59 respectively. 
 
 



     
  a) Microstructure of OPC_1d     b) Microstructure of OPC_3d     c) Microstructure of OPC_7d 

 

     
 d) Microstructure of OPC_28d     e) Pore structure of OPC_3d      f) Connective pores of OPC_3d  

Figure 3: Visualization of the 3D reconstructed microstructure, pore structure and connective pore structure  

 
 

    
 
 Figure 4: Volume fraction of phases at different age    Figure 5: Degree of hydration as a function of age 
 
Figure 6 shows the distribution of the concentration of tritiated water in the 3D pore network. The 
predicted tritiated water diffusion coefficients of the specimens at curing ages of 1, 3, 7 and 28 days 
are shown in Figure 7. The simulated value of 1.75×10-11 m/s corresponding to OPC_28d is about 
twice as much as the experimental value 9.50×10-12 m/s for Portland cement paste with w/c ratio 0.5 at 



curing age of 28 days measured by Numata et al. [Numata 1990]. The little discrepancy between 
simulation and experiment may be attributed to the different chemical composition of the used cement.  

          
 
Figure 6: Concentration distribution of tritiated          Figure 7: Effective diffusion coefficient as a 
        water in the 3D pore network                        function of curing age 

 
4. Conclusions 
 
This paper represents a procedure to investigate the microstructure evolution and predict the transport 
properties of hydrating cement paste based on the three-dimensional (3D) microtomography images 
acquired by using a high spatial resolution (0.5 µm/voxel) X-ray computed microtomography 
(micro-CT) technique. The 3D microstructure and pore network can be reconstructed after image 
processing and analysis. The volume fraction of pore voxels and the degree of hydration derived from 
CT image analysis show a good agreement with experimental results from MIP and LOI test, which 
indicates that micro-CT as a non-invasive technique is reliable and suitable to characterize the 
microstructure of hydrating cement paste. The obtained 3D microstructure of hydrating cement paste 
can be applied to predict the transport properties of cement-based materials.  
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Abstract 
Experimental research has been performed to relate specific cement characteristics to deterioration due to sulfate and 
sea water attack after five year exposure, and to study different test method suitability for sulfate and marine resistance. 
Sulfate resistance testing have been performed on mortar specimens made with fifteen cement types of statistically 
diverse chemical composition according to European standard EN 197-1, most of them with sulfate resistant properties 
according to Spanish regulations. Chemical and mechanical characteristics were studied to determine the variation in 
properties of selected cements. SO3 content, type and amount of additions, C3A, and C4AF content were used to examine 
relationships between these characteristics and the results of sulfate resistance. Mortar specimens testing using Na2SO4 
as the aggressive medium according to ASTM 1012 (with w/c ratio adapted to prENV 196-X:1995) was performed 
using each type of cement; identical specimens were also stored in sea water, and in lime saturated water (blank 
condition), up to five year age. Additionally these cements were tested conforming ASTM 452 and Koch and Steinegger 
test. Recommended acceptance limits for sulfate resistance of cements concerning to each used test method were 
evaluated in order to explore their suitability. Relationships between cement characteristics, degradation, expansive 
products obtained by X-ray diffraction techniques and maximum expansion after applied storage treatments, were 
correlated at final age, to redefine cement characteristics for sulfate resistant and marine resistant Portland cement. 
 
Originality 
In the last century many studies had been developed with traditional Portland cements to provide meaningful 
discrimination between sulfate resistant or non-sulfate resistant cements. In this investigation fifteen real trading 
common cements (EN 197-1) have been tested. Different C3A contents, variable types and proportioning of constituents 
(limestone, pozzolanic additions, blastfurnace slag ...) with or without the same clinker type were investigated. Present 
theories about accelerated test procedures adopt that the mechanism of deterioration in the accelerated test should be 
representative of those observed in service. In this study linear expansion and external damage of mortar specimens 
with a w/c ratio of 0,5 have been tested, and both have been analysed after five years of immersion in a sulfate solution 
and also in seawater (and in lime saturated water, as a blank condition). None of the prepared mortars was blended 
with gypsum or any other non realistic condition. Additionally these european common cements were tested following 
ASTM standards (modified to EN 196-1 mortar compositions) to evaluate if ASTM specifications were applicable to 
both cement families of such different characteristics.  
 
Chief contributions 
The development of a prescriptive European Standard (EN) for sulfate resisting cements has been a difficult task due to 
differences in the types of cements that are considered sulfate resisting. Many countries have national specifications for 
sulfate resisting cements, most of them only specifying the cement chemical composition, but these regulations do not 
exactly coincide. This research provides newer information and proposes criteria taking into account the behaviour of 
common cements, useful to unify the different values established in various national european regulations, which 
probably were mainly based on traditional Portland cements. These results are in agreement with a broad spectrum of 
sulfate expansion theories and can provide a better way to specify sulfate resistant cements, establishing a relationship 
between some accelerated laboratory test and field performance after five year exposure. Durability behaviour in 
common cements conforming to EN 197-1 exposed to sulfate attack are explained, and also the correlation between 
sulfate resistance and seawater resistance has been studied.  
 
 
Keywords: sulfate attack, sea water attack, durability, expansion test 
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1. Introduction 
 
Sulfate attack causes deterioration in concrete structures exposed to moist in sulfate-rich 
environments. The resistance to sulfate attack has long been considered to be connected to the 
characteristics of the cementitious material. However, the complex reactions in hydrating cement have 
made it difficult to isolate more than one variable at a time. In the last century many studies had been 
developed with traditional Portland cements to provide any meaningful discrimination between sulfate 
resistant or non-sulfate resistant cements. However in the 90’s new work items were initiated directed 
towards the development of a performance test for sulfate resistance applicable for modern trading 
cements. 
 
Experimental research has been carried out with fifteen EN 197-1 common cements according to the 
actual degree of technology production, all of them trading cements, involving not only different C3A 
contents but using variable constituents types and proportioning (limestone, pozzolanic additions, 
blsatfurnace slag ...) with and without the same clinker type as well. Mortar specimens prepared from 
these types of cement have been cast to relate specific cement characteristics to expansion due to 
sulfate or sea water attack during five years, and to study different test method suitability for sulfate 
and marine resistance.  
 
 
2. Experimental procedures 
 
Materials 
 
Fifteen trading cements with statistically diverse chemical composition were investigated to evaluate 
the effect of cement characteristics on sulfate resistance. All cements complied to EN 197-1, most of 
them with sulfate resistant properties according to Spanish regulations. Chemical and mechanical 
characteristics were studied to determine the variation in properties of selected cements. SO3 content, 
type and amount of additions, C3A and C4AF content were used to develop relationships between 
these characteristics and the results of sulfate resistance. Chemical compositions and mechanical 
properties at 28 days of the cements are listed in Table 1. 
 

Table 1: Chemical composition and mechanical properties 

Chemical composition (weight, %) 
Cement type and class Ignition 

loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 
Remarks 

Compres. 
strength 
(MPa) 

(28 days)
1 CEM I 42,5 R (HSR) 1,73 20,7 3,81 3,92 63,4 1,1 2,87 HSR 54,7 
2 CEM I 52,5 R 2,05 20,5 4,60 2,89 63,5 1,4 3,56 OPC 62,4 
3 CEM II/B-V 42,5 R 1,57 27,9 5.76 2.96 55.5 1.2 3,05 20% fly ash 55,7 
4 CEM I 42,5 R (HSR) 1,54 19,9 3,50 4,20 64,3 0,9 3,30 HSR 63,1 
5 CEM IV/B(V) 32,5  3.48 39.6 3,00 2,76 46.2 0,8 2,80 24% fly ash 41,0 
6 CEM II/B-L 32,5 N 11,27 16,0 3,04 2,94 62.1 0,8 3,00 26% limest. 42,9 
7 CEM I 52,5 R 2,23 20,0 5,35 1,58 63,9 1,7 3,50 OPC 62,1 
8 CEM I 42,5 R (HSR) 3,83 22,6 2,96 5,76 59,2 2,3 2,19 HSR 47,9 
9 CEM II/A-L 42,5 R 7,47 20,0 2,27 0,26 65,7 0,5(*) 2,28 17% limest. 48,1 

10 CEM II/A-V 42,5 R 2,91 24,5 4,54 2,94 58,1 2,9 3,06 6% fly ash 47,5 
11 CEM I 52,5 N (HSR) 3,61 20,3 3,77 3,20 59,7 3,3 3,24 HSR 61,3 
12 CEM III/A 42,5 N 4,22 22,9 6,15 2,38 55,0 1,2 3,27 36% slag 43,8 
13 CEM I 42,5 R (HSR) 4,60 19,5 3,81 3,60 61,8 0,5 3,09 HSR 46,8 
14 CEM I 42,5 R (HSR) 3.64 19,5 3,69 4,34 62,3 0,4 3,17 HSR 43,0 
15 CEM I 52,5 N (HSR) 2.88 20,1 3,62 4,18 62,9 0,4 3,04 HSR 59,7 

(*) White cement 
 



Specimens and items of investigation 
 
Cement samples were tested according to ASTM 452-02, with slight modificatios to approach this 
method to EN 196-1 European standard mortar composition. In ASTM C 452 procedure, cement is 
blended with finely divided gypsum to bring the SO3 level to 7,0%, and the expansion of 25 mm x 25 
mm x 285 mm mortar bars (1:2,75, w/c 0,485) placed in water at 23 ºC is determined at 14 days. For 
this experimental study mortar composition was modified according to EN 196-1 standard (1:3; 
cement:CEN calibrated sand, and w/c ratio 0,50). The expansion is expressed in percentage of total 
length (distance between the two bases of the measuring gauges studs embedded in both sides of each 
specimen).  
 
In addition to mentioned expansion test, mortar specimens were tested using Na2SO4 as the aggressive 
medium according to ASTM 1012-04. In this standard, expansion of 25 mm x 25 mm x 285 mm 
mortar bars (1:2,75, w/c 0,485) is measured up to 12 months from the date they were initially 
submerged into the aggressive solution. Specimens were made as described previously for ASTM C 
452 mortar mixes. For this experimental study mortar composition was modified according to EN 196-
1 standard (1:3; cement:CEN calibrated sand, and w/c ratio 0,50) This test was performed using 
mortar specimens of each cement in a 50 g/l of Na2SO4 solution, but  identical specimens were also 
stored in artificial sea water, and in lime saturated water (blank condition), up to five year age (3 
specimens for each storage type). Expansion measurements were taken at 2 weeks, 1, 2, 3, 4, 5, 6, 9, 
12, 15 ,18 and 21 months, 2, 3, 4 and 5 years.  
 
Also 54 specimens of 40 x 40 x 160 mm for testing mechanical strength were made of each cement to 
be stored in a 50 g/l of Na2SO4 solution, in artificial sea water (composition per litre resulting of 
mixing: 30 g NaCl, 6 g MgCl2.6 H2O, 5 g MgSO4.7 H2O, 1,5 g CaSO4.2 H2O y 0,2 g KHCO3), and in 
lime saturated water (blank condition), up to five year age (18 specimens for each storage type). The 
solutions were replenished once a year. The strength loss is computed at each of the test ages (6, 9, 12, 
15, 18 and 60 months), and expressed as the ratio of the mean of the results obtained in the specimens 
covered by the aggressive solution divided by the mean of the values of the control specimens at same 
age in lime saturated water. 
 
To study the different hydration and degradation products, specimens crushed at five year age were 
prepared and tested using qualitative X-ray diffraction (XRD). 
 
Cement mortars were also tested conforming to Koch and Steinegger test. The procedure is based on 
making 28 prismatic mortar specimens (1 x 1 x 6 cm), proportioned to 1:1:2 (cement:fine sand:coarse 
sand by weight) with a water/cement ratio of 0,6. The aggressive agent is a 0,3 M sodium sulfate 
solution, obtained from 4,4% (by weight) anhydrous sodium sulfate. These 28 specimens are kept in 
distilled water at 20 ºC for 21 days, four of them are then tested for flexural strength and the other 24 
are divided into two groups: 12 submerged in the aggressive solution and the other 12 in distilled 
water. At 15, 56 and 96 days, four specimens of each curing type were tested to determine flexural 
strength. The initial date is considered to be the end of the previous 21-day curing period. Strength 
loss is computed at each of the test ages, referred to control specimens, kept in distilled water. 
 
 
3. Results and discussion 
 
Periodic visual inspections of the 40 x 40 x 160 mm specimens were carried out, followed up with 
measurements of weight changes. After approximately two years, deterioration had started only on 
mortar samples 2 and 7 exposed in a 50 g/l of Na2SO4 solution. The outside appearance of both 
samples at four year age stored in sulfate solution showed a severe degradation (figures 1 and 2). No 



analogous external damages were observed on both mortar samples stored in artificial sea water (only 
fine microcracks on specimen surfaces).  
 

 
Figure 1: Deterioration on sample 2 (specimen exposed at four years in sulfate solution) 

 

 
Figure 2: Disintegration on sample 7 (specimen exposed at four years in sulfate solution) 

 
To study different test methods suitability for sulfate and marine resistance, mineralogical composition 
and accelerated test results (Table 2) were correlated with mechanical tests carried out on samples 
exposed into aggressive solutions, to evaluate also if the specifications were applicable to both (ASTM 
on EN 197-1) cement families of such different characteristics. 
 

Table 2: Mineralogical composition and mechanical/accelerated tests results 

Mineralogical 
composition 

Compressive strength 
loss in 34 g/l sulphate 

solution 

Koch and 
Steinegger 

(strength loss) Cement type and class 

C3A (%) C4AF (%) 18 
months 

60  
months 

56 
days 

96 
days 

ASTM 
C 452  

14 days 
expansion 

(%) 
1 CEM I 42,5 R (HSR) 3,5 11,9 0,98 0,84 0,70 0,69 0,015 
2 CEM I 52,5 R 7,3 8,8 0,81 0,20 0,64 0,60 0,037 
3 CEM II/B-V 42,5 R 10,3 9,0 0,91 0,75 0,55 0,55 0,028 
4 CEM I 42,5 R (HSR) 2,2 12,8 0,98 0,83 0,75 0,76 0,018 
5 CEM IV/B(V) 32,5  3,3 8,4 0,90 0,91 0,89 0,85 0,024 
6 CEM II/B-L 32,5 N 3,1 8,9 0,94 0,58 0,83 0,80 0,021 
7 CEM I 52,5 R 11,5 4,8 0,79 0,00 0,46 0,05 0,042 
8 CEM I 42,5 R (HSR) 0,0 16,0 1,04 0,92 0,74 0,73 0,011 
9 CEM II/A-L 42,5 R 5,6 0,8 1,05 0,76 0,60 0,58 0,016 

10 CEM II/A-V 42,5 R 7,1 8,9 1,00 0,87 0,95 0,97 0,026 
11 CEM I 52,5 N (HSR) 4,6 9,7 1,02 0,72 0,94 0,92 0,019 
12 CEM III/A 42,5 N 2,2 2,6 0,96 0,89 0,96 0,94 0,034 
13 CEM I 42,5 R (HSR) 4,0 10,9 1,01 0,91 0,95 0,93 0,013 
14 CEM I 42,5 R (HSR) 2,4 13,2 1,01 0,85 0,96 0,94 0,006 
15 CEM I 52,5 N (HSR) 2,5 12,7 1,01 0,93 0,97 0,95 0,009 

 
 



On Figure 3 strength loss after 18 and 60 months in 34 g/l sulfate solution storage is represented 
separately for CEM I cements and for cements with secondary constituents. OPC mortar specimens 
show an increase in compressive strength during the early stages of sulfate attack attributed to the 
reaction products formation, filling pores and air voids. At 60 months only CEM I cements with C3A 
contents higher than 5% denote more than 50% strength loss. In specimens of Portland cement 
containing 26% of grinded limestone (sample 6, CEM II/B-L) a strength loss higher than 40% was 
reached. Comparing results at 18 and 60 months on Portland composite cements there was found no 
correlation between C3A contents and strength loss.  
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Figure 3: Strength loss after 18 and 60 months in 34 g/l sulfate solution storage 

 
On CEM I cements with C3A ≤ 4% no correlation between C3A contents and strength loss was 
revealed, either 18 months or 60 months results. European standard draft prEN 197-1 classifies CEM I 
cement as sulfate resistant if C3A clinker content is found in one of these groups: 0%, ≤3% or ≤5%; 
for CEM IV demands C3A ≤ 9%, and for CEM III/B or III/C no C3A limitation is prescribed. 
According to obtained results this last group could be enlarged to involve CEM III/A cements. 
Probably it could be possible to join groups of 0% and 0-3% in CEM I-SR cements. 
 

In Fig. 4a) and 4b) accelerated test results were compared with mechanical tests carried out after 60 
months in sulfate solution storage. Strength loss trends (referred to C3A content increase) in 
compressive test at 60 months and Koch-Steinegger flexural test do not match. Even resistance rate 
prescribed as Koch-Steinegger test requirement to define a cement as sulfate resistant (≥ 0,7) it would 
not be appropriate (classify several good performance CEM I cements as not useful). However 
downward trends of CEM I strength loss in compressive test and ASTM C 452 expansion test are 
quite similar. 
 
ASTM C 150 permits a cement to be classified as a Type V sulfate resistant cement if expansion at 14 
days following ASTM C 452 procedure is lesser than 0,040%. This is an optional requirement because 
cement can be classified as Type V if C3A content is ≤ 5% and the sum of C4AF + 2 C3A ≤ 25%. 
Figure 4a) shows that these criteria are not suitable for the assessment of tested cements if mortar 
composition is according to EN 196-1 standard. For this cases an expansion requirement of 0,30% at 
14 days can be proposed.  
 
ASTM C 452 reports that this accelerated test method is not representative of the mechanism of 
deterioration observed in practice, and these criteria are not appropriate for the assessment of cement 
with secondary constituents such as blastfurnace slag and pozzolans, as represented in Fig. 4 b). Same 

 



conclusions could be applied to Koch-Steinegger test. Short timescale of both tests do not permit 
complete reaction of secondary constituents and the sulfate content has been introduced during mixing 
(only in ASTM C 452 test) so that effects of these additions in permeability reduction are not 
produced.  
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Figure 4: Strength loss at 60 months correlated with accelerated tests; a) OPC (CEM I); b) CEM II, III and IV 

 
In Figure 5 linear expansion of mortar specimens are represented after storage in 34 g/l sulfate solution 
(Portland composite cements) or sea water storage (CEM I-C3A content). Deterioration monitoring by 
linear expansion measurements is usually associated with the formation of ettringite from 
monosulfate. However at 60 months there was not found correlation between mechanical test results 
and gypsum, ettringite or Friedelt’s salt detected in qualitative X-ray diffraction analysis. Strength 
results at 18 months of samples 2 and 7 indicate that deterioration has begun (20% strength loss) while 
showing relatively low levels of expansion, so conformity criteria for blended cements defined in 
ASTM 1012 (≤ 0,10% at 6, 12 or 18 months, depending on external aggressive conditions - ACI 
201.2R) could not be suitable for the assessment of CEM I cements with EN 196-1 mortar 
composition. Expansion results of CEM I cements after 6, 12 or 24 months in sea water storage could 
be used as a guide of resistance behaviour, but not as a prescriptive requirement. 
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Figure 5: Linear expansion in 34 g/l sulfate solution or sea water storage 



Expansion results according to ASTM 1012 of Portland composite cements (containing slag: CEM 
III/A; fly ash: CEM II/V and CEM IV; or limestone: CEM II/L) tested with EN 196-1 mortar 
composition are not useful as a prediction tool of strength loss behaviour. Only CEM II/A-V 
(C3A≈10%) could not comply with expansion requirements, confirming mechanical results and 
external damage at 60 months. However, Portland cement mortar containing 26% of limestone (CEM 
II/B-L) achieved a strength loss higher than 40% at 60 months, but expansion results were lower than 
the acceptance criteria. 

 
4. Conclusions 
 
After approximately five years of exposure in a sulfate solution 34 g/l, only in mortar specimens of 
CEM I (OPC) cements containing more than 5% of C3A were observed disintegration or severe 
degradation, associated to subsequent formation of large amounts of massive gypsum and ettringite in 
the cracks. Also in mortar specimens of Portland composite cement containing a grinded limestone 
content of 26% were found compressive strength losses higher than 40%.  
 
Different accelerated test methods were applied to evaluate sulfate resistance of cement samples: 
Koch-Steinegger test, ASTM C 1012 and ASTM C 452 (both ASTM methods adapted to mortar 
composition according to EN 196-1 standard). Koch- Steinegger acceptance criteria were not suitable 
for the assessment of most of analysed cements.  
 
Instead of it, ASTM C 452 test adapted to EN 196-1 composition proved good performance when 
testing CEM I mortars: downward trends of CEM I strength loss in compressive test at 60 months and 
ASTM C 452 expansion results at 14 days were quite similar (profiles match almost exactly), so that it 
can be proposed an expansion requirement of 0,30% at 14 days for CEM I common cements. 
 
ASTM C 1012 expansion test on specimens adapted to EN 196-1 mortar composition after 6, 12 or 24 
months in sea water storage (CEM I) or 34 g/l sulfate solution (CEM II, CEM III or CEM IV)  could 
be used as a guide of resistance behaviour, but not as a prescriptive requirement. 
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Abstract 

The pozzolans are siliceous or silicoaluminous materials, compounds of amorphous structure and high surface area. 

The Metakaolín (Al2Si2O7) is a widely studied pozzolan thanks to its high reactivity due to the three properties above 

mentioned, which allows it to easily react at early ages with the calcium hydroxide present on the cement to form 

compounds as gehlenite and tobermorite, which densify the cementing matrix and improve the initial mechanical 

strengths. The Ultramarine Blue (Na8Al6Si6O24S2) is a crystalline and inorganic pigment, with a lesser surface area and 

with similar chemical composition that of the Metakaolin, highly used in the industry due to its stability to external 

agents. Nevertheless, different researches conducted by the  research Group of the Cement and Construction Materials, 

oriented to reach the Portland coloration cement, have identified that the pigment loses its coloring stability with the 

hydration time, due to a fixation of the calcium hydroxide, which is produced by an ionic interchange of Ca
+2

 by Na
+1

 

through the phase Hauyne (Al6Ca2Na6O32S2Si6), which evidences the loss the structure of the pigment and it allows the 

formation of additional complexes of tobermorite, gehlenite and simultaneously ettringite due to its sulfate condition, 

dandifying the matrix and improving the initial mechanical strengths.  
This research compares the fixation rates of the calcium hydroxide by the Ultramarine Blue pigment and by the 

Metakaolin on pastes of lime, using X Ray Diffraction (XRD) and Thermogravimetryc Analysis (TG) in 20% 30% y 

50% weight substitutions and after 1, 3, 7,14 y 28 days of normal curing. The obtained results showed that the 

Ultramarine Blue fixes at least as many calcium hydroxide as the Metakaolin, classifying the pigment as a non 

conventional pozzolan due to its crystallinity and low surface area, and showing that the chemical composition of a 

pozzolan prevails over the surface area or the amorphous character when fixating calcium hydroxide occurred.  

 

Novelty of the work 

The results show that the Ultrmanarine Blue (Na8Al6Si6O24S2) is a non conventional pozzolan due to its crystalline 

structure and its low surface area, the Ultramarine Blue fixes it by an ionic interchange through the Hauyne phase, 

causing the loss structure of the pigment and at the same time the formation of hydrates and anhydrous compounds not 

common in the reaction of a pozzolan such as calcium and sodium carbonate hydrate (Na2CaCO35H2O), calcium and 

sodium aluminum silicate (Na5Ca5Al5Si2O8), sulphated calcium and sodium aluminum silicate (Al6Ca2Na6O32S2Si6).  

  

Main Contributions 

This work shows that the chemical composition of a pozzolan is the property that prevails over others properties, like 

the degree of crystallinity and surface area, to its reactivity when fixating the calcium hydroxide occurred. This 

contribution will allow rethinking the alkaline activation as a more efficient activation method of synthetic pozzolans 

compared with the milling and calcination, with high cost and pollution processes. Additionally, this work shows the 

reaction of the Ultramarine Blue pigment with the calcium hydroxide, which up to now has not been studied. 

  

Palabras clave: Pozzonalic activity, chemical composition, crystallinity degree, surface area, Ultramarine Blue and 

Metakaolin. 
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Introduction 
 

The Ultramarine Blue (UB) is obtained from the calcination of kaolin, sodium sulfate, quartz, sulfur 

and tar, at temperatures around 800° C in a reducing atmosphere, creating a sodium aluminum silicate 

structure, Ultramarine Green, with a great amount of sulfur and oxygen which is again calcined in an 

oxidant atmosphere, resulting the Ultramarine Blue pigment, a polysulfurated aluminum silicate of 

sodium (Na8Al6Si6O24S2) with an structural arrangement similar to a zeolite (Large E.W., 1962). 

The UB is stable at room conditions, but when combined with cement and water, it reacts with the 

calcium hydroxide through of an ionic interchange, typical behavior of a zeolite, replacing the sodium 

for calcium through of the phase Hauyne (Al6Ca2Na6O32S2Si6), destroying the UB and turning it into a 

white Ultramarine of Calcium, generating at the same time additional complexes of tobermorite and 

gehlenite and simultaneously ettringite due to its sulfate condition, densifying the matrix and 

improving the initial mechanical strengths and the durability (Giraldo C., 2008). However, looking for 

the coloration of the cement with the UB pigment, the pigment has been stabilized at an industrial 

level adding Metakaolin that reacts with the calcium hydroxide of the cement without destabilizing the 

structure of the pigment (Kroone B., 1968). However, according to other studies, stability is achieved 

only partially (Morales J.G., 2007). 

The Metakaolin (MK) is a pozzolan obtained from the thermal activation of Kaolin at temperatures 

around 850° C, its chemical composition (Al2Si2O7) and its amorphous structure provide pozzolanic 

properties, by generating additional complexes of calcium and silica to the ones formed in the regular 

hydration of cement, contributing with the formation of a higher amount of tobermorite and gehlenite, 

(Cabrera J. et al., 2001) thus an increase on the early mechanical strengths and a greater durability are 

achieved. 

The MK is an active addition that fixes a slightly higher amount of calcium hydroxide (CH) than the 

silica fume and has a higher reactivity than the fly ash, generating higher amounts of calcium silicate 

hydrate (C-S-H), reducing the porosity and the pore diameter, and increasing in a more effective way 

the compressive strength (Poon C.S. et al., 2001. 
The evaluation of pozzolanic activity or fixation of calcium hydroxide in lime pastes has a clear 

advantage over the evaluation in cement pastes due to the amount of calcium hydroxide, which is a 

constant in the lime pastes and allows effectively identifying and quantifying its fixation through the 

hydration time when reacting with a pozzolan. Instead, in the cement pastes a variety of reactions take 

place, among which is the hydration of the C3S and the C2S that besides producing the C-S-H 

produces calcium hydroxide in different proportions, which may originate a possible distortion in the 

quantification through the hydration time (Hewlett P.C., 2004). 
This work evaluates the pozzolanic activity of the Metakaolin and the Ultramarine Blue in lime pastes 

to determine the condition that prevails over the pozzolanic activity in these materials of similar 

silica/aluminum ratio and different crystallographic structure and surface area. 

 

1. Materials y Methods 
 

The materials used were calcium hydroxide from Merck with a determined purity of 93%, Ultramarine 

Blue pigment U-301 produced by Nubiola Colombia Pigmentos S.A, and Metakaolin C08-C chips 

produced by Sumicol S.A.   

The Ultramarine Blue and the Metakaolin were characterized to identify its surface area and its 

chemical composition. The equipments used were an automatic physisorption analyzer Gemini V 

2380, with an initial sample degasification of 1½ h in nitrogen at 200° C followed by 1½ h of void, 

and a X-Ray Fluorescence equipment (XRF) complying with the method of the ASTM C114-03 

standard, in lithium boride pills (B4Li2O7) with an ARL 8680s equipment. 

To quantify the calcium hydroxide fixation, pastes of lime with replacements in weight of 10%, 20% 

and 50% of Ultramarine Blue pigment and Metakaolín were prepared according to the ASTM - C305 

standard  for cement pastes; these in hermetic containers and in a humid environment to be tested after 

1, 3, 7, 14 y 28 days of curing were stored. At the desired age, each sample was macerated with a 



mortar in presence of acetone, then dried in an oven at 60° C and at last sieved through a 75 microns 

(number 200) sieve. Each sample was characterized by X-Ray Diffraction and Thermogravimetric 

Analysis (TG). The X-Ray diffraction was made in reference equipment PANalytical X’Pert PRO 

MPD, in an interval 2θ between 2° y 70°, with a step of 0.02° and an accumulation time of 30 s. The 

Thermogravimetric Analysis in a Hi-Res TGA 2950 Thermogravimetric Analyzer were made, in a 

inert atmosphere of N2, with an aluminum crucible and a sweep speed of 10°/min from 25° to 700° C.  

The percentage of fixated lime was determined using the thermograms, quantifying the mass loss on 

the calcium hydroxide (CH) peak that corresponds to the water released on its dehydration. To obtain 

the amount of CH present in the paste, it was calculated according to the stoichiometry of the reaction 

as (Velazques S., 2002) 
 

CH = (H/PMH)PMCH                                                                                                                              (1) 

 

Where H is the weight loss due to the water and registered on the thermogram, MW the molecular 

weight of whether the water (MWH) or the calcium hydroxide (MWCH). Then for each age it was 

calculated the percentage of fixated lime taking as reference the initial amount of lime in each sample 

as follows:  

 

Fixated Lime = (CHO-CHP)/CH*100                                                                                                      (2) 

 

Where HCo is the initial amount of calcium hydroxide in the sample and HCp is the amount of calcium 

hydroxide at a determined curing time.  
 

2. Results and Discussion 
 

2.1 Characterization of the Ultramarine Blue and the Metakaolin 

Table 1 presents the chemical characterization and the surface area of the Ultramarine Blue and the 

Metakaolin obtained by X-Ray Fluorescence (XRF). 

Table 1. Chemical composition and surface area of the Ultramarine Blue and the Metakaolin 

Compound Ultramarine Blue Metakaolin 
SiO2 39.18 51.15 
Al2O3 25.33 42.11 
Fe2O3 1.49 1.18 
CaO 0.39 0.03 
MgO 0.31 0.59 
SO3 5.73 0.07 

Na2O 18.74 0.22 
K2O 0.82 0.48 
LOI 9.01 3.58 

M.S.* 1.46 1.18 
M.A.* 17.01 35.69 
F.S.C.* 0.30 0.02 

ASS (m
2
/g) 4.20 19.40 

Figure 1 shows the X-Ray Diffraction (XRD) results of the two mineral additions, finding that the 

Ultramarine Blue shows sharper peaks, indicative of a crystalline structure, also peaks of kaolinite that 

were not completely transformed in the synthesis of the pigment; instead, the Metakaolin XRD pattern 

shows certain noise, characteristic of the amorphous phases and peaks of quarts, muscovite and 

kaolinite of low crystallinity. 
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Figure 1: XRD patterns of Ultramarine Blue and Metakaolin.  
UB: Ultramarine Blue, K: Kaolinite, Q: Quartz, M: Muscovite 

2.2 Thermogravimetric Analysis Results 

Figure 2 shows the calcium hydroxide (CH) fixation for the different substitutions of UB and MK 

through the hydration time. As for the MK as the UB the CH fixation increases both with the 

percentage of substitution and the hydration time. Though, for the substitutions of 10% UB and 20% 

UB the fixation is higher at 1 and 3 days than for 10% MK and 20% MK, it tends to stabilize at later 

ages, which indicates that at these ages the UB is the limiting reactant, which has released the sodium 

to change it for calcium, destroying the structure of the pigment as the hydration process takes place. 

After 28 days of hydration 10% UB and 20% UB replacements fixes 28% and 48% respectively while 

10% MK and 20%MK fixes 49% and 50% of the CH available.  

For 50% UB and 50% MK the CH fixation keeps a growing tendency after 28 days of hydration, 

fixating more than 90% of the CH available, this indicates that for this percentage of substitution the 

reaction continues. The CH fixation of the MK is higher than the UB after 7, 14 and 28 hydration days 

for the substitution percentages of 10%, 20% and 50% respectively, therefore the ionic interchange 

reaction that releases the sodium from the UB to fixate the calcium, is more efficient than the 

conventional hydration reaction of the MK at early ages, but at late ages the CH fixation from the MK 

is higher than the UB. 
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Figure 3: CH fixation for UB and MK fixations after 1, 3, 7, 14 and 28 days. 

 

2.3 X-Ray Diffraction Analysis results 

Figure 3 shows the phases registered in the X-Ray diffraction patterns for 50%MK at the different 

hydration ages. It was found a decreasing tendency of the Portlandite (Calcium Hydroxide) peaks with 

the time and an increase in the peaks of the Calcium Aluminates Hydrate (C-A-H), Calcium 



Aluminum Silicates Hydrate (C-A-S-H) and Calcium Silicate Hydrate (C-S-H), which clearly shows 

the evolution of the CH fixation process. This behavior was also seen in the samples of 10% y 20% de 

MK but in minor proportions. 
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Figure 3: X-Ray Diffraction patterns of lime pastes substituted with 50% MK after 1, 3, 7, 14 and 28 

hydrations days. P: Calcium Hydroxide, T: Calcium Silicate Hydrate, A: Calcium Aluminates Hydrate, G: 

Calcium Aluminum Silicates Hydrate, Q: Quartz. 

Figure 4 shows the 50%UB X-Ray Diffraction patterns of 50% UB with the hydration time and 

the phases produced by the destruction of the pigment when reacting with the calcium hydroxide.  
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Figure 4: X-Ray Diffraction patterns of lime pastes substituted with 50% UB after 1, 3, 7, 14 and 28 

hydrations days. P: Calcium Hydroxide, C: Calcite, Y: Gypsum, T: Calcium Silicate Hydrate, UB: 

Ultramarine Blue, GY: Calcium and sodium carbonate hydrate, L: Calcium and sodium aluminum silicate, 

H: Sulfated Calcium and Sodium Aluminum Silicate, F: Calcium and Iron Sulfate Hydrate. 

The Ultramarine Blue pigment (Na8Al6Si6O24S4) when combined with calcium hydroxide (Ca(OH)2) 

and water, triggers an ionic interchange process, which fixes calcium and releases sodium. The 

calcium fixation generates Calcium Silicates Hydrate (Ca5Si6O16(OH)2), while the released sodium 



reacts with the calcium carbonate (CaCO3) product of the carbonation of the lime to form Gaylussite 

(Na2CaCO35H2O), the Ultramarine Blue continues its decomposition through the phase Hauyne 

(Al6Ca2Na6O32S2Si6). This process releases SO4 ions to form gypsum (CaSO42H2O), and due to iron 

traces in the pigment (approximately 2% according to the XRF), it is produced a calcium and iron 

sulfate hydrate (CaFe2S2O9H2O). The hydration process of the UB continues, releasing the full amount 

of sodium ions present in the Hauyne phase, becoming a calcium and sodium aluminum silicate 

(Na5Ca5Al5Si2O8), that continues to liberate sodium and allows the calcium aluminates to react with 

the gypsum hydrate to generate Ettringite (Ca6Al2(SO4)3(OH)1226H2O), and possibly at later ages to 28 

days will form Gehlenitte (Calcium Aluminum Silicates Hydrate).   

The Ettringite is only seen after 3 days and only on the X-ray Diffraction patterns of 50% UB, which 

indicates that the amount al aluminum available in the substitutions of 10% y 20% is not enough to 

form Ettringite. 

Conclusions 

 

 The calcium hydroxide fixation for both Metakaolin and Ultramarine Blue increases with the 

substitution percentage and the hydration time. 

 For the 50% UB and 50% MK the calcium hydroxide fixation keeps a growing tendency at 28 

days, fixating over 90% of the CH available, this indicates that for these substitution 

percentages the reaction is still taking place. 

 The pozzolanic reaction through the ionic interchange, which allows the releasing of the 

sodium from Ultramarine Blue, to fixate calcium, is more efficient than the hydration reaction 

of the Metakaolin, at the different substitution percentages; nevertheless the Ultramarine Blue 

is surpassed for the Metakaolin at higher ages. 

 The Ultramarine Blue fixes a higher amount of calcium hydroxide than the Metakaolin at 

early ages due to its capacity of ionic interchange, classifying the pigment as a non 

conventional pozzolan with a high early activity despite high crystallinity structure and a low 

surface area, showing that the chemical composition of a pozzolan is the prevailing property 

when fixating calcium hydroxide occurred. 

 

Recommendations 

 

Tests at greater ages than 28 days should be conducted to verify to the formation of Gehlenitte in the 

samples of Ultramarine Blue/Lime, and evaluate the stability of the phases formed, to guarantee the 

sodium fixation in the crystalline phases produced and prevent a possible alkali-silica reaction with the 

aggregates in concretes or mortars. 
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Abstract 

Alkali-activated cement attracts increasing attention due to its low carbon emission and its consumption of solid 
waste; however, its high tendency to crack is one of the limiting factors to its utilization. In this paper a new type 
of magnesia modification alkali-activated cement was prepared, the strength, setting time, shrinkage ratio and 
cracking behavior, as well as the composition and structure of hydration product of it were investigated in this 
paper; the composition and structure of hydration product of this alkali-activated cement were observed, its 
hydration process was also studied. The results indicated that the setting time of this cement is similar to the 
ordinary commercial cements; its strength reaches the standard of 42.5 degree cement, its cracking resistance 
has been remarkably improved because of the micro-aggregate effect of fly ash and shrinkage compensating of 
magnesia. 

ORIGINALITY:In this paper a new type of alkali activated slag and fly ash cement modified by light burn 
magnesia was invented, the light burn magnesia can hydrate rapid and have no effect on the soundness of the 
cement, but the expansion resulted by it can compensate the shringkage of the alkali activated slag and fly ash 
cement, to of  this cement has very low carbon emission. 

CHIEF CONTRIBUTIONS: 
In this paper a new type of low carbon emission and low shrinkage cement was prepared; 
The optimum proportion of this cement was studied; 
Properties of this cement were studied; 
The hydration product and microstructure of this cement was studied. 

Key words: alkali-activated cement; crack; magnesia; volume stability; hydration 
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1. Introduction 

The Portland cement (PC) is the mostly used artificial materials, the carbon emission from cement 
industry accounts for 10% of the total carbon emission caused by human activity (Gartner, E., 2004) , 
the research and development on an alternative cementious material become highly valued because of 
the increasing greenhouse effect and resource depletion(Shi,C.et al.,2006). Alkali-activated cement 
reduces carbon emission and energy consumption, saves natural resource, recycles industrial solid 
waste, and it is a new approach to the sustainable development of cement industry(Roy,D.M.et 
al.,1982); Considered as a future cementious material(Palomo, A. et al., 1999), it has become one of the 
hottest researches in recent years. However, alkali-activated cement also presents some drawbacks 
such as rapid setting, higher formation of salt efflorescence, dusting at the surface, high shrinkage and 
crack tendency (Wang, S. et al., 1995). The first two problems can be solved with adjusting modulus, 
adding admixture or propel curing process, but there were not good solution for the dusting at the 
surface, high shrinkage and crack tendency (Collins, F. and Sanjayan, J.G., 2000a,2000b). Weiguo Shen, 
etc. ( Shen, W.G. et al., 2008) studied on cracking and shrinkage mechanism of alkali-activated cement 
with contrast of multi-scale microstructure between alkali-activated cement and OPC. In this paper, 
the cracking- resistance alkali-activated cement can be produced by adding a certain amount of 
reactive magnesia (MgO) in alkali-activated cement (Shen, W.G. et al., 2009), it is a type of low carbon 
emission cement also. In this paper, setting time, strength, volume stability of its magnesia 
modification alkali-activated cement was studied, and its hydration process and microstructure was 
explored with X-ray diffraction (XRD) and scanning electron microscope (SEM) to learn its 
anti-cracking mechanism.  

2. Experimental procedure 

2.1 Raw materials 

(1) GGBS (ground granulated furnace slag): GGBS obtained from Gezhouba Cement Company Ltd, 
the chemical composition is shown in Table 1;  
(2) OPC (Ordinary Portland cement), OPC is produced by Huaxin Cement Company Ltd; the 
chemical composition is shown in Table 1;  
(3) Fly ash: FA obtained from Yangluo Power Plant, its chemical compositions was shown in Table 1;  

                            Table 1 Composition of raw materials                    w/% 

Material Al2O3 CaO MgO K2O Fe2O3 MnO SiO2 SO3 TiO2 f-CaO

Slag 15.50 38.14 9.14 0.43 1.70 0.31 32.69 1.73 0.70 — 

Cement 4.85 65.66 2.61 — 3.36 — 21.78 0.58 — 1.00 

Fly ash 28.05 2.65 1.03 — 8.85 0.04 48.91 0.86 2.15 — 

(4) Activator: a water-glass with a SiO2 /Na2O ratio of 2.4 produced by the Jianghe Chemical Plant in 
Wuhan was used in this test. The sodium hydroxide with a purity of 96% produced by the Tianjin 
Chemical Plant was used to adjust the SiO2/Na2O ratio to 1.0. 
(5) MgO: A type 85 light burnt dolomite from Dashiqiao in Liaoning was used. The X-ray diffraction 



pattern of the light burnt dolomite is shown in Figure. 1.  
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Figure 1 The X-ray diffraction pattern of the light burnt dolomite 

2.2 Specimen preparation 

The sample is preparation by grinding the GGBS, fly ash and magnesia together with a ball grinder 
(Φ500mm×500mm), the 0.08mm sieve residue of the cement samples was controlled below 2.0%.  

2.3 Test method 

(1) The consistency, setting time and soundness were tested according to the Chinese national 
standard GB/T1346-2001.  
(2) The strength of the cement mortar was tested according to 
the Chinese national standard GB/T17671-2005 (ISO method). 
(3) The shrinkage ratios of mortar at different drying age were 
measured according to standard JC/T603-2004. 
(4) An oval ring contraction device[8] was used to restrain the 
shrinkage of an oval–ring shaped specimen surrounding it. The 
oval ring test is shown in Figure 2.                            Figure 2 The oval ring cracking test   
(5) A scanning electron microscope produced by JEOL Company (JSM-5610LV) was employed to 
measure surface morphology of specimens.  
(6) The mineral composition of hydration products in cement specimen was determined with Cu Kα1 
radiation in the 2θ ranging from 5°to 60°by means of D / Max-RB rotating anode X-ray diffraction 
made by the Rigaku Corporation. 

3. Results and discussion 

3.1 Effect of fly ash on alkali-activated slag cement 

The setting time and strength of alkali-activated cement with different proportion of slag to fly ash are 
listed in Figure 3, the activator contents of alkali-activate cement are 8%. 

It is very clear that the water requirement for normal consistency of cement paste increased with the 
increase of the fly ash, this mainly because the density of the fly ash is lower than the slag, more 
water is needed to disperse the particles with higher fly ash content because there are more particles in 
unit weight of cement. The initial setting time reduced with the increase of the increase of fly ash, this 
is mainly because a small amount of high activity fine particles in the fly ash reacted with the sodium 
hydroxyl very fast and then the fluidity of the paste reduced very soon. 



 
 
 
 
 
 

Figure 3  Properties of AAFS 
While the final setting time increased a little when the fly ash content is 30%, then the final setting 
time begun to deduce but when the fly ash content is as high as 60%, the setting time begun to 
increase again, the complicit variation of the final setting time related to complicit reaction velocity 
between the activator and the fly ash or slag. The strength of the cement deduce with the increase of 
the fly ash, when the fly ash content is more than 40%, strength decreased significantly because the 
activity of fly ash is much lower than the slag. When the ratio of slag/ fly ash is 70:30 or 60:40, 
strength of alkali-activated fly ash/slag cement can achieve the strength standard of grade 42.5.  

3.2 Effect of magnesia on alkali-activated fly ash/slag cement 

Reactive magnesia cements is a new serial of cements based on magnesium oxide (MgO) that were 
proposed by J.Harrison and which consist of mixtures of a reactive MgO powder blended with a 
hydraulic cement and also a pozzolan (Collins, F. and Sanjayan, J.G., 2000a). In the reactive MgO 
cements, it is claimed that the MgO contributes to the strengthening of the cement by reacting with 
water to form magnesium hydroxide (Mg(OH)2 or brucite), brucite will form MgCO3 • 3H2O 
(Nesquehonite) as rod-like and fiber-like because of carbonation(Vandeperre, L.J. et al., 2008). Mg(OH)2 
and MgCO3 • 3H2O with high specific surface area is very dense and favorable for strength enhancing, 
and it acts as carbon dioxide fixation agent. In this paper the Magnesia is used in the alkali activated 
slag fly ash cement. Figure 4 shows properties of the magnesia modification Alkali-activated fly ash 
slag cement (MAAFS). 

Figure 4 indicated that the water requirement for normal consistency of cement paste varied a little 
when the reactive magnesia was added in. The setting time changed a little. Strength increased in  
 
 
 
 
 
  
 
 

 Figure 4 Properties of MAAFS 
early term, and it didn’t vary significantly at 28 days, especially, the strength of MAAFS mixed with 
16% MgO improved. The strength of the MAAFS could reach the strength standard of 42.5, and the 
Magnesia given the alkali-activated cements a character of negative carbon dioxide emission. 

3.3 Drying shrinkage  

http://dict.cnki.net/dict_result.aspx?searchword=%e8%87%b4%e5%af%86&tjType=sentence&style=&t=dense
javascript:showjdsw('jd_t','j_')


Figure 5 illustrates the dry shrinkage ratio of AAS, AAFS, MAAFS and OPC at different drying ages. 

Figure 5 illustrated that the shrinkage ratio of cement increased with drying age, and became stable 
finally after 60 days of storage in the dry 
environment. The shrinkage ratio of Portland cement 
was the lowest one but that of the AAS was highest. 
When the fly ash was added in the AAS the 
shrinkage became lower become the little glass ball 
of the fly ash acted as the micro-aggregate and 
increase the volume stability of the cement. If 
reactive MgO was added in the AAFS the shrinkage 
deduced further, because of the expansion of the 
reaction of reactive MgO with water to form 
Mg(OH)2. The shrinkage ratio of MAAFS  with 
10% magnesium was close to OPC .                  Figure 5 The shrinkage ratio of different cement 
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3.4 Cracking test  

The results of the oval ring cracking test are given in Table 2. 

Table 2 The oval ring cracking test of different cement 

Cracking time/h 
Material crack width/mm 

Initial Final 
AAS 46 64 0.44 

AAFS 71 85 0.40 
MAAFS 102 114 0.32 

OPC 240 320 0.14 

The results in Table 2 indicate that crack resistance of OPC cement was the best one, then the 
MAAFS with 10% magnesium took the second place, and the AAS had a strong tendency to 
shrinkage and crack. Because the reactive MgO formed the prism-like Mg (OH) 2 after hydrating and 
results in expansion, the expansion partially compensates the shrinkage of AAS so the crack resistance 
of MAAFS with 10% magnesium was better than other alkali-activated cement.  

2.5 Microstructure of MAAFS 
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(e)MAAFS（×10000，3d）                             (f)MAAFS（×5000，28d） 

Figure 6 Scanning electron microscope (SEM) images of different cement 
Figure 6 shows low scanning electron micrographs of fracture surfaces of all types of samples at 3 and 
28 days. Figure 6(a) illustrated some C-S-H gel and unhydrated slag while the C-S-H gel became 
denser in 28 d (Figure 6.b), many cracks could be found in the AAS. The surface of fly ash was 
obvious slightly corroded by alkali (Figure 6.c) while at 28 d, fly ash had been obvious corroded 
(Figure 6.d), the dense C-S-H could be found in the paste. Figure 6(e) shows that hydration has 
resulted in the formation of prism-shaped magnesium hydroxide (Mg(OH)2, Brucite) and the dense 
C-S-H gel in MAAFS with 10% magnesium in 3 d. The 28 d of MAAFS was denser than hydration of 
3 d and some crack could be seen in the paste, some fly ash remained unreactivated (Figure 6.f). 

3.6 Phase analysis of MAAFS    
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(a) 3d                                        (b) 28d 
Figure 7 X-ray diffraction (XRD) patterns of different cement 

Figure 7 shows the X-ray diffraction patterns of AAS, AAFS and MAAFS respectively（3、28d）. 
Some C-S-H (Calcium silicate hydrate) and gehlenite were found in AAS in 3d and 28 d, the C-S-H is 



amorphous phase so the peaks for it was very weak, the gehlenite is a main crystal phase in slag. 
Some gehlenite, mullite and quartz were found in the sample of AAFS at 3d and 28d, mullite and 
quartz were the main crystal phase from fly ash. Beside those peaks in AAFS were found, there were 
also some MgO and Mg (OH) 2 in 3d sample of MAAFS, some MgCO3 could be seen in the 3d and 
28d sample, the characteristic peak of MgCO3 increases with the curing time of the paste, some 
MgCO3 came from the light burnt dolomite, and some MgCO3 was the product of carbonation of Mg 
(OH) 2, the carbonation of magnesia contributes to strength development of the cement (Liska, M. and 
Al-Tabbaa, A., 2008). The remaining fly ash particle acts as micro-aggregate which reduces the 
shrinkage of MAAFS, the hydration of MgO to form Mg (OH) 2 results in very significant expansion 
can compensate the shrinkage of the cement paste.  

4. Conclusions 

(1) The water requirement for normal consistency of cement paste and setting time of MAAFS is 
close to OPC, and strength of MAAFS can reach the standard of 42.5 grade cement. 
(2) Shrinkage rate of MAAFS is less than the shrinkage ratio of AAFS and AAS, but it is higher than 
that of OPC. The crack resistance is slightly worse than OPC, but it is much better than AAS.  
(3) The expansion of magnesium and micro-aggregate effect of fly ash contributes to the volume 
stability of MAAFS.  
(4) The main hydration products MAAFS are C-S-H and Mg(OH)2 and MgCO3, some crystal phase 
gehlenite, mullite and quartz come from slag or fly ash. 
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Abstract 

The temporal hardening of a binary colloidal suspension is studied by atomistic modeling of the microstructural 

evolution and its effects on shear stiffness. Our first goal is to determine the extent to which an idealized model of a 

two-component nonreactive system can describe the rheological behavior at the onset of hardening.  The challenge is to 

devise a method allowing the microstructure of the suspension to evolve under specified conditions and, simultaneously, 

extract an effective shear modulus as an indicator of aging.  We use molecular dynamics for both evolution and 

property calculation, although separate simulations are performed.  Because molecular dynamics has limitations 

concerning the time interval it can cover, we are in the process of introducing an activated state technique capable of 

reaching macroscopic time scales.  

 

The second purpose of this study is to consider how the atomistic insights can guide us to probe the mechanisms 

controlling the hardening of cement slurries.  Comparing the simulation behavior with experimental results obtained by 

ultrasonic attenuation, we see analogous features of hardening in two stages separated by a significant interval.  

However, in view of current understanding of cement cohesion and the role of the binder phase, calcium-silicate-

hydrate, it is clear that further modeling is needed to adequately describe the second setting.  Thus this paper should be 

regarded as a first step toward quantifying the molecular-level dynamics of cement setting.   

 

Our colloidal model uses potential functions describing the interactions between the solvent (species A) and the solute 

particles (species B).  The A-A, B-B, and A-B interactions have isotropic repulsive and attractive components.  In 

addition the B-B interactions have a directional component to describe preferential bonding of soft spheres with sticky 

points on their surfaces. The particle mass, concentration, and interaction parameters are treated as adjustable in 

demonstrating the capability of the model to describe the two-stage hardening.  Results, obtained from simulations 

carried out using nondimensional variables, show hardening in distinct stages: an initial stage corresponding to the gel 

formation of species A, an induction period during which species B migrates, and a second stage associated with 

percolation of B clusters. The establishment of the reference colloidal model means a systematic study of size, mass, 

and concentration of the particles can be carried out. Additional model refinements which will be incorporated in 

future work are heterogeneous concentration effects (dissolution and nucleation at the clinker surface) and activated-

state kinetics to follow the evolution in macroscopic time scales.   

 

ORIGINALITY: We are not aware of any previous attempts to model the full kinetic evolution of cement setting using 

an explicit particle model with effective interactions.  Our approach is also inspired by a similar phenomenon in the 

study of stress corrosion cracking where a corresponding three-stage behavior also manifests.  Even if our approach is 

not the first attempt, we believe that no previous atomistic simulation has captured the three-stage behavior that we are 

presenting.    

 

CHIEF CONTRIBUTIONS: Cement setting has long been a grand challenge to the cement chemistry community; it 

continues to drive both fundamental and applied research efforts.  This singular phenomenon also poses challenges to 

the materials science community.    Our study is notable for its conceptual basis focused on microstructural evolution, 

allowing a common appreciation of complex materials phenomena, such as viscous flow in glasses and thermal creep in 

metals, from a unified perspective.  Our work may be seen as a contribution toward bridging the cement chemistry 

(which knows the problem) and the materials modeling and simulation (which is developing emerging concepts and 

tools) communities via a novel statistical mechanics analysis of a reference colloidal model. 

 

Keywords: setting, colloids, molecular dynamics, incubation, hardening 
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1. INTRODUCTION 

 

Colloidal suspensions, granular materials, and glass forming liquids are systems in which the 

dynamics can slow down drastically that the system effectively becomes rigid.  If the temperature, or 

density, is the state variable driving this behavior, the phenomenon would be known as the glass 

transition (Stillinger1995, Dyer2006), or the jamming transition (Biroli2007, Rycroft2007). In more 

complex scenarios, one can have dramatic manifestations in rheological behavior such as the 

hardening of cement pastes (Lootens2004).  To our knowledge there has been little discussion of 

issues of   microstructure evolution common to phenomena traditionally regarded as different, such as 

the aging of gels (Anseth1994, Normand2000), the propagation of crack tips during stress corrosion 

cracking (Ciccotti2009), and cement setting (Lootens2004). 

 

In this work we study the microstructural evolution of a binary colloidal suspension and its 

effects on the shear modulus by molecular dynamics simulations.  Our model is quite simple in 

composition, the solvent consists of smaller and lighter particles while the solute particles are larger 

and heavier.  Both solvent and solute particles interact through potentials which have a two-body 

component, while the solvent-solute and solute-solute interactions also have a many-body component 

which depends on the local environment (and therefore directionally dependent).  We show that with 

the present set up the effective shear modulus of the suspension, extracted by a separate shear-flow 

simulation, increases with increasing time in a two-stage pattern resembling the setting kinetics of a 

cement paste.  Upon analyzing the atomic configuration results we find the early-stage strength 

increase is associated with the solvent particles forming a gel.  This is followed by a dormant or 

induction period during which the modulus remains substantially unchanged while the solute particles 

evolve toward clustering.  Eventually this gives way to a second and even stronger modulus increase 

due to percolation of solute clusters.  We believe the overall collective behavior observed here could 

be common to a class of physico-chemical processes in soft condensed matter.  For application to 

cement setting, the present colloidal model is admittedly too simple.  It is known that clinker phase 

dissolution and precipitation of the calcium silicate hydrate (C-S-H) phase in the cement paste play 

critical roles in the setting (Jonsson2005).  To take these phases into account explicitly, one can either 

extend the present description or adopt a different approach which is also based on atomistic 

calculations (Mosero2010). 

 

2. ATOMISTIC MODELING OF A BINARY COLLOIDAL SUSPENSION 
 

Our binary mixture model describes sticky interactions previously used for the study of 

network forming colloids (DelGado2010). The interatomic potential consists of a two-body term and a 

many-body term, 
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Here ri is the position of particle i, rip is the position of particle p relative to particle i which is a vertex 

of the icosahedron circumscribed in a sphere with center ri and radius    
  and the sum over p goes 

over all twelve vertices of that icosahedron.   and   denote the type of particle for i and j respectively, 

i.e. A (solvent) or B (solute) particles. All the parameters used in the model are given in Table 1 below 

which is for a demixing suspension.  The Lennard-Jones part of the potential is truncated at a radius of 

       in all cases. This model thus describes particles A and B as soft spheres with attraction and 

repulsion, and in addition particles B interact with a direction-dependent term used as a surrogate for 

more complex chemical binding. Our simulations are performed starting with a random mixture of A 

and B particles chosen stochastically such that the average concentration is given by 

 

                                                                        
  

     
                                                            (5) 

 

Parameter X XAA XAB XBA XBB 

    1.0 0.5 0.5 2.5 

    2.0 3.2 3.2 2.8 

   0.0 0.1 0.1 0.5 

   0.4 0.6 0.6 1.0 

  0.43 0.43 0.43 0.43 

 n1=18 n2=10 n3=12 n4=8 
Table 1. Parameters for the demixing binary colloidal model. 

 

The masses of the particles are chosen such that 
  

  
   

   
  

   
   

 

. The system is equilibrated at low 

temperature and spatially divided into three regions: two boundary layers and a bulk region. The 

system is then relaxed at a temperature of T = 0.6 by attaching the particles in the boundary layer to a 

Nosé-Hoover [Hoover1980] thermostat with relaxation time          , where      
         

  
 is 

the characteristic LJ time. The simulations started at a low volume fraction of        , the volume 

is then allowed to relax at zero pressure until a volume fraction of        is reached, after which 

simulations continued at a fixed volume. Shear moduli at time t are calculated by taking the atomic 

configurations of the colloidal suspension at zero stress at various intervals of the aging simulations 

and extracting an effective shear modulus of the suspension at those times.  This is done by using each 

configuration as the starting point of an MD simulation in which a shear rate is imposed on the 

suspension and obtaining the stress response as a function of strain rate (Shiba2010).  The effective 

shear modulus G(t) at that time interval of aging is then taken to be the slope of the stress versus 

strain-rate curve in the elastic regime.  The simulations are carried out in nondimensional variables  

 

3. HARDENING BEHAVIOR OF A COLLOIDAL SUSPENSION 

 

Figure 1 shows the temporal evolution of G(t) for our colloidal model. One sees an increase of 

the shear strength of the suspension in two stages.  To interpret the variation at each stage, we examine 

the atomic configurations generated during the MD simulations at various time instants when shear 

deformation was carried out.  We find the initial G(t) increase is associated with an enhanced local 

ordering of the solvent particles which we have determined by calculating the radial distribution 

function and seeing the peaks becoming sharper as time evolves.  We interpret this structural 

hardening to be a form of solvent gelation.  The conditions of our study (particular choice of values for 

the parameters) are such that an appreciable incubation period, a delayed interval between the first 

G(t) increase and a second increase, is obtained.  Corresponding to the latter strength increase we find 

atomic configurations suggesting the solute particles have had sufficient time to move through the 

solvent (and under mutual attraction) to form a percolated network, see Fig. 2 (d).  Thus the hardening 
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kinetics behavior of a nonreactive binary mixture can have two stages of strength increase separated 

by an induction period.   We believe this behavior is quite generic for a class of physical phenomena, 

in particular, we suggest it is relevant to cement setting. 

 

 

 

 
 

Figure 1. Temporal evolution of the effective shear modulus in a reference binary demixing colloidal model.    

 

 
 
Figure 2. Atomic configurations of the reference binary colloidal model (c = 0.2) during hardening: a) System 

starts at a low density configuration. b) Suspension densifies rapidly as a gel of A particles (white) forms. c) B 

particles (blue) start migrating and clustering. d) A percolated network of B particles forms. e) B network 

dominates the stiffness of the system. The A particles in the bulk region have been made invisible in (e) to 

facilitate visualization of the percolated network. 
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4. ANALOGY WITH CEMENT SETTING 

 

The possible mechanisms underlying the phenomenon of cement setting continue to be a question that 

is not fully resolved (Lootens 2004, Jönsson 2005, Bullard 2010).  There appears to be general 

consensus that in the initial stage of setting, the formation and evolution of calcium-silicate-hydrate 

(C-S-H) play an important role, while the detailed mechanisms of dissolution and precipitation and 

growth are not established.  For the purpose of the present discussion, a relevant, though incomplete, 

scenario may be taken as follows (Jonsson 2005). 

 

When cement powder is mixed with water to form a cement paste the clinker phase, grains of C3S, 

starts to dissolve.  In the boundary layer surrounding each grain the solution quickly becomes 

supersaturated with C-S-H (CaO-SiO2-H2O) and other complexes such as calcium sulfoaluminate 

hydrate (ettringite) which then begin to precipitate out locally.  This causes the local pH to change as 

the chemical-microstructure evolves.  During the initial stage the paste gains stiffness.  It is believed 

that here the clinker grains act collectively in the presence of increasing concentration of C-S-H 

somewhat like a gel.  The system then enters an incubation stage with little change in strength until the 

onset of the second setting with the strength rising even more strongly. The physical nature of the 

onset of high strength remains to be clarified. 

 

Fig. 3 shows a cement setting curve obtained by ultrasonic attenuation measurements (Lootens 2004).  

One sees clearly the two stages of hardening separated by a considerable time interval.  In the first 

stage the strength increases to a modulus of order 10 MPa, and in the second stage the modulus is of 

order GPa.  Thus the microstructure of the paste evolves from a liquid-like substance (no stiffness) to 

that of a soft solid (first stage) and then to that of a stone-like material. The interpretation of this 

experimental result is a challenge, to which the present study, based on atomistic simulations, is only a 

first step.  

 

 

 

 
 

 
Figure 3.  Shear modulus of a slurry (w/c = 0.8) measured by ultrasonic attenuation showing two stages of 

hardening (Lootens 2004). 

 

Comparison of Fig. 1, the effective shear modulus G(t) determined by  two coupled MD simulations, 

microstructure evolution and shear-flow response, with Fig. 3, the  shear modulus G”(t) measured by 

acoustic attenuation, brings out notable similarities and differences.  It is encouraging that both results 
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show similar overall behavior consisting of two stages of hardening separated by a substantial interval 

of relatively small change in stiffness.  On the other hand, Fig. 3 is plotted in log-log scale while Fig. 1 

is linear-log scale.  Thus the strength increase is much stronger in the experiment than the colloidal 

model.  This suggests that the interparticle interactions, Eqs. (1) through (3), assumed for the colloidal 

particles are not adequate representations of the strong ionic forces that operate in actual cement 

microstructure (Jönsson2005, Delville1997, Pellenq1997).   Work is underway to address this issue.  

Meanwhile a different model of setting based on effective interparticle interactions is being developed 

which shows the ability to capture the second stage setting in Fig. 3 (Mosero 2010). 

 

5. DISCUSSION 

 

We have initiated a multiscale simulation approach to modeling cement setting.  The work presented is 

based on a binary demixing colloidal suspension model in which solvent and solute particles interact 

through two-body forces as well as many-body forces which are dependent on local environment 

(solute only).  Molecular dynamics simulations are used to follow the microstructural evolution and to 

determine an effective time-dependent shear modulus.  The results show an overall hardening behavior 

in the form of two setting stages separated by an incubation stage.  These results are interpreted as 

arising from solvent gelation and solute percolation mediated by solute transport.  The qualitative 

behavior of our model corresponds to an experimental setting curve measured by sound attenuation. 

However, further work is needed to assess the quantitative connection in the magnitudes of the 

experimental and simulated moduli.  Additionally, in this assessment the time scales of the simulation 

need to be expressed in real units such as seconds.  It is anticipated that molecular dynamics 

simulations will need to be extended to incorporate activated processes in order to reach the actual 

time scales where setting occurs (Kushima2009, Monasterio Velasquez2010).  These issues are being 

addressed in the continuing work.  We also note a parallel effort to develop an interaction-based 

treatment of C-S-H nucleation and growth is giving promising early results on understanding the 

second setting stage in Fig. 3 (Masoero 2010). 
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Abstract 
Global warming, caused by the emission of greenhouse gases, is now a serious problem. CO2, which accounts 
for about 60% of greenhouse gas emissions, has increased by about 80% between 1970 and 2004. Accordingly, 
reductions in CO2 emissions are now being demanded around the world. The cement industry is a major 
emitter of CO2, owing largely to the pyroprocessing of raw materials such as limestone in the production 
process: manufacturing 1000 kg of cement results in the emission of 800 kg of CO2. The cement industry has 
attempted to reduce CO2 emissions by increasing manufacturing efficiency and utilizing waste materials. 
However, achieving large reductions in future CO2 emissions is difficult. 
Moreover, larger and more durable concrete structures are sought, and the demand for high-strength concretes 
is increasing. However, high-strength concretes require large amounts of cement, and thus result in large 
amounts of CO2 emissions. High-strength concretes also have a high heat of hydration and undergo large 
autogeneous shrinkage, which may result in degradation of concrete structures, for example, crack formation.  
In this research, we aim to develop clinker-free concrete (CFC) that does not require Portland cement. In this 
experiment, fly ash and blast furnace slag were used as the main materials. In addition, anhydrous gypsum was 
used to control autogeneous shrinkage, and was mixed with calcium hydroxide as an alkali activator. The CFC 
was found to have compressive strength greater than 60 N/ｍｍ2 after 28 days of water curing at 20 °C. 
Moreover, it was confirmed that CFC also has enough freezing and thawing durability as well as carbonation 
durability. 
 
Originality 
Aimed to reduce CO2 emissions and cost, research has been carried out on the use of fly ash and blast furnace 
slag as substitutes for cement. However, the compressive strength of the concretes developed in past research is 
generally below 60 N/mm2. Moreover, the durability of these concretes is poor. High-quality fly ash is also 
currently required. Because of these drawbacks to the existing concretes, their scope and contribution to the 
efficient use of resources are limited. On the other hand, the CFC developed in the present study has high 
compressive strength of higher than 60 N/mm2, as well as sufficient durability. Moreover, low-quality material 
can be used to produce CFC, thus contributing to the efficient use of resources. 
 
Chief contributions 
The developed CFC does not use cement. Therefore, the CFC is expected to lead to a substantial reduction in 
CO2 emissions. Moreover, since CFC has high compressive strength and high durability, its scope is wide. 
Therefore, CFC is expected to be useful for various situations. The material used to produce CFC is low-quality 
industrial waste, the use of which contributes to the effective use of resources. Our hope is that CFC can play a 
role in addressing various global problems. 
 
Keywords: clinker free concrete, high-strength concrete, durability, fly ash, blast furnace slag, CO2 
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Introduction 
In recent years, a reduction in the amount of resources required for infrastructure construction has 
been demanded. Moreover, minimizing the life cycle cost of a structure serves to reduce CO2 
emissions. The use of high-strength concrete allows for miniaturization and increased durability of 
structural components, thus leading to reductions in life cycle cost. Furthermore, as the height and 
durability of concrete structures progress, it is expected that the demand for high-strength concretes 
will increase further. To ensure the high strength and durability of concrete components, the 
hardening structure of concrete must be well-controlled. However, when large amounts of cement are 
used in the production of high-strength concrete, the environmental load is high. In cement 
manufacturing, CO2, which is a greenhouse gas, is discharged in large quantities. Among sectors of 
the Japanese economy, the manufacturing industry in general, and the cement industry in particular, 
account for 46% and about 4% of CO2 emissions, respectively. To manufacture 1000 kg of cement, it 
is supposed that the total amount of CO2 emissions is 800 kg, including materials, fuel and other 
sources1). For this reason, if the use of Portland cement can be reduced through the effective 
utilization of fly ash and blast furnace slag, which are industrial by-products, reductions in CO2 
emissions can be realized.  
Under this situation, some new cements composition those are more environmentally suitable have 
been studied recently. One of them is so-called alkaline cement and it is produced by alkali activating 
silico-aluminous materials. The research on the mixture of metakaolin and calcium hydroxide shows 
the main reaction product is a sodium aluminosilicate. Additionally, the formation of CSH gel as a 
secondary product is also observed2,3). Another one of them is Geopolymer4). Some experiments 
about it were performed on blended cements containing 30% Portland cement and 70% fly ash. The 
powdery material was mixed with two different alkaline solutions for alkaline activation. The 
mechanical strength developed by this blended cement differed significantly depending on the 
hydrating solution used. And the all cases consisted of a mixture of amorphous gels (C-S-H + 
N-A-S-H gel).  
In this paper, as materials for concrete, fly ash with low quality is used. At present, high-quality fly 
ash, but not low-quality fly ash, can be utilized. If low-quality fly ash can be used more extensively, 
it would be beneficial for reducing waste and ensuring efficient resource utilization. And usual blast 
furnace slag is also used. In regard to very fine blast furnace slag, large amounts of energy are 
required for pulverization; therefore, the use of usual blast furnace slag would an effective approach 
to reducing the environmental load. In this paper, it is aimed to achieve high strength more than 
60N/mm2 and enough durability. And it is discussed the basic characteristics of concrete made 
without Portland cement (hereinafter, clinker-free concrete (CFC)), which consists mainly of 
low-quality fly ash and usual blast furnace slag (specific surface area: 4000 cm2/g grade), which are 
industrial by-products. 
 
 
Experimental Investigation 
Materials 
The materials in this experiment are listed in Table 1. 
For comparison, ordinary Portland cement (OPC) and high-strength pre-mixed cement (HSPC) were 
used, and a comparison with the physical properties of CFCs was investigated. The quality of the fly 
ash used in this study is shown in Table 2, classified according to the JIS A 6201. Moreover, the 
quality of the blast furnace-slag is shown in Table 3. Because CFCs do not contain cement, calcium 
hydroxide is not generated. Therefore, it is possibility that the Pozzolanic reaction will be inhibited. 
Accordingly, to accelerate the reaction, we used a multi-porous slaked lime (hereinafter, slaked lime) 
with a high specific surface area of 43 m2/g because the lime is considered highly reactive. Moreover, 
anhydrous gypsum was also used to control self-shrinkage. 
 
Mixing conditions and powder composition 
The mixing conditions used in this research are shown in Table 4, the powder composition is shown 



in Table 5, and the concrete mixture proportion is shown in Table 6. Considering past research on 
super-high-strength concrete5), we set the water-powder ratio to 20%, the sand-powder ratio to 32%, 
and the absolute volume percentage of coarse aggregate (Xv) to 37.5%. Varying amounts of a 
high-range water-reducing agent were added and adjusted to have a slump flow rate of 650 ± 50mm. 
An anti-foaming agent was also used, and the amounts were adjusted such that the air content was 
2.0% or less. 
 
 
Elements of the experiment 
Fresh properties 
 
Mixing time 
A twin-shaft Mixer unit with nominal capacity of 100 L was used for concrete mixing. The procedure 
was as follows: mortar having sufficient fluidity was first mixed and then coarse aggregate was 
added to the mixture. Mixing was performed until concrete was produced. Before mortar mixing, 
powder and fine aggregate were mixed for 60 s, and water and high-range water-reducing agent was 
added thereafter. The time period that elapsed until mixed material was no longer observed and the 

Table 1. Materials 

Item Symbol Material
Density
(g/cm³)

FA4 Fly ash IV 2.20

BS4
Blast-furnace slag

(Specific surface 4000 cm²/g)
2.90

TK
Multi-porous slaked lime

(BET Specific surface 43 m²/g)
2.24

AG Anhydrous gypsum 2.90
Water W Tap water 1.00
Fine

aggregate
S Crushed sand 2.63

Coarse
aggregate

G Crushed stone 2.63

SP
High-range water-reducing agent

(Polycarboxylic acid ether)
1.08

DF
Anti-foaming agent

(Polyalkylene glycol conductor)
1.00

OPC Ordinary portlamd cement 3.16
HSPC High-strength pre-mixed cement 2.99

Powder (P)

Admixture

Comparison

 
Table 2. Quality of FA4 

over 45.0 52.2
below 1.0 0.01
below 5.0 2.1
over 1.95 2.20

Residue on 45-μm
sieve (%)

below 70 ―

Blaine specific
surface area

(cm²/g)
over 1500 1920

over 75 104
Day 28 (%) over 60 78
Day 91 (%) over 70 88

Testing requirement

SiO2 (%)
Moisture (%)

Ignition loss (%)
Density (g/cm³)

JIS A 6201
Class Ⅳ

FA4

Flow ratio (%)
Activity
 index

Fineness

Table 3. Quality of BS4 

over 2.80 2.90
over 3000

below 5000
4400

Day 7 (%) over 55 67
Day 28 (%) over 75 92
Day 91 (%) over 95 105

below 3.0 0.8
over 95 99

MgO below 10.0 6.0
SO3 below 4.0 0.0
Cl- below 0.02 0.006

Blaine specific
surface area (cm²/g)

Testing requirement
JIS A 6206
Class　4000

BS4

Density (g/cm³)

Flow ratio (%)

Activity
 index

Ignition loss (%)

Chemical
composition

(%)
 

Table 4. Mixing condition 

650 ± 50 below 2.0 20 32 37.5

Xv
(%)

Slump floｗ (mm)
Air content

(%)
W/P
(%)

S/P
(%)

 
Table 5. Powder composition 

F A 4 B S 4 T K A G
C F C - 1 2 0 6 5 1 0 5
C F C - 2 4 0 4 5 1 0 5
C F C - 3 2 0 6 0 1 0 1 0

M ix t u r e N o . P er c e n ta g e  b y  w eig h t  (% )

 
Table 6. Mixture proportion of concrete 

W HSPC FA4 BS4 TK AG S G

CFC-1 174 ― 174 565 84 43 278 986 1.05

CFC-2 169 ― 337 379 84 42 270 986 1.15

CFC-3 174 ― 174 522 84 87 278 986 0.95

HSPC 184 919 ― ― ― ― 294 986 0.85

Mixture No.
SP
(%)

Composition of concrete mixtures (kg/m³)



mortar acquired adequate fluidity, as determined by visual observation, was measured and taken as 
the mixing time. 
 
Slump flow test 
This test was conducted according to the JIS A1150 “Slump Flow Testing Method for Concrete.” 
Air content test 
This test was conducted according to the JIS A1128-1999 “Testing method under fresh concrete 
pressure (air chamber pressure method).” 
 
Hardening properties 
Compressive strength test 
This test was conducted according to the JIS A1108 “Testing Method for Compressive Strength of Concrete”. 
Released from the mold, the specimen was cured in air (for 1 day of aging) and in water (for 3, 7, 28, and 91 
days of aging) prior to determination. 
 
Autogeneous shrinkage test 
This test was based on the “Cement paste, mortar, autogeneous shrinkage, and self-expansion test 
method (proposal)” specified by the JCI autogeneous shrinkage committee. After demolding, 
measurements were performed on days 3, 7, 14, 21, 28, 42, 56, 70, and 91. 
 
Drying shrinkage test 
This test was based on the JIS A 1129-3 “Length change test method of mortar and concrete (the dial 
gage method).” A 10 cm  10 cm  40 cm rectangular specimen was used. Measurement was started 
after water curing for 7 days at 20 °C. Drying was performed at 20 °C and humidity of 60%. 
Measurements were performed on days 1, 3, 7, 14, 21, 28, 42, 56, 70, and 91. 
 
Simple adiabatic temperature rise test 
Concrete was poured into a cylindrical mold of Φ100 mm × 200 mm, and a thermocouple was 
embedded in the central part of the specimen. The specimen was sealed within a polyethylene bag, 
and placed into a simple insulated container made of polystyrene foam. The temperature in the 
container was controlled at 20 °C, and the temperature at the center of the specimen was measured 
with the thermocouple. 
 
Alkali-silica reaction test 
This test was based on the JIS A 1146 “Alkali-silica reaction test (the mortar bar method).” 
In this test, the fine aggregate was Pyrex glass, which contains abundant silica, and thus should 
accelerate the alkali-silica reaction. The conditions under which the mortar was mixed are shown in 
Table 7. The compositions of powders used in the test were CFC-3, OPC, and HSPC. 
 
Test for freezing and thawing resistance of concrete 
This test was based on the JIS A 1148 “Test for freezing 
and thawing resistance of concrete method.” 
The test was carried out using the underwater method. 
 
Accelerated carbonation test 
Water curing of the specimen was 
carried out at 20 °C for 28 days after 
demolding. Then, the specimen was 
stored in a temperature- and 
humidity-controlled room for 56 
days at 20 °C and 60% relative 
humidity. Moreover, the 4 faces 

Table 7. Conditions for mixing mortar 

250 ± 50 be low 2.0 20 32

Morta r f low (mm)
A ir c ont ent

(% )
W/P
(% )

S /P
(%)

Table 8. Test results for fresh properties 

CFC-1 1.05 0.02 665 6.0 1.2 18.0

CFC-2 1.15 0.02 695 9.0 1.0 17.0

CFC-3 0.95 0.02 690 6.5 1.0 17.0

HSPC 0.85 0.02 665 4.0 0.7 16.0

Mixing time
(min)

Air content
(%)

C.T
(°C)

Mixture No.
SP
(%)

DF
(%)

Slump flow
(mm)



except the side when pouring concrete were covered with 
epoxy resin. Condition of carbonation was based on JIS A 
1153. The depth of carbonation was measured by 
fracturing the specimen, spraying the fracture surface with 
phenolphthalein, and measuring the uncolored areas where 
carbonation had occurred. Measurements were performed 
at 1, 4, 8, 17, and 26 weeks. 
 
 
Results and Discussion 
Fresh properties 
The fresh properties test results are shown in Table 8. 
In comparison with HSPC, CFCs tended to require a 
greater amount of high-range water-reducing agent (SP) in 
order to obtain the target slump flow. Moreover, mixing 
time was higher for the CFCs. This phenomenon is 
presumably ascribable to the fact that the slaked lime used 
as an accelerator of the CFC Pozzolanic reaction is highly 
porous and thus retains much water. CFC-2 required an 
especially long mixing time as well as greater addition of 
SP. Moreover, handling of CFC-2 was also the worst. 
Fly ash generally consists of spherical hard particles, and 
is supposed that it have effect on the workability of fresh 
concrete and reduction of water content. However, FA4 
used in this research is low quality, and because the 
ball-bearing effect on fluidity was insufficient, it is thought 
that the SP addition rate of CFC-2 increased. 
 
Hardening properties 
Compressive strength 
The compressive strength are shown in Figure 1. 
The tested CFCs were water cured at 20 °C, and were 
found to have compressive strength of greater than 
60 N/mm2 at age of 28 days. Differences of powder 
composition were found to have some effects on strength 
at an early age. However, similar strength was found at age 
of 91 days. Therefore, the effects of differences of powder 
composition are considered small. The compressive 
strength at early age was highest for CFC-1. This mixture 
contains a large amount of blast furnace slag, which has a 
larger specific surface area in comparison with fly ash. 
This was thought to lead to rapid formation of the 
hydration product. 
 
Autogeneous shrinkage test 
The autogeneous shrinkage test result is shown in Figure 2. It is found that the tendency for 
autogeneous shrinkage distortion of CFCs to become large in comparison with HSPC. This is 
attributable to the fact that HSPC has high early strength. 
 
Drying shrinkage test 
The measurement results for drying shrinkage strain are shown in Figure 3. Among the tested CFCs, 
the drying shrinkage strain of CFC-3, which contained the most AG, was small because of the 
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generation of ettringite. Moreover, in CFC-2, which 
contained the most FA4, the hydration reaction became 
slow, and drying shrinkage became large because the 
amount of non-hydrated constituents increased. 
Moreover, CFCs exhibited greater drying shrinkage than 
HSPC. 
 
Simple adiabatic temperature rise  
The temperature change at the center of the specimen in 
the simple adiabatic temperature rise test is shown in 
Figure 4. It is found that peak temperature is much lower 
for the CFCs compared with HSPC. This can be attributed 
to the lower amount of heat generated by hydration in the 
case of the CFCs. In past research6), the highest 
temperature increase during curing at 20 °C was about 
68 °C in the concrete with compressive strength of 
60 N/mm2, which was made using OPC. The increase in 
the central temperature of the CFC specimens differed 
only slightly depending on powder composition. Therefore, 
it is considered that CFCs can be used to control the 
generation of heat in concrete. 
Containing FA4 and BS4, CFC-1 had a peak temperature 
lower than the others. As a result, among the CFCs, the 
specimen that used BS4 is considered to generate reduced 
heat of hydration. Moreover, a result with high hydration 
heat was obtained: thus, mixtures can be prepared with a 
ride range of AG amounts. 
 
Alkali-silica reaction 
The results of the alkali-silica reaction are shown in Figure 
5. Expansion of the mortar caused by the alkali-silica 
reaction becomes larger in proportion to the amount of 
alkali in the mortar. In CFC, as compared with mixing of 
OPC, the expansion caused by the alkali-silica reaction 
was not found. The alkali concentration the concretes 
decreased; thus, without cement, the alkali-silica reaction 
is difficult. Moreover, when HSPC was used, compared 
with OPC, the rate of expansion rapidly became small. On 
the other hand, in the case of CFCs, the autogeneous 
shrinkage was larger than that HSPC, but it is thought that 
the CFC indicates high alkali-silica reaction resistance, 
similar to the resistance of HSPC. 
 
Test for freezing and thawing resistance of concrete  
The results of a test examining the freezing and thawing resistance of concrete are shown in Figure 6. Concrete 
using OPC with compressive strength of about 45 N/mm2, made without an air-entraining admixture, was used 
for comparison. As shown in Figure 6 for the concrete using OPC, the dynamic modulus of elasticity became 
60% or less after 150 cycles. Generally, in normal concrete, the required durability is such that air content is 
about 5%. On the other hand, only CFC-3 exhibited little reduction of the dynamic modulus of 
elasticity, and high resistance to freezing and thawing action was confirmed. The major difference 
among CFC-1, CFC-2, and CFC-3 was the amount of AG. CFC-3 contained more AG; thus, it had the 
highest resistance to freezing and thawing, owing to the hydration of AG during hardening. 
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Accelerated carbonation test  
Changes in the depth of carbonation are shown in Figure 7. 
From Figure 7, CFC-1 and CFC-2 exhibited advanced 
carbonation from age of 8 weeks. On the other hand, CFC-3 
exhibited from 17 weeks. Moreover, carbonation of CFC-2 
was the most advance at 26 weeks while the progression of 
carbonation became slower for CFC-3. Moreover, by past 
research7), it has been reported that the depth of carbonation 
is about 13 mm at 26 weeks for normal concrete with 
compressive strength of 40 N/mm2 at age of 4 weeks. 
Although compressive strength was different, it is thought 
that CFC had adequate carbonation resistance.  
In this research, the micro structure is formed via the 
Pozzolanic reaction of fly ash, and thus calcium hydroxide is 
consumed. Therefore, the pH of the concrete decreases, and 
it is thought that carbonation advances easily. All mixtures contained the same amount of slaked lime, 
and in CFC-3, the reaction of FA4 and BS4 was optimized. Since the hardening structure became 
well controlled, it is thought that the carbonation occurred to a lesser extent in CFC-3. 
 
 
Conclusions 
In this research, the following knowledge was acquired about CFCs. 
It was found that CFCs develop compressive strength of more than 60 N/mm2 after 28 days water 
curing. 
Since the autogeneous shrinkage and drying shrinkage of CFCs was low at an early age. 
Compared with HSPC, the heat generated by hydration of CFC was remarkably small. 
It was found that CFCs had sufficient alkali-silica reaction resistance. 
For the powder composition of CFC-3, resistance to freezing and thawing action was found to be 
sufficient. 
For the powder composition of CFC-3, depth of carbonation and the coefficient of carbonation speed 
were smallest. 
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Effects of Metakaolin or Silica Fume on Hydration of Cement-Admixtures 
Blended Systems 
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Abstract 
This paper mainly investigated the influence of metakaolin or silica fume on the mechanical performance and 
hydration behaviour of cement-admixtures blended systems containing expansive admixture and superplasticizer. 
With metakaolin or silica fume, both compressive and flexural strength of cement-admixture blended systems 
increases. Restrained expansion of mortar containing metakaolin or 10% silica fume also increases, on the 
contrary, it decreases when mortar is incorporating 20% silica fume. Induction period shortened, the main 
exothermic peak and the peak of ettringite formation appeared earlier, and the heat liberating rate trended to 
slower when metakaolin or silica fume added into the cement-admixtures blended systems. Portlandite in the 
hydration product reduced when there was metakaolin or silica fume in the Systems. The formation of ettringite 
was promoted and the shape of ettringite turned to hexgonal pillar-liked in the cement-admixtures blended 
systems with metakaolin. While there was no obvious influence on the formation of ettringite in the cementitious 
system with silica fume, except the shape of ettringite in the hydrated cement became long pillar. Both mortar of 
cement-admixtures blended systems with metakaolin and silica fume seemed to be less porous, and amount and 
morphology of the hydrated products varies with the existing metakaolin or silica fume in cement-admixtures 
blended systems.  
 
Originality 
The paper investigated the hydration of cement-admixtures blended systems incorporated superplasticizer, 
expansive agent and supplementary materials such as silica fume and metakaolin, which seldom concerned by 
other researchers. But as a matter of fact, this cement-admixtures blended systems is commonly used in concrete 
engineering. 
 
Chief contributions 
The investigation reveals the effect of silica fume and metakaolin on the hydration of cement-admixtures blended 
systems incorporated expansive agent, especially on the effect of amount of hydration product such as ettringite 
and portlandite, may guide the usage of supplementary materials and expansive agent in concrete engineering.  
 
Keywords：metakaolin; silica fume; cement-admixtures blended systems ; heat evolution of hydration; hydrated 
products 
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1. Introdution 
 
High reactivity supplementary materials become one of the most essential constituents in modern 
concrete, especially in high strength and high performance concrete. Silica fume and metakaolin, the 
former is a by-product extracted from the exhaust gases of silicon, ferrosilicon and other metal alloy 
smelting furnace, and the latter is the product of kaolinite calcined during 600~900℃ (Wang Zhiyong 
et al. 2007.), are recognized as two supplementary materials with best reactivity in cement and 
concrete industry. Properties of cement, mortar and concrete incorporated silica fume were 
investigated a lot in the past 30 years, the results shows that mechanical and durability properties 
benefitted much from silica fume (M. Mazloom, 2001. G.A. Rao, 2001 and M.G. Alexander, 1999). 
Strength of cement mortar and concrete increased with proper amount of silica fume, especially 
long-term strength could increase 15% or even more. Durability, such as chloride-ion duffusion, 
sulfate resistance, corrosion resistance, alkali-aggregate reaction also improves when silica fume 
added. Metakaolin attracts people’s attention in recent years, and excellent properties manifested by 
metakaolin are thought to be similar to silica fume, in some properties even superior to the later (J. 
Ding , 2002. M.A. Caldarone, 1994. Fang Yonghao, 2003. B.B. Sabir, 2001. and L. Courard, 2003.). 
Admixtures are important ingredient in modern concrete production, and the most popular admixture 
in concrete engineering are superplasticizer and expansive admixture in China. However, few reports 
available focused on the hydration of cement-admixture-supplementary materials systems. This paper 
investigates the influence of two supplementary materials----metakaolin and silica fume on the 
mechanic performance and hydration of cement-admixture blended systems. 
 
2. Experimental 
 
2.1 Materials 
Portland cement used was composed of 95% (in mass) commercial clinker and 5% gypsum, with a 
specific surface area (Blaine) of 350 m2/kg. Metakaolin used was a kind of industrial active 
metakaolin product, with the reactivity index (according to GB/T 18736-2002) of 113% and fineness 
of 1250 mesh. Silica fume used here was a kind of densitified product provided by Elkem Silicon 
Materials, with bulk density of about 500kg/m3 and specific surface area about 15000 m2/kg. A kind of 
calcium sulfoaluminate-based expansive admixture provided by Zhongyan Special Engineering 
Materials company in the experiment, and FDN which is a kind of naphthalene sulfonate 
superplasticizer widely used in concrete production in China also used. Chemical composition of all 
the raw materials except FDN shows in table 1. 

Table 1: Chemical composition of raw materials /wt% 
Materials LI SiO2 Al2O3 Fe2O3 CaO MgO TiO2 Na2O SO3 SUM

Portland Cement 0.52  20.97  4.93 3.76 62.72 1.81 - 0.83  2.47  98.01 
Metakaolin 0.91 52.31 45.23 1.68 0.29 0.30 0.65 0.07 - 101.44
Silica Fume - 94 1.2 0.7 0.2 0.2 - 2.0 - 98.3 

Expansive admixture 1.72 19.80 18.31 1.98 23.11 3.17 - 0.32 30.63 99.02
2.2 Experimental Procedure 
Blended samples were mixed according to the proportion in table 2, each blend mixed for half an hour 
by a rotating mixter to ensure the homogeneity and dispersion. 

Table 2: Mixture proportion of raw materials/wt% 
sample Portland Cement Metakaolin Silica Fume Expansive agent Superplasticizer
control 100 0 0 8 0.8 
MK10 90 10 0 8 0.8 
MK20 80 20 0 8 0.8 
SF10 90 0 10 8 0.8 
SF20 80 0 20 8 0.8 



Strength, restrained expansion ratio, heat evolution, and XRD, DSC/TG, SEM of hydrated products 
were measured as the following procedures. 
Strength determination Strength of cementitious blends mortar specimens were carried out according 
to National Standard GB/T 17671-1999 Method of testing cements-Determination of strength. 
Restrained expansion ratio measurement Specimens with length of 140 mm and reinforcement ratio 
of 0.78% were prepared according to JC 476-2001, and 7 days and 28 days restrained length of 
specimens were measured by a vertical length comparator in order to determine restrained expansion 
ratio. 
Heat evolution of hydration An TAM Air microcalorimeter with 8 channels were used for heat 
evolution determination, testing condition was at 20℃ isothermal.  
X-ray Diffraction Paste hydrated for 3 days and 28 days at 20℃ ground with ethanol in agate mortar, 
and then dried in a vacuum drying chamber at 50℃ for powder X-ray diffraction. A Rigaku Dmax III 
diffractometer with Cu Kα radiation was used, and the XRD data acquired from 5° to 65° 2θ with a 
scan speed of 4°/min and a step size of 0.02°. 
DSC/TG Paste powder acquired as X-ray diffraction. A Netzsch STA 449 C Jupiter instrument was 
used for thermal analysis, from room temperature (20℃) to 800℃ at a constant temperature raising 
rate of 10℃/min in an atmosphere of nitrogen. 
SEM Fresh section of mortar specimens were dried and coated with carbon film, and a KYKY 2800B 
scanning electronic microscope was used for microscopic examination. 
 
3. Results and Discussion 
 
3.1 Strength and restrained expansion ratio 
Strength results in table 3 shows that both compressive and flexural strength of cement-admixtures 
blended systems increases drastically with the addition of metakaolin or silica fume, especially the 28 
day strength increases about 30%. The strength enhancing effect of metakaolin and silica fume may 
mainly due to microfilling effect and pozzolanic effect, the former one makes paste more densified and 
the latter one means more hydrated products such as CSH gel which contributing to strength produced 
in the paste. Cementitious blends with the same replacement level, whatever with metakaolin or silica 
fume, almost have the similar strength value at all test ages. Strength results indicate that in the 
cementitious system of cement-supplementary materials-expansive agent-superplasticizer system, 
metakaolin have similar contribution with metakaolin to the strength.  
Effects of the two supplementary materials on restrained expansion ratio are more complicate. It can 
be seen from table 3, mortar with more metakaolin shows greater expansion, both 7 days and 28 days. 
And this means metakaolin in the system promoted expansion generation of expansive agent. 
Restrained expansion of blend mortar increased slightly with 10% silica fume replacement level of 
cement, but decreased when the replacement level comes to 20%. This phenomenon can be explained 
by that, silica fume can promote the expansion of expansive agent, but it also bring with greater 
shrinkage, promotion of expansion is dominating with small amount of silica fume, but shrinkage 
becomes dominate with large amount of silica fume. 

Table 3: Strength and restrained expansion ratio blends mortar 
Compressive strength/MPa Flexural Strength/MPa Restrained Expansion ratio/% 

sample 
3 days 28 days 3 days 28 days 7 days 28 days 

control 35.44 53.07 6.63 8.47 0.022 0.041 
MK-10 40.18 68.67 7.45 10.03 0.033 0.049 
MK-20 40.05 73.72 7.43 10.24 0.043 0.058 
SF-10 41.33 71.38 7.19 11.53 0.03 0.048 
SF-20 39.95 73.25 6.97 12.39 0.019 0.034 

3.2 Heat evolution of hydration  
Figure 1 shows the first 72 hours heat evolution of cement-admixtures blended systems containing 



metakaolin and silica fume. It can be seen from figure 1(a) that induction period reduces from 10 
hours to 4~5 hours when metakaolin replaced part of cement in the blend systems, and the exothermic 
peaks appears earlier and the shape becomes broader and lower which indicates exothermic intensity 
of early hydration decreasing. It is generally recognized that the shoulder peaks behind the main 
exothermic peaks in cement exothermic curves mainly contribute by the formation of ettringite (H.F.W. 
Taylor, 1997. and Shen Wei et al, 1991.), and all the blended systems containing calcium 
sulfoaluminate-based expansive admixture, which generates expansion in hydration process mainly for 
the volume increase with ettringite formation, the shoulder peaks must be cuased by formation of 
ettringite, the results of hydrated products analysis (see 3.3) also supports this point indirectly. With 
the metakaolin replacement raising, the shoulder peak brings forward and the peak shape becomes 
narrower. This phenomena indicates that metakaolin in the blends makes ettringite form earlier and 
more concentrate, in other words, metakaolin promotes the formation of ettringite during hydration 
process of the blends.  
Heat evolution versus time for cement-admixtures blended systems with silica fume shows in figure 
1(b). Exothermic peaks of blends with silica fume change the same way with metakaolin except 
shoulder peaks. Shoulder peaks shows earlier with the silica fume replacement increasing, just the 
same as blends with metakaolin. However, with silica fume increasing, the shoulder peak seems to be 
more and more difficult to be found out. The variety trend of shoulder peaks in blends with silica fume 
indicate that silica fume make the formation of ettringite earlier, but the addition of silica fume lessens 
the concentration of Al-containing phase (such as C3A and C4A3 S ), as a result the ettringtite is diluted 
and the ettringite formatting peaks become more and more unobvious.  
Data in table 4 shows 72 hours cumulative exothermic heat of blend samples. It is can be seen that 
with cement replacement level of 10%, whatever metakaolin or silica fume replacement, seems not 
affect much on 72 hours cumulative heat, just around 220J/g. However, a relatively high replacement 
level of 20% decreases the total heat liberated in the first 72 hours, and blends with metakaolin 
decreases more than with silica fume. 

0 20 40 60
0

1

2

Time of hydration/h

H
ea

t e
vo

lu
te

d/
(m

W
/g

)

 Control
 MK10
 MK20

main peaks

shoulder peaks

  
0 20 40 60

0

1

2

Time of hydration/h

H
ea

t  
ev

ol
ut

ed
/(m

W
/g

)

 control
 SF10
 SF20

main peaks

shoulder peaks
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Figure 1: Hydrating heat evolution of cement blends with metakaolin or silica fume 
Table 4: Cumulative heat of blend samples liberated in 72 hours 

sample control MK10 MK20 SF10 SF20 
Heat liberated in 72 h.r.(J/g) 220.43 221.38 202.79 222.93 215.59 

3.3 Hydrated products and microstructure 
3.3.1 XRD Determination 
Figure 2 presents the XRD patterns of cement-admixtures blended systems cement-admixtures 
blended systems  hydrated for 3 days and 28 days. It can be seen from the patterns that the main 
crystal phases are unhydrated clinker, portlandite and ettringite. Peaks of Portlandite (d=0.267, 0.490 
and 0.193nm) in patterns of paste with supplementary materials are much weaker, when comparing 
with that of control blend, both hydrated for 3 days and 28 days. The decreases of portlandite in the 
paste with supplementary materials can be explained as the pozzolanic reaction consumed portlandite 



produced by clinker phases hydration, and dilution effect of supplementary materials to the clinker 
hydrated pahses could be another reason.  
In the patterns of hydrated paste with metakaolin, intensity of portlandite and unhydrated clinker peaks 
decrease obviously with the metakaolin amount in the system increasing, however, the peaks of 
ettringite (d=0.972, 0.560 and 0.465nm) vary in a contrary way, the intensity of ettringite peaks 
enhances, both in the paste hydrated for 3 day and 28 days. The behavior of ettringite peaks suggests 
that metakaolin in the blend systems promoted the formation reaction of ettringite, maybe part of 
metakaolin invert to ettringite phases after a series of reaction. Previous achievement (M. Murat, 1983) 
proposed 3 hydration reactions of metakaolin with portandite and water, and the hydrated products 
were CSH and C4AH13 or C3AH6 or C2AH8, respectively, and all the three kinds of aluminate hydrates 
can convert to AFt when enough gypsum is available.  
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Figure 2: XRD patterns of hydrated cement blends 
To XRD pattens of the paste with silica fume, peaks of protlandite and unhydrated clinker shows the 
same trends with that with metakaolin, but the ettringite diffraction peaks goes in a different way. The 
ettringite peaks get stronger with 10% silica fume, but get weaker with 20% silica fume, which agrees 
well with the results of restrained expansion ratio. The reason of this may be pozzolanic reaction of 
silica fume consumed hydrated products of portlandite and accelerated the hydration velocity of 
cement minerals, therefore the formation of ettringite accelerated too.  
3.3.2 Simultaneous Thermal Analysis 
TG/DSC curves of paste with metakaolin or silica fume hydrated for 28 days are shown in figure 3. 
Referring to previous research (N.J. Coleman, 2000. and P.S. de Silva et al, 1990.), characteristic 
thermal transitions for each hydrated products are as follows: the broad and deep peak during 
90~140℃ is mainly due to dyhydration of C-S-H gel and ettringite, the peak during 400~440℃ is due 
to dyhydration of portlandite, and the small peak during 660~690℃ correspond to the decarbonation 



of calcium carbonate which formed from hydrated products reacting with CO2 in the atmosphere. 
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Figure 3: DSC/TG of cementitious blends pastes with metakaolin and silica fume 
It can be seen from DSC/TG curves that endothermic peaks during 90~140℃ enlarging with 
supplementary materials replacement level in the blend systems raising. And when the replacement 
level are the same (10% or 20%), this peak of hydrated blends with silica fume seems greater that that 
with metakaolin. According to previous results of XRD, it is clear that hydrated blends with 
metakaolin form more ettringite than that with silica fume (see 3.3.1). So, the reason of 90~140℃ 
peak of hydrated blends with silica fume larger than that with metakaolin mainly dues to pozzolanic 
reaction of silica fume with portlandite which formed more C-S-H gel. From the TG curves, it can get 
the same conclusion.  
3.3.2 Microscopic Analysis 

   
(a) Control                      (b) MK10                      (c) SF10 

Figure 4: SEM Images of blends mortar 
Typical microstructural pictures of mortar of cement-admixtures blended systems shows as in figure 4. 
Compared to the microstructure of control mortar, MK10 specimen and SF10 specimen shows 
different features. Pores in mortars with supplementary materials seems to more difficult to be found 
than that in control mortar, and this means mortars with both supplementary materials are more 
densitified. The morphology of hydrated products such as ettringite and CSH gel in different mortar 
also shows some difference. Lots of platelike portlandite distributes in control mortar (figure 4(a)), 
slenderly acicular ettringite crystals grown in the micropores without any order. In mortar with 
metakaolin, a great many columnar ettringite crystal bundles can be observed (figure 4(b)). The 
appearance of ettringite in SF10 is fairly different with that in control spicemen, they seems to be 
thicker and shorter (have bigger L/D ratio), and also much more in amount. In the silica fume blend 
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mortar (figure 4(c)), large scale of C-S-H gel (small fiber clusters in shape), and needlelike ettringite 
crystals dispersed in the whole area uniformly. Changes of amount of hydrated phase such as C-S-H 
gel, and variation of hydrated products morphology could be the main reason that the performance of 
mortar or concrete of Cement-Admixtures Blended Systems with metakaolin or silica fume enhanced. 
 
4. Conclusions 
 
(1) Both compressive and flexural strength increases with supplementary material replacing part 
cement in cement-admixture blended systems. Restrained expansion of mortar containing metakaolin 
or 10% silica fume also increases, on the contrary, it decreases when mortar is incorporating 20% 
silica fume. 
(2) Comparing to control blend, all blends containing metakaolin and silica fume have shorter 
induction period, earlier main exothermic peak and ettringite forming peak. The 72 hours’ total heat 
liberated by the blend system with 10% supplementary materials is almost the same level with control 
blend, while it is much lower when 20% metakaolin or silica fume added to the systems. 
(3) Metakaolin promotes the formation of ettringite cement-admixtures blended systems, while silica 
fume seems have no accelerating effect on it. 
(4) Microstructural result shows that pores decreased and morphology of hydrated products such as 
ettringite varies in mortar with metakaolin or silica fume. 
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Abstract 

Premature deterioration of concrete made with ordinary Portland cement (OPC), caused by sulfuric acid attack in 

sewers, has recently become a serious problem, and an alternative material to OPC is needed to solve this problem. 

Calcium aluminate cement (AC) has superior sulfuric acid resistance compared with OPC. However, a problem with 

AC is reduction of strength and durability in the long term, due to conversion of the hydrated products. It has been 

reported that the conversion and reduction of strength of AC can be prevented by addition of granulated blast furnace 

slag (BFS). The main hydrate product of AC with BFS is stratlingite (2CaO•Al2O3•SiO2•8H2O, C2ASH8), which is stable 

and highly durable. By using BFS, the disadvantage of AC is resolved. The present study describes the protective 

mechanism of hardened AC with BFS toward sulfuric acid attack, compared with OPC. 

The replacement ratio of BFS to AC was 40 mass%. The water to cement ratio was 0.5. Specimens were cured in water 

at 20°C for 28 days. After curing, hardened samples were immersed in a bath of 5 mass% H2SO4 solution for 7 days. 

The mass change and the neutralized depth of H2SO4 were measured. Products of hardened cements were examined by 

XRD, FT-IR. Cross section of hardened cements were observed by SEM and EDS. 

The mass change of AC with BFS was much smaller than that of OPC. Ca(OH)2 and C-S-H are mainly produced from 

hardened OPC. After immersion, a layer of gypsum and SiO2 gel is formed by the reaction of H2SO4 and Ca(OH)2 or C-

S-H on the surface. Many cracks occur within the surface layer because very large expansion is associated with 

formation of gypsum. SiO2 gel protective layer separates from the surface due to the expansion. 

CAH10 C2ASH8 and Al(OH)3 are mainly produced by hardened AC with BFS. On immersion in 5% H2SO4 solution, a 

layer of gypsum, Al(OH)3 gel and SiO2 gel is formed by reaction of H2SO4 with these hydrated products on the surface. 

Protective layers containing SiO2 gel and Al(OH)3 gel remain on the surface because these reactions are accompanied 

by only slight expansion.  

 

Originality 

The originarity of this paper is the discussion of protective mechanism of hardened AC with BFS toward sulfuric acid 

attack. Sulfuric acid deterioration of OPC is caused by expansion when Ca(OH)2 became gypsum. The surface 

containing SiO2 gel layer is lost by failure due to expansion, and fresh surface is continually exposed. The main hydrate 

of hardened AC with BFS is C2ASH8. The fraction of volume change is 1.15 when C2ASH8 reacts with H2SO4 and 

gypsum is produced. SiO2 gel is stable in H2SO4 solution. Al(OH)3 gel neutralizes acid when the pH is lower than 4. The 

surface layer containing SiO2 gel and Al(OH)3 gel acts as a barrier to prevent penetration and attack of H2SO4 solution. 

 

Chief contributions 

This paper describes the deterioration mechanisms of hardened OPC attacked by H2SO4 and the protective mechanism 

of hardened AC with BFS. Especially, it is clear that the remained layer containing Al(OH)3 gel and SiO2 gel is 

protected layer in H2SO4 attack of hardened AC containing BFS. In addition, conversion of hydrated products is not 

occurred in AC with BFS. AC with BFS cement is very useful for the H2SO4 resistance. 
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1. Introduction 

 

Premature deterioration of concrete made with ordinary Portland cement, caused by sulfuric acid 

attack in sewers, has recently become a serious problem, and an alternative material to ordinary 

Portland cement is needed to solve this problem. Calcium aluminate cement, whose main component 

is monocalcium aluminate, has superior early strength, fire resistance and sulfuric acid resistance 

compared with ordinary Portland cement (Scrivener et al, 1999). Calcium aluminate cement is being 

considered for use as a covering or main material in sewer systems. However, a problem with Calcium 

aluminate cement is reduction of strength and durability in the long term, due to conversion of the 

hydrated products. It has been reported that the conversion and reduction of strength of Calcium 

aluminate cement can be prevented by addition of granulated blast furnace slag (Majumder et al, 1990 

and 1992). The main hydrate product of Calcium aluminate cement with blast furnace slag is 

stratlingite (2CaO•Al2O3•SiO2•8H2O, C2ASH8) (Hirose and Yamazaki, 1991), which is stable and 

highly durable. By using blast furnace slag, the disadvantage of Calcium aluminate cement is resolved; 

we have reported that Calcium aluminate cement with blast furnace slag has excellent sulfuric acid 

resistance (Okuyama et al, 2004). However, there are many uncertainties still to be resolved. 

The present study describes the protective mechanisms of hardened Calcium aluminate cement with 

blast furnace slag toward sulfuric acid attack, compared with ordinary Portland cement. 

 

 

2. Experiment 

 

2.1. Materials 

The physical properties and chemical composition of the calcium alumina cement No.1 (JIS R 2521, 

AC), ordinary Portland cement (OPC) and blast furnace slag (BFS) that were used are given in Table 1. 

The replacement ratio of BFS to AC was 40 mass% (hereafter referred to as ACBB). 

 
2.2. Specimens 

The water to cement ratio was 0.5 in paste, and the specimen size was 20×20×80 mm. The water to 

binder ratio was 0.5, the binder to JIS standard sand ratio was 1/3 in mortar, and the specimen size was 

φ50×100 mm. After curing in moist air for one day, the molds were removed and the specimens were 

cured in water at 20 °C for 28 days. 

After curing, the mortars and pastes were 

immersed in a bath of 5 mass% sulfuric acid. 

The solution volume was 10 ml per cm
2
 surface 

area of specimen. The mortars were immersed 

for 28 days and the sulfuric acid bath was 

replenished with fresh solution at 7-day intervals. 

The pastes were immersed for 7 days. 

 

2.3. Test of resistance to sulfuric acid 

The resistance of mortar to sulfuric acid was 

evaluated from the appearance and mass change. 

Table 1: Physical properties and chemical composition of materials 

 Density Fineness Chemical composition/mass% 

 /g･cm-3 /cm2･g-1 CaO Al2O3 SiO2 MgO SO3 TiO2 K2O Fe2O3 Na2O T-Cl 

AC 3 4950 36 55 3.7 - - 3 - 1 - - 

OPC 3.13 3300 64.3 5.6 21.3 1.7 2 0.2 0.38 3 0.23 0.01 

BFS 2.91 4150 43.5 14.4 32 5.7 2.5 0.7 0.4 0.3 0.2 - 

 

Figure 1: Cross-section of hardened ACBB after 

immersion in 5% H2SO4 solution. 



The neutralized depth was calculated from the initial area, and the area colored red by spraying with 1 

mass% phenolphthalein solution in alcohol. In the area not colored, the hydrated products and 

unhydrated products had reacted with penetrated H2SO4 and a neutralization reaction occurred. 

 

2.4. Analysis of paste 

The cross-section of hardened ACBB after immersion in 5% H2SO4 solution is shown in Figure 1. The 

white portion and the red portion that was colored by spraying with phenolphthalein solution were 

observed for both OPC and ACBB. Also, a very thin brown colored boundary portion was observed 

between the white portion and the red portion as shown in Figure 1. A boundary portion, a white 

portion and a red portion were cut off with a diamond cutter. The products in each portion were 

examined by XRD and FT-IR. A backscattered electron image (BEI) of the polished cross-section of 

the boundary sample was observed by SEM, and elemental mapping was done by EDS. 

 

 

3. Results and discussion 

 

3.1. Resistance to sulfuric acid 

The mass changes of mortars immersed in 5% H2SO4 solution are shown in Figure 2. The mass of 

OPC decreased rapidly soon after immersion, and after 28 days the fractional mass change was -42.7%, 

whereas the mass change of ACBB was only -4.8%. The neutralized depth of hardened mortar in 5% 

H2SO4 solution is shown in Figure 3. For a 7-day immersion period, the neutralized depth of ACBB 

was slightly larger than that of OPC, but the neutralized depth of ACBB did not increase in the later 

stages. Immersion for 28 days gave neutralized depths 3.2 and 5.7 mm for ACBB and OPC, 

respectively. The appearance of OPC mortar after immersion in 5% H2SO4 solution was drastically 

changed, with loss of material from the surface. By contrast, the appearance of ACBB was only 

slightly changed after immersion in 5% H2SO4. Thus ACBB was clearly more resistant than OPC to 

attack by 5% H2SO4. 

 

3.2. Backscattered electron image 

The BEI of the boundary sample of hardened OPC after immersion in 5% H2SO4 solution is shown in 

Figure 4. The sample face that was immersed is the left side in Figure 4. Cracks are visible at 

boundary, and a porous structure is apparent in the red portion near the boundary. Loss of material 

from the surface of OPC mortar, during immersion in H2SO4, is due to the cracks in the boundary 

region. 

Figure 2: Mass change of hardened mortars 

in 5% H2SO4 solution. 
Figure 3: Neutralized depth of hardened 

mortar in 5% H2SO4 solution. 



The BEI of the boundary sample of hardened ACBB after immersion in 5% H2SO4 solution is shown 

in Figure 5. No cracks are visible, hence material was not lost from the surface of ACBB mortar 

during immersion in H2SO4, and the mass change was small.  

 

3.3. Products 

The XRD patterns of hardened OPC and ACBB before immersion in 5% H2SO4 solution shown in 

Figure 6 indicate that Ca(OH)2, C-S-H, ettringite and monocarbonate were present in hardened OPC. 

Monocarbonate was produced by the reaction of limestone powder as a mineral admixture in OPC. 

C2ASH8, CAH10, C3AH6 and gibbsite were formed in hardened ACBB. The peak for C3AH6 was very 

small. Conversion of CAH10 to C3AH6 was prevented and C2ASH8 became main product by adding 

BFS. 

The crystalline products were identified by XRD for each sample after immersion in 5% H2SO4 

solution. Gypsum was detected in the white portion of immersed OPC, gypsum and ettringite in the 

boundary portion, and Ca(OH)2, C-S-H, ettringite and monocarbonate were detected in the red portion. 

The peak for C-S-H was confirmed with difficulty in the boundary portion because it overlapped the 

gypsum peak. Gel products were detected by FT-IR. Several peaks at 1005, 1040 and 1080 cm
-1

 

assigned to the Si-O stretching vibration in C-S-H and SiO2 gel were observed in the boundary portion. 

SiO2 gel is produced by reaction of C-S-H and H2SO4. 

Figure 4: BEI of hardened OPC after 

immersion in 5% H2SO4 solution. 

Figure 5: BEI of hardened ACBB after 

immersion in 5% H2SO4 solution. 

Figure 6: XRD patterns  of hardened pastes 

before immersion. 
Figure 7: FT-IR spectra of ACBB boundary simple after 

immersion in 5% H2SO4 solution. 



For ACBB immersed in 5% H2SO4 solution, gypsum was detected in the white portion, gypsum, 

CAH10, C2ASH8 and ettringite in the boundary portion, and C2ASH8, CAH10, C3AH6, gibbsite and 

ettringite were detected in the red portion. An FT-IR spectrum of ACBB boundary simple, after 

immersion in 5% H2SO4 solution, is shown in Figure 7. SiO2 gel and Al(OH)3 gel were detected in the 

boundary region. The absorption spectrum indicates formation of SiO2 gel through the Si-O bands at 

1080, 970 and 800 cm
-1

, as well as formation of Al(OH)3 gel through peaks at, 3520 and 3450cm
-1

 due 

to O-H stretching vibration, at 1020 cm
-1

 due to O-H bending vibration and at 850 cm
-1

 due to Al-O 

bonds. The products from each portion of OPC and ACBB after immersion in 5% H2SO4 solution are 

summarized in Table 2. 

 

Table 2: Products of each portion of OPC and ACBB after immersion in 

5% H2SO4 solution, detected by XRD and FT-IR. 

sample portion products 

OPC 

white gypsum, SiO2 gel 

boundary gypsum, C-S-H, ettringite, SiO2 gel 

red CH, C-S-H, ettringite, monocarbonate 

ACBB 

white gypsum, SiO2 gel, Al(OH)3 gel 

boundary gypsum, CAH10, C2ASH8, ettringite, SiO2 gel, Al(OH)3 gel 

red CAH10, C2ASH8, C3AH6, gibbsite, ettringite 

 

Table 4: Elemental composition of areas (e)-

(i) of ACBB after immersion in 5% H2SO4 

solution, and of hardened ACBB before 

immersion; in atom%. 

sample area Ca Si Al S 

ACBB 

(e) 47  1  1  51  

(f) 12  47  37  3  

(g) 14  40  43  1  

(h) 22  16  59  2  

(i) 14  41  43  1  

before 33  15  51  1 

 

Figure 9: Element mapping of Si in the 

boundary portion in hardened ACBB after 

immersion in 5% H2SO4 solution. 

Table 3: Elemental composition of areas (a)-

(d) of OPC after immersion in 5% H2SO4 

solution, and of hardened OPC before 

immersion; in atom%. 

sample area Ca Si Al S 

OPC 

(a) 40  25  1  34  

(b) 26  70  3  0-1  

(c) 48  47  3  1  

(d) 56  29  6  7  

before 63  24  8  2  

 

Figure 8: Element mapping of Si in the 

boundary portion in hardened OPC after 

immersion in 5% H2SO4 solution 



3.4. Deterioration mechanism of OPC 

 Figure 8 shows the sample used for elemental mapping of Si in the boundary portion of hardened 

OPC, after immersion in 5% H2SO4 solution. The map is for the area enclosed by the white frame in 

Figure 4. The elemental compositions of areas (a)-(d) of Figure 8, and of hardened OPC before 

immersion, are shown in Table 3. Three regions, O-1, O-2 and O-3, were analyzed by EDS element 

mapping. Area (a) was composed mainly of S, Ca and Si, corresponding to formation of gypsum and 

SiO2 gel. Area (b) contained a very large amount of Si, indicating formation of SiO2 gel. A Si rich 

layer including area (c) was confirmed in region O-2, due to formation of C-S-H. Because the 

elemental composition in area (d) of region O-3 was similar to that of hardened OPC before 

immersion, Ca(OH)2, C-S-H, ettringite and monocarbonate were formed in that area. 

It has been reported that sulfuric acid deterioration of OPC is caused by enhanced formation of 

gypsum (Kurashige and Uomoto, 2001). The main hydrates of OPC reacted with H2SO4 to produce 

gypsum according to the following equations. 

OHCaSOSOHOHCa 24422 2)( 
                                                                    

(1) 

  42424222 )(22343323 OHSiOHCaSOOHSOHOHSiOCaO 
      

      (2) 

The hardened body was expanded by these reactions, particularly reaction (1), which generates a 2.25-

fold volume change. Gypsum is produced in O-1 and very large expansion occurs. Ca(OH)2 and C-S-

H are dissolved from O-2 and O-3, and a porous matrix is formed as shown in Figure 4. Tensile stress 

is produced in these areas by expansion due to gypsum formation in O-1, and cracks easily occur, 

leading to separation of the surface of OPC mortar. SiO2 gel is stable in acid solution. SiO2 gel layer is 

produced in O-1, and is covered on hardened OPC. It is expected that OPC would have high acid 

resistance. However, the surface containing SiO2 gel layer is lost by failure due to expansion, and fresh 

surface is continually exposed. Consequently hardened OPC has poor sulfuric acid resistance. 

 

3.5. Protection mechanism of ACBB 

Figure 9 shows the sample that was used for element mapping of Si in the boundary portion of 

hardened ACBB, after immersion in 5% H2SO4 solution. The map is for the area enclosed by the white 

frame in Figure 5. The elemental compositions in areas (e)-(i) and that of hardened ACBB before 

immersion are shown in Table 4. Regions A-1, A-2 and A-3 were analyzed by element mapping. A-1 

was divided into the Si- and Ca-rich area (e) in which gypsum was formed, and the Si- and Al-rich 

area (f) where SiO2 gel and Al(OH)3 gel were formed. The Si and Al contents were higher in region A-

2, as shown by the composition in area (g), in which a layer of SiO2 gel and Al(OH)3 gel was formed. 

Because the elemental composition in area (h) of region A-3 was similar to that of hardened ACBB 

before immersion, C2ASH8, CAH10, C3AH6, gibbsite and ettringite were formed in A-3. The elemental 

composition in area (i) was similar to that of BFS, hence unreacted BFS remained in region A-3. 

Gypsum is produced on the surface of ACBB by attack of H2SO4. The reaction of C2ASH8, the main 

hydrate of ACBB and H2SO4, is as follows. 

OmHOnHSiOOHAlOHCaSOSOHASHC 2223244282 )(222 

                                

(3) 

The densities of C2ASH8, Al(OH)3 and gypsum are 1.94, 2.42 and 2.32g/cm
3
, respectively (Balonis 

and Glasser, 2009). The density of SiO2•nH2O is assumed to be 2.2g/cm
3
. Reaction (3) has a 1.15-fold 

volume change, which is much smaller than in the case of OPC. Also, C2ASH8 is a platy hydrate and 

gypsum is pole shaped. Considering the bulk size of the hydrate shapes, the hardened sample is 

scarcely expanded by this reaction, hence expansion does not occur in region A-1. The structure in 

region A-2 is not porous, and gel phase remains on the surface of immersed ACBB. SiO2 gel is stable 

in acid conditions. In addition, Al(OH)3 dissolves in accordance with the following equation, and 

neutralizes acid when the pH is lower than 4. 
  )(3)( 3

3 OHAlOHAl                                                                                        (4) 

The surface layer containing SiO2 gel and Al(OH)3 gel acts as a barrier to prevent penetration and 

attack of H2SO4 solution.  

 

 



4. Conclusion 

 

The sulfuric acid resistance of AC with BFS is much higher than that of OPC because the volume 

change of ACBB is much smaller than that of OPC when the main hydrates react with H2SO4. 

Ca(OH)2 and C-S-H are mainly produced from hardened OPC. After immersion in 5% H2SO4 solution, 

a layer of gypsum and SiO2 gel is formed by the reaction of H2SO4 and Ca(OH)2 or C-S-H on the 

surface. Many cracks occur within the surface layer because very large expansion is associated with 

formation of gypsum. SiO2 gel is stable to acid attack, but the SiO2 protective layer separates from the 

surface due to the expansion resulting from gypsum formation in 5% H2SO4 solution. 

CAH10 C2ASH8 and Al(OH)3 are mainly produced by hardened AC with BFS. On immersion in 5% 

H2SO4 solution, a layer of gypsum, Al(OH)3 gel and SiO2 gel is formed by reaction of H2SO4 with 

these hydrated products on the surface. Protective layers containing SiO2 and Al(OH)3 gel remain on 

the surface of immersed ACBB because these reactions are accompanied by only slight expansion. 

The surface layer containing SiO2 gel and Al(OH)3 gel covers the interior and acts as a barrier to 

prevent attack by sulfuric acid. 
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Abstract 
Various investigations are currently being carried out into the forms of interaction between superplasticizers and 
cements during hydration, in order to understand their influence on retardation, mortar rheology and final material 
strength. Superplasticizers are chemical admixtures which are commonly used in concrete and mortar technology to 
improve workability of cementitious systems and application properties such as self-leveling behavior and surface 
smoothness.  
Several papers on superplasticizer performance have been published in recent years in which e.g. fluidity evolution, 
strength development and heat of hydration have been analyzed. Various models for the interaction between hydrating 
cements and superplasticizers have been suggested which, however, do not explain all experimental findings.  
In our study, i) heat flow calorimetry was used to monitor the influence of superplasticizers on the hydration behavior 
of OPC, and ii) XRD in-situ experiments were performed to investigate the phase development in the cement paste 
during hydration, both where superplasticizers were present and where they were absent. The OPC used was a 
standard-grade material typically used in dry mortar systems. New-generation comb-shaped polycarboxylate-based 
polymers were used as superplasticizers.  
The quantitative phase composition of the OPC was accurately determined by analyzing residues from selective 
dissolution experiments which agreed very well with Rietveld results. A quantification method has been developed to 
determine to a high degree of accuracy the phase composition of the cement paste during hydration.  
The experiments demonstrated that the superplasticizers used retard cement hydration as a function of concentration 
and charge density. XRD in-situ experiments  unambiguously demonstrate that i) the superplasticizers retard the 
reaction of both the silicate and the aluminate phases, ii) after a pronounced dormant period, the reactions of the 
silicates and the C3A occur almost simultaneously, and iii) ettringite and portlandite precipitate almost simultaneously 
with the dissolution of the clinker phases. Where superplasticizers are not present, dissolution of silicates and C3A does 
not occur simultaneously. 
 
Originality 
Superplasticizers do not only improve the flowability of cementitious systems but also reduce energy consumption by 
improving the pumpability of the mortar. Less manual interaction by craftsmen and less consumption of machine power 
means a saving of resources and money at the construction site. On the other hand, any (organic) additive to a 
cementitious formulation may influence hydration kinetics and final material properties, such as surface smoothness 
and water- and vaporpermeability. Despite there having now been achieved a basic understanding of OPC - 
superplasticizer interaction, and there being an increasing number of ongoing research projects currently underway, 
there are still certain unsolved questions, especially in terms of altered cement hydration kinetics. 
In the past, most publications on the interaction of superplasticizers with OPC have been focused on adsorption and 
rheology experiments. In our study, however, online XRD in-situ investigations in combination with heat flux 
experiments are used to provide new insights into quantitative phase development during cement hydration where 
superplasticizers are present.  
 
Chief contributions 
In our study we have been able to demonstrate that the presence of superplasticizers in an OPC containing formulation 
does not only retard the overall cement hydration but also has implications specifically for aluminate and silicate 
reaction kinetics. After a prolonged dormant period, the reactions of the silicates and C3A occur almost simultaneously 
in the presence of superplasticizers, whereas, where superplasticizers are not present,  both reactions begin  
independently of each other.  Based on the experimental findings both of extensive online XRD and heat-flux 
measurements, a consistent explanation could be given of the interrelation of clinker dissolution kinetics, sulphate-
carrier disappearance, silicate and aluminate reactions, as well as of ettringite and portlandite formation.  
 
Keywords: OPC hydration XRD in-situ investigations, superplasticizer 
 



Introduction 
 

Superplasticizers (SPs) are commonly used in the dry mortar industry in order to produce self-leveling 
underlayments. Self-leveling underlayments are a very complex area of dry mix mortar technology. Where the 
substrate immediately to hand on a particular site is uneven, it is the function of SLUs to provide a smooth, solid 
substrate for applying all kinds of flooring materials, such as tiles and carpets. SLUs are complex mixtures of 
inorganic binders (OPC, CAC, CaSO4), aggregates, fillers and additives such as stabilizers, defoamers and 
accelerators. Specific additives, namely superplasticizers, are used to adjust the self-leveling properties of such 
mortar systems (Bayer & Lutz 2003). 
Superplasticizers consist of water-soluble polymers, such as sulphonated melamine formaldehyde condensate 
(SMF), sulphonated naphthalene formaldehyde condensate (SNF), and lignosulphonates, as well as new-
generation polycarboxylate-based polymers. Superplasticizers act as dispersants by means of electrostatic, and 
especially by means of steric repulsion (Uchikawa et al. 1997; Mollah et al. 2000) and are thus responsible for 
the good self-leveling properties of SLUs.  

However, there are still many unsolved problems concerning cement/superplasticizer compatibility. 
These include poor flow behavior, early slump loss and especially the strong retardation of the cement hydration. 
It is important, therefore, that research be conducted into the interaction between hydrating cementitious systems 
and SPs, and such research has indeed been performed by many authors in recent years. Winnefeld et al. (2007) 
have investigated the interaction between superplasticizers (polycarboxylate ethers) with different molecular 
structures and hydrating Portland Cements. They concluded that the duration of the dormant period during 
cement hydration with SP added is a function of charge density and of the side chain density of the SPs used. 
Moreover, the amount of adsorbed polymer can be directly linked to the retardation of the cement hydration. 
They also concluded that increased C3A-content in cements leads to increased amounts of adsorbed polymers, 
thus confirming  the results achieved by  Yoshioka et al. (2002) and Plank et al. (2007) who worked out that 
ettringite, the hydration product of C3A in presence of CaSO4, adsorbs  large amounts of superplasticizers. 
Furthermore Plank et al. (2007) clearly showed that superplasticizers have an impact on the crystal growth of 
ettringite. Additionally it has been suggested that the PCE superplasticizers mainly affect the hydration of the 
clinker phase alite but preferably adsorb on the aluminate phases (Winnefeld et al. 2007). Lothenbach et al. 
(2007) also examined the influence of superplasticizers on the hydration of OPCs. They concluded that 
superplasticizers strongly retard the dissolution of alite but retard the formation of ettringite to a lesser extent.  
Moreover, superplasticizers were found not to affect the composition of the pore solution, a finding also reported 
by Grierson et al. (2005). Hence the interaction between superplasticizers and hydrating cementitious systems 
might be caused by steric mechanisms as well as by adsorption mechanisms – not, however, by interaction with 
dissolved ions. Roncero et al. (2002) concluded that superplasticizers have an influence on the growth rate of 
hydrates, especially the C-S-H gel. Furthermore, it was found that the incorporation of superplasticizers alters 
the growth rate of ettringite. An incorporation of superplasticizers into C3A hydrate phases has also been 
described in detail by Plank et al. (2010).  

Although much research concerning the interaction between superplasticizers and hydrating OPCs has 
been performed, there is as yet no data concerning XRD in-situ investigations of said systems. 

Hence, the objective of this study is to investigate phase development during the hydration of an 
Ordinary Portland Cement (OPC) with and without addition of comb-shaped polycarboxylate-based 
superplasticizers, so as to record the influence of said superplasticizers on said phase development. In-situ X-ray 
experiments have already been performed successfully on other cement/polymer admixtures (Jansen et al. 2010). 
 
Materials and methods 
 

A widely used commercial CEMI 52.5R Portland cement (OPC) was chosen for the experiments. 
Before the in-situ XRD experiments, a characterization of the cement was carried out via Rietveld analysis, for 
which selective concentration procedures were carried out (Gutteridge 1979; Struble 1985). These minorphase 
enrichment experiments ensure a proper detection of all phases in the OPC used.  
We examined the influence of two different superplasticizers on the hydration of the OPC used. SPA and SPB 
are both new generation comb-shaped polycarboxylate-based polymers, although it should be noted that the SPB 
has a higher charge density and therefore a lower side chain density than SPA. The superplasticizers were added 
to the cement by dissolving them in the mixing water. Initial investigations of the systems were carried out in a 
differential heat flow calorimeter (TAM Air). Details about the sample preparation and measurement conditions 
are given elsewhere (Jansen et al. 2010). 



The in-situ X-ray experiments were carried out using a D8 diffractometer equipped with a special 
sample holder as described by Hesse et al. (2008). X-ray diffraction patterns of the hydrating cement systems 
were recorded at 15minute intervals and a characterization of these patterns was developed by the quantification 
method that was developed on the basis of the Rietveld analysis of the dry OPC. The phase content of each 
crystalline phase in the cement paste was determined as follows: a well known standard of zircon was employed 
for derivation of factor G using equation 1 (O`Connor et al. 1988). 
     

(1) 
 
 
Where  Szir = Rietveld scale factor of zircon 
  ρzir = density of zircon 
  Vzir = Unit-cell volume of zircon 
  Czir = weight fraction of zircon (100 wt.-%) 
  µ*zir = mass attenuation coefficient of zircon   
 

The calculated Factor G is a calibration factor for the whole experimental setup and includes the 
diffractometer used, radiation and all data acquisition conditions such as temperature and integration time. For 
this reason, the measurement of the standard must be performed under the same conditions as the sample. 
The calculated Factor G was then used to determine the mass concentration of each phase j in the sample, using 
equation 2 and the respective values for ρ and V for each phase, as well as the scale factors for each phase 
calculated from the Rietveld refinement of the cement pastes.  The mass attenuation coefficient µ* of the cement 
was derived from the chemical composition of the cement used. 
 
 

(2) 

All data acquisition conditions for the in-situ X-ray experiments performed and the factor G calculated 
are shown in Table 1.  

Table 1: Data acquisition conditions for the X-ray experiments performed 

Diffractometer D8 Bruker 

Detector Lynx Eye PSD 
Radiation Copper Kα 
Generator 40kV, 40mA 

Range 7-40 ° 2θ 
Step 0.0236 ° 2θ 

Integration time  0.58 s 
Divergence slit 0.3 ° 

Calculated G factor 5.089*10-44 cm-5/wt.-% 

 
 
Results and discussion 
 

The heat flow curves of the systems investigated are shown in Figure 1. All concentrations of the 
superplasticizers are relative to the amount of dry cement used. The influence of the superplasticizers on the 
hydration of the OPC is clearly visible. Both superplasticizers result in a considerably extended dormant period. 
The addition of the SPB results in a longer retardation of the hydration than does the addition of the SPA. This is 
due to the higher charge density of the SPB.  
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Figure 1: Heat flow calorimetry of OPC pastes 

At a later point, we performed XRD in-situ experiments using the cement pastes without 
superplasticizer added and the pastes with addition of 0.3 wt.-% of SPB. The concentration was of the same 
order as the content in commercial formulations. Figure 2 shows the Rietveld refinement of a recorded pattern of 
the hydrating OPC used. There is close agreement between the observed and calculated data.   
 

 
 

Figure 2: Refined XRD pattern of the cement paste without SP added (after 10 hours) 

Figure 3 shows the determined alite contents (left) and the determined ettringite contents (right) during 
hydration of the OPC used, with and without SPB added. It can be clearly demonstrated that the addition of the 
SPB strongly retards the dissolution of alite. The dissolution of the phase alite begins much earlier in the system 
without SP added than it does in the system with SPB added. These findings correspond to the findings of the 
heat flow experiments. The precipitation of the hydrate phase ettringite is also clearly delayed where SPB is 
present. Although we can detect the same content of phase ettringite in both systems at the beginning of the 
hydration process, the further precipitation of ettringite is clearly delayed. In both systems, namely with and 
without SP added, the further precipitation of ettringite corresponds to the beginning of the acceleration period in 
the heat flow curves.  
 



 
Figure 3: Phase curves during hydration of CEMI 52.5R 

 
Figure 4 (left side) shows the heat flow curves of the OPC used without SP added and the phase contents of the 
phases involved in the aluminate reaction. It can be clearly seen that the reaction of the clinker phases i.e. the 
phases which react during hydration of the cement so as to form ettringite - follows a defined pattern. First of all, 
we can detect the dissolution of the phase gypsum. As soon as the gypsum is completely dissolved (i.e. after 
approximately 7.5 hours) the dissolution of anhydrite takes place. At about 11 hours we can detect a slower 
dissolution of the phase anhydrite, and there occurs the dissolution of the C3A .  

We find the same reaction pattern of the phases involved in the aluminate reaction in the cement pastes 
to which  SPB has been added (Figure 4 right side). Although the dissolution of said phases occurs at later times 
within the process of hydration, we note that the dissolution of the phase anhydrite begins only when the 
dissolution of the phase gypsum is completely finished. At about 16 hours we once again see a slower 
dissolution rate of the phase anhydrite. It is at this time that there occurs the dissolution of the C3A.  

 

 

Figure 4: Heat flow and phase content during hydration of the OPC used without SP (left) and with 0.3 wt.-% 
SPB (right) 

 
That first point of maximum local heat flow, which occurs at about 8 hours in the system without SP 

added, obviously occurs, in the system with SPB added, at later times (about 13 hours). This maximum had 
already been ascribed in earlier studies to the silicate reaction during the cement reaction (Hesse et al. 2009) 
which confirms our findings. Although we detect a retardation of the dissolution of the phase alite, we also 



detect that the same amount of said phase reacts within the first 22 hours of hydration. Moreover, we measure 
the same heat flow (about 5 mW/g) at said heat flow maximum within both systems.  

The second point of maximum local heat flow which occurs at about 15 hours in the cement paste 
without SP added, appears to occur in the system with SPB added at about 17.5 hours. The occurrence of that 
maximum in the heat flow curves of Portland cements had already been ascribed by Hesse et al (2009) to the 
aluminate reaction during cement hydration, thereby confirming the findings of Lerch (1946) who described this 
maximum as sulfate depletion. At the point of this second local heat flow maximum we detect a notably higher 
heat flow in the system with SPB added than in the system without SP added.  Moreover, the period between the 
two heat flow maximums described is shorter in the system with 0.3 wt.-% SP added than in the system without 
SP added (3.5 h in comparison to 6 h).  
 
Conclusions 
 

The heat flow experiments show that superplasticizers do have an impact on the hydration behavior of 
OPCs. The retardation of the hydration is a function of charge density as well as of concentration of the SP in the 
admixture. It is known that superplasticizers with a higher charge density adsorb to a larger extent and cause 
longer retardation.  

The investigation of the phase development during hydration of OPC with and without addition of SP 
showed that the SPB used retards both the dissolution of the phase alite and that of the phases involved in the 
aluminate reaction. The dissolution of the phase alite, and of the phases gypsum, anhydrite and C3A, commences 
at the beginning of the acceleration period in both systems examined. The impact of the SPB on phase 
development during cement hydration is quite complex.  

On the one hand, the SPB used does not enormously affect the kinetics of the hydration. As described 
above, the superplasticizer does not change the order of the dissolution of the phases: gypsum, anhydrite and 
C3A. Although the dissolution of the phase alite is indeed delayed through the addition of SPB, the same amount 
of alite nonetheless reacts within the first 22 hours of hydration. Therefore we cannot assume that the 
superplasticizer has an impact on the hydration behavior of one specific phase, such as C3A. It is rather 
conceivable that the superplasticizer acts at a specific process within the hydration process which affects all 
reactions at the same time. Interactions with ions in the pore solutions or steric interactions are also possible 
causes. If there does in fact obtain interaction with ions in the pore solution, then an interaction with the Ca2+ 
ions would be more likely, since the latter is an important ion for the silicate reaction as well as the aluminate 
reaction. By contrast, a preferred interaction with Al(OH)3

3- would have  a more distinct impact on the aluminate 
reaction.   

On the other hand, we detect a distinct change in the rate of dissolution especially of the C3A and alite. 
Although the dissolution of the alite is retarded where SPB is present, we can detect a faster reaction, as 
compared to the system without SP, after the beginning of the dissolution. The same circumstance can be 
detected for the C3A. Figure 5 (left) shows the heat flow curves for the system without SP added and for the 
system with 0.3 wt.-% SPB added, as well as the C3A contents in both systems. It can be clearly seen that the 
dissolution of the C3A takes place at later times within the hydration processes of those cements to which SPB 
has been added. But after the beginning of the dissolution of the C3A we can detect a more rapid dissolution of 
the C3A in the system to which SPB has been added.  This can be easily seen where we compare the slopes of 
both curves showing the C3A content.  This in turn leads to the fact that the period between the two heat flow 
maximums, ascribed to the silicate reaction and the aluminate reaction respectively, is clearly shorter in the 
system with SP added, so that in comparison to the system without SP the reaction of all phases occurs almost 
simultaneously.  

Figure 5 (right) compares the heat flow curves for, on the one hand, the OPC to which there has been 
added 0.3 wt.-% of SPA and SPB, and, on the other, the system without SP added. It can be clearly seen that 
both maximums ascribed to the silicate and aluminate reactions are hard to differentiate in the case of added 
SPB, whereas both maximums are easy to differentiate in the case of no added SP. Where SPA has been added, 
there is only one single maximum visible. On the basis of the data acquired we can assume that, where SPA is 
added, the silicate reaction and the aluminate reaction occur at almost exactly the same time, which in turn leads 
to the heat flow curve obtained. In order to verify this hypothesis, we will need to perform further in-situ XRD 
experiments concerning the addition of SPA.   
 



 
Figure 5: Heat flow curves and phase contents for CEMI 52.5R with and without the addition of SPs; W/C = 0.5; 

T = 23 °C 
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Abstract: This paper outlines the study conducted on the influence of nano-particles made from aluminosilicate 
hydrates (such as hardened cement paste) on hydrating cement paste. The dehydrated cement pastes (DCP) was 
prepared firstly, with heating at an elevated temperature. The SEM results of the separated particles show that 
the fine particles can be separated effectively and part of them can reach nano-scale almost, with the existence 
of sodium hexametaphosphate and the deposition of ultrasonic dispersion. The mechanical experimental results 
show that the compressive strengths of the cement pastes can be improved obviously when the DCP (with 
nano-particles) is added. Especially, when the additional content of the DCP (with nano-particles) is about 4%, 
the compressive strength and the growth ratio of compressive strength compared to pure cement both come to 
the maximum. Techniques of X-ray diffraction (XRD) and scanning electron microscopy (SEM) were employed 
to identify the hydration process of the cementitious systems with DCP that contain nano-particles. The results 
obtained reveal that the addition of DCP (with nano-particles) haven’t resulted in the appearance of new 
hydration products, but a large mount of crystal nucleus, which may bring many tiny reaction groups in the 
early ages densifying the microstructure with low porosity and high compressive strength. 
 
Originality 
The innovative idea is that aluminosilicate hydrates is used to prepared nano-particles, which is a kind of 
dehydration phase with huge specific surface area and high chemical activity. It is possible to prepare nano 
particles by heating the aluminosilicate hydrates containning C-S-H gel. And, the dehydrated phases can 
re-hydrate and form new hardened cement stone. This means that many silicate and alumina wastes can be used 
as raw materials to prepare recycled and effective admixture and to improve the cementitious materials. 
 
Chief contributions 
A simple and environmentally-friendly approach was developed to prepare nano material, which can effectively 
improve the properties of cement-based materials as an active admixture. 
 
Keywords: Aluminosilicate Hydrates, Dehydrated cement pastes (DCP), Nano-particles, Separation methods, 
Crystal nucleus 
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1.Introduction 
 
When nano-particles (typically SiO2, TiO2, etc.) are added into cement-based materials, a series of 
chemical bond connection between the nano-particles and hydration products of cement will be 
produced, and the nano-particles may become crystal nucleus of the calcium silicate hydrate (C-S-H) 
gel. After that, the whole system will change into a dense network structre with the nano-particles as 
the cores, which will refines the microstructure of cement-based materials effectively[1-4]. However, 
the complex production process and high cost of these nano-particles obstructs the application of such 
materials in the cement-based materials widely. Therefore, new nano-particles alternative to the 
traditional nano materials with high performance, low cost and simple producing process are essential 
for the sustainable development of the construction industry.  
 
The nano structure of cement gel has been put forward by H.F.W.Taylor in the work of Cement 
Chemistry [5]. Some researches show that the hydration products of cement (expecially the C-S-H gel) 
have a huge specific surface area to 180m2/g, which indicates that the grain size of C-S-H may reach 
the size of 10nm almostly[6]. When the hardened cement pastes are subjected to fire enviroment, a 
sequence of the physical and chemical processes will take place. The release of free water and bond 
water in the hydration products is the main process, and some hydration products are gradually 
dehydrated at elevated temperatures, such as ettringite, calcium silicate hydrate (C–S–H gel) and 
calcium hydroxide (CH)[7-8]. During this process, the temperature always fluctuate at about 600 ºC, 
which means that the disintegration of microstructure will come to pass without appearance of new 
substances. Hence, it can be predicted that there are still plenty of nano-particles in the dehydrated 
cement pastes(DCP). However, some previous researches show that though the DCP is able to 
rehydrate, the nano effect of DCP is not obvious [9-10]. The reasons of the phenomenon above may 
attribute to the excessive accumulation of nano-particles in DCP. So, if the accumulated particles can 
be separated effectively up to nano scale, the DCP is expected to become a new kind of additives of 
cement and concrete that with high efficiency and low price. 
 
The focuses of this study is directed towards determination of the effective separating methods of 
nano-particles and the effect of DCP (with nano-particles) addition to the cementitious characteristics 
of cement. Techniques like XRD and SEM are further employed to examine the hydration products of 
the cementitious system with nano-particles and to understand the change of mechanical properties. 
 
2. Experimental investigation 
2.1 Materials 
The physical and chemical properties of cement used in this study are listed in Table 1. Analytically 
pure triethanolamine and sodium hexametaphosphate were used in the experiments.  

Table 1: Physical properties and chemical composition of cement 

 Chemical analysis (%)      
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O L.O.I 
19.37 3.92 3.69 68.30 1.61 0.81 0.13 0.59 1.09 

 Physical properties      
Blaine surface area (m2/kg) 355 
Specific gravity (g/cm3) 3.16 
Requiring water for normal consistency 0.284 
Initial setting time (mins) 211 
Final setting time (mins) 309 

 
2.2 Experimental methodology 
2.2.1 Preparation of dehydrated cement pastes (DCP) 
DCP was prepared in the laboratory by hydrating hardened cement pastes (HCP) in order to 
quantitatively estimate the chemical compositions. The HCP was prepared with Portland cement with 
a w/c ratio of 0.5 by mass. All HCPs were cured for 90-days in the condition that the temperature was 
20±1ºC and the relative humidity was above 95%. They were then crushed and ground to obtain the 



powder with the size of less than 75μm. After that, the collected powder was heated to 650 ºC at a 
heating rate of 10 ºC/ min. When the desired temperature was reached, the powder was kept in the 
furnace for 6 hours and cooled down to room temperature rapidly. The details of heating regime are 
shown in Fig. 1. 

 
Fig. 1: Pre-heating regime of HCP for the preparation of DCP 

2.2.2 Separation of nano-particles in DCP 
Table 2: Details of different methods for separation  

 DCP 
(g) 

Ethanol
(ml) 

Triethanolamine
(g) 

sodium 
hexametaphosphate

(ml) 

Stirring 
(time/h) 

ultrasonic 
dispersion 
(time/h) 

Mechanical 
grinding 
(time/h) 

A 50 0 0 0 0 0 1 
B 50 0 0.3 0 0 0 1 
C 10 50 0 1 4 0 0 
D 10 50 0 1 4 0 1 
E 10 50 0 1 0 4 0 
F 10 50 0 1 0 4 1 
G 10 50 0 1 0 2 1 
H 10 50 0 1 0 8 1 

 
Several attempts were made for sufficient separation of the agglomerations of DCP. The detials of the 
separating processes can be found in Table 2. In group A, the DCP was grinded for 1h directly with a 
ball mill. In group B, the DCP was mixed with triethanolamine firstly, and then grinded for 1h. In 
group C, the DCP was mixed with 50ml ethanol and 1ml sodium hexametaphosphate solution (mass 
portion of 10%) firstly, and then the admixture was stirred for 4h with a magnetic blender. In group D, 
based on the process in group C, the admixture after stirring was then grinded for another 1h with a 
ball mill. In group E, the DCP was mixed with 50ml ethanol and 1ml sodium hexametaphosphate 
solution (mass portion of 10%) firstly, and then the admixture was dealed with ultrasonic despersion 
for 4h. In group F, based on processes in group E, the admixture was then grinded for another 1h after 
ultrasonic despersion. In groups G and H, all the processes were similar as those in group F, except 
that the time of the ultrasonic despersion were changed to 2h and 8h respectively. 
2.2.3 Preparation of specimens and determination of compressive strength 
In this part, DCP and cement were mixed in a mechanical mixer, with a water to binder ratio of 0.35. 
The pastes were cast in steel molds with the size of 40 mm×40 mm ×40 mm and compacted on a 
vibrating table. Those cube specimens with the mode were then cured under the condition that the 
temperature was 20±1ºC and the humidity was above 95%. After 3d, 7d and 28d, the compressive 
strengths of all the samples were tested by MCC 82 system test machine (CONTROLS srl, Italy). The 
mix recipes for compressive strength are shown in Table 3.  

Table 3: Mix recipes for compressive strength 

Samples I G K L 
DCP (%) 0 2 4 6 

Cement (%) 100 98 96 94 
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2.2.4 Scanning electron microscopy 
Technique of scanning electron microscopy (SEM) was employed to study the morphology of 
separated particles and rehydration products. The collected DCP particles were fixed on a sample 
platform with conductive glue after separating and then tested with SEM. For identifying the 
rehydration products, the hardened specimens, after curing, were cut into small fragments and soaked 
in ethanol for more than 7 days in order to stop the hydration of cementitious materials. They were 
then dried and stored in a sealed container before the SEM imaging.  
2.2.5 XRD analysis 
Technique of X-ray diffraction (XRD) was used to identify the crystalline phases of hydration 
products of such cementitious systems. The dried pastes samples for XRD analysis were ground into 
fine particles smaller than 80 μm. 
 
3. Results and discussion  
3.1 Results of separation with different methods 
The SEM images of DCP particles that are prepared with different methods are shown in Fig. 2. In 
Group A, it can be found that a large amount of small flaky particles stack together to form some 
bigger groups with the size of about 10~20μm. In Group B, with the addition of triethanolamine, the 
particles with lager scale is not obvious, and some small particles with the size of about 0.5~1μm 
could be found. However, the size distributions of the separated particles are relatively large, and 
some aggregated groups have not been separated effectively.  
 
Comparing the results of group C and group D, it can be noticed that the addition of sodium 
hexametaphosphate solution and 4h of stirring bring positive influence to the separation of DCP 
particles. The scales of separated partcles are relative small, and some of them reach the nano scale 
almost. Besides, the effect of mechanical grinding after the stirring process is not obvious. 
 
In group E and group F, the technique of ultrasonic dispersion is used to replace the stirring process in 
groups C and D. After 4h of ultrasonic dispersion, it is obvious that the DCP particles with lager scale 
is seldom found, and more particles have been separated to reach the nano scale nearly, compared to 
the results in group A to D. Besides, the mechanical grinding after the ultrasonic dispersion further 
separates and homogenizes the DCP particles. When the period of ultrasonic dispersion reduce to 2h, 
the result of separation is not satisfied enough, which can be noticed in group G. On the other hand, if 
the time of ultrasonic dispersion increases to 8h, it can be found that there are not big difference 
between group F and H in the scale and homogeneity of particles.  
 
Hence, according to all the results above, the method of Group F was chosen to produce 
nano-particles in this study. 

   
(1) Group A                     (2) Group B                      (3) Group C 



   
(4) Group D                     (5) Group E                     (6) Group F 

    
(7) Group G                        (8) Group H 

Fig.2: SEM results of DCP particles seperated with different methods 
3.2 Effect of nano-particles on the compressive strength of cement paste 
Fig.3 (a) illustrates the compressive strength of groups I~L at different curing days. The compressive 
strengths of pure cement at 3d, 7d and 28d are 36.5MPa, 44.4MPa and 56.0MPa respectively. When 
the DCP (with nano-particles) is added into the cementitious systems, the compressive strength is 
increased remarkably. For example, the compressive strength of the sample with 4% of DCP (with 
nano-particles) at 3d, 7d and 28d are 62.0MPa, 71.9Mpa and 89.8MPa respectively. Among the 
groups J~L, the group K contain the largest values at different curing days. Fig.3(b) shows the growth 
ratio of compressive strength of groups J~L compared to group I. It can be found that the growth rate 
of the compressive strength at 3d is the largest in each group, which is followed by that at 7d and at 
28d. In group K, the growth ratio of compressive strength at 3d, 7d and 28d reach to 69.9%, 62.0% 
and 60.4% respectively, which are all the highest values compared to that in other groups.  
 
Hence, combining the results from Fig.3(a) and Fig.3(b), it can be concluded that the compressive 
strength in early and late ages can both be improved obviously when 4% of DCP (with nano-particles) 
is added into the cement.  
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Fig.3 Compressive strength (a) and its growth rate (b) of the samples with different content of DCP that contain 
nano-particles 

3.3 XRD patterns of cementitious material systems with nano-particles 
Based on the performance of particles in group K, the XRD patterns of cement paste at different 
curing days are chosn to compare with that of pure cement in Fig.4. The main crystalline phases found 



in different samples are almost the same, which are ettringite, Ca(OH)2 and Ca3SiO5 respectively. 
Besides, the intensity of each peaks in different patterns are similar, excepting that the intensity of the 
peak of Ca3SiO5 in “3d – Group K ” is higher than the other twos, which indicates the larger amounts 
of anhydrous C3S at the early ages. So, it is obvious that the addition of DCP (with nano-particles) 
hasn’t brought new hydration products. 

 
Fig.4 XRD patterns of pure cement and the cementitious material systems with 4% of DCP that contain 

nano-particles at different curing days 
3.4 Microstructure of cementitious material systems with nano-particles 
The microstructure developments of the sample with 4% DCP (with nano-particles) are illustrated in 
Fig. 5, where the morphological difference in the microstructure between the pure cement and the 
system with nano-particles at 3d and 28d can be observed. As shown in Fig. 5(a), one can see blocky 
plats of CH, ettringite with its needle-like habits and C-S-H gel. Besides, it can also be found that the 
scales of ettringite and other hydration products are relative high, which result in that the whole 
structure with high porosity. When come to Fig. 5(b), a lot of tiny hydration groups can be noticed, 
and the distribution of such groups are relative symmetrical, which may result in the system with 4% 
of DCP (with nano-particles) becoming dense with low porosity. Comparing the difference between 
Fig. 5(c) and Fig. 5(d), it is obvious that the scales of hydration products in Fig. 5(c) are larger than 
that in Fig. 5(d), which also brings the high porosity and low compressive strength.  
 
Combining the results in Fig. 5(b) and Fig. 5(d), it can be predicted that in the early age of hydration, 
the DCP (with nano-particles) provide a large mount of crystal nucleus, which lead to the appearance 
of the tiny reaction groups. After that, the development of the microstructure will be based on the 
parts of tiny reaction groups, and all the pastes are densified with low porosity and high compressive 
strength. 

    
(a) Cement - 3d             (b) Group K (4% DCP) - 3d 

    



(c) Cement - 28d            (d) Group K (4% DCP) - 28d 
Fig.5: SEM images of pure cement and the cementitious material system with 4% of DCP that contain 

nano-particles at different curing days 
4. CONCLUSION 
In this study, the influences of nano-particles made from aluminosilicate hydrates on hydrating 
cement pastes have been investigated. The nano-particles were prepared from dehydrated cement 
pastes (DCP), with the existence of sodium hexametaphosphate and the deposition of ultrasonic 
dispersion. Then, the SEM results of such particles can provide some evidences that the fine particles 
had been separated effectively and parts of particles have reached the nano-scale almost. After adding 
such DCP (with nano-particles) into cementitious material systems, its compressive strength can be 
improved obviously, especially when the additional content is about 4%. 
 
According to the results of XRD analysis and SEM imaging, it can be predicted that the addition of 
DCP (with nano-particles) haven’t resulted in the appearance of new hydration products, but a large 
mount of crystal nucleus, which may bring many tiny reaction groups in the early ages and densify the 
microstructure with low porosity and high compressive strength.  
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Abstract 
Many industrial activities and disposal of wastes can cause environmental risk connected to the release of toxic 
elements both in anionic and cationic form (e.g. heavy metal cations or chromate, arsenate and phosphate ions). 
In many cases, the most effective method of removing the toxic ions is using natural zeolites. However, after the 
treatment the zeolite can partly release sorbed ions and thus their immobilization should be solidified. The most 
commonly used matrices for solidification of the zeolite after sorption are different kinds of cements or alkali-
activated slag binders. The work presents results of research in which natural clinoptilolite originating from 
Polish deposit was used for heavy metal cations immobilisation (Pb2+, Cr3+, Cd2+ and Zn2+). It was obtained in 
the process of sedimentation and transformed into sodium form. Surface properties of the studied material have 
been modified by applying organic compound, namely hexadecyltrimethlammonium bromide (HDTMA-Br). 
(HDTMA)-modified clinoptilolite was used for the sorption of NO3

–, SO4
2– , CrO4

2-, PO4
3-, AsO4

3-. 
Studies concerning properties of cement composites pastes with cement matrices and natural zeolites containing 
toxic ions filler (especially leachability of those ions) were also conducted. In further parts of the work the 
results of those studies are presented. The effect on hydration and form of hydration products has been 
measured. FT-IR spectroscopic research was carried out on the obtained materials. Basing on IR spectra, the 
changes implied by sorbed ions on both the structure of zeolite and hydration products of the pastes were 
determined. Results of IR-spectroscopic studies have been compared with those obtained by X-ray diffraction 
analysis and SEM observations. Moreover, the work presents results of technological studies of the acquired 
materials and leachability of sorbed ions they contain. The results mainly indicate that solidification of 
clinoptilolite after sorption both in the case of anionic and cationic forms of toxic wastes is effective. 

 
Originality 
Zeolites are commonly used as sorbents of different cations, e.g. heavy metal cations. However, sorption of 
anions on zeolites has been studied and described relatively recently.  Zeolites can be used for sorption of 
anions (e.g. arsenates, phosphates) after being modified by water-soluble organic molecules (HDTMA 
molecules).The second part of the work is “the application thread”. Modified clinoptilolite was used for 
sorption of ions and as a filler to cement. This is an innovative and especially interesting application of zeolite 
because of  in these materials final immobilization of ions on the mineral matrix will be proceeded.  
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Introduction 
 
Among many sorbents, zeolites (tectoaluminosilicates) show natural high cations exchange capacity 
(CEC). In contrast, adsorption of anions on the surface of these silicates is very limited. However, the 
sorption properties can be dramatically altered by a chemical modification of their surface properties 
using organic surfactants. The most commonly used cationic surfactant is the long-chain quaternary 
amine hexadecyltrimethylammonium (HDTMA). The HDTMA+ ions exchange with the inorganic 
cations on the surfaces of sorbent crystals and form full or partial surfactant bi-layer thus rendering 
the surface positively charged (Bowman, 2003). The resulting surfactant-modified sorbent is capable 
of sorption of anions and non-polar organic molecules from water solutions. Modification of clay and 
zeolites by sorption of quaternary amines has been studied by various authors, e.g.  (Bowman, 2003; 
Haggerty and Bowman, 1994). 
Using zeolite as a component of building composites is one of potential applications of this mineral. 
Generally, zeolitic tuffs can be used as additives in production of clinker or cement (Fragoulis et al., 
1997; Yılmaza et. al, 2007; Quanlina and Naiqian, 2005). In a mixture with cement, zeolite has an 
advantageous effect on the properties of concrete – it enhances chemical and/or frost resistance. 
This work presents applicability of modified zeolite as addition to cement. In this material final 
immobilization of dangerous NO3

–, SO4
2, CrO4

2–, AsO4
3– and PO4

3– anions on the mineral matrix will 
be proceeded. On the other hand, zeolite will be media of additives such as organic compound or ions 
acting as the regulator setting time. An influence of analyzed ions on heat of hydration and 
microstructure of settled cement paste has been determined. Results of calorimetric studies have been 
compared with those obtained by FT-IR spectroscopy, X-ray diffraction analysis and SEM 
observations. 
 
Experimental 
 
1. Preparation of the samples 
 
Natural clinoptilolite was used. The material was collected from a Polish deposit in the eastern part of 
the Outer Eastern Flysch Carpathians at Dylągówka sections (the lower Eocene clinoptilolite-
montmorillonite shales from the Skole Unit deposit). Clinoptilolite and montmorillonite are the major 
constituents of this material. Mineralogical composition was determined using X-ray diffraction 
(XRD). The shale consists of 75% Ca-montmorillonite, 15% clinoptilolite, and 10% residue minerals 
such as quartz, feldspars, illite, kaolinite and chlorite (Franus and Dudek, 1999; Wieser, 1994). 
Firstly, clinoptilolite and clay minerals were isolated by a separation process. Separated zeolite 
concentrate consisted of 90% clinoptilolite (determined by the Rietveld method) (Mozgawa et al., 
2009). Clinoptilolite and smectite were transformed into sodium forms to increase efficiency of ion-
exchange. Then, the Na-zeolite was treated with hexadecyltrimethylammonium bromide 
((C16H33N(CH3)3)Br; HDTMA-Br) in amount equivalent to 2 ECEC. Aqueous suspensions of the 
aluminosilicate and the organic salts were stirred for 24 hours at 80°C and evaporated to dryness. 
NO3

–, SO4
2–, CrO4

2–, AsO4
3– and PO4

3– ions were adsorbed on the organo-zeolite from aqueous 
solutions of sodium salts. Concentration of all solutions was 1×10–3 mol/dm3 at a sorbent/solution 
ratio of 20 g/dm3. The pH=4 was adjusted with 1 M hydrochloric acid. After 24 h, sediment was 
separated from the solution, washed twice by decantation with a small amount of distilled water and 
dried to constant weight. The anions concentration in the supernatant liquid was determined. 
The influence of anion type on heat of hydration and formed hydration products were determined. In 
this aim, eight compositions: reference pure cement (CEM I 32.5R), cement with 20% wt. Na-zeolite 
and six compounds of cement with 20% wt. zeolite modified by HDTMA+ (pure and with NO3

–, SO4
2, 

CrO4
2–, AsO4

3– or PO4
3– anions); were prepared. Results of IR spectroscopy, X-ray diffraction 

analysis, SEM observations and tests of maximum heavy metals cations leaching are also presented. 
In this aim, 1 g bits of the samples were grinded (<125 µm) and flooded by distilled water (10 ml). 
After 5 h of shaking, concentrations of ions in the solutions were determined. 



2. Measurements 
 
Heat evolution measurements were carried out by use of a differential microcalorimeter type BMR 
(constructed in the Institute of Physical Chemistry, Polish Academy of Science in Warsaw). For this 
purpose the pastes of 0.5 liquid-to-solid ratio were mixed. The starting temperature was kept constant 
at 25°C. Infrared spectra were measured on a Bio-Rad FTS-60 spectrometer. Spectra were collected in 
the mid infrared (MIR) region (4000–400 cm–1) after 256 scans at 4 cm–1 resolution. Samples were 
prepared using the standard KBr pellets method. X-ray structural analyses were performed using 
Philips X-ray difractometer X’Pert system (Cu Kα radiation). Analysis of microstructure of the 
hardened cement pastes and their documentation were performed with the help of the scanning 
electron microscope FEI Nova NanoSEM 200. Measurements of concentrations of anions in the 
solutions were carried out on a UV-VIS HITACHI U-1800 spectrophotometer using the 
biphenylocarbazide method for chromate, molybdenum blue method for phosphates and arsenates, 
turbidimetric method for sulfates and hydrazine reduction method for nitrates. 
 
Results and discussion 
 
The results of sorption measurements were used to calculate the percentage shares of ions in dry 
compounds (Table 1). 
 

Table 1: Percentage (wt.) composition of the mixtures 

 CEM I 32.5R Zeolite HDTMA+ Anion 
Reference pure cement 100 0 0 0 
Cement + Na-zeolite 20 0 0 
Cement + HDTMA-zeolite 0 
Cement + HDTMA-zeolite + NO3

– 0.054 
Cement + HDTMA-zeolite + SO4

2– 0.018 
Cement + HDTMA-zeolite + CrO4

2– 0.106 
Cement + HDTMA-zeolite + AsO4

3– 0.030 
Cement + HDTMA-zeolite + PO4

3– 

80 18.7 1.2 

0.034 
 

   
Figure 1: Heat evolution for cement pastes with 20% modified zeolite 

 
The calorimetric curves are presented in Figure 1. As expected, the reference cement (pure cement 
paste) is characterized by the largest thermal effect. Addition of zeolite significantly alters the course 
of rate of heat release and the rise of its value. In this case, the cement with a high hydraulic activity is 
partially replaced by a less active material. Simultaneously, grains of clinoptilolite can act as 
crystallization centers providing the surface on which easily settle the hydration products. Zeolite is 
also a carrier of cations, which impacts also cannot be excluded. These effects cause that the cement 
containing the additive has a lower heat of hydration. It is well known that the compounds of heavy 
metals can effectively retard the hydration of Portland cement as investigated by calorimetric method 
(Nocuń-Wczelik and Małolepszy, 1995). However, in our experiments there is no serious delaying 



effect; the samples with some organic substance and phosphate give the lowest heat. The values of 
total heat evolved seem to indicate that the 20% zeolite additives modified with the admixtures used 
in the experiments play rather a role of cement replacement of moderate activity. The accelerating 
effect of NO3

– ions (in this case, nitrate increases the concentration of calcium ions in the liquid phase 
and dissolution of initial cement) should be underlined. 

 
Figure 2: X-ray patterns of cement pastes: A – alite, B – belite, F – ferrite, P – portlandite, C – calcite,  

E – ettringite, G – gypsum, Z – clinoptilolite, Q – quartz 
 
The XRD patterns of hydrated pure cement and cement with additions are shown in Figure 2. Upon 
reactions with water, mainly portlandite and amorphous hydrated calcium silicates (C-S-H) were 
produced. Calcium carbonate is also produced as a result of secondary reactions between Ca(OH)2 
and C-S-H with atmospheric CO2 (Kurdowski, 1991). Peaks corresponding to the unreacted phases 
(alite, belite and ferrite) also can be seen. X-Ray patterns of the organic modified samples with anions 
are significantly different from the pure hydrated cement. Additional peaks attributed to zeolite and 
associated with quartz grains were identified. Reduced intensity of the peaks originating from 
portlandite is also observed, which may be result of pozzolanic reaction involving a consumption of 
portlandite by the zeolite or a formation of smaller quantity of hydration products. Detailed 
analysis showed a shift of the peak originating from ettringite, which is probably caused by a change 
of unit cell parameters due to anions substitution. The changes of this peak have been reported 
previously (Mollah et al., 2004). 
The FT-IR spectra of dry and hydrated cement have been reported in related literature (Mollah et al., 
1998). The major bands in hydrated pure cement observed in the present experiments (Fig. 3) are: 
asymmetric Si–O stretching at 971 cm–1, out-of-plane Si–O at 520 cm–1 and in-plane Si–O bending at 
460 cm–1. The band at about 1114 cm–1, connected with SO4

2– stretching vibration, is also observed. 
The bands at about 1470−1420, 875 and 713 cm–1 are due to carbonates. The bands related to the 
stretching vibrations of OH− groups appear in the range of 3700–3200 cm−1 and bands at about 1645 
cm−1 related to the bending vibrations of H2O molecules. Two bands connected with the stretching 
vibrations of O–H bonds are observed at higher wavenumbers. The first one is present at about 3643 
cm−1 and it is due to presence of (CaOH)2. The second one at about 3440 cm–1 has higher half–width 



and is connected with vibrations of water molecules and OH− groups which are randomly distributed 
in the products of hydration. 
In the FT–IR spectra of the samples containing clinoptilolite bands connected with vibrations of the 
aluminosilicate structure of zeolite can be observed. Among other, an increase in intensity of the band 
at ca. 1114 cm–1 and a shift of the band at ca. 971 cm–1 can be caused by the additive of zeolite. 
However, the shifting of the Si−O asymmetric stretching band to higher frequency is caused by the 
polymerization of the [SiO4]4– units, connected with arising of hydration products. This is visible in 
the spectra of sample containing HDTMA+ ions. The presence of organic carbon caused a significant 
increase in the band intensity at ca. 1424 cm–1 for the sample with HDTMA+ ions, compared to pure 
cement. On the other hand, in the case of samples with anions its integral intensity decreases. Thus, it 
indicates that the hydration of analyzed cement is retarded in the presence of anions species. A broad 
band about 3440 cm–1 is due to symmetric and antisymmetric stretching vibrations of adsorbed water 
molecules. The growth in its frequency is caused by the formation of moderately weaker H-bonding 
and confirms the previous conclusion. 

 
Figure 3: The FT-IR spectra of the hydrated pure cement and cements with additives 

 
The microstructure of hydrated cements as seen in fracture surface is given in Fig 4. As expected, in 
the SEM micrographs of reference samples (pure cement) (Fig. 4a), dense intergrowths of portlandite, 
C-S-H and occasionally calcium monosulfoaluminate (AFm) and ettringite (AFt) were recorded. 
These observations correspond well with the X-ray analysis (Fig. 2). Pores occur sporadically and are 
isolated from each other. Impact of clinoptilolite on development C-S-H phase is not observed. Only 
nucleation effect of zeolite particles can be confirmed. Grains of zeolite are hard to see and are coated 
mainly by fibrous C-S-H. Figure 4b shows a trace of clinoptilolite’s grain with C-S-H phase on the 
surface. The addition of HDTMA+ ions have not significantly influenced the microstructure, as is 
confirmed in (Hills et al., 1995). Previous works (Ouki and Hills, 2002; Smith and Matthews, 1974; 
Thomas et al., 1981) have shown that the effects of anions type and amount on microstructure of 
cement paste can be significant. In this work, clear changes with respect to the type of anions are not 
observed, except SO4

2– ions, which do not modify a microstructure of settled cement paste. Other 
anions (Fig. 4d–f) retard the hydration and creation of fibrous C-S-H phase. In the case of samples 
containing NO3

–, CrO4
2–, AsO4

3– and PO4
3–, C-S-H phase creates compact aggregates with numerous 



cracks. Fibrous C-S-H phase is formed only locally in the cracks (Fig. 4f). A decrease in amount of 
fibrous phase probably will result in a lower strength of these materials. What is interesting, for the 
samples with SO4

2– (Fig. 4c) an increase in occurrence of ettringite was not observed, probably 
because other anions created solid solution in AFt phase (Mollah et al., 2004). 
 

   

   

   
Figure 4: SEM observations of cement pastes: a) pure cement; b) with zeolite modified by HDTMA+; 

c) with SO4
2–; d) with NO3

–; e) with CrO4
2–; f) with PO4

3–. 
 
Amounts of anions which are washed out from the material with water are: for CrO4

2– ions – 0,15 
mg/dm3, for AsO4

3– – 0,52 mg/dm3 and for PO4
3– – 0,57 mg/dm3,what represents 0,14%; 1,73% and 

1,68% (wt.) of ions introduced to the material, respectively. 



Conclusions 
 
Based on the obtained results the following conclusions can be drawn: 
 Modified clinoptilolite is a promising material as an active additive to cement; 
 XRD patterns and IR spectra of the cement pastes reveal only small differences between the 

hydrated cement samples with addition of anion modified zeolites; 
 SEM observations show that microstructure of all composites are typical for cementitious 

materials, however anions influence the microstructure of the samples; 
 anions tend to slightly migrate from the material. 
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Abstract 
 
This study forms part of wider research conducted under a EU 7th Framework Programme (COmputationally Driven 
design of Innovative CEment-based materials or CODICE). The ultimate aim is the multi-scale modelling of the 
variations in mechanical performance in degraded and non-degraded cementitious matrices. The model is being 
experimentally validated by hydrating the main tri-calcium silicate (T1-C3S) and bi-calcium silicate (β-C2S), phases 
present in Portland cement and their blends. 
 
The present paper discusses micro- and nanoscale studies of the cementitious skeletons forming during the hydration of 
C3S, C2S and 70 % / 30 % blends of both C3S/C2S and C2S/C3S with a water/cement ratio of 0.4. The hydrated pastes 
were characterized at different curing ages with 29Si NMR, SEM/TEM/EDS, BET, and nanoindentation. 
 
The findings served as a basis for the micro- and nanoscale characterization of the hydration products formed, 
especially C-S-H gels. Differences were identified in composition, structure and mechanical behaviour 
(nanoindentation), depending on whether the gels formed in C3S or C2S pastes. The C3S gels had more compact 
morphologies, smaller BET-N2 specific surface area and lesser porosity than the gels from C2S-rich pastes. The results 
of nanoindentation tests appear to indicate that the various C-S-H phases formed in hydrated C3S and C2S have the 
same mechanical properties as those formed in Portland cement paste. Compared to the C3S sample, the hydrated C2S 
specimen was dominated by the loose-packed (LP) and the low-density (LD) C-S-H phases, and had a much lower 
content of the high density (HD) C-S-H phase.   
 
 Originality 
 
Different micro- and nanoscale characterization techniques were used to study calcium silicate hydration. This 
thorough characterization provided evidence for verifying the relationship between type of silica hydrate and the nature 
and strength of the C-S-H gels formed.  
 
Chief contributions 
 
The composition, morphology, structure, porosity and strength of gels forming from different calcium silicates were 
determined with micro- and nanoscale characterization studies. The C3S gels were shown to have more compact 
morphologies and smaller BET specific surface areas, and to be less porous and denser than the gels from C2S-rich 
pastes.  
 
* Corresponding author: F. Puertas (Francisca Puertas), e-mail: puertasf@ietcc.csic.es; tel. 34 913020440 
 



Introduction 
 
The hydration of Portland cement is a very complex phenomenon, due to the different composition, 
the presence of impurities, the variations in crystal structure, and, therefore, the reactivity of its 
components and the synergies established among them. The knowledge of the behaviour of every 
phase separately will be a reference to establish the degree of synergy in case of the cement. The 
hydration processes of the main calcium silicates of Portland cements: C3S and β-C2S, have been 
studied extensively over the years, and more recently they are taking up again due to the need to 
validate experimentally the models which, increasingly, are carrying out on the Portland cement pastes 
and especially the advances in the characterization of the C-S-H gel [Allen et al. 2007, Constantinides 
et al. 2004, 2007, Costoya 2008, Dolado et al. 2007, Jennings 2008, Vandamme 2010].  
The present research is involved in a European project (namely CODICE project, 2008), which main 
objective is the multi-scale modelling of the evolution of the mechanical performance of non-degraded 
and degraded cementitious matrices. For that, a series of experiments were planned with pure synthetic 
tri-calcium silicate (C3S) and bi-calcium silicate (C2S) (main components of the Portland cement) and 
their mixtures, in order to obtain different C-S-H gel structures during their hydration. The 
characterization of those C-S-H gels and matrices will provide experimental parameters for the 
validation of the multi-scale modelling scheme proposed. 
Previous studies on the hydration of pure synthetic tri-calcium silicate (T1-C3S) and di-calcium silicate 
(β-C2S) and their mixtures showed that the hydraulic activity of the β-C2S strongly increased by the 
presence of T1-C3S, mainly at early ages, avoiding its inactive induction period [Goñi et al. 2010, 
Hernandez et al. 2010].  
Studies of mechanical properties of various micro/nano-scale features/phases in cement paste have 
been reported using nanoindentation [Jennings 2008, Mondal et al 2008, Ulm et al, 2007, Zhu et al, 
2007, 2009]. Particularly, a so called statistical or grid-mapping nanoindentation technique, which 
involves testing and statistically analysing hundreds of grid points on cement paste, has shown to give 
access to the study of the mechanical properties of individual hydrate phases (e.g. LP, LD, HD-C-S-H 
and CH) in cement pastes [Jennings 2008, Zhu et al 2007, 2009]. Such a statistical nanoindentation 
technique was used in this study to investigate the different hydrate phases in C3S, C2S and their 
mixtures.   
The present paper discusses micro- and nanoscale studies of the cementitious skeletons forming during 
the hydration of C3S, C2S and 70 % / 30 % blends of both C3S/C2S and C2S/C3S. 
 
Experimental 
 
Materials  
Triclinic (T1) tri-calcium silicate, (T1-Ca3SiO5, C3S), and bi-calcium silicate (β-Ca2SiO4, C2S) were 
used as starting products, details of the synthesis and characterization can be consulted in [Goñi et al. 
2010]. Two mixtures samples were prepared: A (70% C3S/30% C2S) and B (30% C3S/70% C2S). The 
particle size distributions of calcium silicates and their mixtures are presented in Table 1. 

 
Table. 1. Particle size distribution 
for anhydrous C3S, β-C2S and A and 
B samples 
 
 
 

Paste preparation 
Pastes were prepared by mixing the powders (C3S, β-C2S, A and B) with distilled and decarbonated 
water using water to solid ratio of 0.4. Pastes were cast in 1x1x6-cm3 moulds and consolidated by 
tapping. All these operations were conducted in an inert N2 atmosphere inside an “Atmosbag". The 
specimens were removed from the moulds 24 hours after casting, wrapped in aluminium foil and 

 <10% <50% <90% 
C3S 2.31-3.27 μm 8.71-9.77 μm 22.71-31.19 μm 
C2S 1.52-1.41 μm 6.84-7.55 μm 23.09-33.99  μm 
A 1,85 μm 9.12 μm 32.26 μm 
B 1.33 μm 8.21 μm 32.77 μm 
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stored in containers with distilled and decarbonated water at ~100 % relative humidity. At the end of 
each hydration period: 1, 3, 7 and 28 days for C3S and A sample and 3, 7, 28 and 90 days for β-C2S 
and B sample, the specimens were crushed and the powder dried with acetone (45 seconds) and 
ethanol (15 seconds) and put into the “Atmosbag” until the following tests. Immediately prior to 
characterization analysis, the samples were vacuum dried in desiccators for 1 hour at ambient 
temperature.  
 
Instrumentation 
29Si MAS NMR was likewise used to monitor the anhydrous and hydrated samples and the mean 
length chain (LMC) of the C-S-H gels formed. A Bruker MSL400 spectrophotometer operating at 
79.49 MHz was used and tetramethyl silane (TMS) as external standard for the 29Si spectra. Spectral 
analyses were performed using Winfit software (Bruker). Component intensity, position and line width 
were determined with a standard interactive least squares method. Polished surfaces of the samples 
studied were examined with backscattered electron imaging (BSE). The samples were impregnated 
with epoxy resin, cut, polished and carbon-coated. The scanning electron microscope used was a 
JEOL JSM 5400 model, fitted with a solid-state backscattered detector and a LINK-ISIS EDX 
microanalyser. Surface area measurements were made by the BET multipoint method (Model ASAP 
2010, Micromeritics Instrument Corp., Norcross, GA), using N2-77 K gas. Micro-mechanical 
properties were studied using the statistical nanoindentation technique. A Nanoindenter G200 (Agilent 
Technologies) fitted with a Berkovich indenter was used. Based on previous experience [Zhu et al, 
2009] and an extensive trial, well polished epoxy resin impregnated specimens were used.   
 
Results and Discussion 
 
C-S-H structure was study by 29Si MAS NMR and the corresponding spectra of anhydrous calcium 
silicates and the pastes at 28 days of hydration are shown in Fig. 1. The spectra for the C3S pastes 
studied had six signals ranging from -69.0 ppm to -74.7 ppm, attributable to isolated Q0 tetrahedra 
present in anhydrous C3S. The three signals observed at around -79.0, -82.0 and -85.0 ppm were 
attributed, respectively, to Q1, Q2B and Q2 Si units in the C-S-H gel. The deconvolution data together 
with the mean chain length (MCL) (calculated according the equation 1) of the C-S-H gel forming at 
28 days of hydration are given in Table 2. 
 

MCL = [(2(Q1+Q2(0Al)+ Q2B(0Al))/Q1]  (1) 
 
 

 
 
 
 
 
 
 
 

Fig 1. 29Si MAS NMR spectra of anhydrous calcium silicates and hydrated pastes at 28 days 
 

 
 
Table 2. Deconvolution data for 29Si MAS NMR 
spectra for pastes at 28-days and Mean Chain Length 
(MCL) 

 
 
 

 MCL ΣQ2/QTOTAL ΣQ2/Q1 
C3S 3.80 0.47 0.90 
A 3.65 0.45 0.83 
B 3.53 0.43 0.76 

C2S 3.90 0.49 0.96 



Fig. 2.  Pore volume distribution versus mean 
pore diameter (nm) measured by nitrogen sorption 
isotherms   
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Fig. 3. Evolution of surface area 
with hydration time  

The 29Si MAS NMR spectra of anhydrous mixtures showed nine signals ranging from -69.0 ppm to -
74.7 ppm. The signal at -71.6 ppm is attributable to isolated Q0 tetrahedra present in anhydrous C2S 
and the other eight signals are associated to the isolated Q0 tetrahedra present in anhydrous C3S. In the 
spectrum of the hydrated B (C3S + β-C2S) paste, only five signals between -69.0 to -74.7 ppm could be 
resolved due to the overlap of several signals. Three additional signals are observed at around -79.0, -
82.0 and -85.0 ppm attributed to Q1, Q2B and Q2 Si units in the C-S-H gel, respectively. In the 29Si 
MAS NMR spectrum of the hydrated A (C3S + β-C2S) paste four signals are observed, one at – 72.1 
ppm assigned to the Q0 tetrahedron present in anhydrous C2S and also three signals at -79.0, -82.0 and 
-85.0 ppm attributed to Q1, Q2B and Q2 Si units in the C-S-H gel, respectively.  In this spectrum, no 
signal attributed to the Q0 Si unit present in anhydrous C3S is detected because according to previous 
studies [Goñi, et 2010] at 28 days of curing around 81% of C3S has already reacted, consequently the 
amount of anhydrous C3S is too low to be detected. 
In Table 3, the Ca/Si atomic ratio obtained by BSE/EDX is presented; each value is the mean of 30 
analyses. As can be seen, the ratios obtained for the outer C-S-H were slightly lower than those of the 
inner-C-S-H gel, especially for the plain C2S.  
 

 
Table 3. Ca/Si atomic ratio determined 
with BSE/EDX in C3S, C2S, A and B -28 
days hydrated pastes 
 
 

The pore-size distributions, obtained from the nitrogen sorption isotherms, for different pastes at 28 
days of hydration, in the range of pores from 1nm to 100nm of diameter (Figure 2), shows in all the 
cases, a bi-modal distribution with two maxima centred at 10-20 nm and 3 nm, which indicates high 
volume of pores per gram of dried sample of ~12 nm and ~3 nm diameter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the case of the C2S and B mixture, the intensities are higher than those of C3S and A mixture; 
besides, higher proportion of small pores can be seen in the case of the C2S and B pastes.  These two 
populations of pores can be related to two packing of particles of C-S-H gel, in which the type of 
morphology plays an important role. The surface area values (see Figure 3) increase with hydration 
time with a fast gain at earlier ages (acceleration period) and very small gain at later ages (deceleration 
period). The surface area values corresponding to the A mixture are located practically on the line of 
the C3S. This seems to indicate close textural characteristics of C-S-H gels for both C3S and A 
mixture. When the proportion of C2S in the mixtures increases, the surface area values are higher than 
those of the C3S and A mixtures, mainly at early ages of hydration, where the amount of C-S-H is 
markedly lower for the C2S. These values diminish at later ages of hydration and they spread to be 
equalled to those of the C3S.  
One of the most important parameter, which is responsible of the changes in textural characteristics of 
the C-S-H gel, including morphology is the free space (capillary porosity) available for the C-S-H 
growing.  

 C3S C2S A  B 

Inner C-S-H  1.8 ± 0.3 1.6 ± 0.2 1.8±0.1 2.0±0.2 

Outer C-S-H  1.7 ± 0.2 1.5 ± 0.1 1.7±0.1 1.7 ±0.1 



Fig 4.  Porosity measured by MIP versus the 
amount of C-S-H gel.
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) C3S A B C2S In fact, although the same water to mixture ratio of 0.4 
has been used in all the cases, nevertheless, the very 
slow hydration rate of the βC2S causes higher free space 
(capillary porosity) compared with that of T1C3S, for 
the same hydration time. 
As the amount of C-S-H gel increases, the free space 
(capillary porosity) decreases as can be seen in Figure 4, 
giving rise to the texture changes observed into the C-S-
H gel.  
The space available also can influence in the 
morphology of the particles, which can be fibrous or 

globular, in the case of the C-S-H gel. The growth of like-fibrous or acicular particles is favoured in 
the capillary pores (outer product). On the contrary, the growth of like-globular and more compact 
particles is favoured when the space is reduced (inner product).   
 

 
Examples of those morphologies 
can be seen in Fig. 5, where packed 
particles of globular morphology 
covering of portlandite are detected 
in C3S and A samples (Fig. 5 (a-b)). 
The fibrous morphology or of C-S-
H gel particles are formed in the 
case of the C2S and B mixtures 
where the space available to grow is 
higher (Fig. 5 (c, d)). Details of the 
globular and fibrous morphologies 
of the C-S-H gel particles can be 
better seen at higher magnifications, 
by TEM (Fig. 6 (a and b.)).  
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

Fig. 6. TEM images of globular (a) and fibrous (b) C-S-H gel particles 
The nanoindentation test in this study was based on testing a total of 320 grid points with an indent 
spacing of 20 µm for each specimen. At each testing point, a progressive two-step load-unload cycles 
with a maximum load 1 mN were carried out. The E modulus and hardness values at the test point 
were calculated using the 2nd unloading cycle, with a maximum indentation depth about 200 – 250 nm. 
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Fig. 5.  SEM images of C-S-H gel of C3S, A, B and C2S mixtures 
hydrated for 7 days. 
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Statistical analysis of all the test results from the 320 indents obtained was undertaken to extract the 
micromechanical properties of each individual phases in the tested area using the deconvolution 
technique presented previously [Constantinides and Ulm 2007, Ulm et al 2007, Zhu et al 2007]. Fig.7 
presents an illustration of the technique used. 

 
Fig.7. Statistical distribution of 
the test results and the possible 
model fits with multi-modal 
Gaussian distribution curves 
within the range of mechanical 
properties for the hydration 
phases – Model fits 1, 2, 3 and 
4 representing the loose-packed 
(LP)C-S-H, LD-C-S-H, HD-C-
S-H and CH phases 
respectively. 
 
 
 

Table 4. Summary of the statistical nanoindentation test results 
Specimens C3S C2S Mix A Mix B Properties 

of hydrate 
phases Age 7d 28d 28d 90d 28d 28d 90d 

Modulus, 
GPa 

16.56 ± 
3.66 

16.68 ± 
3.27 

13.45 ± 
3.65 

14.08 ± 
3.31 

17.80 ± 
3.42 

15.20 ± 
3.48 

10.78 ± 
2.80 

Hardness, 
GPa 

0.48 ± 
0.13 

0.43 ± 
0.11 

0.41 ± 
0.12 

0.51 ± 
0.11 

0.64 ± 
0.13 

0.54 ± 
0.13 

0.37 ± 
0.19 

Loose 
packed 
CSH 

Volume, % 20 to 30 10 to 15 70 to 80 30 to 40 15 to 20 55 to 65 5 to 15 
Modulus, 

GPa 
22.64 ± 

2.41 
23.34 ± 

2.61 
21.75 ± 

3.84 
19.98 ± 

2.58 
24.70 ± 

3.25 
22.16 ± 

3.91 
21.25 ± 

3.05 
Hardness, 

GPa 
0.73 ± 
0.09 

0.70 ± 
0.11 

0.70 ± 
0.11 

0.75 ± 
0.13 

0.90 ± 
0.09 

0.76 ± 
0.10 

0.74 ± 
0.13 

LD-CSH 

Volume,  % 25 to 30 30 to 40 10 to 20 45 to 55 45 to 50 15 to 25 65 to 75 
Modulus, 

GPa 
28.18 ± 

3.13 
29.69 ± 

3.73 
29.80 ± 

4.85 
27.25 ± 

3.61 
31.90 ± 

3.95 
29.98 ± 

4.34 
29.78 ± 

2.76 
Hardness, 

GPa 
0.91 ± 
0.09 

0.93 ± 
0.12 

1.13 ± 
0.20 

1.09 ± 
0.20 

1.12 ± 
0.14 

1.02 ± 
0.10 

0.92 ± 
0.08 

HD-CSH 

Volume, % 25 to 30 40 to 45 5 to 15 10 to 20 15 to 25 10 to 20 10 to 15 
Modulus, 

GPa 
37.54  ± 

3.49 
40.02 ± 

3.65 
37.42 ± 

1.58 
39.39 ± 

1.50 
42.29 ± 

3.69 
36.73 ± 

2.41 
36.12 ± 

3.58 
Hardness, 

GPa 
1.16 ± 
0.13 

1.28 ± 
0.11 

1.77 ± 
0.20 

1.72 ± 
0.20 

1.64 ± 
0.26 

1.33 ± 
0.11 

1.22 ± 
0.11 

CH 

Volume, % 15 to 25 10 to 15 0 to 5 0 to 10 10 to 15 0 to 10 5 to 10 
 
Table 4 presents a summary of results of the mechanical properties of individual phases and their 
volume fractions for the tested C3S, C2S pastes and their selected mixtures at different ages. The 
mechanical property values for the individual hydrate phases in Table 4 are in good agreement with 
the values reported for those phases in cement paste specimens [Mondal et al 2008, Ulm et al 2007, 
Zhu et al 2007, 2009]. This suggests that the C-S-H and CH phases formed in hydrated C3S and C2S 
are essentially the same as those formed in Portland cement paste. The HD-C-S-H and LD-C-S-H 
were dominant phases in the C3S whereas in the C2S sample loose packed C-S-H and LD-C-S-H 
dominated. Also, the volume content of the different C-S-H phases were found to shift from the loose-
packed to LD (for C2S and Mixture B) and from LD to HD-C-S-H (for C3S) when the age of hydration 
increased.   



Conclusions 
 
The main findings obtained in present study have showed that C-S-H gels formed from C3S rich phase 
hydration had more compact morphologies, smaller BET-N2 specific surface area and lesser porosity 
than the gels from C2S-rich pastes. The space available also can influence in the morphology of the 
particles, which can be fibrous or globular, in the case of the C-S-H gel. The growth of like-fibrous or 
acicular particles is favoured in the capillary pores (outer product). On the contrary, the growth of like-
globular and more compact particles is favoured when the space is reduced (inner product).  The 
fibrous morphology of C-S-H gel particles are formed in the case of the C2S and B mixtures where the 
space available to grow is higher. A evolution to globular morphologies are observed when increases 
the hydration time. 
The results of nanoindentation tests appear to indicate that the various C-S-H phases formed in 
hydrated C3S and C2S have the same mechanical properties as those formed in Portland cement paste. 
Compared to the C3S sample, the hydrated C2S specimen was dominated by the loose-packed (LP) and 
the low-density (LD) C-S-H phases, and had a much lower content of the high density (HD) C-S-H 
phase.   
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Abstract

With the improvement of iron rich CAC cement properties due to intergrinding and sintering of Mn - secondary 
raw materials and cement raw meal, perovskite phases contain significant concentrations of Mn3+/Mn4+ ions, 
dependent on the oxygen fugacity (fO2). Brownmillerite phases, structurally described as oxygen deficient 
perovskites, can compensate certain amounts of Mn4+ due to incorporation of additional oxygen, but will 
become unstable and dissolve into Aluminum rich - Iron – Manganese - brownmillerites Ca2(Al,Mn,Fe)2O5+d and 
perovskites Ca(Mn,Ti,Fe)O3-d.
Beside the typical layer sequence of tetrahedra (t) - octahedra (o) in brownmillerite type structure, different 
stacking sequences can be stabilized due to the variation of fO2. These structures are built up of different sequences 
like oo or too. In order to investigate these phases, samples with the chemical compositions Ca2Al2O5-Ca2Fe2O5-
Ca2Mn2O5 and CaFeO3-d - CaMnO3-d - CaTiO3 were synthesized either as powders by sol - gel methods or as single 
crystals.
The crystal structures were refined using neutron diffraction techniques at the BENSC E6 of the Helmholtz - 
Centre Berlin for Materials and Energy, the manganese valences were determined by iodometric titration. The 
valence state of iron was determined by Mössbauer - spectroscopy. 
The phases with the chemical composition Ca(Fe,Mn,Ti)O3-d with ABO3-d type structure crystallize predominately 
in space group Pnma. With the incorporation of  trivalent iron the space group changed to I4/mcm and finally into 
Pm3m. The phase transition is also dependent on the temperature level, which was proofed by high temperature 
XRD.
Phase with the chemical composition Ca3(Fe,Mn,Ti)3O8+d (n = 3 A3B3O8+d) were only synthesized purely in a 
narrow range as long as enough iron filled the tetrahedrally coordinated sites in the crystal structure. 

Originality

The results which will be presented at the 13th ICCC meeting base on the fundamental work of Pöllmann 
and Oberste - Padtberg (2001). They added manganese ores and secondary manganese raw materials to 
the raw meal for the production of a CAC. Their results demonstrated that the addition of manganese 
improved the performance of CAC in different ways. But certain very important aspects were not 
investigated:
1). Which phases can incorporate manganese ions. Can manganese be positioned on tetrahedral 
coordinated sites in the brownmillerite - type structure ?
2). Manganese has the property to exist at different valence levels like Mn2+, Mn3+ and Mn4+, they can 
be stabilized during the fusion - and cooling process. Is there a certain tendency to occupy distinct 
positions in brownmillerite or perovskite type structures ?
3). How much Manganese can be fixed on certain sites of perovskite and brownmillerite type phases. 
What are the consequences on the stability of perovskite and brownmillerite phases, if the manganese 
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concentration will be increased or lowered ?
4). Trivalent Manganese shows Jahn - Teller activity (JTE), which results in a strong distortion of the 
coordination polyhedron. Does the Jahn - Teller activity has a destabilising effect on the brownmillerite 
type structure ?
Chief contributions

The chief contributions which were made by those investigations are: 
1). Stable perovskites with variable Mn3+/Mn4+ ratios and chemical compositions Ca(Mn,Ti,Fe)O3-d and 
Ca3(Fe,Mn,Ti)3O8+d were investigated and synthesized by sol - gel methods or as single crystals.
2). Trivalent and tetravalent manganese ions can not be fixed on any tetrahedral coordinated position of 
clinker phase type structures like CA, CA2 or C2AS. Manganese  ions with those oxidation states only 
occupy six fold coordinated positions in brownmillerites and perovskites  
3). Although these phases are non reactive against H2O, the problem can be solved by reducing fO2 to 
certain levels during the sinter and cooling process. This step transforms non reactive perovskites into 
brownmillerites with highly distorted structures.. 

Keywords: Mn - CAC, Mn - fixation, brownmillerite, crystal chemistry, neutron diffraction

1. IntroductIon

During the production of Mn - rich Calcium Aluminate Cements (CAC) crystallize calcium aluminate 
ferrates Ca(Al,Fe)2O4 and different perovskites with the general formula AnMnO3n-1 from the melt during 
the cooling process. Due to the extremely different oxygen fugacity of the surrounding atmosphere, 
particularly Manganese is present at different valence states, thus different polytypes of perovskite 
structures are stabilized. The structures consists of tetrahedra - (T) and octahedra modules (O) showing 
different sequences of TO (brownmillerite structure), TOO (oxygen frustrated perovskite C3FT - 
type) and ternary perovskites with an OO - sequence. All structures are derived from the so called 
aristostructure of a ternary perovskite with space group Pm3m. 
In order to investigate the crystal chemistry and the stability fields of these important perovskites 
AnMnO3n-1 with n = 3 A3B3O8+d: Ca3(Fe,Mn,Ti)3O8+d, n = 2 A2(M,T)2O5+d: Ca2(Al,Fe,Mn)2O5+d and n = ∞ 
ABO3-d: Ca(Fe,Mn,Ti)O3-d solid solutions in the system CaO - MnO2 - Fe2O3 - TiO2 and CaO - Al2O3 - 
MnO2 - Fe2O3 were synthesized by sol gel methods.

2. ExpErImEntal

For the synthesis of Mn - brownmillerites and perovskites stock solutions of Ca(NO3)2·4H2O AppliChem. 
p.A. > 99.5%), Al(NO3)3·9H2O (Fluka purum p.A. 98%), Fe(NO3)3·9H2O (Fluka puriss. p.A. > 99%), 
und Mn(NO3)2·4H2O (AppliChem p.A. > 99%) prepared. Stoichiometric concentrations of TiO2 were 
added by applying titanium isopropylorthotitanate C12H28O4Ti.
Stoichiometric concentrations of the metal nitrates were homogenised in a 800 ml beaker. In case of 
the Ti containing perovskites C12H28O4Ti was added. Next citric acid (AppliChem. p.A. > 99,5%) and 
ethylene glycol C2H6O2 (AppliChem. p.A. > 99,5%) were added and the beaker was filled with 600 
ml of deionised H2O. After stirring the solution at 100° C for 15 min. the solution was evaporated in a 
drying cabinet at 180°C. After evaporation a red - brownish foamy product was obtained, which was 
pressed into discs and sintered at 1200°C in a laboratory furnace. Samples for the synthesis of Mn - 
brownmillerites were quenched at 1200 °C in ice water to prevent the formation of Mn4+ instead of Mn3+ 
- ions. Samples for the synthesis of Mn - perovskites were tempered at 400°C for one week in order to 
stabilize Mn4+ instead of Mn3+.
The bulk chemistry of al samples were determined by ICP, the valences of Mn and Fe were determined 
by iodometric titrations and the coordination and oxidation levels were determined by Mössbauer 
- spectroscopy. The phase purity of the samples was checked by X-ray diffraction and the data for 
structure refinements were collected at the Laboratory for Neutron Scattering (LNS) Paul Scherrer 



Institut Villigen PSI an at the Helmholtz - Centre - Berlin for Materials and Energy.

2.1. Phases with a brownmillerite tyPe structure a2(m,t)2o5+d

The following ionic substitutions were applied for the synthesis of brownmillerites:
Nr. System Substitution

1). Ca2Alx(Fe0.5Mn0.5)2-xO5+d 1/2 ≤ x ≤ 4/3 2 Al3+ <=> Mn3+ + Fe3+

2). Ca2AlxFe1.58-xMn0.42O5+d 1/6 ≤ x ≤ 4/3 Al3+ <=> Fe3+, Mn3+ = constant

3). Ca2Al0.17Fe1.83-xMnxO5+δ 1/4 ≤ x ≤ 7/12 Mn3+ <=> Fe3+, Al3+ = constant

In the TO - sequence of the brownmillerite - type 
structure (Figure. 1) occupy trivalent manganese 
ions exclusively the central position of the 
octahedron (wyckoff site 4a) with coordinates 
0,0,0. Aluminum - ions occupy preferentially the 
central position of the tetrahedrally coordinated 
site with coordinates x,¼,z and trivalent ion site 
0,0,0 (wyckoff site 4a). Therefore, only limited 
manganese concentrations can be fixed in the 
brownmillerite type - structure, which leads to 
a restricted chemical composition described 
by Ca2Fe1.33Mn0.67O5 - Ca2Al1.33Mn0.67O5 - 
Ca2(Al,Fe)1.33Mn0.67O5. Due to the variability 
of the oxidation state of manganese a deviant 
oxygen concentrations of 5 per formula unit 
is possible. However, iodometric titrations 
revealed that an oxygen discrepancy d of five 
mole oxygen ions + d per formula unit was determined. The influence of trivalent manganese ions on 
the crystal structure of brownmillerites was affected by the average ionic radii (Al3+, Mn3+ & Fe3+) of 
the tetrahedrally - and the octahedrally coordinated sites and the intensity of the Jahn - Teller effect.

2.1.1 system ca2al0.17Fe1.83-xmnxo5+δ 1/4 ≤ x ≤ 7/12

Because of the change in the chemical composition of brownmillerites with Ca2Al0.17Fe1.83-xMnxO5+δ 1/4 
≤ x ≤ 7/12 following the substitution Mn3+ <=> Fe3+ and Al3+ = constant, a strong elongation of the bond 
M - O2 and a reduction of one of the M - O1 bonds was initiated. Furthermore, the expansion, especially 
in M - O2 direction forced the octahedra to tilt dominantly around [100] and subsidiarily around [010] 
because adjacent sheets of tetrahedra prevent a further elongation of M - O2 (Figure. 1) & (Figure. 2).With 
the tilt around [100] and a consequent reduction of the M - O2 pressure the angle M - O2 - T, indicating 
the connection of tetrahedra and octahedra sheets unbends. Despite the reduction of the M - O2 pressure, 
the complete bonds T - O shrink and due to the movement of site T along [100] the chain length of 
tetrahedrally coordinated polyhedra is minimized. According to Parsons et al. (2009) the relation of the 
layer distance between two tetrahedra chains perpendicular b (T - T) to the deviation of the tetrahedra 
chain - length dimension from 180° is an appropriate indicator for the stability of Pnma or I2mb - 
modifications. In this solid solution system brownmillerite phases just with the centrosymmetric space 
group Pnma were determined.

Figure. 1: T - O sequence of the brownmillerite structure



Figure. 2: 
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Variation of bond - length M - O1 and M - O2 of the coordination polyhedron site 0,0,0 betwen 
Ca2Al0.17Fe1.83-xMnxO5+d phases and Al/Fe - brownmillerites according to Redhammer et al. (2004) 

The next solid solution systems show as a strong influence the Jahn - Teller - effect but their structures 
are affected by the change of the average ionic radii of ions distributed on the tetrahedrally - and 
octahedrally coordinated sites, too. 

2.1.2 system ca2alxFe1.58-xmn0.42o5+d 1/6 ≤ x ≤ 4/3

Because of the substitution Al3+ => Fe3+ with Mn3+ = constant in the structure of Ca2AlxFe1.58-xMn0.42O5+d 
phases exist a permanent distortion of the octahedron caused by the constant JTE. In comparison to the 
solid solution system Ca2Al0.17Fe1.83-xMnxO5+d a certain but reduced octahedral distortion was detected, 
whereas in the case of increased Fe3+ - concentrations the M - O bonds were influenced. Higher Fe3+ - 
occupation on site 4a with coordinates 0,0,0 compensated the JTE driven reduction of one of the M - O 
bonds, but the increase of bond M - O2 was supported. The tilts of the octahedra around [100] are smaller 
compared to system Ca2Al0.17Fe1.83-xMnxO5+d, thus the angle M - O2 - T increased by a smaller amount 
with growing Fe3+ - occupation on the site 4a 0,0,0 compared to the angle in the system Ca2Al0.17Fe1.83-

xMnxO5+d under the influence of increasing Mn3+ - concentrations. More over the increase of angle M - 
O2 - T is hindered by the Fe3+ - fixation in the central site of the tetrahedron x,¼,z, because the complete 
T - O bonds and the O2 - O2 polyhedron edge grow. The dimension of the tetrahedra chain decreased 
and the layer distance T - T developed positively at high Fe3+ - concentrations, so that a change in space 
group from I2mb to Pnma occurred. At this point the proposed system of Parsons et al. (2009) failed, 
because the plot of certain values derived wrong space groups. The change of the space group I2mb to 
Pnma has been proofed by the presence or extinction of the 131 reflection following the law of the body 
centred bravais lattice h + k + l = 2n.

2.1.3 system ca2alx(Fe0.5mn0.5)2-xo5+d 1/2 ≤ x ≤ 4/3

The system Ca2Alx(Fe0.5Mn0.5)2-xO5+δ is governed by the coupled substitution 2 Al3+ <=> Mn3+ + Fe3+, 
changing the average ionic radii of the ions occupying the tetrahedrally and octahedrally coordinated 
sites. With the increase of combined Mn / Fe concentrations the JTE intensity becomes stronger, and 
the resulting M - O2 expansion is supported by the fixation of ions with larger ionic radii according to 
the substitution 2 Al3+ <=> Mn3+ + Fe3+. The contradiction of one of the M - O1 bonds, is not strongly 
influenced due to the fixation of ions like Mn3+ and Fe3+with larger ionic radii compared to the ionic 
radius of Al3+ on the site with coordinates 0,0,0. Hence, octahedra of these structures described in 
the system Ca2Alx(Fe0.5Mn0.5)2-xO5+d show a comparable distortion which has been described in system 
Ca2Al0.17Fe1.83-xMnxO5+d. The tilting of octahedra about [100] and [010] is stronger developed than for 



octahedra of structures belonging to the system Ca2AlxFe1.58-xMn0.42O5+d achieving a elongation of angle 
M - O2 - T with increased Mn3+ and Fe3+ concentrations. The degree of elongation is within the range 
derived for structures belonging to both solid solution systems Ca2Al0.17Fe1.83-xMnxO5+d and Ca2AlxFe1.58-

xMn0.42O5+d.
The volume of the tetrahedron increases at higher Fe3+ - concentrations whereby all T - O and the O2 
- O2 dimensions and the buckling of tetrahedra chains increase. The shrinkage of the tetrahedra chains 
is affected by the shift of ions in site T along the a - direction but not along c and the displacement of 
the atom O3 along a - and c - direction. It can be postulated, that this mechanism is a combination of T 
and O3 movements described in systems Ca2Al0.17Fe1.83-xMnxO5+d and Ca2AlxFe1.58-xMn0.42O5+d. The layer 
distance T - T is enlarged with the reduction in length of the tetrahedra chains, where in - between 5/6 
≤ x ≤ 1 1/6 a change of Pnma to I2mb occurs.
The lattice parameters of all three targeted solid solution systems show increased values for lattice 
parameter b and a reduction for at least one of the lattice parameters a and c, compared to the metric 
of Al / Fe - brownmillerite (Redhammer et al., 2004). The extension of lattice parameter b is detected 
through the variation of the ionic radii in the octahedrally and tetrahedrally coordinated sites M and T 
and through the variation of the Jahn - Teller intensity, which is responsible for the bond lengths of M - 
O2 and O2 - O2 and the angle M - O2 - T, elongated approximately the lattice parameter b.

2.2. Phases with a Perovskite tyPe structure abo3-d

The applied substitutions in perovskites are given below:

Nr. Chemistry Substitution

1). CaMn1-xTixO3-d 0.08 ≤ x ≤ 0.92 Ti4+ <=> Mn4+ 

2). CaFe0.125Mn0.875-xTixO3-d 0 ≤ x ≤ 0.75 Ti4+ <=> Mn4+, Fe3+ = 0.125 a.p.f.u.

3). CaFe0.375Mn0.625-xTixO3-d 0 ≤ x ≤ 0.625 Ti4+ <=> Mn4+, Fe3+ = 0.375 a.p.f.u.

4). CaFexMn(1-x)/2Ti(1-x)/2O3-d 0.08 ≤ x ≤ 0.33 2 Fe3+ + ☐ <=> Mn4+ + Ti4+

The structure of the synthesized perovskite phases are described by a OO - sequence, whereby the 
metric of solid solution systems 1…4 are either orthorhombic, or tetragonal or cubic. Compared to 
brownmillerite type structures exist no tetrahedrally coordinated site in perovskites, so that Mn and Ti 
respectively Mn, Fe and Ti occupy site B with coordinates ½,0,0.
The solid solution system CaMn1-xTixO3-d 0.08 ≤ x ≤ 0.92 has been recently investigated by Nakade 
et al (2002), however iodometric titrations revealed a higher oxygen content in the solid solutions 
compared to the phases synthesized in the present work, because of a different temperature treatment 
of the samples. Therefore manganese ions have a lower average oxidation level. Metric parameters 
dimensions are narrowed with the replacement of Ti by Mn. At high Mn - concentrations the difference 
between the a - and c - dimension has almost disappeared. 
Two structures of samples CaMn0.67Ti0.33O2.89 and CaMn0.08Ti0.92O3-d were refined, based on the data 
derived by neutron diffraction experiments. Those structures show following characteristics. 
1). The bond lengths B - O show small deviations compared to each other. A strong octahedral distortion 
as in manganese containing brownmillerites is not present.
2). The parameterisation of perovskite type structures can be done by a systematical description of the 
octahedra tilt along certain directions (Glazer, 1972 & Aleksandrov, 1976), which has been improved 
by the application of crystallographic group theory (Howard et al., 1998). 
3). The parameterisation of perovskite type structures is possible due to the approach of polyhedra ratios 
VA / VB. Since the reduction of symmetry from cubic to orthorhombic, the coordination of the A - site 
changed from [12] to [8] and a so called “non - coordinated volume” occurs.
The targeted fixation of trivalent iron ions ion site B of the perovskite type structure with space - group 
Pnma shows the following results.



The synthesis of solid solutions, with the chemical composition CaFe0.125Mn0.875-xTixO3-d 0 ≤ x ≤ 0.75 
resulted in the crystallization of pure phases with s.g. Pnma. The lattice parameters a, b, c and the unit 
cell volume V decrease linearly with the increase of manganese contents on site A, whereas the difference 
between a and c and the distortion of the orthorhombic unit cell with regard to the pseudocubic cell is 
reduced, too. Furthermore, the rotations of the octahedra about [100], [111], [001] and [100] decrease, 
pointing in the direction of an more regular shaped cell of the tetragonal or cubic crystal system. Because 
of the increase in iron from 0.125 a.p.f.u to 0.375 a.p.f.u. in the solid solution system CaFe0.375Mn0.625-

xTixO3-d 0 ≤ x ≤ 0.625, the symmetry of the unit cell cubic with space group Pm3m. The aristotype of 
perovskite - type structures show neither a cell distortion ξ nor a tilt of the octahedra. With an increase 
of the Ti - concentration the lattice parameter a and consequently V increase, because tetravalent Ti has 
a larger ionic radius in a sixfold coordination compared to Mn. By means of bond length B - O 
calculations from lattice parameter a the volumes VB and VA were determined.
The application of the coupled 
substitution 2 Fe3+ + ☐ <=> 
Mn4+ + Ti4+ on perovskite type 
structures, solid solutions with  
the compositions CaFexMn(1-

x)/2Ti(1-x)/2O3-d were synthesized. 
X - Ray diffraction analyses 
revealed that the space group 
Pnma of the pure low iron 
containing samples changed to 
Pm3m. With rise in the iron 
concentration the lattice 
parameters a, b and c increase 
and the difference between a 
and c is reduced continuously 
and reaches the value zero for 
phase CaFe0.34Mn0.34Ti0.32O2.92 
(Figure. 3). The phases 
synthesised by the sol - gel 
technique in steps of 0.1 a.p.f.u., show 
that a phase transformation from Pnma to 
I4/mcm occurs and even the metric of the 
solid solution with Fe = 0.33 a.p.f.u. is 
tetragonal. This feature has been detected, 
because the homogeneity of dispersed 
basic materials in the precursor is at a 
higher degree compared to solid - state 
synthesis required for the optimized sinter 
process. Therefore the phase with 
composition CaFe0.34Mn0.34Ti0.32O2.92 is 
stabilized by a non - optimized sinter 
process applying oxides as basic materials.
With the synthesis of a sample 
with the targeted composition 
CaFe0.33Mn0.33Ti0.33O3-d a minor 
phase crystallized. Further analysis 
demonstrated that additional reflections 
in the XRD - pattern belong to the polytype of the ABO3 - perovskite - type structure. In opposition 
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Figure. 3: Lattice parameters of solid solutions CaFexMn(1-x)/2Ti(1-x)/2O3-d 

Figure. 4: Graph of 57Fe - Mössbauerspektrum 
CaFe0.25Mn0.38Ti0.37O2.72



to the perovskite type structure with OO - sequences the structure of the minor phase consists of a 
TOO - sequence perpendicular the b - direction. With the incorporation of gradually higher Fe3+ - 
concentrations and voids ☐ a ordering of defects occurred in the perovskite structure induce defects 
arranged in [101] - chains (Becerro et al., 1999).
The application of 57Fe - Mössbauer - spectroscopy on three different perovskite samples containing 
different iron concentrations showed the presence of iron in +IV and +III state (Figure. 4). Fe3+ is partially 
coordinated by 5 oxygen ions or is a sixfold coordinated ion. Fe4+ is exclusively sixfold coordinated by 
oxygen ions. The increase of iron to 0.25 a.p.f.u. in CaFe0.25Mn0.38Ti0.37O2.72 allowed the detection of Fe3+ 
in a fourfold coordination.
The stability of perovskite type structures with space group Pnma, I4/mcm and Pm3m against variable 
temperature levels was investigated by HTXRD (Figure. 6). Under the influence of variable temperatures 
neither dissolution nor any instability of perovskite type structures were detected. But at non - ambient 
temperatures the structures undergo a phase transformation from Pnma => I4/mcm => Pm3m, whereas 
the occurrence of the different space groups is directly proportional to the iron concentration. Since the 
solid solutions CaFe0.32Mn0.34Ti0.34O2.57 and CaFe0.33Mn0.33Ti0.33O2.98 are tetragonal at room temperature, 
just one “translationsgleiche”phase transformation form I4/mcm => Pm3m was detected (Figure. 5).
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Figure. 5: Variation of the lattice parameters of sample 
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Figure. 6: Phase transformation from tetragonal to cu-
bic of sample CaFe0.33Mn0.33Ti0.33O2.98
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Abstract 

The hydration of calcium sulphate hemihydrates can be influenced by several ways. 

Different additives can be used to influence the kinetics of the hydration ot various technical properties of the 

created gypsum. Some of these additives are polycarboxylate ethers, organic acids, gypsum crystals or inorganic 

salts. It is also well known that higher temperature influences the expansion during the hydration of calcium 

sulphates. 

All this ways to influence the reaction have been tested and observed by optical microscopy, scanning electron 

microscopy, heat flow calorimetry and other methods. Those measurements are very interesting to get 

information about the hydration mechanism and the influence of additives on technical properties of gypsum. 

To investigate the hydration of gypsum by optical microscopy a special measure cell was created. 

All those additives do not influence only the kinetics of the hydration they also influence the morphology of the 

created gypsum crystals and by that the technical properties of the product. Most of these additives are also used 

as additives for cement hydration. Different fruit acids have been investigated. They decelerate the hydration 

and lead to shorter crystals and change the aspect ratio. Some polycarboxylate ethers influence the hydration in 

the same way. 

Different inorganic sulphates accelerate the hydration and the crystal needles get longer and thinner. If the 

reaction temperature is higher the crystals get longer and thinner also and the reaction is faster. 

 

 

Originality 
For observing the hydration of different inorganic binders systems and the influence of additives on the 

hydration processes it is very useful to start with a basic system like gypsum. In this case only three different 

phases are interesting for the reaction. This phases are anhydrite, bassanite and gypsum. The reaction process 

of cementitious systems are more complicate, but all methods which are used to understand the hydration of 

gypsum can also be used for the research on cement based materials. Most additives which are used in gypsum 

systems also work in cement based systems more or less.   

Gypsum is used in concrete to retard the setting and hardening by influencing the tricalcium aluminate 

hydration. Therefore it is necessary to know how different additives react with the hemihydrate in cement.   

Knowing the reaction processes of different inorganic binders is important to improve and manipulate the 

properties of binder systems. This leads to a higher sustainability.  

 

 

Chief contributions 

In this work the hydration of hemihydrates and the influence of different additives on the hydration have been 

investigated. Especially the influence of different additives on the morphology of the reaction products has been 

examined. These morphologies influence the technical properties like porosity, flexural and compressive 

strength and others. It has been found out which additives leads to which morphology and their influence on 

certain properties. 

We could show that fruit acids and some polycarboxylate ether based superplasticizers lead to shorter crystal 

needles with a lower aspect ratio. This morphology decreases the porosity and the flexural and compressive 

strength but it is very useful for dental gypsum because it increases the strength but it also increases the porosity 

and the expansion of the gypsum during the hydration. It is shown that all tested additives have predicted 

positive effects on the material but they have some disadvantages because of their side-effects. 

 

Keywords: hydration of gypsum, influence of additives, optical microscopy  
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Introduction 
 
Gypsum is one of the most used inorganic binders. It is used in different fields, for example as floor 
pavement, gypsum plaster bondage or as casting material. For every of these applications different 
technical properties were needed. A high porosity is needed for plaster bondage or floor pavement but 
it is not practical for casting gypsum. A higher density could be used for casting material but is not 
useful for building materials. To obtain the required technical properties different additives to the 
hemihydrate could be used. All these additives create some side effects. They influence the kinetics of 
the reaction for example. It should be investigated how these additives influence the hydration of 
calcium sulphate hemihydrate and how to influence the reaction without additives. In situ optical 
microscopy, heat flow calorimetry, scanning electron microscopy, in situ ultrasonic measurement and 
other methods have been used in this work. About the hydration process of calcium sulphate 
hemihydrate different mechanisms were discussed in literature[1-3]. As given in other publications[9] we 
were able to prove that the solvation of hemihydrate beside the creation of dihydrate out of a 
supersaturated solution takes place parallel to an inner hydration[7,9]. 
 
 
Experimental  
 

To investigate the hydration process of calcium sulphate hemihydrate by in situ optical microscopy a 
special measuring cell has been developed. In this cell it has been possible to add water to the 
hemihydrate powder and close the cell after water addition that not water can evaporate from the cell. 
So a cell made of a glass slide a rubber ring and a cover glass has been created (Picture 1).  
 

 
Picture 1: Optical microscopy measuring cell  
 
 
These components are glued together with grease. In this cell the water/gypsum ratio is higher than in 
technical systems, so kinetics has to be investigated by the heat flow calorimetry and the morphology 
was compared to SEM-pictures of the same dihydrate created at a water gypsum ratio of 0.3.  
 
 
Results and Discussion 

 
By using the described cell it was possible to investigate the hydration of calcium sulphate 
hemihydrate without an influence of different surfaces. With oberservations of technical gypsum 
products it has been found that the morphology of the created gypsum crystals can be very different. 
Some ramified crystals could be observed as well as dove tailed twins (Picture 2 to 4).  
In Picture 2 there are crystal needles and dove tailed plates as well, Picture 3 shows short crystals with 
fewer branches, and Picture 4 shows long crystal needles with many branches.   
 
 
 
 



 

 
 
 

   
Picture 2: Dihydrate created from              Picture 3: Dihydrate created from  
hemihydrate 1 long crystal needles with                               hemihydrate 2 short crystal needles with  
low ramification and dovetailed twins                                  low ramification  
 
 

 
 
 
   
 
 
 
 
 
 
 
 
 

Picture 4: Dihydrate created from  
hemihydrate 3 highly ramified crystal needles  
 
 
For Pictures 2 to 4 the hydration of technical hemihydrates has been observed by optical microscopy. 
The pictures are taken after 300 minutes. 
In the next step some technical properties of these technical gypsums have been measured.  
One of the main properties of technical used gypsum is the porosity. For plaster bondage a high 
porosity is needed, because humidity must not remain under the binder. Also for floor pavement a 
higher porosity is required for fast drying. So the porosity of the gypsum which is produced from 
hemihydrates 1 to 3 was measured by mercury intrusion porosimetry. In Table 1 the results of the 
mercury intrusion are pictured. 
 
 
 
 
 
 



 

 
 
 
 
 
Table 1: Porosity of Hemihydrate 1 to 3 by mercury intrusion porosimetry in Vol.-%, Scale by Smolcyk 

 Porosity 
Air Pores 

(<10µm) 

Capillary Pores 

(10 – 0,03µm) 

Gel Pores 

(<0,03µm) 

Hemihydrate 1 16,01 2,05 ± 0,5 13,96 ± 0,1 0 

Hemihydrate 2 14,34 2,47 ± 0,5 11,88 ± 0,1 0 

Hemihydrate 3 25,98 2,65 ± 0,5 23,30 ± 0,1 0,03 

 
 
There are two factors of the morphology which influence the porosity of gypsum. The main factor is 
the number of branches on a gypsum needle and the other one is the length of the crystals. This 
becomes clear by comparing the porosity of hemihydrate 3 with 2 and 1. Hemihydrate 3 has long 
crystals with very much branches, hemihydrate 1 has long crystal needles with nearly no branches and 
hemihydrate 2 consists of short crystals with short branches. Hemihydrate 3 has a very high porosity, 
hemihydrate 2 the smallest (Table 2).  
 
Table 2: Comparison of the Crystals of Hemihydrate 1 to 3 

 Crystal Length Branches Porosity 

Hemihydrate 1 long few low 

Hemihydrate 2 very short some, short very low  

Hemihydrate 3 very long  very much  very high 

 
 
Other important technical properties are the compressive and the bending tensile strength. They were 
measured on test specimens with dimensions of 15·15·60 (mm³) (Picture 5 and 6).  
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Picture 5: Bending tensile strength of hemihydrate 1 to 3 
 



 

It is obvious that larger crystals yield to a higher bending tensile strength. More branches are 
increasing the bending tensile strength also.   
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Picture 6: Compressive strength of hemihydrate 1 to 3 
 
 
The compressive strength is highly dependent on the crystal diameter and on the branches, but the 
main factor is the crystal diameter.  
In most cases a low expansion during hydration is necessary for technical gypsum. So this parameter 
has been examined as well (Picture 7).  
The expansion during hydration is dependent mainly on the branch density. The crystal diameter and 
crystal length are very small factors.   
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Picture 7: Expansion during hydration of hemihydrate 1 to 3 after one hour 
 
This morphology could be influenced by different additives. With fruit acids the crystal needles get 
shorter, the aspect ratio gets smaller and there will be fewer branches of the crystals. A reference 
system which is not influenced by additives is shown in Picture 8. The same hemihydrate reacted with 
water influenced by malic acid is could be seen in picture 10. The system influenced by 10% sulphuric 
acid is pointed out in picture 9. The measurements were done at 20°C.   



 

 
 

Picture 8: Dihydrate created                                                Picture 9: Dihydrate created from hemihydrate                                                
from hemihydrate with no additive after 240 min.              influenced by sulphuric acid after 85 min.        
                                 

                                                       
 
 
 

 
 
 

 

 

 

 
 

.                          
Picture 10: Dihydrate created from hemihydrate                                                  
influenced by 0,05% malic acid after 400 min 
 
It is obvious that sulphates and fruit acids influence the morphology of calcium sulphate. Sulphates 
lead to longer needles with more branches, fruit acids to shorter crystals with a larger diameter and 
less branches. Sulphates accelerate the reaction, fruit acids decelerate it.  
 
Conclusions 
 
We could show that the morphologies of the gypsum crystals vary from one technical gypsum to 
another and the differences between different charges of the same gypsum are most of the time very 
small. The detected crystal morphologies are between long gypsum needles, large flat dove-tailed 
crystals and smaller crystals without a macroscopic structure.  
The water to gypsum ratio has no significant influence on the reaction rate of hemihydrate and the 
morphology of the composed gypsum crystals.  
Citric acid decreases the reaction rate already in very low concentrations and produces crystals with a 
smaller aspect ratio. Citric acid poisons the fastest growing crystal surface.  
To accelerate the reaction some alkali sulphates like potassium sulphate can be used. This sulphate 
influences the solubility of the hemihydrates and the dihydrate and it also changes the crystal 
morphology. The crystals get longer and thinner. The morphology changing character of other salts in 
the solution is described among others in R. Brauns “Chemische Mineralogie”. A higher reaction 
temperature influences the crystal morphology in the same way but it is normally used involuntary. 
Knowing this morphology it is possible to get qualitative information about different technical 
properties like porosity, casting accuracy, mechanical strengths, expansion during hydration and 



 

thermal expansion. So this method could be used in gypsum plants to check the quality of products 
and the influence of new additives. 
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Abstract 

Fruit acids are commonly used as a retarding additive in a variety of formulations for building chemistry. Nevertheless, 

the characterisation of the retarding effect on the hydration is mainly done at a qualitative level. To precisely control 

setting behaviour and rheological properties of the cement paste a combination of different retarding and accelerating 

additives is applied. Hence, an accurate understanding of the mechanism of action of each additive is necessary for a 

reasonable optimisation and the exclusion of negative effects between different additives respectively.   

The influence of tartaric acid (0.23 wt.%) on quantitative phase development, calorimetric and setting behaviour of an 

OPC (w/s ratio 0.28) during early hydration was investigated at a temperature of 23°C and compared with the results 

obtained from the pure OPC system. Tartaric acid, if used, was dissolved in the mixing water to guarantee a 

homogeneous distribution in the paste. The preparation of the slurry was performed by manually mixing temperature 

equilibrated samples of cement powder and water for 1 minute. Calorimetric investigations were carried out with a 

TAM Air heat-flow calorimeter. Setting time was assessed by using an automated Gillmore-needle apparatus (imeter, 

MSB Breitwieser) until the final setting time was reached. To prevent samples from surface drying a water reservoir 

was installed in the measuring cell. In-situ XRD was carried out on a Bruker D8 with LynxEye detector for 22 h. All in-

situ XRD samples were covered with Kapton polyimide film to avoid evaporation of H2O and reaction with atmospheric 

CO2. The quantification of phase development in the pastes was performed by Rietveld analysis. Structural models for 

the phases present in the cement paste were taken from the ICSD but were refined previously by fitting the enriched 

residuals obtained from selective dissolutions of the dry cement. In order to stabilize the results the scale factors of non-

reactive phases during the first 22 h of hydration were kept fix. Other refined parameters were lattice parameters and 

scale factors of evolving phases, sample displacement and background. After Rietveld analysis, a correction for the 

formed C-S-H and a conversion to the phase content in the paste was calculated. 

The investigations showed that an addition of 0.23 wt.% tartaric acid significantly changed the kinetics of OPC 

hydration. The aluminate reaction was retarded during the first 45 minutes. After 45 minutes the aluminate reaction 

was strongly accelerated and led to a rapid formation of ettringite, which is almost completed after 2 h of hydration. 

Additionally a strong retardation of the silicate reaction was observed. This significant modification in hydration 

kinetics and phase development in the paste is responsible for the change in setting behaviour.  

 

Originality 

The investigations show a correlation between hydration kinetics, phase development and stiffening of the paste during 

early OPC hydration with and without addition of tartaric acid. An addition of the chosen amount of tartaric acid, 

which is generally described as a retarder, can lead to a faster setting behaviour caused by rapid ettringite formation. 

The aluminate reaction is suppressed at first and finally strongly accelerated. Only the silicate reaction is retarded due 

to the presence of tartaric acid and making a minor contribution to setting behaviour.  

 

Chief contributions 

The investigations show that an addition of a retarder like tartaric acid can lead to a different influence on silicate and 

aluminate reaction during hydration of OPC dependent on the chosen concentration. Setting behaviour may not 

generally be retarded by an addition of fruit acids. A reaction mechanism for fruit acids like tartaric acid is suggested 

to show the importance of the chosen concentration of fruit acid in order to control hydration of different cements with 

different phase content (especially C3A and sulfate carriers).  
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Introduction 
 

Phase development during silicate and aluminate reaction controls setting behaviour and rheological 

properties of hydrating ordinary portland cement (OPC) pastes (Double, 1983; Locher, 2000; Merlini 

et al., 2007, 2008; Chen & Odler, 1992). The silicate and aluminate reactions with formation of C-S-H 

and ettringite are the main hydration reactions. Both products formed have a considerably high water 

content, thus influencing setting behaviour and workability of OPC pastes by developing the 

microstructure and by reduction of free water in the paste.  

In cementitious products or blends, it is common to use various retarding or accelerating additives (or 

a combination thereof)  to enhance workability and to precisely control setting behaviour of fresh 

prepared cement pastes. The use of one distinct additive or a combined use of additives can have 

different effects on hydration and setting behaviour depending on the type and concentration of the 

utilized additive. In literature fruit acids like malic, citric or tartaric acid are commonly described as 

retarders of OPC hydration (e.g. Wilding et al., 1984; Möschner et al., 2009; Rai et al., 2004, 2006; 

Bishop & Barron, 2006). Nevertheless observations of reduced setting times in spite of an increase of 

added fruit acids to an OPC have been made for malic acid (Rai et al., 2004). 

The retarding capabilities of additives are usually shown by heat evolution rates (e.g. Wilding et al., 

1984) or the content of non-evaporable water (e.g. Rai et al., 2004). These methods, if used solely, 

don’t show the effect of the used additives on the different cement phases. To gain an accurate 

understanding of the mechanism of action of tartaric acid, a combination of quantitative phase 

analysis, heat flow calorimetry and  measurements of the setting time during hydration are applied in 

this study to investigate the influence of tartaric acid (0.23 wt.% with reference to the cement) on 

quantitative phase development, hydration kinetics and stiffening behaviour of an hydrating OPC 

paste. The obtained results were compared with the results from samples without addition of tartaric 

acid. 

 
 

Materials and methods 

 

The influence of tartaric acid (0.23 wt.% of the cement) on quantitative phase development, 

calorimetric and setting behaviour of an OPC 42,5 R (w/s ratio 0.28) during early hydration was 

investigated at a temperature of 23 °C and compared with the results obtained from the pure OPC 

system. Tartaric acid, if used, was added to the mixing water to guarantee a homogeneous distribution 

in the paste. The preparation of the slurry was performed by manually mixing temperature equilibrated 

samples of cement powder and water for 1 minute. The slurry was then transferred into sample holders 

and measured. Calorimetric investigations were carried out with a TAM Air heat-flow calorimeter for 

the first 24 h of hydration. Setting time was assessed by using an automated Gillmore-needle 

apparatus (imeter, MSB Breitwieser, Augsburg, Germany) until the final setting time (FST) was 

reached. To prevent samples from surface drying a water reservoir was installed in the measuring cell. 

To test the setting time of the paste, a fresh prepared sample was automatically lifted against a needle 

weighing 212 g with a diameter of 0.692 mm connected to an analytical balance. For each indentation 

the weight reduction of the needle and the corresponding penetration depth was recorded. From these 

values the so-called “imeter-hardness” was calculated from the relation strength per penetration depth 

standardised by the diameter of the used needle. The resulting value Hi20 is calculated after the 

following equation: 

 

Hi20 = Fmax/(dmax* A) 

 

 Hi20 = imeter hardness after method No.20 

 Fmax = maximum value of the force acting during intendation 

 dFmax = penetration depth of the needle at maximum force 

 A = cross-section area of the needle 



For the used measurement system the initial setting time (IST) or final setting time (FST) according to 

ASTM C266 complies with an imeter value Hi20(IST/FST) of 3.94 MPa/mm or 63.0 MPa/mm 

respectively (Breitwieser, 2007). 

In situ XRD was carried out by measuring 88 single X-ray scans on a Bruker D8 with LynxEye 

detector during the first 22 h of hydration. All in situ XRD samples were covered with Kapton 

polyimide film to avoid evaporation of H2O and reaction with atmospheric CO2.The quantification of 

phase development in the pastes was performed by Rietveld analysis. Structural models for the phases 

present in the cement paste were taken from the ICSD (cf. table 1) but were previously refined by 

fitting XRPD data of the enriched residuals obtained from selective dissolutions of the cement. Minor 

amounts of Bassanite below the determination limit were detected in the dry cement, which were not 

incorporated in the Rietveld routine for the in-situ quantification. In order to stabilize the results of the 

in-situ quantification the scale factors of non-reactive phases during the first 22 h of hydration, e.g. 

C2S (Müller et al., 2003; Neubauer et al., 2007), were kept fix. Additionally the ratio of cubic to 

orthorhombic C3A was determined from the XRPD data and constrained for in-situ refinement. Other 

refined parameters were lattice parameters and scale factors of evolving phases, sample displacement 

and background (Chebychev polynomial 1
st
 order). Preferred orientation (PO) was corrected with a 

constrained March-Dollase approach. The diffuse diffraction maxima of the Kapton film were fitted 

by using a peaks phase composed of 7 single Pseudo-Voigt functions. Minor amounts of AFm-phase 

were fitted with a modified Kuzelite structure. After Rietveld analysis, a correction for the formed C-

S-H with an assumed stoichiometry of C1,7-S-H2,6 and a conversion to the phase content for the paste 

described by Hesse et al. (2009) was calculated.  
 

Table 1: structural data (ICSD) used for Rietveld analysis with refined parameters during quantification;           

mod. = modified, PO = Preferred orientation, latt.par. = lattice parameters, MS = microstrain 

Phase ICSD - No Author 
Refined parameter during in 

situ quantification 

Alite 64759 Nishi et al. (2002) scale factor, PO 

Belite (β-C2S) 9632 Jost et al. (1977) -- 

Belite (α’-C2S) -- Müller (2001) -- 

C3A cubic 1841 Mondal & Jeffery (1975) scale factor 

C3A orthorhombic 100220 Takeuchi et al. (1980) scale factor (coupled) 

Brownmillerite 9197 Colville & Geller (1971) -- 

Calcite 79529 Wartchow (1989) -- 

Anhydrite 16382 Kirfel & Will (1980) scale factor, PO 

Portlandite 53989 Levi (1924) latt.par., scale factor, PO, MS 

Ettringite 155395 
Goetz-Neunhoeffer & 

Neubauer (2006) 

 

 

latt.par., scale factor, PO, MS 

Monosulphate (14 H) 100138 (mod.) Allmann (1977) 
latt.par. (c), scale factor, PO, 

MS 

 

 

 

 

 



Results and discussion 

 

The results are shown with arithmetically averaged curves. Each presented curve is the average over 

the results of at least three individually prepared and measured samples. 

In Figure 1 & 2 the heat flow curves of the cement pastes with and without addition of tartaric acid 

(TA) are shown. Samples without addition of TA show the typical hydration kinetics of an OPC, 

which is characterized by an initial heat flow (42.5 mW/g in case of the used OPC), followed by a 

rather short induction period (blue curve in Fig. 1 & 2). A minimum of 0.8 mW/g occurs after 1.2 h. 

The main reaction reaches a maximum heat flow of 3.8 mW/g after 6.5 h. 

Addition of 0.23 wt.% TA leads to a quite obvious change in heat flow characteristics (green curve in 

Fig. 1 & 2). Figure 2 shows the heat flow events of the first 2.5 h of hydration. In samples with 

addition of 0.23 wt.% TA a reduced initial heat flow of 38 mW/g occurs. The initial peak shows a 

narrowing indicating a lower progress of the hydration after the first 0.5 h. Additionally a second, 

strong heat flow event with 46 mW/g takes place after 1.2 h. This heat flow can be ascribed to an 

accelerated aluminate reaction (cf. Figure 3). After a long induction period reaching from 2.5 h until 

7.5 h a third heat flow maximum (2.3 mW/g after 15.5 h) is detected which corresponds to the silicate 

reaction shown in Figure 4.  

The total released heat of the cement paste after 24 h of hydration (H24) is decreased from 190.5 J/g to 

157.4 J/g in presence of TA. 
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Figure 1 & 2: Averaged heat flow curves of the OPC used without and with addition (0.23 wt.%) of TA during 

the first 24 h and 2.5 h of hydration, w/s = 0.28, T = 23 °C 
 

 

The evolution of the phase contents of newly formed ettringite and the dissolving aluminate and 

anhydrite in the cement pastes is shown in Figure 3. Aluminate and anhydrite show a continuous 

dissolution during the first 22 h of hydration in absence of TA. In the first X-ray scan an ettringite 

content of 3.5 wt.% could be determined. The ettringite content increases continuously during the 

measurement. Quantification of slightly too much ettringite in the pastes without TA was ascertainable 

as the maximum possible ettringite content calculated as pure sulphate-ettringite from SO3 content of 

the cement should not exceed 8.8 wt.%. In presence of 0.23 wt.% TA no dissolution of aluminate and 

anhydrite was detected at all during the first 1 h and 1.25 h, respectively (cf. Table 2). Ettringite 

formation is completely suppressed during the first 0.75 h. After 0.75 h ettringite begins to form 

rapidly and reaches its maximum content of about 9 wt.% after 2.25 h. The quantification of ettringite 

in presence of TA is very close to its theoretical content when considering an error of  ± 1 wt.%. 

Aluminate and anhydrite show a strong dissolution from 1 h to 2 h and 1.25 h to 2.75 h, respectively. 

From then on only minor or no changes in phase content were detectable.  



The dissolution of alite and formation of portlandite (cf. Figure 4) representing the silicate reaction is 

strongly retarded by addition of TA. The beginning of portlandite formation in presence of TA 

corresponds to the increase in heat flow towards the third maximum shown in Figure 1. 
 

Table 2: Comparison  of aluminate , anhydrite and bassanite content in unreacted cement paste (w/s = 0.28) 

calculated from quantification of dry cement and measured quantity after 0.25 h of hydration  without and with 

addition of 0.23 wt.% TA 

Phase 

Phase content in 

unreacted paste 

[wt.%] 

Phase content after 0.25 h of 

hydration witout addition of 

TA [wt.%] 

Phase content after 0.25 h 

of hydration with addition 

of 0.23 wt.% TA [wt.%] 

Aluminate 6.0 5.2 6.0 

Anhydrite 1.9 1.8 1.9 

Bassanite 0.6 below determination limit 
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Figure 3: Time dependent evolution of ettringite, aluminate and anhydrite in the cement pastes with and without 

addition of tartaric acid, w/s = 0.28, T = 23 °C 
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Figure 4: Time dependent evolution of alite and portlandite in the cement pastes with and without addition of 

tartaric acid, w/s = 0.28, T = 23 °C 

 



The results from the setting time determination are shown in Figure 5. Samples in presence of TA 

show a lower indentation strength (hardness) during the first minutes of setting due to a blocked 

hydration. When ettringite formation sets in the indentation strength increases considerably. Due to the 

accelerated aluminate reaction (between 1 h and 1.5 h) the initial and final setting time (IST and FST) 

is reached at earlier times.   
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Figure 5: Development of indentation strength Hi20 of OPC pastes with and without addtion of 0.23 wt.% tartaric 

acid 

 
Conclusions 

 

The retarding effect of tartaric acid described in literature could be clearly confirmed for the silicate 

reaction. By adding 0.23 wt.% of tartaric acid the dissolution of alite and the formation of portlandite 

is shifted to later times. Nevertheless an addition of 0.23 wt.% tartaric acid leads at first to a complete  

suppression of aluminate and anhydrite dissolution. This suppression is followed by an accelerated 

quick dissolution of both phases, which is finished after 2 h and 2.75 h, respectively. After this quick 

decrease in phase content of aluminate and anhydrite in the cement paste no further significant 

dissolution takes place during the measurement time. This change in hydration kinetics of the 

aluminate reaction can also be observed during ettringite formation. Ettringite formation is initially 

suppressed for 0.75 h. After 0.75 h ettringite formation proceeds rapidly and is finished after 2.25 h of 

hydration. This rapid aluminate reaction is responsible for reduced setting times and the occurence of 

the strong second heat flow maximum shown in Figures 1 & 2. The higher and stable aluminate and 

anhydrite content of the cement pastes during the first hour indicates a blocked hydration caused by 

tartaric acid. As possible retarding mechanisms the formation of an amorphous calcium-tartrate-

hydrate layer (Bishop & Barron, 2006; Rai et al., 2006) or the adsorption of tartrate on the clinker 

grains blocking further hydration have been published. In both cases an explanation for the rapid 

ettringite formation observed when adding 0.23 wt.% tartaric acid must be found. Experiments by 

Venema et al. (1991 a,b) in aqueous solutions showed the affinity of tartaric acid towards aluminium. 

For this reason Bishop & Barron (2006) describe C3A as possibly being the ideal substrate. A 

preferred formation of calcium-tartrate-hydrate on the C3A rich parts of the clinker grains takes place. 

In this layer, weakly bound aluminium can be enriched. The retarding effect depends on the thickness 

of the amorphous layer (Goetz-Neunhoeffer, 2006). The aluminate reaction sets in when the inhibiting 

layer breaks off connected with a release of excess aluminium promoting fast ettringite formation.  



Considering the fact of the higher amounts and retarded dissolution of aluminate and anhydrite during 

the first 1 h and 1.25 h of the hydration a second effect of TA can be described, explaining the 

accelerated aluminate reaction after 0.75 h. Addition of TA leads to a retarded dissolution of aluminate 

and anhydrite. The retardation of anhydrite dissolution lasts slightly longer leading to a low sulphate 

availability in the pore solution. When the hydration inhibiting effect of TA on aluminate fails only 

insufficient sulphate is present in the pore solution to control and decelerate aluminate dissolution. All 

dissolving anhydrite is immediately consumed by a fast ettringite formation caused by an almost 

uncontrolled  aluminate dissolution. 
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Abstract 

The amount of different clinker phases in portland cement could be measured by x-ray powder 

diffraction or by point counting under optical microscopes. Another way to get that information is by 

automatic detection of the clinker phases by modern software systems. 

In this work we tried to find a way to detect the clinker phases and to improve this technique.  

In a first step a polished section of the clinker has to be prepared. Epoxy resin has been tested to 

prepare these sections. It got out that it is not possible to etch the sections constantly. The used epoxy 

resin leaves a thin film on the clinker. This has been detected by atomic force microscopy and micro 

Raman spectroscopy. As a better matrix a melamine based resin has been found were this problem has 

not appeared. The preparation process has to be optimized in different points.  

Then different ways of etching with different substances have been tried out. Hydrofluoric acid vapor 

is a very good etching substance because the different phases get colored differently. The 

disadvantage is the difficult handling of hydrofluoric acid. So other chemicals where tested. Acetic 

acid can also be used and results in brownish and grey colors but it does not etch constantly. Water 

can also be used but it only produces different grey scales for every clinker phase.  

For this work a BX 61 Olympus optical microscope and the software AnalySIS five from Soft Imaging 

Solutions have been used. Some different self-burned clinkers have been measured by x-ray powder 

diffraction, refined with Rietveld-analysis and detected by the point counting method which is 

described in DIN EN 196. For C2S and C3S a difference between the techniques occurred of 3% or 

less the C3A and C4(A,F) were detected as one phase. 

 
Originality 

 
The observation of clinker phases within cement systems is a crucial step in the understanding of the 

reaction of cement and other binder systems. One method to observe the clinker phases is the point 

counting method with optical microscopy. This technique is very time intensive and it does not give 

more information than powder diffraction. The other way to get information about the phase 

composition is the X-ray powder diffraction with the quantitative Rietveld method.  

Both ways do not give exact information about the grain size distribution of the clinker phases. In 

some cases smaller particles of belite are incorporated in larger particles of alite. This can not be 

measured by X-ray methods and can not be quantified by the point counting method, but our detection 

method for clinker phases is able to distinguish both phases and quantify them exactly. 

We developed a method to detect the clinker phases by optical microscopy and image analysis.  

The developed procedure is faster than the point counting method and gives more information than the 

x-ray powder diffraction. 

We tested the procedure on different technical clinker samples and different self made clinkers and 

compared the results with the other methods.  
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Chief contributions 

Knowing the clinker composition is important to create clinker for special concrete applications.  

The exact knowledge about the contribution of the clinker phases is necessary to regulate the 

hydration time of the concrete and the mechanical properties. 

In all cement plants the clinker phase composition is measured for quality assurance and it must be 

measured according to standards. Using the new method saves time and personal resources. 

Introduction 

 

Portland cement clinker is composed of four main phases named alite (C3S), belite (C2S), aluminate 

(C3A) and ferrite (C4(A,F)). All this phases differ among others in their reactivity. So it is very 

important to know the phase composition. To get this information different analytical techniques can 

be applied. The method which is used in most production plants is the X-ray powder diffraction 

(XRPD) quantified by the Rietveld method. In DIN EN 196 a special point counting method by use of 

optical microscopy (OM) is described. The XRPD is a fast method which can be done more or less 

automatically but it is disadvantageous that no information about the volume of the particles from the 

different phases can be obtained. In some cases there are inclusions of belite in alite particles. This can 

influence the way of reaction considerably and cannot be detected especially by XRD. To use the point 

counting method high amounts of human resources are necessary and the sample preparation is more 

difficult than for the XRD. By exclusive use of the point counting method there is also no additional 

information about inclusions and particle size, but it is possible to get images of the material. Thus 

there should be a method to get this additional information from the images which are used for the 

point counting method. If it is possible to detect the clinker phases by optical microscopy there would 

be information about the phase composition and the volume of the single particles. So a special phase 

detection method has been developed. The clinker phases have been detected from polished sections 

for point counting with an Olympus BX61 optical microscope and the software analySIS five. The 

first detections seemed to be very promising but opened that there are some problems which have to 

be solved. The sample preparation was optimized and the detection method was developed and used 

for the first time in this combination. 
 

Experimental  

 

The detection of clinker phases by optical microscopy could be divided into three parts: sample 

preparation, taking and optimizing pictures and detection of the clinker phases. Any of these parts has 

special problems and has to be optimized.  

 

Sample preparation 

  

For sample preparation some clinker grains have been put in a form and the form has been filled with 

epoxy resin. After hardening of the resin the sample has been polished. The polishing process starts 

with emery paper with different corn sizes and the finish is made with diamond crystal spray on polish 

cloth. After this process the clinker grains have been cut and afterwards etched by different chemicals. 

One of the etching chemicals is hydrogen fluoride (HF) vapour. The advantage of this method is the 

clinker phase coloration, alite in brown and belite in blue colors (Picture 21). Hydrofluoric acid vapour 

is harmful, difficult to handle and not every part of the polished section reacts constantly being treated 

with vapour. A non-harmful alternative is liquid water which is chosen as etching agent. It is cheap 



and it is easy to etch the complete section constantly but it is disadvantageous that the clinker phases 

only get different grey scales. Other etching substances like acetic acid vapour and special organics 

have been tested but water has been chosen as the best agent. It was not possible to etch the first 

polished sections constantly. A reason for this is that the first used epoxy resin gets soft during the 

polishing process and so it greases on the clinker grains. This was observed by atomic force 

microscopy (AFM) and micro Raman spectroscopy. This could be avoided by two ways, either to cool 

the samples during the polishing process or to and polish more slowly. This causes a longer process 

time and the results will not be perfect. The other way is to use another polymer resin to embed the 

clinker grains. A melamine based resin works very well. For both kinds of resin it is very important to 

wait until the resin is completely hardened. The hardening process could be accelerated by storing the 

samples at 50°C. The polishing starts with sand paper at a grain size of 75 µm. This sand paper is used 

until the clinker grains were cut and had a large percentage of the polished section surface. The next 

polishing steps are needed to remove the claw marks of the larger sand paper grains. This has to be 

done step by step because removing the claw marks of a large grain size with a very fine grain takes 

much time and it saves time to do that in a few steps. It has been noticed that six polishing steps with  

5 µm as the smallest grain size works very well. During polishing the sand paper and the sample have 

been turned against each other. The polishing has to be done in three steps, starting with diamond 

spray of 9 µm grain size to the last step with 1 µm grain size. Only in the first step the sample and the 

polishing cloth were turned against each other. For the last two steps both are turned in the same 

direction. 

The etching has been carried out with water stepwise. The etching time depends on the investigated 

clinker and it is round about 20 to 90 seconds. The etching process consists of turning circles with the 

samples on wet cloth and drying very carefully with cloth afterwards. After these steps a picture has 

been taken under an optical microscope (Picture 1). This picture can be compared with Picture 2 where 

the sample is etched by HF vapour. In these pictures the different clinker phases were marked by 

circles in different colors. 

Alite has large angled particles in darker grey respectively in brown, sometimes with inclusions (of 

belite) marked with a red circle. Typical belite particles are nearly round, large and light grey or 

brown. Belite is marked with a blue circle and sometimes appears as an inclusion on alite. Aluminate 

and ferrite are smaller particles between the larger belite and alite particles the aluminate is colored in 

lighter grey the ferrite in darker grey. In most cases these intermediate phases are in a smaller amount 

between belite particles, they were marked with a yellow circle. 

   

  
Picture 1: Sample etched with water (red: alite, blue: belite, yellow: aluminate, ferrite) 

 



 

 

 

 

 

 

 

 

Picture 2: Sample etched with HF (red: alite, blue: belite, yellow: aluminate, ferrite) 

Pictures and Picture Optimization 

 

It is very important to keep the illumination constant while the pictures are taken. With some filters the 

contrast of the pictures can be optimized. The pictures are transferred into a grey scaled picture 

because it is easier to detect a grey scaled pictured than a colored one. The results of this step can be 

observed by comparing Picture 1 and 3. 

 

 

 

 

 

 

 

 

 

Picture 3: Sample etched with water after picture optimization 

 

Detection of the clinker phases 

 

To detect the clinker phases it is necessary to allocate a grey level to any clinker phase. This is pointed 

out in Picture 4 and the result of the detection is given in Picture 5. With this magnification it is not 

possible to separate the intermediate phases from each other.  

. 



 
Picture 4: Grey level allocation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Picture 5: Detection picture 

In Pictures 6 and 7 another example for an output image and the respective detected one are given. The 

results of this polished section from the point counting method and the detection are given in Table 1. 

The results are taken by detecting or counting different pictures on the same polished section. 

   
Picture 6: Output image     Picture 7: Detection image 

 



 

Table 1: Results of point counting method and detection on polished section of Pictures 6 and 7 

  Point counting  Detection 

  
Counted Points Amount (%) 

Surface 
(mikrometer²) 

Amount (%) 

Alite 5488 51,00 169.695,19 50,06 

Belite 3712 34,49 121.500,93 35,84 

Aluminate 452 4,20 10.619,49 3,13 

Ferrite 1108 10,29 35.736,52 10,54 

Free lime not counted not counted 1.404,95 0,41 

Sum 10760 100,00 338.957,08 100,00 

 

One phase which could also appear in cement clinker is free lime. It typically turns up in groups. A 

picture of free lime is given in Picture 8. It is not wanted in cement because it is a reason for concrete 

damages.  

 
Picture 8: Free lime 

 

Conclusion 

 

It could be shown that it is possible to detect the cement clinker phases with imaging processing 

software. The sample preparation is an important factor to get good results. The detection is easier on a 

grey scaled picture. Advantage of this way of detection is that it is a fast method to get very good 

statistics. The contrast creation could be done by etching with different substances like HF, acetic acid 

or water. Water has different advantages, it is easy to handle and it is cheap. The disadvantage is that it 

only creates grey scales, but for the detection no colored pictures are necessary.  

In this work grey scaled pictures were used for the detection, so there is no need to color the clinker 

phases by etching. This allows the use of water as etching agent. The method should be exceeded to 

the detection of single corns of the phases. In future there should be the possibility to get information 

about the diameter and the form of single corns. That will be a big advantage compared to the point 

counting method, because if the corns are larger, the surface to volume factor is lower. These surfaces 

influence the reaction also. This work is based on the work of Märten et. al. at the group of Prof. 

Knöfel[1]. New software for detection was used so that no colored pictures were necessary. With this 



new software the optimization of pictures is easier and can be done automatically. The sample 

preparation was also improved. 

Another way to get this information is to work with SEM and to do element mapping by EDX. This 

will also work well and no etching is needed. The disadvantage of this method is that the equipment is 

more expensive and the process needs more time. 

Motzet, König and Pöllmann[2] describe the optical microscopy for estimation of clinker properties 

especially when there are changes in the production process. To get all this information by clinker 

phase detection, some further work is necessary with more technically produced clinkers. It should be 

possible to compare the form factor of the different particles and the surface of the single grains. 

Different etching agents have to be tested to get a homogeneous etching time on every clinker. That 

will be a first step into an automation of the detecting method. Finding a faster embedding substance is 

as well one of the crucial steps. That will expedite the process. Some low melting metals or other 

organic resins could be tested.  
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Abstract 
Limestone has been widely used as filler or as main cement constituent for the last ten years, especially after the 
standardization of Portland-limestone cements (EN 197-1, 2000). However, concrete made from limestone cement may 
exhibit a lack of durability due to the formation of thaumasite. Considering the numerous technical and economical 
advantages of limestone cement, the “problem of thaumasite” is of great interest. In this work the effect of natural 
pozzolana, fly ash, ground granulated blastfurnace slag and metakaolin on the thaumasite formation in limestone 
cement concrete is examined. In addition, the effect of the type of sand (calcareous or siliceous) and the curing 
temperature is investigated. A limestone cement, containing 15% w/w limestone, was used. Concrete specimens 
(B=350kg/m3, W/B=0.5) were prepared by replacing a part of limestone cement with the above minerals. The 
specimens were immersed in a 1.8% MgSO4 solution and cured at 5oC and 25oC. The status of the samples for a storage 
period of 3 years was reported based on visual inspection, strength tests and X-Ray diffraction. The use of specific 
mineral admixtures improved the resistance of the limestone cement concrete against sulfate attack.  Fly ash, ground 
granulated blastfurnace slag and metakaolin showed the best behavior, while natural pozzolana presented only a 
limited improvement of concrete sulfate resistance. Concrete specimens incorporating calcareous sand showed better 
resistance than specimens containing siliceous sand. Finally, no damage was observed in the specimens exposed to 
sulphate solution at 25oC  indicating that conventional sulphate attack, at ambient temperature, is much slower than 
thaumasite-kind of sulphate attack, at low temperature.  
 
Originality 
In this work, the effect of mineral admixtures on durability of limestone cement concrete exposed to sulphate attack is 
investigated.  Τhe curing conditions, the type of sand used and the kind of the mineral admixture used (natural 
pozzolana, fly ash, ground granulated blastfurnace slag (ggbs), metakaolin) on the thaumasite formation in limestone 
cement concrete is examined. 

 
Chief contributions 
Limestone is widely used as filler or as main cement constituent the last ten years, especially after the standardization 
of Portland-limestone cements (EN 197-1, 2000). However, concrete made from limestone cement may exhibit a lack of 
durability due to the formation of thaumasite. Considering the numerous technical and economical advantages of 
limestone cement, the “problem of thaumasite” is of great interest. This paper contributes to a thorough knowledge 
of limestone cement concrete properties and behaviour. In addition, suggests the use of mineral 
admixtures to confront the durability problem of limestone cement concrete in sulphate environment.  
 
Keywords: Limestone cement concrete, Mineral admixtures, Sand,  Sulfate, Thaumasite  
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Introduction 
 
As is well known, sulfate attack may cause severe damage to cementitious materials. Besides the 
conventional sulfate reaction in mortars and concretes involving the formation and the expansive 
properties of ettringite (3CaO.Al2O3

.3CaSO4
.31H2O), another kind of sulfate attack attributed to the 

formation of thaumasite (CaSiO3
.CaCO3

.CaSO4
.15H2O) has been widely discussed during the recent 

years. There are several reports concerning either the presence of thaumasite in damaged structures 
(Crammond, 2003) or its formation in laboratory scale experiments (Skaropoulou et al., 2009a; Torres 
et al., 2006; Irassar et al., 2005; Schmidt et al., 2008; Lee et al., 2008; Martinez-Ramirez et al., 2011).   
Portland limestone cement is susceptible to thaumasite sulfate attack (TSA) and it is a serious problem 
because limestone has increasingly been used as filler or as main cement constituent for many years 
(Tsivilis et al., 2002). Thaumasite formation requires a source of calcium silicate, sulfate and 
carbonate ions, excess humidity and preferably low temperature. Recent research shows that carbonate 
ions can also come from atmospheric carbonation (Collett et al., 2004). Thaumasite formation may 
also be connected with the prior formation of ettringite or the presence of some reactive alumina 
(Bensted, 1999; Aguilera et al., 2001). According to some researchers, thaumasite uses ettringite as a 
template for its initial nucleation, due to the structural similarities of these compounds (Kohler et al., 
2006). 
The use of mineral admixtures lowers the permeability and refines the pore structure of cementitious 
materials. This is expected to contribute to a better performance of concretes containing limestone 
against sulfate attack. Some authors suggest that there are also chemical reasons for the higher 
resistance of blended cements, as the silicon rich C-S-H which is formed in the presence of pozzolanic 
materials shows higher resistance against the formation of thaumasite (Skaropoulou et al., 2009b; 
Bellmann et al., 2008). 
In this work the effect of natural pozzolana, fly ash, ground granulated blastfurnace slag and 
metakaolin on the thaumasite formation in limestone cement concrete is examined. In addition, the 
effect of the type of sand (calcareous or siliceous) and the curing temperature is investigated. 
 
 
Experimental 
 
Portland cement clinker (K) of industrial origin and limestone (L) of high calcite content (CaCO3: 
95.7%) were used. Portland limestone cement, containing 15% (w/w) limestone, was produced by 
intergrinding clinker, limestone and gypsum in a pro-pilot plant ball mill of 5 kg capacity. Concrete 
specimens of the above limestone cement were prepared. In addition, concrete specimens were 
prepared by replacing a part of limestone cement with natural pozzolana (P), fly ash (F), blastfurnace 
slag (S) and metakaolin (M). The chemical composition of the materials used is given in Table 1, 
while the binder composition of the concretes is given in Table 2.  
Concrete specimens, 40x40x53 mm, were prepared using a binder content (B) 350 kg/m3, a water to 
binder ratio (W/B) of 0.5 and aggregates with a maximum size of 8 mm. Siliceous (s) and calcareous 
(c) sand were used in order to study the effect of the sand type on thaumasite formation. The 
specimens were left in the moulds for 24 h, then cured in water for 6 days and finally air-cured for 21 
days at laboratory temperature (25±2oC). After the 28-days initial curing the specimens were stored in 
1.8% w/w MgSO4 solution. The samples were cured at: i) 5C (laboratory refrigerator, ±2C) and ii) 
25C (laboratory environment, ±2C). In both cases, the MgSO4 solution was replaced every 3 
months.  
The visual examination of the samples was performed at regular intervals for three years and all 
significant variations, such as changes to surface colour and texture, formation of coatings, 
deterioration, expansion and cracking were recorded. The compressive strength of the specimens was 
measured after 28 days (reference strength) and after 6, 12 and 24 months exposure in MgSO4 solution 
(at 5 and 25oC). XRD measurements were performed on samples at regular intervals in order to 
identify any compounds formed during the exposure to MgSO4. A Siemens D-5000 X-ray 



diffractometer, with Cu Ka1 radiation (λ =1.5405 Å) was used. Measurements were carried out on 
samples coming from the deteriorated part of the specimens.  

 

Table 1: Chemical Composition (%) of the Materials used 

Material SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI 

Clinker (K) 21.47 5.00 3.89 65.67 1.89 0.68 0.16 1.04 0.89 

Limestone (L) 0.54 0.43 0.2 53.61 1.29 0.06   43.73 

Natural Pozzolana (P) 59.18 16.12 6.14 4.92 1.96 2.15   4.78 

Fly Ash (F) 49.33 20.72 7.98 10.26 2.19 1.94   2.02 

Blastfurnace Slag (S) 36.74 10.44 1.2 40.32 7.6 0.31   0.44 

Metakaolin (M) 54.41 43.94 0.35 0.37 - 0.31   - 

 
 

Table 2: Binder Composition of Concretes 

Code Binder Composition 

LC1* Clinker (K): 85% w/w, limestone (L): 15% w/w 

LPC LC1: 80% w/w, natural pozzolana (P): 20% w/w 

LFC LC1: 70% w/w, fly ash (F): 30% w/w 

LSC LC1: 50% w/w, blastfurnace slag (S): 50% w/w 

LMC LC1: 90% w/w, metakaolin (M): 10% w/w 
                              *Gypsum: 5% of clinker by mass 
 
 
Results and Discussion 
 
Visual inspection  
 
Visual inspection of the specimens was carried out monthly and the observations are summarized in 
Table 3 (exposure at 5oC). Indications of starting deterioration were first observed on specimens with 
limestone cement 15% limestone (LC1-s) and natural pozzolana (LPC-s) with siliceous sand after 10-
11 months. A longer time (13 months) was required for the beginning of deterioration in sample with 
fly ash (LFC-s) and LC1-c. The specimens with natural pozzolana (LPC-c) and calcareous sand 
showed the first signs of deterioration after 15 months of exposure. Finally, a slight damage of 
specimens with blastfurnace slag (LSC-s) and metakaolin (LMC-s) with siliceous sand was observed 
after 17 months. In all cases, the first sign of attack was the deterioration of the corners followed by 
cracking along the edges. Progressively, expansion and spalling took place on the surface of the 
specimens. The surface of the cracks was covered with a white soft substance. After 34 months of 
exposure, specimens with LC1-s presented the most severe deterioration, followed by LC1-c and LPC-
s. Specimens LPC-c suffered a lesser degree of deterioration, while LFC-s, LSC-s and LMC-s showed 
the most limited deterioration. It must be noted that no damage was observed in the concretes with fly 
ash, blastfurnace slag and metakaolin (LFC-c, LSC-c, LMC-c) with calcareous sand. 



Table 3: Visual Assessment a of Specimens’ Deterioration (1.8% MgSO4 solution at 5oC) 

Exposure duration (months)  
Sample 

6 9 10 11 13 15 17 19 21 22 24 26 28 30 32 34 

LC1-s b 0 0 1 2 2 2 3 4 5 6 6 6 7 7 7 7 

LPC-s 0 0 0 1 1 2 3 3 3 3 3 3 4 4 4 5 

LFC-s 0 0 0 0 1 1 1 2 2 2 2 2 2 2 2 2 

LSC-s 0 0 0 0 0 0 1 1 2 2 2 2 2 2 2 2 

LMC-s 0 0 0 0 0 0 1 1 2 2 2 2 2 2 2 2 

LC1-c b 0 0 0 0 1 2 2 3 3 4 4 4 4 5 5 5 

LPC-c 0 0 0 0 0 1 1 1 1 1 2 2 2 2 3 3 

LFC-c 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

LSC-c 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

LMC-c 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
a Deterioration scale: 0: no visible deterioration; 1: some deterioration at corners; 2: deterioration at corners; 3: 
deterioration at corners and some cracking along the edges, 4: deterioration at corners and cracking along the 
edges; 5: cracking and expansion; 6: bulge of surfaces; 7: extensive cracking and expansion; 8: extensive 
spalling; 9: complete damage 
b s: siliceous sand, c: calcareous sand 
 
 
It is obvious that the use of mineral admixtures improved the resistance of the limestone cement 
concrete against sulfate attack at low temperatures. Fly ash, blastfurnace slag and metakaolin showed 
the best behavior, while natural pozzolana presented only a limited improvement of concrete sulfate 
resistance. The specimens with calcareous sand showed better performance than those with siliceous 
sand. In this case, there is an overabundance of carbonate ions coming from the limestone of cement 
but probably the determinative factor is the cohesion between the cement paste and the sand, which is 
better in the case of calcareous sand. 
No damage was observed in the specimens exposed to sulfate solution for 36 months at 25oC. It can be 
stated that “conventional” sulfate attack of well made concretes is very slow, much slower than 
thaumasite sulfate attack (TSA) at low temperatures. 
 
 
Compressive strength 
 
In the case of siliceous sand, the compressive strength development of the specimens exposed in the 
MgSO4 solution at 5oC is shown in Figure 1. The limestone cement concrete (LC1-s) presented a slight 
strength loss after 6 and 12 months and a complete strength loss after  24 months. Concrete with 
natural pozzolana (LPC-s) showed a slight strength loss after 12 months and a severe strength loss 
(about 40%) after  24 months. Specimens with fly ash (LFC-s), blastfurnace slag (LSC-s) and 
metakaolin (LMC-s) presented better performance with a 20-25% strength loss after  24 months.  
In the case of calcareous sand, the compressive strength development of the specimens exposed in the 
MgSO4 solution at 5oC is shown in Figure 2. The limestone cement concrete (LC1-c) presented a 
severe strength loss (about 50%) after 24 months of exposure. Concrete with natural pozzolana (LPC-



c) showed a 20%  strength loss after 24 months. No strength loss found in specimens with fly ash 
(LFC-c), blastfurnace slag (LSC-c) and metakaolin (LMC-c) that showed normal strength 
development (strength increases with age) during the 24 months curing in the 1.8% w/w MgSO4 
solution at 5oC. 
The strength results verify that the use of mineral admixtures improved the resistance of the limestone 
cement concrete against sulfate attack at low temperatures. The results are in accordance with the 
deterioration degree of the specimens (Table 3) and confirm the better performance of concrete with 
calcareous sand compared to the concrete with siliceous sand. 
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Figure 1: Compressive strength of the specimens with siliceous sand after 28 days (reference strength) 

and after 6, 12 and 24 months exposure in a 1.8% MgSO4 solution at 5oC. 
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Figure 2: Compressive strength of the specimens with calcareous sand after 28 days (reference strength) 
and after 6, 12 and 24 months exposure in a 1.8% MgSO4 solution at 5oC. 

 
 
The compressive strength development of the specimens (siliceous sand) exposed in the MgSO4 
solution at 25oC is presented in Figure 3. All the concretes showed normal strength development 



(strength increases with age) during the 24 months curing. The results confirm that no damage 
happened after 24 months exposure in the MgSO4 solution at 25oC. 
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Figure 3: Compressive strength of the specimens after 28 days (reference strength) and after 6, 12 and 24 months 
exposure in a 1.8% MgSO4 solution at 25oC (c: calcareous sand, s: siliceous sand). 

 
 
XRD analysis  
 
XRD measurements were carried out on the soft white material covering the surface of the cracks. The 
XRD patterns of the samples LC1-s and LPC-s, after 18 months of exposure at 5oC, are presented in 
Figure 4. The degradation material was found to consist mainly of thaumasite, gypsum, calcite, quartz 
and traces of brucite. It must be noted that no calcium hydroxide was detected in the degradation 
products. Portlandite most probably has reacted with magnesium sulfate to form gypsum and brucite, 
both found in the degradation products. 
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Figure 4: XRD patterns of LC1-s and LPC-s specimens 

 (1: thaumasite; 2: calcite; 3: quartz; 4: gypsum; 5: brucite) 



Conclusions 
 
The following conclusions can be drawn from the present study: 
 Limestone cement concrete is susceptible to thaumasite sulfate attack at low temperature. 
 The use of specific mineral admixtures improved the resistance of the limestone cement concrete 

against sulfate attack.  
 Fly ash, blastfurnace slag and metakaolin showed the best behavior, while natural pozzolana 

presented only a limited improvement of concrete sulfate resistance. 
 Limestone cement concrete incorporating calcareous sand showed better performance than 

concrete containing siliceous sand. 
 No damage was observed in the specimens exposed to sulfate solution at 25oC for 36 months. It 

seems that in MgSO4 solutions the “conventional” sulfate attack, at ambient temperature, is much 
slower than thaumasite sulfate attack, at low temperature. 
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Abstract 
Low pH cementitious (LopHC) materials are expected to be used in the construction of an underground repository for 
the geological disposal of high level radioactive waste (HLW). A fundamental aspect of the development of LopHC is 
the accurate and reliable measurement of the pore fluid pH in order to qualify and help quantify mix designs to achieve 
specific pH targets. The main objective of the current research is the development of an agreed protocol for measuring 
the pH value of LopHC. There are four different methods described in the literature for characterizing the pore solution 
of cementitious materials: 1) Pore fluid expression; 2) Leaching methods, including both in-situ and ex-situ 
techniques); 3) Percolation methods; and 4) Embedded pH sensors. The first three methods are used for extracting the 
pore solution of the concrete before pH determination, while the fourth, using embedded pH sensors, takes direct 
measurement of the pore fluid pH value. Of these methods, pore fluid expression (PFE) was chosen to represent the 
Reference Method because it is considered to be the most reliable and ex-situ leaching (ESL) with and without filtering 
were chosen as candidates for the Routine Method because they are fast, cheap and simple. In a first step, different 
parameters that may affect the measured pH values were evaluated, including the solid/liquid ratio, fineness, 
carbonation, time, and the results obtained from a pH meter in comparison with an OH– titration. Based on the results 
obtained from the first step, selected protocols were proposed and tested for reproducibility and repeatability in 8 
laboratories of 7 countries using the same LopHC sample. The proposed methodologies showed very promising results 
with low deviation and high reproducibility and have allowed the development of an agreed set of simple protocols for 
the determination of pH in LopHC.  
 
Originality 
Although in the literature there are numerous descriptions of pH measurement methodologies for cementitious 
materials, there is not a standard or even an agreed procedure. The development of this agreed procedure is essential 
to qualify and help quantify mix designs for LopHC to be used in the geological disposal of nuclear waste.  PFE is 
generally considered to be the reference method for pH measurements, however, due to the constraints of budget, 
specialized apparatus, operator skills, sample size, and time taken to extract a pore solution, this technique is not 
sufficiently practical to be recommended as a routine method for measuring the pore fluid pH of LopHC. Therefore, the 
selection of faster, cheaper and simpler methods, such as the ones described in the present work, is necessary. This 
study is the first of its type where an international consortium of six nuclear waste management agencies agrees on the 
need for a suitable and accurate pH measurement protocol for LopHC. 
 
Chief contributions 
An in depth evaluation of the advantages and disadvantages of different methods for measuring the pore fluid pH of 
cementitious materials described in the literature has been made. In the methodologies selected, an extensive and 
accurate evaluation of the parameters that may affect the pore fluid pH has been made and tested in 8 different 
laboratories. Standardising a protocol for pore fluid pH measurement is seen as a major contribution to the ongoing 
development of LopHC to be used in the geological disposal of HLW in a purpose built repository.  

Keywords: pH measurement methodology, low-pH cements, statistical analysis. 
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Introduction 
 
Concretes play an important role in the structural stability and integrity of a purpose built repository 
for the geological disposal of HLW. However, the expected generation of an alkaline plume from the 
concrete by the ingress of groundwater would have detrimental effects on the intended use of a 
bentonite buffer. To limit this risk, LopHC are being developed to have a target pH < 11 
corresponding to the upper stability limit of bentonite (Bodén and Sievänen, 2005). The formulation of 
Ordinary Portland Cement (OPC)-based LopHC requires that free portlandite is consumed and the 
overall Ca/Si ratio of the C-S-H gel is lowered by the addition of high volumes of pozzolan (Lagerblad 
et al, 2006; Cau Dit Coumes et al, 2006; Alonso et al, 2007, 2010). Consequently, an accurate and 
reliable measurement of the pore fluid pH is necessary to qualify and help quantify LopHC mix 
designs. 
 
Four different methods for characterizing the pore solution pH of cementitious materials are described 
in the literature: 1) PFE; 2) Leaching methods, including both in-situ and ex-situ techniques; 3) 
Percolation methods; and 4) Embedded pH sensors. The basic concept of the Pore Fluid Expression 
(PFE) method is to extract the pore fluid of hardened cementitious materials under high pressure 
(Longuet et al, 1973; Barneyback & Diamond, 1981, Yonezawa et al, 1988) and then analyze its 
chemical composition. The main limitations of the PFE method are the requirement of a specialized 
and relatively expensive press and of quite a large amount of sample, as well as being quite time 
consuming to perform. As well as these limitations, there are many parameters involved in the 
procedure that also have to be considered 1) The curing conditions 2) Pre-conditioning of the sample, 
3) Pressure, 4) Sample size, 5) Special considerations for LopHC, 6) Control of carbonation. Despite 
the limitations and parameters of the PFE method, it is believed that the pH and composition of the so 
derived samples are the most reliable in terms of being representative of the pore solution (e.g. 
Barneyback & Diamond, 1981).  
 
Ex-situ Leaching (ESL) methods rely on a sample of ‘pore fluid’ being obtained by mixing a known 
amount of crushed or powdered cementitious material with a known amount of deionised water 
(Haque & Kayyali, 1995; Thangavel & Rengaswamy, 1998; Pavlík, 2000, Castellote et al, 2002; 
Räsänen & Penttala, 2004; Hidalgo et al, 2005; Li et al, 2005; Cau Dit Coumes et al, 2006). This 
method is appealing because it is fast, cheap and simple, although its accuracy is questionable due to 
the decreased solid/liquid ratio and consequent dilution effects (Castellote et al, 2002; Li et al, 2005). 
In evaluating the ESL methods the following parameters should also be considered: 1) Parameters 
related to the material preparation (solid/liquid ratio, solvent, sample amount, size of the cement 
particles, temperature of the sample, control of carbonation), 2) Parameters related to PFE (extraction 
time, stirring time), 3) Parameters related to pH measurement procedure (e.g. filtration).  
 
Although PFE is selected as the reference method for pH determination in cementitious materials, the 
technique is not practical enough to be recommended as a routine method for measuring the pore fluid 
pH of LopHC. Consequently, the accuracy of the ESL method was investigated in the present research 
because it is simpler, cheaper and faster. Furthermore, the requirements for the definition of an 
accurate protocol for pH determination were performed through a round robin test between several 
laboratories, including the statistical analyses of the PFE and ESL methods. 
 
Experimental 
 
LopHC of the same composition, containing OPC to Silica Fume (SF) ratio (OPC/SF) = 1.5 and a 
limestone  filler (LopHC/filler ≈ 3), were fabricated in the same batch by one laboratory. All samples 
were stored in a 100% Relative Humidity (RH) chamber at 21 ±2 °C before being shipped to 8 
different laboratories in sealed plastic bags to prevent CO2 contamination and drying of the samples 
during transport. Each laboratory received 3 samples of 4×4×16 cm  that were stored in a 100% RH 



chamber at 21 ± 2 °C until testing after a total of 90 days curing ± 5 days. The tests used were: 1) PFE 
(4 laboratories), 2) ESL with 2a) filtering the suspension and 2b) no-filtering (7 laboratories). 
Preliminary trials were carried out in one laboratory to identify critical parameters affecting the pH 
measurement in order to prepare the final protocols. From these trials it was found that in the PFE 
method, the particle size has a slight influence, the optimum size being around 0.5mm, and the pH 
measurements must be done under a N2 atmosphere. With respect to the ESL methods, it was 
determined that particle size is very important and should be powdered to Ø < 80 µm. Furthermore, 
although it is desirable to use a controlled atmosphere, short-term carbonation does not seem to 
influence the pore fluid pH when measured with the electrode in the suspension due to the buffer 
provided by the cement sample. A controlled atmosphere is essential if the pH of a filtered solution is 
measured because the cement sample no longer provides a buffer against carbonation. According to 
these considerations the following protocols were defined: 
 
PFE protocol: 
Approximately 125 g of cementitious (LopHC) material was divided into pieces of Ø < 0.5 cm. As 
soon as possible, the mixture was placed in the cylinder of the pore pressing device. Pressure was 
increased in steps of approximately 50MPa/min, until a maximum load pressure of 483 MPa (70 Psi) 
was achieved, and then maintained for five minutes to express a sample of the pore solution. The pore 
solution sample was collected in a syringe inserted into the hole of the bottom plate of the press, 
transferred to a controlled N2 atmosphere (bubbling N2 gas), passed through a 0.45 µm filter and 
stored in a sealed plastic container until analysis. Direct pH measurements, under a controlled N2 
atmosphere, as well as the determination of OH–, Na, K, Ca, Si, and S concentrations of the pore 
solution, must be done as soon as possible after the pressing. Three different samples were used to 
determine the pH of the pore fluid from each laboratory. 
 
ESL protocol 
A piece of each sample was finely ground to a particle size < 80 µm. Three powdered portions of 10 g 
were each mixed in a beaker with 10 mL of CO2–free deionised water (solid/liquid = 1.0) and the 
suspension continuously and vigorously stirred for 5 minutes. After stirring, two procedures were 
followed: 1) to measure the pH of the suspension directly with a pH electrode under a N2 atmosphere, 
stirring continuously during the measurement; 2) to pass the suspension through a 0.45 µm filter and 
measure the pH of the filtrate. The stirring and both measurement procedures were done under a N2 
atmosphere (by bubbling N2 gas through the suspension or the filtrate).  The procedure was repeated 
three times with each of the 3 samples, so that 9 identical measurements were taken in each laboratory. 
 
Results and discussion:  
 
1. Analysis from PFE method. 
 
Results of the pH measurements using the PFE method, determined with a pH-electrode and OH– 
titration, are shown in Figure 1. It can be seen that different laboratories have obtained very similar 
results. In general, similar results are obtained when the measurement is made using either a pH 
electrode or by OH- titration and the differences are less than the error assigned to the pH-electrode 
(±0.1). Both procedures are therefore valid in obtaining an accurate pH value in LopHC. Due to the 
limited number of pH analyses carried out with this method, the values of repeatability (r) and 
reproducibility (R) could not be determined quantitatively using statistical methods, but can be deemed 
satisfactory qualitatively given the similarity of the results (Figure 1). However, an estimation of the 
reproducibility can be made by considering the standard deviation of the obtained results. For a given 
cement mixture, the expected reproducibility of the pH measurement, is ±0.12 pH units within 95 % 
probability based on 2 times the standard deviation calculated from the pH data. 
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Figure 1: Pore fluid pH values obtained using the PFE method from measurements with the pH electrode (Elec) 

and pH values from OH− titration (OH). 
 
Three laboratories analyzed the chemical composition of the pore fluids (Figure 2). Again, in a 
qualitative sense both the repeatability and the reproducibility of the chemical analyses are quite good 
with each laboratory reporting similar concentrations.  
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Figure 2: Mean chemical composition of the pore fluid solution. 

 
2. Analysis from ESL methods. 
 
As an example of the obtained results using the ESL procedures, Figure 3 shows the pH results 
obtained under a controlled N2 atmosphere (by bubbling N2 gas) using the ESL method after filtering 
the suspension and measured with a pH electrode. Most of the laboratories have obtained similar 
results, but there are more deviations than in case of PFE, perhaps associated to more influencing 
parameters such as the solid/liquid ratio, stirring or filtering. The pH values of the filtrates were about 
0.1 pH unit lower than those measured directly in the suspension. The same phenomenon is also 
reported in the literature when using filtering (Räsänen & Penttala, 2004).   
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Figure 3: pH values measured with a pH electrode using the routine method (ESL) after filtering the suspension 

under an N2 atmosphere. 
 
Statistical analysis of the values of r and R of the ESL methods, with and without filtering, was carried 
out using the method proposed in the ISO 5725 standard. According to this standard, a normal 
distribution of the values was considered. Also, following the standard criteria, when several 
unexplained abnormal results occur within the same laboratory, noting that Lab-6 were consistently 
lower and Lab-7 were consistently higher, then that laboratory may be considered an outlier and is 
therefore reasonable to discard their data from the population. Table 1 shows the statistical parameters 
obtained with the outliers excluded. 
 

Table 1: Statistical parameters corresponding to the ex-situ leaching (ESL) procedures. 

Statistical Parameters ESL-non filtering ESL-filtering 

Estimation of the repeatability variance (Sr) 0.056 0.061 

Value of repeatability (r) 0.159 0.172 

Percentage of variation or repeatability variability (Vr (%)) 0.49% 0.53% 

Estimation of reproducibility variance (SR) 0.125 0.114 

Value of reproducibility (R) 0.355 0.321 

Percentage of variation or reproducibility variability (VR (%)) 1.10% 1.00% 

 
Several conclusions can be derived from the statistical parameters in Table 1: 
- Both ESL measurement procedures, with and without filtering, show similar r and R values, giving 
confidence in their accuracy. 
- The repeatability of both ESL procedures is very good, with the values of r so obtained being close 
to the error that can be assigned to the pH-electrode (±0.1). These values of r imply that the difference 
between two different individual results obtained under the same conditions will be less than 0.15 pH 
units with a probability of 95%, which indicates that measuring the pH directly with an electrode is 
reasonably accurate.   
- The number of laboratories included in the study influences the r values of both ESL with and 
without filtering procedures. However, when the outliers are discarded, the differences between two 
individual results measured in different laboratories will be ≤1% with a probability of 95%. 



  
3. Comparison of the routine ESL methods to the reference PFE method: statistical analysis.  
 
Overall, similar pH values were obtained by the three different methods (PFE, ESL with and without 
filtering), with a mean pH of 0.32 being the largest difference when all data from all laboratories are 
considered. The smallest difference in mean pH values of 0.1 was obtained when comparing PFE with 
ESL with filtering and excluding the outliers. 
 
Another extension of the ISO 5725 standard is the use of repeatability and reproducibility to verify 
whether the performance of the ESL methods is “similar” to the PFE method. Simple statistical tests 
are available to perform verifications for trueness, calculating ratio w according to equations 1) and 2):  

- Eq. 1) δ
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To decide if the ESL method is as accurate as the PFE method, the ratio w must be less than or equal 
to unity (w ≤ 1). The closer the w ratio is to unity, the more accurate the ESL methods are. Rejecting 
the outliers, the w ratio obtained in the ESL procedure without filtering the suspension is 1.55 and with 
filtering the suspension is 0.98. Therefore, the ESL with filtering method is in better agreement with 
the PFE method results.  
 
For the development of a routine method to measure the pore fluid pH of LopHC, it is recommended 
use the ESL filtering the suspension under N2 gas and measuring the pH of the filtrate with a pH-
electrode, also bubbling N2 gas. This method fulfils the requirements of a method reproducible in 
different laboratories, is cheap, fast and simple, suitable for ordinary laboratory use, and allows an 
accurate measurement of the pore fluid pH. However, if the pH values obtained in different 
laboratories for the same LopHC are to be comparable, the samples must be subjected to the same 
curing conditions. 
 
Conclusions 
The main conclusions of the present research are: 

• The repeatability of the three pH measurement methods, PFE, ESL with and without filtering, 
is very good.   

• The PFE technique is excellent to assure the acquisition of accurate pH values and chemical 
composition of solutions derived from LopHC. There are no differences within error in 
measuring the pH directly with a pH-electrode or in its determination by OH- titration. 

• For a given cement mixture, the expected reproducibility of the pH measurement, is ±0.12 pH 
units within 95 % probability using the PFE method  (based on 2 times the standard deviation 
calculated from the pH data) and  ±0.3 pH units using both ESL methods (according to the 
reproducibility values obtained in the statistical study made in this work). 

• The recommended ESL protocol is to filter a solid/liquid ratio = 1 suspension in a controlled 
N2 atmosphere by degassing the filtrate with N2 gas, and measure the pH of the filtrate with 
a pH-electrode also by bubbling N2 gas. This fulfils the requirements of measuring an accurate 



pore fluid pH value with a reproducible method that can be used in different laboratories, is 
cheap, fast and simple, and suitable for ordinary laboratory use.  

• Disparities in the results were found using these methods, but were restricted to two 
laboratories and are therefore indicative of problems inherent to the laboratories themselves as 
opposed to problems with the protocols that have been devised within this study. 
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Abstract  
The hydration of C3A was investigated with Nuclear Resonance Reaction Analysis (NRRA), to measure hydrogen 
concentrations at specific depths within the first 2 μm from the surface.  Pellets of either cubic or orthorhombic C3A, 
were hydrated in solutions saturated with respect to both calcium hydroxide and calcium sulfate at 25ºC. In some 
cases the retarder sodium gluconate was added to the solution.  Individual specimens were removed from the 
solution at specified time intervals and analyzed by NRRA. 
In all cases, the region of the hydrogen depth profile closest to the surface showed a linear relationship with depth 
that is interpreted as a crystalline surface layer.  For the two cubic C3A samples, the hydrogen depth profiles were 
significantly different beyond the linear region depending on whether sodium gluconate was added.   Without 
sodium gluconate, the depth profiles showed a typical curve with the main peak, presumably CAH gel, at about 200 
nm.   With sodium gluconate the main peak was absent and the concentration of hydrogen at depth was much lower.  
This suggests that the sodium gluconate makes the surface layer more impermeable to water transport.  For the 
orthorhombic samples, the depth profiles had similar shapes for the samples both with and without sodium 
gluconate, but the former showed a much deeper reacted zone.  For all the samples, the depth profiles generally 
increased with time, except for the cubic C3A without sodium gluconate which steadily decreased over time.   
The dominant ions were Ca2+ and SO4

2- in the hydration solutions.  Over time, the SO4
2- concentrations typically 

decreased, indicating precipitation of ettringite.  For the solutions without sodium gluconate, the Ca2+ 
concentrations also decreased slightly.   For those with sodium gluconate, the cubic specimen showed a 10-20% 
increase in Ca2+ while the orthorhombic specimen showed an increase of nearly 60%.  For this specimen, the Al 
concentration nearly tripled.   The increases in these ions may be due to the chelating effect of the gluconate ion.   
  
Originality  
This research concerns the subtopic Reactions of Hydration under the main topic of Hydration and Microstructure.  
Innovations include the application of NRRA for the first time to study this chemical system, which enabled the 
direct observation of the development of surface layers with a depth resolution of a few nanometers.   The 
complementary analysis of the solution chemistry by ICP-AES revealed the mechanisms affecting the hydration 
process, and also which made it possible to calculate the etch rate of the pellet. This is the first time that these 
techniques have been combined to determine both the etching of the surface during hydration and the nanoscale 
determination of the hydration profile in the remaining substrate. 
 
Chief Contribution  
The hydration of calcium aluminates is a significant complicating factor in the overall hydration of Portland 
cement.  This research permits direct observation of the differences between cubic and orthorhombic C3A as well as 
the influence of chemical admixtures which are intended to control the set of the cement.  This information will 
provide a more refined model relating the chemical composition of Portland cement to the hydration reaction 
kinetics. 
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Introduction 
 
The calcium aluminate (C3A) content in Portland cement is a side product of the main cement 
manufacturing process. It poses the problem of flash set during the early stages of hydration.  This is 
controlled by adding gypsum to create ettringite that retards the C3A hydration.  However, there are many 
details of this interaction that remain controversial including the possible formation of surface layers 
(Minard et al., 2007).  Moreover, in Portland cement, the pure cubic form occurs along with the 
orthorhombic polymorph, which is due to some Na substitution in the crystal structure, this orthorhombic 
C3A tends to hydrate less, but the difference in rates of reactions were not evaluated. 
 
Experimental Approach 
 
1. Nuclear Resonance Reaction Analysis (NRRA) 
 
The hydration of C3A was investigated with Nuclear Resonance Reaction Analysis (NRRA), which uses 
the 1H(15N, α,γ)12C reaction to measure hydrogen concentrations at specific depths within the first 2 μm 
from the surface (Schweitzer et al., 2005; Livingston et al., 2010). This method uses a heavy ion 
accelerator such as the Tandem Dynamitron to generate a beam of 15N ions.  To obtain an H depth profile, 
the beam energy is increased stepwise from just below the resonance energy of 6.400 MeV. As this is an 
isolated resonance in the H cross section the reaction only occurs when the 15N ion energy is at the 
resonance energy. If its energy is greater, no reactions occur until the beam loses enough energy by 
scattering to get down to the resonance energy. At each energy step, the 15N ion will reach the resonance 
energy at a particular sample depth, and the hydrogen concentration at that depth is measured. The 
extremely narrow width of the resonance, 1.8 keV, (Horn and Lanford, 1988) translated into a depth 
resolution of about 2 nm at the surface. The resolution degrades somewhat at depth because of energy 
straggling in the scattering process. At each step in beam energy, a gamma-ray spectrum is acquired, 
typically 10,000 cts in the 4.44 MeV peak. Initially the beam energy is increased in 10 keV steps to 
resolve thin surface layers, and then at 7 MeV in coarser steps (100-500 keV) as the profile typically 
changes more slowly in this region. The maximum beam energy is limited to 12 MeV to avoid 

Figure1: Hydrogen depth profile of hydrated cubic C3A 
without sodium gluconate at 45 minutes at 25° C 



interference from the next higher energy resonance.  
A plot of the H signal as a function of incident beam energy allows a visualization of the H depth profile, 
as shown in Fig. 1 for a cubic C3A sample hydrated for 45 minutes in a calcium hydroxide and gypsum 
solution. It shows at the surface a typical linear increase with depth, which is interpreted as a crystalline 
layer, presumably of ettringite.   This is followed by a Gaussian peak at roughly 200 nm which is 
associated with a CAH gel layer, followed by a diffusion-type region at greater depths which is due to the 
exchange of water for calcium ion in the original C3A.  The NRRA coordinates of beam energy and 
gamma-ray counts have been converted to depth and H concentrations on the upper and right axes, 
respectively. 
 
2. Sample preparation and hydration 
 
For the NRRA measurements, either cubic or orthorhombic C3A powder was molded into cylindrical 
pellets of 12.7 mm diameter and fused to provide a well-defined surface.   Each pellet was hydrated 
separately in a Teflon vessel containing 35 ml of solution made of distilled water saturated with respect to 
both calcium hydroxide and calcium sulfate.  A few grams of solid calcium hydroxide were placed in the 
bottom of each vessel to maintain the pH. In some cases the retarder sodium gluconate (SG) was added to 
the solution. Thus there were four cases: cubic C3A with and without SG and orthorhombic C3A with and 
without SG.  Nine pellets were hydrated in each run at 25ºC.  Individual samples were removed from their 
hydration vessels at specific time intervals for analysis by NRRA.  Upon removal each pellet was washed 
with pure methanol to stop further hydration.  The time intervals for each run were determined in advance 
by inspection of calorimetry data.   To prevent carbonation samples were stored and handled under inert 
atmosphere (N2 or Ar) both before and after the chemical reaction. The hydrated pellets were then kept 
under vacuum until beam time became available for the NRRA analysis.  

 
3. Wet Chemistry 
 
After each pellet was removed from its hydration vessel, 10 ml of solution was withdrawn and acidified 
with nitric acid.  The chemical composition was analyzed by ICP-AA for the elements Ca, Si, Al, S, Mg, 
K, Na, Fe, Cr and Cu.  The SG content was estimated by measurement of Total Organic Carbon. 
 
 
Results and Discussion 
 
1. Hydrogen Depth Profiles  
 
The depth profiles for all four cases are summarized in Fig.2.  In all cases, the region of the hydrogen 
depth profile closest to the surface showed a linear relationship with depth.  This is significantly different 
from the shape observed in other hydrated cementitious phases such as CSH gel, which have a Gaussian 
profile.  This linear region is interpreted as a crystalline layer.  In principle such a layer should be a step 
function in the profile since the hydrogen content in a crystalline hydrate is fixed.  However, it can be 
seen that it is slanted.  This may be due to a mixture of ettringite with anhydrous phases in which the 
volume fraction of ettringite increases with depth.  Further evidence for an anhydrous phase is given by 
the fact that in some profiles the start of the linear region is offset beyond 6.400 MeV which would be 
possible only if there were a layer of completely hydrogen-free material.   This may be the result of the 
storage of the hydrated pellets in a hard vacuum for several hours prior to the NRRA analysis.  Some of 
the water in the ettringite structure is weakly bound.  Zhou and Glasser (2001) have shown that ettringite 
loses approximately two-thirds of its water content at a water vapor  pressure of 6 millibars.  
Nevertheless, the linear region was very consistent among all the profiles, with a width of about 20 nm 
and a maximum H concentration of 50 -70 mmol/cm3. 
 



 

 
Beyond this linear region, the shapes of the hydrogen depth profiles differed significantly between the 
two C3A polymorphs.  For the two cubic C3A cases, the hydrogen depth profiles showed the typical 
concave profile illustrated in Fig. 1.  The profiles of the two orthorhombic cases showed much less 
concavity, and in some cases reached a plateau that extended beyond the range of the NRRA analysis.  
This implies a relatively thick, > 1 µm, hydration layer.  
The evolution of the profiles with time also differed between the two polymorphs.  For the two 
orthorhombic cases, the trend was generally an increase in H content with time.  However, the opposite is 
true for the cubic cases.  In particular, the cubic case without SG showed an almost monotonic decrease 
with time.  This trend would seem to imply a reversal of the hydration reaction, which is physically 
unreal.  The explanation has to do with the nature of the NRRA measurement.  The depth profile begins at 
the current surface of the specimen.  This may not be the same point as the original surface if etching 
takes place.  If the rate of etching is faster than the rate of profile development through the hydration 
reaction, then the profile will appear to shrink with time.  It should be noted that during the hydration 
period the pellets are mounted in the hydration vessel with the exposed surface facing down, so the 

Figure 2:  Hydrogen depth profiles measured by NRRA: A=Cubic; B= Orthorhombic; C=Cubic with SG 
(Note  change of vertical scale) ; D= Orthorhombic with SG 
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hydrated surface could be removed mechanically by gravity rather than by dissolution.  The rate of 
etching can be estimated from the solution chemistry as described below. 
For each polymorph there also were significantly differences beyond the linear region depending on 
whether sodium gluconate was added.   For the cubic case without sodium gluconate, the depth profiles 
showed a typical shape with the main peak, presumably CAH gel, at about 200 nm.   With sodium 
gluconate the main peak was much narrower and the H concentration at depth was much lower.  This 
suggests that the sodium gluconate retards hydration, perhaps by making the surface layer more 
impermeable to water transport.  For the orthorhombic samples, the depth profiles had similar shapes for 
the samples both with and without sodium gluconate, but the former showed a much deeper reacted zone.  
This observation also supports previous observations that retarders slow down hydration at the beginning, 
but once hydration initiated, the process becomes faster, inducing the “delayed accelerator” effect(Juenger 
and Jennings, 2002) . 
 
2. Solution Chemistry 
 

A B 

C D 

Figure 3:  Solution chemistry and calorimetry: A=Cubic; B= Orthorhombic; C=Cubic with SG; D= 
Orthorhombic with SG 
 



The variations in the chemical compositions of the hydration solutions with time are summarized in Fig. 
3. The dominant ions were Ca2+ and SO4

2-.  Over time, the SO4
2- concentrations typically decreased, 

indicating precipitation of ettringite.  For the solutions without sodium gluconate, the Ca2+ concentrations 
also decreased slightly.   For those with sodium gluconate, the cubic specimen showed a 10-20% increase 
in Ca2+ while the orthorhombic specimen showed an increase of nearly 60%.   
For this specimen, the Al concentration nearly tripled.   The increases in these ions may be due to the 
chelating effect of the gluconate ion, which would be enhanced at higher pH (Sawyer, 1957).  In the case 
of the orthorhombic C3A with SG, the Na leaches from the crystal over time and thereby increases the pH. 
 
The rate of etching of the pellet surface can be estimated from the decrease in the SO4

2- concentration.  
Since the initial concentration of this ion was set at saturation with respect to gypsum, 12 mmol/L, it is 
oversaturated for ettringite, 1.98 mmol/L and any additional Ca ion released from the pellets by 
dissolution would react with the SO4

2- to precipitate solid ettringite or possibly monosulfate.  This would 
remove sulfate from the solution. Thus from the stoichiometry of the C3A and ettringite or monosulfate, it 
is possible to calculate the rate of etching.  Average rates are given in Table 1.  As inferred from the 
hydrogen depth profiles, the etch rate for the cubic without SG is high.  However, the orthorhombic 
without SG is also high, even though the evolution of the depth profile shows the opposite trend. 
 

Table 1: Average Etch Rates for C3A Pellets 
 

Case 
Etch Rate as 

Ettringite 
(nm/min) 

Etch Rate as 
Monosulfate 

(nm/min) 
Cubic without SG 117  233 
Orthorhombic without SG 129  259 
Cubic with SG 51  101 
Orthorhombic with SG 152  303 

 
 
 
3. Calorimetry 
 
As mentioned above, calorimetry data were used to define the time span for each experimental run.  The 
calorimetry curves are presented in Fig.4 and summarized in Table 2.  They are also included in Fig. 3  
for comparison with solution chemistry.  These curves show the double peaks typically observed for C3A 
hydration (Minard et al., 2007).  These peaks are considered to be due to a breakdown in surface layers.  
However, the details of the mechanisms remain controversial (Gartner et al., 2002; Minard et al., 2007).  
 
 

Table 2: Summary of Calorimetry Data 
 

Case 
First Peak Second Peak 

Time 
(hrs) 

Height 
(mw/g) 

Time 
(hrs) 

Height 
(mw/g) 

Cubic without SG 0.028 48.3 1.48 17.1 
Orthorhombic without SG 0.047 79.1 0.80 40.8 
Cubic with SG 0.032 40.4 6.91 10.9 
Orthorhombic with SG 0.470 79.5 1.12 33.4 

 



 
It should be noted that the calorimetry data could not be collected on the pellets while they were 
hydrating.  Instead the calorimetry was performed separately on powders mixed with the appropriate 
solutions.  Consequently, although the calorimetry data clearly show the first peaks, they occur too soon 
after mixing, < 5 min, to be detected in the NRRA or solution chemistry data.  For the second peak, the 
clearest correlation appears in Fig. 3D, where the Ca and Na concentrations increase significantly after 
the time of the peak.   In the NRRA data, there is a temporary reversal of the downward trend in evolution 
of the depth profile for the cubic without SG at the 75 minute mark, which is very close to the time of the 
second peak in the calorimetry data. 
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Abstract 
Alkali activated aluminosilicate binders (also called inorganic polymers or geopolymers) are new construction 
materials possessing interesting properties such as rapid development of compressive strength and improved durability. 
Their formation involves a chemical reaction between an aluminosilicate material and a sodium silicate solution, in a 
highly alkaline environment. The development of geopolymer technology can contribute to the reduction of green-house 
gas emissions and the exploitation of industrial by-products which are converted to valuable construction materials. 
This work concerns the use of fly ash (coming from the power station at Megalopolis, Greece), as raw material for the 
synthesis of inorganic polymers and it is part of a research project concerning the exploitation of Greek minerals and 
by-products in geopolymer technology. 
There are several factors that have been reported to affect geopolymerization, including the type and quantity of the 
starting materials as well as the curing conditions of the initial mixture.  The effect of the synthesis parameters on 
formation of inorganic polymers are usually examined by “changing one factor at a time”. In this study Taguchi 
experimental designing model was applied in order to study the synergetic effect of selected synthesis parameters on the 
compressive strength development of fly ash based geopolymers. The experimental design involved the variation of 
three control factors in four levels. The selected factors and the corresponding level range were: i) the alkali to 
aluminum ratio in the starting mixture, 0.5R/Al1.5, ii) the kind of alkali ion, 0Na/(Na+K)1.0 and iii) the 
concentration of  silicon in the activation solution, 0 [Si]/R2O2.0. The above design procedure led to the conduction 
of 16 experiments. The compressive strength of geopolymers was measured and the final products were also examined 
by means of  XRD, FTIR and SEM. 
As it is concluded, the optimal synthesis conditions for Greek fly ash geopolymers are R/Al=0.85, Na/(Na+K)=0 and 
[Si]/R2O=1.35, while the factor having the highest impact on the development of compressive strength was the alkali to 
aluminum ratio.   
   
Originality 
In this work, the alkali activation of Greek fly ash and the synthesis of fly ash based inorganic polymers are examined.  
There are several factors that have been reported to affect the geopolymerization of aluminosilicate raw materials. The 
effect of the synthesis parameters on formation of inorganic polymers are generally examined by “changing one factor 
at a time”. The authors of this work, based on previous literature, have selected some of the most important factors and 
have applied the Taguchi experimental design method in order to optimize the synthesis of fly ash based geopolymers. 
 
Chief contributions 
It is estimated that 9500000 t/y of fly ash are produced from the electric power generation plants in Greece and only 
10% of this amount is exploited in cement and concrete technology. Given the EU regulations, it is crucial to develop 
new technologies that allow the recycling of coal fly ash into added-value products. This work concerns the utilization 
of Greek fly ash as raw material for the synthesis of alkali activated aluminosilicate binders and contributes to the 
transformation of an industrial hazardous by-product into a “green” construction material. 
 
Keywords: Geopolymers, Fly Ash, Composition, Taguchi, Compressive Strength 
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Introduction 
 
The annual production of fly ash in Greece is 9,5 million tones. Until now, only 10% of this waste 
material is recycled, while the rest is disposed in landfils contributing to soil, water and air pollution. 
Recently, intensive research has been  focused on the alkali activation of fly ash and its transformation 
into cementitious material (geopolymer) that can be used in construction and in 
solidification/stabilization of hazardous wastes (Backarev T 2005a, 2005b, Criado et al 2005, Diaz et 
al 2010, Komljenovic et al 2010, Luna Galiano et al 2010). 
The development of fly ash based geopolymers can contribute to the exploitation of fly ash and its 
transformation into high added value product. Besides, it is believed that geopolymer binders can in 
general deliver an 80% or greater reduction in CO2 emission and consume a 60% less energy,  
compared to OPC (Davidovits 1999, 2005, Duxson et al 2007, Li et al 2004) 
Factors, such as the curing conditions and the ratios of starting materials, strongly affect the structure 
and strength development of geopolymers (Panagiotopoulou et al 2009, Komnitsas et al 2007, 2009). 
The effect of the concentration of silicon in the alkali activating solution has been investigated on 
systems based both on fly-ash (Lee et al 2002a, 2002b) and metakaolin (Rowles et al 2003, Duxson et 
al 2005a) as solid aluminosilicate sources. In addition, the kind of the alkali cation is also found to 
affect the reactivity of the raw material  and the incorporation of Al in the geopolymeric matrix 
(Duxson et al 2005b). Usually, the effect of synthesis parameters is studied by changing one factor at a 
time. However geopolymerization is a complicated and dynamic process and the synthesis parameters 
seem to have a combinational effect. In this work the Tagushi experimental designing model was 
applied in order to study the synergetic effect of selected synthesis parameters on the strength 
development of fly ash based geopolymers. 
 
 
Experimental 
 
Fly ash used for geopolymer synthesis comes from the power station at Megalopolis, Greece and its 
chemical composition is presented in Table 1. This material consists mainly of quartz (SiO2) and 
feldspars (NaAlSi3O8) while anhydrite (CaSO4), ghelenite and maghemite (Fe2O3) are found in smaller 
quantities. Fly ash was previously ground and its mean particle size (d50) was approximately 20 μm. 
This is a typical fineness of fly ash when used in construction technology (as main constituent in 
blended cements).  
 

Table 1: Chemical composition of Hellenic fly ash (% w/w) 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 L.O.I. 

47.86 23.54 7.15 10.56 2.28 1.58 - 2.50 4.30 

 
The factors selected to be investigated are the molar ratios R/Al, Na/(Na+K) and the Si content in the 
activation solution [Si]/R2O (R: Na or K). Tagushi experimental designing model was applied in order 
to study the synergetic effect of the above parameters conducting the minimum number of 
experiments. The experimental design involved their variation in four levels, while their variation 
extent was selected according to physical and chemical restrictions. The variation levels of the 
selected parameters are presented in Table 2.  
The geopolymer samples were prepared using an aqueous activation solution containing sodium 
hydroxide and commercial water silica solution. The activation solutions were stored for a minimum 
of 24 hours prior to use, to allow equilibrium. The raw material and the activation solution were 
mechanically mixed to form homogenous slurry which was transferred to cubic moulds and mildly 
vibrated. In all mixtures the ratio msolids/mliquids was kept to 2.6.  The specimens were left for 2 h at 
ambient temperature before they were cured at 70 C for 48 h. These curing conditions were found to 



be optimal in a previous work (Panagiotopoulou 2007).Their compressive strength was measured after 
7 days and their structure was examined using  XRD and FTIR  

 
Table 2: Investigated parameters and variation levels  

Parameters Level 1 Level 2 Level 3 Level 4 

Alkali to aluminum ratio ( R/Al) 0.50 0.85 1.20 1.50 

Alkali species ( Na/(Na + K)) 0.00 0.35 0.70 1.00 

Silicon content ( [Si]/ R2O) 0.00 0.70 1.35 2.00 

 
X-ray powder diffraction patterns were obtained using a Siemens D-5000 diffractometer, CuKa1 
radiation (λ= 1.5405Å), operating at 40kV, 30mA. The IR measurements were carried out using a 
Fourier Transform IR (FT-IR) spectrophotometer (Perkin Elmer 880). The FTIR spectra in the 
wavenumber range from 400 to 4,000 cm-1 were obtained using the KBr technique. The pellets were 
prepared by pressing a mixture of the sample and dried KBr (sample: KBr approximately 1:200) at 8 
tons cm-2.  
 
 
Results and discussion 
 
Table 3 shows the synthesis parameters as defined by Taguchi model and the compressive strength of 
the corresponding geopolymers. 
 

Table 3. Synthesis parameters and compressive strength of geopolymers 

Experiment R/Al Na/(Na+K) [Si]/R2O Compressive strength 
(MPa) 

1 0.50 0.00 0.00 29.7 

2 0.50 0.35 0.70 13.1 

3 0.50 0.70 1.35 8.5 

4 0.50 1.00 2.00 4.7 

5 0.85 0.00 0.70 34.5 

6 0.85 0.35 0.00 31.9 

7 0.85 0.70 2.00 34.8 

8 0.85 1.00 1.35 44.5 

9 1.20 0.00 1.35 28.0 

10 1.20 0.35 2.00 32.3 

11 1.20 0.70 0.00 16.3 

12 1.20 1.00 0.70 24.3 

13 1.50 0.00 2.00 21.2 



Table 3 (continued) 

14 1.50 0.35 1.35 19.8 

15 1.50 0.70 0.70 23.3 

16 1.50 1.00 0.00 12.3 

 
The impact of each factor on the development of compressive strength was defined through the 
Tagushi mathematical processing and is presented in Table 4.  
 

Table 4: Contribution of the studied parameters to the development of the compressive strength 

Parameter R/Al Na/(Na+K) [Si]/R2O 

Contribution (%) 88.2 6.3 4.5 

 
The parameter that seems to have the greatest impact on the development of the compressive strength 
is the alkali to aluminum ratio. The effect of each parameter on the development of compressive 
strength is presented in Figure 1. As it can be seen, the increase of the R/Al ratio, from 0.5 to 0.85, 
doubles the compressive strength of geopolymers. Further increase of the R/Al ratio has a negative 
effect on the development of the compressive strength. The Na/(Na+K) and [Si]/Na2O ratios seem to 
have a marginal effect on the mechanical properties of the specimens. Nevertheless, potassium 
geopolymers seem to possess better properties than those containing Na or a mixture of K and Na. The 
[Si]/Na2O ratio affects even less the development of the compressive strength.  
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Figure 1: Effect of the studied parameters on the development of the compressive strength  

 
All the geopolymers were examined by means of XRD and FTIR. Figure 2 shows the XRD patterns of 
geopolymers corresponding to different experiments and Figure 3 presents the FTIR spectra of the 
same geopolymers. The grouping of the XRD patterns and the FTIR spectra was according to the 
different R/Al ratios, which was defined by the Taguchi method as the most influential parameter.  
As it can be seen in Figure 2 the geopolymer matrix of all four geopolymers synthesized with alkali to 
aluminum ratio equal to 0.85 contain only some of the crystalline phases of the raw material: quartz, 
feldspars, cristoballite, ghelenite and maghemite. The increase of the R/Al ratio to 1.2 leads to 
formation of natrite and potassium carbonate within the geopolymer matrix while for geopolymers 
with low silica content, the zeolitic phases of hydroxysodalite and faujasite are also detected 
(experiments 11 and 12).  
 
 



  

Figure 2:XRD patterns of fly ash-based geopolymers corresponding to experiments 5-12 
1: Quartz 2: Felspars 4: Maghemite 5: Ghelenite 6: Cristoballite 7: Calcite 8: Natrite 9: Potassium Carbonate 10: 

Hydroxysodalite 11: Faujasite 
 
 

 

Figure 3:FTIR spectra of fly ash-based geopolymers corresponding to experiments 5-12 
 
The FTIR spectra (Fig 3) do not reveal any significant differences between the synthesized 
geopolymers. In all cases the band in the region between 800 and 1200 cm-1 attributed to the Si-O-T 
(T: tetrahedral Si or Al) asymmetric stretching vibrations becomes narrower and shifts to lower 
wavenumbers in comparison to the same band in the fly ash spectrum. The Al-O bond is weaker than 
the Si-O bond, so the shift of this band to lower wavenumbers, indicates the increase in the 
substitution of Si by tetrahedral Al, which is consistent with the formation of an aluminosilicate 
network. The Si-O-Si and Si-O-Al asymmetric bending vibrations at ~460 cm-1 are not as sensitive as 
the stretching vibrations to changes of the aluminosilicate network (Backarev 2005b). All samples 
contain carbonate species pointed out by the presence of the band around 1450 cm−1, related to anti-
symmetric vibrations of CO3

2− ions.  
Geopolymerization involves mainly two simultaneous reactions: the Si and Al dissolution from the 
raw material and the reorganization of these species into a three-dimensional amorphous network (Xu 
et al 2000). All parameters that affect these two reactions also affect the properties of the final product. 
The role of the alkalis during the synthesis is dual: they provoke the dissolution of Si and Al species 
from the raw material and they participate in the formation of the aluminosilicate network playing a 
charge-balancing role. When the alkali to aluminum ratio is small, the dissolution of the Si and Al 
species is inhibited. The absence of newly formed crystalline phases within the geopolymer matrix 
suggests that the poor mechanical properties of the formed geopolymers can be attributed to the 
absence of adequate amounts of Si and Al species so as to form a geopolymeric network with high 
integrity. The presence of higher amounts of alkalis (R/Al=0.85) during geopolymerization leads to 
the formation of geopolymers with high compressive strength. When the R/Al ratio becomes 1.2 and 
1.5 the formed geopolymers, in all cases, regardless of the type of alkali ion or the quantities of added 
silica, possess downgraded compressive strength. Furthermore, the geopolymer matrix is found to 



contain carbonates and in some cases zeolites. The presence of carbonates indicates that some of the 
added alkalis were not bound by the geopolymeric structure, remained as free alkalis within the matrix 
and reacted with the CO2 of the atmosphere forming carbonates. As it is concluded by the study of the 
leaching behavior of fly ash, the increase of alkalinity does not induce an increase of the leaching 
ability of fly ash (Panagiotopoulou et al 2007). Besides, the free alkalis participate to the formation of 
carbonates leading to the degradation of the geopolymer matrix.The presence of carbonates within the 
matrix is also reported by others to have negative effect on the development of the compressive 
strength of geopolymers (Criado et al 2005).  
The presence of potassium instead of sodium leads to the formation of geopolymers with higher 
compressive strength. The type of alkali ion is connected to the extend of dissolution as well as the 
polycondensation of the geopolymeric gel. The leaching behaviour of fly ash is not affected by the 
kind of alkali (Panagiotopoulou et al 2007), but, pottasium due to its larger size favors the formation 
of less ordered structures, having a positive effect on the formation of the geopolymeric network 
which is amorphous. The presence of zeolites is also connected to decreased compressive strength. 
Zeolites are considered to be the crystalline analogues of geopolymers, so their presence within the 
geopolymer matrix is not something unexpected. Nevertheless, zeolitic synthesis requires special 
conditions that can enable the mobility of Si and Al species in order to be arranged properly. It seems 
that, during geopolymer synthesis, the absence of dissolved silica or its limited presence cannot 
restrain adequately the mobility of the dissolved Si and Al species, allowing their partial ordering. The 
type of the formed zeolite is directly connected to the Si and Al ratio of the gel phase from which the 
zeolite was crystallined. Zeolitic synthesis requires the presence of dissolved Si and Al species, which 
are also necessary for geopolymer synthesis. In the case of geopolymers with low Si/Al ratio, it seems 
that two competitive actions take place simultaneously (zeolitic-geopolymer synthesis), so an amount 
of the available Si and Al is consumed during the formation of zeolites resulting to less dense 
geopolymer structures.  
 
 
Conclusions 
 
The following conclusions can be drawn from the present study: 
 The optimal conditions for the synthesis of geopolymers having as raw material fly ash originating 

from Megalopolis are: R/Al=0.85, Na/(Na+K)=0 and [Si]/R2O= 1.35 (R: Na,K).  
 The parameter having the highest  impact on the the development of the compressive strength is the 

R/Al ratio, with an optimum value at 0.85. Lower ratios probably restrict the dissolution of fly ash 
while higher values favour the carbonation of the geopolymer matrix and the formation of zeolites.  

 The kind of alkali ion has a limited effect on the development of the compressive strengt. Higher 
strength is achieved when K is used, while the gradual substitution of K by Na lowers the 
compressive strength.  

 The [Si]/R2O ratio has a marginal effect on the mechanical properties of fly ash-based geopolymers, 
with an optimum value at 1.35. Higher values inhibit the dissolution of fly ash while lower values 
favour the formation of zeolitic phases.  
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Abstract 

Curing under water vapor saturation pressure (autoclaving) has a significant influence on the micro structure and 

mechanical properties of UHPC. It generally leads to an enhanced cement hydration and accelerated reaction rate of 

supplementary cementitious materials (SCM) and/or mineral additions, forming crystalline calcium silicate hydrates 

(C-S-H). The increased reactivity affects the C-S-H phases by changing their elemental composition, depending on the 

type of SCM or addition. It is known that the silicon content of the C-S-H has a great influence on the mechanical 

properties. With custom designed mix proportions and curing conditions, it was possible to create a UHPC with a 

controlled elemental composition of hydrate phases by using common raw materials. The amount of SCMs has been 

increased in favor of cement clinker without much negative impact on chemical and mechanical performance.  

The influence of sulfate rich SCMs was investigated in particular. During autoclaving sulfur was bound in form of 

crystalline calcium silicate sulfates, but not affects the chemical composition of C-S-H in cement paste. It is assumed 

that this reaction process opens a possibility to utilize increased amounts of SCMs/mineral additions with higher sulfur 

content (e.g. some class-C fly ashes) without harming the properties of the cement paste. 

 

Originality 

In the presented study it was attempted for the first time to autoclave Ultra-High Performance Concrete with a focus on 

the usage of mineral additions and waste materials. Due to the less known phase system and its influence on the 

mechanical and chemical properties, we tried to understand the reactions of different materials under different curing 

conditions. The main goal of this study was to reduce the amount of energy and cost intensive starting materials and to 

improve the sustainability of UHPC without impairing its mechanical properties. 

 

Chief contributions 

Autoclaving has three main effects on UHPC. The first is an improved hydration of cement clinker. The second effect is 

a remarkably higher reaction rate of supplementary cementitious materials and also of mineral additions. Both lead to 

a denser micro structure and an improved cohesion between cement paste matrix and mineral additions, and effects an 

change in the composition of C-S-H phases dependently on the deployed SCMs/mineral additions. The third effect is the 

healing of flaws by filling cracks and small air voids with crystalline C-S-H. These effects cause a general change in 

micro structure, which results in the improvement of mechanical properties when the UHPC is autoclaved.  

 

Keywords: UHPC, autoclaving, hydrothermal curing, C-S-H composition  
 



 

Introduction 
 

Concrete technology results more and more in the development of materials with enhanced properties, 

such as high strength, higher durability and increased ecological compatibility. Ultra-High 

Performance Concrete (UHPC) is a result of an improved and highly optimized concrete composition. 

The exceptional compressive strength of 150 MPa as well as its improved durability is based on an 

optimized particle size distribution and a dense micro structure (de Larrard & Sedran, 1994). Usually 

UHPC contains very high amounts of Portland cement (up to 1,000 kg/m
3
) and silica fume (up to 250 

kg/m
3
) (Dehn, 2004). The workability of UHPC is adjusted by adding highly efficient plasticizers, 

obtaining mixes capable to flow or even with self compacting properties. 

It is known that thermal curing causes accelerated hydration and the formation of crystalline calcium 

silicate hydrates (C-S-H), such as xonotlite (Richard & Cheyrezy, 1995; Cheyrezy et al., 1995). Heat 

curing was already applied to pre-cast UHPC elements, for example at the Gärtnerplatz pedestrian 

bridge (Fehling et al., 2008; Ulm & Acker, 2008). By applying an additional water vapor saturation 

pressure (autoclaving) the curing conditions are significantly enhanced: Supplementary cementitious 

materials (SCMs) show an intensified pozzolanic activity and, under normal conditions, inert rock 

fillers (e.g. quartz) partly react, contributing to an improved cohesion with the surrounding cement 

paste matrix. Additionally the formation of closely connected crystalline C-S-H fibers in the cement 

paste matrix is observed, resulting in a more homogeneous micro structure (Fontana et al., 2009; 

Lehmann et al., 2009).  

The main interest of the presented study was to determine the influence of SCMs and fillers on the C-

S-H phase assemblage and their influence on the mechanical properties of autoclaved UHPC. The 

increased reactivity of these materials could help to reduce the very high amounts of Portland cement 

and silica fume in UHPC and therefore to increase its sustainability. A special focus was set on the 

behavior of the sulfur-rich additions in the autoclaved UHPC.  
 

 

 

Experimental Approach 
 

1. Materials and Curing 
 

The mix design of the UHPC was based on Portland cement CEM I 52.5 R, silica fume and quartz 

aggregate with 2 mm maximum size. The cement was replaced in parts by class F fly ash (FFA), class 

C fly ash (CFA), and ground granulated blast furnace slag (GGBFS). Quartz (QF), basalt (BF) and 

limestone fillers (LF) were used to optimize the particle size distribution. The chemical compositions 

of the cement, the SCM and the fillers are given in Table 1. The self-compacting properties of the 

mixtures were adjusted with a polycarboxylate superplasticiser. The composition of the mixtures is 

given in Table 2. 

The specimens were demoulded one day after casting and autoclaved for 8 hours at 180 °C and 13 bar 

water vapor saturation pressure. 

Additional investigations were executed on samples with high CFA contents, by using doubled and 

tripled replacement levels of the Portland cement to check the influence of high sulfur content on the 

CSH phase composition.   

 

 



Table 1: Chemical composition of cement, SCMs and fillers (wt.-%) 

Oxide CEM FFA CFA GGBFS QF BF LF 

SiO2 21.53 56.2 23.7 39.0 95.5 48.9 1.47 

TiO2 0.25 1.0 1.1 0.6 0.04 1.7 0.05 

Al2O3 4.54 27.4 10.1 1.3 1.3 13.8 0.46 

Fe2O3 2.25 5.1 3.6 0.3 0.04 11.6 0.4 

MgO 2.28 1.3 2.8 0.7 0.7 10.2 0.61 

CaO 62.18 2.2 37.9 35.1 0.1 8.7 90.68 

Na2O 0.55 0.8 0.5 0.0 2.2 2.8 3.27 

K2O 0.86 3.6 0.5 0.9 0.02 1.1 0.54 

SO3
2- 3.25 1.8 17.9 4.3 0.1 0.1 0.34 

P2O5 2.32 0.7 2.0 0.9 0.00 1.2 2.19 

 

 

Table 2: Composition of the UHPC mixes (* including 70% water by weight (36.1 kg/m³)) 

Constituent Content 

Cement (kg/m³) 760 

Silica fume (kg/m³) 74.0 

Quartz aggregate 0-2.0 mm (kg/m³) 970 

Suppl. cementitious material 

(kg/m³) 
76.0 

Rock filler (kg/m³) 248 

Water (kg/m³) 198 

Superplasticiser (kg/m³)* 51.5 

water/cement ratio 0.31 

water/binder ratio 0.26 

 

 

2. Methods 
 

The micro chemical analysis was performed on polished cross sections with EDX by a scanning 

electron microscope (SEM). The results of the measurements were plotted as Ca-normalized element 

ratios of Si vs. Al and Si vs. S. This method gives an indication of the phase composition and requires 

a large number of measurements to obtain reliable results. Compressive strength was tested according 

to EN 196-1. 



For phase identification selected areas, containing sulfur-rich phases, were prepared for micro 

chemical and micro structural analysis by transmission electron microscopy (TEM). 

 
 

Results and Discussion 

 

1. Phase Composition 

 

An UHPC control mixture with addition of quartz filler (QF) but without SCM was used. Its C-S-H 

phases had an average Si/Ca ratio of 0.70. This indicated the presence of a complex mixture of 

remaining afwillite (Si/Ca = 0.67, stable up to 170 °C), foshagite (Si/Ca = 0.75), hillebrandite (Si/Ca = 

0.5) and xonotlite (Si/Ca = 1.0) as main components of the C-S-H phases. The mixes with addition of 

silicon-rich SCM (FFA and GGBFS) showed a slightly higher Si/Ca ratio of 0.73. The specimen with 

calcium-rich CFA addition had a reduced Si/Ca ratio of 0.62, indicating the intensified formation of 

hillebrandite (Fig. 1a). The addition of limestone filler (LF) instead of quartz had a much greater 

influence on the phase composition. In this case the Si/Ca ratio dropped to 0.49, independent of the 

addition of SCM. Apparently the formation of hillebrandite and jaffeite (Si/Ca = 0.33) was preferred. 

The usage of basaltic filler had no significant influence on the Si/Ca-ratio (Fig. 1c). 

 

    
  

    
 

 

 

 

 

The S/Ca ratio of C-S-H is displayed in Figure 1d. It is compared to the (Si+Al)/Ca ratio. Interestingly 

only the mixtures with addition of class C fly ash had similar S/Ca ratios as the control mix (control: 

0.047, CFA-QF: 0.048, CFA-LF: 0.048, CFA-BF: 0.047). All other mixes showed slightly reduced 

S/Ca ratios (FFA-QF: 0.042, GGBFS-QF: 0.041, FFA-LF: 0.038, FFA-BF: 0.037). It is assumed that 

Figure 1: Plots of element ratios of CSH phases in autoclaved UHPC (180 °C, 13 bar, 8 h); a: Al/Ca vs. Si/Ca 

ratios of samples with quartz filler (QF). b: Al/Ca vs. Si/Ca ratios of samples with limestone filler (LF). c: 

Al/Ca vs. Si/Ca ratios of samples with basaltic filler (BF). d: S/Ca vs. (Si+Al)/Ca ratios of samples with 

sulfur-rich additions. 

1a 1b 

1c 1d 



sulfur was consumed by another reaction process and did not affect the formation of calcium silicate 

hydrates in the bulk matrix.  

Additional examinations with SEM and TEM revealed the formation of sulfur-rich calcium silicates 

with different shapes. In the most cases they replaced portlandite, which was consumed by the 

pozzolanic reaction (Fig 2a). In specimens with high sulfur content some hexagonal crystals were 

found in small air voids (Fig 2b). Comparative analysis of element content and crystal structure 

revealed the presence of ternesite (Ca5SiO4(SO4)) and hydroxyl-ellestadite (Ca10(SiO4)3(SO4)3(OH)2). 

These sulfuric calcium silicates were not observed in the control mix. 

 

    
 

 

 

 

 

As mentioned above, quartz particles partially reacted during autoclaving. This phenomenon is 

highlighted in Figure 3a. The original boundaries of the quartz particle (QF) are indicated with a bright 

dotted line. Inside these boundaries crystalline C-S-H fibers have formed. The fibres connected the 

particle with the surrounding matrix and provided a good cohesion. A similar, but less intensive effect 

was observed at limestone particles, where the reaction rim was more diffuse (Fig. 3b). Both processes 

seem to have a more or less noticeable influence on the change of C-S-H phase chemistry. Samples 

with basaltic filler showed no significant reaction at the boundaries of the filler particles, matching 

well to the results of chemical analysis. 

 

    
 

 

 

 

Figure 2: SEM micrographs of autoclaved UHPC which show the formation of different sulfur-rich calcium 

silicates; a: Pseudomorphic replacement of portlandite by the sulfuric phase. b: Hexagonal shaped sulfuric 

calcium silicate in a small air void (yellow arrow) and replaced portlandite at the border of the void (red 

arrow). 

2a 2b 

Figure 3: SEM micrographs of autoclaved UHPC, showing the reaction rims of fillers in the cement paste; a: 

formation of crystalline CSH fibers in a sample with quartz filler (yellow arrow). b: diffuse reaction rim 

around limestone particles (yellow arrow). 

3a 3b 



2. Mechanical Properties 

 

Figure 4a shows the results of the compressive strength tests of samples with addition of quartz and 

limestone filler. The strength is plotted vs. the average Si/Ca ratios of the C-S-H. Clearly the strength 

increased almost linear proportional with the Si/Ca ratio, which depended on the type of the starting 

materials. The highest compressive strengths (> 160 MPa) were obtained when Si-rich materials (FFA, 

GGBFS, and QF) were added to the mixture.  

In Figure 4b the compressive strengths of the same mixes are plotted vs. the average S/Ca ratios of the 

C-S-H. So far no correlation between sulfur content and the mechanical properties was observed. This 

indicates that the silicon content of the C-S-H is much more influential than the sulfur content in 

affecting the mechanical properties of UHPC. 

 

     
 

 

 

 

 

Conclusions 
 

Due to autoclaving the reactivity of supplementary cementitious materials is accelerated and some 

filler, such as quartz and limestone are activated to a large extent. Therefore the chemical composition 

of the starting materials has a significant influence on the C-S-H phase assemblage, which in turn is 

affecting directly the mechanical properties. By using silicon-rich additions, it is possible to increase 

the formation of silica-rich C-S-H phases and to increase the strength of autoclaved UHPC in this 

manner.  

The influence of sulfur-rich additions on the mechanical properties seems to be less pronounced. Due 

to autoclaving sulfate is to a substantial amount incorporated into sulfuric calcium silicates and has no 

obvious affect to the mechanical performance of the concrete. This could be an opportunity to use 

higher amounts of sulfur-rich mineral additions in concrete without a loss of strength and durability. 

Future work will focus on the conditions for the formation and the stability of these sulfuric phases.  

The results showed that it is possible to control to a certain degree the composition of C-S-H phases in 

autoclaved UHPC by using appropriate additions. But the change in C-S-H phase composition is just 

one factor to optimize the mechanical properties due to autoclaving. The modification of micro 

structure and the improved cohesion between aggregate and cement paste, related to the partial 

dissolve of mineral additions, also participates and has to be considered, too.  

Figure 4: Compressive strength of autoclaved UHPC vs. average Si/Ca (a) and average S/Ca (b) ratio. While 

the increase of strength was well correlated with the increase of the Si/Ca ratio in the CSH, the content of 

sulfur had no influence on the mechanical properties. 

4a 4b 
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Abstract 
The durability problem in concrete structures has been a research emphasis for several decades. As a kind of 
pozzolanic materials, fly ash blended with Portland cement in concrete can improve the durability of concrete 
structure dramatically. It is well known that the durability of concrete is affected by its transport properties, 
such as permeability, diffusivity, and sorptivity which mainly controlled by the microstructural characteristics of 
concrete. From the microstructure point of view, the continuous or interconnected porosity often links the 
interior of the paste to the outside environment and the pore solution inside of concrete is a crucial factor, which 
influences the durability of concrete. Although enormous researches have been done on concrete blended with 
fly ash, however, the quantitative description or predictive model for the internal hydration chemistry and the 
paste microstructure which influences on the durability at different conditions are still not established 
systematically.  
This article presents a hydration and kinetics model of fly ash under Portland cement circumstance which can 
simulate the pozzolanic reaction of fly ash. The different amount and types of fly ash and the service conditions 
are considered in this model. This model could predict the hydration process, the reaction products, and the rate 
of hydration of fly ash under Portland cement circumstance. Furthermore, the output of this model will provide 
solid parameters for the durability study. 
 
Originality 
At present, most articles which described the durability of concrete blended with fly ash mainly focused on the 
effect of fly ash on mechanical property and the index of durability of concrete. As regards internal hydration 
chemistry and paste microstructure of concrete, existing researches still did not explain clearly.  
This paper precisely describes the chemical reaction process of fly ash under Portland cement circumstance. 
Furthermore, different kinds of fly ash and service conditions are taken into account. Meanwhile, the model 
proposed in this paper could simulate integrated and precise hydration kinetics of pozzolanic reaction of fly ash. 
Based on this theoretical model, the cement hydration affected by fly ash and microstructure model about the 
development of internal structure of concrete will be established in the future. 
 
Chief contributions 
The main contribution of this work is to present an theoretical model which can predict the pozzolanic reaction 
process of fly ash under Portland cement circumstance. This model will be served as a fundamental basis for the 
durability prediction when fly ash cement concrete used in a varied conditions.  
 
Keywords: model; fly ash; chemistry reaction; pozzolanic reaction; rate factor 
 
 
1. Introduction 
 
In the past decades, the use of industrial by-products as Portland cement replacement has been 
increasing from the environmental respects, i.e., reducing CO2 emissions and waste disposal. Amid 
such changes in the environment for cementitious materials, contractors are required to select 
appropriate materials and to control the performances of concrete along the time, including 
workability, strength development and long-term durability. As a kind of by-product material, fly ash 
is widely used in concrete construction, meanwhile various prediction tools for the hydration and 
microstructure development of concrete made by fly ash have been developed in recent years. For 
example, the CEMHYD3D pixel based model [5], Papadakis’s theoretical approach [1], Wang’s 
kinetics model [2] and the shrinking core model extended by Brouwers [3]. As mentioned above, 
although a number of prediction model were established for hydration process, none of them 
considered both kinetics process and microstructure formation of FA in the Portland cement system.  
With this as a background, a integrated model that explains the formation process of Portland cement 
blended with fly ash by taking into account the type of fly ash and cement, the effect of temperature, 
especially, the interaction between fly ash and cement particles is needed. At first step, this paper 



focuses on the pozzolanic reaction of fly ash under Portland cement circumstance. Firstly, the 
pozzolanic reaction of fly ash was described. Secondly, the reaction of fly ash can be distinguished by 
two types of reaction, phase-boundary reactions and diffusion-controlled reactions. The rate factor of 
pozzolanic reaction and the reaction products was studied and predicted. 
 
 
2. Pozzolanic reaction of fly ash 
 
The main reactivity components in fly ash are silicon dioxide (SiO2) and aluminum oxide (Al2O3). The 
reason for any pozzolanic material to react is the chemical attack of SiO2 or SiO2-Al2O3 glass by OH- 
ions [6]. After this reaction has occurred, the silicon ions are detached from glass framework, and they 
either pass into solution or remain in situ. When fly ash is blended with Portland cement, the OH- ions 
are provided by the hydration of Portland cement.  
 
2.1. Pozzolanic reaction of Silica dioxide  
 
A general pozzolanic reaction for silicon dioxide is described as equation (1) [7]. 

++ + → x y x zxCH yS zH C S H                                                                                                                 (1) 
The different chemical equations are adopted by different researchers. Based on abundant experiments, 
Young and Hansen completed the pozzolanic reaction of silica dioxide as shown in equation (2), 
where the Ca/Si is about 1.5 [8]. 

1.5 3.81.5 2.5+ + ⇔CH S H C SH                                                                                                              (2) 
 In the CEMHYD3D model, the formation of pozzolanic C-S-H was proposed as equation (3), where 
the Ca/Si is about 1.1 [5]. 

1.1 3.91.1 2.8+ + ⇔CH S H C SH                                                                                                               (3) 
It was argued that Ca/Si ratio decreases with age and the ratio of FA to clinker [9]. Through the 
experiments Williamsa found out that the formation of a C-S-H type reaction product by fly ash with a 
Ca/Si ratio somewhat lower than that of Portland cement [11]. Therefore equation (3) was used as 
stoichiometric equation to describe the reaction of silica dioxide. 
 
2.2. Pozzolanic reaction of aluminum oxide  
 
In principle, two kinds of pozzolanic reaction of aluminum oxide exist [1].  

2 3 7+ + + → 4 12A CSH CH H C ASH                                                                                                       (4) 

4 14 9+ + → 3A CH H C AH                                                                                                                      (5) 
In an excess of gypsum the pozzolanic reaction of active alumina forms monosulfo-aluminate hydrate 
phase ( 4C ASH12 ). When the amount of gypsum is not enough to react with alumina, the equation (5) is 
proceed. Since the amount of gypsum is not always enough to react with C3A in Portland cement, the 
reaction (4) does not take place in the mixture of Portland cement and fly ash. Thus, the pozzolanic 
reaction of aluminum oxide described by equation (5) is more proper. 
 
 
3. The reaction of fly ash under Portland cement circumstance   
 
Once Portland cement and fly ash are mixed with water, the Portland cement hydration is firstly taken 
place, the hydration products, CSH and calcium hydroxide are formed. When the OH- ions 
concentration in the pore solution reach to a certain value, the pozzolanic reaction of fly ash occurs 
and produces other kinds of CSH. The cement hydration and pozzolanic reaction of fly ash are 
interfering with each other. In this paper, the pozzolanic reaction of fly ash under Portland cement 
condition was first discussed. The interaction, i.e., the pozzolanic reaction of fly ash further influence 
on the cement hydration will be discussed later. 



Figure 1 (left) shows a typical pozzolanic reaction of fly ash with curing time measured by experiment 
[14] and compared with a typical Portland cement hydration [12]. It is clear that the pozzolanic 
reaction ratio of fly ash is similar to that of pure Portland cement. Two hydration stages, i.e., a phase-
boundary reaction and diffusion controlled can be indentified during cement hydration [12]. Similar to 
Portland cement hydration, the reaction of fly ash will be also considered as two stages. 
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Figure 1: Reaction ratio of fly ash at different w/b ratio [14]      Figure 2: schematic presentation of first order  
                        and the hydration of Portland cement [12]                                            reactions [12] 

In the pozzolanic reaction at early curing age, the fly ash is still in the initial alkali attack stage. After 
that, the degree of pozzolanic reaction increases remarkably. This period is considered as phase-
boundary reaction for fly ash. As hydration precedes, a gradually thickening shell, δ, of reaction 
products is generated around the anhydrous core. Like cement it is generally assumed that once a 
critical thickness of the shell δtr is reached the reaction becomes diffusion-controlled.  The rate of 
reaction tends to a stable level.  
 
3.1. Reaction kinetics of pozzolanic reaction for single fly ash particle 
 
During phase-boundary reaction period, for one fly ash particle x with radius r0, the rate of reaction is 
given by using first order equation (figure 2).  
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in x t
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δ
α = − −                                                                                                                                 (6)   

For the penetration depth ; ( )in x tδ it holds that: 

;

1
3

; 0 0 ;( ) [1 (1 ) ]
in xin x xt K t r δδ = × = × − −α                                                                                                          (7)   

Where, K0 is rate factor, depending on the type of fly ash and the fly ash-binder ratio [4]. 
 

In pervious study it was found that the penetration depth of individual particles will differ according to 
the particle size [12]. Small particles will be fully hydrated already, while large particle only are 
hydrated partially. The change from a phase-boundary reaction to diffusion-controlled reaction would 
occur when the penetration depth is up to the critical thickness δtr.  
 
3.2. Rate factor Ki for pozzolanic reaction of fly ash 
 
3.2.1. K0 of fly ash 
 
The reactivity of a pozzolanic material mainly depends on the chemical composition and the finesse of 
the materials. Based on the existing experiments [13-16] and linear regression method, the value of K0 
was obtained. Figure 3 is the relation of K0 with the content of fly ash in different fineness indicated 
by specific surface area (SSA) (cm2/g). From Figure 3, the relation of K0 and the content of fly ash can 



be considered as a linear relation approximately. Furthermore, it can be found that the value of K0 
increases with the increasing of fineness.   
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Figure 3: The relation between k0 with amount of       Figure 4: Simulation of the relation of k0 with the amount 
fly ash in different fineness (cm2/g) [13, 14, 15, and 16]           of fly ash and fineness in composite system 

By regression analysis, the relation between K0 and fineness and the amount of fly ash can be obtained 
as equation (8) (figure 4). The correlation coefficient is 0.9349.  
K0=a× (SSA) +b× ec×FA %+d                                                                                                                     (8) 
Where, K0 is the rate factor (cm/h), SSA is the specific surface area of fly ash (cm2/g) limited normal 
fly ash, FA% is the amount of fly ash in Portland cement-fly ash system (%), a, b, c, d are fitting 
coefficient. 
 
 
3.2.2. Critical thickness δtr of fly ash 
 
According to [12], the phase boundary reaction would be the rate controlling mechanism for small 
particle with radius up to 0 2r mμ≈ , the transition thickness would be: 
δtr = r× {(1+(ν-1)×α)1/3}                                                                                                                           (9) 
where r is the radius of fly ash particle, ν is the volume ratio of the reaction product and the dissolved 
part of the reactant, α is the hydration degree of fly ash. 
Based on experimental data, from phase-boundary reaction to diffusion-controlled reaction, the 
hydration degree of fly ash is about 0.1 - 0.2. For r=2µm, ν=2.2, δtr is around 2.08 -2.15 μm. 
 
 
3.3. The rate of pozzolanic reaction for single fly ash particle  

 

 

Figure 5: the presentation of hydrating particle by Ginstling-Brownshein 

As mentioned in section 3.2, in phase-boundary reaction period, the degree hydration of fly ash is 
given by equations (6) and (7). In diffusion-controlled reaction period, the pozzolanic reaction of fly 



ash can be expressed by Ginstling and Brownshtein equation (12), which considers the diffusion 
through a spherical diffusion layer (figure 5): 

2
3

1
2[1 ] (1 ) *
3 x x K tα α− − − =                                                                                                        (12) 

Where K1 is a constant depending on the concentration difference over the product layer, a value of 
2.19×10-4, 7.5×10-5, and 5.0×10-5 were suggested in this paper. 
 
3.4. Simulation for fly ash particle reaction  
 
For the pozzolanic reaction of fly ash, the reaction rate and reaction products are subjected to the 
amount of 2CSH . As mentioned since the content of gypsum is less than that required for full 
hydration of cement and pozzolanic reaction, the process described by equation (5) will take place.  
Assuming the content of CH is enough to react with fly ash, the ratios of CH, CSH and C4AH13 to fly 
ash are calculated. (Eqs 13-15). Table 1 gives the molar weight, molar volume, and density of main 
composites in the pozzolanic reaction of fly ash for the calculation. 
 

Table 1: Molar Weight and Volumes of the Main Composites in Cement-Fly Ash System [1, 5] 

Compound Molar weight  
×103 (kg/gmol) 

Density  
×103 (kg/m3) 

Molar volume  
×106 (m3/gmol) 

CH 74.10 2.24 33.08 
1.1 3.9C SH  172 1.69 101.8 

S 60.08 2.20 27.28 
A 101.96 4.00 25.49 

4 1C AH 3  560.47 2.06 272.07 
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Figure 6: Degree of pozzolanic reaction of fly ash          Figure 7: The development of ratios of CH, CSH and  
          under Portland cement circumstance                     C4AH13 to fly ash with time for one fly ash particle (20                  
                                                                                                          μm) under Portland cement circumstance 

RCH/FA= (1.3567× +2.9070×,S FAf ,A FAf ) ×αFA /FA       (13) 
RCSH/FA = 2.8628× ×,S FAf αFA /FA         (14) 
RC4AH13/FA = 5.4970 × ,A FAf × αFA /FA        (15) 
Where, , ,S FAf ,A FAf  are the weight percentage of SiO2 and Al2O3 in fly ash (%), αFA  is the degree of 
pozzolanic reaction of fly ash under Portland cement circumstance (%). 
 
Example of pozzolanic reaction of fly ash particle (r0=10, 16, 20μm) are simulated and shown in 
figure 6. In the simulation, the transition thickness, δtr, of fly ash particle is 2 μm. Assuming the 
fineness of fly ash is 4000 cm2/g, the fly ash to binder ratio is 0.6.  The rate factor K0 and reaction 
time t1 for phase-boundary reaction period can be calculated. It is obviously that the smaller the fly 



particle, the fast the reaction takes place. The mass fraction of reactants and reaction products from 
pozzolanic reaction of fly ash with r=20 �m are predicted and shown in Figure 7.                
 
 
4. Conclusions 
 
This paper proposed a model for pozzolanic reaction of fly ash under Portland cement circumstance. 
The reaction kinetics of pozzolanic of fly ash system under Portland cement circumstance was 
considered as an important factor to simulate the reaction of fly ash-Portland cement system. The basic 
rate factor of pozzolanic reaction was posed influenced by the fineness and the amount of fly ash. Next 
step of this model will be extended to consider the interaction of pozzolanic reaction of fly ash and the 
hydration of Portland cement, where an integrated model approach will be applied.  
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Abstract 
Portlandite, one of the main products of cement hydration and which normally comprises about 25% of the paste, is a 
principal buffer responsible for maintaining the high pH in response to interactions between the paste and its service 
environment.  The kinetics of these environmentally - conditioned reactions are often important. However the present 
approach to kinetics is handicapped by lack of fundamental data. 
For example, we lack data on the kinetics of dissolution of portlandite. Portlandite is congruently soluble and its 
dissolution rate and mechanism are reported. Single crystals of portlandite have been grown and their effective surface 
area measured. Dissolution rates are reported into initially pure water as functions of calcium hydroxide 
concentration. The impacts of low concentration of other ions, e.g., chloride, on congruent dissolution kinetics are 
reported. 
 
Originality 
The complex events occurring in the course of cement hydration and service have inhibited their quantification. 
Elsewhere in this meeting Matschei and Glasser (2011) describe the between kinetics and thermodynamic equilibrium 
approaches to cement hydration: to relate engineering properties to chemistry and mineralogy, we must characterize 
the initial and final states as well as the reaction pathways. This is the province of kinetics. By making a fresh start, and 
by transferring methodologies from other disciplines, we seek to establish that (i) kinetic processes can be isolated for 
separate study and (ii) the results can be linked to equilibrium studies. 
 
Chief contributions 
Developing a quantitative foundation for the kinetics of cement hydration linked to equilibrium and, in due course, 
integrated with computer-based models. 
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Introduction 
 
A concern about the future performance of Portland-cement based materials is that their performance 
may deteriorate in service condition at an unknown rate. An important performance indicator is the 
evolution of pH with time. However it is difficult to make generic conclusions about reduction in pH 
in the course of leaching; cements have a complex mineralogy and microstructure and may develop 
barrier layers. Leaching tests originally devised for metallic materials may not be applicable to 
cement; leach test devised for ceramics and glass are also of marginal applicability. The dissolution of 
metals and ceramics, unlike cement, does not much influence the pH of the leachant. The results for 
cement are much influenced by the choice of conditions and no standard test methods have been 
agreed. 
 
Hydrated cements dissolve either congruently or, more usually, incongruently: in which case the solid 
surface layers develop a different composition than that of the precursor cement. Moreover, some 
components of the atmosphere and of ground waters precipitate upon contact with cement. The solid 
surface layer changes in composition in a complex way, with both loss and gain of chemical 
components. The physical properties of the surface layer are not known precisely. The layer may 
range from being porous and spongy to dense and impermeable; its permeation properties are difficult 
to measure experimentally and are not amenable to calculation. In the first instance, therefore, we seek 
to study reactions with a simple stoichiometry. 
 
Portlandite, one of the main products of cement hydration and which normally comprises about 25% 
of the paste, is a principal buffer responsible for maintaining the high pH in response to interactions 
between the paste and its service environment. This pH control is mainly due to the rapid dissolution 
of portlandite crystals in contact with undersaturated aqueous solutions. The kinetics of these 
environmentally - conditioned reactions are important but there is a lack of fundamental data on 
dissolution kinetics. Portlandite is, however, congruently soluble and represents a good starting point: 
its dissolution rate and mechanism are reported here. Single crystals of portlandite have been grown 
and their effective surface area measured. Dissolution rates in solutions with different calcium 
concentrations are reported and the influence of stirring on kinetics is evaluated. 
 
 
Experimental 
 
Single crystals of portlandite have been grown following the procedure given in (Johnstone and 
Glasser, 1992). Crystals were dried and stored in a N2-atmosphere over saturated CaCl2 solution to 
maintain about 33% relative humidity. The crystals were then characterized by Thermogravimetric 
Analysis (TGA), X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). TGA and XRD 
were performed to check the success of the synthesis and the purity of the crystals formed. SEM 
allowed the observation of crystal shapes and surface morphology, including defect content. 
 
In order to leave just one surface free for reaction, all but one face was covered with epoxy glue 
chosen for its thermal and alkaline stability and for its optimal viscosity. The crystal was placed on the 
surface of the epoxy glue contained in a cubic cap (Figure 1). The area of the unprotected surface was 
measured for each crystal. 
 
For dissolution, Ca(OH)2 solutions of known initial concentration were prepared, both with 
commercial Ca(OH)2 and with CaO obtained by calcining CaCO3 at 850ºC. The purity of both 
materials was checked with TGA and only CaO was chosen for the solutions as it was purer. 
 
After placing the epoxy covered crystals in the solutions, the aqueous Ca2+ concentration was 
measured at intervals with a selective calcium electrode combined with a Ag/AgCl reference 
electrode. Solutions compositions were measured and compared with and without stirring. As 



recommended by the electrode maker, an Ionic Strength Adjuster (ISA) was added to some solutions, 
in 1:50 proportion, and its influence was also studied. The composition of the ISA used was 30% KCl; 
after dilution this concentration corresponds to ~0.6% or 6000 ppm KCl, that is, 2853 ppm of Cl- ions.  
 
The calibration of the selective calcium electrode was carried out with CaO solutions with ISA in 
order to convert the measured voltage to the corresponding calcium concentration, according to Nernst 
equation: . The presence of an excess of inert electrolyte (ISA) 
maintains the total ionic force almost constant in the solution, which in turn maintains the calcium 
activity coefficient constant. This fact allows a direct conversion between measured voltage and 
calcium concentration. For the measurements in the solutions without ISA, before applying the Nernst 
equation, measured voltages were converted to voltages with ISA. 
 
Control solutions without crystals, but with the same concentration and epoxy blanks, were also 
measured in order to check the stability of the solutions and reliability of measurements. All tests were 
performed in N2-atmosphere to avoid CO2 contamination with subsequent precipitation of calcium 
carbonate. Also, to avoid contact with CO2-contaminated nitrogen, the dissolution experiments were 
sealed except briefly, while electrodes were inserted; figure 2 shows the experimental set-up. The 
temperature was maintained constant during crystal growth and dissolution between 21 and 23ºC. 
 

1 cm  

 

 
                           Figure 1. Crystal partially        Figure 2. Experimental set-up. 

        embedded in epoxy cover.                                      
 

 
Table 1. Conditions for crystal dissolution. 

  No stirring 500 rpm 300 rpm 

0 ppm Ca2+ 
No ISA X X X 
2% ISA X X  
5% ISA  X  

50 ppm Ca2+ 
No ISA X X X 
2% ISA X X  
5% ISA  X  

200 ppm Ca2+ 
No ISA X X X 
2% ISA X X  
5% ISA  X  

500 ppm Ca2+ 
No ISA X X X 
2% ISA X X  
5% ISA  X  



Table 1 gives a summary of the conditions for dissolution. Four initial Ca concentrations were used, 0, 
50, 200 and 500 ppm Ca2+. At each concentration, crystals were dissolved (i) with and without ISA 
and (ii) with/ without stirring. Apart from the 1:50 ISA concentration, a higher amount of ISA, 5%, 
was added to some solutions in order to better evaluate the effect of chloride on the dissolution rate. 
The stirring rate was fixed to 500 rpm for most of the dissolutions. In some cases, the dissolution rate 
with 300 rpm stirring was also measured. In both cases 2x7 mm cylindrical stirrers were used.  

 
Results and discussion 
 
TGA and XRD results (Figures 3 and 4) confirmed the success of growing portlandite crystals. The 
slight difference between the theoretical value of 24.3% water lost in the thermal decomposition of 
pure Ca(OH)2 and the 23.6% obtained may be due to the short air exposure when introducing the 
material to the TGA equipment, or to experimental error, or both. 
 
SEM images, figures 5-8, were representative of the crystals prepared. These pictures allow the 
observation of surface defects in the crystals which may alter the dissolution kinetics, as the 
dislocation planes are preferred for dissolution. As can be seen in figure 6, mechanical damage occurs 
in some parts of crystals; it is attributed to manipulation after growth. Figure 7 shows an artefact ‘line’ 
produced by the electron beam, indicating that this technique may be destructive in some cases. 
Regarding crystal morphology, growth is prismatic rather than as hexagonal plates usual in cement 
paste. This may be due to the higher free space the crystals have for growing in our synthesis 
compared to cement paste, where they may be space constrained, or to the absence of foreign ions. 
 

 
 

 
 

Figure 3. TGA graph of portlandite crystals.  Figure 4. XRD pattern of portlandite crystals. 
 
 

 

 

 
               Figure 5. SEM image x35 showing a cluster        Figure 6. SEM image x500.  

        of intergrown portlandite single crystals.          Note mechanical damage at upper left 
 



 

 

 
Figure 7. SEM image x3500.          Figure 8. SEM image x500.  
An arrow points to damage. 

 
In the dissolutions made without stirring, both with and without ISA, the calcium concentration 
reaches a maximum value and then decreases to almost zero. In the dissolutions with stirring, the 
calcium concentration increases abruptly in the first hours and then remains little changed for the next 
days. A possible explanation for this is that precipitation of calcium carbonate in the dissolutions made 
without stirring affects the data. Stirring increases the dissolution rate and inhibits the nucleation of 
calcium carbonate. Even though great care was taken to avoid contamination, the very low solubility 
of calcium carbonate, compared to calcium hydroxide, makes any trace of CO2 a risk for precipitation. 
This artefact does not allow the influence of calcium self diffusion on the dissolution rate to be 
evaluated. 
 
Figure 9 depicts the aqueous Ca2+ measured during dissolution of the crystals in the 0, 50, 200 and 500 
ppm without ISA and 500 rpm. The data from dissolution in solutions with 2 % ISA and 500 rpm are 
shown in figure 10. In all cases, the data can be fitted to exponential decay functions with the form 
y=y0+A.exp(-x/τ), where y0 represents the maximum value, A is the amplitude, that is, the difference 
between the initial value and the maximum, and τ is the time needed to reach 63.2% of the amplitude. 
The corresponding fitting parameters are in table 2. 
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Table 2. Fitting parameters. 
 Solutions without ISA  Solutions with 2% ISA 

Initial Ca2+ 
concentration 

0 ppm 50 ppm 200 ppm 500 ppm  0 ppm 50 ppm 200 ppm 500 ppm 

y0 (ppm) 743,4 668,6 604,1 752,2  1086,8 960,0 859,9 909,4 
A (ppm) -718,3 -542,4 -375,5 -351,8  -1074,2 -799,3 -549,1 -473,6 

τ (h) 5,5 13,0 40,1 13,2  10,9 14,2 23,4 23,0 
R2 0,9894 0,9832 0,9611 0,9613  0,9933 0,9749 0,9808 0,9847 

 
 
The values measured in the solutions prepared with 1:50 ISA are much higher than those without the 
adjuster. It seems evident that the presence of chloride ions promotes the dissolution of the portlandite 
crystals. At the temperature of the experiments, the solubility of portlandite in pure water is about 
1100 mg/l Ca2+. This value is only approached in some of the solutions with KCl. The maximum value 
reached depends both on the solubility and on the availability of calcium, that is, on the relationship of 
the size of the crystal and the calcium concentration in the solution. For this reason, the dissolution 
rates are calculated taking into account the initial ‘linear’ part of the curves. In most cases this linear 
part corresponds to the first 24 hours. As an example, figure 11 shows the ‘linear’ initial part of the 
dissolutions in 200 ppm solutions without ISA, with 2% and with 5% ISA, all of them with 500 rpm 
stirring. 
 

0 50 100 150 200
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

 NO ISA
 2% ISA
 5% ISA

C
a2+

 (p
pm

)

t (hours)

200 ppm initial solution

 
Figure 11. Change in aqueous Ca with time in solutions with 200 ppm and 500 rpm. 
  

The slope of this ‘line’ divided by the corresponding area of the crystal gives values of Ca2+ dissolved 
per unit of time and unit of area. To unify criteria, the derivative of the exponential curve at time zero 
was calculated for all samples and the resulting values were divided by the corresponding area to 
obtain the initial rate of dissolution. The dissolution rates calculated for the four sets of samples are 
shown in figure 12. 
 
Considering only the influence of the initial concentration, in most cases the dissolution rate increases 
as the concentration lowers, but there are exceptions in the dissolutions with KCl. Regarding the 
influence of the KCl on the solubility, in most cases the maximum value of calcium reached, as well 
as the initial dissolution rate, are, as expected, higher when KCl is present.  
Stirring plays a key role in dissolution. Lowering the stirring rate from 500 rpm to 300 rpm makes the 
dissolution rate diminish considerably. In the solution with 500 ppm initial concentration no 
dissolution takes place with 300 rpm stirring.  
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Figure 12. Initial dissolution rates. 

 
Figure 13 is a SEM image of the surface of one dissolved crystal in 500 ppm solution without ISA. As 
it can be observed, the surface is damaged and etch steps have formed. These steps are a sign that the 
dissolution mechanism of portlandite crystals in aqueous solutions is dislocation controlled. 
 

 
Figure 13. SEM image x150. Note ‘layers’ dissolution. 

 
 

Conclusions 
 
The crystals grown in aqueous solutions without spatial constraints are prisms, not hexagonal plates as 
they usually appear in cement paste. The dissolution of these crystals is dislocation controlled. The 
evolution of dissolution is very rapid within the first hours and stabilizes after some days as saturation 
is approached. The dissolution can be fitted to an exponential decay function. The presence of KCl 
promotes dissolution, increasing the initial rate of dissolution as well as the maximum dissolved 
calcium. 
The results obtained should be interpreted with caution due to the experimental difficulties of 
maintaining absolutely clean, carbonate free surfaces. Stirring appears to inhibit nucleation of calcium 
carbonate precipitates and to promote dissolution but is unlikely to be an important factor in real 
cement pastes after initial set. 
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Abstract 
This paper presents concrete mix design as well as the results of testing of concrete during production of 

precast foundations for wind power turbines which are to be located in the Baltic Sea. From 2002 to 2010 

approximately 120 000 m
3
 of concrete was cast to form 210 foundation blocks. Concrete production and casting 

was performed in Poland and the manufactured concrete blocks were transported to wind farms in Denmark 

and Sweden. Massive reinforced concrete blocks were designed to be laid at the sea bottom about 7.5-12.5 m 

below the water level. For concrete mix design the following exposition classes were assumed: XC4, XF4, XS3 

and XM3 according to EN 206-1. Exposure to exceptionally severe environmental conditions was assumed: 

chemical aggression and mechanical wear by seawater, freezing and thawing in saltwater. Because of the large 

size of blocks the danger of thermally induced cracking of concrete was carefully considered and computer 

simulation of stress build-up was used to select the optimal solution. Concrete mix C45/55 was designed using 

cement CEM III/A 32.5N HSR NA (containing about 60% GGBFS), silica fume, crushed aggregates up to 

32 mm and water-reducing and air-entraining additives. High durability of concrete in the aggressive 

environment was predicted on the basis of microscopic testing of cement hydration products and quantitative 

evaluation of microstructure. The challenging issue was to maintain a stable air void system in concrete during 

the whole production process: air void characteristic was regularly monitored in fresh concrete using AVA and 

in hardened concrete using computer image analysis. Heat of hydration data and monitoring of temperature 

during concrete hardening provided necessary proof of a non-cracked structure. 

 

Originality 

The originality of the presented research, in the area of “sustainable production”, is based on a very low 

clinker factor approach (about 33% of total cementitious material) as well as on the design of a strong and 

highly durable concrete using computer simulations and quantitative microstructural data to support the 

optimal selection of multiple mineral additions and chemical additives. The design approach was effectively 

applied in construction of modern “green” energy production plants. 

 

Chief contributions 

This paper focuses on determining the technical requirements for concrete foundation blocks to be used in the 

construction of wind turbines operated under very aggressive conditions in the Baltic Sea. Furthermore, it was 

shown that such requirements can be met using highly-engineered air-entrained concrete of low clinker factor, 

containing  CEM III/A 32.5N HSR NA cement and an appropriate amount of silica fume. 
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1. Introduction 

 

Ensuring the durability of concrete exposed to chemical attack is especially difficult when concrete is 

also subjected to destructive physical aggression, such as repeated freezing and thawing, abrasion and 

the peeling of the concrete’s surface as a consequence of abrasion, cavitation and erosion. In order to 

obtain the proper durability under such conditions, chemical composition of the binding agent should 

be very carefully chosen. Calcium hydroxide content in the binding agent hydration products should 

be reduced to a minimum and high quality aggregates should be used in the concrete production 

process. The durability of concrete to a large extent is determined by the type of additives used, as 

well as their compatibility with a binding agent.  

Durability design of concrete structures in severe environments was a subject of numerous 

publications, recently integrated into a monograph including also current experience with the field 

performance of existing concrete structures (Gjorv, 2009). When using different cementitious 

materials and modern chemical admixtures the use of simple terms like “water/cement ratio” or 

“water/binder ratio” for specifying concrete quality is not sufficient. As a consequence, there is a need 

for a performance-based specification for concrete durability.  

The development of performance-based specifications for concrete exposed to highly aggressive 

marine environment was undertaken for construction of prefabricated foundations of wind power 

turbines. The experience gained in designing and producing such concrete elements utilized in severe 

environment of the Baltic Sea is presented here in the form of a case study. Total of 210 wind turbine 

foundation blocks were produced in Poland, using about 120 000 m
3
 of concrete mix. They were 

transported to their final destination on barges and placed at the bottom of the sea to form a wind farm 

between the cities Gedser and Rødby (the southern coast of Denmark) in 2002–2005. In 2006 

production of another 48 wind power turbines foundation blocks was initiated. These blocks were 

placed in the vicinity of Malmö (Sweden). In 2010 an additional 90 wind power turbine foundation 

blocks were manufactured, forming the Rødsand 2 wind farm. Appropriate ballasting on-site ensured 

stability of the foundation blocks. The depth of the sea at the resting place of the foundation blocks 

varied from 7.5 to 12.5 m. Mass of the reinforced concrete foundation before ballasting was about 

1,300 tonnes, and 1,800 tonnes after ballasting. The turbine mast height from sea level was 

approximately 100 m.  

The use of class C 45/55 concrete, in accordance with EN 206-1, was foreseen in the design. During 

exploitation the components of wind power turbines are subjected to extremely aggressive 

environmental conditions: freezing and thawing in the presence of seawater, as well as seawater’s 

chemical and physical impacts. The following exposition classes were established: XC4 – corrosion 

caused by carbonization, surfaces exposed to water, wet and dry periodically; XF4 – aggressive 

effects of freezing and thawing, highly saturated with water, the splash zone in the marine buildings; 

XS3 – corrosion caused by chlorides derived from seawater, tide zones, splashes and aerosols; XM3 – 

aggression caused by abrasion, extremely high risk of abrasion- according to EN 206-1. 

 

 
Figure 1: Wind power turbine foundation 



Environmental factors played a decisive role in the selection of a material solution yet they were not 

the only ones taken into consideration. The upper part of a wind turbine foundation, also referred to as 

the “cup” is a massive part with a diameter of 7 m (Fig 1). During production of such components 

additional difficulty is caused by excessive heating of the concrete and the formation of temperature 

gradients which result in dangerous stresses in concrete that in turn can cause scratches and cracks in 

the finished product.   

 

 

2. Materials and methods 

 

2.1. Characteristics of cement and concrete mix 
 

Cement CEM III/A 32.5N HSR NA was used in the production of concrete (Table 1). It contained 

about 60% of ground granulated blast furnace slag (GGBFS). The composition of the concrete mix is 

given in Table 2. 

 
Table 1: Characteristics of CEM III/A 32.5N HSR NA 

 

Compressive strength 

[MPa] LOI 

[%] 

SO3 

[%] 

Na2Oeq 

[%] 

Water 

demand 

[%] 

Initial 

setting 

time 

[min] 

Hydration 

heat 

after 41 h 

[J/g] 

Le 

Chateliere  

test 

[mm] 

Cl- 

[%] after  

2 days 

after  

7 days 

after  

28 days 

2.75 1.99 0.96 31.2 252 185 0.6 0.09 9.6 25.8 50.4 

 

 
Table 2: Mix design composition C 45/55 

 

Components 
Quantity 

[kg/m
3
] 

Density 

[kg/dm
3
] 

Volume 

[dm
3
/m

3
] 

Natural sand 0-2 mm 700 2.65 263 

Crushed gneiss 2-8 mm 271 2.70 100 

Crushed gneiss 8-16 mm 510 2.70 188 

Crushed gneiss 16-32 mm 350 2.70 130 

Cement CEM III/A 32.5 NA HSR LH 345 3.10 111 

Silica fume  17 2.20     8 

Water 140 1.00 140 

Plasticizer 0.5% mass of cement 1.81 1.07     1.69 

Superplasticizer 0.7% mass of cement 2.53 1.14     2.22 

Air entraining admixture 0.25% mass of cement 0.86 1.00     0.86 

Air, dm
3
           – –   55 

Total  2344 – 1000 

 

 

2.2. Techniques 

 

Basic properties of concrete mix and hardened concrete such as slump, density, air content and 

compressive strength were determined using standard test methods. Moreover, a determination of a 

number of concrete properties that have a direct impact on the durability of the wind power turbine 

foundations was made. The resistance of concrete to cyclic freezing and thawing was ensured by the 



proper selection of chemical additives with emphasis being placed on air-entraining. The 

compatibility of air-entraining additives with the binding agent was confirmed using Air Void 

Analyzer (AVA) and by examination of the air void microstructure in hardened concrete using 

microscopic analysis.  Two principal parameters were assumed to determine the resistance of concrete 

to aggressive action of freezing and thawing: the content of air voids smaller than 300 µm in diameter 

and the spacing factor of air voids in concrete mix. The concrete resistance to freezing and thawing 

was experimentally verified by testing the resistance to scaling in the presence of 3% NaCl solution, 

in accordance with standard EN 12390-9 as well as Polish standard PN-B/88-06250.  

Experimental study performed in accordance with PN-B/88-06250 requires preparation of 12 cubic, 

150x150x150 mm, concrete samples. The samples are stored for 28 days under conditions where 

relative humidity is greater than 95% and at a temperature of 20°C ± 2ºC. After 28 days of ageing, 6 

samples are placed in water which has a temperature of 20°C ± 2ºC while the remaining six samples 

are subjected to cycles of freezing and thawing at a rate of 3–4 cycles per day. Freezing takes place in 

air and thawing in water. After 200 cycles, the samples undergo compression strength testing. Frost 

resistance is determined by a drop in compression strength and a loss of mass in the samples subjected 

to cyclic freezing as compared to the control samples which were stored in water at 20oC. Frost 

resistant concrete is one with a mass loss of less than 5% and a loss of compression strength smaller 

than 20%.  

Temperature distribution analysis in the concrete was performed using the Danish Technological 

Institute system, used for measuring concrete’s heat of hydration, simulating the behavior of fresh 

concrete in the structure and monitoring of concrete in the component. 

 

 

3. Results and discussion 

 

3.1. Basic properties of concrete mix and concrete  
 

The specified requirements for concrete mix and hardened concrete properties were met: the slump: 

S4 = 160–210 mm, the air content: 4.5–6.5% v/v, the compressive strength after 28 days of ageing 

>59 MPa. Table 3 summarizes the average values for selected parameters of the concrete mix and 

hardened concrete. 

 
Table 3: Concrete mix and hardened concrete properties 

 

Production during 2002-2010 
Parameter 

Average result Standard deviation 

Slump [mm] 190 24 

Density [kg/m
3
] 2341 65 

Air content [% v/v] 5.9 0.8 

Compressive strength [MPa] 

at the age of 2 days 16.9 3.6 

at the age of 7 days  40.2 4.2 

at the age of 28 days 63.5 5.0 

 

 

3.2. Air void characteristics 
 

The total air content in the concrete mixture was determined using pressure method in accordance 

with EN 12350-7. Determination of air void characteristics was performed using an AVA analyzer. 

The AVA test results were compared to standard requirements set-forth by ASTM C457 standard. The 

test is an alternative to microscopic examination. The advantage of the AVA test is that information 

about the air void characteristics may be obtained before or during concrete mix design. Microscopic 



examinations are possible soon after installation of concrete in the component and when it has reached 

the required sampling strength. 

By controlling the spacing factor and percentage of air void with diameter less than 300 µm it can be 

determined whether the air introduced by air-entraining additives has a proper characteristics and 

whether it ensures adequate frost resistance of the concrete. It is understood that in concrete resistant 

to freezing and thawing the spacing factor should be less than 0.20 or less than 0.24 (Merkblatt für die 

Herstellung…). The content of air voids with diameter less than 300 µm should be higher than 1,8% 

(Rusin, 2002) . Test results of air void characteristics of concrete are shown in Figure 2. The results 

confirmed proper air-void characteristics.  

 

 
 

Figure 2: Air void characteristic of concrete using AVA 

 

Additionally, the air void characteristics was determined on hardened concrete specimens using the 

microscopic method in accordance with EN 480-11. The examples of results obtained are summarized 

in Table 4. In most of the examined samples of hardened concrete the results of microscopic analysis 

were comparable with the results were obtained from the AVA analyzer.  

 
Table 4: Air void characteristics in hardened concrete according to EN 480-11 

 

Properties Results 

The total air content [% v/v] 6.75 7.26 

The total number of measured chords  424 465 

The specific surface of the air void system [mm
-1

] 21.07 21.47 

Paste/air ratio  4.726 4.392 

Spacing factor [mm] 0.21 0.20 

The content of microvoids  <300 µm [%] 2.51 2.14 

 

 

3.3. Heat of hydration of concrete 
 

Calorimetric studies of concrete were conducted in a „hydration cabin”, which is a part of a system 

used to simulate and monitor the attributes of fresh concrete in the structure. The experiments have 

shown that the analyzed concrete mix distinguished by an extremely low heat of hydration (Fig.3).  

 

 



 
 

Figure 3: Hydration heat of concrete 

 

 

Despite this fact, after simulating the temperature rise and its distribution in the manufactured 

component, it became evident that implementing a cooling system was necessary. Temperatures and 

temperature gradients that would be generated in the top portion of the foundation, without the use of 

a cooling system, were too high and could cause cracks. This would especially be the case if the 

ambient temperature were to rise above 20
o
C. A system of cooling pipes was introduced around the 

perimeter of the foundation cup. The temperature of the flowing cooling water as well as its flow rate 

were adjusted as necessary. Temperatures in the each foundation’s cup were monitored. The 

maximum internal temperature in concrete elements did not exceed 39
o
C, and the maximum 

temperature gradient was lower than 10oC.  

The simulation of temperature distribution in the element with and without cooling are depicted in 

Figure 4 (Gajewski, Szabat, 2005). 

 

 

 
 

Figure 4: Simulation of temperature in concrete elements –with and without cooling 

 

 

3.4. Resistance of concrete to freezing and thawing 
 

Application of the examined binding agent and its compatibility with chemical additives yielded 

concrete with high resistance to repetitive freeze-thaw cycles. The results are summarized in Tables 5.  

 

 

 



Table 5: The results of frost resistance in the presence of 3% NaCl 

 

Mass of dried scaled material 

[g] 

Mass of scaled material related to the 

test surface [kg/m
2
] 

Area of the test surface 

[mm2] 
after 28 freeze-thaw 

cycles  

after 56 freeze-thaw 

cycles 

after 28 freeze-

thaw cycles  

after 56 freeze-

thaw cycles 

7698 3.40 2.75 0.44 0.79 

7698 3.35 2.30 0.43 0.73 

7698 3.07 1.93 0.40 0.65 

Average mass of dried scaled material kg/m
2
 after 28 freeze-thaw 

cycles 
0.42 

Average mass of dried scaled material  kg/m
2
 after 56 freeze-thaw 

cycles 
0.72 

Ratio: average mass of dried scaled material  kg/m
2
 after 56 freeze-

thaw cycles/ average mass of dried scaled material  kg/m
2
 after 28 

freeze-thaw cycles 

1.71 

 

 

The results of freeze-thaw resistance of concrete samples made according to Polish standard 

PN-88/B-06250 haven’t exhibited mass loss, only 7.7% decrease in compressive strength was 

determined. 

 

 

4. Conclusions 

 

On the basis of performed tests the following conclusions can be drawn. 

 

1. The use of an appropriate binding agent CEM III/A 32.5N HSR NA and silica fume as well as the 

appropriate chemical additives enabled mix design of concrete adequate for severe environment of 

Baltic Sea region. 

 

2. The AVA method used to determine the air-void characteristics of concrete mix was in most cases 

sufficient to control the manufacturing of frost resistant concrete. 

 

3. During hardening of concrete in the massive components of wind power turbine’s foundations it is 

necessary to control the amount of heat released and the temperature distribution. These conditions 

guarantee the durability of concrete in the harsh conditions of the Baltic Sea. 
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Abstract  
The effect of water/cement variation on the hydration of C3S was investigated with Quasi-Elastic Neutron Scattering 
(QENS).  This technique measures nondestructively the amount of water that is bound up in the hydration products 
as well as the remaining free water.   The experimental approach consisted of mixing samples of C3S powder with 
varying amounts of water and then performing QENS measurements on them continuously for 48 hours on the 
Fermi Chopper instrument at the NIST Center for Neutron Research.  The results were plotted as the boundwater 
fraction, β(t), versus time.   
 The plots all showed a characteristic shape with an initial flat induction period followed by an acceleratory 
period with nucleation and growth kinetics and finally a transition to diffusion-limited kinetics.  The time of the 
transition was the same for all the w/c ratios.  The degree of hydration β(t) at the transition was different for each 
case, but they could all be collapsed into a single master curve by a simple vertical scaling.  The scaling factors 
showed an excellent linear correlation with the w/c ratio. This result suggested rescaling β(t) data by  multiplying by 
the w/c ratio.   The product β(t)· w/c has units of boundwater volume per mass of cement.  It was found that at the 
transition point, this took on a fixed value of 0.25 cm3/g for all the curves.  This rules out the pore-filling mechanism 
which is conventionally given as the explanation for the transition point.   
 Moreover, this value agrees with estimates of the amount of reactive silica formed during the prior induction 
period as measured by Nuclear Resonance Reaction Analysis. It thus supports the recently proposed theory that 
during the peak reaction period, the hydration reaction is characterized by boundary nucleation kinetics rather than 
the volume nucleation kinetics of the conventional Kolmogorov Avrami Mehl Johnson theory. 
 
Originality  
This research concerns the Hydration and Microstructure subtopic of  the Reactions of Hydration main topic.  This 
is the first time that QENS was applied to investigate the influence of the water/cement using the relatively high time 
resolution,  ~30 min, of the Fermi Chopper instrument.   This permitted  the detailed observation of the kinetics in 
the vicinity of the transition point.   Innovations in the analysis of the data included the vertical rescaling of the 
individual curves to collapse them into a single master curve and also the transformation of the reaction progress 
variable β(t) into volume of boundwater per mass of cement.  This in turn led to the discovery that hydration 
reactions occurring in the induction period determine the subsequent transition point.   
 
Chief Contribution  
This research overturns the conventional pore-space filling explanation of the transition point and replaces it with a 
more fundamentally correct explanation based on the supply of reactive silica at the end of the induction period.  It 
thus ties together the three stages of C3S hydration kinetics (induction period, peak period and diffuse-limited  
period) that have usually been treated separately.  These findings will lead to more accurate predictions of the 
performance of Portland cement concrete. 
 
Keywords: tricalcium silicate, water/cement ratio, neutron scattering, hydration kinetics, transition point 
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Introduction 
 
The w/c ratio is a critical factor in Portland cement chemistry.  First,  water is the essential reactant in the 
hydration of tricalcium silicate, C3S, which produces  a C-S-H gel  and calcium hydroxide (Allen et al., 
2007) : 
 ( ) ( )3 5 2 2 2 1.81.7 2

3.1 ( )( ) 1.3Ca SiO H O CaO SiO H O Ca OH+ → +  (1) 

 Equation (1) implies that the w/c ratio ideally should be set at the stoichiometric ratio of 3.1 or 0.244 by 
mass.  In practice the minimum w/c to ensure complete hydration was estimated by Powers and 
Brownyard to be about  0.4 by mass, allowing for the water adsorbed in the C-S-H gel (Taylor, 1997).  
Second, the water content of the mix determines the rheology of the fresh concrete.  In the past, w/c 
values greater than 0.4 have typically been used to improve the flowability.  However, this has adverse 
effects on the compressive strength of concrete as expressed in the empirical relationship known as 
Abram’s Law(Yeh, 2006): 
  
 /w c

cf CG−′ =  (2) 
  
where  f'c is the compressive strength determined on a standard cylindrical concrete specimen and C and 
G are empirically derived parameters .  Currently, efforts are underway to develop high performance 
concrete (HPC) by reducing the w/c below 0.4 through the use of chemical admixtures known as water 
reducers or superplasticizers to improve rheological properties (Mehta and Monteiro, 2006).  
Consequently, it is important to have a better fundamental understanding of how the w/c ratio affects the 
hydration process. 
In this study Quasi-elastic Neutron Scattering (QENS) was applied to investigate the effect of varying w/c 
ratio on the hydration reaction.  Conventional methods used to quantify the hydration kinetics have 
included calorimetry, thermogravimetry and quantitative X-ray diffraction(Taylor, 1997). These involve 
destructive sampling and often require severe preconditioning of the specimens.  In contrast, QENS is a 
nondestructive in situ method that can be used to measure the hydration reaction continuously.  It 
provides a direct measurement of the motions of water, which can be partitioned into translation, rotations 
of the hydrogen atoms around the oxygen and vibration along the O-H bond.  Quasi-elastic neutron 
scattering is especially useful for studying the kinetics of the Portland cement hydration reaction because 
it can measure nondestructively the growth of the C-S-H gel in terms of the boundwater index.  This is the 
ratio of the water bound up in the gel to the original amount of free water.   
In the QENS method, a beam of monoenergetic neutrons is scattered off the target sample.   In the 
process, the neutrons exchange energy with moving hydrogen atoms.  The distribution of the scattered 
neutron velocities and scattering angles is recorded by a bank of detectors.  The data can then be 
processed to yield the QENS energy shift spectrum as shown in Fig. 1. In the QENS energy spectrum, 
water (hydrogen) bound in the C-S-H gel or calcium hydroxide crystals appears as a Gaussian-shaped 
peak centered at the origin, indicating a purely elastic collision.  On the other hand, water free to translate 
yields a Lorentzian type peak. The area of the Gaussian peak is proportional to the number density of 
bound water in the hydration products, wh, while the area of the Lorentzian peak is proportional to the free 
water, wf.  These areas can be found by fitting the data to a model (Harris et al., 1974): 

( ) ( )
2

2 2

1ωQ,ω exp
π ωσ 2π σ 2inc h fS w w
   Γ   = +   Γ +       

                   (3) 

 
where Sinc(Q,ω) is incoherent scattering function, which is proportional to the vertical axis in Fig 
1, ω is the energy shift, σ is the Gaussian width and Γ is the Lorentzian width. 



.  
  
The boundwater index  β(t)is then calculated as wh/(wh + wf), which is the ratio of the number density of 
boundwater hydrogen to that of total water.  Since neutron scattering involves interactions only with the 
nucleus and not with the surrounding electrons, confounding effects of chemical bounding are eliminated. 
Consequently, the fitting of the QENS data does not require any empirical, adjustable parameters.  Since 
its introduction into the field of cement chemistry, QENS has been used to investigate many aspects of the 
hydration kinetics of Portland cement, including the effects of temperature(FitzGerald et al., 1998), 
particle-size distribution(Allen et al., 2004), internal RH(Nemes et al., 2006),  and the C3S:C2S ratio 
(Peterson et al., 2005) 
 
Experimental Method 
 
 A series of 6 tricalcium silicate and water pastes were prepared, with w/c ranging from 0.3 to 0.7.  The 
samples were made with pure triclinic tricalcium silicate.  Typically 4g of tricalcium silicate was mixed 
with the corresponding amount of water to prepare the paste. The samples were mixed in nitrogen filled 
glove-bag, loaded into Teflon bags, rolled into annular shape with approx. 1mm thickness and sealed in 
cylindrical sample-holders. The amount and thickness of the paste was chosen such that at most 10% of 
the neutrons were scattered in order to minimise problems with multiple scattering.  No more than 10-15 
minutes elapsed at ambient temperature between mixing and starting the QENS measurements. The 
QENS data was collected in-situ for at least 48 hours for each sample, with a few samples measured up to 
3 days. The QENS data was binned into 30 minute intervals with the time assigned corresponding to the 
mid-point of each bin.   
 
Results and Discussion 
 
1. Reaction kinetics models 
 
The boundwater index β(t) is the cumulative amount of water that has reacted by time t.  It is thus a type 
of reaction progress variable. A typical time history plot is given in Fig 2.    The time dependence of the 
reaction progress is very nonlinear.  This clearly shows the three characteristic stages of the hydration 

Figure 1: Typical QENS spectrum showing fits to 
Gaussian and Lorentzian functions 



 

 
reaction progress identified by Fujii and Kondo (1974): induction, nucleation and growth, and diffusion- 
limited.  However, these terms imply specific mechanisms, and their validity has been recently questioned 
(Bullard et al., 2010).  Therefore, these stages will be referred simply in terms of the mathematical 
functions that fit them. 
Thus the nucleation and growth model can be described by a stretched exponential model function. This 
is given by (FitzGerald et al., 1998) : 

 ( ){ }( )( ) ( ) 1 exp
m

o ot t A k t tβ = β + − − −    (4)                                                                  

 
where k is a kinetic rate  constant, m is a dimensionality, typically 2.65, to is the time-lag associated with 
an initial induction period and A is the asymptotic value of β(t) as t→∞.   
Similarly, the diffusion-limited stage can described by a parabolic function modeled by (FitzGerald et al., 
1998) :  

 ( )
11/3 1/3 22 *( ) ( )d d

Dt t t t
R

β β= + −  (5) 

                     
where tD is the time at  the start of the stage,  R is the mean initial radius of the cement particles and D* is 
an effective diffusion constant. Finally, at the transition point the reaction kinetics change from nucleation 
and growth to a slower parabolic dependence on time as shown in Fig 1.  
 The stretched exponential model of Eqn(4) resembles the well-known Kolomogorov-Avrami-Mehl-
Johnson (KAMJ) model of phase transformation kinetics (Bruna et al., 2006).  However, an additional 
parameter, A in appears Eqn (4).   According to the definition of β(t) as a reaction progress variable, it 
should approach unity as the hydration reaction goes to completion, provided that the cement mix has the 
water/cement ratio 0.4, and hence A ≈1 .  However, experimental results, e.g. Fig. 2, reveal that this 
parameter always takes on a value significantly less than one.  The fact that A takes on a value  
considerably less than unity means that the progress of the reaction described by Eqn (4) reaches a 
plateau, and the parabolic kinetics then dominate. Thus, A determines the vertical coordinate of the 
transition point.  However, the physical interpretation of A has remained uncertain.  
The conventional explanation for the transition from stretched exponential to parabolic kinetics is based 
on the fact that the early hydration reaction described by Eqn (4) is a through-solution process occurring 

Figure 2: Typical QENS plot showing stages of hydration 
kinetics 



in the pore space between cement grains. This forms the less-dense type of C-S-H gel known as “outer 
product” (Taylor, 1997).  Thus the reaction would slow down as the available pore space becomes filled.  
However, the available pore space in the cement paste is essentially determined by the initial amount of 
water in the mix (Taylor, 1997). Since this is also the quantity used for the denominator of β(t), this 
variable should reach unity when the pores are finally all filled, implying A =1.  But the experimental 
evidence contradicts this, thus the pore-filling mechanism does not appear to explain the asymptotic 
behavior.  
 
2. Varying w/c ratio 
 
In Fig. 3a, the β(t) data for various w/c ratios are plotted against time. The td is approximately the same for 
all cases, but β(tD) varies significantly, decreasing with increasing w/c ratio. This is contrary to what 
would be expected from the pore-filling mechanism, which would predict that β(tD) would be constant, 
while td would increase with increasing w/c.  Moreover, Figure 3b illustrates that by using a simple 
vertical scaling factor, the curves can be collapsed onto a single master curve by normalizing to the BWI 
value of the 0.4 w/c specimen at 24 hrs. The β(t) curves are well matched at early times as well, as 
emphasized in the inset of Fig. 3b using the same scaling factors.     
 

The scaling factors shown in Fig. 3b were found to have an excellent linear correlation with the w/c ratio 
(Livingston et al., 2010).   This leads to an expression for A: 

 
0.112

0.1 /
A

w c
=

+
 (6) 

 
Furthermore, it is possible to eliminate A from Eqn (4) by multiplying β(t) by the w/c ratio by the right 
hand side of Eqn (6).  The result can be approximated as the product ( )( ) / ( / )t b w cβ , where b is a 
constant.  This implies that instead of boundwater index β(t), a more appropriate reaction progress 
variable for characterizing hydration kinetics should be  wh/bc, or the ratio of boundwater to cement 
scaled by the constant b (Livingston et al., 2010).  
In turn, a value for b can be found by taking the stretched exponential to the limit t→∞,s: 

Figure 3a:  Plots of boundwater vs. time for  various                 Figure 3b:  Master curve obtained by vertical   
 w/c values.  Uncertainties are on the  order of the   scaling of plots to 0.4 w/c  curve.   Arrow              
symbol size.        indicates normalization point . 
                                                                                          . 
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where the asterisk indicates a critical value for the boundwater to cement ratio. Furthermore, dimensional 
analysis reveals that: 
 CSH OPb h Vρ= = 0.112 (8) 
where h is the water content of the C-S-H gel, ρCSH is the density of the gel and VOP is the critical volume 
of the outer product per unit mass of cement.   
Allen et al.(2007) have obtained values for h of 0.174(4) and for ρCSH of  2.605(24) Mg m−3 at 20°C using 
SANS with contrast matching. These in turn give a value for VOP of 0.246 cm3/g.  For comparison, the 
initial pore space of a 0.4 w/c paste would be about 0.4 cm3/g.  Thus at the transition point, roughly 63% 
of pore space would be filled.  The fraction of filled pore space would be even less for higher values of 
the w/c ratio.  Thus the pore-filling mechanism cannot be the explanation for the transition to parabolic 
kinetics. 
 The most plausible explanation for the transition is the consumption of  a supply of reactive silica, 
formed during the previous induction period as a layer of silica gel on the surface of the cement grain.  
Evidence of this mechanism can be seen in the hydrogen depth profiles measured in hydrating C3S by 
Nuclear Resonance Reaction Analysis (NRRA) using the 1H(15N, α,γ)12C reaction(Livingston et al., 
2001).  This has shown that during the induction period there is a semi-permeable layer on the surface 
that allows exchange of calcium for H2O but blocks the transport of silicate ion.  Consequently, a layer of 
silicate rich gel develops beyond this barrier.  The rapid hydration stage begins when this barrier is 
mechanically ruptured by the swelling of the silicate gel layer. The transition point thus occurs when the 
supply of this previously formed silica gel is exhausted and the hydration then has to proceed by the 
topochemical reaction within the cement grain, which gives rise to the parabolic kinetics (Bumrongjaroen 
et al., 2009).  Since the formation of the initial gel depends only on the rate of diffusion through the 
surface barrier and its rupture strength, the amount would be independent of the w/c ratio, which is 
consistent with the QENS data. 
      Moreover the NRRA hydration depth profiles typically show that the layer of hydrated silicate gel is 
roughly 1 μm thick near the end of the induction period.   Assuming a spherical cement grain shape, the 
volume of the hydrated shell as a fraction of the original volume would be: 

  
( ) ( )
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F

R R

π

π

 − − − = = −                                     (9) 

where R is the original grain radius  and l is the thickness of the hydrated layer at tD. 
With a typical C3S grain  radius of 5 μm, a 1 μm thick layer would represent a degree of reaction progress 
of approximately 0.5, which is consistent with the range of  0.3 to 0.51 for β(tD) as discussed above.  
This mechanism for the transition point is also consistent with the model proposed by Thomas (2007) and 
subsequently reaffirmed by Peterson and Whitten (2009), that the hydration reaction during the nucleation 
and growth period proceeds by nucleation at grain boundaries nucleation  (BN)  rather than the through 
volume nucleation model of  KAMJ kinetics.  The boundary region where the nucleation takes place 
where the layer of reactive silicate formed on the C3S grains during the induction period.   
Garrault et al.(2006) have proposed an alternative mechanism for the transition based on hindered 
diffusion through the layer of C-S-H gel that develops during the nucleation and growth  stage. This was 
also implied by Mori et al.(2006).  Note that this is not the same as the diffusion through the semi-
permeable layer during the induction period that is the mechanism proposed for the NRRA results.  
However, numerical simulations by Bishnoi et al.(2009) have found that the hindered diffusion 
mechanism requires a variation of the diffusion coefficient with layer growth that is not physically 
plausible. 
 



 Concerning the effect of w/c on compressive strength given by Abram’s Law, at a higher  
w/c ratio, more excess pore space remains as the asymptotic limit is approached. Consequently, larger 
pores would be more probable, and it is the distribution  of these that limits the strength (Birchall et al., 
1981).   
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Abstract 
A natural mordenite-type zeolite from the Palmarito open-air deposit (Cuba) was studied along the reaction with a 
saturated lime solution at 40ºC in order to characterize the new formed material and determine its pozzolanic activity. 
In addition, the same natural zeolite was thermally treated to evaluate the increase of pozzolanic activity with respect to 
the non-calcined sample. 
Initially, as a pre-treatment, the calcination of the samples was carried out up to 300, 400, 500, 600, 700, 800, 900 and 
1000ºC for 5 h. The pozzolanic activity was determined after 7 days of reaction with the alkali activating agent 
(Ca(OH)2) that simulates the release of lime from ordinary Portland cement during the hydration reaction. The higher 
pozzolanic activity was achieved at 300ºC. At this temperature, the destabilization of the zeolite crystal lattice has 
started but the aluminosilicate network structure has not been destroyed. 
Upon heating, the zeolite undergoes a series of chemical and structural changes (loss of water, modification of cage 
dimensions etc.) until it is largely converted to an X-ray amorphous material. 
Therefore, the pozzolanic reaction of the zeolite calcined at 300ºC was studied as a function of time over independent 
periods of 6 hours, 1, 7, 28 and 90 days. 
Chemical and mineralogical characterization was performed on aqueous samples (by Inductively Coupled Plasma 
Mass Spectroscopy) and solid samples, using common techniques of analyses for natural materials (X-Ray Diffraction 
and Scanning Electron Microscope with addition of Energy-Dispersive X-ray spectroscopy analysis). 
As a result of the pozzolanic reaction, formation of C–S–H-like phases with low Ca/Si ratio was observed in agreement 
with previous studies, however, the calcination of the sample do not increase significatively the pozzolanic activity 
compared to the non-calcined sample. 
The mechanical properties achieved by the addition of the reaction products in cement have not been evaluated in this 
study but are suggested for future investigations. 
Consequently, for energy saving reasons, the use of the natural mordenite-rich zeolite from Palmarito can be 
incorportated in cement matrices without the need of a thermal treatment. The behavior of other natural zeolites, 
however, is being presently investigated. 
 
Originality 
Incorporation of natural zeolites in cement matrices provides an already known resource for construction purposes and 
it is used, mostly in development countries, for energy-saving reasons, in many cases without a proven scientific 
criterion. Several authors have reported the calcination of zeolites for their use as pozzolanic additions. The thermal 
treatment breaks the crystalline structure and provides an amorphous silica-rich material able to react with calcium 
hydroxide to form cement phases. This may depend on the type of zeolite. However, there is not a general agreement on 
the conditions to be used in the thermal treatment (time of residence in furnace and temperature of calcination). 
Authors select these conditions based on their personal criteria, not reported elsewhere. 
A range of temperatures from 300 to 1000ºC were selected in this study to activate the zeolite sample, and 300 ºC was 
chosen to be the minimum temperature optimal to achieve the required pozolanic conditions, once is proven that higher 
temperatures do not increase the benefits but the energy consumed. 
The comparison of the results obtained on the same zeolite without and after calcination extents the knowledge on the 
alkaline reactivity of the material. 
 
Chief contributions 
The chemical and mineralogical characterization of the natural zeolites, before and after the pozzolanic reaction, has 
been extensive. As a novelty with respect to previously published works, analyses of the aqueous solutions were 
performed. These analyses serve properly as a complement to the information given by other analytical techniques 
performed on the solid samples. A thermodynamic study could be performed with the aqueous data in order to evaluate 
the mineralogical stability of the new-formed minerals and the evolution with time. This is of great importance because 
in cement systems the phases are low crystalline or amorphous, and therefore, the interpretation of the data is 
necessary.  
 
Keywords: Mordenite, natural zeolite, pozzolanic reaction, hydrated phases 
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Introduction 
 
Natural, zeolite-rich tuffs are presently used in the construction industry as pozzolanic materials 
(Colella et al., 2001; Mertens et al., 2009; Rosell et al., 2011). Pozzolans are commonly used as 
additions to Portland cement manufacture to improve the blended cement performance (Colak, 2002; 
Rodríguez-Camacho and Uribe-Afif, 2002; Colak, 2003; Frías et al., 2008; Kaid et al., 2009), reduce 
the amount of clinker in the blended cement and decrease the energy and environmental costs (Mehta, 
1981; Fragoulis et al., 1997). 
Many authors have studied the pozzolanic activity of thermally treated zeolites. Upon heating, zeolites 
undergo a series of chemical and structural changes (loss of water, modification of cage dimensions 
etc.) until they are largely converted to an X-ray amorphous material (Perraki et al., 2005). The 
heating on the zeolite samples normally decreases the early strength but improves the resistance at 
long term (Shi and Day, 2001; Habert et al., 2008). In general, the calcination of zeolites destabilizes 
the crystalline structure to form a less stable and more reactive aluminosilicate framework; however, it 
has been evidenced that the effect of heating on natural zeolites may produce negligible improvement 
of the pozzolanic activity or even reduction (Liebig and Althaus, 1998). Perraki et al. (2005) calcined 
a natural Greek zeolite at 400, 500, 600, 700 and 1000 ºC for 15 h and evaluated the pozzolanic 
activity in the reaction with Ca(OH)2. They observed higher pozzolanic activity after calcination at 
400 ºC, the lower temperature selected within the range proposed. The thermal treatment of the zeolite 
at 400°C improved its pozzolanic reactivity and accelerates the reaction with Ca(OH)2, compared with 
a non-calcined sample, but calcination at temperatures over 400 ºC had a negative effect. The 
chemical reaction consumes calcium, apparently increasing the pozzolanic activity, but the 
recrystallisation of the zeolite into an inert phase reduces the strength of the cement mortar. The 
highest compressive strength is reached when zeolites have been destructured and have not already 
recrystallised. 
In the present study a natural mordenite-rich zeolite from the Palmarito deposit (Cuba) has been 
calcined at 300 ºC for 5 h and the pozzolanic activity determined after 1, 7, 28 and 90 days of reaction. 
The temperature of calcination was chosen based on a previous experiment where independent 
temperatures of 300, 400, 500, 600, 700, 800, 900 and 1000 ºC were evaluated in order to obtain the 
higher pozzolanic activity. 
 
 
Materials and methods 
 
Calcined natural samples from the Palmarito zeolite deposit (Cuba) were studied along the reaction 
with portlandite (Ca(OH)2) in order to determine their pozzolanic activity as a function of time.  
The crystalline material of the rock sample from Palmarito, semi-quantified by XRD, is predominantly 
constituted by mordenite (79 wt.%), K-feldspar and plagioclase (21 wt.%). The observations by SEM 
show aggregates of mordenite with poorly defined geometry in addition to other matrix minerals rich 
in iron and K-feldspars and plagioclases with variable concentration in K, Na and Ca (Vigil de la Villa 
et al., 2009). 
Independent samples of the natural zeolite were calcined at temperatures of 300, 400, 500, 600, 700, 
800, 900 and 1000 ºC during 5 h. One gram of the calcined samples was sieved below 45 µm and 
placed into a 75 ml plastic container with a saturated portlandite (Ca(OH)2) solution that simulates the 
release of lime produced by an OPC during the hydration reaction of a cement matrix. The container 
was hermetically sealed and the calcined zeolite-portlandite mixture was wet-cured at 40 ºC for 7 
days. It was probed that the higher pozzolanic activity was achieved after calcination at 300 ºC, 
therefore, the pozzolanic activity was evaluated by the method described above for independent 
periods of 1, 7, 28 and 90 days. 
At the end of the reaction time, the hydrated solid sample was filtered, washed with ethanol and heated 
at 105 ºC for 24 h in order to stop the hydration reaction. Then, the mineralogy was studied by X-ray 



diffraction (XRD) and scanning electron microscopy (SEM) to identify the products of the pozzolanic 
reaction. 
X-ray powder diffraction patterns were obtained using a Siemens D-5000 diffractometer with a Cu 
anode, operating at 30 mA and 40 kV, using divergence and reception slits of 2 mm and 0.6 mm 
respectively, and measuring in 0.04 2θ goniometric steps for 3s. The SEM equipment was a FEI 
INSPECT microscope with an energy dispersive X-ray analyzer (EDX). 
Major cations and anions in solution were measured by ICP-MS with an Elan 6000 Perkin-Elmer 
Sciex analyzer. The measurements obtained for Ca2+ were normalized with respect to a reference 
blank solution saturated in portlandite at 40 ºC in order to calculate the amount consumed in the 
pozzolanic reaction. 
 
 
Results and discussion 
 
The comparison and semi-quantification of XRD peaks on the calcined solid samples that reacted for 7 
days at 40 ºC with the alkali activating agent permitted the identification of mineralogical 
transformations involved in the reaction as a function of temperature (Figure 1). Up to 800 ºC the 
crystalline phases are mainly composed by mordenite and Na- and K-feldspar, as in the original non-
calcined sample. At higher temperature, the structure of the zeolite is destroyed and cristobalite is 
mostly formed at 1000 ºC. Only at 300 ºC, a shift to lower spacing in the reflection (200) of mordenite 
and presence of reflections at 7.93 and 2.97Å are indicative of coexistence of the isomorphic series 
heulandite-clinoptilolite, as in the non-calcined sample (Vigil de la Villa et al., 2009). C–S–H gels are 
the main product of the pozzolanic reaction, as previously observed by Martínez et al. (2006), but 
hydrotalcite is also detected at 1000 ºC (Table 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: XRD on disoriented powder of the natural zeolites from Palmarito calcined from 300 to 1000 ºC after 

reaction with a Ca(OH)2 saturated solution at 40 ºC for 7 days 



Table 1: Mineralogical composition (wt.%) semi-quantified by XRD of the calcined zeolite in the range 300–
1000 ºC after 7 days of reaction with the alkali activating agent. (HEU = heulandite; CLI = clinoptilolite) 

T (ºC) Mordenite Feldspars Cristobalite HEU-CLI Hydrotalcite Calcite C–S–H gels 

initial 56 20 - 9 - - 15 

300 58 17 - 6 - 8 11 

400 60 17 - - - 12 11 

500 55 20 - - - 15 10 

600 60 15 - - - 15 10 

700 56 15 - - - 20 9 

800 52 12 - - - 28 8 

900 - 8 86 - - - 6 

1000 - 4 89 - 4 - 4 

 

The reaction between the calcined zeolites and the Ca(OH)2 at 40 ºC after 7 days of reaction showed 
that the higher pozzolanic activity is achieved at 300 ºC (16.07 out of 17.68 mM of portlandite 
solution were consumed, ideally to form C–S–H and other cement phases). The pozzolanic activity 
slightly decrease with the increasing temperature of calcination up to 900 ºC but at 1000 ºC the lack of 
mordenite and feldspars and formation of cristobalite, which is almost inert, reduces considerably the 
searched reactivity of the solid (Figure 2). A correction of the pozzolanic activity can be performed 
assuming that all calcite semi-quantified by XRD corresponds to Ca2+ adsorbed on the surface of 
mordenite aggregates that has not reacted in the pozzolanic reaction. Once the reaction is terminated, 
and the solid and aqueous phase are separated, this Ca2+ carbonates easily during manipulation of the 
solid samples by interaction with atmospheric CO2(g). Calcite morphologies were not observed by 
SEM on the surface of aggregates; however, EDX analyses confirm high concentration of calcium 
carbonates, indicating that calcite does not precipitate as a secondary phase in the pozzolanic reaction 
but as a residue of the non-reactive Ca2+ in the form of small crystal with very poor morphology. The 
mass of calcite semi-quantified by XRD can be transformed into concentration of Ca2+ required to 
form this mineral and then discounted from the calculated Ca2+ consumed through the pozzolanic 
reaction. This assumption reduces moderately the pozzolanic activity of samples calcined up to 800 
ºC. At 900 ºC, the X-ray diffractogram shows a very amorphous structure and calcite could not be 
quantified and the correction has not been performed, however, a similar effect is expected. At 1000 
ºC, the structure of the zeolite totally collapses and uniformly packed spheres of cristobalite form 
extensively (observed by SEM), nevertheless, they are alkali resistant and chemically inert in the 
pozzolanic reaction. 
These results can be compared with previous determinations obtained for the non-calcined natural 
zeolite using the same methodology after 7 days of reaction (presented in Vigil de la Villa et al., 
2009). The determination of the pozzolanic activity, even with the assumed correction of consumed 
Ca2+ (not performed for the non-calcined sample), shows that 300 ºC of calcination for 5 h are the 
optimal conditions to improve the pozzolanity. 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 2: Ca2+ consumption in the pozzolanic reaction of the zeolites calcined in the range 300–1000 ºC after 7 
days and comparison of results with the initial (non-calcined) natural zeolite 

The pozzolanic activity of the zeolite calcined at 300 ºC was determined as a function of time until 90 
days with especial attention to the first hours and days of reaction. It is observed that the reaction 
occurs rapidly and consumed most of the available aqueous Ca2+ within the first week (Figure 3). This 
is related with the structure of the zeolite after calcination. The calcination in the range 300–600 ºC 
causes processes of dissolution and re-crystallisation on the surface of mordenite, resulting into larger 
compaction and formation of lower size but well defined crystals at higher temperature that inhibit the 
pozzolanic reaction. At 300 ºC the initial structure of mordenite is porous and low crystalline and 
favours the reaction with Ca2+

(aq) to form C–S–H phases (Figure 4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Ca2+ consumption in the pozzolanic reaction of the zeolite calcined at 300 ºC as a function of time. A 
correction of results is shown in the figure assuming calcite precipitation as a side effect 

 



Precipitation of C–S–H phases is observed after only 1 day of reaction and they are favoured with the 
increasing time of reaction, becoming abundant at 28 and 90 days (19 wt.%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Precipitation of C–S–H gels on the surface of aggregates after 7 days of reaction for the sample 
calcined at 300 ºC 

 
In addition to C–S–H phases, formation of aggregates with compositions near to the series heulandite-
clinoptilolite is observed as secondary products of the pozzolanic reaction at 300 ºC. This was already 
observed for non-calcined zeolite indicating structural changes towards more stable phases. 
 
Conclusions 
 
The natural mordenite-type zeolite from Cuba has demonstrated good properties as pozzolan, either in 
the natural non-treated form or calcined at 300 ºC for 5 h. Calcination at higher temperatures is not 
recommended. The determined pozzolanic activity qualify this material to be incorporated as addition 
into cement matrices, decreasing thereby the amount of clinker. Formation of C–S–H-like phases with 
low Ca/Si ratio was observed by the analytical techniques, however, the calcination of the sample at 
300 ºC do not increase significatively the pozzolanic activity compared to the non-calcined sample. 
Consequently, for energy saving reasons, the use of the natural mordenite-rich zeolite from Palmarito 
can be incorportated in cement matrices without the need of a thermal treatment. The behavior of other 
natural zeolites, however, is being presently investigated. 
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Abstract 

Geopolymerization is here proposed with the purpose to inertize hazardous fly ashes (ERC 19.01.13*) in a solid 

matrix bonding physically and chemically various pollutants in order to reduce their mobility. In addition it is 

proposed to valorize a ceramic waste with high silica content.  

The chemical stability of geopolymers synthesized by alkali activation of metakaolin and the addition of 20 and 

40 wt% of two different kinds of incinerator fly ash, (electrofilter and fabric filter fly ashes, containing large 

amounts of chlorides and volatile heavy metals) is presented. The room temperature consolidation of fly ashes-

containing geopolymers has been tested for leachability in water accordingly to EN 12457 test. For all the 

compositions, the leachable metals in the eluate, determined by ICP_AES, are below limit values set by Italian 

regulation for non-dangerous waste landfill disposal confirming the effectiveness of the matrix to fix the different 

heavy metals. The stability of the geopolymeric matrix was also evaluated in terms of forming cations (Si
+4

, Na
+1

 

and Al
+3

 )
 
release.   

Furthermore, porcelain stoneware polishing sludges, a not hazardous waste (08.02.02) produced in the ceramic 

tile industry, have been tested as raw materials for new formulations of geopolymer, replacing partially (50-

70wt%) or totally metakaolin. Due to the high content of silica (SiO2 = 66wt%) compositions with different 

amount of sodium silicate have been prepared. Again the stability of the geopolymeric matrix was evaluated in 

terms of release of Si, Na and Al after contact with distilled water for 24h at room temperature. Microstructure 

observations were also conducted by SEM to evaluate the formation of geopolymeric amorphous phase and to 

correlate its formation with the percentage of polishing sludges.  

 

Originality: 

The originally of this research is both the evaluation of the possibility to use as-received wastes in the 

formulation of aluminosilicate based geopolymer materials. In particular are here investigated one hazardous, 

incinerator fly ashes, and one non-hazardous, ceramic polishing sludge, waste. Differently from fly ash and 

bottom ash from coal power plants, the relative low amounts of SiO2 and Al2O3 present in incinerator ashes does 

not allow the formation of chemically stable geopolymers without the addition of metakaolin, while the chemical 

composition of the ceramic waste permits also the complete substitution of metakaolin. The scarcity of studies on 

immobilization of conventional well-cured sodium polysialate geopolymers prepared from incinerator fly ash 

and the absence of studies about the use of ceramic industry residues led to the present work. 

 

Chief contribution:  

The main contributions of the authors concern the investigation of the leaching of heavy metals and chlorides, in 

the hazardous waste containing geopolymer. It is also important the contribution in understanding the 

mechanism of interaction between metals and geopolimeric amorphous lattice, while for both the wastes 

typologies the study the geopolymeric matrix stability, and the microstructure of the prepared materials. 
 

 

Keywords: geopolymers, inertization, wastes. 



1. Introduction 

Geopolymers are aluminosilicate inorganic polymers obtained from an aluminosilicate source with 

SiO2 + Al2O3 > 80%wt, organized in a three dimensional repeating structures of (Si-O-Al-O-)n or (Si-

O-Al-Si-O-)n units, similar to those of an aluminosilicate glass (Duxson et al. 2005, Schmücker & 

MacKenzie 2005). These materials are formed during the reaction between an alkaline solution, 

playing the role of chemical activator, and an aluminosilicate amorphous matrix. Differently from sol-

gel process various aluminosilicate mineral/materials/wastes might become sources of 

geopolymerisation (Van Jaarsveld et al., 1997). The final structural network consists of amorphous to 

semi-crystalline three dimensional silicoaluminate structures with SiO4 and AlO4 tetrahedra linked 

alternatively by sharing all the oxygen atoms. The framework must also contains sufficient alkali 

cations to balance the negative charge derived from the IV-fold coordination of Al
3+

 as it is commonly 

described with glass structure theories (Xu and Van Deventer 2000).  

Over the years geopolymeric matrices have been applied for the immobilization of a wide range of 

ions (Van Jaarsveld et al. 1999; Aly et al. 2008). For this reason, this technology has received 

increasing attention for its capability to immobilize and stabilize wastes (Palomo et al.1999, 

Lancellotti et al, 2009, Guo et al, 2010, Chindaprasirt et al, 2010).  

Geopolymerization is here proposed with the purpose to both inertize hazardous incinerator fly ashes, 

in order to reduce the heavy metals mobility, and to valorize a ceramic polishing sludge with high 

silica content.  

The hazardous fly ashes come from incineration of municipal solid waste, which are processed to 

reduce its volume and provide energy. The volatile metals (Pb, Cd...) are released in the combustion 

chamber where the solid waste is burnt and are successively condensed when the gases are cooled 

down to around 200°C. In this way they are concentrated into the fly ash collected from the flue gas by 

the air pollution control devices (electrofilter and fabric filter). These residues, which are also 

characterized by a fine grain size, are potentially harmful to the environment due to the existence of 

leachable heavy metals (e.g. Cd, Cr, Mn, Pb), therefore they are classified as hazardous waste 

accordingly to Italian regulation (ERC 19.01.13*).   

The second waste derives from the ceramic tile industry. This waste represents a source of 

environmental deterioration due to the fact that it is responsible for a huge amount of material. The 

residues coming from the ceramic cycle can be classified in two different ways as a function of the 

productive phase from which they derive or their physical state. The former category is composed of 

unfired rejects manufactured through steps prior to firing (pressing, drying, glazing, etc.) and fired 

rejects derived from phases following the firing process (selection, polishing, etc.). The latter group 

includes residues classified as powders, solids and muds (at different humidity content varying 

between 40 and 80 wt%). In the present impossibility to prevent the processing wastes production, the 

current industrial practice of the internal recycling of the unfired and fired ceramic by-products into 

the manufacturing process represents the best viable solution able to combine environmental benefits 

with economic advantages. In this paper waste tile polishing sludges, obtained as solid sediment 

residues from the treatment plants of tile manufacturing industrial wastewater after the porcelain 

stoneware polishing phase, are considered. Surface polishing is performed on fired tiles using abrasive 

devices made out of silicon carbide (SiC) and magnesium-based (MgOHCl) cement. As a result these 

polishing by-products are essentially composed of a mix of fine abraded residues of the ceramic body 

(75%) jointly with a coarse abrasive residue (particles of SiC, Ca and Mg carbonates and soluble 

chlorine compounds removed from the abrasive tools) used in the polishing tile surface operation. Due 

to the presence of undesirable compounds, the sludge re-introduction into the ceramic cycle can cause 

problems. The polishing sludges, produced are about 20,000 ton/year (ARPA, 2004) within the 

Sassuolo Scandiano ceramic district (Italy), are not hazardous or toxic and are classified as inert 

residues (ERC 08.02.02). Nowadays some companies find an alternative external recycling route for a 

portion of these polishing sludges in the bricks industry, but a substantial amount remains without use 

and so disposed in controlled landfills, according to Italian regulations.  



2. Experimental Study 

Materials and Tests 

Electrofilter (EF) and fabric filter (FF) fly ashes come from a grate incinerator plant for municipal 

waste (200 tons /day) located in the north of Italy. Ceramic polishing sludge (PLS), coming from the 

porcelainized stoneware polishing, are supplied by Fornace San Lorenzo S.p.A., Spezzano, Modena 

(Italy). The main oxides content of the wastes were determined by x-ray fluorescence (ARL 

ADVANT’X Series) and the heavy metals content in the incinerator ashes were obtained by digestion 

with HNO3/HCl Suprapur (ratio 1/3) at 210°C for 15 min in microwave oven. Then the solution was 

analyzed by ICP/AES (Thermo Jarrell Ash, Iris Advantage with vaporizer Cetac Technologies 

U5000AT+) (Table 1).  

Metakaolin with SiO2/Al2O3 = 1.5 (wt%), containing 2.5 wt% K2O, 1% Fe2O3 and 0.5% TiO2, 

produced by calcination at 700°C for 4 h of kaolinite, are used as the principal source of 

aluminosilicate. Sodium hydroxide (NaOH) and sodium silicate, with 3.1 SiO2/Na2O molar ratio, are 

used as activator solutions. This alkaline solution was mixed to the dry powders in order to obtain a 

consistency of a paste to be poured into a plastic container. The setting stage was at room temperature 

for 24 hours.  

The geopolymers are designed with a Si/Al ratio below 3 in order to have three dimensional network 

structure suitable as structural material as well as for incorporating waste ions. Specifically, for waste 

inertization Si/Al molar ratio is maintained near 2 and Na/Al molar ratio near 1.0 while for the 

valorization of polishing sludge, due to the high content of silica (Table 1) compositions with different 

amount of sodium silicate have been prepared, maintaining Si/Al molar ratio < 3 and Na/Al molar 

ratio around 1.0.   

 

Table 1 - Chemical composition of main oxides (wt%) and heavy metals (*) concentration (mg/kg) in 

electrofilter (EF), fabric filter (FF) fly ashes and polishing sludge. 

Oxide/element EF FF PLS 

SiO2  18.60 17.70 65,9 

Al2O3 10.60 7.54 19,1 

Na2O 6.17 21.25 5,10 

Cl
-
(g/l) 72.3 97.5 - 

Cd* 105 190 - 

Cr* 196 71 - 

Cu* 473 474 - 

Pb* 502 1363 - 

 

The two kinds of fly ashes were added to the metakaolin geopolymer matrix in percentage of 20 and 

40 wt% (sample named: GPEF20, GPEF40 and GPFF20 e GPFF40, respectively), due to the low 

amount of SiO2 and Al2O3 in the ashes (Table 1), while the polishing sludge was added in higher 

percentages of 50, 70 and 100wt%. Table 2 reports the batches formulated for the obtainment of the 

waste-based geopolymers. For sludge-geopolymers it appears evident the progressive decrease of the 

Na-silicate content, substituted by the high amount of SiO2 in the waste. The ratio Si/Al is maintained 

near 2, for fly ashes, and between 2 and 3, for PLS. For all the sintetized geopolymers Na/Al is near 1, 

as it is required for charge balancing. 



Table 2 – Geopolymers compositions prepared with the different types of wastes. 

 MK (g) Fly ash (g) NaOH(g) Silicate(g) H2O(g) Si/Al Na/Al 

GP 51 0 7 52.7 7 2.00 1.00 

GPEF20 51 10.2 6.5 52.7 7 1.81 0.98 

GPFF20 51 10.2 4 46.5 10 1.79 1.00 

GPEF40 50 20.0 4.5 52.7 7 1.76 0.88 

GPFF40 50 20.0 7 40 10 1.79 1.00 

PLS50 25 25 7 52.7 7 2.68 1.49 

PLS70 15 35 7 26.4 14 2.32 1.09 

PLS100 0 50 14 0 14 2.94 0.94 

 

The leaching behaviour for fly ashes-geopolymers and degree of consolidation for sludge- 

geopolymers has been tested in bi-distilled water for one day, accordingly to EN 12457 regulation. For 

all the compositions, leachable cations in the eluates are determined by ICP/AES after acidification 

(pH=2 using HNO3) and chlorides are quantify by Mohr titration.  

Microstructure observations were conducted on fresh fractured specimens by ESEM (ESEM - 

Quanta200 - FEI) equipped with EDS to evaluate the role played by the wastes in the formation of 

geopolymeric amorphous phase on the hardened samples. 

3. Results and Discussion 

In Table 1 the heavy metals content and the oxides, which can take part to the geopolymerization 

process, are reported. Incinerator ashes show lower amount of Si and Al oxides and higher amount of 

sodium with respect to polishing sludge. Being geopolymers alkali-actived cements, produced from 

predominantly aluminosilicate with a structural network of silicoaluminate structures, the ashes have 

been added to metakaolin in the lower percentages with respect PLS because of the too low content of 

silica and alumina in their composition. On this basis being polishing sludge rich in silica and alumina 

it has been added up to the complete substitution of metakaolin. 

For incinerator ash geopolymers, the chemical efficiency of the process adopted has been evaluated by 

comparing the results of release tests applied to the as-received waste and to the geopolymerized 

materials in order to verify the effectiveness of the matrix to fix the different heavy metals (Table 3). 

For all the fly ash-geopolymeric compositions, leachable metals in the eluates fall within limit values 

set by regulation for non-dangerous waste landfill disposal (DM 03/08/2005, Italy), differently with 

respect to the fly ashes which show high releases. In particular, the release of cadmium is 

negligible in the ash based geopolymer, probably the formation of cadmium hydroxide, 

insoluble at high pH, is partially responsible for the immobilization of Cd within the 

geopolymer (Zhang et al. 2008). Cr shows higher release value, related to the content in the ash, 

with respect to Pb and Cu according to Luna Galliano et al. (Luna Galliano et al. 2011). Comparing 

the released amount of chlorides to the total content introduced by the ash (values in brackets), it 

becomes evident that the geopolymer containing the EF ash is more able to retain chlorides with 

respect to the one containing the FF ash.  

For sludge-based geopolymers the release of matrix elements was evaluated after 24hs in bi-distilled 

water (Table 4). From the results it is evident that all the geopolymers have low releases compared to 



ones reported in literature (Aly et al. 2008). In particular, PLS100, the 100% sludge geopolymer, has 

the lowest release values either of matrix elements (Si and Al) or of alkaline ion (Na) according to 

Si/Al and Na/Al ratios that for this samples are nearer 3 and 1 with respect to PLS50 and PLS70. 

 

Table 3 - Release values for the geopolymer matrix, GP, the prepared samples and as-received fly ashes, EF and 

FF, according to EN 12457* (mg/l). 

ELEMENT/ 

LAW* LIMIT 

(for not 

dangerous 

dump) 

Cr  

1 ppm 

Cd 

0,02 ppm 

Cu 

5 ppm 

Pb 

1 ppm 

Cl
-
  

(ppm) 

EF 2.41 3.55 0.01 0.12 - 

FM 2.31 3.22 2.63 3.94 - 

GP 0.00 0.00 0.03 0.01 - 

GPEF20 0.02  0.00  0.04  0.00  240 

(800) 

GPFF20 0.53  0.00  0.03  0.10  1750 

(2160) 

GPEF40 0.64  0.01  0.07  0.59  745 

(1600) 

GPFF40 0.01  0.00  0.01  0.87  2021 

(4320) 

 

 
Table 4 Matrix elements releases in eluates compared to literature geopolymers (GP*) 

* Aly et al. 2008 

Sample Si (ppm) Al (ppm) Na(ppm) 

PLS50 2290 <0.015 4677 

PLS70 4994 0.017 6970 

PLS100 1411 <0.015 2434 

GP*(Si/Al = 2) 1300 240 11000 

GP* (Si/Al = 3) 8900 20 27000 

 
Microstructure observations of the fresh fracture were conducted by ESEM to evaluate the role played 

by the wastes in the formation of geopolymeric amorphous phase.  

The electrofilter fly ash shows a higher capability to form an amorphous phase with respect to fabric 

filter fly ash, where acicular crystals are evident. This behaviour is probably due to the presence in the 

fabric filter ash of higher amount of Na salts which does not contribute to the formation of the 

geopolymeric matrix, but remains in crystalline compounds. The different microstructures confirm the 

different capacity of fly ash-geopolymers to retain chlorides. As regards heavy metals immobilization 

SEM analysis reveals  that in particular Cr and Pb are dispersed throughout the geopolymer binder. 

EDS analysis shows that these elements are always coupled with Al, Si and Na i.e. the geopolimeric 

matrix, so probably chemical binding into the network occurs rather than a physical immobilization. 

Pb immobilization requires reaction with starting materials in order to form  new aluminosilicate 

(Phair et al, 2004) or insoluble silicate phases (Palomo et al, 2003) responsible for the low leaching of 

this element.  

In sludge geopolymers (Figure 1), by comparing the microstructure of the reference material with 

increased amount of polishing sludge in the batch, it appears, for higher waste content, a more grainy 



structure due probably to the lower reactivity of sludge throughout the geopolymer network with 

respect to metakaolin. Increasing the sludge content up to 100 wt%, the geopolymeric phase is less 

dominant and sludge particles appear to be partially undissolved. However this microstructure does 

not influence the matrix stability, since PLS100, which have Si/Al and Na/Al ratios near 3 and 1, 

shows a very resistant structure when subjected to water leaching. 

 

 

 

(a) 

 

(b) 

 

(c) 
 

(d) 

Figure 1 SEM micrograph of (a) reference geopolymer (b) PLS50 (c) PLS70 and (d) PLS100 

4. Conclusions  

The results obtained by the introduction of incinerator fly ash into a geopolymer matrix highlight that, 

from an environmental point of view, the waste is successfully incorporated into the inorganic 

polymer. In fact geopolymers are good matrices adapt to encapsulate and stabilize the fly ash, showing 

low release of heavy metals also for high content as 40 wt%. The leaching test results show that 

different cations may behaves differently, for example Cd and Cu are completely blocked by the 

geopolymeric matrix, Pb release is higher for 40% ash containing compositions and Cr release is 

influenced by the chemical composition in particular by chlorides presence. Chlorides are partially or 

mainly retained in geopolymers notwithstanding the very high concentration in the fly ashes and the 

lack of pre-treatment of washing. Concerning sludge-based geopolymers, the obtained materials 

present high hardness and interesting aesthetical properties, so authors are encouraged to proceed in 

the research focussing on the optimization of the formulations and on the comprehension of the gel 

formation. 
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Abstract: 
The microstructure development of hydrating cement paste at early ages is not only an indication of the 
hydrous reactivity of the specific cement, but also precursor of the final solid materials. In this study, 
the percolation of phases in hydrating cement paste during early ages are investigated by using 
continuous non-destructive methods including the ultrasonic pulse propagation velocity (UPV) method 
and the non-contact electric resistivity method. The cement hydration process is modeled with the 
three-dimensional computer model CEMHYD3D originally developed at NIST. The volumetric fraction 
of solid phase, their percolation degree and volumetric fraction of pores in the paste are predicted with 
the computer model.  
 
The model outputs are compared to the experimental results to explore the possibility of investigating 
the percolation of phases during the early stages of cement hydration with the non-destructive methods. 
The results have shown that, on the one hand, the development of UPV cannot be directly used for 
evaluating the percolation degree of solids phases at early ages, and on the other hand, the electrical 
resistivity is a good indicator for the percolation of pore spaces in the paste.  
 
Originality 
This research is focused on exploring the possbility of using two important non-destructive methods for 
minitoring the early age hydration of cement, including the ultrasonic propagation velocity method and 
the non-contact electric resistivity method, to probe the percolation of solid phases and pore spaces in 
hydrating cement paste.While these two methods are increasingly used in research, their 
microstructural foundations are not solidly established yet. By using the computer model CEMHYD3D, 
it is possible to predict quantitatively the key parameters such as the fraction of solids, that of the 
percolated solids, the percolation degree of solids and the pore fraction in the paste. By taking the 
advantage of the computer modelling, the objectives of this research are approached.  
 
Chief contributions 
The chief contributions of this study include: (1)The UPV development is not adequate for probing the 
percolation of solid phases during early age hydration of cement paste;(2) The electric resistivity test is 
a good method for probing the pore spaces in the hydrating cement paste. 
 
Keywords: Percolation, Cement paste, Ultrasonic propagation velocity, Electric resistivity, 
CEMHYD3D 
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1. Introduction 
 
The hydration process of cement-based materials is essentially the chemical reaction between the 
anhydrous cement particles with the mixing water, which forms solid hydration products. These 
hydration products bridges the gaps between cement particles and interlock with each other to form 
the solid skeleton, causing the setting and hardening of the cement-based materials. Microstructure 
development of hydrating cement paste at early ages is not only an indication of the hydrous reactivity 
of the specific cement, but also precursor of the final solid materials. In other words, it may determine 
the mechanical and long-term durability of the materials (cement paste, mortar or concrete).  
 
The propagation of ultrasonic pulse in hydrating Portland cement pastes has long been established to 
monitor the early age hydration (Keating et al. 1989; Sayers and Grenfell 1993; Lee et al. 2004; Ye et 
al. 2004; Sun et al. 2006; Robeyst et al. 2008) due to the advantage of the simple operation and 
continuity of the monitoring process. Efforts had been made to relate the initial setting time 
determined with the conventional methods to the ultrasonic propagation characteristics (Trtnik et al. 
2008). The electric resisitivity method has also been intensively used to investigate the early age 
hydration of cement paste (Xiao and Li 2008). Although the ultrasonic propagation and the electric 
resistivity methods have been extensively used, little effects are made to quantitatively establish the 
foundation of these methods, i.e. the correlation between the velocity (in some cases the phase change 
of the pulse), the electric resistivity and the microstructural parameters of the hydrating paste.  
 
Percolation of solid phases has been proposed as the key factor on the setting and hardening of 
hydration cement paste (Winslow et al. 1994; Garboczi and Bentz 1996; Garboczi and Bentz 2001) 
while the percolation of pore spaces controls the migration of foreign ions and vapor into the hardened 
concrete (Masi et al. 1997; Hu and Stroeven 2005). Hence, the percolation of phases is amongst the 
others an important parameter for evaluating the performance of cement-based materials and provides 
possible solutions to enhance their durability. 
 
In this study, the percolation of solid and pore phases of hydrating cement paste is investigated with 
the UPV method and the electrical resistivity tests. The hydration process is modeled with the 
three-dimensional computer model CEMHYD3D originally developed at NIST (Bentz 1997). The 
advantage of this computer model compared to the HYMOSTRUC is that it is a digitized model with 
voxel as the representative unit, so that the percolation of solid phase or the pore space can easily be 
evaluated by using the burning algorithm established by Bentz and Garboczi (1991). The fraction of 
solid phases, percolation degree, and pore space fraction in the cement paste are correlated to the UPV 
and electric resistivity. 
 
2. Experimental 
 
A Portland cement P·I 52.5 produced by the Huaxin Cement Co. Ltd. is used in the experiments. Tap 
water is used for mixing the cement paste. Cement pastes are mixed with water to cement (w/c) ratios 
of 0.35, 0.38, 0.40 and 0.45, and are named cement paste A, B, C and D, respectively.  
 
A ultrasonic P-wave propagation velocity test apparatus produced by PROCEQ (model TICO) is used 
for monitoring the early age hydration of the cement paste. The cement paste is mixed and casted into 
a specially made container made of PMMA, which was modified from the setup used by Reinhardt 
and Grosse (2004). The size of the container is 200×150×100 mm3. A U-shape bottom made of 
ethylene/vinyl acetate (EVA) is placed into the container for minimizing the boundary effects on the 
ultrasonic pulse propagation in the mould . The cement pastes are mixed at 25±3 oC and casted into the 
mould immediately after the mixing. The UPV in the hydrating cement paste is recorded with the 
TICO instruments after the casting till 24 hours at an interval of 10 minutes. 
 
The resistivities of the hydrating cement paste during the first 24 hours were measured with a 
non-contact resistivity test setup developed by Xiao and Li (2008) (Model CCR-II). This novel 
technique can eliminate the limits of the conventional electrical measurement due to the problems of 



the contact between electrodes and fresh cement, caused by electrochemical reactions and shrinkage 
gap. It has been proven to be a successful method to characterize the hydration process of cement 
based materials.  
 
The cement pastes A and C are mixed and casted into the annulus mould for the electrical resistivity 
test. The electrical resistivity is firstly recorded at 15 minutes after the cement is mixed with water and 
the data measurements continue at an interval of one minute up to 24 hours.  
 
The developments of UPV in hydrating cement paste A, B, C and D are shown in Figure 1. Three 
different trends of the UPV development can be discerned. After mixing cement with water up to 
about 140 minutes, the UPV increases mildly with time. After 140 minutes, the UPV increases sharply, 
followed by a mild increase after about 650 minutes. Accordingly, the hydration process of cement 
paste can be divided into three different stages. Stage I is the slow increase of UPV, corresponding to 
the induction period of cement hydration. The acceleration period starts from about 140 minutes and 
ends at about 650 minutes. The deceleration and stabilization periods follows the acceleration period.  

 
The measured electric resistivity changes of cement paste A and C are shown in Figure 2. The electric 
resistivity clearly increases with curing time. The resistivity is reduced sharply up to 45 minutes. Then, 
the resistivity increases rapidly, up to about 60 minutes. The overall change of resistivity is mild 
during the first 200 minutes and the increment rate is enhanced remarkably after that.  

 
The rapid decline of the resistivity attributes to the quick dissolution of ions into the pore solution 
from the salts such as gypsum, and alkali sulfates, which enhances the conductivity of the pore 
solution and lowers the resistivity of the paste. As the hydration proceeds, hydration products 
including gypsum, portlandite and C-S-H are continuously formed, which reduces the concentrations 
of Ca2+ and sulfate remarkably. The sharp reduction of ion concentration in the pore solution reduces 
the conductivity and enhances the resistivity. After the dormant period, the amount of the hydration 
products C-S-H increases rapidly with time, absorbing the alkali ions (Na+ and K+) and sulfate, which 
reduces the ion concentrations further. Meanwhile, a solid skeleton of hydration products starts to form, 
which de-percolates the pore structure of the paste and increases the resistivity. The continuous 
increase of the resistivity indicates further de-percolation of pore space. 

Figure 2: Change of electric resistivity of cement paste A and C with time. 
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Figure 1: Evolution of UPV in hydrating cement paste A, B, C and D with time. 
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3. Numerical simulation of the cement hydration process with CEMHYD3D 
 
The three-dimensional computer model CEMHYD3D is a digitized model developed at National 
Institute of Standards and Testing (NIST) for simulating the cement hydration process. It uses voxels 
to represent different phases (including the empty or liquid-filled pores), which stack together and are 
able to evolve during the hydration process. Each voxel is assigned as one phase in the starting paste 
and those voxels capable of reacting with water are offered the possibility to dissolve and to diffuse in 
the microstructure. During the dissolution or the diffusion steps hydration products are formed and 
parameters such as the hydration heat, water transformation and chemical shrinkage are calculated.  
 
One of the advantages of this computer model is that it is a voxel based model, so that the percolation 
of solid phases or pore space could be easily assessed. Bentz developed a “burning algorithm” for 
number of percolated phases in the hydrated microstructure (Bentz and Garboczi 1991). It is 
incorporated in the model and model outputs include the fraction of percolated phases and pores. This 
model is used hence in this study. 
 
The hydration process of the Portland cement is simulated with CEMHYD3D. The software we used 
is the version that was further modified by Chen (Chen 2007). In this version of CEMHYD3D, the 
diffusion of water through the coating product layer to the surface of hydrating cement particle can be 
simulated, which gives the model a more solid theoretical background. The hydration of cement Paste 
C (w/c = 0.40) is simulated and the curing condition is set at 25 oC, RH = 70% in a isothermal 
condition. 
 
The computer model CEMHYD3D is operated on a cycle basis and the model outputs must be related 
to the real time with a time-cycle conversion factor. This time-conversion factor is typically obtained 
by calibrating one of the model output with experimental data. The simulation cycle is related to the 
real time (curing age) with the following method: 

2)(cyclesBt ⋅=                                   (1) 
In which t is the real time, B is the time-cycle conversion factor and cycles are the number of 
simulation cycles. The time-cycle conversion factor is one of the key parameters for analyzing the 
model outputs. In this study, the parameter B is obtained by fitting one of the model outputs, the 
hydration degree of cement, to the dielectric constant of the paste. More information about of the 
method used for measuring the dielectric constant and the typical results was presented in reference 
(Chen et al. 2010). The fitted value of the time conversion factor is 0.0039 hr/cycles2. 
 
3.1. Results of the numerical simulation 
 
The volumetric fractions of all solids and percolated solids in cement paste C are plotted in Figure 3. 
The cement particles started as suspended in the pore solution, thus very limited amount of these 
particles are percolated. During the dormant period, hydration products are continuously formed, 
though at a very low rate. The percolation degree (fraction of percolated solids to all solids in the paste) 
during the dormant period is very limited as well (Figure 3(b)). After 250 minutes, the total amounts of 
solids increases slightly, but the percolation degree starts to increases remarkably. This is caused by 
the reformation of the microstructure and distribution of hydration products bridging the anhydrous 
cement particles. Hydration product C-S-H, ettringite and CH are formed, which nucleates in the pore 
space or grows from the surfaces of the cement particles. While the number of total solids are not 
changing significantly due to the spontaneous dissolution of cement minerals and the formation of 
hydration products, the redistribution of solids changes the percolation in the paste drastically. After 
400 minutes, 80 percent of the solids in the paste are percolated and after 650 minutes 85 percent. The 
percolation degree is not very much enhanced after 650 minutes according to the simulation results, 
reaching 90 percent after 28 days. 
 
3.2. Corrlation between the UPV and volumetric fraction of solids 
 
The correlation between the UPV and the volumetric fraction of total solids and the percolated solids 



in cement paste C predicted with the CEMHYD3D is plotted in Figure 4. It can be seen that the 
development of UPV during the first 250 minutes are not related directly to either the volumetric 
fraction of total solids or that of the percolated solids. While changes of the latter two are very limited, 
the UPV is increasing continuously. The possible explanation for this difference could be that 
agglomeration of cement particles during the early ages may take place due to electrostatic effects, 
which are not considered in the computer model. The agglomeration of these particles actually 
increases the percolation degree of solids in the paste. While it was reported that the UPV during the 
very early ages (the first 2 hours) are mainly controlled by the status of entrapped air bubbles in the 
paste, we are not able to measure directly their distribution in the paste during the early ages and could 
not focus more in this study. 

 
After 250 minutes, the volumetric fraction of total solids increases steadily, accompanied by the steady 
increase of UPV as well. The increment of volumetric fraction of percolated solids is more drastic than 
that of the total solids after 250 minutes. The volumetric fractions of both the total solids and the 
percolated solids stabilizes after about 650 minutes, while the UPV keeps increasing.  
 
The trends of UPV development and the microstructure development we observed are close to those 
by Ye (2003). It appears that the UPV development is not solely related to the percolation of solids 
particles in the microstructure, but the physical properties of the hydration products such as the elastic 
modulus play important role as well. Ye (2003) found good correlation between the UPV and the 
“bridging volume”, a characteristic parameter of the computer model HYMOSTRUC. There is not a 
comparable parameter in the hydration model CEMHYD3D, hence it is different to model the UPV 
development based on the model outputs of CEMHYD3D at this stage. 

 
The developments of UPV and electric resistivity of cement paste A and C are plotted in Figure 5 
jointly. As can be seen, it appears that there is no direct connection between the UPV and the electric 
resistivity. During the first 600 minutes, the electric resistivity is not changing very much, while the 
UPV is increasing rapidly. After that, the increment rate of UPV slows down, while that of the electric 
resistivity increases rapidly. Since the conductivity of pore solution is times larger than the solids, the 
electric resistivity of cement paste is mainly controlled by the pore spaces and ion concentrations in 
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Figure 4: Development of UPV and volumetric fraction of solids in cement  
paste C with time (w/c = 0.40). 
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the pore solution.  
 
3.3 correlation between the electric resistivity and the volumetric fraction of pores 
 
The correlation between the electric resistivity and the volumetric fraction of pores simulated with 
CEMHYD3D in the cement paste C is plotted in Figure 6. It can be clearly seen that a threshold value 
of pore volume exist, beyond which the pattern that the pore structure affects the conductivity of the 
cement paste is radically changed. If the pore fraction in the paste is higher than 0.59, most of the 
pores are percolated, and hence the electric resistivity is low and is mildly affected by the pore fraction. 
The ion concentration plays an important role at this stage. If the pore fraction is lower than 0.59, 
depercolation of pore spaces takes place, and the percolation degree of the pores are obviously the 
controlling factor on the conductivity or the electric resistivity. A very limited change of pore fraction 
results in a drastic change of the electric resistivity. Meanwhile, in both stages, the volumetric fraction 
of pores and the electric resistivity are linearly related. 

 
Based on the observations, it can be concluded that while the UPV is not adequately a characteristic 
parameter for evaluating the percolation of solids in hydrating cement paste, the electric resistivity is a 
good indicator of the percolation degree of pore spaces during the hydration process.  

 
4. Conclusions 
 
In this study, the feasibility of probing percolation of phases, i.e. the solids and pores, in hydrating 
cement paste during early ages is investigated with continuous non-destructive methods including the 
ultrasonic pulse propagation method and the non-contact electric conductivity method, as well as 
numerical simulation results of the computer model CEMHYD3D. Based on the experimental and 
numerically simulated results, it can be concluded that during the early ages, the development UPV 
cannot directly be used for evaluating the percolation of solids. The development of UPV is not only 
affected by the percolation degree of solids, but the physical properties of the solids and the 

（a） w/c = 0.35 （b） w/c = 0.40 
Figure 5: Development of UPV and electric resistivity of cement paste A  

(w/c = 0.35) and C (w/c = 0.40) 
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distribution of air phase play important roles as well.  
 
On the other hand, the development of the electric resistivity is closely affected by the volumetric 
fraction of pore spaces in the paste. During the early ages, the electric resistivity is mainly controlled 
by the ion concentrations in the pore solution, while later the pore fraction is the determinative 
parameter on the electric resistivity of the paste. 
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cement, lime, glass cullet) were prepared. These cements were used to do pastes. From those pastes, samples  
with dimensions of 25×25×100 mm were prepared. Study results include the impact of the type of glass and  
amount of ingredients on the properties of hardened samples after long time storage – 28, 90, 180 days. The  
samples  were  matured  in  the  room  temperature  and  in  80°C.  Part  of  the  samples  were  autoclaved  in  
temperature 195°C for 12 hours. Phase composition of prepared samples was also investigated. For all samples 
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1. Introduction

Glass is a widely used material in our lives. Most can be found in products such as bottles, window 
panes and other glass products.  This highly transparent material is received in melting process of 
silica,  soda ash,  and CaCO3 and then solidification without  crystallization.  Progressive growth of 
urbanization and industrialization resulting in continuous growth in production and consumption of 
products  in  which  the  elements  of  glass  are  among  the  major  components.  One  example  is  the 
production of  light  bulbs  or cathode ray tube glass.  Unfortunately,  increased production of  glass 
products also raises the amount of waste glass. Disposal of waste glass is a complex problem for  
many countries around the world.  Many governmental and nongovernmental organizations dealing 
with  this  problem.  Unfortunately,  in  spite  of  efforts,  the  recycling of  glass  in  many countries  is 
insufficient.  For example, in 2005 in U.S. 12.15 million tonnes of glass was thrown, and only 2.18 
million tonnes were recycled (EPA 2005). In Poland, the statistical inhabitant produces 18 kg of waste 
glass per year. Quantities of waste glass in Poland has increased over the past few years due to ever-
growing production of glass products. Amount of cullet produced is about 900 000 tonnes per year. 
On  the  other  hand,  recycling  of  glass  containers  was  about  300  000  tons  in  2004 (EKO  2007). 
Unfortunately, currently common practice is still landfilling the majority of the glass recycling. This is 
the reason that in Poland, in many places the landfill will fill up completely within the next ten years  
Non  biodegradable  nature  of  glass  makes  the  need  for  disposal  of  waste  glass  in  a  more  
environmentally friendly manner.
In Poland as in other countries around the world, most harvested glass, particularly bottles,  is re-
melted and used again for making new glass. Efficiency of this process depends on the methods of 
waste collection and sorting of glass. Not all collected glass is suitable for the production of new. Part 
of  it  is  contaminated with paper and other substances such as chemicals,  cosmetics,  etc. Another 
example is recycling of mercury-containing fluorescent lamps which produces a large quantity of hard 
to recyclable waste glass. In the future, it is expected that more waste glass will be accumulated from 
the fluorescent lamp recycling business.
The other problem is the mixed colored glass which  is in many cases not suitable for reuse in the 
production of glass bottles. 
The  above-mentioned  reasons  caused  the  research  undertaken  on  the  use  of  waste  glass.  One 
possibility is to use them in building materials industry.
In the sixties, many studies have been conducted to try using crushed waste glass as aggregate in 
concrete (Pike RG et al. 1960, Schmidt A. et al. 1963, Jonhnston C.D. et al. 1974). Another application was 
to use waste glass as aggregate in road construction, asphalt paving, glass tiles and bricks, wall panels, 
fibre  glass  insulation,  glass  fibre,  abrasive,  art  glass,  agricultural  fertiliser,  landscaping  reflective 
beads, tableware  (Reindl J. 1998).  Some of the above mentioned sources of cullet, especially those 
containing heavy metals may be used only in the materials  made using cement,  where are safely 
immobilized (Guangren Qian et al. 2003, Minocha A.K. et al. 2003, Kuen-Sheng Wang et al. 2001, Cheryl E.  
Halim et al. 2004, Deja 2004). Due to high disposal costs of waste glasses, the use of glass as concrete 
aggregate again attracted  the attention of researchers (Jonhnston C.D. et al. 1974, Meyer C et al. 1998, 
Pollery C et al. 1998, Bazant ZP et al. 2000, Byars EA et al. 2004, Topcu I.B. et al. 2004, Chen C.H. et al 2006,  
Meyer C et al. 1997). Extensive laboratory studies on the use of crushed glasses as aggregates revealed 
that it could be possible to produced concrete mixture composed of 100% crushed glass as aggregates 
(Meyer C et al. 1998, Meyer C et al. 1997). In the case of glass derived from electronic products optimum 
content was found to be 40 - 50% by mass (Chen C.H. et al 2006). Increasing amount of waste glass as 
coarse aggregates have been reported to decrease the mechanical properties of concrete (C. Shi et al. 
2005, A. Shayan et al. 2006 ). 
A number  of  previous  studies  have  examined  the  use  of  waste  glass  in  concrete.  However,  the 
applications were limited due to the damaging expansion in the concrete caused by alkali  -  silica 
reaction  (ASR).  This  reaction  can  be very detrimental  to  the  stability  of  concrete.  The chemical  
reaction between the alkali in Portland cement and the reactive silica in aggregates forms silica gel  
causing expansion of the concrete. Some papers reported that larger particle sizes of glass (bigger than 



1.2 - 1.5 mm) are found to facilitate alkali - silica reaction (Bazant Z.P. et al. 2000). On the other hand 
another study has shown that if the glass was ground to a particle size of 300 μm or smaller, the alkali  
silica reaction could be reduced (Meyer C. et al. 1996). In some papers (Shao Y. et al. 2000, Shi C. et al. 
2005, Shayan A. et al. 2006) it has been shown that fine particles of glass have pozzolanic properties,  
sometimes higher than for other pozzolans. Successful use of other industry by products such as fly  
ash or silica fume in concrete sets a good example for waste glass to be used in a different way (Shao 
Yixin et al. 2000). 
The presented paper includes the results of investigation on pastes.  These pastes were made from 
cements which main ingredients are ground cullet, Portland cement and lime. The possibility of using 
cullet from Poland as the main component of cement has been studied.

2. Methods
Possibility of using the glass cullet as a main component of cement was  investigated. For testing, 
cements with different ratio of ingredients (Portland cement, lime, glass cullet) were prepared.  These 
made cements were used to do pastes. From those pastes, samples with dimensions of 25×25×100 mm 
were prepared. Study results include the impact of the type of glass and amount of ingredients on the 
properties of hardened samples after long time storage – 28, 90, 180 days. The samples were matured 
in the room temperature and in 80 °C. Part of the samples were autoclaved in temperature 195°C for  
12 hours. Phase composition of prepared samples was also investigated. For all samples mechanical 
properties such as compressive strength was investigated. Phase composition and morphology of the 
hardened samples were investigated using XRD and SEM with EDS.

3. Materials

The  glass  (G  )  used  in  this  study  was  soda  -  lime  silica  glass.  Table  1  shows  the  chemical 
compositions of the glass used in studies. This glass was obtained by crushing, grinding and sieving  
the  raw  material.  Process  was  repeated  until  a  Blaine  specific  surface  of  3600  cm 2/g  has  been 
obtained. One of the components used in the preparation of binder was Portland cement CEM I 52.5 R 
according to the PN-EN 197-1 standard. It had a specific gravity of 3.14 g/cm3 and a Blaine specific 
surface 4400 cm2/g. In presented study calcined lime was also used (Cl 90-S). In all studies, distilled 
water was used. From those materials, cements with the composition shown in Table 2 were prepared.

Table 1. Chemical composition of Glass cullet and cement

Compound Chemical composition of glass cullet Chemical composition of cement

SiO2 71.9 21.86

Al2O3 1.6 5.08

CaO 0.7 63.44

MgO 10.3 2.52

Na2O eq 14.8 0.9

BaO 0.6 n.d.



Table 2. Denotation and composition of the investigates samples.

Sample denotation
Amount of glass cullet

[% by mass]
Amount of cement

[% by mass]
Amount of lime

[% by mass]

GC10N 90 10 0

GC25N 75 25 0

GC50N 50 50 0

GCL10N 80 10 10

GCL25N 65 25 10

GCL50N 40 50 10

G - glass cullet, C - cement, L - lime, N - cured in natural condition, H - steam cured, A - autoclaved.
The same mixes were steam cured (H) and another set of samples was autoclaved (A)

4. Results and discussion

Hardened  pastes  were  examined  in  terms  of  compressive  strength  after  adequate  time  of  curing  
according to Table 2. A few pieces of the hardened pastes which were free from cracks and damages 
which remained after compressive strength testing were used in analysis of phase compositions.  On 
the  prepared  samples  DTA,  SEM/EDS  analysis  were  carried  out.  After  an  appropriate  time  the 
compressive strength was measured. It is presented in Figure 1. 
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Figure 1. Compressive strength in MPa of the selected samples after 28, 90 and 180 days of hydration. 
H - samples steam cured, A - samples cured in autoclaved conditions.

It is clearly seen from Figure 1. that, all investigated samples shown high compressive strength. In all 
samples tested any signs of ASR reaction were not detected. This is consistent with the literature 
review presented at the beginning of this article. Even the samples that were steam cured for 28 days 
in the temperature of 85°C did not show any cracks. As can be seen from Figure 1, addition of 10% 
by mass of cullet causes greater compressive strength than the addition of 10% lime.  Similar results 
were obtained for the higher content of cullet. Especially  worth noticing is the fact that there are 
significant  differences in behaviour of pastes with 10% addition of glass cullet  depending on the 
curing conditions. When added 25% by weight high increase in compressive strength was achieved. 
When part of the cullet were replaced with lime, there was no such an increase. It looks evident from 
the  compressive  strength  results,  that  grounded  glass  cullet  had  chemical  activity  leading  to 



significant increases of strength with time.
In the Figure 2. XRD patterns of the pastes are presented.

Figure 2. XRD patterns of selected hardened glass cullet pastes from series GC25 and G - unhydrated 
ground glass. The main crystalline phases are: P - portlandite, A - alite, and C - C-S-H phase.

In hardened pastes Portlandite crystals, C-S-H phase, and unreacted Alite grains (rest from reacted 
cement)  have  been  identified.  This  is  shown  in  Figure  2.  During  the  reaction  the  reaction  rate 
increases, it can be seen from the XRD pattern. This is manifested by reduced background from the 
original glass. 

Figure 3. DTA curves of the selected samples.

Figure 3 presents the DTA curves of selected samples. As in the case of XRD analysis, DTA analysis 



was carried out for samples of series GC25. DTA analysis revealed a significant amount of Portlandite  
in samples. Perceived amount of Portlandite is greater than the amount expected from the hydration of 
cement used. The process which led to the creation of such a large amount of Portlandite at this stage 
of research is not yet known.

Figure 4. SEM observation of the surface in sample GC25N after 28 days of curing. 

The morphology of hydration products from selected samples was also investigated. The results of 
these studies are presented in Figure 4. There was no signs of ASR observed. Hydrates which are 
formed from glass grains had mainly amorphous microstructure. 
This analysis confirms the hypothesis staked early on that ground glass cullet could be used as a cheap 
substitute of clinker in cement production process.

5. Conclusions

This study aimed to estimate the possibility of using cullet as a Portland cement replacement. Based 
on the results of these studies the following conclusions may be drawn.

• The results of compressive strength indicate that the ground cullet has a chemical activity that 
leads to a significant increase in strength with time.

• It can be seen that the compressive strength after 28, 90 and 180 days of hardening in the case 
of  samples  containing  10,  25,  and  50%  cullet  replaces  cement  is  sufficient  for  most  
applications

• Ground cullet as a cement replacement has great potential especially in terms of autoclaved 
materials.
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Abstract 

The C-S-H, C-A-S-H and N-A-S-H gels are the base hydration products of the alkali-activated glassy state 

materials. The geopolymers properties are determinated by the parameters of such hydrates. In the article there 

was taken into consideration studies about the formation process and the properties of C-S-H, C-A-S-H and the 

N-A-S-H gels. This work is a trial of gels synthesis in solutions and comparison with the obtained hydration 

products with the phases that were formed in naturally matured alkali activated fly ash mortars and concretes. 

For synthesis, the alumina nitrate, calcium nitrate and sodium silicate were used. There were conducted the 

long-term synthesis in room temperature which brings the solid hydration products. The obtained gel phases 

were examined by XRD, DTA, IR and SEM-EDS methods. The presented results illustrate the properties of the 

synthesized phases and the comparison among them. 

 

Originality of the research 

Presented materials contain the results of examinations, that are the part of wide scientific field of our team 

work with alkali activated materials. Presented paper includes the results of study on the morphology of hydra-

tion products formed during alkali activation in C-S-H, C-A-S-H and N-A-S-H systems. Presented results were 

obtained during our laboratory examinations and have never been presented or published before. 

 

Chief contributions 

This work is a small part of wide range of examination conducted during international project, which concerns 

the fly ash and blast furnace slag based alkali activated materials. There were many different aspects of exami-

nations. One of them was understanding the process of forming different kind of hydrates during the reaction 

with alkalis in various systems. In order to realize the scope of this part there was the necessity to examine the 

pure systems with different molar ratios of particular components. The authors made the samples of hydrates 

based on the  fly ash and blast furnace slag and as the following they tried to synthesize similar gels in water 

solutions by co-precipitation process. The obtained results of examinations are presented in this work. 
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1. Introduction 

 

The alkali activated systems contained cement, fly ashes and BFC are very difficult do describe in 

respect of very complex chemical composition. The best way to describe chosen properties of hydra-

tion products (gels) which forms during hydration of alkali activated materials are examinations, of 

pure systems. It’s clear that the properties of synthesized materials are different from the natural ones, 

but such examinations can help to specify the composition of systems, when there is necessity of pro-

duce the specify type material – the C-S-H, C-A-S-H or N-A-S-H rich hardened material. To realize 

the aim it was necessary to produce pure models of hydration products. Such hydrates was examined 

by DTA, XRD, IR and SEM-EDS. In order to synthesis the materials for examinations, the pure 

Ca(NO3)2·4H2O, Na2Si3O7, Al(NO3)3·9H2O and distillate water were used. There were chosen three 

different type of gels with different compositions for synthesis. The molar ratios of particular gels are 

given in Table 1. All examinations are part of the wider work, which concern production of the fly ash 

and BFC based alkali activated cements.  

 

 

2. Methods 

 

Realization of the defined target requires to obtain C-S-H, C-A-S-H and N-A-S-H gels, with possible 

wide range of C:S, C:S:A and A:S molar ratio. In this synthesis precipitated method was used. Receiv-

ing of C-S-H gels was possible in case of use high water soluble substrates. Because of good physical 

and chemical properties, in C-S-H gels synthesis, Ca(NO3)2·4H2O and Na2Si3O7 were used. In the 

case of C-A-S-H gels synthesis additional substrate: Al(NO3)3·9H2O was used. As activators 2M 

NaOH solution, water glass SiO2:Na2O=1.0; density=1.3 g/cm
3
 and water glass SiO2:Na2O=1.5; den-

sity=1.3 g/cm
3
 were used. Based on information found in literature review (Deja 2004, Palomo et al., 

2000, Fernandez-Jimenez A. 2005) wide range of C:S and C:S:A molar ratio in case of hydrated calcium 

silicate and range of A:S molar ratio in case of hydrated sodium aluminate was precised. In selection 

process of C:S and C:S:A molar ratio with typical value presented in research paper for C-S-H type 1 

were taken into account. Finally C-S-H, C-A-S-H and N-A-S-H gels synthesis with C:S, C:S:A and 

A:S molar ratio given in Table 1. were conducted. All synthesis were conducted in room temperature. 
 

Table 1. Molar C:S ratio of mixture used for C-S-H synthesis, molar C:S:A ratio of mixture used for C-A-S-H 

synthesis and molar A:S ratio of mixture used for N-A-S-H synthesis. 

 

CaO:SiO2 CaO:SiO2:Al2O3 Al2O3:SiO2 

0.7:1 0.7:1:1 1:1 

1.0:1 0.7:1:1.5 1.5:1 

1.1:1 0.7:1:2 2:1 

1.5:1 1.1:1:1  

 1.1:1:1,5  

 1.1:1:2  

 1.5:1:1  

 1.5:1:1.5  

 1.5:1:2  

 

Investigation program is presented below. 

C-S-H synthesis - case 1. Substrates (Ca(NO3)3·4H2O + Na2Si3O7), with molar ratio CaO: SiO2 = 

0.7:1; 1.1:1; 1.5:1 → addition of activator: 2M solution of NaOH, suspension solid particle:solution 

2M NaOH = 1:5→ precipitated in room temperature for 7 days → washing with water, five times → 



vacuum filtration → drying until constant mass is reached, 7 days → sample preparation to further 

analysis → XRD, DTA, FTIR, SEM/EDS 

C-S-H synthesis - case 2. Substrates (Ca(NO3)3·4H2O + Na2Si3O7), with molar ratio CaO: SiO2 = 

1:1;1→ addition of activator - two type of water glass: SiO2:Na2O=1.0; density=1.3 g/cm
3
 and 

SiO2:Na2O=1.5; density=1.3 g/cm
3
 → precipitated in room temperature for 7 days → washing with 

water, five times → vacuum filtration → drying until constant mass is reached, 7 days → sample 

preparation to further analysis → XRD, DTA, FTIR, SEM/EDS 

C-A-S-H synthesis. Substrates (Ca(NO3)3·4H2O + Na2Si3O7 + Al(NO3)3·9H2O), with molar ratio CaO: 

SiO2:Al2O3 = 0.7:1:1; 0.7:1:1.5; 0.7:1:2; 1.1:1:1; 1.1;1:1.5; 1.1:1:2; 1.5:1:1; 1.5:1:1.5; 1.5:1:2 → addi-

tion of activator: 2M solution of NaOH, suspension solid particle:solution 2M NaOH = 1:5→ precipi-

tated in room temperature for 7 days → washing with water, five times → vacuum filtration → drying 

until constant mass is reached, 7 days → sample preparation to further analysis → XRD, DTA, FTIR, 

SEM/EDS N-A-S-H synthesis. Substrates (Al(NO3)3·9·H2O + Na2Si3O7), with molar ratio Al2O3: SiO2 

= 1:1; 1.5:1; 2:1)→ addition of activator: 2M solution of NaOH, suspension solid particle:solution 2M 

NaOH = 1:5→ precipitated in room temperature for 7 days → washing with water, five times → vac-

uum filtration → drying until constant mass is reached, 7 days → sample preparation to further analy-

sis → XRD, DTA, FTIR, SEM/EDS 

 

 

3. Materials 

 

Pure substrates in the amount necessary for synthesis of C-S-H, C-A-S-H and N-A-S-H gels were 

weighted. Two molar NaOH solution was prepared. This solution was then added to previously 

weighted amount of reagents. Such mixture was intensively mixed. Synthesis were prepared in room 

temperature. Time of seven days was enough to obtain C-S-H, C-A-S-H and N-A-S-H gels with prop-

er C:S, C:S:A and A:S molar ratio. After this period sediment was washed five times with water. Vac-

uum filtration was a successive stage of experiment. After that, synthesis products were  dried until 

constant mass is reached. In order to precise progress control of the samples drying process  and in 

order to prevent samples carbonation vacuum drier was used. This steps lasted seven days in the aver-

age temperature of 50 °C. Materials obtained in such way were then prepared according to analysis 

method which was used.  

 

 

4. Results and Discussion 

 

In presented paper following research methods were used: 

X - ray diffraction (XRD), differential thermal analysis (DTA), Fourier - transform infrared spectros-

copy (FTIR), scanning electron microscopy (SEM). In order to verification if hydrated calcium sili-

cates and hydrated calcium aluminosilicates were created XRD method was used. Another reason 

was, that it was a check if another crystalline phases were created during synthesis process.  

XRD patterns of sample C-S-H gel with molar ratios C:S = 0.7:1; 1.1:1; 1.5:1, activated with 2 M 

NaOH solution showed presence of phases denoted as: C-S-H, A, K, XRD patterns showed consider-

able differences among each other depending on C:S molar ratio. As the C:S molar ratio become 

higher, the intensity of peaks decreased. In the case C:S molar ratio equal to 0.7:1 the higher width of 

the peaks and slightly rise of the background have been observed. In the gels samples peaks from Cal-

cite and Aragonite were observed. 

XRD patterns of sample C-S-H gel with molar ratios C:S = 1:1 activated with water glass: 

SiO2:Na2O=1.0; density=1.3 g/cm
3
 and SiO2:Na2O=1.5; density=1.3 g/cm

3
 showed presence of phases 

such as: C-S-H, Quartz and Calcite. XRD patterns of C-S-H gel with the C/S molar ratio 1:1 in the 

case of use water glass as an activator showed significant differences from sample previously men-

tioned. Both in the sample activated with water glass: SiO2:Na2O=1.0; density=1.3 g/cm
3
 and water 

glass SiO2:Na2O=1.5; density=1.3 g/cm
3
 C-S-H phase was identified . 



 
Fig. 1. XRD patterns of investigated samples. 

 

In the case of C-A-S-H gels with C:S:A molar ratio equal to 0.7:1:1; 0.7:1:1.5 and 0.7:1:2 with 2M 

NaOH solution as an activator low intensity peaks were observed in all XRD patterns. As the amount 

of A in C:S:A molar ratio increased, higher amount of peaks which could be connected with low crys-

talline C-A-S-H phase were observed. XRD - patterns of this samples showed phases such as: C-A-S-

H, Calcite, Vaterite. When C:S:A molar ratio is 0.7:1:1 or 0.7:1:1.5 peaks from Heulandite, a crystal-

line form of C-A-S-H phase were observed. In all samples presence of Calcite was found. 

Samples C-A-S-H gels with molar ratios C:S:A equal to 1.1:1:1; 1.1:1:1,5 and 1.1:1:2, when 2M 

NaOH solution was used, showed differences from samples previously mentioned mainly in the 

amount of peaks connected with presence of low crystalline C-A-S-H phases, such as Statyngite, and 

Laumontite . Laumontite is a zeolite type mineral, which is one of the crystal form of C-A-S-H phase. 

All peaks showed moderate height and moderate peaks width. As amount of A in C:S:A molar ratio 

increased amount of peaks which could be connected with C-A-S-H phases increased too. They were 

observed as low crystalline Statyngite and Laumentite. When C:S:A molar ratio was 1.1:1:1, peaks 

form Statyngite and Vateryte were seen. On the other hand when C:S:A was 1.1:1:1.5 peaks from 

Stratyngite and Calcite were denoted. XRD pattern of sample with C:S:A  equal 1.1:1:2 showed low 

crystalline phase C-A-S-H in the form of Statyngite and Laumontyte. 

As the A content in the C:S:A molar ratio increased, for samples in which C:S:A molar ratio equals to 

1.5:1:1, 1.5:1:1.5 and 1.5:1:2 activated with NaOH solution, low crystalline C-A-S-H phase was ob-

served. In the case of 1.5:1:1.5 molar ratio it was mainly Gismondine and Hibsite. When molar ratio 

was 1.5:1:2, peaks form Garonite was also observed. In all samples peaks from slightly crystalline 

Stratyngite were seen. XRD patterns N-A-S-H gels with molar ratio A:S equals to 1:1, 1.5:1, 2:1 

which was activated with  NaOH solution significant difference from previous samples. As molar ra-

tio A:S increased, intensity of peaks increased too. In the case of sample with A:S molar ratio equal to 

1:1, no peaks were observed, but only increased in background. In sample with molar ratio 1.5:1 low 

intensity peaks from Heulandite were observed. When molar ratio was 2:1, Ephesite and Faujasite 

were found. In the case of 1.5:1 molar ratio Natrolite, was noted. 

In order to obtain information about phase compositions in samples, DTA analysis was used. 

 

In Fig. 2. (left side) two endothermic peaks characteristic for water loss from hydrated silicate 

C-S-H type. First peak is accounted to dehydration of C-S-H gels in temperature about 120°C. The 

second peak which has larger width is observed in the temperature about 740°C in the case of gels 

with C:S equals to 1.5:1. Peaks accounted to decarbonation process in the temperature 670°C for 

samples 0.7:1 and 1.1:1 was noted. Two exothermic effect in the case of samples 0.7:1 and 1.1:1 were 

seen. First effect was occurred in 730°C and the second one in 850°C. Both of them were accounted 

to crystallization of calcium silicates. Small endothermic effect was connected with Ca(OH)2 dehy-

droxylation in temperature of 500°C. 



In Figure 2. (right side) two effects connected to C-S-H phase could be noted. First endothermic effect 

was occurred in the temperature about 130°C. It was connected with water loss form gel. This effect is 

much larger in comparison to activation with NaOH solution. It could be testified that there is much 

gel products when water glass ass activator was used. The second, exothermic one, which was oc-

curred in the range of 750 - 800 °C, was connected with calcium silicates crystallization. Exothermic 

peak for N3 water glass activation is stronger than for N5 water glass. Endothermic effects in the 

temperature range 770 - 850°C were connected to decarbonation of CaCO3. In the case of N5 water 

glass endothermic peak in the temperature 750°C could be connected to C-S-H phase. Small endo-

thermic peak in 550°C indicated on presence of Ca(OH)2. Above the temperature about 900°C small 

exothermic effect which could be connected with silicates crystallization. 

  

  

 
Fig.2. DTA of C-S-H gels with molar ratio C:S equal to 0.7:1, 1.1:1, 1.5:1. Activator: 2M NaOH (left side) and 

DTA of C-S-H gels with molar ratio C:S equal to 1:1. Two type of water glass: SiO2:Na2O=1.0; density=1.3 

g/cm
3
 denoted N3 and SiO2:Na2O=1.5; density=1.3 g/cm

3
 denoted N5 were used as activators. (right side) 

 

 

  

 

Fig. 3.(left side) DTA of C-A-S-H gels with molar ratio C:S:A equal to 0.7:1:1, 0.7:1:1.5, 0.7:1:2. 2M NaOH 

solution as activator was used. Fig. 2. (right side) DTA of C-A-S-H gels with molar ratio C:S:A equal to 1.1:1:1, 

1.1:1:1.5, 1.1:1:2. 2M NaOH solution as activator was used. 

 

In Fig. 3. (left side), DTA of C-A-S-H gels with C:S:A molar ratios equal to 0.7:1:1, 0.7:1:1.5, 0.7:1:2  

,in Fig. 3 (right side), 1.1:1:1, 1.1:1:1.5, 1.1:1:2 and in Fig. 4 (left side). 1.5:1:1, 1.5:1:1.5, 1.5:1:2 are 

presented. All those samples were activated with 2M NaOH solution. It could be noted that DTA 

curves in Fig. 3 (left and right side) and Fig. 4 (left side) show some similarities. Strong endothermic 

effects were observed below the temperature of 200°C. They are connected with water loss by C-A-S-

H. It could be noted that the peaks intensity increased as amount of A in C:S:A ratio increased. It 

could be attributed to increasing amount of the gel products. Endothermic effects in the temperature 



range between 230 –  280°C, which could be attributed to water loss from phases from C-A-S-H sys-

tem were observed. In the case when C:S:A molar ratio was equal to 1.1:1:2, 1.5:1:1, 1.5:1:1.5 and 

1.5:1:2, small effects connected witch C-A-S-H phase decomposition in the temperature range 410 – 

430°C were observed. In all investigated samples in the temperature range 760 – 780°C endothermic 

effect with decomposition of C-S-H and C-A-S-H phases or with decarbonation of CaCO3 was noted. 

Small endothermic effects above the temperature of 800°C might be connected witch CaCO3 decar-

bonation. Exothermic about temperature range 850 – 890°C and above 900°C could be connected 

with crystallization of the calcium silicates and calcium aluminosilicates. 
 

  

 
Fig. 4. (left side) DTA of C-A-S-H gels with molar ratio C:S:A equal to 1.5:1:1, 1.5:1:1.5, 1.5:1:2. 2M NaOH 

solution as activator was used. Fig. 3. (right side) DTA C-A-S-H gels with molar ratio A:S equal to 1:1, 1.5:1, 

2:1. 2M NaOH solution as activator was used. 

 

In Fig. 4. (right side) DTA curves from investigation of N-A-S-H gels with A:S molar ratios equal to 

1:1, 1.5:1 and 2:1 which was activated with NaOH solution is presented. It could be noted that curves 

for gels with C:A molar ratio 1.5:1 and 2:1 are very similar to one another and are different from those 

with C:A molar ratio 1:1. In all cases strong endothermic effect in temperature 150°C connected with 

gel dehydration could be noted. This effect is stronger as amount of A in molar ratio A:S decreased. 

Small endothermic effects in the temperature range 240 – 250°C and strong effects in temperature 

about 300°C in the case when molar A:S molar ratio was 1.5:1 and 2:1 could be connected with water 

loss from phases from N-A-S-H system. This same samples have also endothermic peaks at tempera-

ture 520°C, which was caused by dehydroxylation of  Ca(OH)2. In the case of all samples in tempera-

ture range between 700 and 730°C, endothermic effect was noted. There was also exothermic peaks at 

850°C which might be caused by sodium aluminosilicates crystallization. It is clearly seen in the case 

of gel with A:S molar ratio equal to 1:1.  

FTIR analyses confirmed presence of small amount of carbonates in samples. Those analyses showed 

that as the amount of C in C:S ratio increase the crystallinity of samples also increased. 

Morphology of the hydrated products from selected samples were also examined. One of the SEM 

micrograph of the C-A-S-H gels with C:A:S molar ratio equal to 0.7:1:2 molar ratio in Fig. 6. is pre-

sented. In this picture EDS analyses from selected points are presented. 

 

This work is an attempt of description and simplification the very complicated hydration system 

which are the alkali – activated bonding materials based on fly ash and blast furnace. At this stage of 

examination it is impossible to unequivocally say that any prediction of properties or phase composi-

tion of hydrates is possible. In real systems there are much more active factors which influence on the 

hydration process. However the different work of Gołek (Gołek 2008) brings the information that 

there is the possibility to influence and model the properties of hardened materials, but that work con-

cerns a bit different systems. 

 

 



5. Conclusions 

 

This study aimed to evaluate the possibility of using selected analysis techniques such as XRD, DTA, 

FTIR and SEM/EDS in investigations of changes in C-S-H, C-A-S-H and N-A-S-H gels, with possi-

ble wide range of C:S, C:S:A and A:S molar ratio. Based on the results of this study, the following 

conclusions can be drawn: 

 Increasing in Al content in molar ratio A:S leads to increase crystallinity of the hydration 

products.  

 Analytical methods which were used during investigations were sufficient to notice changes 

in phases composition and microstructure of C-S-H, C-A-S-H and N-A-S-H gels. 

 C-S-H, C-A-S-H and N-A-S-H gels which were synthesised during investigations could be 

use to make a comparison with C-S-H, C-A-S-H and N-A-S-H gels in alkali activated fly ash 

binders. 

 

 

 

 

 

 

Fig. 6. SEM observation of the sample C-A-S-H with molar ratio C:S:A = 0.7:1:2.  
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Abstract 
Recycled glass has already been used as concrete aggregates or cement substitute. However, its amorphous 
nature can promote and develop alkali-silica-reaction (ASR). ASR is definitely one of the most deleterious event 
that can occur in concrete: the reaction products are expansive and lead to crack formation with disruptive 
effects. ASR usually occurs when glass is used as sand replacement, whereas when glass is added as cement 
replacement pozzolan reaction takes place. However, it has been proved that glass chemical composition is a 
key parameter for the developing of ASR. Crystal glass with a PbO content of 26 wt% favours the occurrence of 
ASR also when the glass partially replaces cement. In this work, silicate glass containing different amount of 
PbO (from 1 to 26 %) coming from dismantled fluorescent lamps, cathode-ray tubes (CRT), and crystal house-
ware glass have been studied to test their reactivity towards alkalis. All glass types have been used both as 
cement substitute and aggregates replacing sand. This study investigates the relation between PbO content and 
its potentially deleterious behavior by expansion test carried out in different experimental conditions. Moreover, 
through SEM-EDS analysis, an assessment of the materials is carried out. An attempt to link the behavior to the 
solubility and chemical reactivity of the glass is proposed. Eventually, since heavy atoms can be leached due to 
the high alkalinity of cementitious materials, leaching tests have been performed to test the environmental safety 
of these materials. 
 
ORIGINALITY 
In view of glass recycling broadening in the concrete field, the knowledge of PbO-glass solubility in alkaline 
cement environment and its tendency to develop expansive products is extremely important to avoid dangerous 
and disruptive cracks formation in cement based materials. The knowledge of the maximum amount of PbO 
allowed in PbO-glass recycling in cement mixture makes this work original. The subject of this research is 
addressed to the area of microstructure development and waste valorization. 
CHIEF CONTRIBUTION 
The investigation is carried out by means of accelerated expansion tests in different experimental conditions thus 
allowing the study of the obtained microstructures by SEM-EDS analysis. A contribution on PbO-glass solubility 
and its chemical reactivity in cement environment is highlighted. 
Keywords: recycling, PbO glass, supplementary cementing materials, recycled aggregates, Alkali-silica reaction 
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1. INTRODUCTION 
 

Recycled glass has been used both as fine concrete aggregate (Jin et al., 2000; Park et al., 2004; Shi, 

2007; Wang, 2009) and as supplementary cementing material (Dyer, 2001; Shao et al., 2000; Shayan, 

2006, Shi et al., 2005), on account of its amorphous nature and its high silica content. However, its 

amorphous nature can also promote and develop alkali-silica reactions (ASR). Soda-lime glass is the 

most investigated glass, but as recycled glass may come from many sources, for example urban 

separated collection, industrial waste, television screen (cathode-ray tube, CRT), etc., it is very 

important to investigate how glass composition and dimension influence ASR. It has been reported 

that ground soda-lime glass with dimension < 38 µm (Shao et al., 2000) exhibit pozzolan behavior and 

can be safely introduced in concrete, whereas glass coming from television cathode-ray tubes 

(Bignozzi, 2009) or crystal house-ware (Saccani, 2010; Saccani, 2008) form, even at small dimension, 

expanding products. In this work, different types of glass, whose origin will be specified afterwards in 

details, containing different amounts of PbO (from 1 to 26 %) have been studied to test their reactivity 

in cement mortar: all glass types have been used either as aggregates and partial cement replacement. 

Italian laws (Italian Ministerial Decree 05/02/1998 “Selection of non hazardous waste for simplified 

recycling procedures according to art. 31, 33 of Decree 05/02/1197 N.22” and following modifications 

published on Italian Ministerial Decrees 09/01/2003, 27/07/2004, 5/04/2006) allow to use glass cullet 

as recycled material for new glass production and manufacturing of cement matrix conglomerates. 

Some types of the investigated glass do contain heavy metals which could be progressively leached 

from cementitious composites; however, many studies (Bar-Nes et al., 2008) have proved that suitable 

formulations of cement composites can efficiently restrain this process. By reporting the results of 

expansion tests in accelerated curing conditions, as well as mechanical test in standard conditions, 

SEM observations and EDS semi-quantitative analysis, the aim of this paper is to investigate if the 

glass chemical composition can influence expansive gels formation according to the different role 

exerted by the glass. 

 

2. EXPERIMENTAL 

 

2.1 Materials  
Three types of glass have been investigated: 1) crystal glass (CR), coming from production of 

tableware, giftware and home décor items (kindly supplied by CALP, Colle di Val d’Elsa (SI) Italy); 

2) funnel glass (FNL) deriving from cathode-ray tube; 3) glass coming from end of life fluorescent 

lamps (LMP). Chemical composition (oxide wt%) derived by X-ray fluorescence (ARL ADVANT’X 

Series) is reported in Table 1 (oxides content < 0.01 % has not been specified). 

 

Table 1: Glass composition (normalised, oxide wt%) 

 

Oxide LMP FNL CR 

SiO2 68.47 56.26 58.64 

Al2O3 2.26 3.02 0.02 

TiO2 <0.01 0.08 0.01 

Fe2O3 0.08 0.09 0.21 

CaO 5.13 2.56 0.12 

MgO 2.98 1.86 0.29 

K2O 1.61        5.96 7.21 

Na2O 17.65 9.31 4.67 

Sb2O3 0.08 0.17 0.22 

PbO 0.79 18.34 27.43 

ZnO <0.01 0.14 1.18 

BaO 0.95 2.20 <0.01 

Na2O eq 18.70 13.21 9.40 



The investigated glass used as aggregate was dry-ground in a laboratory ball mill to get particles 

between 0.075 and 2.00 mm, with size distribution close to that of normalized sand (EN 196-1). Figure 

1 reports two images of LMP and FNL after grinding: FNL and LMP are mainly constituted by 

equiaxial and triaxial particles and biaxial particles, respectively. 

 

 

 (a)  (b) 
 

Figure 1: Images of FNL (a) and LMP (b) glass particles  

 

Glass used as partial cement replacement was obtained by dry-grinding in a laboratory agate ball mill. 

The D50 determined is respectively 13 µm for FNL, 19 µm for LMP and 50 µm for CR. Chemical 

analysis of the sand-like and cement-like size materials did not provide significant variation. Type I 

Portland Cement 52.5 R (EN 197-1) was used as binder, whose equivalent alkali content and D50 were 

0.65 wt% and 14 µm respectively. Normalized silica sand according to EN 196-1 was used as 

reference. 

2.2 Mortar samples preparation 
Mortar samples were mixed with a 1/3 binder/aggregate ratio and 1/2 water/binder ratio, following the 

procedure described in EN 196-1. 40x40x160 mm specimens were cast to investigate their 

dimensional stability. Mortar samples (hereafter referred as A/FNL, A/LMP, A/CR,), containing a 25 

wt% of glass as sand substitution, were cured for 24h at 25°C and 100% R.H., then submitted to 

accelerated curing at 80°C in a NaOH 1M solution. This procedure closely resembles ASTM C1260 

Standard. When glass was used as cement replacement (25 wt%), mortar samples (hereafter referred as 

C/FNL, C/LMP, C/CR) were cured in the same conditions mentioned above to investigate their 

possible expansion. Samples of all compositions were also cured at 100% R.H. and 25°C to investigate 

their mechanical properties.  

2.3 Solubility test 
Glass solubility was measured in an alkaline attack in order to simulate the environment of cement 

mortars (pH=12) by using a solution of Na(OH) 0.5 M + Ca(OH)2 0.006 M. A liquid/solid ratio of 60 

and T= 80 °C were used as operative conditions. The test was carried out for 15 days recording the 

samples weight every 2-3 days.  

2.4 Leaching test 
Glass and mortar samples, previously cured for 28 days at 100% R.H. and 25°C, have been subjected 

to leaching test according to UNI 10802 (derived from EN 12457 "Characterisation of waste. 

Leaching-Compliance test for leaching of granular waste materials and sludges"). Sample was placed 

in bi-distilled water with a liquid/solid ratio of 10 l/kg and maintained for 24 hours under stirring. 

After filtration, the chemical composition of the eluate has been analysed by ICP (ICP-AES–VARIAN 

200 Philips).  

2.5 Compression and expansion tests 
Mechanical tests on all samples were performed at room temperature and R.H. 50 ± 10 % by means of 

200 kN Volpert Amsler equipment with a 50 mm/min displacement rate. Expansion test was 

determined by means of a mechanical comparator (0.001 mm accuracy) on samples cooled at room 

temperature: the detailed procedure is elsewhere reported (Saccani, 2008) and is close to that 

prescribed by ASTM C1260. 



2.6 Scanning electron microscopy and EDS analysis 
Morphological investigations were carried out on fractured surfaces coated with gold by means of 

electron scanning microscopy (ESEM, Quanta-200, FEI Co.) equipped by secondary, backscattered 

electrons and EDS detector. Operating conditions were set at 20 kV; the vacuum condition was below 

10
-4

 Torr. The analysis was performed without internal standards and, accordingly, reported values 

should be considered as indicative of the phases composition and affected by the intrinsic uncertainty 

related to the undefined volumes of X-ray emission (Virro, 2008). 
 

3. RESULTS AND DISCUSSION 

 

Figure 2 reports the weight loss of the three types of glass when immersed in an alkaline solution 

closely resembling concrete environment. CR is the most soluble glass, but FNL weight loss is only 

slightly lower. On the other side, LMP glass has the lowest solubility and shows an induction period 

during which the amorphous network does not react. In this experiment, the geometry of the glass 

samples is equal as well as the volume (disk samples were about 2 cm
3
) providing equivalent exposed 

surfaces and thus a reliable comparison between the glass samples solubility can be performed.  

Leaching test carried out on glass with cement-like size has provided the following Pb concentration: 

0.03 mg/l and 0.07 mg/l for LMP and FNL, respectively. Both values are below the limit reported in 

Italian Ministry Decree (DM 03/08/2005) required for landfill disposal of non-hazardous waste. 

Figure 3 shows the mechanical properties of mortar samples after 28 days of curing at 25°C. When 

glass is used as cement replacement, it is important to notice that C/FNL develops almost the same 

strength as the reference mortar, while C/LMP and C/CR exhibit a noteworthy decrease. The 

comparison of the compressive strength seems suggesting that FNL is active in developing hydraulic 

products, whereas LMP and CR mainly act as fillers. Both A/LMP and A/FNL, where glass is present 

as aggregate, reach compressive values almost equal to that of the reference, while A/CR mortar 

strength is about 35% lower.  

Figure 4 reports the expansion at 14 days in accelerated conditions (NaOH 1M, 80 °C) for all 

investigated mortars and the results of the leaching test for Pb carried out on LMP and FNL mortars 

cured for 28 days at 100% R.H. and 25°C. For C/LMP, both expansion and leaching results fall below 

the limits set by the relevant Standards (ASTM C1260 and DM 03/08/2005). For C/FNL, although the 

expansion is below the limit, the leached amount of Pb is above. The expansion data agree with 

mechanical results of Figure 2, where a high value of compressive strength for C/FNL was detected, 

thus suggesting that fine FNL can exert a cementing action. However, the high amount of Pb leached 

means that heavy atoms are not efficiently bound in the hydration products, at least in the investigated 

microstructure. The cement environment, strongly alkaline, helps the glass dissolution process; Pb 

ions are easily released reaching concentration > 1.0 mg/l characteristic of hazardous waste. As 

previously reported (Saccani, 2008), C/CR shows an expanding behavior according to the high amount 

of PbO present in the glass chemical composition. According to the expansion data, none of the 

selected glass can be used as aggregate when alkalis are present at high concentration. The high 

reactivity of A/LMP (largely exceeding those of CR and FNL) is unexpected, since LMP glass has the 

lowest solubility (Figure 2) and PbO content. Possible explanations could derive from the peculiar flat 

biaxial shape of LMP particles (indeed the effect of aggregate shape on expansion has already been 

reported (Ramyar et al., 2005)) and/or from the role of di-valent cations such as Ba, Ca, Mg on the 

expanding gel formation. The compositions of expanding gels formed in all the samples prepared with 

glass aggregates are presently under studying. Figure 5 shows the backscattered image and two EDS 

spectra of C/FNL sample. A slightly reacted glass particle can be observed and its EDS spectrum 

shows the characteristic elements of the glass such as Si, Pb, K, Na etc.,. In particular, the surface 

amount of Pb is 18 wt%, as in the parent glass. On account of silicon and sodium higher solubility, 

their content decreases due to glass dissolving process in cement alkaline environment, whereas Pb 

atoms only partially enter in the cementitious matrix. The EDS of the cementitious matrix close to the 

glass particle (EDS spectrum 2) confirms a low amount of Pb (about 2.5 wt%) and shows a Ca/Si ratio 

consistent with clinker hydrating products. 
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Figure 2: Weight loss of FNL, LMP and CR glass in a Ca(OH)2 - NaOH solution  

 

 
 

Figure 3: Compression strength at 28 days of curing (100% R.H. and T= 25 °C) 



 

Figure 4: Expansion of mortar samples after 14 days in NaOH 1M (80°C) and leaching test results on mortars 

cured for 28 days at 100% R.H. (25°C) (leaching test was not performed on CR samples; black horizontal lines 

indicates the limits according to expansion and leaching tests) 

 

 

 

 
 

 

 
Figure 5: Backscattered image of C/FNL cured at 28 days in 100% R.H. and 25°C: (1) EDS spectra of glass 

particle; (2) cement matrix  



 

4. CONCLUSIONS 
 

From the experimental evidences so far collected, the conclusions can be as follow: 

- as cement additions, FNL and LMP glass compositions can be used in mortar without the 

occurrence of undesired expansion. FNL shows pozzolan activity and a remarkable leaching of 

Pb, while LMP behaves as filler, at least at 28 days of curing. When glass is used as cement 

substitute a Pb content ≤ 18 % is tolerated from ASR point of view.  

- all the three typologies of glass aggregates, substituting a 25% wt of sand, have shown 

expansive behavior, at least in the conditions of ASTM C1260 accelerated test. In this case the 

expansion extent is not directly dependent neither on the amount of Pb nor on glass solubility at 

high pH environment.  

- the expansive behaviour, as well as the leaching characteristics of glass containing even low 

content of PbO, must be carefully evaluated when glass is recycled for mortar and concrete 

production.   
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Abstract 

Concept of durable development supposes creation of a society that satisfies its needs without diminish the perspectives 

of next generations. This concept attests the idea of natural resources saving in order to avoid an economical or zonal 

crisis on long term. 

During exploitation of limestone sometimes occurs a layer of metaconglomerate, a rock containing mainly 40-60% 

quartz and 30-40% feldspars, besides small amounts of calcite, muscovite and opaque minerals. Instead stockpile, this 

material may be valorization at clinker manufacturing as a silica source to increase the silica module of raw mix. 

This paper evaluates the technological behaviour of raw mix by determination of its grindability and burnability. The 

clinker obtained was examinated by X-ray diffraction and optical microscopy analyses. Also, physical and mechanical 

characteristics of cement resulted from clinker was performed. 

It found that the metaconglomerate allowed obtaining a clinker and Portland cement of high quality. 

 

ORIGINALITY 

In order to increase valorization degree of resources, as innovation in cement industry range is the using of 

metaconglomerate as siliceous material. 

 

CHIEF CONTRIBUTIONS 

By using of metaconglomerate, rational using of resources is assured, and also cover elimination from this material 

from some limestone quarries (in some situations the metaconglomerate is associated with limestone). Also, by using of 

metaconglomerate from limestones cover, it is avoided forming of some stockpiles nearby limestone deposits, expenses 

regarding the transport and arranging of sterile stockpile disappear and ambient environment protection is performed.  

 

Keywords: Metaconglomerate, clinker, cement Portland 
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1. INTRODUCTION 
 

Worldwide, there is a high preoccupation from cement manufacturers for a sustainable 

development of this industry and supplying of some products of very high quality. Nowadays, general 

tendency for the cement industry is rational using of natural and alternative resources at clinker and 

Portland cement manufacturing because of the fact that the cement is one from indispensable materials 

used at concrete preparation used in buildings and infrastructure construction, in which obtaining big 

quantities of energy and raw materials are used. In order to manufacture a tone of cement about 1.6 

tones of raw materials (Greer et.al., 1992) and a thermal energy consumption of about 3.2 – 6.0 MJ/kg 

are necessary, depending on obtaining procedure. For partially replacement of raw materials some 

materials were proposed, mainly wastes as by-products resulted from other industries (Kakali et.al., 

2003; Krammart  et al., 2003; Tsakiridis et al., 2004). It was stated that these improve the burnability 

of raw mix from raw materials without affect significant clinker properties (Kakali et al., 2003; Bhatty 

et al., 2002).  

Sometimes during of limestone exploitation it may encounter a layer of metaconglomerate, consisting 

mainly of 40-60% quartz and 30-40% feldspars and small quantities of calcite, muscovite and opaque 

minerals, and which have to be removed. Separate storage of this material supposes the creation of a 

stockpile nearby limestone quarry, occupation of some land surfaces and transport and handling costs. 

For efficient valorization of natural resources and environment protection, but also in order to improve 

clinker quality, present paper proposes the investigation of using metaconglomerates as silica source in 

the manufacture of Portland clinker, for increasing the silica modulus. The results regarding the 

technological behavior (grindability, burnability) of the raw mixes with high silica modulus containing 

metaconglomerate and of the reference raw mix (without metaconglomerate), with lower silica 

modulus, respectively are presented. Obtained clinkers were characterized by X-ray diffraction and 

optical microscopy, and the cements CEM I type (according SR EN 197-1), resulted from clinker 

grinding with gypsum were characterized from physical-mechanical characteristics point of view.   
 

 

2. EXPERIMENTAL CONDITIONS 

 

2.1.  RAW MATERIALS  

 

In this study were used the following raw materials: limestone, marl, metaconglomerate and pyrite 

cinder. The results of raw materials chemical analyses are shown in the Table 1.  

Table 1: Chemical Characteristics of Raw Materials   

Characteristic Limestone Marl Metaconglomerate Pyrite Cinder 

L.O.I., %  43.12 13.91 11.55 0.93 

SiO2, %  1.14 47.28 59.60 10.41 

Al2O3, % 0.35 13.78 10.49 2.32 

Fe2O3, % 0.32 5.39 3.40 79.16 

CaO, % 52.11 13.51 10.21 2.90 

MgO, % 2.29 1.70 1.14 0.71 

SO3, % 0.04 0.0 0.15 2.83 

Na2O, % 0.19 1.23 1.81 0.12 

K2O, % 0.15 2.46 1.13 0.35 



The metaconglomerate (Figure 1) is a rock with schistous texture, cataclistic structure and grey color, 

slightly greenish, having fine cracks, which presents low brown hematite and has no magnetic 

properties. This rock suffered cataclistic deviations in stress conditions, remarking deviation of 

crystalloblastes components from rock, forming of cracks and rock fragmentation along the cracks, 

which were endowed by recrystallization processes.   
 

 
Figure 1: Metaconglomerate 

 

Mineralogical-petrographical determinations on metaconglomerate showed that this rock is of 

sedimentary origin, arenite–psephite, which suffered a metamorphosing process. Component materials 

are: quartz (40–60%), feldspar (30–40%), biotite, chlorite, muscovite (8–12%), limonite, opaque 

minerals (2–5%) and calcite (3–10%). 

In the Figure 2 are presented the XRD patterns of the metaconglomerate and marl samples used in this 

study. In marl sample the quartz and the calcite prevail, while in metaconglomerate sample the main 

minerals are presented by quartz and feldspar, besides of significant quantities of illite and mice 

(muscovite) and chlorite. 
 

 

 

 
a) 

 
b) 

Figure 2: XRD patterns of metaconglomerate (a) and marl (b) 

 

Two raw mixes were prepared with high silica modulus (SM=2.35-2.45) and a raw mix with lower 

silica modulus (SM=2), considered as reference, by dosing of raw materials in the proportions 

indicated in Table 2.  
 

Table 2: Characteristics of Raw Materials Mixtures   

Raw Mix 

Symbol 

Modules Dosage (% w/w) 

LSF SM AM Limestone  Marl 
Meta-

conglomerate 

Pyrite  

Cinder 

Ref. 0.98 2.00 1.40 73.19 25.42 0 1.39 

1 0.98 2.35 1.55 74.43 18.11 6.46 1.01 

2 0.98 2.45 1.55 74.81 15.64 8.57 0.99 



 

2.2. METHODS 

 

Raw mixes grindability was determined by CEPROCIM method (CEPROCIM). Evaluation of the 

raw mixes burnability was performed by free CaO determination, using classical method with 

ethylene-glycol. The raw materials mixtures grinded in the mill of  laboratory with rotation drum up to 

a fineness,  expressed as residue on sieve of 90 µm (R009) of 16% were briquetted and subject to 

drying at about 100
o
C. Raw mixes burning was performed in kiln, chamber type, supplied with 

methane gas. Sintering temperature of raw mixes was of 1450
o
C, with keeping of a plateau at 

maximum temperature of 45 minutes in case of mixtures with metaconglomerate, and of 30 minutes in 

case of reference mixture, respectively, and the cooling was suddenly performed, in air. Investigation 

of the clinkers obtained in laboratory was based on determinations of optical microscopy (using a 

microscope Carl Zeiss AXIO IMAGERA 1m), X-ray diffraction (XRD, by means of the DRON 3 

diffractometer with CuKα, λ=1.5405Å) and chemical analyze (SR EN 196-2:2006). The cements CEM 

I type, obtained by grinding of the clinkers with 5% gypsum and a fineness of about 3500 cm
2
/g, were 

analyzed from physical (according SR EN 196-3:2006) and mechanical (according to SR EN 196-

1:2006) characteristics. 

 
 

3. RESULTS AND DISCUSSIONS   

 

3.1. GRINDABILITY OF THE RAW MIXES 

 

Grindability of the raw mixes was carried out by CEPROCIM method, which is based on the 

grinding of a material batch (depending on apparent density of mixture components and utile volume 

of mill), in a laboratory mill with rotation horizontal drum, with discontinuous operation. Periodically 

the material fineness (R009) is determined. Energy consumption between the moments in which is 

determined the material fineness is obtained with aid of a wattmeter, coupled at mill. Specific energy 

consumption registered in laboratory is determined by reporting of total energy consumption at batch 

mass. This may be correlated with the specific energy consumption at industrial grinding using an 

energetic coefficient of correlation.  

The specific electric energy consumption determined in laboratory and industrial assessed for 

performed mixtures are presented in Table 3.  
 

Table 3: Specific Electric Energy Consumption determined in Laboratory and Industrial assessed 

Raw mix 

Specific Electric Energy Consumption (kWh/t): 

determined in laboratory for: industrial assessed for: 

R009=10% R009=16% R009=10% R009=16% 

Ref. 36.00 29.30 24.20 20.20 

1 46.98 39.24 25.87 21.09 

2 48.52 39.57 26.68 21.24 

 

The values of the specific electric energy consumption obtained at raw mixes grinding in a laboratory 

mill with discontinuous operation reveal the fact that metaconglomerate presence in raw mix 

determines the increasing of specific electric energy consumption parallel with the increasing of its 

proportion in the raw mix. The increasing of the specific electric energy consumption are with about 

11-12.5 kwh/t for a fineness R009=10%, respectively with about 10 kwh/t for a fineness R009=16%, 



comparative with the reference mixture. The assessment of specific electric energy consumption for 

the grinding of raw materials mixtures at the fineness R009=10%, in an industrial mill with closed 

circuit, indicate an increasing of about 1.7-2.5 kwh/t in comparison with registered consumption in 

case of the reference raw mix.  

 

 

3.2.  BURNABILITY OF THE RAW MIXES 
 

Burnability of the raw mixes was assessed through determination of free CaO content at different 

temperatures.  The obtained results are presented in Table 4.  

 
Table 4: Free CaO Variation versus Thermal Treatment Temperature applied to the Raw Mix 

Temperature (0C) 
Free CaO determined on the Mixture:  

Reference 1 2 

1300 9.07 9.53 10.87 

1350 5.13 5.42 6.72 

1400 2.15 2.21 3.79 

1450 1.04 1.29 2.74 

1450 – 15 min. 0.91 0.97 2.10 

1450 – 30 min. 0.85 0.95 1.83 

1450 – 45 min. - 0.56 1.45 

 
It is stated that the raw mix 2 characterized through the highest silica modulus (2.45) presents a 

burnability more difficult comparative with reference raw mix, while the raw mix 1 characterized by 

SM=2.35 presents a burnability very closed of that of reference mixture.  Both raw mixes with 

metaconglomerate are characterized through values of free CaO at 1450
o
C below 1.5% after keeping 

of a plateau of 45 minutes that assures the premises of obtaining some clinkers of good quality.  

 
 

3.3.  CHARACTERISTICS OF OBTAINED CLINKERS   
 

Optical microscopy examination of thin sections of the clinker samples (fig. 3) pointed out a 

content of about 65% C3S, 15% C2S and 20% vitreous phase in the case of the clinkers with higher 

silica modulus and respectively about 60% C3S, 20% C2S and 20% vitreous phase in case of reference 

clinker.  The sintering of raw mixes with metaconglomerates at 1450
o
C with keeping of a plateau of 

45 minutes lead to forming of some alite crystals with  higher dimensions than in case of reference 

clinker (35-40μm in comparison with 30μm) and of some belite crystals with lower dimensions (15μm 

in comparison with 20μm), having benefic effect on   clinker reactivity.   

XRD analyze (fig. 4) confirms forming of the four major crystalline phases of clinker, namely 

alite (C3S), belite (C2S), ferrite (C4AF) and celite (C3A) in all investigated samples. Semi-quantitative 

XRD analyze indicated a content of 63-68% C3S, 10-12% C2S, 9-11% C4AF and 7-9% C3A in case of 

the clinkers resulted from raw mixes containing metaconglomerate and 57-62% C3S, 15-17% C2S, 11-

13% C4AF, 8-10% C3A in reference clinker, respectively. 
 



 

a) 

 

b) 

 

c) 

Fig. 3: Optical micrographs (X 200) of: a) reference clinker; b) clinker 1; c) clinker 2 
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Fig. 4: XRD patterns of the reference clinker (a); clinker 1 (b) and clinker 2 (c) 

 

 

3.4. CHARACTERISTICS OF OBTAINED CEMENTS  
 

Obtained cements of type CEM I were characterized from physical-mechanical properties point of 

view, according to SR EN 196-1, 3 and the results are presented in the Table 5. 

 
        Table 5: Physical – Mechanical Characteristics of obtained Cements  

Cement 

Standard 

Water 

Consistency 

(%) 

Setting Time 

Soundness 

(mm) 

Flexural Strength 

(MPa) 

Compressive 

Strength (MPa) 

Initial 

(minutes) 

Final 

(hours-

minutes) 

2 

days 

7 

days 

28 

days 

2 

days 

7 

days 

28 

days 

Ref. 24.4 200 4-00 2.0 3.35 5.93 8.32 15.5 31.7 50.7 

1 24.2 200 4-15 0.0 3.40 6.66 8.52 17.9 37.3 56.8 

2 23.0 170 3-30 1.5 3.57 5.99 8.29 16.7 35.1 54.9 

 

From physical characteristics point of view it is stated that obtained cements comply the conditions SR 

EN 197-1 regarding initial setting time and soundness. 

Mechanical performances of the cements obtained from clinkers with higher silica modulus (2.35-

2.45) are superior to reference cement, at all considered hardening times present low increases at the 

term of 2 days  (with 1.2-2.4 MPa), and higher after 7 and 28 days of hardening (with about 3.4-5.6 

MPa), fact explicable by high content of alite. Furthermore, increasing of silica modulus determines 

contribution at forming a lower quantity of liquid phase, fact important in lifetime of refractory lining 

of clinker kiln.   



4. CONCLUSIONS 

 

The laboratory investigation led to the following conclusions: 

- Raw mixes which contain metaconglomerate, characterized by high silica modulus (SM=2.35-2.45) 

present a more difficult grindability, comparative with reference mixture with lower silica modulus 

(SM=2). The grindability is worsening parallel with increasing of metaconglomerate proportion in the 

raw mix.  

- The burnability of the raw mix 1 with the silica module 2.35 is almost similar with that of reference 

mixture.  At increasing of silica modulus at 2.45 (raw mix 2) the burnability is more difficult, free 

CaO value being situated below 1.5% after thermal treatment at 1450
o
C with keeping of a plateau of 

45 minutes.  

- Physical characteristics of all obtained cements comply the conditions of SR EN 197-1 regarding 

initial setting time and soundness.  

- Compressive strengths of the cements resulted from clinkers with higher silica modulus are superior 

to those of reference cement at all studied hardening terms; the most important increases are registered 

after 7 and 28 days of hardening. These results are in accordance with modular-mineralogical 

characteristics of the clinkers used at cements preparation.   

- By using of metaconglomerate in the process of clinker of Portland cement manufacturing the 

cement quality may be improved, simultaneous with efficient valorization of this material; favorable 

effect exercised by metaconglomerate on mechanical strengths because of silica modulus increasing 

could compensate the negative effect on which this has on grindability.   
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Abstract 

 

This investigation examines the chemical durability of alkali activated cement pastes manufactured using combinations 

of metakaolin (MK)/ blast furnace slag (BFS). Two testes were used to determine the performance of the materials. The 

testes involved immersion of samples with composition; BFS/ MK weight ratio (100/0, 80/20, 50/50, 20/80 and 0/100), 

modulus of the alkaline solutions of sodium silicate (Ms=SiO2/Na2O at 1) and %Na2O (5%, 10% and 15%) for a period 

of 1 year into solutions 0.5N of hydrochloric acid (HCl) and magnesium sulfate (MgSO4). The samples were 

characterized on compressive strength, dimensional stability, products of degradation and microstructural changes. A 

mixture composed with 50%BFS and 50% cement Portland (CP) was used as reference. 

 In the HCl solutions, after 1 year the most significant strength reduction was manifested for samples 100-0;Ms=1;5% 

Na2O, 80-20;Ms=1;10% Na2O, 0-100;Ms=1;15% Na2O and 50CP-50EAH which showed the worst performance with 

strength losses of >52%. On the other hand samples with 50-50; Ms=1;10% Na2O had the best performance with 2% of 

strength reduction. In the magnesium sulfate solution samples with >50%BFS were hardly deteriorated while systems 

with >50%MK presented augment in their compressive strength. Samples with ≥50 %MK showed the best dimensional 

stability in the both chemical environments with length changes minor than 0.02% after 1 year. In acidic media, the 

deterioration of the samples appeared to be connected with the migration of ions Ca, Na, Al and Mg into solution 

promoting the formation of secondary phases as NaCl , however in presence of MgSO4 the formation of expansive 

phases as: Mg(OH)2, gypsum and Na2CO3 were the cause of deterioration of the pastes.  The final observations 

suggested that the combination of the reaction products derived of the MK reaction (geopolymeric gel N-A-S-H) and 

BFS (C-S-H) gave place to the formation of microstructures chemically more stables than those obtained from the 

single chemical activation of the BFS and MK. 

 

Originality 

The durability of alkali activated cements is a subject of interest in the literature; however, the number of contributions 

available is quite small.  The number of papers dealing specifically with composite cementitious materials based on 

metakaolin and blast furnace slag is even more limited.  Such cements enhance the widely accepted ecological 

advantages of the activated metakaolin cements, by means of the incorporation of an industrial waste. Moreover, the 

resulting properties make these composites very promising for field applications. 

 

 

Chief contributions 

Studies on activated composite cement of metakaolin and blast furnace slag are scarce in the literature. The subject of 

chemical durability is of chief importance in order to understand how these cements perform in harsh environments 

where Portland cement is known to perform poorly.  This contribution presents new results on the durability of alkali 

activated cements subjected to chemical attack of HCl and MgSO4 for up to 1 year.  The results are useful to widen the 

understanding of the resulting properties of these cements 
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1. Introduction 

 

Acid resistance is a desirable property for cements in chemically aggressive environments like sewer 

pipes, industrial floors etc (Allahverdi, 2001; Bakharev, 2003a).  Portland cement (CP) concretes are the 

most widely used construction materials for these applications; however, the main reaction product, C-

S-H gel, deteriorates readily in acidic environments (Hewlett, 1998). The acid attack causes 

decalcification and formation of more or less soluble degradation products, without binding properties 

(Israel et al., 1997); this process starts naturally on the external areas, but also occurs internally via the 

interconnected porosity of the cement. The latter is self-accelerating, because the internal degradation 

increases the porosity and further penetration of the aggressive media (Israel et al., 1997). On the other 

hand, it is known that the presence of sulfates in the environment can significantly degrade CP 

concrete structures; sulfate attack is associated with chemical reactions involving Al rich hydration 

products phases and C-S-H leading to the formation of brucite (Mg(OH2)) and expansive phases as 

gypsum and ettringite (Glasser et al., 2008).  

Although C-S-H is also the main reaction product in alkali activated slag cements,
 
its resistance to acid 

and sulphate attack is better than that of CP (Bakharev et al., 2003b), however the BFS cements do not 

have enough  potential as cementitious materials suitable for harsh environments in atmospheres with 

high content of sulfates as they experiment degradation by the formation of expansive phases 

(Bakharev, 2005). Nonetheless, the current problematic makes necessary the massive usage of 

industrial wastes as BFS in the manufacture of cement if a true alternative cement industry is to be 

created in order to reduce the environmental impact of the CP industry. One route to make suitable use 

of BFS in the manufacture of chemically resistant cements is reducing the content of the calcium 

bearing phases by means of the addition of raw materials as metakaolin (MK) produced by the 

moderate calcination of kaolinite.  

Many publications show that the alkaline activated MK forms reaction products, called geopolymers,  

of different chemical nature compared to those with formed by alkali activated BFS (Lecomte et al., 

2006; Yip et al., 2003). These are formed by dissolution of Si-O-Si and Al-O-Si bonds of the raw 

material and subsequent condensation of amorphous structures consisting of SiO4 and AlO4 units. 

Geopolymers can display high mechanical properties, excellent resistance to chemically aggressive 

environments and high thermal stability (Barbosa et al., 2003). Based on the above, it is reasonable to 

propose that the disadvantages of the alkali activated BFS cements can be balanced by the addition of 

MK; such combination can lead to the formation of a matrix of reaction products combining high 

strength and good resistance to the acid and sulfate attack; thus, this paper addresses the durability of 

alternative cements pastes based on mixtures of alkali activated BFS and MK subjected to the attack of 

HCl and MgSO4 environments. 
 

2. Experimental  

2.1 Materials and sample preparation 

The chemical composition and specific surface areas of the MK and BFS used in the elaboration of 

alkali activated cementitious pastes are shown in Table 1. The MK used was obtained after calcination 

of kaolinite at 800°C for 6 h. Both raw materials were amorphous to X-ray diffraction. The alkaline 

solutions employed consisted of mixtures of sodium silicate (SiO2=29.5%, Na2O=14.7% and 

H2O=55.8%, Modulus (Ms) SiO2/Na2O=2) and sodium hydroxide flakes.   For the chemical durability 

tests, 5 formulations of alkali activated cements and one reference composed by 50%BFS-50%CP 

were elaborated. The samples were immersed into HCl and MgSO4 solutions 0.5 Normal for up to 360 

days at 20°C. The details of the developed formulations are shown in Table 2. 

For composite pastes of BFS-MK and BFS-CP, the powders were pre-homogenized for 10 min in a 

mixer with planetary movement; the alkaline solutions were then added and mixed for 3 min. The 

pastes were cast in bars of 2.5 x 2.5 x 15 cm, with vibration for 45 s used to eliminate the entrapped 

air. Based on the standard (ASTM C 490-93a, 1993) one portion of the mixture was cast in bars of 

2.5x2.5x28.5cm to follow length changes during the immersion in chemical solutions.  



The samples were left covered for 24 h at 20°C to avoid water losses. The demoulded bars were 

wrapped in plastic to continue with an isothermal curing at 60°C for 48 h. A portion of the bars were 

cut to obtain cubic samples of 2.5 x 2.5cm. With the objective of evaluate unidirectional ionic 

diffusion processes, the rest of the bars were coated with bee wax exposing only one face. Previous to 

immersion of samples into HCl and MgSO4 solutions, the specimens (bars and cubes) were saturated 

30 min in water. In each solution, 36 cubes were placed to assess compressive strength, 9 bars to 

assess ionic diffusion and microestructural changes and 2 bars for length changes. The chemical 

solutions were poured off and replaced with fresh solutions after 1, 2, 3, 6 and 9 months. 

 

Table 1: Chemical composition (wt%) of the starting materials by FRX 

 SiO2 Al2O3 CaO MgO Fe2O3 TiO2 Na2O K2O MnO SO3 Blaine (cm2/g) 

MK 

BFS 

51.05 

33.42 

45.26 

11.33 

0.10 

37.85 

--- 

8.93 

0.34 

0.51 

1.76 

1.47 

0.06 

0.56 

0.15 

0.93 

--- 

0.51 

--- 

3.44 

9469 

4653 

Table 2: Composition of the evaluated mixtures 

System 
Materials (%wt) Modulus 

(Ms) 
%Na2O H2O/binder 

Curing 

conditions BFS MK CP 

100-0-1-5 

80-20-1-10 

50-50-1-10 

20-80-1-10 

0-100-1-15 

50BFS-50CP 

100 

80 

50 

20 

0 

50 

0 

20 

50 

80 

100 

---- 

--- 

--- 

--- 

--- 

--- 

50 

1 

1 

1 

1 

1 

---- 

5 

10 

10 

10 

15 

--- 

0.28 

0.31 

0.35 

0.39 

0.41 

0.35 

 

 

24h at 20ºC 

and 48h at 

60°C 

 

 
2.2 Characterization 

Compressive strength (CS) and dimensional stability were performed for up to 360 days of immersion.  

The CS was the average of four measurements (Controls model 50-C7024).  The CS previous to the 

chemical durability tests were 143.8, 113, 66.9, 54.3,45.3 and 60.4 MPa for pastes 100-0-1-5, 80-20-

1-10,  50-50-1-10, 20-80-1-10, 0-100-1-15, and 50BFS-50CP, respectively. For the analysis of 

ionic diffusion and microstructural changes, fragments of immersed bars were mounted in resin and 

polished.  Images and line scans were taken of polished samples by means of scanning electron 

microscopy (ESEM XL 30 Phillips accessorized with EDS EDAX).  Samples were scratched from the 

exposed surface and were analyzed by X-ray diffraction (XRD; Phillips Mod. D-Expert 3040) using 

Cu Kα radiation generated at 30 mA and 40 kV. 

  

3. Results and discussion  

3.1 Compressive strength 

Figure 1 (a) shows results of CS evolution after immersion in HCl 0.5N. The compositions 100-0-1-5 

and 50BFS-50CP had greater susceptibility with CS losses of 37.9% and 26.1% respectively and after 

14 days of immersion. The CS loss further increased and levelled at 55.7% and 74.5% after 360 days. 

The systems 80-20-1-10 and 0-100-1-15 followed with the worst performance and displayed losses of 

~52% after 360 days. The composite 20-80-1-10 showed CS losses of 11% at 180 days and reached 

CS losses of 35% after 360 days.  In contrast, the formulation 50-50-1-10 showed the highest 

resistance to the chemical attack, after 360 days the losses were of only 1.79% of its initial CS. This 

suggests that the combination of reaction products from the BFS-MK generated microstructures 

chemically more stables than those obtained from the individual activation of BFS or MK. 

 

Figure 1(b) shows the CS for samples exposed to MgSO4 0.5N. In general the compositions 100-0-1-5 

and 80-20-1-10 showed the highest loss of CS at 1 day of 20% and 9.6% respectively; after 360 days 



these formulations stabilized at 100% and 27.3%, respectively.  The composition 100-0-1-5 had the 

worst performance and the CS collapsed abruptly after 180 days. The composition of reference 

50BFS-50CP also had bad performance and an erratic behavior, the CS increased 22% at 1 day, the 

lost reduced 5% and at 28 days increased again; after 180 days 7% of its initial CS was lost. In 

contrast, the cements 20-80-1-10, 50-50-1-10 and 100-0-1-15 (with the highest content of MK) after 

360 days showed increased their CS up to 36.26%, 18.24% and 9.27%, respectively. One report 

(Bakharev, 2005), pointed out that Mg and Ca ions are able to introduce as network modifiers in the 

structures of aluminosilicates generated during the goepolymerization process enhancing the 

mechanical properties.  

 

 
Figure1: Compressive strength for samples immersed in HCl (a) and MgSO4(b) solutions. 

 

 

3.2 Evolution of reaction products 

Figure 2 shows XRD spectra of systems 100-0-1-5, 0-100-1-15 and 50-50-1-10 before and after 

immersion in HCl. After 1 day, for the formulations  100-0 and 50-50 (a and c) the reflections of the 

crystalline phases, C-S-H and akermanite disappeared, while for 0-100 (b) the intensities 

corresponding to the anatase (26.9 °2θ) remained. Only the formulations 0-100 and 50-50 showed the 

formation of halite (NaCl) detected at ≈32 and 45 °2θ. After the exposure the amorphous hump shifted 

towards lower angles indicating structural changes on the surface layers exposed. 

The XRD patterns of samples immersed in MgSO4 in Figure 2, after 1 day for the system 100-0-1-5 

(d) the reflections of C-S-H and akermanite were attenuated and gypsum, brucite and aragonite 

appeared; the intensity of the reflections increased with time. The formulation 0-100 (e) did not show 

changes in the amorphous hump, but brucite and anatase were detected.  For the paste 50-50 (f) the 

amorphous hump did not suffer alterations, however, reflections attributed to C-S-H, anatase and 

akermanite remained unchanged even after of 360 of immersion. It has been documented that the 

sulfate attack on CP shows reactions involving C-S-H giving place to the formation of brucite 

(Mg(OH2)) and phases gypsum and ettringite (expansive phases). With penetration of Mg
2+

 ions in the 

microstructures, Ca
2+

 is leached out of the C-S-H provoking its destruction, the Ca
2+

 reacts with SO4
2-

 

ions of the solution forming gypsum; this causes expansion, cracking and softening that collapses the 

mechanical properties as observed previously in systems with 80% of BFS.   

 
 

3.3 Dimensional stability 

Figure 3 shows the variations of length after the immersion in the solutions, the graphics excludes 

results from the formulation 100-0-1-5 as after 1 day of immersion the bars fractured. The samples 0-

100-1-15, 20-80-1-10 and 50-50-1-10 (with contents > 50%MK) in HC showed excellent dimensional 

stability from day one onwards; length changes <0.09% were observed even after 360 days. Also was 

evident that formulation 80-20-1-10 (80%BFS) between 1 and 28 days experimented a slight 



expansion probably produced by the ingress of the solution into the structure, then the sample shrank -

0.30% of its original length and remained like that for up to 360 days of immersion. It is probable that 

for sample 80-20-1-10 the acid attack was more aggressive after 28 days as after this date the CS 

dropped sharply. On the other hand, the reference 50BFS-50CP was the only paste showing noticeable 

expansion of 0.1 and 0.15% after 180 and 360 days, respectively; this suggests that as for sample 80-

20 after 28 days the attack caused strong structural changes expressed by the length changes observed. 

 

 

Figure 2: XRD results for samples immersed at 1 and 360 days in HCl (a-c) and MgSO4 (d-f) solutions. 

 

On the other hand for immersion in MgSO4 it was noted that formulation 80-20 (80%BFS-20%MK) 

after 1 day exceeded the limit for expansion (0.1%) for a CP resistant to sulphate attack; after 2 and 

until 360 days the sample expanded 0.35% of its original length. The reference paste 50BFS-50CP had 

a similar behaviour, but the expansion was only of 0.08% after 360 days. Interestingly, once again 

formulations 0-100-1-15, 20-80-1-10 and 50-50-1-10 had the highest dimensional stability with 

expansions under 0.02%. The results suggest that besides the chemical nature of the reaction products 

formed, the fineness and morphology of the raw materials used are important factors in the 

dimensional stability, as a greater cohesion exists between the fine particles of MK linking larger 

particles as the BFS resulting in better densification of the pastes, and after the reactions the 

microstructure are even more dense. This will enhance the impermeability of the samples avoiding the 

penetration of external agents, which corresponded  to the CS results for which was deduced that with 

for pastes of MK> 50% the CS changes after immersion in HCl and MgSO4 were much lower 

compared to samples with BFS>80%. The above mentioned suggest that the C-S-H (with low 

resistance to the acid and sulfate attack) formed after the reaction of the BFS with the alkaline 

solutions was embedded in a gel matrix of N-A-S-H gel (gel of silicoaluminate of sodium hydrated) 

which for its chemical nature is more resistant to the attack by acids and bases.  

 

 
 



3.4 Microstructures  

Figure 4 (a) shows the microstructure for formulation 100-0-1-5 after 360 days of immersion in HCl. 

The matrix of reaction products was conformed for two zones: one of dark gray shade of thickness of 

~2mm and with lots of cracks caused by the HCl attack (corroded area) and the other of light shade 

with high density (not attacked). The microstructure of the corroded zone indicated a strong 

dissolution of BFS particles and probably of C-S-H. This formulation had a similar performance in 

MgSO4 (d) were a dark damaged surface layer of ~150µm was noted and contained white acicular 

precipitates with high concentration of Ca. 

 

For sample 0-100-1-15 (figure b) the HCl eroded the surface as observed by the detachment of a 

surface layer of thickness ~250 µm. According to EDS line scan measurements, the Na and Al 

concentrations were lower over the corroded zone suggesting their difusion towards the acid solution. 

On the other hand, the concentration of Cl was higher in most of the superficial part of the corroded 

area, where it interacted with Na
+
 forming NaCl. This suggests that the shift of the amorphous hump 

to lower angles in the XRD spectra could reflect a partial breaking of the N-A-S-H gel structure and 

lixiviation of Na, and its ionic exchange by H
+
 or H3O

+
 (Provis et al., 2009). In MgSO4 the 

performance of the composition 0-100-1-15 was better than the paste 100%BFS (100-0-1-5), as the 

microstructure (Figure 4 (e)) did not show corrosion or detachment of the surface layer in contact with 

the solution. After 360 days the microstructure was dense in agreement with the CS values discussed 

previously.  

 

 
Figure 3: Changes of length for alkali activated cements immersed into solutions of HCl (a) and MgSO4 (b) 

 

For microstructures of the composite 50-50-1-10 immersed in HCl (figure 4(c)) a cracked zone with 

2mm of thickness was noted. As for 100-0-1-5 there was a massive dissolution of BFS particles which 

eroded the sample surface facilitating the entry of Cl ions. In the presence of MgSO4, the formulation 

50-50-1-10 exhibited erosion, cracking and peeling of the surface in contact with the solution (Figure 

4(f)); however the depth of attack was relatively small and the corroded of thickness of ~80µm 

showed penetration of high concentrations of Mg and S ions from the solution and a reduction in the 

concentration of Al, Si, Ca and Na with respect to the unattacked zone. Based on XRD results, in the 

presence of N-A-S-H the C-S-H was less susceptible to attack by the MgSO4 and the formation of 

Na2CO3.10(H2O) on the surface could be the reason for cracking and peeling of the surface layer.  

 
 

4. Conclusions  

 Alkali activated pastes with MK> 50% are generally more durable than activated pastes with 

BFS>50% and pastes 50%BFS-50%CP under the experimental conditions analyzed.  

 The degradation processes were different depending on the chemical compositions of the 

elaborated pastes. 



 In HCl solutions the activated BFS pastes (100-0-1-5) showed dissolution of BFS particles 

and C-S-H phases, in MgSO4 the paste deteriorated completely as a consequence of the 

formation of expansive phases. Samples with 100%MK showed Na and Al migration, with 

exchange of Na
+
 for H

+
 and H3O

+
, and partial destruction of the gel N-A-S-H; small amounts 

of NaCl were formed as degradation product. However, in MgSO4 solutions the pastes gained 

strength via introduction of Mg ions in the N-A-S-H network.  

 Samples 50-50-1-10 performed well in HCl; the corrosion occurred by dissolution of BFS 

particles and C-S-H with the further penetration of Cl ions. However in presence of N-A-S-H 

the C-S-H was less susceptible to attack produced by the MgSO4 solutions. 
 

 
Figure 4: Microstructures of alkali activated cements after 360 days of immersion in HCl and MgSO4 solutions. 
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Abstract 

The corrosion of steel reinforcement due to carbonation of concrete presents one of the major 

deterioration mechanisms in reinforced concrete structures. Performance based concrete durability design 

requires that concrete properties pertinent to the degradation mechanism be measured and relies on 

predictive deterioration models to ascertain the concrete’s potential resistance to carbonation.A 

conceptual framework for the prediction of carbonation depth, which relies on performance based 

measurements relating to the concrete microstructure such as permeability and porosity is presented. The 

model accounts for the main mechanisms in concrete carbonation, concrete microstructure, concrete 

chemistry and exposure condition, in a modular way. The operative parameters are outlined. The 

exposure condition of the concrete structure is expressed quantitatively and incorporates the ambient 

relative humidity, ambient carbon dioxide concentration and the wetting periods. The concrete chemistry 

is calculated from the quantity of cementitious material and chemical composition of cementitious 

material, allowing the model to be applied and compared with changes in cement chemistry with time and 

by region. The microstructural representation obtained through the performance based tests can be linked 

empirically to the diffusion coefficient of the concrete.   
 

 

Originality 

Performance based tests rely on prediction models to ascertain the concrete’s potential resistance to 

deterioration. A model based on diffusion, flux and mass balance, first derived by Meyer (1967), is 

proposed as a framework for modelling the carbonation of concrete using performance based tests. The 

parameters of the model are defined. 
 

Chief contributions 

The model is adapted to link the performance based teststo the diffusion coefficient of the concrete. The 

parameters of the model are defined.  
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1 Introduction 

Performance based design for durability of concrete structures incorporates testing of concrete properties 

which are pertinent to the degradation mechanism to which the concrete is exposed(Beushausen & 

Alexander, 2009). In order to link the test data to durability performance, service life models need to be 

developed. This paper will outline a scientifically rigorous framework for the modeling of the carbonation 

of concrete using performance based indicators. 

The carbonation of concrete is affected mainly by the penetrability and chemical composition of the cover 

concrete, as well as the environmental exposure(Papadakis et al., 1991-b). Carbonation is a reaction-

diffusion process that takes place in a permeable matrix. The diffusion of carbon dioxide through the 

concrete matrix is affected by the concrete microstructure and chemistry, the moisture condition of the 

concrete and the concentration gradient of the carbon dioxide. The reaction process is affected by the 

chemical composition of the concrete, the moisture condition of the cover concrete and the carbon dioxide 

concentration. 

Performance based tests to predict concrete carbonation measure parameters that describe the 

microstructure of the cover concrete, such as permeability, porosity and tortuosity. A conceptual 

framework for modeling the carbonation of concrete using performance based testing must also account 

for the concrete chemistry. Furthermore the environmental exposure condition needs to be quantified 

instead of relying on qualitative categories to describe the aggressiveness of the exposure environment. 

2 Carbonation modeling 

Carbonation models can be separated into regression modelswhich correlate the carbonation coefficient 

directly to concrete parameters,or numerical modelswhich solve systems of partial differential equations.  

2.1 Regression models 

The bulk of models available in literature for carbonation are empirical models. It was noticed through 

observation(Meyer et al., 1967; citing works of Kishitani (1964) and Nishi (1962)), and it can be shown 

using Fick’s first law of diffusion and mass balance equations, that carbonation depth is a function of the 

square root of time (Meyer et al., 1967):  

x A t  (1) 

Where x is the carbonation depth (mm), t is the time (generally in years) and A is the carbonation 

coefficient (mm/ annum
½
). 

Using the square root relationship Uchida and Hamada (1928) were the first to correlate the w/c ratio to 

the carbonation coefficient. Kishitani (1964) and Hamada (1969) followed  this by introducing factors to 

take cement type, aggregate type and admixtures into account. After this a range of researchers included 

various other factors, as summarized by Audenaert (2007), given inTable 1. 

 
Table 1: Researchers and the factors considered for the carbonation coefficient 

Researcher 
compressive 

strength 

cement 

content 

exposure 

condition 

curing CO2concentrat

ion 

Schröder and Smolczyk (1967)      

Schiessl (1976)      

Smolczyk and Venuat (1978)      

Tuutti (1982)      

Schubert (1987)      

Morinaga (1990)      

Duval (1992)      

Bob and Afana (1993)      

Loo et al. (1994)      

Roy et al. (1999)      

Khan and Lynsdale (2002)      



2.2 Models formulated by partial differential equations 

Recently with the increasing popularity of finite element methods and other numerical methods, 

researchers formulated models based on partial differential equations which describe the diffusion and 

reaction of a chemical through a permeable catalyst in 1D (Equation (2)).  

( , , ) ( , , )( )u x t u x tu d u f
t

    


 (2) 

Where u is the concentration, t is the time, x is the distance,   is the gradient function, d and f are 

functions of u, x and t. 

Muntean and Böhm(2009) and Meier and Muntean (2008) proposed models based on the reaction-

diffusion of carbon dioxide alone. Bary and Sellier (2004) and Isgor and Razaqpur (2004) proposed 

models based on the reaction-diffusion of moisture and carbon dioxide. Saetta et al. (1995) as well as 

Luzio and Cusatis (2009) presented a model based on simultaneous diffusion of carbon dioxide and 

moisture, as well as the influence of temperature. The diffusivities of the carbon dioxide and the relative 

humidity are based on semi-empirical equations. Saetta and Vitaliani (2004, 2005) published further work 

on their model and incorporated some practical considerations, such as curing and measurements of 

ambient carbon dioxide concentration.  

 

However even these models rely on parameterization, which is the process of deciding and defining the 

relevant parameters in the system, in order to solve the system of equations.  Parameterization can involve 

the omission of some processes, the simplification of complex processes and incorporating empirical 

relationships and observations to define parameters.   

 

2.3 Discussion 

Regression models form a large part of the models developed to predict carbonation depths. These models 

are easy to apply. Furthermore they do not need many input parameters. They are practical and can give a 

good idea of carbonation depths over time. However some are based on properties of the concrete that 

only loosely correlate to carbonation, or only provide insight into one aspect of the carbonation problem, 

be it the microstructure, exposure condition or paste chemistry.  

Due to this fact any extrapolation of the results to other systems, exposure conditions, mix proportions, 

binders, cement compositions, aggregates, types of concrete (SCC, HPC etc.), curing regimes or any other 

variations from the original experiments for which the empirical relationship was established, will be 

poor.  

On the other side of the spectrum lie the partial differential equation models. These models are based on 

the physicochemical mechanisms that take place during concrete carbonation, the diffusion of carbon 

dioxide, moisture and heat and the associated chemical reactions. They are scientifically sound and are 

built on a theoretical understanding of the carbonation system. Nevertheless these models need firstly a 

finite element program and multiple input parameters to compute carbonation depths and rely onempirical 

relationships to define input parameters. 

Due to the high variability of carbonation depths in practice(Alexander et al., 2007) a more sophisticated 

regression model which incorporates the microstructure, chemical composition and environmental 

exposure condition of the concrete, promises to be as accurate as finite element models and more practical 

for industry use.This is depicted in the proposed framework in the next section. 

3 Proposed framework 

The framework or model proposed in this paper is by no means a new concept, but has not been used 

extensively to model carbonation. This model was first derived by Meyer et al. (1967), later modified 

byKropp (1995) and Audenaert (2007). The model, given in Equation (3), relies on the principles of 

diffusion, flux and mass balance. 



2
x t

Dc

a
   (3) 

Where x is the distance from the concrete surface, c and a are the molar concentrations (mol/m
3
) of the 

ambient carbon dioxide and the amount of carbonatable material respectively, D is the diffusion 

coefficient and t is the time. 

In developing this model some simplifications have been made (Kropp, 1995) 

1. The diffusion coefficient D is taken as being constant.  

2. The depth of carbonation is given by a clear reaction front between carbonated and uncarbonated 

material 

3. The amount of carbonatable material is constant throughout the concrete matrix.   

Papadakis et al. (1989) separately derived a similar model using a reaction engineering approach and the 

principles of mass balance and reaction-diffusion, showing that the model is scientifically rigorous. 

4 Parameterization 

To account for the influence of the relative humidity on both the diffusion and the reaction in the 

carbonating system, a relative humidity factor has to be included in model. The relative humidity factor 

acts as an interpolation shape function to scale the carbonation depth according to the average ambient 

relative humidity. The resulting model is given in Equation (4), where β is a function of the relative 

humidity (see also 4.4). 

2
ex t

Dc

a


   (4) 

The parameters required to populate the carbonation model are outlined below.  

4.1 Amount of carbonatable material 

The amount of carbonatable material can be found by performing a mass balance of the hydration and 

pozzolanic reactions in blended cements. The degree of hydration and the reactivity of supplementary 

cementitious materials play an important role in determining the amount of carbonatable material. 

Equation (5) represents the mass balance equation for portlandite in the concrete matrix and was modified 

from Papadakis et al. (1991-a) to includethe reaction of the pozzolanic phases.  

3 2 4 33 2 4 3 2[ ] 1.5[ ] 0.5[ ] 4[ ] [ ] [ ] [ ] [ ] 4[ ]1.5C S C S C AF C A C S ACH C S F C S F C AF F C A F CSH C P S P A P         (5) 

Where [i] indicates the molar concentration, Fi indicates the degree of hydration and Pi indicates the 

degree of pozzolanic activity of the species i. 

The role of CSH carbonation in the carbonation of concrete needs further examination. While there are 

findings (Castellote et al., 2009) that show that even at natural CO2 concentrations CSH is carbonated 

extensively, the lowering of the pH associated with the carbonation of portlandite remains the critical 

mechanism for the corrosion of steel due to carbonation. The CSH carbonation front lags behind the CH 

carbonation front and it is unclear if the carbonation of the CSH lowers the concentration of the carbon 

dioxide enough to affect the concentration gradient and the diffusion.    

4.2 Carbon dioxide concentration 

Ambient carbon dioxide concentrations are easily specified according to the surrounding land use of the 

concrete structure. Carbon dioxide concentrations can be specified according to the urban density, rural 

locations and proximities to major CO2 sources such as industrial areas and highways. The proposed 

ppmv (parts per million by volume) values are given in Table 2 and are based on the research of 

Grimmond et al. (2002), Idso et al. (2002) andWesterdahl et al. (2005). 

 

 



Table 2: Proposed CO2 concentration according to surrounding land use 

Condition Description ppmv value 

Severe Highways, industrial areas and areas close to CO2 sources  700 - 900 

Moderate City centers, urban areas with high densities 500 - 600 

Mild Rural areas and urban areas with low densities (suburbs etc.) 390 - 450 
 

The equivalent molar concentration can be calculated using Equation (6) 

10000c ppmv p RT    (6) 

Where R is the ideal Gas constant (R=8.314472
     

     
), T is the temperature in Kelvin and p is the pressure 

in kPa. 

4.3 Effective exposure time and wetting periods 

During wetting periods carbonation effectively ceases as carbon dioxide diffusion in water is negligible. 

Equation (7) adjusts the exposure time of the service life to an effective exposure time te to reflect the 

wetting periods that occur at the exposure site. 

1 365( )e SL ToWt t    (7) 

Where te is the effective exposure time given in years, tSL is the design life of the structure given in years 

and ToW is the time of wetness as defined by the fib model code for the weather function of the 

probabilistic carbonation model (Federation International du Beton, 2007), given in Equation (8). 

days per year with rainfall  2.5mm 365ToW    (8) 

4.4 Relative humidity 

Meyer et al. (1967) concluded that during natural carbonation the drying front in the cover concrete 

proceeds fast enough to not impede the carbonation front. Therefore the internal relative humidity in the 

cover concrete can be estimated to be equal to the ambient relative humidity. 

The relative humidity factor given in Equation (9) acts as a shape function to scale the carbonation depths 

according to the ambient relative humidity. It was found by incorporating the effect that the relative 

humidity has on the diffusion(Papadakis et al., 1991-b), and curve fitting with long term carbonation 

results obtained by Wierig (1984) to find the effect on theportlandite reaction.  

2 2.623.32 (1 ) ( )RH RH      (9) 

4.5 Diffusion coefficient 

Performance based tests relating to concrete carbonation usually measure the gas/oxygen permeability of 

concrete, such as the Cembureau permeability test, the Torrent permeability test or the South African 

oxygen permeability index (OPI) test. While permeation and diffusion are two different processes with 

two different driving mechanisms, pressure gradient and concentration gradient respectively, they take 

place in the same pore structure and therefore the permeability of a concrete sample can be used to 

describe the pore structure and therewith estimate the diffusion coefficient for the concrete. A 

fundamental relationship can be established between permeability and diffusion (Kropp, 1995) and is 

given in Equation (10). 

2
1

bk b D   (10) 

Where k is the permeability coefficient, D is the diffusion coefficient and b1 and b2 are constants and 

depend on thesubstance in permeation, the substance in diffusion and the relative humidity of the concrete 

during permeability and diffusion respectively. 



5 Conclusion 

The model proposed in this paper is scientifically rigorous, modular and warranted an extensive 

experimental program which followed the initial investigation. The model accounts for the diffusion 

process, the reaction process and the influence of the environment on both. Performance based indicators 

describing the microstructure of the concrete can be linked empirically to the diffusion coefficient as all 

important processes involve in concrete carbonation are accounted for.  

Figure 1 shows the flow diagram for the construction of the model and the quantification of parameters. 
 

Figure 1: Model flow diagram 

 
This paper represents an initial review of an experimental and theoretical program for carbonation 

prediction using permeability as a model input. Further experimental work is being undertaken to link the 

South African oxygen permeability index test to the diffusion coefficient obtained from accelerated 

carbonation tests.Final results will be presented at a later stage. 
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Abstract 

Alkaline activation of slags gives the chance to produce special low energy, high strength and durable binders. 

The best way to examine the influence of chemical composition of slags on the properties of hardened pastes, is 

to focus on specially prepared synthetic glasses - models, that have defined compositions. For examinations 

there were prepared four different calcium aluminosilicate glasses. The Al2O3/SiO2 ratio of the glasses was in 

the range 0.25 to 1.2. The process of the alkaline activation of glasses was investigated using following methods: 

compressive strength tests, X-ray diffraction (XRD), nuclear magnetic resonance (NMR), scanning electron 

microscopy (SEM). The effect of Al2O3/SiO2 ratio of the glass has significant influence on the rate of hydration 

processes. The type of calcium aluminosilicate glass and  Al2O3/SiO2 ratio in the binder has fundamental 

influence on the phase composition and microstructure of the hydrated pastes. In case of high Al2O3/SiO2 ratio 

there is a possibility to achieve a very high compressive strength in a very short times. Using of alkali activation 

allowed to make binders that indicate the compressive strength above 100MPa after one day of hydration. 

 

Originality 

Presented materials contain the results of examinations, that are the part of wide scientific field of our team 

work with alkali activated materials. Presented paper includes the results of study on the chemical composition 

of the glassy state materials on their activity and the nature of hydration products. The presented results are part 

of the Łukasz Gołek PhD thesis. 

 

Chief contributions 

This work is a small part of wide range of examinations conducted during PhD work of Ł. Gołek – “The 

influence of the chemical composition of aluminosilicate glasses on the process of their alkali activation”. The 

main scope of this work was examination of the influence of Al2O3 / SiO2 ratio on the activation process, but 

there was also examined the influence of the kind and amount of activator, the conditions of hydration process 

and additionally there was examined influence of the MgO presence in hydrated system. In order to realize the 

scope there was necessity of synthesize pure glasses with different chemical compositions which serve as models 

of cementitious materials. This work contribute the knowledge that the Al2O3 / SiO2 ratio has really significant 

influence on the chemical activity of glassy – state materials during alkali activation. The examination of alkali 

activated materials is difficult at least. The materials which are alkali activated most often have very complex 

chemical composition. The cause of difficulty is amount of different phases among of hydrates. In order to 

simplify the examinations there were prepared the pure glasses from the CaO – SiO2 – Al2O3 system, with 

different A/S ratio. The obtained results show that there is a possibility of predict the mechanical properties and 

phase composition of hardened materials through the modification of A/S ratio of substrates of hydration or 

through modification of conditions (temperature and pressure) of the hydration process. 
 

 

Keywords: zeolites, hydrogarnets, geopolymers, slags, synthetic glasses, alkaline activation, autoclaving 
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Introduction 
 

Taking into the consideration the tendencies in the modern cementitious materials industry, the most 

important are those connected with economical and ecological factors. Not only increasing prices of 

every kind of energy, but also higher ecological consciousness of the society, are forcing the studies 

for finding new materials that can replace the high energy-consuming and pollutant binding materials. 

The research brought measurable advantages, manifested by commonly used fly ashes and blast 

furnace slags as cement and concrete additions.  

 Taking into account the tendencies of presently conducted examinations in field of bonding 

materials and the directions of development of building industry that uses waste materials, there was 

defined the aim of this work – the influence of type of aluminosilicate glass on the hydration processes 

in high alkaline solutions. The most interesting for researchers are the glasses from  CaO – SiO2 – 

Al2O3 system that have compositions similar to melilite glasses (the gehlenite – akermanite solid 

solution). Most of the indystril slags and ashes have the composition of melilite glasses. But the 

chemical composition of slags are not always stable. These phase and chemical composition 

variabilities are significant in aspect of using these wastes as cement and concrete additions. There are 

wide literature resources available, that describe an influence of those variabilities on the binders and 

concrete properties. 
 

 

Aim and scope of work 
 

 The best way to examine the influence of chemical composition of slags on the properties of 

hardened pastes, is to focus on specially prepared synthetic glasses - models, that have defined 

compositions. The creation of such models allow to describe more precisely the relationship between 

usable properties of hardened mortars and chemical composition of synthesized glasses. The similar 

examinations were carried out earlier by Małolepszy (Małolepszy, 1989), Mc Dowell (MacDowell et 

al, 1986), Deja (Deja , 2004; Deja, 2005), Davidovits (Davidovits 1979, Davidovits 1988, Davidovits 

1991, Davidovits 1992, Davidovits 1994b, Davidovits 1994a), Gołek 2008 and others (Kurdowski W., 

Sorrentino F. 1983; Mascolo 1973; Häkkiner 1986; Xu 2002; Grutzeck et al 2004; Richardson et al 

1994; Palomo 2004; Wail 2005) 

 In order to increase the alkaline activation efficiency and for the improvement of the 

properties of hardened materials, it is purposeful to get answers for the following questions: How does 

the chemical composition influence on the rate of hydration process, on composition of hydrates and 

on the usable properties with alkali activation. 
 

Table. 1. The compositions of prticular glasses. 

Glass  Content [%] Amount of moles 
 [per 100g] 

Molar 
ratio 

Al2O3/SiO2 CaO Al2O3 SiO2 MgO CaO Al2O3 SiO2 MgO 
A 24.68 22.44 52.88 - 0.88 0.44 1.76 - 0.25 
D 41.05 14.84 35.23 8.88 0.732 0.146 0.586 0.220  
B 40.91 37.18 21.91 - 0.729 0.365 0.365 - 1.00 
C 38.08 41.53 20.39 - 0.679 0.407 0.339 - 1.20 

 

Based on the earliest examinations results of other authors and taking advantages of our preliminary 

examinations, the following thesis was formulated that the molar Al2O3/SiO2 ratio in aluminosilicate 

glasses plays determining role during alkaline activation of that glasses. The value of that ratio is a 

rate-determining factor of hydration processes and type of formatted products.  

For examinations there were prepared four different aluminosilicate glasses (Table 1). The prepared 

glasses has different  Al2O3/SiO2 ratio. The chemical compositions of two of them (B and C) were 

placed on the gehlenite field. The A glass was placed on the anortite field and the D glass was the 

typical melilite glass. The Al2O3/SiO2  ratio in D glass was set as in A glass, but additionally it 

contained  magnesium oxide.  

 



Characteristics of glasses 
 

 The results of XRD examinations are shown in Fig. 1. The patterns show rise of background, 

what speaks for high vitrification level of the glasses. A little amount of gehlenite crystallites (G) and 

merwinite (M) Ca3Mg(SiO4)2 that were formed during the glass cooling are visible. The Rietveld 

analysis shows the vitrification level above 96%. 
 

 

Pastes preparation 
 

 In order to realize the assumed target of work, there was necessary to examine the alkaline 

activation processes and properties of the hardened pastes. The following methods were used: 

- compressive strength tests   - X-ray diffraction (XRD) 

- nuclear magnetic resonance (NMR)  - scanning electron microscopy (SEM) 
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Fig. 1. XRD patterns of synthetic glasses. 

 

Tab. 2. The composition and designation of 

examined pastes. 

Designation 
Activator amount 

Na2O [% mass.] 

AN1 1.2 

AN3 3.5 

AN7 7.0 

DN1 1.2 

DN3 3.5 

DN7 7.0 

BN1 1.2 

BN3 3.5 

BN7 7.0 

CN1 1.2 

CN3 3.5 

CN7 7.0 
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Fig. 2. The hardening times 

 

 There were prepared pastes from the obtained glasses and subsequently also the prismatic 

10x10x60mm samples. The pastes were cured in different conditions. First part of samples were 

matured at  20°C, RH ≥ 95%. The second part were maturated for 24 hours like the first part and 

subsequently the samples were autoclaved for 12 hours in 230°C. The hydration of glasses was carried 

out in alkaline environment with using NaOH as an activator. The designation of samples and amount 

of activator is given in Table 2. The amount of activator is given as the mass percent of glass and as 

equivalent of  Na2O. The water/binder ratio was specified during preliminary examinations. In spite of 

similar grain-size, there were observed significant differences in water absorbability.  
 

 

Examinations of mechanical properties  
 

 The setting times of some samples were really short. This fact precludes to use the Vicate 

apparatus. The setting time is the time after which the sample loses its plasticity. The results of setting 
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G 
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time and strength tests are shown in Fig. 2 and 3. The significant differences in setting times were 

observed between glasses A, D and B, C. The time for A glass was about 24h and the amount of used 

activator  has not caused significant changes. The D glass was more active than A glass and the 

influence of amount of the activator in case of this glass was more visible. The strength values for A 

and D glasses are relatively low and there are between  24.5 – 28.0 MPa. The activity of gehlenite 

glasses is significantly higher. The setting times are very short and the measured strength resistance is 

relatively high – even up to 100 MPa. According to the results, it is possible to say that the B type 

glasses allow to prepare pastes with the highest strength. The results of examinations confirm the 

significant influence of used activator in case of gehlenite glasses. These results correspond with the 

data reported by Małolepszy, who found that the most active phase shows CaO - SiO2 - Al2O3 system 

was the gehlenite one. The obtained strength results and hardening times also correspond to the 

sequence of heat evolution values during 24h of hydration. 
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Fig. 3. The strength tests results. 

 

 

Analysis of the phase composition by XRD method 
  

The XRD patterns (Fig. 4) for A and D series are similar. There is a visible rise of background, 

as a result of the presence of unreacted glass and C-S-H. In comparison with the  pattern of pure glass, 

there are visible peaks that characteristic for sodium zeolites (Z). The latter is one of crystalline form 

of C-A-S-H phase. The patterns of the D glass, having similar composition as A glass, are more 

diversified then patterns of A glass. The presence of small amount of magnesium (the 8.8% in this 

case) brings significant increase of the activity. There are much more crystalline products among the 

products of hydration. The increasing amount of activator does not cause significant influence on the 

composition of hydration products. In the DN1, but especially in DN3 and DN7 pastes, than was 

observed, besides amorphous, poorly crystallized C-S-H phase (d = 0.307nm). The increasing amount 

of activator cause presence of little amount of the C-A-S-H phase, mainly a gismondite type. Also in 

case of D glass the hydrotalcite Mg6Al2CO3(OH)6∙4H2O (HT) was observed. This is in accordance 

with the earlier reports (Richardson I. G at al 1994). Wide half-intensity width of the peak of the A 

and D patterns speaks for the large quantity of the amorphous or submicrocrystalline phases among 

the hydration products. 
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Fig. 4. XRD patterns of the A,B,C,D pastes. 

 

The patterns reveal that the presence of little amount of the magnesium brings a significant 

increase of the crystalline hydration products. Therefore the higher  D glass activity is proved. In the 

pure D glass and also in the pastes made from D glass, there is high peak near 27° 2Θ angle visible. In 

pure glass that peak speaks for the presence of merwinite, formed during cooling. The intensity of this 

peak increases with the increasing amount of activator, however in this 2Θ range the coincidence of 
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the gismondite and merwinite occurs. In case of A and D glasses little amount of calcium – sodium 

zeolites is observed. The autoclaving process significantly influences on the composition of hydrates 

in comparison with naturally cured samples. After autoclaving, there is still visible a high rise of 

background in the patterns, what speaks for high amount of amorphous phase and unreacted glass. It is 

clearly visible, that the autoclaving process results in the increase of the crystalline products – mainly 

analcime (A) - Na[Al Si2 O6]• H2O (which gives very strong peaks). There were also sodium zeolites 

(Z)  Na5,7[Al5,7 Si10,3 O32] ∙ 12H2O observed. The hydrothermal curing of the A and D glasses cause the 

formation of some amount of tobermorite (T)  Ca5Si6O16(OH)2• 8H2O. The presence of unreacted glass 

after autoclaving process speaks for the low activity of the A and D glasses. The main hydration 

product, after autoclaving, is the hibschite-katoite solid solution Ca3Al2[(SiO4)1,5-2,5](OH)1-6, (HK) 

affiliated to the hydrogarnets group. Making comparison of autoclaved A and D pastes, there are 

visible the differences between the rises of background of particular glasses. The differences speak for 

the higher activity of D glass. 
 

 

10 15 20 25 30 35 40 45 50 55 60

2Θ CuKα

AN3A

DN3A

BN3A

CN3A

 
Fig. 5. XRD patterns of the autoclaved A,B,C,D pastes. 

 

 The patterns of the B and C (Fig. 5) glasses are totally different from the patterns of the A and 

D glasses. In both pure glasses (B and C) the presence of the crystalline gehlenite (G) 

2CaO∙Al2O3∙SiO2 was found, whereas in examined pastes the presence of the hydrogehlenite (HG) – 

2CaO∙Al2O3∙SiO2∙8H2O was found. Analyzing the peak intensity, one come notice that the amount of 

the C-S-H phase in case of B and C samples is lower than in case of A and D samples. In case of the B 

and C samples a great amount of the crystalline katoite (K) – Ca3Al2[(OH)8-6|(SiO4)1-1.5] is observed. 

The intensity of peaks characteristic for katoite in C samples is significantly higher than in case of B 

samples. Generally, higher peaks intensity in case of C samples speak for better crystallization of 

hydration products in C series of the samples. It is probably because of the hydration process of C 

series is significantly slower than B series and this influences the crystallization rate. 

It is clearly visible, that autoclaving process of B and C samples brings abut higher crystallization 

level of hydration products than in naturally matured samples. Also falling down of background 

speaks for the higher crystallization level. Among the hydration products the hibschite-katoite (HK) 

Ca3Al2[(SiO4)1,5-2,5](OH)1-6 was found. Except of this, there was also the crystalline aluminum 

hydroxide -  boehmite (B) Al2O3∙H2O found, which affects the durability of such pastes. The presence 

of analcime (A), hydrogehlenite (HG) and zeolites (Z) were also found among the hydration products. 

 The XRD examinations have proved the differences among the hydration products of 

particular glasses. The differences are visible in quantitative and qualitative consideration. The 

products of B and C glasses hydration are significantly richer in crystalline forms than in case of A 

and D samples. The analysis of the patterns show significant influence of the amount of alumina ions 

introduced into the glass structure during the melting process. The hydration products of the low-

alumina glasses contain mainly amorphous phases and little amount of crystalline products increasing 

with higher amount of used activator. The hydration products of the high alumina glasses contain 

significantly more crystalline products. In case of hi-alumina glasses, a lot of crystals are formed, even 

if the little amount of activator is used. The influence of percentage concentration of activator is 

relatively lower in case of B series, what speaks for the high degree of reaction regardless the amount 

of activator.  
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The NMR examinations 
 

 The results of the NMR examinations (Fig. 6) allow to exhibit the structural changes, during 

the hydration process in natural conditions and during the autoclaving. The examinations were 

conducted for the  Si29 atoms. The spectra of the hydrated samples correspond to the spectra of pure 

glasses (Fig. 9). There is no significant splitting of spectral lines, however the spectra are stretched, 

what speaks for the presence of several types of structures in hydrated samples, among which one or 

two are dominant. For the 28 days old samples, the decrease of half-intensity width is observed and 

the shift of the peak maximum towards to the negative values in comparison with the pure glasses 

spectra.  This shift speaks for the formation of phases that contain the higher rank tetrahedra – in this 

case the tetrahedra linked in chains. For the naturally matured samples there were observed the 

presence of skeleton structures (Q4). It is the confirmation of the presence of C-A-S-H phase in form 

of geopolymers. In every sample there were observed peaks between (-95) - (-100) ppm range, and (-

65)–(-70) ppm range of the chemical shift. 
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Fig.6. The NMR of glasses, naturally cured and autoclaved samples. 

 

The presence of these peaks speaks for the presence of little amount of the crosslinking tetrahedra 

(Q3) and isolated tetrahedra (Q0). The formed hydrates are dimers and chains mainly - the (-80) ppm 

peak confirms that. It is interesting that in case of high alumina glasses the higher rank tetrahedrons 

are observed. In case of the naturally matured samples and during the autoclaving process, the 

decomposition of chains occurs. It indicates the possibility of controlling the type of hydration 

products by changing the hydration conditions. 

 

 

Conclusions 
 

Based on the results of the tests the following conclusions can be drown: 

- The  Al2O3/SiO2 ratio has significant influence on the rate of hydration processes. 

- The type of aluminosilicate glass and  Al2O3/SiO2 ratio in the binder has fundamental influence on 

the phase composition and microstructure of the hydrated pastes. 

- The main hydration product of low  Al2O3/SiO2 ratio glasses is the amorphous C-S-H phase. This 

phase has low C/S ratio. 

- Among the hydration products of low  Al2O3/SiO2 glasses the zeolites were identified, independently 

of the process conditions. 



- In naturally matured high  Al2O3/SiO2 ratio pastes, the amorphous C-A-S-H phase was observed as a 

main hydration product. There were also observed geopolymers and hydrogarnets. 

- In case of high  Al2O3/SiO2 ratio glasses there is a possibility affect the final phase composition of 

hydrates by changing the process conditions. The natural maturing leads mainly the hydrogarnets 

formation and in the autoclaving process the zeolites are mainly formed. 

- In case of high Al2O3/SiO2 ratio glasses there is a possibility to prodce a very high compressive 

strength in a very short times. Using of alkali activation allows to produce binders that indicate the 

compressive strength above 100MPa after one day of hydration. 

- The structural examinations indicate that during the glass hydration process the ordering of structure 

proceeds. Also during the ordering, the increase of tetrahedra rank takes place. In case of high  

Al2O3/SiO2 ratio glasses, the highest rank in naturally matured samples was found. The highest rank in 

low  Al2O3/SiO2 ratio was found after autoclaving process. 
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Abstract 

Rice husk ash (RHA) and silica fume (SF) are classified as "highly active pozzolans". RHA is not an ultra-fine 
material like SF but also has a very high specific surface area due to its porous structure. With a similar 
chemical composition and a same specific surface area of RHA and SF, the effect of RHA on the hydration and 
the microstructure of cement paste might be expected different from that of SF.  

The first aim of this work is to study the effect of RHA on the hydration of cement in comparison with that of SF. 
The second aim is to evaluate the apparent activation energy (Ea) of cement blended with RHA. The 
experiments were performed by using isothermal calorimetry.  

The results show that RHA is a highly reactive pozzolan and in some mixtures well comparable with SF. The 
addition of RHA increases the degree of cement hydration particularly in the later period. The effect of RHA on 
the degree of cement hydration is higher than that of SF in low water to binder (w/b) ratio mixtures. Besides, it 
was found that the value of Ea depends on the degree of hydration, the w/b ratio, and the RHA replacement. 
 
Originality 

Both RHA and SF are classified as "highly active pozzolans". However, with a similar chemical composition 
and a same specific surface area of RHA and SF, the activity of SF comes mostly from its ultra fine particles, 
but in case of RHA, it mostly comes from the porous structure. The effect of SF and RHA on hydration process 
and the development of microstructure of cement paste is different.  
 
Chief contributions 

- The degree of hydration of RHA mixtures is higher than that of SF mixtures at the low w/b ratio and at a later 
period. 

- The activation energy of blended cement was dependent on the degree of cement hydration, the water-binder 
ratio, and the RHA replacement. 
 
Keywords: activation energy, cement hydration, isothermal calorimetry, rice husk ash, silica fume 
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1. Introduction 
 
Rice husk is a by-product of rice processing, which constitutes about one fifth of the 690 million 
metric tons of rice paddy produced annually in the world (FAO, 2009). If rice husk is not treated in the 
proper way, it can cause environmental pollution. Rice husk is then considered an agricultural waste. 
One potential solution for this is using rice husk in the building industry.  

Rice husk ash is obtained after complete combustion of the husk under controlled conditions. Both SF 
and RHA are classified as “highly active pozzolans” (Mehta, 1983). The mean particle size of RHA 
ranges generally from 5 to 10 m in diameter, much larger than that of SF. However, due to its 
extremely porous structure, it has a very high surface area, from 20 to 160 m2/g (Bui, 2001). 

When incorporated in cement, both RHA and SF affect the rate and the extent of heat generation 
(Huang et al., 1985, Qingge et al., 2003). The reactivity of RHA is contributed by its high content of 
amorphous silica, and by its very large surface area governed by the porous structure of individual 
particles. Meanwhile, the reactivity of SF with a similar chemical composition comes mostly from the 
surface area of very fine particles (Mehta, 1994). Therefore, with a similar chemical composition and a 
same specific surface area, the different particle characteristics may cause differences in the hydration 
process and the microstructure development. So far this expected difference has not been studied 
thoroughly. The objective of this paper is to study the effect of RHA on the hydration of blended 
cement pastes by means of isothermal calorimetry in comparison with SF. 

The hydration kinetics of cement depends on the reaction temperature. An issue related to the effects 
of curing temperature on cement hydration is the apparent activation energy (Ea). Under the classic 
definition, the activation energy is the minimum energy required for a reaction to occur for a single 
reaction. The higher the temperature is, the higher the number of molecules with a high enough kinetic 
energy for the reaction to occur. In cement hydration, multiple reactions take place simultaneously, all 
of which are affected by temperature. The term apparent activation energy is used to represent the 
average effect of temperature on the combined reactions. The determination of the Ea is usually 
carried out by means of mechanical or calorimetric tests. However, the calorimetric test can reflect a 
purely chemical mechanism and show a clearer effect on the cement chemistry than a mechanical test. 
Moreover, the isothermal test has the advantage of fixing the temperature parameter on which the Ea 
is likely to depend (Kada-Benameur et al., 2000). In calculations of temperature distributions in 
concrete structures, the Ea can be considered as constant (Ma et al., 1994). Several studies, however, 
reveal that the Ea is not constant at all. Schindler (1994) proposed an equation for the Ea that 
considers the chemical composition and fineness of cement. Hansen et al. (1977) recommended that 
the Ea only depends on the curing temperature. Breugel (1991) proposed an equation for the Ea as a 
function of chemical composition of cement, curing temperature and the degree of hydration. Besides, 
partial replacement of Portland cement by pozzolans is believed to alter the Ea values. It is also the 
purpose of this paper to study the effect of the water-to-binder ratio, the degree of hydration, the 
curing temperature, and the RHA replacement on the Ea in all subsequent cement hydration stages. 
 
2. Materials and Methods 
 
2.1 Materials 

The materials used in this study were Portland cement (CEM I 52.5N) with a Blaine value of 0.45 
m2/g, condensed SF, RHA and a polycarboxylate based superplasticizer. Rice husk, from Vietnam, 
was burnt in a drum incinerator under uncontrolled combustion conditions. Details of the oven and 
rice husk combustion process were described elsewhere (Bui, 1991). The obtained ash was ground in a 
vibrating ball mill. The ash contains 88.0% amorphous SiO2, 3.8% loss on ignition and its mean 
particle size is 7.3 µm. The SF has an amorphous SiO2 content of 97.2% and its mean particle size of 
about 0.15 μm. The BET specific surface area by nitrogen absorption of both RHA and SF is similar, 
about 19.5 m2/g. The mean particle size of materials was determined by laser diffraction. 



The SEM images of RHA and SF are shown in Fig. 1. It can be seen that a typical RHA particle has a 
porous structure and SF contains ultra fine particles. 
 

       
Figure 1: SEM images of RHA (a) and SF (d) 

 
2.2 Experimental description and mixture proportions 

The rates of heat evolution of all the cement mixtures were measured in a Thermometric isothermal 
conduction calorimeter (TAM Air 314), using 100.01g samples and appropriate amounts of mixing 
water. Before mixing, all the materials were placed in an oven at least 12 hours at the desired testing 
temperature. The tests lasted 120 hours starting from mixing. A constant dosage of superplasticizer 
(0.8% by weight of the binder) was employed for 0.25 w/b ratio pastes. The binder herein is the sum 
of the cement and the (RHA or SF). 

In order to study the effect of RHA on cement hydration and on the Ea, a set of mixtures was prepared 
as shown in Table 1. The abbreviation of some mixtures is named as the rule in Fig. 2.  
 

Table 1: Mixture proportions used in this study 

Aspect % RHA or SF,  
by weight 

water/binder ratio, 
by weight 

Curing temperature, 
oC 

- Effect of RHA or SF on cement 
hydration 0 - 10 - 20 0.60 - 0.40 - 0.25 20 

- Effect of RHA on the Ea 0 - 5 - 10 - 20 - 30 0.40 - 0.25 10 - 30 - 40 
 

(ab) indicates the last two digits of w/b ratios, i.e. 0.25, 0.40, 0.60. 
(SAM) indicates samples, i.e. REF (the control sample without RHA or SF) or 
RHA (the RHA sample) or SF (the SF sample). abSAM(cd)
(cd) (optional) indicates the cement replacements, i.e. 10 and 20%. 

Figure 2: Abbreviation of samples used in the study 
 
2.3 Heat evolution and activation energy 

Heat evolution   Cement hydration is an exothermal process. The isothermal calorimeter records the 
heat release or the thermal power. The degree of hydration at time t can be approximated as the heat 
released at time t divided by the maximum heat (Breugel, 1991). The maximum heat of the binder 
(cement and RHA/SF) is calculated as follows: 

Qmax = PCem.QCem + PPoz.QPoz (1) 

where PCem, PPoz is the percentage of cement and pozzolan (RHA or SF), respectively; QCem is the 
maximum heat of cement hydration calculated according to Bogue (Breugel, 1991); QPoz is the 
maximum heat of RHA or SF calculated from the amount of amorphous SiO2 in RHA or SF, where 



QSiO2 = 780 J/g (Waller et al., 1996). 

Activation energy   The activation energy is calculated from the heat rate results (Kada-Benameur et 
al., 2000): 

Ea() = 
1

1 2

21 2

. .ln

d
T T dtR dT T

dt





  
  
    
   

   (2) 

in which R the gas constant (8.314 J/mol K); T1 and T2 the curing temperatures (K); d1/dt, d2/dt: the 
rate of hydration at T1 and T2, respectively. 
 
3. Experiment results 
 
3.1 The effect of RHA on the hydration process of cement paste 

The effect of RHA content on the rate of heat evolution of cement paste with w/b ratios of 0.25, 0.40 
and 0.60 were studied. This paper only shows the results of cement pastes with w/b ratios of 0.25 and 
0.60 (Fig. 3). The heat evolution herein is the total heat released from the blended cement paste. The 
result shows that the addition of RHA does not delay significantly the acceleration peak of the heat 
evolution curve. The values of these peaks are lower than that of the control sample. An extra peak is 
clearly seen on the heat evolution curve of the sample containing 20% RHA at about 17 hours (Fig. 
3b). This indicates that the pozzolanic reaction of RHA contributes to the heat generation of cement 
hydration.  
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Figure 3: Heat evolution of blended cement pastes with time (a) w/b = 0.25 and (b) w/b = 0.60 
 
On the contrary, the SF samples show a different behavior. The addition of SF accelerates the 
hydration of the blended cement paste. At a high w/b ratio, an extra peak is also observed on the heat 
evolution curve of the sample containing 20% SF but it occurs earlier than that of the RHA paste. 

From the heat evolution, the degree of hydration of samples was calculated (Fig. 4). It is interesting 
that the degree of hydration of the RHA samples is higher than that of the SF samples at the later 
period, i.e. after 50 hours when the w/b ratio is lower. This tendency is more significant with the 
samples containing a high amount of cement replacement. 

The effect of RHA on cement hydration can be caused by several reasons. Firstly, at the second stage 
of hydration (dormant period), the concentration of Ca2+ decreases thereby increasing the saturation 
time of ions and thus delaying the acceleration peak (Hwang et al., 1989). However, the pH value 
increases primarily due to the high potassium content in RHA dissolved in water (Hwang et al., 1989, 
Bui, 2001). This compensates for the alkali concentration consumed by Ca2+ to nucleate earlier and to 
accelerate the acceleration peak. Therefore, the addition of RHA does not influence on the acceleration 



peak. A higher RHA content possibly increases the number of RHA particles adhere to the surface of 
cement particles. This constrains the transfer of ions and leads to a further delay of the acceleration 
peak. The lower value of the acceleration peak is ascribed for the reaction of K+ and SiO2 of RHA with 
Ca2+ of cement hydration products (Hwang et al., 1989). 
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Figure 4: Hydration degree of cement paste made with (a) 10% and (b) 20% cement replacements 
 
Secondly, the improvement of RHA on hydration of low w/b pastes at the later period can be 
explained by the porous structure of RHA. The pores in RHA particles may absorb a certain amount of 
free water into its pores during mixing. On the one hand, this adsorbed water decreases the rate of 
hydration of cement at an early stage because less water is available for cement grains to react, 
especially with low w/b ratio mixtures. However, with time of hydration, this water enhances the 
pozzolanic reaction of Ca2+ with silica ion from RHA inside the inner cellular spaces and thus 
increases hydration of the cement, which is also suggested by Hwang et al. (1989). On the other hand, 
with progress of cement hydration process, when the relative humidity in the paste drops, the absorbed 
water will be released from these pores and increases the hydration of cement. This effect is more 
significant with lower w/b ratio of mixtures. This mechanism is similar to that proposed by Weber et 
al. (1997) and Breugel et al. (1999) when using saturated lightweight aggregates or proposed by 
Jensen et al. (2001) when using SAP particles for internal curing of concrete.  

From this result, it can be concluded that compared to that of SF, the addition of RHA enhances the 
hydration of low w/b ratio pastes at the later period. 
 
3.3 The activation energy of cement paste made with RHA 

The effect of RHA on the Ea of cement pastes was studied in this part. Fig. 5 shows typical results of the 
heat evolution and the calculated Ea for the control sample and the RHA sample. The three ranges of 
temperature of 10-20, 20-30, and 30-40oC were considered. These typical results show that, in general, 
the temperature considerably accelerates the hydration of cement paste. The Ea is observed to be stable 
in the range of the hydration degree between 0.05 and 0.30 and not significantly change at different 
temperature ranges. Beyond this range, the Ea varies considerably and then decreases gradually. 
Additionally, two phenomena can be observed on the Ea curves in Fig. 5b. One is a jump caused by the 
pozzolanic reaction of RHA which is presented with an extra peak on the heat evolution curve.  

The other phenomenon is that the Ea increases and gradually decreases thereon occurring after the 
first phenomenon. This can be explained by the renewed formation of ettringite (Taylor, 1990) which 
causes a shoulder on the heat evolution curve in deceleration period at about 16 hours. This causes a 
considerable variation of the Ea. The decrease of Ea value is suggested due to the change in 
mechanism of cement hydration. In that period, the chemical reaction control will switch to the 
diffusion control (Kjellsen et al., 1992). The Arrhenius law can not be applied in that case (Kada-
Benameur et al., 2000). 
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Figure 5: Heat evolution and the calculated Ea of (a) the control sample without RHA and (b) the RHA sample 
made with 20% RHA, w/b ratio = 0.40 

 
Table 2: The Ea calculated by equation (2) obtained for degree of hydration α from 0.05 to 0.2-0.4  

for three ranges of temperature (10-20, 20-30, 30-40oC) 

The mean Ea value, kJ/mol 
w/b ratio = 0.40 w/b ratio = 0.25 Sample % RHA ,  

by weight α from 
0.05 to 10-20oC 20-30oC 30-40oC α from 

0.05 to 10-20oC 20-30oC 30-40oC 

REF 0 0.380 37.82 35.04 32.81 0.285 41.87 37.57 32.39 
RHA 5 0.365 43.37 34.55 31.44 0.270 37.93 36.71 34.81 
 10 0.335 36.10 38.59 31.01 0.250 37.38 44.07 27.34 
 20 0.285 38.90 35.71 30.73 0.205 38.00 34.43 31.52 
 30 0.220 36.60 39.63 22.12 0.175 37.77 36.39 30.55 
 

Table 3: Mean values of the Ea for different RHA replacement percentages calculated  
over the total temperature range from 10 to 40oC 

The mean Ea value, kJ/mol 
% RHA, by weight 

w/b ratio,  
by weight Control sample 

5 10 20 30 
0.40 35.22 36.45 35.23 35.12 32.79 
0.25 37.28 36.48 36.26 34.65 34.90 
 
Based on the observation of the change of Ea values, the mean value of Ea can be calculated in the 
stable range with the hydration degree between 0.05 and 0.20-0.40. This calculation also takes into 
account the effect of pozzolanic reaction. The details of the results can be seen in Table 2. It was 
found that both the RHA content and the w/b ratio strongly influence the stable range of Ea values. 
However, the average values of Ea calculated in these stable ranges are almost independent of the 
RHA content and the w/b ratio as long as one temperature range is considered, i.e. 10-20, 20-30, 30-
40oC. At different temperature ranges, the values of Ea do not significantly change. This may be 
caused by the change of thickness of the product layer and the density of hydration products of cement 
produced at a high temperature (Breugel, 1991). 

The average values of the Ea over the whole temperature range from 10 to 40oC are presented in Table 
3. These values are in good agreement with the calculated values following the ASTM C 1074 method 
(Nguyen et al., 2010).  



4. Conclusions 

The effect of RHA in comparison with SF on cement hydration was investigated by means of 
isothermal calorimetry. Based on these results, some main conclusions can be drawn: 

- The addition of RHA enhances the hydration of low w/b ratio cement pastes at the later period. This 
positive effect of RHA is possibly caused by the pozzolanic reaction between RHA and cement 
hydration product and the porous structure of RHA. 

- The Ea of cement blended with RHA is observed to be dependent on the degree of hydration, the 
w/b ratio, and the RHA content. The Ea is considered stable from the early stage ( = 0.05) until the 
renewed formation of ettringite occurs (roughly  = 0.20 to 0.40). 
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Abstract 

Rice husk ash (RHA) is not an ultra-fine material as silica fume (SF) but it also has a very high specific surface 
area due to its porous structure. With a similar chemical composition and a specific surface area of RHA and 
SF but a different morphology of particle, the effect of RHA will be different from SF on the hydration and the 
microstructure of cement paste and concrete. The objective of this research is to study the effect of RHA on the 
hydration and the microstructure of UHPC. The results are compared to those obtained from the control sample 
and the sample containing SF. 

The results show that the addition of RHA can enhance the hydration of cement in UHPC at the later ages. RHA 
also refines the pore structure of UHPC and reduces the Ca(OH)2 content of UHPC paste but less significant 
compared to SF does. The thickness of the interface transition zone between sand particles and cement matrix of 
all samples was about 5 μm at the age of 28 days. It is interesting that the compressive strength development of 
the RHA-sample is higher than that of the control sample after 7 days and that of the SF-sample after 3 days.  
 
Originality 

Nowadays, the environmental pollution is one of the important world wide problems. Rice husk is an 
agricultural waste in the developing countries, i.e. Vietnam. The use of RHA in construction is one of the useful 
solutions to reduce the environmental pollution. The limited availability and high costs constrain the 
application of SF in these developing countries. Studying the possibility of using RHA to substitute silica fume 
to produce UHPC is the practical challenge of this research. 

The addition of RHA in UHPC has some drawbacks, such as its big particle size and its high water demand. 
However, the results from this investigation show that the development of compressive strength of the RHA 
sample even higher than that of the SF sample. Therefore, the understanding of the hydration and 
microstructure of UHPC using RHA is very important to explain this interesting result. 
 
Chief contributions 

- The study fundamentally demonstrates that RHA can be used to produce UHPC instead of SF. The 28-day 
compressive strength of the RHA sample can be achieved in excess of 170 MPa. This strength can reach to 190 
MPa at the age of 91 days under a normal curing condition. 

- Based on these results, it is hypothesized that RHA can act as an internal curing agent in UHPC. 
 
Keywords: cement hydration, microstructure, rice husk ash, silica fume, ultra high performance concrete 
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1. Introduction 
 
Ultra High Performance Concrete (UHPC) refers to concrete with superior mechanical properties and 
very high durability due to its dense microstructure. Depending on its composition and the treating 
temperature its compressive strength ranges from 150 MPa and 800 MPa (Richard and Cheyrezy, 1994, 
1995). The term UHPC has been used to describe a fiber-reinforced, superplasticized, silica fume (SF)-
cement mixture with very low water-to-cement ratio (w/c) characterized by the presence of very fine 
quartz sand (0.15-0.60 mm) instead of ordinary aggregate. In UHPC, SF is an essential constituent. In 
regard of the filler and pozzolanic effects, a high amount of SF is required to use in UHPC with a typical 
SF-to-cement ratio of 0.25 (Richard and Cheyrezy, 1995). This causes some disadvantages, i.e. the 
limited available resource and the high cost constrain the application of SF in modern construction 
industry, especially in developing countries. As a result, it gives a motivation for searching for other 
materials with similar functions. 

One possibility is using rice husk rice (RHA), which is an agricultural waste. The RHA obtained after 
complete combustion of the husk in controlled conditions contains 90-96% silica in amorphous forms. 
RHA is classified as "a highly active pozzolan" like SF (Mehta, 1983). Although RHA is not an ultra-
fine material, it has a very high specific surface area (Bui, 2001) due to its porous structure. Therefore, 
with a similar chemical composition and a same specific surface area of RHA and SF, their effects on 
hydration and microstructure of cement/concrete are different. So far this aspect has not been studied 
thoroughly, especially in UHPC. 

An interesting result in a previous work by Zhang et al. (1996) shows that a possible acceleration of 
hydration of cement in presence of RHA after 28 days, in which the reduction of unhydrated cement 
area in the RHA sample is even lower than that in the SF sample. Moreover, at a low w/b ratio of 0.30, 
the compressive strength of the concrete made with RHA is even similar to that of the SF-sample at 
later ages of 90 and 180 days. Furthermore, some authors (Dalhuisen et al., 1996, Chandrasekhar et 
al., 2002) suggested that RHA can be used to replace SF for achieving high strength/performance 
concrete. Recently, Nguyen et al. (2010a) reveal that RHA has a positive effect on the hydration of 
cement paste at low water-to-binder (w/b) ratios. The degree of hydration of the cement paste made 
with RHA is higher than that of cement paste made with SF at the later periods. This raises the idea 
that RHA can be used to produce UHPC because the w/b ratio of UHPC is very low and RHA still 
gives positive effects on the hydration and the microstructure of UHPC. These aspects are the 
objective of this work.  
 
2. Experiments 
 
2.1 Materials and method 

The materials used in this study were silica sand with a mean particle size of 225 μm, Portland cement 
(CEM I 52.5N), RHA, condensed SF, and polycarboxylate based superplasticizer. Rice husk, an 
agricultural waste material from Vietnam, was burnt in a drum incinerator developed by Pakistan 
Council of Scientific & Industrial Research under uncontrolled combustion conditions. Details of the 
oven and rice husk combustion process have been described elsewhere (Bui, 2001). SF and RHA 
contain amorphous SiO2 contents of 97.2% and 88.0%, respectively. Their corresponding mean 
particle sizes were about 0.15 μm and 5.6 µm, which were determined by laser diffraction. The BET 
specific surface area by nitrogen absorption of these materials is similar, from 19.5-20.5 m2/g. 

All materials were prepared in a 20-liter Hobart mixer. The volume of each batch was 3.5 liters. After 
mixing, mixtures were first cast into 40×40×40 mm3 cubes for compression test. All mixtures were 
vibrated for 1 minute using a vibrating table with a frequency of 2500 cycles/min. After casting, the 
samples with moulds were cured in a fog room (20±2oC, RH>95%) for one day. After demoulding, the 
samples were still stored in the fog room until the day of testing. For microstructural studies, mixtures 
was poured into 500 ml plastic bottles and then sealed with a plastic lid. The samples were cured at 
20oC until the ages of testing, i.e. 6 hours, 1, 3, 7, 28 and 91 days. At the end of each curing period, the 
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cover of plastic bottle was removed. Samples were cut into small pieces of about 1 cm3. The cement 
hydration was stopped by using liquid nitrogen. Finally the samples were dried in a freeze drying 
chamber. Two main techniques were used to examine the microstructure of the samples, i.e., 
Environmental Scanning Electron Microscope (ESEM) and Mercury Intrusion Porosimetry (MIP). 
The detail of this preparation can be seen elsewhere (Ye, 2003). 

In order to study the interface transition zone (ITZ) between the sand particles and cement paste in 
detail, the electron backscattering scanning microscopic (BSE) images with a magnification of ×1080 
were captured. A total number of 12 to 15 images were captured in this study for each sample (Ye, 
2003). The ITZs between the sand particles and cement paste were chosen for analysis. Each image 
was subdivided into 20 frames with a length of 30 μm and the left side of each frame is put along the 
surface of sand particles. The grey level of each frame is obtained by using the software, ImageJ. The 
average result of the grey level of all frames will be used to evaluate the thickness of ITZ between 
sand particles and cement paste. 
 
2.2 Mixture compositions 

The UHPC mix composition is shown in Table 1. The binder herein is the sum of the cement and the 
(RHA or SF). The amounts of superplasticizer were used to keep the workability of the UHPC 
mixtures between 210 and 230 mm, measured by means of the flow table test (Bristish standard, 
1998). 
 

Table 1: UHPC compositions used in this study 

Mix No. 
Water - binder 
ratio  
(by weight) 

Sand - binder 
ratio  
(by weight) 

RHA  
(% by weight of 
binder) 

SF  
(% by weight of 
binder) 

Superplasticizer  
(solid % by 
weight of binder) 

REF 0.18 1 0 0 0.90 

SF20 0.18 1 0 20 0.76 

RHA20 0.18 1 20 0 1.20 
 
 
3. Results and discussion 

3.1 Degree of cement hydration in UHPC by image analysis 

Fig. 2-4 shows the BSE images of the control sample and samples containing RHA and SF. It is 
observed that the hollow-shell pores (Hadley, 2000) were found in the SF-sample, not obviously in the 
control sample or the RHA-sample. The cement grains form hollow shells with remnant unhydrated 
cores, which are marked with arrows (Fig. 4).  

The degree of cement hydration was estimated by the area fraction of unhydrated cement particles in 
cement paste which can be calculated from BSE image analysis (Diamond and Leeman, 1995). The 
result is shown in Fig. 5. Generally, the degree of cement hydration in UHPC samples is relative low, 
ranging from 0.30 to 0.40 after 91 days. It should be noted that the degree of cement hydration in the 
RHA-sample is high at the later ages, i.e. after 7 days, even higher than that in the SF-sample at 91 
days. 

 
3.2 The interfacial transition zone between sand particles and paste in UHPC 

In this work the thickness of the interfacial transition zone (ITZ) between sand particles and cement 
paste in UHPC was evaluated by considering the change of the grey level in SEM images. This ITZ 
thickness is defined as the distance between a sand particle's surface and a location in the cement paste 
where the grey level becomes stable thereon. The ITZ thickness of the control sample, the RHA- and 
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SF-samples can be estimated based on their grey levels as shown in Fig. 6. It can be seen that the 
thickness of ITZ of all samples was found very small, at about 4-5 μm. Additionally, the sample 
preparation possibly causes a separation of sand grains from cement paste. The small value of ITZ 
thickness determined may be a measuring this artefact. Regardless of this case, the result reveals that 
the addition of both SF and RHA has no significant effect on the ITZ thickness between sand grains 
and cement paste in UHPC. 

 

 
Figure 2: BSE image of the paste (w/b ratio 0.18) in the 

control sample at 28 days 
Figure 3: BSE image of the paste (w/b ratio 0.18) in 

the RHA-sample at 28 days 
  

 
Figure 4: BSE image of the paste (w/b ratio 0.18) in the 
SF-sample at 28 days; white solid arrows indicate the 

hollow-shell pores 
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Figure 5: The degree of cement hydration in UHPC 

vs. time, results obtained from image analysis 
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Figure 6: Grey level of the interfacial zone between sand and cement paste at 28 days 
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3.3 Pore structure 

Pore size distribution and total porosity of UHPC samples measured by MIP are presented in Fig. 7 
(28 days and 91 days) and Table 2 (from 1 day to 91 days), respectively. It was found that the first 
peak on the differential curve, which is called as one of "critical pore diameters" (Ye, 2003), of the 
control sample is below 0.04 μm at all ages. The addition of RHA refines the pore structure and 
reduces the porosity of UHPC. The critical pore diameter of the RHA-sample is about 0.01 μm at 28 
days and smaller than 0.01 μm at 91 days. Generally, the first peak is considered as corresponding to 
the capillary porosity, 0.01 µm to 10 µm, and the other as the gel porosity, smaller than 0.01 µm. It 
means that capillary porosities of cement paste will change to gel ones with the addition of RHA. 

It can be seen in the Table 2 that the total porosity of both RHA and SF-samples is lower than that of 
the control sample. The porosity in the RHA sample is higher than that of the SF-sample. This may be 
caused that both filler effect and pozzolanic reaction of RHA are less significant than those of SF.  
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Figure 7: Pore size distribution of UHPC samples 
 

Table 2: The total porosity of UHPC samples at the different ages from 1 to 91 days, % 

Age of sample 
 

1 day 7 days 28 days 91 days 
REF 11.15 8.13 7.5 6.95 
RHA20 10.32 7.63 5.76 4.92 
SF20 9.18 6.49 4.55 3.98 
 
 
3.4 Compressive strength development 

Fig. 8 shows the results of compressive strength of UHPC versus time. The compressive strength of 
UHPC made by RHA reaches 175 MPa and 185 MPa at the ages of 28 and 91 days, respectively. It is 
clear that the development of compressive strength of the RHA sample is more pronounced than that 
of the SF sample after 3 days and than that of the control sample after 7 days.  
 
 
3.5 Discussion 

The above results show some aspects on the hydration, the microstructure and mechanical properties 
of UHPC containing RHA in comparison with the control sample and the SF sample. As expected, the 
addition of RHA enhances the hydration of cement at the later ages (Fig. 5), which may be attributed 
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to the porous structure of RHA particles, as discussed earlier. The mechanism might be similar to that 
proposed by Weber and Reinhardt (1997) and Breugel et al. (1999) when using the water-saturated 
lightweight aggregates and that proposed by Jensen and Hansen (2001) when using superabsorbent 
polymer particles for internal curing of concrete. 
 

The effect of RHA on the mitigation of 
autogenous shrinkage of cement paste (Sensale et 
al. 2008) and UHPC (Nguyen et al. 2010b) also 
supports this idea.  

However, the internal curing of RHA as 
discussed in this work is only a hypothesis based 
on some preliminary experimental results. More 
studies are needed in this aspect. 

Regarding to the compressive strength, the 
experimental result (Fig. 8) shows the positive 
effect of RHA on the development of 
compressive strength of UHPC at the later ages. 
The compressive strength of the RHA sample was 
not significantly different from that of the SF 
sample. 
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Figure 8: Compressive strength development of UHPC 

vs. time 
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The higher compressive strength of the RHA sample may be caused by a reduction of the effective 
w/b ratio in the RHA mixture due to the porous structure of RHA. A portion of free water is adsorbed 
by the addition of RHA and retained in its pores (Sugita et al. 1997). 
 
 
4. Conclusions 

The effect of RHA on hydration and microstructure of UHPC was studied in this work. The following 
conclusions can be drawn: 

- RHA can be suitable for use as a supplementary cement material to produce UHPC. 

- The addition of RHA increases the degree of cement hydration in UHPC paste. The degree of cement 
hydration of the RHA sample is higher than that of the SF sample at the later ages. 

- The thickness of ITZ in the RHA sample is very small and similar to those in the control sample and 
in the SF sample, ranging from 4 to 5 μm. 

- The addition of RHA refines the pore structure of UHPC with time. 

- The compressive strength of the RHA sample can be achieved 175 MPa and 185 MPa at 28 and 91 
days, respectively, with the normal curing condition. The compressive strength of the RHA sample is 
higher than that of the control sample and the SF-sample at later ages.  
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Abstract  
The reactive component of most fly ashes is the glassy phase.  Therefore to investigate this reactivity in detail, three 
types of glasses with differing chemical compositions that matched actual fly ash compositions were prepared.  A 
combinatorial chemistry approach was used.  Each type of glass was hydrated in one of 5 different solutions.    In 
all there were 15 different glass/solution combinations.  A closed system approach was utilized to hydrate each 
combination isothermally in an individual Teflon vessel for 72 hours.  At the end of the hydration period the samples 
were removed and treated with pure methanol to stop the reaction. The hydrated glasses were then analyzed by 
Nuclear Resonance Reaction Analysis (NRRA), which is based on the 1H(15N, α,γ)12C reaction,  to characterize the 
hydrogen depth profile within the first 2 μm from the surface. The hydrogen depth profile is the result of several 
competing  physico-chemical processes: the diffusion of water into the glass in exchange for ions diffusing out,  the 
formation of hydrated phases at the surface and the removal of  material by etching.  In some cases the hydrogen 
depth profile was convex which could indicate the presence of a thick hydrated layer hindering the etching.  In 
others, a concave profile indicated a much shallower profile which could be due to a high etching rate rather than a 
slow rate of diffusion. This ambiguity was resolved by wet chemistry, which consisted of analyzing the chemical 
compositions of the solutions by ICP-AES.   The etch depths, calculated from the final silicate ion concentrations of 
the solutions, ranged from about 0.6 μm to 133 μm.  The glass with the lowest Ca/(Na+K) ratio typically showed the 
greatest relative etch depth for a given solution.  The solution that produced the greatest etch depth was the 
simulated porewater solution which was dominated by potassium hydroxide.  Overall, the results indicated that the 
Ca/(Na+K) ratio in the fly ash glass and also in the pore water are important factors in determining the reactivity. 
 
Originality  
This research concerns the subtopic of Supplementary Cementitious Materials under the main topic of Properties of 
Fresh and Hardened Concrete.  Innovations include the use of synthetic fly ash glass as a model system to study 
selected aspects of fly ash reactivity in isolation.  Also, the use of NRRA enabled the direct observation of the 
developing hydrated surface layers with a depth resolution of a few nanometers. Moreover, hydrating each 
specimen in an individual container made it possible to quantify the etch depths of the glasses by mass balance 
calculations over a wide dynamic range from nm to cm. This is the first time that the surface layer information from 
NRRA has been combined with the dissolution rate calculated from etching solution to provide a complete picture of 
the rate controlling steps in the fly ash glass hydration process.  
 
Chief Contribution  
This research has provided insights into the relative contributions of etching and gel formation to fly ash reactivity 
on multiple length scales from nm to cm.  The size of the etch depth compared to the hydrated surface layer 
thickness was found to depend on the composition of both the glass and the pore solution.  The diverse set of results 
indicates that fly ash reactivity cannot be predicted simply by fly ash bulk chemical composition.  This will lead to 
more reliable predictive models of fly ash reactivity, and hence to improved fly ash/concrete performance.  
 
Keywords:  fly ash, glassy phase, pozzolanic, NRRA, CSH gel, etch depth
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Introduction 
 
The reactive component of most fly ashes is the glassy phase (Hellmuth, 1987), but its reactivity is a 
function of competing physic-chemical processes. The high pH in pore solutions of concrete mixes 
significantly increases the solubility of silica species, thereby increasing the rate of dissolution. However, 
the high pH also favors the formation of silicate gels at the glass surface that can inhibit ion transport 
from the  solution and thus slows down the reaction (Bumrongjaroen et al., 2007).  Consequently, the gel 
layer at any point in time is a balance between congruent dissolution, or etching, and diffusion.  These 
processes are very difficult to investigate in detail using real fly ashes.  Therefore, synthetic fly ash glass 
specimens were prepared and hydrated. A combinatorial chemistry approach was used in which a set of 
synthetic glasses of varying composition were hydrated in one of five different solutions with varying 
cations and pH. 
 
Experimental Methods 
 
1. Sample preparation and hydration  
 
Three types of calcium aluminum silicate glasses were made with chemical compositions based on the 
composition of the glass content of an actual fly ash from the Coal Creek, Iowa power plant.  This 
composition was determined from analysis of roughly one thousand individual fly ash particles by 
computer controlled SEM (CCSEM).  This technique enables the direct identification of glassy particles 
and thus eliminates the inert fraction from the analysis (Bumrongjaroen and Livingston, 2004).  The 
compositions of the synthetic glasses are given in Table 1.   The differences among them are made by 
varying the ratio of calcium to alkalis while keeping the other constituents constant.  Thus they are 
labeled L, M and H for low, mid and high calcium ratios, respectively 
 

Table 1: Compositions of Synthetic Fly Ash Glasses 
 

  L M H 
Al2O3 22.82 23.35 22.08 
CaO 3.86 15.53 29.58 
Fe2O3 7.39 10.56 11.50 
K2O 9.16 4.18 0.71 
MgO 1.35 2.70 4.03 
Na2O 19.10 10.98 3.76 
SiO2 36.31 32.71 28.35 
Sum 100.00 100.00 100.00 
Ca/(Na+K) 0.14 1.02 6.62 

 
The glasses were made by melting mixes of the oxides in a platinum crucible at temperatures ranging 
from 1450 to 1550ºC.  The melts were then poured on a graphite slab to cool them below the glass 
transition temperature.  The glasses were analyzed by X-ray diffraction to confirm the absence of 
crystalline phases. 
For the solutions, one saturated with Ca(OH)2 was specified because this is one of the reactants in the 
pozzolanic reaction.  It has also been used in several fly ash reactivity tests (Hellmuth, 1987).  However, 
pore water compositions in actual Portland cement pastes are dominated by KOH so a solution of 
simulated pore water was also prepared based on Ca(OH)2 and KOH proportions reported in the literature 
(Taylor, 1997).  A pure KOH solution was also included to investigate the effect of potassium in 
isolation.  Distilled de-ionized water was included as a control.  Finally a lithium hydroxide solution was 
also included since this has been used to control ASR gel formation.   The compositions of the solutions 
are given in Table 2.  It can be seen that a pH range of 7 to 13.5 was covered.     



In all there were 15 different glass/solution combinations. A closed system approach was utilized to 
hydrate each combination in an individual Teflon vessel for 72 hours.  These vessels in turn were kept in 
a water bath which was maintained  at a constant temperature of 35ºC At the end of the hydration period 
the samples were removed and treated with pure methanol to stop the reaction. 
 

Table 2: Chemical Compositions of Hydration Solutions 
 

ID Solutes Concentration 
mmol/L pH 

H2 none n.a. 7 
KH KOH 400 13.5 
CH Ca(OH)2 22 12.5 
KC 
(Pore water) 

KOH+  
Ca(OH)2 

400 
22 13.5 

LH LiOH 31 12.0 
 
 
2. Nuclear Resonance Reaction Analysis (NRRA) 
 
The hydration of the systems was investigated with Nuclear Resonance Reaction Analysis (NRRA), 
which uses the 1H(15N, α,γ)12C reaction to measure hydrogen concentrations at specific depths within the 
first 2 μm from the surface(Schweitzer et al., 2005; Livingston et al., 2010). This method uses a heavy 
ion accelerator such as the Tandem Dynamitron to generate a beam of 15N ions.  To obtain an H depth 
profile, the beam energy is increased stepwise from just below the resonance energy of 6.400 MeV. As 
this is an isolated resonance in the H cross section the reaction only occurs when the 15N ion energy is at 
the resonance energy. If its energy is greater, no reactions occur until the ion loses enough energy by 
scattering to get down to the resonance energy. At each energy step, the 15N ion will reach the resonance 
energy at a particular sample depth, and the hydrogen concentration at that depth is thus measured. The 
extremely narrow width of the resonance, 1.8 keV, (Horn and Lanford, 1988) translates into a depth 
resolution of about 2 nm at the surface. The resolution degrades somewhat at depth because of energy 
straggling in the scattering process. At each step in beam energy, a gamma-ray spectrum is acquired, 
typically for 10,000 counts in the 4.44 MeV peak. Initially the beam energy is increased in 10 keV steps 
to resolve thin surface layers, and then at 7 MeV in coarser steps (100-500 keV) as the profile typically 
changes more slowly in this region. The maximum beam energy is limited to 12 MeV to avoid 
interference from the next higher energy resonance.  
 
3. Wet Chemistry 
 
After each pellet was removed from its hydration vessel, 10 ml of the solution was withdrawn and 
acidified with nitric acid.  The chemical composition was analyzed by ICP AES for the elements Ca, Si, 
Al, S, Mg, K, Na, Fe, Cr and Cu.   
 
Results and Discussion 
 
1. Etched Depth 
 
The amount of etching was calculated from the final silicate ion concentrations of the solutions.  The 
results are summarized in Fig. 1.  The etch depth ranged over two orders of magnitude from about 0.6 μm 
to 133 μm.  The glass with the lowest calcium content and thus highest K2O + Na2O content, typically 
showed the greatest relative etch depth for a given solution.  This is consistent with glass science 
principles which state that alkali atoms are more readily leached from glasses than calcium, thus making 



the silicate network easier to attack (Bumrongjaroen et al., 2007).  Conversely, the high calcium glass was 
the most durable with etch depth ranging from 0.8 to 9.7 μm.    
 

 
Comparing the results by solution composition, the simulated pore water produced the greatest etch depth 
for all glasses.   For the low calcium-high alkali glass, the etch depth with pore water was greater than the 
sum of the etch depths for either KOH or Ca(OH)2  alone, which suggests a synergistic effect.  On the 
other hand, for the mid calcium glass, the KOH solution etch depth was greater than the pore water.   The 
Ca(OH)2  solution etch depths were nearly an order of magnitude lower than the simulated pore water, 
which raises questions about the validity of the use of this solution in pozzolanic reactivity tests.  
 
2. Hydrogen Depth Profiles 
 
The results of the NRRA analysis are presented in Fig. 2. The hydrogen depth profile is the result of 
several competing  physico-chemical processes: the diffusion of water into the glass in exchange for ions 
diffusing out,  the formation of hydrated phases at the surface and the removal of  material by etching. 
Qualitatively, there are two overall patterns for the profiles, concave and convex. The convex profile 
represents a comparatively thick hydrated region.  The concave profile represents a relatively thin 
hydrated region in which the diffusion gradient is prominent.  This could be due to either the presence of 
a semi-permeable surface that hinders transport of ions or else an etching rate that exceeds  the diffusion 
layer formation rate 
For the low calcium glasses, Fig. 2A, the curves are all concave, the peak H concentrations are much 
lower compared to the other two glasses and the overall profiles are much shallower.  This would seem to 
imply relative low reaction rates caused by some type of surface barrier.  However, as discussed above, 
these glasses actually had the highest etch rates.  Consequently, the hydrated material is being removed 
more rapidly than the rate of development of the depth profile.   
For the other two types of glasses, both convex and concave profiles are found.  The convex profiles 
extend beyond the range of the NRRA method.  This implies a relatively thick gel layer.  For both types 
of glasses, these convex profiles are associated with Ca(OH)2 either by itself or in the simulated pore 
water.   In contrast, the KOH solution results in a shallow concave profile.  This suggests that the Ca ion 
supplied by the solution is reacting with the silicate to in the glass to form a relatively resistant hydrated 
layer. The chemical conditions suggest that this layer could be  CSH gel,  but this has not been confirmed 
by direct analysis.  
Calcium ion supplied by the glass itself may have a similar effect, as can be seen by comparing the 
hydrogen profiles among different glasses hydrated in the KOH solution. The high calcium glass has a 

Figure 1: Etched depths calculated from silicate concentrations 

0.63 
0.77 



higher peak and a more convex profile compared to the strictly concave profiles for the two lower 
calcium glasses. Its etch depth is also the lowest.  This again suggests a calcium bearing layer that is 
resistant to etching.  Finally, the LiOH solution produces a complex depth profile that may be due to 
detachment of a surface layer. 
 

 

Figure 2: Hydrogen depth profiles in glasses measured by NRRA. A = low 
calcium; B = mid calcium; C= high calcium 
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3. Combined Depth Measurements  
 
In the NRRA measurement the depth profile begins at the current surface of the specimen.  This may not 
be the same point as the original surface if significant etching takes place.  If the rate of etching is fast 
enough then the rate of profile development will appear to be slow, or even shrink with time (Schweitzer 
et al., 2011).  To remove this ambiguity, in Fig. 3, both the etched depth and the H depth profile have 
been plotted on the same length scale. 
 

 

 

 

 

B 

A 

C 

Figure 3: Combined etched depth and hydrogen depth profiles in the 
glasses:  A= low calcium; B= mid calcium and  C=  high calcium 



For the low calcium glasses, Fig. 3A, etching is the dominant effect.   The hydrogen depth profiles are 
extremely thin compared to the etch depths. For the mid calcium glasses, the smallest etched depth is 
associated with Ca(OH)2,  and it appears that the surface layer is inhibiting the reaction.  In contrast, in 
the case of pore water, even though a surface layer is present, etching is still significant.  For the high 
calcium glasses, the smallest etched depth also occurs with the Ca(OH)2 solution , and the hydrogen 
profile extends deep into the specimen, indicating the creation of a more stable hydrated layer. 
Conversely, in pore water, the largest etch depth based on the leachate silicate concentration is also 
associated with an extensive depth profile and a high hydrogen peak concentration. Further analysis of the 
solution chemistry should shed more light on the fly ash glass chemistry and its effect on reactivity in 
cement pore solution.   
Given the novel approach, which used synthetic fly ash glass as a model system to study selected aspects 
of fly ash reactivity in isolation and which applied NRRA to observe directly the developing hydrated 
surface layers with a depth resolution of a few nanometers, it is not possible to compare these results to 
other fly ash research.  In the future, these synthetic glasses could be mixed with appropriate proportions 
of crystalline materials to make simulated whole fly ashes.  These could then be subjected to conventional 
fly ash reactivity tests. 
       
Conclusions 
 
This research has shown that the mechanisms controlling the rate of reaction of fly ash glass phases can 
differ significantly depending on the glass chemical composition and also on the solution chemistry.  This 
has important implications for concrete mix designs using fly ash. 
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Abstract 
Cement plants are included in some inventories as potential air emission sources of a series of pollutants, 
including particles, polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), and heavy metals, 
among others. In recent years, the use of alternative fuels (e.g., sewage sludge, hazardous waste, etc.) in clinker 
kilns has become an intensive practice worldwide. Since a reduction of pollutant emissions and costs may be 
expected, this activity has resulted to be not only environmentally but also economically beneficial. However, 
there is still an important gap around the environmental impact of cement plants. In addition, the population 
living in the surroundings of these facilities is frequently concerned about the potential health risks. 
The present study was aimed at evaluating the environmental impact of two cement plants (CP A and B) where 
alternative fuels has been implemented: sewage sludge (CP A) and refuse-derived fuel (CP B). In order to 
determine the potential changes on the stack emissions of PCDD/Fs and heavy metals, environmental 
monitoring campaigns were performed before and after the partial substitution of fuel. Soils, herbage and air 
were used as long-, short- and current-term monitors, respetively. The results showed that the levels of both 
groups of contaminants (PCDD/Fs and metals) were similar before and after the alternative fuel 
implementation, in both studied cement plants. Moreover, it was not revealed any increase of human health 
risks (carcinogenic and no-carcinogenic) for the population living around the facilities. Additionally, other 
operational conditions such as emission levels of inorganic gasses (e.g., NOx, CO, etc.) were controlled during 
the experimental phase. In general terms, no significant differences were appreciated for most of the 
parameters. However, although these results agree with those obtained in previous studies, the use of 
alternative fuels has only been carried out for a limited period of time (1 year). Therefore, an extension over 
time of environmental monitoring programs is greatly encouraged. 
 
Originality 
The use of alternative fuels such as sewage sludge seems to be a very important pathway to solve different 
problems. On one hand, the emission of greenhouse gasses (CO2) is reduced, while on the other hand, a 
feasible solution is given to the waste management problem. These alternatives to traditional fossil fuels may 
actually be the solution of two of the main problems of our civilization. However, the use of alternative fuel 
means an additional issue of concern for inhabitants living near cement plants. The partial subtitution of 
traditional fuel may generate a change in the cement plant emissions and, consequently, a derive of the human 
health risks derived from the exposure to those pollutants. Then, it is necessary to control both emissions and 
immission values around the cement factory in order to detect possible changes due to fuel change. This work 
aims at presenting to the society, the cement industry and the government, two case-studies with quantifiable 
values of the health risks derived from the exposure to PCDD/Fs and metals in the surrounding of cement 
plants when fossil fuel is partially substituted by alternative fuel.  
 
Chief contributions 
Waste (sewage sludge, refuse-derived fuels,...) valorization is an effective way of reducing CO2 emissions in an 
industrial sector with high energy requirements such as cement industry. Apart, this fact might be of great 
interest as it also provides a solution to the increasing problem of waste treatment, including municipal solid 
waste, hazardous waste, sewage sludge, etc. Nevertheless, all the stakeholders (government, cement industry 
and scientists) must be involved in ensuring that the use of these alternative fuels does not mean an increase of 
adverse effects for the environment and/or the population health. The main contribution of this study was the 
risk assessment around cement plants which replaced part of the usual fuel by alternative fuel. The present 
study did not detect any substantial increase of this risk in any of the cases studied: replacement of traditional 
fuel for sewage sludge (CP A) or refuse-derived fuel (CP B). 
 
Keywords: Cement plant, Environmental monitoring, Human health risk assessment, Metals, PCDD/Fs 
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Introduction 
 
The emissions of cement plants may include a wide range of chemicals, with a special emphasis on 
particulate matter and some micropollutants, such as persistent organic pollutants (POPs) and heavy 
metals (Canpolat et al., 2002, Yatkin and Bayram, 2010). Among these, polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDD/Fs) may be formed during the combustion processes of cement 
production (Conesa et al., 2008, Karstensen, 2008). According to recent inventories on PCDD/F 
emission sources, cement plants rates have been significantly reduced (Schuhmacher et al., 2009). 
Despite that, residents and local authorities from the vicinity of these facilities are still concerned 
about the potential health and environmental effects, especially when alternative fuels are used. 
In recent years, co-combustion of alternative fuels in cement plants is an increasing practice in many 
countries (Mokrzycki and Uliasz-Bocheńczyk, 2003). The benefits associated to the replacement of 
fossil fuels by alternative products, such as sewage sludge or refuse-derived fuel (RDF), are both 
environmentally (e.g., reduction of CO2 emissions, reuse of by-products) and economically (fossil 
fuel saving) evident. In this framework, and considering the important consumption of fossil fuels by 
the cement industry, the European Union is encouraging the enhancement in the amount of alternative 
fuels used in cement kilns. In 2008, the mean percentage of substitution of the total calorific value 
within EU countries was 20% (CEMA, 2009), with top values in Germany and Holland (>50%). 
Contrastingly, the amount of alternative fuels co-burned in cement kilns in Spain was 309,000 t, 
meaning 6.9% of the total calorific value. In spite of this relatively low value, an important effort has 
been made in the last decade to increase the values, as the substitution percentage was reported to be 
2.8% (181,904 t), in 2004, and 4.6% (298,148 t), in 2006. 
The aim of this study was to evaluate the potential changes in the emissions of two cement plants 
(CPs) located in Catalonia (Spain) using alternative fuels, sewage sludge  (CP A) and RDF (CP B). 
The levels of PCDD/Fs and metals were determined in various environmental monitors (soil, 
vegetation and air) around those facilities before and after they initiate the use of alternative fuels. The 
potential changes derived from the partial fuel replacement on the health risks for the population 
living around were also studied in detail. 
 
 
Materials and methods 
 
1. Environmental programs 
 
The main characteristics of the two environmental programs are summarized in Table 1. Sewage 
sludge and RDF were evaluated as alternative fuels in CP A and B, respectively. Three environmental 
surveys were carried out around CP A. The first sampling campaign was performed in 2003 when fuel 
consumption was 100% coke. The subsequent surveys were in 2006 (after a first initial test of 15% 
substitution) and in 2009 (after permanent replacement of 20% of petroleum coke’s energy value by 
sewage sludge during one year). On the other hand, 2 surveys were carried out around CP B. The 
samplings were performed in 2008 (100% coke consumption) and in 2009 (after reaching a mean 
substitution of 15% of the calorific value of conventional fuel by RDF). 
 

Table 1: Characteristics of the Environmental Monitoring Programs 

Cement plant A B  
Alternative fuel Sewage sludge Refuse-derived fuel (RDF) 
Production capacity 1.5 million tons/year 2.3 million tons/year 
Surrounding population 85,000 26,000 
Pollutants analyzed As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, Sb, Sn, Tl, V, Zn and PCDD/Fs 
Environmental monitors Air (2009), soil and herbage Air, soil and herbage 
No. sampling points per campaign 16 (4 for PCDD/Fs in soil) 7 (soil, herbage) / 4 (air) 
Sampling campaign 2003, 2006, 2009 2008, 2009 
Starting date of alternative fuel use 2005 2009 
Mean % of alternative fuel replacement 20 % 15 % 



In both studies, the sampling points were located at different distances and directions form the cement 
plants, being the same during the consecutive campaigns. The points were chosen according to the 
results of previously executed modelling studies (Rovira et al., 2010a,b). Air samples were collected 
by using high-volume active samplers. An approximate amount of 500 g of superficial soil samples 
were taken in each sampling point. Subsequently, they were dried at room temperature and sieved 
through a 2 mm mesh screen. Finally, around 150 g of vegetation (Piptatherum L.) were obtained by 
cutting the plants at 5 cm above ground.  
 
 
2. Analytical methods 
 
Briefly, the contents of arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), 
mercury (Hg), manganese (Mn), nickel (Ni), lead (Pb), antimony (Sb), tin (Sn), thallium (Tl), 
vanadium (V) and zinc (Zn) in soil, herbage and air filters were determined by means of inductively 
coupled plasma spectrometry after acid digestion, with the exception of Cr and V in vegetation, 
whose levels were analyzed by atomic absorption spectrometry with graphite furnace atomization. 
Blanks, control samples and reference materials were used to check the accuracy of the instrumental 
methods. 
The determination of PCDD/Fs in soil and vegetation samples was done via high-resolution gas 
chromatography coupled to high-resolution mass spectrometry (HRGC/HRMS), in combination with 
the isotope dilution technique, on the basis of the US EPA method 1613. The concentrations of 
PCDD/Fs in air were also determined by HRGC/HRMS, following the German VDI 3499 method. 
Appropriate labelled extraction standards (13C12-PCDD/Fs substituted congeners) were added in order 
to control the whole sample preparation process and to evaluate potential losses.  
 
 
3. Human health risk assessment 
 
The metal and PCDD/Fs concentrations in air and soils collected around the cement factories were 
used to analyze the environmental exposure and characterize the risks on human health, before and 
after the partial fuel substitution. The population exposure was estimated considering three different 
routes: ingestion of soil, dermal absorption, and air inhalation. Numerical expressions for calculating 
exposure by ingestion, dermal absorption and inhalation were taken from the Technical Guide to 
Spanish Royal Decree 9/2005 (MMA, 2005), which in turn is based on the methodology of US EPA 
RAGS (US EPA, 1989). Details on the equations have been provided elsewhere (Rovira et al., 2010c). 
After calculating the exposure, the characterization of the oral non-carcinogenic risk was calculated 
using the hazard quotient (HQ), which is defined as the relationship between exposure and the oral 
reference dose (RfDo). Because dermal reference doses have not yet been set for the substances under 
study, it was assumed that these values were equivalent to RfDo. Carcinogenic risks through ingestion 
and dermal absorption were calculated by multiplying the exposure by ingestion and dermal 
absorption for the oral slope factors. In turn, the inhalation risks were calculated using the most 
updated methodology of US EPA (2009a), which suggests that the amount of chemical that reaches 
the target site through inhalation, is directly related to the exposure concentration (EC), being not a 
simple function of inhalation rate and body weight. Hazard quotient for PCDD/Fs was estimated by 
comparing the exposure to PCDD/Fs with the lowest value of the TDI (tolerable daily intake) 
established by the World Health Organization (1 pg WHO-TEQ/kg·day) (World Health Organization 
Toxic Equivalents/kg·day). In cement plant A, PCDD/Fs concentrations in air were not measured in 
2003 and 2006 surveys. In that case, the inhalation was evaluated by assimilating that the airborne 
levels came only from the resuspension of soil. 
 
 
4. Statistical treatment 

 
For data analysis, chemicals with levels below the detection limit were considered to have a 
concentration equal to one-half of that limit (ND=1/2 LOD). Statistical processing was carried out by 
means of the statistical software package SPSS Statistics 17.0. The level of significance was 



considered in a probability lower than 0.05 (p<0.05). In order to evaluate significant differences 
between groups, the Levene test was applied to verify the equality of variances. Further, ANOVA or 
Kruskal Wallis test was applied depending on the data followed a normal distribution or not. In the 
case of CP A, Toxic Equivalents were calculated according to the I-TEFs (International Toxic 
Equivalency Factors) (NATO/CCMS, 1988) to follow the same methodology initiated in 2003, while 
in CP B, the Toxic Equivalents were calculated by using the most updated WHO-TEFs (World Health 
Organization Toxic Equivalency Factors) (Van den Berg et al., 2006). 
 
 
Results and discussion 
 
1. Cement Plant A 
 
Table 2 shows the environmental concentrations of metals and PCDD/Fs found in soil, herbage and 
air samples before the implementation of sewage sludge (2003), after the initial test (2006) and once 
achieved the permanent partial substitution of fossil fuel by sewage sludge (2009). In 2009, the total 
mean concentration of PCDD/Fs in vegetation was 0.10 ng I-TEQ/kg (International Toxic 
Equivalents/kg), while in 2003 and 2006, they were 0.17 and 0.15 ng I-TEQ/kg, respectively. A 
significant decrease (p<0.05) of PCDD/Fs levels in vegetation was noted when comparing 2009 with 
the previous studies. In soils, similar concentrations were observed in the various campaigns, with 
mean concentrations of 0.94, 1.10 and 1.11 ng I-TEQ/kg in 2003, 2006 and 2009, respectively. These 
levels were similar or even lower than concentrations recently found in soil samples around other 
industrial areas (Kim et al., 2008, Martinez et al., 2006). With respect to the concentrations of metals 
in herbage, the concentrations of As, Cr, Ni and Zn increased significantly between 2006 and 2009 
(p<0.05). Regarding the variation between 2003 and 2009, levels of Cr, Cu, Mn, Tl and V showed a 
significant increase (p<0.05), while Co and Pb decreased significantly (p<0.05). Therefore, we could 
not establish a clear and consistent trend. The exception was Cr, for which a progressive significant 
increase was noted since 2003. Consequently, it is highly recommended a close monitoring of this 
metal in future studies. In soils, although increases were observed for most metals between 2003 and 
2009, this change was statistically significant only for Cu (p<0.05). However, between 2006 and 
2009, concentrations of As, Cd, Co, Cr, Cu, Hg, Ni, Sn, Tl and V increased significantly (p<0.05). 
When metal concentrations were evaluated according to the distance to the facility, only As showed 
higher levels in the closest area to the cement plant (<3.5 km). Nevertheless, it should be highlighted 
that the regional geology affects the background levels of some elements in soils, such as As in the 
area under study (Martinez-Lladó et al., 2008).  
 

Table 2: Environmental concentrations and temporal variations of metals and PCDD/Fs around CP A. 
 Soil Herbage Air 
 2003 2006 2009 2003 2006 2009 2009 
As 7.97ab 4.01a 9.79b 0.08 <0.10 0.13 3.85 
Cd 0.27 0.11 0.28 0.02 0.02 0.01 0.37 
Co 5.90 2.61 5.14 0.05 0.03 0.03 0.60 
Cr 16.4 6.26 20.5 0.30 0.87 1.59 <2.29 
Cu 15.6a 9.61b 26.6c 3.04 4.61 5.21 4.85 
Hg 0.04 <0.10 0.06 0.04 0.02 <0.10 <0.92 
Mn 241 226 250 20.5 39.1 32.0 21.0 
Ni 16.5 9.29 14.8 1.69 0.44 0.82 4.31 
Pb 26.8 18.5 34.0 0.66 0.22 0.19 10.1 
Sn 0.15 0.05 0.52 0.07 0.08 0.10 6.80 
Tl 0.33 0.12 0.33 0.02 0.02 0.05 <0.23 
V 22.4 8.30 27.7 0.13 0.29 0.33 6.39 
Zn 60.4 63.9 66.1 18.0 12.8 19.4 - 
PCDD/Fs 0.94 1.10 1.11 0.17 0.15 0.10 0.02* 
Units: PCDD/Fs in soil and herbage: ng I-TEQ/kg; metals in soil and herbage: mg/kg; 
PCDD/Fs in air: pg I-TEQ/m3; metals in air: ng/m3.*Air PCDD/Fs data were provided by 
the Department of Environment of Generalitat de Catalunya. a,b,cDifferent superscripts 
indicate statistically significant differences at p<0.05. 

 



With respect to the non-carcinogenic risks, for all metals and PCDD/Fs, in 2003, 2006 and 2009 the 
hazard quotient was less than unity, which is considered as the security level. In addition, the 
differences between the HQ of the different sampling periods were not statistically significant. The 
carcinogenic risks for metals and PCDD/Fs are shown in Table 3. The cancer risk due to PCDD/Fs 
exposure in 2009 was 1.95·10-7, which is very similar to that obtained in 2003 (1.52·10-7), when only 
petroleum coke was burnt, and slightly lower than that in 2006 (2.91·10-7), when sewage sludge was 
tested. In 2003 and 2006, the inhalation was evaluated assimilating that the airborne levels came from 
the resuspension of soils, since no air concentrations were measured. Therefore, risks from inhalation 
were not comparable. In any case, carcinogenic risks for all elements were below the target risk (10-5) 
or within the range 10-6-10-4, considered as acceptable. 
 

Table 3: Carcinogenic risks due to exposure to metals and PCDD/Fs for the population living near CP A. 
 

 Exposure Pathway 2003 2006 2009 
As Soil ingestion 3.70E-06 1.80E-06 1.05E-05 

 Air inhalation 5.10E-07 1.70E-07 1.66E-05 
Cd Air inhalation 7.00E-09 2.00E-09 1.56E-06 
Cr Air inhalation 2.40E-07 7.00E-08 5.36E-06 
Ni Air inhalation 2.90E-06 7.20E-07 3.64E-06 

Soil ingestion 6.80E-09 7.97E-09 8.03E-09 
Dermal contact 3.21E-08 3.76E-08 3.79E-08 
Air inhalation 1.13E-07 2.46E-07 1.49E-07 PCDD/Fs 

Total Risk 1.52E-07 2.91E-07 1.95E-07 
 
 
2. Cement Plant B 
 
Table 4 shows the environmental concentrations of metals and PCDD/Fs found in soil, herbage and 
air before (2008) and after (2009) implementation of RDF. For PCDD/Fs in soils, mean 
concentrations of 0.57 and 0.37 ng WHO-TEQ/kg were found in 2008 and 2009, respectively. Both 
values are well below the German and Swiss preventive guidance levels in soil of 5 ng I-TEQ/kg 
(Schmid et al., 2005, US EPA, 2009b). The mean concentrations in herbage decreased significantly 
between 2008 and 2009 (from 0.09 to 0.06 pg WHO-TEQ/m3) (p<0.05). The mean total 
concentrations of PCDD/Fs in air increased from 0.005 (2008) to 0.007 pg WHO-TEQ/m3 (2009), 
although the difference was not statistically significant (p>0.05). The levels of PCDD/Fs in the three 
monitors were in the lowest range compared with data from industrial, urban and even rural areas of 
Catalonia (Nadal et al., 2009, Schuhmacher et al., 2009). 
 

Table 4: Environmental concentrations and temporal variations of metals and PCDD/Fs around CP B. 
 Soil Herbage Air  
 2008 2009 08-09 2008 2009 08-09 2008 2009 08-09 
As 10.6 8.06  0.08 <0.10  <0.02 1.63  
Cd 0.29 0.22  0.06 0.05  <0.01 0.03  
Co 5.81 4.69  0.50 0.04 * 0.09 0.05  
Cr 25.6 20.1  2.87 1.00 * 1.23 0.16  
Cu 20.0 15.0  5.58 5.30  15.0 7.83  
Hg <0.10 <0.10  <0.10 <0.10  <0.02 <0.02  
Mn 369 259 * 40.9 30.0 * 2.89 1.40  
Ni 14.3 10.6  1.79 0.78 * 0.95 0.65  
Pb 26.4 23.1  0.46 0.13  0.49 1.63  
Sb 0.07 0.07  0.06 <0.10  <0.20 0.22  
Sn 0.40 0.33  0.11 0.07  0.75 0.27 * 
Tl 0.58 0.76  0.01 0.15  <0.01 0.02  
V 36.5 30.8  <0.25 <0.25  1.50 1.41  
Zn 58.3 47.6  30.7 21.6  - -  
PCDD/Fs 0.57 0.37  0.09 0.06 * 0.005 0.007  
Units: PCDD/Fs in soil and herbage: ng WHO-TEQ/kg; metals in soil and herbage: mg/kg; PCDD/Fs in air: pg WHO-
TEQ/m3; metals in air: ng/m3. a,b,cDifferent superscripts indicate statistically significant differences at p<0.05. 



 
For metals, a general decrease in the average concentrations in soils between the two periods was 
noted, although this reduction was statistically significant only for Mn (p<0.05). In herbage, for all 
metals, except Tl, the mean concentrations decreased between 2008 and 2009, but the reductions were 
only statistically significant for Co, Cr, Mn and Ni. Metal levels obtained in soils and herbage of both 
sampling periods were similar to those found in other similar areas of Catalonia (Nadal et al., 2004, 
2009). In air, the concentration of most metals diminished between 2008 and 2009. However, this 
decrease was statistically significant only for Sn (p<0.05). Anyway, the metal levels were similar to 
those found in other areas with similar characteristics to that here evaluated (Querol et al., 2008). 
Regarding non-carcinogenic risks, the hazard quotients of metals and PCDD/Fs in all sampling points 
and periods were again less than 1. Values before (2008) and after (2009) fuel substitution were 
similar, and no statistical differences in non-carcinogenic risks were noted. The carcinogenic risks for 
metals and PCDD/Fs are shown in Table 5. All values were below the target carcinogenic risk of 10-5 
(1 case per 100,000 individuals exposed over a lifetime). The only exception was the ingestion and 
dermal absorption of arsenic through soil, which were slightly higher than 10-5. This may be because 
the concentrations were analyzed for total As, while slope factors have been established only for 
inorganic As. Nevertheless, As carcinogenic risks were within the range 10-6-10-4, considered as 
acceptable. Again, no statistically significant differences in cancer risks between 2008 and 2009 
(p<0.05) for the pollutants analyzed in this study.  
 

Table 5: Carcinogenic risks due to exposure to metals and PCDD/Fs for the population living near CP B. 
  2008 2009 
 Exposure Pathway Mean SD Mean SD 

Soil ingestion 1.06E-05 2.94E-06 8.10E-06 4.64E-06 
Dermal contact 1.21E-05 3.34E-06 9.20E-06 5.28E-06 As 
Air inhalation NC - 2.88E-06 2.13E-06 

Cd Air inhalation NC - 2.48E-08 1.00E-08 
Cr Air inhalation 7.08E-06 1.38E-05 5.36E-06 8.76E-06 
Ni Air inhalation 9.36E-08 8.75E-08 6.38E-08 5.14E-08 

Soil ingestion 1.33E-08 1.05E-08 9.10E-09 4.89E-09 
Dermal contact 8.09E-09 6.38E-09 5.53E-09 2.97E-09 
Air inhalation 1.70E-08 2.33E-09 1.98E-08 3.89E-09 PCDD/Fs 

Total Risk 3.84E-08 1.92E-08 3.44E-08 1.18E-08 
NC: Not calculated. 

 
 
Conclusions 
 
According to the results of the two studies here presented, the human health risks for the population 
living near cement plants using continuously alternative fuels, were comparable to those obtained 
when only petroleum coke was used as fuel, being in both cases acceptable according to international 
standards. These results support and promote the option of using these alternatives fuels in processes 
with high energy demand and working with the best available technology (BAT). This practice 
involves important advantages such as saving fossil fuels, reducing CO2 emissions and recovery of 
waste materials without imposing additional risks on the health of the population. Despite this, there is 
a limitation in this studies, specially in the case of the CP B: the relatively short monitoring period. 
Therefore, long term environmental studies will be done in order to ensure that the use of alternative 
fuels will not cause, in the future, significant increases in emission levels of metals and PCDD/Fs, and 
in risks to human health. 
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Abstract 

The use of fly ash (FA) as an admixture to concrete is broadly extended for two main reasons: the reduction of costs 

that supposes the substitution of cement and the micro structural changes motivated by the mineral admixture. 

Regarding this second point, there is a consensus that considers that the ash generates a more compact concrete and a 

reduction in the size of the pore.  However, the measure in which this contributes to the pozzolanic activity or as filler is 

not well defined.  There is also no justification to the influence of the physical parameters, fineness of the grain and free 

water, in its behavior. 

This work studies the use of FA as a partial substitute of the cement in concretes of different workability (dry and wet) 

and the influence in the reactivity of the ash.  The concrete of dry consistency which serves as reference uses a cement 

dose of 250 Kg/m
3
 and the concrete of fluid consistency utilized a dose of cement of 350 Kg/m

3
. Two trademark of 

Portland Cement Type 1 were used.  The first reached the resistant class for its fineness of grain and the second one for 

its composition.  Moreover, three doses of FA have been used, and the water/binder ratio was constant in all the 

mixtures. We have studied the mechanical properties and the micro-structure of the concretes by means of compressive 

strength tests, mercury intrusion porosimetry (MIP) and thermal analysis (TA). 

The results of compressive strength tests allow us to observe that concrete mixtures with cements of the same 

classification and similar dosage of binder do not present the same mechanical behavior. These results show that the 

effective water/binder ratio has a major role in the development of the mechanical properties of concrete. The study of 

different dosages using TA, thermo-gravimetry and differential thermal analysis, revealed that the portlandite content is 

not restrictive in any of the dosages studied. Again, this proves that the rheology of the material influences the reaction 

rate and content of hydrated cement products. 

We conclude that the available free water is determinant in the efficiency of pozzolanic reaction. It is so that in 

accordance to the availability of free water, the ashes can react as an active admixture or simply change the porous 

distribution. The MIP shows concretes that do not exhibit significant changes in their mechanical behavior, but have 

suffered significant variation in their porous structure. 

 

Originality 

The work tries to establish the influence of the ash as admixture in two extreme doses (low and high volume) of cement.  

Both dosages are allowed by the EHE-98 Construction Code (Spain). It also tries to evaluate the contrast that the 

fineness of the grain and the composition of the cement have on the pozzolanic reactions of the ash for cements 

cataloged under the same designation of common cements. 

Finally, the proposed tests try to compare the influence of the rheological changes produced in the material when the 

volume of fly ash increases significantly. The experimental campaign aim is to determine the influence of various 

parameters in the mechanical behavior and microstructure. Low and high volumes of ash have been used to distinguish 

the changes in the parameters to be analyzed: effective free-water, rheology, and cement/binder ratios. 

 

Chief contributions 

The work evidences the influence of the doses of cement and the effective water/binder ratios, over the effectiveness of 

the doses of fly ash used.  It also shows the variations in the mechanical properties and the micro-structure of concretes 

that use fly ash and cement that acquire their resistance class by different ways (fineness of grain or composition). 

Ultimately, the influence of the rheology of the material, the development of resistance to compression, and the reaction 

rate are observed. 
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Introduction 
 

Environmental requirements promote the employment of high doses of fly ash (FA) in concretes. The 

decrease of the doses of cement in the mixtures of concrete abates the material costs, diminishes the 

pollution associated with the production of cement and helps solve the problem of ash eradication. The 

manufacturers produce a variety of cements with similar physical characteristics, using different doses 

of raw material. Cements with low contents of tri calcium silicate (C3S) reach the same strength than 

those cements with higher contents of C3S when increasing the fineness of the cement particles. This 

provides a higher amount of accessible C3S for hydration and, as a consequence, an acceleration of the 

hydration reactions. As a result, the markets provide cements under the same designation of common 

cements which significantly vary in mineralogical composition and granulometric distribution 

(Fernández, 2007). These factors contribute to the increase of the uncertainty in the behavior of the 

resultant material.  

The influence of the composition and physical properties of the cements in the micro-structure and its 

effect over the mechanic properties of concrete with FA is not well defined yet. The need for more 

research that explores the micro-structural development in the concretes that use FA is evident.  

The objective of this research is to study the use of FA as a partial substitute of cement in concretes of 

different consistencies and doses, and the influence of such in the reactivity of the FA. In order to 

achieve these objectives, various rehearsals of compressive strength, mercury intrusion porosimetry 

(MIP), and thermogravimetry/differential thermal analysis (TG/DTA) were carried out. 
 

 

Materials 
 

EHE-98 specifies that concretes made with FA must be manufactured 

with CEM 1 cement. In this work, CEM I 42.5 R has been adopted. We 

have selected two cements with different relations of C3S/C2S: the first 

one reaches the strength class for its grain size, which it is denominated 

F, and the second one, denominated as G, for its composition. Table 1 

presents the mineralogical composition of the cements. Figure 1 shows 

the results of the granulometric analysis of the cements. The size 

distribution of the particles was determined through laser 

diffraction in suspension, according to ISO 13320. 

The aggregates used in the mixtures are of siliceous. 

Coarse aggregates with a maximum size of 20 mm, and 

its granulometric module is of 7,08. The granulometric 

analysis of the aggregates was carried out in accordance 

to UNE-EN 933-1. The FA employed are of a siliceous 

nature and low content in calcium oxide, classified as a 

type V in accordance to the Instrucción para la Recepción 

de Cementos (RC-03). Moreover, these fulfill the 

standards UNE EN 450-1 and UNE EN 450-2. 
 

 

Dosages and testing 
 

In this work two concretes of reference were designed and built. The first was designed to obtain a dry 

consistency and the second for a fluid consistency. On both cases, the dose of aggregates was done 

through the Bolomey method. The reference doses of dry consistency employed 250 kg of the cement 

per m
3
 of concrete and the reference dosage of the concrete of fluid consistency employed 350 kg per 

m
3
. The water/cement ratio stayed in 0,65 in both of them. The doses of concrete with FA followed the 

recommendation of UNE 83414. Table 2 shows the dosages. The process of mixing and curing 

followed the recommendations ASTM C 192. Table 3 enumerates the tests performed. 

Table 1: Mineralogical 

compositions of the cements 

 
Mineral 

Holcim 

(F) 

Cemex 

(G) 

C3S 56,06 65,13 

C2S 17,56 5,84 

C3A 9,84 12,12 

C4AF 7,51 8,24 
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Figure 1: Cements’ granulometric analysis 
Micrometer (µm) 



 

 

Results 

 

Compressive strength: Figures 2 up to the 5 show 

the results of the compressive strength tests. 

Figures 2 and 3 correspond to the dry consistency 

concretes and Figures 4 and 5 belong to the 

mixtures of fluid consistency concretes. 
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Figure 2: Compressive strength: 250 Kg/m

3
 of F Figure 3: Compressive strength: 250 Kg/m

3
 of G 
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Figure 4: Compressive strength: 350 Kg/m

3
 of F Figure 5: Compressive strength: 350 Kg/m3 of G 

 

In the case of the mixtures of fluid consistency, the reference concretes mixed with F offers superior 

values of compressive strength to those concretes built with G. The incorporation of FA improves the 

strength of the concretes at 28 days and in a considerable number of cases in or before the 7 days. The 

doses of FA vary their behavior by the type of cement. The concretes manufactured with F behave 

Table 2: Doses of concrete by m
3
  

 
   

      
 

Dry consistency concrete Fluid consistency concrete 

Cement 

(kg) 

Ash* 

(kg) 

Sand 

(kg) 

Gravel 

(kg) 

Plasticizer 

(kg) 

Cement 

(kg) 

Ash* 

(kg) 

Sand 

(kg) 

Gravel 

(kg) 

Plasticizer 

(kg) 

0,00 250 0 1050 808 1,25 350 0,0 918 780 0,00 

0,15 239 36 1022 808 1,20 335 52 879 780 0,00 

0,35 226 79 988 808 1,13 317 111 831 780 0,00 

0,50 217 109 964 808 1,09 304 152 798 780 0,00 

* Efficiency coefficient, K = 0,30, has been embraced 

Table 3 Tests completed 

 
Tests 

Time Period (days) 
Standards 

7 28 91 365 

Mechanical X X X  UNE-EN 12390-3 

MIP   X  ASTM D4404-84* 

TG/DTA  X X X ASTM E1131-03* 

* Adjusted experimentally 



better when using moderate doses (≤ 35%) while the concretes built with G react better with high 

doses (> 35%).  

As comparing the compressive strength values it is seen that the mixtures of dry consistency prepared 

with F show lower values of strength than its equivalents of fluid consistency (350 Kg/m
3
), in all ages 

studied. Nevertheless, the concretes of dry consistency prepared with cement G show greater 

compressive strength values than its analogs of fluid consistency when low doses are employed (< 

35%) and the opposite occurs for moderate or high doses (≥ 35%), at all ages studied. 
 

Thermal Analysis: Figures 6 up to 9 show the results of the loss of hydration water for each concrete 

studied along hydration time. Figures 6 and 7 correspond to the concretes of dry consistency and 

Figures 8 and 9 belong to the mixtures of fluid consistency. The TG/DTA of the mixtures of dry 

consistency prove how reference concretes manufactured with F, at early ages, are more reactive than 

the concretes manufactured with G. The use of FA seems to be more effective when combined with G 

in a short period of time and with F on a long term. The incorporation of high doses of FA (35% and 

50% in concrete built with G, proves an increase in hydration water at early ages, from 2.2% in 

reference concrete to 2.6% and 2.8% in the case of 35% and 50% of FA incorporation respectively, 

but decrease at 1.6% at 365 days independent of FA addition. In contrast, concretes mixed with F, the 

addition of high volume of FA (35% and 50%) produces an increase of hydration water in the long 

run, 365 days, from 2% of hydration water to 2.2% and 2.8%. 
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Figure 6: Loss of hydration water: 250 Kg/m
3
 of F Figure 7: Loss of hydration water: 250 Kg/m

3
 of G 
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Figure 8: Loss of hydration water: 350 Kg/m
3
 of F Figure 9: Loss of hydration water: 350 Kg/m

3
 of G 

 

The behavior of the reference concrete could be associated with greater fineness of F when 

comparing it with G. This is due to the greater contact surface that presents F to react with water. In 

the case of concrete with FA, the behavior could be associated with a decrease of the cement dose, 

which determines a lower hydration heat. This slowdown the hydration process of the cements 
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(Neville, 1999) and this simultaneously delays the pozzolanic reaction. The concretes mixed with G 

benefit of their higher amount of de C3S to obtain a greater quantity of hydrated products than the 

concretes manufactured with F in a short period of time. 

In the mixture of fluid consistency the behavior of the reference concrete has similar performance than 

the mixture of dry consistency, the concrete manufactured with F, seems to be more reactive that those 

manufactured with G. The incorporation of FA accelerates the reactivity in both concretes for 

moderate doses of ashes (≤ 35 %). Nevertheless, for high doses (50%) seems to slow down the 

hydration reactions. The use of ashes seems to be more effective when combined with F than with G 

for moderate doses of ash, while G assimilates better the insertion of high volumes of FA than F.  

Just as the mixtures of dry consistency, the results of the reference concrete could be associated with 

the fineness of the cement. In the case of concretes with moderate doses of FA, the behavior of both 

concretes improves due to a better hydration of the Portland cement and the pozzolanic activity of the 

FA. It is known that FA can accelerate the C3S hydration, its fineness and the quick absorption of Ca
2+

 

makes it ideal for precipitation of C-S-H (Hewlett, 2004). The adding of FA in G increases the content 

of hydrated products significantly compared to the doses prepared with F. Despite this fact, none of 

the doses studied with the addition of FA in G surpasses the content of products hydrated with F. 

When comparing the TG/DTA it can be observed how the mixes of fluid consistency, prepared with F 

present a greater volume of the hydrated products at an earlier age than its equivalents of dry 

consistency. A similar tendency is appreciated when G is employed.  

 

Mercury Intrusion Porosimetry: Figures 10 up to the 13 show the results of the cumulative volumes of 

MIP at 91 days. The values presented correspond to the average intrusion of the two cylinders tested. 

A mortar sample was extracted manually from each cylinder of hardened concrete, 3,5g ±0,3g. 
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Figure 10: Cumulative pore volume: 250 Kg/m
3
 of F Figure 11: Cumulative pore volume: 250 Kg/m

3
 of G 
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Figure 12: Cumulative pore volume: 350 Kg/m
3
 of F Figure 13: Cumulative pore volume: 350 Kg/m

3
 of G 
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In the mixtures of dry consistency, the doses of FA vary its behavior by the type of cement used; the 

concretes of reference built with F offer a minor volume of total mercury intrusion that the concretes 

mixed with G. In concretes mixed with F, the incorporation of FA betters the resistance to the mercury 

penetration for all the cases studied with the exception of 15% of FA addition. The concretes built 

with G behave better once low doses are used (< 35%) while those concretes built with F react 

satisfactory when introducing higher doses (> 35%). 

In the results of the mixtures of fluid consistency, the reference concretes of built with F offer a 

smaller total volume of mercury than the concretes made with G. The inclusion of FA decreases the 

mercury penetration for all of the cases studied. The addition of FA in concrete F and G, produces a 

refinement of the microstructure which provoking a decrease in the porosity of these concrete 

independent of percentage of FA added. However, it is possible to detect a different evolution of the 

porosity in concrete F and G. In the case of concrete built with G a significant reduction of porosity is 

observed, but in the case of the 50% of FA, the cumulative pore volume curve has a different 

evolution. It shows a great amount of pores with a diameter close to 100 nm. This behavior could have 

implications in the mechanical properties and durability along time. 
 

 

Discussion  
 

As previously stated, in the mixtures of dry consistency the reference concrete built with F offer 

compressive strength values superior to those concretes made with G. This could be explained through 

the TG/DTA and the MIP where the concretes built with F are more reactive and offer a minor volume 

of total porosity than the concretes made with G. The inclusion of FA equals of improves the 

compressive strength. This behavior cannot be explained in composition terms due to the fact that the 

TG/DTA shows a slowdown of the hydration reactions. However, the MIP shows an improvement in 

the resistance to mercury penetration for most of the cases studied.  

It is valid to highlight that the compressive strength varies its behavior depending on the type of 

cement used and the doses of FA. The concretes built with G act better when using low doses (< 35%) 

while the concretes produced with F react better when introducing high doses (> 35%). This is 

contradictory with the findings of the TG/DTA where: superior doses (≥ 35%) seem to slowdown the 

hydration reactions in the F and accelerate in G. Nevertheless, the results of the MIP coincide with the 

mechanical behavior due to the fact that in this test the concretes made with G act better when 

employing low doses (< 35%) while those mixed with F react positively when introducing higher 

doses (> 35%). When referring to the mixtures of fluid consistency, the concretes of reference 

prepared with F offer values of compressive strength superior to those manufactured with G. This is 

consistent with the TG/DTA, where the concretes built with F get to be more reactive than the 

concretes manufactured with G. Likewise, the results of the MIP are coherent with the mechanical 

behavior; when the concretes mixed with F offer a minor total intrusion volume than the concretes 

fabricated with G. 

In general terms, the incorporation of FA improves the compressive strength in the concretes from 

early stages. It is important to establish that the concretes made with F act better when using moderate 

doses (≤ 35%) while the concretes mixed with G react better when higher doses are introduced (> 

35%). The TG/DTA supports this behavior when observing that the use of ashes is more effective 

when combined with F than with G for moderate doses of FA, while the G assimilates better the 

introduction of high doses of FA. Likewise, the MIP shows how the concretes built with G act more 

effectively when using high doses (> 35%) while those elaborated with F react better when 

introducing low doses (< 35%). When comparing the consistency it was observed that the mixtures of 

dry consistency prepared with F, present less compressive strength values than those with fluid 

consistency. Nevertheless, this behavior does not coincide with the concretes prepared with G. These 

vary in its behavior depending on the doses of FA. On the TG/DTA it can be seen that the mixtures of 

fluid consistency, prepared with F and G show a greater volume of hydrated products at an earlier age 

than its equivalents of dried consistency. However, when comparing the total volume of intrusion, it 



can be examined that the mixtures of dry consistency prepared with F and G present a minor degree of 

total porosity than its equivalents of fluid consistency in most of the cases.  
 

 

Conclusions 
 

 It can be concluded that different behaviors in function of concrete consistency exist: fluid or dry. 

In fluid concrete (high doses of cement), the concrete F reacted better when using moderate doses 

of the ashes (≤ 35%). Nevertheless, concretes where G was used reacted better when using high 

doses of the FA (50%). On the dry concretes (low doses of cement) it is harder to establish a 

behavior patter due to its higher difficulty to compaction. However, in general terms a better 

action can be seen in the concretes having G when using low doses of the FA (15%). The 

concretes that use F act better when using high doses of FA (50%). 
 

 The loss of hydration water throughout time show a delay in the reactions of concrete built with G 

when compared with those made with F. Concretes in which FA are used present a greater 

proportion of hydrated compounds. In both cases it is very important the type of cement used: 

C3S/C2S ratio and consistency of cement.  
 

 In most cases, the total porosity of the concretes built with F is less than the concretes that used G. 

The diminishing of total porosity reaches a maximum limit (where the reduction of total porosity 

is minimal) once the dose of FA increases. The doses necessary to reach this value vary depending 

on the cement studied.  
 

Final Considerations: The effective free water available marks the efficiency of the pozzolanic 

reaction of the FA. According to that, various proportions of the added FA come to act as active 

admixture (strength effect) or modify the porous distribution (changes in porosity). The behavior of 

the concretes with FA varies in function to the physical and chemical characteristics of the cements 

used, even when these are under the same designation of cements. 
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Abstract 

Cement paste at elevated temperature undergoes a complex decomposition reaction and 

microstructure change. This paper studied Portland cement paste heated up to different temperatures 

ranging from 105°C to 1000°C by X-Ray diffraction (XRD). The heated cement paste samples were 

kept isothermal in furnace for 10 hours and cooled down to 100°C. Then, the samples were pick out 
and grinded into fine powders. 10% Corundum was blended with cement paste powders as an internal 

standard. Quantitative phase analysis of cement paste samples was performed using Rietveld method. 

With the addition of  a crystalline standard, the weight fractions of all crystalline phases as well as 

amorphous calcium silicate hydrate (CSH) were determined. The Rietveld analysis results were 

compared with independent measurements of the same material by thermogravimetric analysis (TGA). 

A phase diagram of cement paste at the high temperature was proposed to reveal the chemcial 

information. The chemical reaction of each phase was discussed.  

Originality 

Although many qualitative measurements of calcium silicate hydra (CSH) by XRD have been carried 

out, the quantitative analysis of the fraction of the crystalline phase and the amorphous CSH were not 

available. In this study, the Rietveld analysis, a reliable technique to quantitatively measure the 

chemical composition of multiphase materials, was applied first to quantify the multiphase composition 
of heated Portland cement paste. The equilibrium of dehydration and recrystallization were determined. 

Based on the experiments, a two-step process of CSH chemical decomposition was discussed.  

Chief contributions  

The main contribution of this paper is to quantitatively describe the decomposition process of cement 

paste at the high temperature by Rietveld analysis from X-ray diffraction pattern. The phase diagram 

helps to understand the deterioration mechanism of cement paste at the high temperature. Furthermore, 

the decomposition mechanism of CSH could be used as a fundamental basis to predict the fire spalling 

in concrete 

Keywords: XRD,Portland cement paste, high temperature, Rietveld refinement 
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1 Introduction 

When concrete structure is subjected to high temperature, a series of chemicophysical 
interaction occur in Portland cement paste, which inevitably leads to deterioration of concrete 

structures. The chemicophysical interaction includes dehydration of calcium silicate hydrates 

(CSH), dehydration of calcium hydroxide (CH) and crystallographic rearrangement of phases.  

It is reported that the dehydration of CSH starts at about 105°C where the dehydration of CH 
occurs at around 420°C. The CSH gel with long silicate chains could be broken during its 

crystallographic rearrangement and converted into -wollastonite or -dicalcium silicate 

(C2S) (Taylor 1953; Gard and Taylor 1976). The quantitative study on the change of the 
phase composition at the high temperature helps to understand the deterioration mechanism of 

cementitious materials at fire. 

X-ray diffraction (XRD) is a common technique to measure the crystalline composition of 
cement paste. The qualitative study or semi-qualitative study of XRD has been successfully 

applied on heated cement paste or CSH (Taylor 1953; Taylor 1959; Gard and Taylor 1976). 

However, the quantitative analysis of heated cement paste by XRD is rarely reported. 
Recently Rietveld refinement has emerged as a reliable tool for quantitative study of 

components in cementitious materials (Taylor, Hinczak et al. 2000; Walenta and Fullmann 

2004). In this contribution, the heated cement paste was tested by XRD. The measured 

diffraction patterns were analyzed by Rietveld refinement in order to determine the weight 
fraction of each phase. The results obtained from Rietveld refinement was compared with the 

results determined by thermogravimetry analysis (TGA). The phase diagraph at different 

heating temperatures is presented and discussed.   

1.1 Rietveld refinement 

Rietveld method is a technique proposed by Hugo Rietveld (Rietveld 1969) for the 

characterization of crystalline materials. It uses a least square to refine a theoretical line 

profile until it matches the measured patterns. The positions of the peaks of the calculated 
profile are determined by the spacing of the crystallographic planes according to Bragg’s law: 

2 sinn d   (1) 

where n is an integer, λ is the wavelength of the radiation used, d is the spacing of the crystal 

planes, and θ is the angle of the diffraction peak. The theoretical intensity of each position 

can be calculated in the form (Rodríguez-Carvajal 1993): 
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       (2) 

where h is the Bragg reflections, the subscript is the 'phase' and vary from 1 up to the 

number of 'phases' existing in the model. SΦ stands for the scale factor of the phase Φ. IΦh is 

the calculated integrated intensities, Ω(x) is the value of the reflection profile function. The 

Rietveld method refines crystal structures by minimizing the weighted squared different 

between the observed pattern yiobs and the calculated pattern yic against the parameter vector 

(Rodríguez-Carvajal 1993). 
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where weight fraction wi is the inverse of the variance associated to the observation. The 

weighted profile factor (Rwp) was usually used to characterize the quality of agreement 

between observed and calculated profile: 
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The detail procedure on refinement calculation was described by (Rodríguez-Carvajal 1993). 

2 Materials and Methods 

2.1 Sample preparation 

The material used in this study was Portland cement (CEM I 42.5N). The mineral 
composition of Portland clinker was determined by Rietveld method in advance (Table 1). 

The cement paste with water/cement ratio 0.50 was casted in small sealed plastic bottles. 

After 28 days, the plastic bottles were removed. Before measurement, the cement paste 

samples were stored in oven at 105°C for 24 hours to remove the free water.  

Table 1: Crystalline composition of Portland clinker by Rietveld method 

Alite Belite Aluminate Ferrite Sulfate Lime 

60.41% 23.79% 7.16% 7.29% 0.58% 0.76% 

2.2 X-ray diffraction  

The mineral composition of cement paste sample at elevated temperatures was measured by 

powder X-ray diffraction (XRD). Before test the dried cement paste pieces (<5g) was heated 
in furnace until target temperatures ranging from 400°C to 1000°C, with a heating rate 

20°C/min, and kept in the isothermal condition for 10 hours following by natural cooling. In 

order to minimize the effect of rehydration the samples were taken out immediately once the 
temperature in the furnace dropped to 100°C and grinded into powders (<50μm).. 10% 

corundum (Al2O3) with grain size of 30μm was blended with 90% cement paste powders to 

serve as an internal standard. The X-ray source of Cu Kα radiation (λ =1.54056Å) was used. 

The scan step size of diffractometer was 0.02°in the range of 2 from 10°  to 70°.  The detail 

crystallographic parameters of each phase in cement paste used in this study were list in Table 
2. 

Table 2: Crystallographic data of each phase in cement paste 

Mineral Formula Type 
Space 

group 
a(Å) b(Å) c(Å) α( ˚ ) β( ˚ ) γ( ˚ ) Reference 

Alite (CaO)3.SiO2 Monoclinic C1m1 33.083 7.027 18.499 90 94.12 90 

(Nishi, 

Takéuchi et al. 

1985) 

Belite β- (CaO)2.SiO2 Monoclinic P21/n 5.512 6.757 9.313 90 94.581 5.512 

(Mumme, 

Cranswick et al. 

1995) 

Aluminate (CaO)3.Al2O3 Cubic Pa3 15.23 15.23 15.23 90 90 90 

(Takéuchi, 

Nishi et al. 

1980) 

Ferrite (CaO)4(Al2O3)(Fe2O3) Orthorhombic Ima2 5.4 14.66 5.59 90 90 90 

(Redhammer, 

Tippelt et al. 

2004) 

Sulfate Ca2SO3 Orthorhombic Pnma 7.46 5.78 10.08 90 90 90 
(McGinnety 

1972) 

Portlandite Ca(OH)2 Trigonal P-3m1 3.59 3.59 4.87 90 90 120 

(HENDERSON 

and 

GUTOWSKY 

1962) 

Lime CaO Cubic Fm-3m 4.86 4.86 4.86 90 90 90 
(Fiquet, Richet 

et al. 1999) 



In order to determine the amount of amorphous phase in cement paste, a standard material 

was usually mixed with the sample. Of several standards studied, corundum (Al2O3) gave the 
best results (De La Torre, Bruque et al. 2001). Let Wreal and Wcal is the real weight percentage 

and calculated weight percentage of internal standard in mixture respectively. Then the 

percentage of amorphous phase can be calculated: 

100% 100% real
amorphous

cal

W
W

W
   (1) 

2.3 Thermogravity analysis (TGA) 

The weight loss of dried cement paste powders was tested by simultaneous thermogravimetry 

analyzer. The weight of the sample was 50 mg. The aluminum oxide crucible was used. The 

purge gas was nitrogen, and the gas velocity was 20ml/min. The sample was heated from 

30°C to 1000°C with the rate of 1°C/min. 

3 Results 

3.1 Phase fractions and weight loss 

Before Rietveld refinement, the qualitative composition of sample was determined by the 

peak positions of tested XRD pattern (see Figure 1(a)).  From the pattern the clinker phases 
and CH phase were presented however, the ettringite peaks was not found in the dried sample, 

which indicated that all ettringite were decomposed when the sample was dried in the 105°C 

oven 

The weight fractions of each phase were calculated by software FullProf Suite. The FullProf 
Suite manual was followed to refine kinds of parameters. A sequence of refinement of 

parameters is the following: 

a) Zero-shift 
b) Scale factor 

c) Cell parameters 

d) Peak shape and asymmetry parameters 
e) Preferred orientation 

The refinement results and weighted profile factors (Rwp) were shown in Table 3. The weight 

loss tested by TGA was demonstrated in Figure 1(b). By combining the XRD/Rietveld result 

and TGA result, the phase diagram in equilibrium states of cement paste at elevated 
temperature was presented in Figure 1(d). The development of each phase was discussed in 

later sections. 

Table 3: Weight percents of components of cement paste at elevated temperatures 

Temperature 

(℃) 

Alite 

(C3S) 

Belite 

( -C3S) 

Aluminate 

(C3A) 

Ferrite 

(C4AF) 

Portlandite 

(CH) 

Sulfate 

 

Lime 

(CaO) 

Amorphous 

phase 

Rwp 

105 11.09% 3.98% 0.00% 2.00% 18.03% 0.33% 0.00% 64.57% 5.99% 

400 9.49% 5.79% 0.75% 2.10% 19.04% 1.04% 0.00% 61.49% 6.83% 

500 14.25% 6.25% 0.66% 2.95% 0.31% 1.90% 3.33% 70.35% 7.20% 

600 13.63% 7.05% 1.99% 2.68% 2.40% 0.73% 2.11% 69.43% 7.98% 

700 6.58% 19.93% 8.79% 1.90% 2.41% 0.28% 5.39% 54.73% 7.80% 

800 3.01% 31.63% 1.58% 6.30% 0.00% 0.77% 10.93% 45.78% 7.42% 

1000 1.58% 36.39% 0.42% 7.11% 0.00% 0.79% 10.41% 43.30% 7.68% 



 

3.2 Amounts of CH tested by different methods 

In order to verify Rieveld method, the amounts of CH were compared with TGA method. The 
detail method on CH amount determination by TGA was described in reference (Marsh and 

Day 1988). The amounts of CH of the same oven-dried sample tested by XRD Rietveld 

refinement and TGA were compared and shown in Figure 1(c).  It can be seen that there is 

satisfactory agreement between the two results. 

Figure 1: (a) The measured XRD pattern (red point) and calculated profile (black line) of 

oven-dried cement paste; (b) The TG curve and DTG curve of cement paste; (c) The weight 

percent of CH in oven-dried cement paste tested by XRD/Rietveld and TGA; (d) Phase 

diagram of cement paste at elevated temperature 
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3.3 CH and lime 

The CH was decomposed into calcium oxide and water at about 420°C, which can be proved 

by the rapid water loss and the vanishment of CH in Figure 1(d). It was found that the 
crystalline lime was very little when CH almost completely dehydrated at 500°C. This meant 

most calcium oxide produced by the dehydration of CH was present as amorphous phase, 

which do not contribute the peaks in XRD pattern. With temperature rising, the crystalline 
lime increased gradually to around 10% at 1000°C in Figure 1(d). 

3.4 Amorphous phase 

The most important phase CSH, presenting as amorphous in cement paste cannot be directly 

observed by XRD. According to Taylor, the main components of CSH are 14Å/11Å 

tobermorite and jennite, which are polycrystal (like gel) in the form of infinite chains. There 
are two non-evaporable water states in tobermorite and jennite, i.e. interlayer absorbed water 

and chemical bond water. The release of interlayer water only reduces cell spacing of 

tobermorite (Taylor 1959), but does not break the long chains which control the mechanical 
properties. Nevertheless, the reduction of chemical bond water at higher temperature is 

usually accompanied with the changing of the structure of layers (Taylor 1953).  

As shown in Figure 1(d), the development of amorphous phase underwent three stages in term 

of the tendency:  

 Slight decrease from 105°C to 400°C. At this stage, the changing trend of amorphous 

phase was almost the same as the weight loss rate, while other clinker crystals and 
portlandite kept constant. The weight decrease of amorphous phase can be explained by 

the release of interlayer water in CSH. The silicate chains in CSH were not broken at this 

stage. 

 Rapid increase from 400°C to 500°C. The increase of amorphous phase was 

accompanied with rapid water releasing. This was because CH decomposed rapidly into 
calcium oxide and water vapor. Most calcium oxide was present in the form of 

amorphous phase at this stage. 

 Gradual decrease from 500°C to 1000°C. This phenomenon can be explained that the 
dehydrated amorphous CSH recrystallized into β-C2S again, which have been reported 

by (Gard and Taylor 1976). Meanwhile, the increase of β-C2S supported to this 

explanation. It indicated that some long chains in CSH gel were broken, and that the 

water released from CSH at this stage should include chemical bond water. 

There was still more than 35% amorphous phase existing in the sample at 1000°C. This didn’t 

mean that there was one third CSH gel in the sample. The appearance of the sample heated to 

1000°C before grinding was gray powder without any strength, which meant that CSH gel 
long chains had been completely broken already. The state of amorphous phase could be 

polycrystalline with short chains.  

3.5 Alite , belite and Other minor phases 

Due to the recrystallization of CSH, the weight fraction of β-C2S increased gradually with 
temperature rising. Meanwhile, the increase of β-C2S was companied with the decrease of C3S. 

In view of high temperature chemistry, the equilibrium state of the CaO-SiO2 system changed 

with temperature (Taylor 1990). The phase transformation between alite and belite can be 

expressed as: 

3 2 2 2( ) ( )CaO SiO CaO SiO CaO  (7) 

The other minor phases in cement paste, such as aluminate, ferrite and sulfate, were very little 

during high temperature. The relative systematic errors of minor phases were much larger 
than the major phases. 



4 Conclusion 

This paper carried out the Rietveld analysis of heated cement paste to reveal the chemical 
information of cement deterioration at fire. The results agreed with the Taylor’s conclusions 

on the recrystallization of CSH (Taylor 1953; Taylor 1959; Gard and Taylor 1976). Some 

conclusive remarks were made in the following: 

 The phase diagram of Portland cement paste at elevated temperature was analyzed by 
Rietveld refinement method as well as TG curve. The amounts of CH calculated by 

Rietveld refinement and TGA respectively agreed with each other, which proved the 

reliability of Rietveld method.  
 The calcium oxide produced by the decomposition of CH was present as amorphous 

phase mostly at 500°C. It was transformed into crystalline lime gradually with 

temperature rising.  
 The dehydration of CSH from 105°C to 400°C didn’t change the crystalline composition 

so much. The further dehydration of CSH from 500°C to 1000°C produced β-C2S. This 

indicated that the long silicate chains in CSH gel were broken when cement paste was 

heated up to 500°C.  
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Abstract 
 
Elemental X-ray µ-analysis and scanning electron microscopy (SEM) backscattered electron imaging (BEI) are 
combined to develop quantitative phase maps for portland cement, fly ash, and slag. The process is facilitated 
with visual textural analysis of the images, and the use of general-purpose multi-spectral analysis software. The 
methodology is advanced from a research tool towards a standardized test through a statement of uncertainty 
for the results and a comparison to other measurement techniques. Image processing and multi-spectral analysis 
facilitates quantitative measures of the different phase types, their abundance, and spatial distribution. This 
systematic approach developed for our Sustainable Concrete Materials program will facilitate the development 
of improved measurement techniques for classifying waste stream materials, and can be used to develop 
improved hydration kinetics models for blended systems. Ultimately, it will be a critical tool in characterizing 
the blended cements that will be distributed as Standard Reference Materials. 
 
Keywords: fly ash, portland cement, scanning electron microscopy, slag, x-ray diffraction 

 
 
 
 
 
 
 
 
Originality 
 
Previously, SEM imaging has been coupled to quantitative X-ray image analysis as a research tool.  This work 
makes important advances to the technique by developing the measurement science for a statement of the 
uncertainty in the reported results  This is important for the certification of Standard Reference Materials that 
require independent assessments of certified quantities, and for the development of reliable service life 
prediction models. 
 
Chief Contributions 
 
The main contributions of this research are the advances made to individual tasks that comprise the overall 
measurement technique: Materials Preparation, Image Data Collection, Imaging Processing/Extracting Phases, 
Image Analysis, and Reporting Uncertainty. 
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Introduction 

 

The basis for estimating cement phase composition from a bulk chemical analysis was developed by 

R.H. Bogue in 1929 [1].  Direct methods, such as X-ray diffraction (ASTM C 1365), are alternatives 

to the indirect Bogue approach of estimating phase composition. These new, potentially more accurate 

and more complete methods should facilitate improvements in cement production and performance 

property prediction. As part of the DOE-funded  Cement Barriers Partnership (CBP) program, the 

National Institute of Standards and Technology (NIST) characterized a set of cement and fly ash 

materials using a combination of quantitative X-ray powder diffraction (QXRD) and scanning electron 

microscopy with image analysis (SEM/XR/IA) to provide direct estimates of the bulk mineralogical 

composition and texture of the materials. This program supports the development of the THAMES [2] 

model to compute realistic transport and mechanical properties for cement paste microstructures as a 

function of time. 
 

Microscopical Analysis 

 

Petrography has long been used for the examination of clinker materials [3]. For quantitative analysis, 

however, point counting is a tedious process [4]. By contrast, scanning electron microscope images are 

amenable to automated processing and analysis. An epoxy-embedded, cut and polished cross section is 

used for analysis following procedures for preparation and examination of clinker described by 

Campbell [5], and the SEM imaging procedure described by Stutzman [6, 7].   

 

X-Ray Powder Diffraction 

 

X-ray powder diffraction provides a direct method for qualitative and quantitative phase abundance 

analysis of fine-grained, crystalline materials. The method, in conjunction with Rietveld analysis, was 

implemented in the ASTM 1365 [8] standard test method for quantitative phase abundance analysis of 

portland cement. The presence of glassy materials that are typically found in fly ash, slag, and possibly 

in some cements, poses a challenge for powder diffraction methods. Rietveld-refined QXRD data are 

normalized to 100 % based upon the crystalline phases included in the refinement.  The presence of 

glassy phases introduces a bias in the true mass fractions that is in proportion to the mass fraction of 

amorphous components, when present.  In this case, while the mass fraction estimates are biased, the 

mass ratios of the crystalline phases are still correct. Therefore, the addition of a known quantitity of 

internal standard, an additional unique crystalline phase, allows the correction for the glassy 

component through re-estimation of the individual phase mass fractions based upon the mass fraction 

ratios and the known mass fraction of the internal standard.  

 

Attenuation contrast between phases and the matrix introduces a potential for bias through a complex 

combination of chemistry and particle size, resulting in a systemic underestimation of materials that 

are high absorbers, and an overestimation of those that are low absorbers [9]. Given that the estimates 

of the internal standard are crucial in assessing the glassy (amorphous) fraction of the specimens, 

matching the absorption characteristics and particle size are important as well as knowledge of the 

crystalline fraction of the internal standard. NIST produces a set of powder diffraction standards for 

quantitative analysis that span the range of absorption characteristics and with a known crystalline 

content, providing flexibility in selection of an appropriate material [10,11]. Table 1 shows candidate 

SRM materials. The most suitable match for the cement is rutile, with zincite for the fly ash, and 

corundum for the slag.  



Table 1.  Candidate SRM Internal Standards, Crystalline Fraction, and Estimated Cement and Fly Ash 

Characteristics Useful in Making a Selection for Quantitative XRD. 

Material Phase purity (mass %) Mass attenuation 

coefficient (cm
2
/g) 

Comments 

Al2O3  corundum, 99.02 %  ± 1.11 % 31 SRM 676a,    0.98 % amorphous Al2O3 

ZnO    zincite,       95.28 %  ± 0.64 % 49 SRM 674b,   4.72 % amorphous ZnO 

TiO2   rutile,         89.47 %  ± 0.62 % 126 SRM 674b, 10.53 % amorphous TiO2 

CBP Cement  97 estimated from bulk 

CBP Fly Ash  53 estimated from bulk 

CBP Slag  75 estimated from Taylor [12] 

 

Sample Preparation 

 

A 5 g powder sample of individual materials was wet-ground in 20 mL of ethanol to a mean particle 

size of about 7 µm. Vacuum filteration removes the ethanol, then the powder is dried at 60 °C. Cement 

analysis by XRD was performed on three sub-samples run in triplicate: a potassium hydroxide-sucrose 

extraction residue composed essentially of the silicates and periclase, a salicylic acid-methanol 

extraction residue comprised of the interstitial phases periclase and alkali sulfates, and a bulk 

(untreated) clinker. Selective extractions aid the phase identification: 1) there are fewer phases due to 

the selective dissolution, making identification of the remaining phases simpler, 2) concentrating the 

remaining phases makes low-abundance phases easier to identify and include in the subsequent 

quantitative analysis, and 3) quantitative chemical extraction provides additional data for the final 

quantitative analysis estimates. Scans were run from 10° to 77° 2θ (Cu Kα) with a step size of 0.016° 
2θ and a total scan time of 70 minutes.  

 

A summary of the QXRD data on the CBP cement is provided in Table 2, representing the average for 

the bulk cement and selective extractions, re-calculated on a whole-cement basis.  In addition to 

phases typically found in portland cements, portlandite, syngenite and an AFm-type phase were 

identified, indicating some prehydration. Portlandite complicates the SEM segmentation. but may be 

distingusihed on the combined basis of the backcattered intensity and strong calcium signal. For 

cements that have been stored for a period of time, portlandite carbonates to form calcite, so including 

it in the image analysis as calcite is appropriate.   

 

SEM Imaging 

 

Backscattered electron (BE) and X-ray microanalysis (XR) images of polished cross-sections are used 

for image processing (feature extraction) and image analysis (measurements) [6,7,13]. Once the 

images are segmented, a variety of measurements, such as phase abundance and surface area, may be 

determined. The SEM operating conditions are 10 kV accelerating voltage, approximately 3 nA probe 

current (adjusted to keep an X-ray dead time below 40 %), and 5 min. per frame scan rate to minimize 

BE noise for a total of about 35 frames. Instrument magnification is adjusted to retain about a 0.75 

micrometer/pixel spatial resolution when sampling regions 410 µm by 312 µm for each field. 

 

In the BE image, local brightness is proportional to the backscattered electron coefficient, η  [14]. The 

reported coefficients are aproxímate as substitution affects the average atomic number. X-ray imaging 

captures the element spatial distribution over the same field of view as the BE image. Phase 

identifications are made upon the basis of relative BE brightness, bulk chemistry from X-ray imaging, 

and morphology. A partial SEM image set for the cement is presented in Figure 1. The contrast 

between alite (η ≈ 0.176) and belite (η ≈ 0.171) is relatively strong and their distinction is clear, while 

that between belite and cubic aluminate (η ≈ 0.168) is generally too weak to distinguish these 

constituents. However, aluminate and belite have distinct chemical compositions, so use of the 



aluminum X-ray image serves to distinguish these phases.  Similarly, the mullite phase in the fly ash 

has a η similar to that of quartz, but the aluminum will also serve to distinguís between the phases. We 

may visualize this through a process whereby the images are merged into a red-green-blue composite 

image.  This process will be useful in reconciling the QXRD data with fly ash and slag image sets.  

 

Image Processing 

 
The XR images are only needed when distinction is not possible from the BE image alone. The core 

set of images required for segmentation of this cement are the BE, Al, Mg, K, and S images.  

Additional XR images may confound the segmentation or not add any new information. Processing 

serves to enhance the distinction between the constituent phases by reducing noise and unwanted 

signal. This may be accomplished, as needed, by use of a median filter to reduce noise while retaining 

edge definition, followed by clipping to establish a lower threshold to eliminate the background signal 

introduced by the continuous background of the X-ray spectrum.  These operations may be 

interactively applied using ImageJ
2
. 

 
Image segmentation is accomplished through use of multi-spectral processing using the code 

MultiSpec
3
 [15,16,17]. Combinations of BE and XR images of cementitious materials are displayed to 

identify the constituent phases, to establish a user-defined training set of image regions typical of each 

phase, and to classify each pixel in the image into the group to which it most likely belongs.  The 

classification is performed in a single operation on all phases defined in the training set and every 

pixel is assigned to a class.  The suitability of the classifier and operator-designated training set used 

in segmentation may be assessed by a visual evaluation of the resulting image and by evaluation of the 

accuracy in which the training set was properly classified. 

 

Figure 1 shows a segmented image, where all information has been gathered together to show the 

actual mineralogical phases contained in the cement particles. Table 2 shows the mass fractions of the 

phases as determined by XRD and SEM; the volume fraction data from SEM are converted to mass 

fractions using the densities found in Taylor [12]. While the precision appears slightly greater for the 

SEM image results, the mean values are close to those from XRD. More details on the data collection, 

image processing and analysis are given in [6,18]. 

 

Fly Ash and Slag 

 
Fly ash SEM BE and one segmented image with color-coded phase assignment are shown in Fig. 2. X-

ray powder diffraction data (Table 3) show that the bulk (71 %) of the ash is amorphous with 

crystalline phases mullite (18 %), quartz (7 %), and hematite and magnetite (about 2 % each). 

Identification of mineral constituents from the SEM image set finds that while quartz and mullite have 

similar backscattered electron coefficients, they are chemically distinct. The differences in iron 

content between magnetite and hematite is too small to allow distinction with the BE image. Based 

upon this single image, however, the high iron content will make them appear bright in the BE image. 

Distinguishing between quartz, mullite, and the glassy phases is still work in progress.  

 

The slag initially appears relatively homogeneous in the BE image. The mineral constituent 

akermanite η ≈ 0.151 is essentially the same as the average η for slag of 0.152 from Taylor [12], 

making it indistinguishable in the BE image.  However, there are some circular grains of darker BE 

characteristics. The color composite X-ray image (Fig. 3) of calcium, silicon, aluminum highlights 

some subtle chemical differences between the slag grains with both calcium-rich and calcium-poor 
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grains.  Additionally, the presence of a minor fraction of fly ash as aluminum and silicon-rich circular 

particles are seen in the combined XR image. Quantitative results are not available at this time.  

 

 
Figure 1.  Backscattered electron (BE) and X-ray image set for CBP cement that will be used to 

segment the sampling into the constituent phases and the segmented image (upper-right). 

 

 

Table 2.  Phase, BE coefficient η, and Quantitative XRD and SEM/XR/IA results for CBP cement 

expressed on a mass-basis from  n = 7 replicate XRD and SEM measurements.  

  QXRD SEM/XR/IA 
Phase η Average St.Dev. Average St.Dev. 

alite (Ca3SiO5) 0.172 56.2 2.4 55.7 2.5 

belite (Ca2SiO4) 0.166 15.1 1.6 19.5 3.5 

ferrite (Ca4(FeAl)O10) 0.186 13.1 0.6 13.1 1.6 

aluminate (Ca3Al2O6) 0.164 3.4 0.5 4.0 1.0 

arcanite (K2SO4) 0.165 0.9 0.5 0.3 0.1 

anhydrite (CaSO4) 0.154 0.1 0.0   

bassanite (CaSO4⋅½ H2O) 0.149 1.0 0.5   

gypsum (CaSO4⋅2H2O) 0.138 1.9 0.3 4.2 1.7 

calcite (CaCO3) 0.142 2.7 0.4 2.6 1.6 

quartz (SiO2) 0.125 0.3 0.2   

syngenite (K2Ca(SO4)2 H2O) 0.156 1.7 0.3   

portlandite (CaOH2) 0.162 1.0 0.8   

amorphous  4.9 1.4   

 



Table 3.  Phase, BE coefficient η, and quantitative XRD analysis of the CBP fly ash expressed on a volume 

basis of the original ash sample from replicate determinations.  

Phase η Quantitative XRD, n = 5 SEM/XR/IA, n = 3 
  Average 1-σ Average 1-σ 

quartz (SiO2) 0.125 7 0.4 7 2.5 

mullite (Al4.5Si1.5O9.75) 0.124 18 0.4 27 9.9 
hematite (Fe2O3) 0.223 2 0.1 7  1.3 
magnetite (Fe3O4) 0.227 1 0.0   
amorphous  71 0.8 59 10.8 

 

 

Figure 2.  BE and a segmented, color-composite image derived from a set of X-ray and the BE image illustrates 

the chemical and compositional complexity of fly ash, and use of the image set to assign phase classes (lower-

right) to a segmented image. 

 

 

 

 
 

Figure 3.  Composite X-ray image with calcium (red), silicon (green), and aluminum (blue) shows that the slag is 

more heterogeneous than initially presumed with variable aluminum content.  Fly ash (blue, green) is also 

present. 

 



Summary 

 

X-ray powder diffraction and SEM imaging combined with image processing and analysis provide 

direct estimates of the phase abundance of cements and supplementary mineral admixtures.  The use 

of an internal standard allows estimates of the amorphous constituents in these materials for XRD 

analysis.  SEM imaging allows for easier identification of minor constituents, but distinction of similar 

phases, such as the calcium sulfates in cements, is more difficult. Reconciling the XRD and SEM 

imaging for the mineral admixtures requires the identification of the mineral phases through 

comparison of the chemical and relative BE brightness, allowing a more complete characterization of 

the phase constituents and distribution through quantitative microscopy.  
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Abstract 
The addition of semiconductors activated by light to construction materials achieves materials with novel 
properties. In the presented work mortar with a TiO2 surface cover was used to evaluate the NOx 
abatement. Various standards have been published in an effort to rationalize and unify the evaluation and 
quantification of photocatalytic activity. The experimental conditions stated in the published standards 
and previous results differ in many aspects that make it very difficult to compare different results. Due to 
this fact this paper investigates the influence of the different parameters involved in the photocatalytic 
process, including the relative humidity, temperature, irradiance, contaminant concentration and catalyst 
load. The results demonstrate that the most influent parameters are the catalyst load and light intensity 
until reaching plateau values at higher amount and intensity. The humidity influences negatively on the 
NOx abatement and increased temperature lowers slightly the photocatalytic activity. A global empirical 
correlation, including the mentioned variables, has been developed, allowing the determination of the 
photocatalytic activity at different environmental conditions (within the constraints of this research) and, 
when necessary, for comparison with reference conditions.  
 
Originality 
Even though the parameter influence on the photocatalytic activity has been studied previously and 
presented in the literature, it is only done partiality not taking in account the influence of all parameters 
simultaneously. This work gives the correlation of the activity including the studied parameters in a 
single equation based on the kinetic constants from each experimental scenario. The single reaction can 
be used to estimate the photocatalytic activity under the range of parameter conditions in this study.    
 
Chief contributions 
The global correlation opens the possibilities to compare previous published results done under different 
experimental conditions playing an important role in the evaluation and development of photocatalytic 
materials. Better knowledge on the parameter influence on photocatalytic activity and the kinetics of gas 
phase degradation of NOx in ppb scale benefit the development of experimental standards.     
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1. Introduction 
 
The photocatalytic activity of TiO2 enriched building materials provides promising results for 
the degradation of air contaminates such as VOC (Stirini et al., 2005, Demeestere et al., 2008, 
Maury et al., 2010) and NOx (Cassar, 2004, Hüsken et al., 2009, Chen, Poon, 2009, Bengtsson 
et al., 2009) performed in lab scale. Full scale studies proves that photocatalysis is effective also 
under real world conditions (Maggos et al., 2007).  
 
Differences in test methods and parameters cause difficulties in the comparison of 
photocatalytic activity of different materials. The unification of test methods requires a 
standardization of experimental procedures and conditions (UNI 11247, ISO 22197-1). 
Therefore, it is clear that the experimental conditions stated in the published standard and in 
literature differ in many aspects that make it very difficult to compare different results. Even 
though some research have been reported in the literature (Hüsken et al., 2009, Chen, Yan, 2010, 
Toma, 2004, Puzenat, 2009, Ao et al., 2004, Luo, Ollis, 1996, Amama, 2004, Kakinoki, 2003, 
Puma et al., 2009, Sauer, Ollis, 1994, Childs, Ollis, 1980, Wang et al., 1998, Lewandowski, 
Ollis, 2003) on the influence of different parameters, a comprehensive parametric study and 
global correlation are needed in order to allow the estimation of the photocatalytic activity at 
different environmental conditions and, when necessary for comparison width reference 
conditions.  
 
The aim of the present paper is to determine the influence of the different experimental 
parameters involved in the photocatalytic degradation of NO on white mortar, coated with TiO2. 
The influence of the following parameters has been evaluated: Temperature (T), relative 
humidity (RH), absolute humidity, irradiance (I), catalyst load (CL) and initial concentration 
(IC) of the studied compounds.  These parameters, on the basis of the experimentally fitted 
kinetic constants, have been empirically correlated in a global relationship.    

2. Experimental details 
The following materials where used in the study: White cement type BL II/A-LL 52.5 N; 
Degussa P25 as the active photocatalyst; Liquid silicone; Air with an O2 concentration of 20% 
in N2, with purity above 99.999%; NO 4.6 ppmvol, balanced by N2 width relative uncertainty of 
the measurement: ± 5%. 
 
White mortar was prepared in petri dishes with a diameter of 90 mm and a height of 16 mm, 
with the following ratios: cement/sand: 0.33 and water/cement: 0.5 .The fresh mortar was cured 
for 28 days at >95 %RH and 23 ±2 °C.  Liquid silicone was applied on the border of the top 
surface of the sample, surrounding a circular area of 50.2 cm2. A colloidal suspension of TiO2 in 
deionised water was applied on the surface of the mortar surrounded by silicone to give a final 
TiO2 mass load of 5 g/m2 after evaporation of the water in the suspension at room temperature. 
The samples were stored at 50 %RH and 20 °C at least 48 hours prior to the tests.  
 
The reactor was designed according to the ISO standard 22197-1 and the experiments were also 
performed according this standard, with the exception that the gas flow was recycled by an 
airtight pump with a recycling flow rate of 5.2 l/min. Two containers were connected in the 
recirculation loop to achieve a total volume of the setup of 56 liters. The irradiation was 
performed by 2 Philips Actinic BL 15W/10 SLV fluorescent tubes emitting irradiance in UVA 
radiation at an optimum of 365 nm.  
 
The initial NO concentration in the system was controlled by adjusting the inlet flow by Brooks 
flow controllers giving a resulting gas mixture of air and NO/N2, that was let to stabilize until 
obtaining a concentration of 1000 ppb. The humidity was set by passing a part of the airflow 
through a flask medium filled with water. The temperature was that of the ambient air in the 
laboratory.     
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The NO and NO2 concentrations were measured simultaneously by AC32M (Enironmental S.A.) 
analyzing by Chemiluminiscence. The volume of the sample was of 0.66 liters and the 
concentration was measured just before the illumination was switched on, 15, 30, 45, 60, 90 and 
120 minutes after the illumination was turned on. 
 
The influence of the parameters investigated in this paper was studied by vary them one by one, 
keeping the rest of the parameters constant. A summary of the parameter conditions used can be 
seen in Table 1. The test series are denoted with the abbreviations N1 to N19.    
 
Table 1: Experimental parameters for the NOx oxidation tests 

Test Temperature  
(ºC) 

Humidity  
(%RH) 

Absolute
humidity 
(g/m3) 

Irradiance
(W/m2) 

Catalyst
load 
(g/m2) 

Initial NO 
concentration 
(ppbv) 

Initial NO2 
concentration 
(ppbv) 

N1 21 62 9.5 10 5.0 964 34 
N2 26 42 8.5 10 5.0 1000 51 
N3 30 42 10.8 10 5.0 899 25 
N4 21 3.0 0 10 5.0 1050 37 
N5 21 31 4.5 10 5.0 998 38 
N6 22 37 6.5 10 5.0 1030 51 
N7 21 65 10 10 5.0 982 50 
N8 21 60 9.2 0.5 5.0 985 49 
N9 21 59 9.0 1 5.0 996 51 
N10 21 59 9.0 2.5 5.0 972 62 
N11 21 60 9.0 5 5.0 981 49 
N12 21 63 9.5 18 5.0 1010 75 
N13 22 57 9.5 10 2.5 976 69 
N14 22 60 10 10 10 964 78 
N15 21 60 9.0 10 5.0 101 11 
N16 20 68 9.8 10 5.0 393 16 
N17 21 65 8.5 10 5.0 675 27 
N18 21 58 9.0 10 0 1000 77 
N19 21 58 9.0 0 5.0 991 66 
 
 
Each sample was tested once to preventing the use of a catalyst that has been deactivated by 
intermediates or initial compounds on the active sites.  
 

3. Results and discussion 
 
Under UV radiation a decrease in NO concentration over time was determined with a 
simultaneous formation and later degradation of the intermediate NO2, Figure 1 (a). It can be 
seen that after 120 minutes of radiation almost complete degradation of both NO and NO2 is 
detected.  In Table 2, the amount of NO3

- formed in a selection of tests proving a complete 
mineralization of NO and NO2. The mineralization to NO3

- is demonstrated according to the 
oxidation pathway given in Figure 1 (a).        
 
Table 2: Nitrate formation for a selection of tests 
Test N1 N3 N5 N9 N10 N11 N12 N13 N16 N17 
Nitrates produced (μmol) 2.15 0.09 1.2 1.2 0.34 0.12 0.7 1.63 0.63 0.2 

 
As can be seen in Figure 1 (b), a first order reaction rate gives a very good fit with the 
experimental data that is slightly better than the estimation by the Langmuir Hinselwood (L-H) 
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model. A comprehensive discussion on the kinetics of the degradation, the influence of the 
transport processes, the controlling step and the estimation of the order of reaction is given in 
(Bengtsson N, 2010) Therefore, a first order reaction kinetics estimation has been selected for 
making the parametric study, neglecting the competitive adsorption and discarding of the 
Langmuir Hinselwood model (Bengtsson N, 2010). 
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Figure 1: (a) Illustration of NO oxidation and NO2 formation over time under UV irradiation. Values 
taken from test N1. (b) Illustration of the comparison of the L-H model and first order reaction model 
estimated to experimental data from test N1. 
 

Influence of the Irradiance 
The NO degradation rate influenced by the irradiance is increasing until reaching a plateau 
above 5 W/m2. The irradiance interval can be divided into two parts. At lower intensities from 0 
to 1 W/m2 the influence on the reaction rate constant demonstrates a linear relation. At light 
intensities above 1 W/m2 the increase follows a square root relation, Figure 2 (a). This 
difference in irradiance dependency is due to the fact that at lower irradiation intensities the 
chemical reaction is faster than the recombination rate of the electrons and holes. On the other 
hand when the irradiance is increased the recombination of electrons and holes becomes the 
dominant process that negatively influences the activity (Chen, Yan, 2010).   

Influence of catalyst load 
By increasing the mass load of TiO2, a higher reaction rate constant for the NO oxidation was 
observed, Figure 2 (b). The influence of the mass load on the reaction rate constant follows a 
non linear behavior in agreement with previous data in literature (Lewandowski, Ollis, 2003), 
which is attributed to the fact that in thick films there is not an effective radiation of all the 
present catalyst, having the surface catalyst illuminated but the interior catalyst inactive. (Toma, 
2004, Puzenat, 2009, Puma et al., 2009).  
 
The thickness of the TiO2 coating was measured to be around 10 μm at a mass load of 5g/m2 by 
BSE microscopy. Having in mind that the critical mass is not reached the coating is thicker than 
previous published results mentioning a critical thickness of 2 μm (Childs, Ollis, 1980) and 350 
nm (Puma et al., 2009).  

Influence of humidity 
Photocatalytic activity was observed at almost zero humidity and the activity does not change 
remarkably until reaching humidity levels above 40%RH where a decrease in the reaction rate 
was noticed, Figure 2 (c) due to competitive adsorption between water and contaminant on the 
active sites (Hüsken et al., 2009).  
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The difference in the influence of the humidity is related to interactions between water and 
intermediates (Amama et al., 2004) and the hydrophilic properties of the surface of the active 
material (Wang et al., 1998).  

Influence of temperature 
An increase in temperature slightly decreases the reaction rate constant, Figure 2 (d). According 
to the literature the temperature does not influences the reaction rate by it do influence the 
adsorption and desorption rate constants of reactants and products (Lewandowski, Ollis, 2003).   
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Figure 2: (a) Influence of the light intensity (tests N1, N8-N12, N19) in the NO oxidation rate. (b) Initial 
NO oxidation rate by the influence of the catalyst load on the surface of the sample (test N1, N13, N14, 
N18) (c) Initial NO oxidation rate constant as a function of the humidity (tests N1, N4-N7). (d) Initial NO 
oxidation rate by the influence of the temperature maintaining the absolute humidity constant (tests N1-
N3) 

Influence of the contaminant concentration 
The reaction rate constant does not change when the initial NO concentration is altered 
verifying the conclusion that the reaction rate follows a first order reaction in the studied 
concentration interval. 
 

Multiple parameter fitting of the photocatalytic activity 

Until now, the kinetic constants calculated are related to the variation of a single parameter 
maintaining the rest of them constant.  Therefore, in order to find a global correlation able to be 
applied at different conditions for every parameter (in the range studied in this work), non linear 
estimation has been tried, including every variable analyzed, for the kinetic constants of the 
degradation of NO, including all the matrix of data corresponding to every test performed.   

The best empirical correlation found, Equation 1 for the oxidation of NO, includes 4 variables: 
temperature (T) in degrees Celsius, relative humidity (RH) in %RH, irradiance (I) in W/m2 and 
catalyst load (CL) in g/m2, explaining a variance (R2) of the 86.5% of the data. 

a b

c d
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111)/1( 1111 njdTb
NO CLmIhRHceak                  (1) 

Where a1, b1, c1, d1, h1, j1, m1 and n1 are the fitting parameters given in Table 3 where the 
range of validity of the equation for each parameter is also given. 

 
Table 3: Numeric values for the fitting constants for the multiple parameter equation 1 

a1 b1 c1 d1 h1 j1 m1 n1 
-4.59 -0.0658 4.55 -0.000662 0.0189 0.166 0.0141 0.419 
Ranges of validity :  21 < T(ºC) < 30; 3 < RH < 56; 0 < I < 18; 0 < CL < 10; 101 < IC (NO) < 964 

       
By application of the obtained kNO, the kinetics of degradation of NO in any experimental 
condition (within the constrains of this study) can be obtained. 
 

The absolute humidity depends on the T and RH, therefore it is not included in the correlation. 
The initial concentration (IC) is not included in the fit due to absence of influence on the 
reaction constant k in the studied interval.    

 
4.   Conclusions 
 
In this paper a parametric study, in function of the kinetic constants, on the influence of the key 
variables in the photocatalytic activity of oxidation of NO has been carried out. The variables 
included in the study are the relative humidity, temperature, irradiance, contaminant 
concentration and catalyst load, and the following conclusions have been done: 
 

 The reaction kinetics of the NO oxidation has been established, proving a reaction 
limited process of elemental first order reaction.  

 The parameters studied in this work influence the activity of the photocatalytic NO 
oxidation according to the following conclusions.   

o For the studied intervals, the NO oxidation is approaching a plateau value at a 
catalyst load of 10 g/m2 and a plateau is found above an irradiance of 5 W/m2, 
concluding that at above a certain level of irradiance and catalyst load their 
influence does not affect the reaction rate. 

o No influence of the humidity was noticed on NO oxidation in the range form 3 
to 40 %RH, however above 40 %RH a decrease in activity was observed, which 
was attributed to the competitive adsorption of water and the contaminant on 
the active sites of the catalyst.  

o An increase in temperature while maintaining the absolute humidity constant 
resulted in a decrease in the activity for NO oxidation.  

o The absence of influence by the initial concentration of NO on the reaction rate 
constant proves that the reaction follows a first order in the studied 
concentration range.   

 A global empirical correlation, including the studied variables has been proposed, allowing 
the estimation of the photocatalytic activity at different environmental conditions (in the 
range of this research), including for reference conditions for comparison.  
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Abstract 

Theoretical first principles calculations using quantum mechanical descriptions of the electronic structure and atomic 

interactions are becoming increasingly popular to describe the structural and thermodynamic properties of inorganic 

materials. In the case of the anhydrous cement clinker phases, the main interest lies in the incorporation of guest ions 

(Mg
2+

, Al
3+

, Fe
3+

, S
6+

,...) and their impact on the chemical and physical properties of the final product. Due to the low 

concentrations, it is difficult to obtain reliable structural and thermodynamic data experimentally. Ab-initio 

calculations using the DFT (Density Functional Theory) approach with a linear augmented plane wave basis set can be 

used to study the electronic structure of crystalline materials and to derive the total energy as well as spectroscopic 

information. This calculated data can then be used to decide if adequate experiments can be performed for validation. 

In this contribution, we report first results on total energy calculation using VASP (Vienna Ab-initio Simulation 

Package) of pure compounds (Ca-silicates, Ca-aluminates in all relevant structural modifications) and on Mg
2+

 

substitution in γ-Ca2SiO4. The calculated values agree well with the known experimental thermodynamic and structural 

data. 

 

Originality 

The contribution is in the scope of Area 6 (Modelling) of the conference. First principles calculations are used to derive 

relevant thermodynamic data of anhydrous cement clinker phases. In order to validate the approach, the main clinker 

phases were chosen and the calculated data was compared to available experimental values. Mg substitution in Ca-

silicate was studied in a second step. No relevant enthalpy of mixing data exists for this substitution and the ab-initio 

calculations allow to derive this important missing data. 

 

Chief contributions 

First principles calculations were used to determine thermodynamic properties of anhydrous cement clinker phases 

with respect to the simple oxides and to simulate the energetic contribution and mechanism of Mg substitution in 

Ca2SiO4. This was never reported before in the literature. Our positive results encourage to perform more calculations 

to simulate minor element incorporation.   

 

 

Keywords: ab-initio calculations, thermodynamics, anhydrous clinker phases 
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Introduction 
 

Reliable thermodynamic data is a key point to calculate phase stabilities and to evaluate reactivity with 

respect to a given chemical environment. This data was obtained in the past by suited measurements 

only, including high temperature or aqueous calorimetry, EMF or vapour pressure measurements. In 

the case of oxides, a review of existing experimental techniques may be found in articles by Navrotsky 

(Navrotsky, 1999) and Colinet et al. (Colinet et al, 1997).  

In all fields of material science, phase diagrams present the basic road maps for a deeper 

understanding of reaction behaviour. Multicomponent phase diagrams can be calculated by 

extrapolation of binary and ternary systems using reliable Gibbs energy data. It is evident, that the 

pertinence of such an extrapolation is directly linked to the quality of the underlying dataset. This 

dataset is commenly obtained by a critical assessment of all available experimental information using 

a methodology called Calphad (Calculation of Phase Diagrams) (Lukas, 2007). For each phase in the 

system of interest, the most suited thermodynamic model is chosen and the associated parameters 

(which model enthalpies, entropies, heat capacities) are assessed by trial and error until a best fit to the 

experimental information is obtained. In the case of the chemical systems relevant to cement clinker 

fabrication, the phase diagram simulation approach was dicussed in recent publications by Barry et al 

(Barry et al, 2000) and Ghanbari Ahari et al (Ghanbari Ahari et al, 2004). The main drawback of the 

Calphad method is, that there are usually more parameters to be assessed than experimental data 

available. This means that some of the model parameters have to be estimated. This is especially true 

for the description of solution energetics in phases with limited solubility as for example Mg solution 

in Ca-silicates. In this case, the maxium solubility is limited to a few mass% depending on the 

sintering temperature (Taylor, 2007). For low concentrations, Henry’s law can be applied. However, 

from a few percent of solute on, a notable deviation from ideal behavior may be observed. 

Experimental determination of heat of solutions are extremely difficult and time consuming because of 

the low concentrations and the obtained results are often not very reliable.  

A modern way of obtaining reliable thermodynamic data are theoretical first principles calculations 

based on quantum mechanical descriptions of the electronic structure and the atomic interactions. 

These so called ab-initio calculations use the density functional theory (DFT) with linear augmented 

plane basis sets to study the electonic structure of crystalline materials at 0K and to derive total energy 

as well as spectroscopic information. An overview of the theory and its applications is given in 

(Hafner, 2008). This theoretical approach was recently employed to determine structural and 

mechanical information in Ca3Al2O6 (Manzano et al, 2009) and to study guest-ion incorporation 

mechanisms in anhydrous Ca-silicates (Jansang et al, 2010). However, in both cases, no relevant 

thermodynamic data was derived from the total energy calculations 

In this contribution, we present the results of DFT calculations of the main anhydrous cement clinker 

phases with an emphasis on thermodynamic properties. For these phases, the enthalpies of formation 

with respect to the simple oxides are derived and compared to the available experimental data. 

Additionnally, the mechanisms and energetics of Mg substitution in γ-Ca2SiO4 will be discussed.  

 

 

Calculation procedure 
 

The calculations were performed on the basis of the density functional theory using the VASP code 

(Vienna Ab initio Simulation Package) (Hafner, 2008). For the exchange and correlation functional 

Exc, the semi-local form proposed by Perdew and Wang (Perdew and Wang, 1992) was chosen, using 

the Generalized Gradient Approximation, GGA. The Kohn-Sham equations were solved using an 

iterative matrix diagonalization based the minimization of the residual vector representing each 

eigenstate and an optimized charge routine. The PAW method has been applied as a framework for the 

pseudopotentials for each cement clinker phase as well as the simple oxides (Blöchl, 1994). The one-

electron Kohn-Sham wavefunctions were expanded in a plane-wave basis set, as expected in the 

periodic DFT and according to Bloch's theorem. The associated cut-off energy was set to a value of 



400eV. The total energy calculated by the software is obtained by integration over the Brillouin zone 

with an optimised mesh of k-points following the Monkhorst-Pack scheme. The relaxation of the 

crystalline structure was performed using a Gaussian-smearing approach with a width of 0.1eV. In the 

case of Fe2O3 and Ca2AlFeO5, spin polarization was added in the calculation to take into account the 

magnetic properties of these compounds. The starting point for the calculations was the experimental 

crystal structure for each phase as reported in the literature. 

 

 

Results and Discussion 
 

Simple oxides 
 

The calculated total energies for CaO, MgO, SiO2(quartz), Al2O3 and Fe2O3 together with the 

calculated lattice parameters are presented in Table 1. It is important to mention, that the most stable 

magnetic configuration for Fe2O3 is anti-ferromagnetic, in agreement with the results obtained by 

Rollmann et al (Rollmann et al, 2004). The calculated lattice parameters are in excellent agreement 

with the experimental values. 
 

Table 1: First principles calculation results for simple oxides 

 

Oxide 
Total Energy at 0K 

[kJ/moles] 

Calculated lattice 

parameters 

Experimental lattice 

parameters 
Reference 

CaO -1254.44 a = 4.794 a = 4.815 (Fiquet et al, 1999) 

MgO -1169.19 a = 4.193 a = 4.211 (Fiquet et al, 1999) 

SiO2 (Quartz) -2304.06 

a = 4.828 

c = 5.352 

α = β = 90° 

γ = 120° 

a = 4.916 

c = 5.4054 

α = β = 90° 

γ = 120° 

(Kihara, 1990) 

Al2O3 -3647.26 
a = b = c = 5.130 

α = β = γ = 55.338° 

a = b = c = 5.1279 

α = β = γ = 55.283° 
(Kirfel et al, 1990) 

Fe2O3 -3635.58 

a = 4.997 

c = 13.842 

α = β = 90° 

γ = 120° 

a = 5.035 

c = 13.747 

α = β = 90° 

γ = 120° 

(Finger et al, 1980) 

 

 

Anhydrous cement clinker phases 
 

The calculated total energies for the anhydrous cement clinker phases together with the calculated 

lattice parameters are presented in Table 2.  

For Ca3SiO5, only the result for the triclinic modification of this compound is reported. The crystal 

structure of the monoclinic modification (de la Torre, 2002) is too complicated to be calculated with 

the DFT approach in the current status. Calculation of the rhombohedric structure failed most likely 

due to some errors in the reported crystal structure by Nishi et al. (Nishi et al, 1984). 

For Ca2FeAlO5, the magnetic structure was taken into account. The most stable configuration is anti-

ferromagnetic. In this compound, Fe and Al exchange on two distinct sub-lattices with Wyckoff 

positions 4a and 4b. In the ideal compound at 0K, all Fe atoms would be in the 4a positions and all Al 

in the 4b ones. However, experimentally observed samples show some inversion with a fraction of 

around 25% of Al in the 4a sub-lattice and the corresponding amount of Fe in the 4b sub-lattice. This 

has been taken into account in the calculations and the reported values are the ones with a lattice 

occupation identical to the experimentally observed data. 

The general agreement of the calculated and experimentally observed lattice parameters is excellent. 



Table 2: First principles calculation results for anhydrous cement phases 

 

Oxide 
Total Energy at 0K 

[kJ/moles] 

Calculated lattice 

parameters 

Experimental 

lattice parameters 
Reference 

Ca3SiO4 -6181.13 

a = 11.587 

b = 14.184 

c = 13.609 

α = 104.847  

β = 94.614 

γ  = 90.115 

a = 11.670 

b = 14.240 

c = 13.720 

α = 105.500 

β = 94.300 

γ = 90.000 

(Golovastikov et al, 1975) 

γ-Ca2SiO4 -4947.63 

a = 5.070 

b = 11.138 

c = 6.730 

a = 5.07389   

b = 11.21128 

c = 6.75340 

(Udagawa et al, 1980) 

β-Ca2SiO4 

-4924.71 

 

 

a = 5.486 

b = 6.732 

c = 9.258  

β = 95.101 

a = 5.50410 

b = 6.76220 

c = 9.32810 

β = 94.172 

(Mumme et al, 1995) 

Ca3Al2O6 -7447.6 a = 15.229 a =15.263 (Mondal et al, 1975) 

Ca2AlFeO5 -6194.8 

a = 5.504 

b = 14.611 

c = 5.404 

a = 5.584 

b = 14.6 

c = 5.374 

(Colville et al, 1971) 

 

 

From the data in Table 1 and 2, one can calculate the energy of formation of the anhydrous cement 

clinker phases with respect to the constituting simple oxides. The calculated values are presented in 

Table 3 together with reported values of standard enthalpies of formation at 298K from the literature. 

To compare the values, it was assumed that ∆CP for the reactions (and therefore the difference in heat 

content) is close to 0 J/molesK between 0K and 298K which is a good approximation for phases of the 

same chemical type.  

The overall agreement is good, except for Ca3Al2O5. The calculated enthalpy of formation is much 

more negative than the experimental value. This is rather curious because the enthalpy of formation of 

Ca2AlFeO5 agrees well with the experimental value. Additional experimental work with other 

techniques than those used in the past may be needed to solve this incoherence. 
 

 

Table 3: Calculated Enthalpies of formation at 0K by reaction with the constituent simple oxides as compared to 

experimental standard enthalpies of formation at 298K 

 

Oxide Calculated enthalpy of 

formation at 0K 

[kJ/moles] 

Experimental enthalpy of 

formation at 298K 

[kJ/moles] 

Reference 

Ca3SiO4  -113.8 -125±2 (Ayed, 1991) 

γ-Ca2SiO4 -134.7   

β-Ca2SiO4 -111.8 -119±1 (Ayed, 1991) 

Ca3Al2O6 -37.0 -1.7±1 

+20±2 

(Coughlin, 1956) 

(Ayed, 1991) 

Ca2(Al,Fe)2º5 -30.6 -23.5±1 (Ayed, 1991) 

 

 

 



Mg-substitution in γγγγ-Ca2SiO4 

 

Calcium atoms in γ-Ca2SiO4 are observed in two different Wyckoff positions, 4a and 4c (Udagawa et 

al, 1980). First principles calculations were performed to elucidate which of the two positions is 

favoured by Mg atoms upon Ca substitution. Substitution levels of 12.5%, 25%, 37.5% and 50% were 

calculated in the two configurations. The 50% substitution corresponds to the mineral Monticellite 

which is known to be thermodynamically stable. The enthalpy of mixing with respect to pure γ-

Ca2SiO4 and CaMgSiO4 (Monticellite) is presented in Fig. 1. 
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Fig. 1: Enthalpy of mixing of Mg in γ-Ca2SiO4 

 

The preferred position of Mg is on the 4a sublattice in all calculated cases. However, the substitution 

of Ca with Mg is an endothermic process leading to an increase in the overall enthalpy of formation. 

This means that the observed substitution level in γ-Ca2SiO4 at high temperature is entropy driven. It is 

interesting to mention, that some kind of local order occurs at the 25% substitution level (50% in Fig. 

1). For this level, two substitution schemes are possible on the 4a sublattice: nearest neighbour or 

opposite. The opposition positions are clearly favoured owing a lower total energy. First partial results 

on substitution of Mg in β-Ca2SiO4 show also endothermic behaviour. 

 
 

Conclusions 
 

First principles calculations are an elegant modern method to obtain thermodynamic and structural 

information of crystalline phases. In this contribution, it was shown, that this approach can be applied 

to determine the enthalpies of formation and the lattice parameters of the main anhydrous cement 

clinker phases. The agreement to reported experimental data is good. In a second step, the insertion of 

Mg in γ-Ca2SiO4 was presented. This is the more important application of this theoretical approach, 



because it allows the determination of the insertion mechanisms and the associated 

energies/enthalpies. In the treated case, the insertion is endothermic, which agrees with the observed 

high temperature phase diagram information, in which as miscibility gap is observed. The encouraging 

results in this study open perspectives for further work on anhydrous cement clinker phases, in the 

field of elemental substitution, but also to obtain reliable thermodynamic data.  
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Abstract 
Different types of residue have been used as mineral addition to Portland  cement’s concrete, aiming to minimize the 
environmental  impact caused by  the cement  industry. This way, it adds value to an environmental passive, diminishes  
the consumption of an agglomerate which  production demands  natural resources withdraw,  and carbon dioxide 
rehearsal. The most used residues are fly ashes and blast furnace slag. However, recent work has shown that ashes 
produced by finely ground sugar cane bagasse can also be used as pozzolanic material, depending on the temperature 
and time used on the burning, being those responsible for the variation of the process that determine the perceptual and 
structure of silica crystals  found in the residue. Considering these factors, in a same sugar cane bagasse burning 
process different types of ashes are produced: furnace ashes, pre air ashes and the exhaust ashes. According to studies 
stated in the literature, usually the producer plant is identified but it doesn’t specify the types of ashes. In this work the 
physical-chemical characteristics of the four different types of ashes found in nature, obtained in a distillery using a 
controlled burning process, are evaluated. X-ray diffraction (XRD), x-ray spectrometry fluorescence (XRF), 
pozzolanicinity test and Scanning electron microscope (SEM) will be used in this study. The results show that the ash 
produced in the furnace is the most recommended to the production of cements of low environment impact and 
production of durable concrete.  
 
Originality 
Characterization of the different types of sugar cane bagasse ashes produce in nature in the same industrial process of 
controlled burning, aiming their use as pozzolanic material. 
 
Chief contributions 
Brazil is the world’s biggest sugar cane producer. The burn of its bagasse aiming to energy production generates an 
average of 3% of ashes residue. The use of these ashes as mineral addition to concrete depends on the burn conditions. 
Despite the great potential of sugar cane bagasse production, in general, there is no control of this burn, what causes 
the variation of the ashes reactivity even within a same plant. This work, by characterizing the different types of ashes 
produced by a burn controlled process mill, could guide the sugar and alcohol sector in adopting a burn standard that 
might favour the production of adequate material for the cement industry. Thereby, on top of adding value to the sugar 
cane bagasse it would close the life cycle of the alcohol and sugar in a more appropriate way.  
 
Keywords: concrete, mechanical properties, cane bagasse ash, waste 
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Introduction 
 
The addition of fly ash and rice husk is a recommended practice for the production of durable concrete 
(Shannag, 2000; Nascimento et al., 2002; Isaia, 2003; Coutinho, 2003). The use of waste for 
manufacture of cementitious materials with long life contributes triply to the sustainability of the 
planet, to the extent that this practice adds value to ashes, it promotes the reduction of consumption of 
natural resources and contributes to generate less construction and demolition waste. However, fly ash 
and rice husk are not available or are not abundant in many countries, including Brazil. Thus, it is 
interesting to study the feasibility of similar waste to the production of durable concrete in regions 
where ashes can not be used.  
Brazil is a major producer of sugar cane in the world. The estimated national production for the year 
2010 is of 664.0 million tones (Conab, 2010). In the South-Central region, the growth in the 
production of sugar cane occurs in virtually all states, especially in Minas Gerais. This growth has 
occurred as a result of government policy that has been intensified and that encourages the entry of 
new plants in the production system to meet the production of alternative fuel (Conab, 2009; Ibge, 
2009).  
Cane juice is extracted, which is used for the manufacture of sugar and ethanol, and then the pulp is 
produced. The bagasse generated during the juice extraction in the milling of sugar cane is the biggest 
waste of Brazilian agriculture (Moreira and Goldemberg, 1999). One ton of sugar cane generates 
around 280 kg of bagasse (Ctc, 2010). Normally, this byproduct is used as fuel in processes of power 
co-generation: from the combustion of bagasse, a sugar and ethanol mill generates high-pressure 
steam that is expanded in turbines producing mechanical/power energy (Lamonica, 2007; Souza, 
2007). Importantly, the burning of bagasse produces a substantial release of CO2. However, the 
balance of CO2 emissions is almost zero, because, through photosynthesis, biomass burning is restored 
in the next cycle of cultivation of sugar cane (Cordeiro, 2006a,b). 
Brazilian cane mills are self-sufficient in energy using bagasse as a renewable energy source for the 
processing of sugar cane and sugar production and ethanol, unlike many countries, where people still 
use fossil fuels like coal, diesel oil or natural gas in the boilers. With improvements to the energy 
balance and the use of more efficient boilers, operating at high vapor pressures, the marketing of 
surplus electricity power generated from bagasse and made available through the public distribution is 
becoming more common. Moreover, in recent years, the harvest of cane without burning ("raw cane") 
is growing rapidly, allowing to increase the potential of power generation by the use of the leaves and 
tips of the cane, known as "straw", as renewable fuel  in addition to bagasse (Ctc, 2010). 
The burning of sugar cane bagasse generates steam in addition to about 2.4% of ash, containing 
approximately 77% of quartz sand and coal dust (Fiesp/Ciesp, 2001; Cordeiro, 2006a; Martins, 2009). 
Due to the expansion of the sector and the importance of the energy generated by the burning of 
bagasse in the Brazilian energy matrix, special attention has been given to this residue. Initially, these 
ashes were considered environmental liabilities. Currently they have been used as fertilizers. Martins 
(2009) states that the harvests of 2008/2009 were generated and discarded in the soil without any care 
about  the 3.4 million tons of ash from sugar cane bagasse obtained in the process of generating steam. 
However, the high silica content and low percentages of nutrients present in the ashes make their use 
not advisable. Another alternative use of sugar cane ashes would be like an addition to concrete, since 
other types of ash are already used as fillers or pozzolanic materials, being, in both cases, important 
materials for the manufacture of durable concrete (Mehta, 2008). According to Anjos (2008), for the 
agricultural residues to be able to present pozzolanic properties, there should be a control of 
temperature and length of burning in the kilns, of the type of milling employed and of the degree of 
amorphicity of the ash. In Brazil, studies that were started in 1998 indicate the potential use of ashes 
from cane bagasse in the production of concrete (Freitas et al., 1998). 
In this context, this paper aims to study the physical-chemical characteristics of the four different 
types of ashes found in nature, obtained in a distillery using a controlled burning process. 
The study will contribute in an incisive form to sustainable development in that the use of the co-
generation of electricity waste from sugar cane bagasse in the manufacture of cement would help to 
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close the cycle of the energy production process. Added to this, the possibility of reducing the use of 
clinker in cement production would contribute to the establishment of a kind of civil construction with 
less environmental impact. 
 
Materials and Experimental Methods 
 
The cane bagasse and the cane bagasse ashes came from Destilaria Alpha Ltda. This company is 
located in Claudio (a city from Minas Gerais State, Brazil). The cane bagasse burning processes 
produce four different types of ashes: three common ashes and a fly ash.  
The ashes were undergone to the analyses by x-ray diffraction, with the goal to determine the burn 
efficiency concern to non-crystalline silica formation. The analyses were done in a Philips PW 3710 x-
ray diffraction system. The analyses x ray fluorescence spectroscopy was realized in the some samples 
with the aim of detection the occurrence of the change in the elements due to burn. The analyses x ray 
fluorescence spectroscopy was realized in the some samples with the aim of detection the occurrence 
of the change in the elements due to burn.  
There were manufactured five distinct types of concrete with these ashes, following the usual 
procedures (pozzolanicinity test). The first group was manufactured with 100% of cement. The other 
groups with substitution of 35% of cement by each ash, following the Brazilian rule NBR 5752 
(ABNT, 1992). The pozzolanicinity test were performed in an Instron machine with load speed 
application electronic control 
 
Results and Discussion  
 
Four different types of ashes are shown in Figure 1. These ashes were obtained from different sites 
inside of Alpha Company boiler.  
Ashes colors are distinct. It could be observed that the fly ash is darker than the others. According to 
studies stated in the literature, when the cane bagasse is exposed in a low temperature or shorter 
exposure to heat, the burning process are incomplete, and the produced ashes have a high carbon 
percentage (Freitas, 2005; Cordeiro, 2006a). Probably the fly ashes collected have a high carbon 
percentage. Besides, the ashes colors could be influenced due to the sand adhered to the sugar cane 
and that is harvested along with it. Even after washing of the harvested sugar cane, the sand can be 
present on the material that is processed. (Cordeiro, 2008). 
 
 

 
                                                        (a)           (b)            (c)             (d) 

Figure 1: Different types of ashes collected in distinct places after the cane bagasse burning process: ash from 
site 1 (a), site 2 (b), site 3 (c) and site 4 (d) 

Ashes diffractograms are shown in Figures 2 and 3.  It can be noted that in Figure 2 (a)  the ash in site 
1 has a high level of crystallinity, low percentage of albite (NaAlSi3O8) and potassium aluminum 
silicate [KAl2(AlSi3O10)], medium percentage of  cristobalite (SiO2) and high percentage of quartz 
(SiO2). Despite of the burning process is incomplete the ash colour is less dark due to the presence of 
quartz.  Figure 2 (b) shows the ash X-ray diffractograms from site 2. It can be also noted that ash has a 
high level of crystallinity and reveals the follows crystalline phases: low percentage of albite 
(NaAlSi3O8), medium percentage of cristobalite (SiO2) and high percentage of quartz (SiO2). After the 
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diffraction comparison of the ashes from site 1 and site 2, it could be observe that macroscopically the 
ashes are similar but have different contents. 
 

                
                            The Bragg Angle (2θ)                                                   The Bragg Angle (2θ) 
                              (a)                                                                             (b) 

Figure 2: Ashes X-ray diffractograms from site 1 (a) and site 2 (b) 

 
Figure 3 (a) shows ash X-ray diffractogram from site 3. It can be noted that the crystalline phases of 
hematite (Fe2O3), cristobalite (SiO2) e albite (NaAlSi3O8) are with low percentage, and quartz (SiO2) is 
in high percentage. The sample has medium/high rate of crystallinity. Despite of ashes from site 1, 2 
and 3 have high percentage of quartz, the staining are different. It could be related with the carbon 
percentage, so is expected that the site 3 has the carbon low percentage. Figure 3 (b) shows ash X-ray 
diffractogram from site 4. Is possible to observe that the quartz is the only one crystalline phase and 
the percentage is low is compared with the other ashes. This sample has a considerable amount of 
amorphous material. (vitreous). 
 

                  
                          The Bragg Angle (2θ)                                                       The Bragg Angle (2θ) 
                                (c)                                                                                (d) 

Figure 3: Ashes X-ray diffractograms from site 3 (c) and site 4 (d) 

The microscopy shown in Figure 4 is the ash from site 1. It could be observed in photomicrograph that 
the ash granulometry is regular and have a porous structure. These last attributes are associated with 
organic materials ash. (Cordeiro, 2006a). It’s possible to notice quartz in photomicrograph. 
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                       (a)                                                  (b)                                               (c) 

Figure 4: Ashes particles photomicrograph from site 1(images obtained by scanning electron microscopy with 
backscattered electrons, detection increases: 35, 200 and 1000) 

 

Figure 5 shows the microscopy of the ash from site 2. It could be observed in photomicrograph that 
the ash granulometry is irregular and have little porosity. It’s possible to identify quartz. 
 

       
                       (a)                                                  (b)                                               (c) 

Figure 5: Ashes particles photomicrograph from site 2 (images obtained by scanning electron microscopy with 
backscattered electrons, detection increases: 35, 200 and 1000) 

 

 

The microscopy shown in Figure 6 is the ash from site 3. It could be observed in photomicrograph that 
the ash granulometry is irregular with elongated morphology and have little porosity.  
 

       
                     (a)                                                     (b)                                               (c) 

Figure 6: Ashes particles photomicrograph from site 3(images obtained by scanning electron microscopy with 
backscattered electrons, detection increases: 35, 200 and 1000) 

 

The microscopy of the fly ash from site 4 is shown in Figure 7. It could be observed in 
photomicrograph that the grains size distribution is irregular and it have homogeneous structure with 

Quartz 
 

Quartz 
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lamellar morphology. It can be noted that the fly ash structure is unique if compared with the others 
ashes structures. 
 

       
                     (a)                                                    (b)                                               (c) 

Figure 7: Ashes particles photomicrograph from site 1(images obtained by scanning electron microscopy with 
backscattered electrons, detection increases: 35, 200 and 1000) 

 

The ashes X-ray fluorescence results are shown in Table 1. 
  

Table 1: The ashes X-ray fluorescence from site 1 to 4  

Inside boiler High teor Medium teor Low teor Trace 

Site 1 Si,O Mg, Fe, Na P, S, Al Mn, Cr, Ti, Ca, K, Cl, Zr 

Site  2 Si, O Mg, Fe, Na P, S, Al Mn, Cr, Ti, Ca, K, Cl, Zr 

Site 3 Si, O Mg, Fe, Na P, Al, K Mn, Cr, Ti, Ca, Zr, Cl, S, Ni 

Site 4 Si, O - Al, Fe, Na Mn, Cr, Ti, Ca, K, P, Cl, Mg 

 
Index pozzolanic cement (IPC) of the ashes show the follow results: ash from site 1- 44,54%; ash from 
site 2-48,86%; ash from site 3- 53,34% and ash from site 4- 45, 67%. 
 
 
Conclusions 
 
The fly ash from site 4 contains high carbon percentage (black color). The comparison of ashes degree 
amorphicity show that only in fly ash the pozzolanic activity can be present without thermal treatment. 
However, the IPC results show that the ashes from site 3 have a higher pozzolanic activity. The results 
indicate sugar cane bagasse ashes produced in nature in the same industrial process of controlled 
burning, aiming their use as pozzolanic material (mainly after milling). 
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Stability of Ettringite in the Presence of Superplasticizers 
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Abstract 
The stability of synthesized ettringite in the presence of naphthalene and carboxylated superplasticizers was explored in 
this study. In the absence of superplasticizers, ettringite was found stable in aqueous solutions with pH around 10. 
However, in the presence of superplasticizers during the synthesis, resulting ettringite was stable at pH other than 10. 
The weight loss of ettringite was reduced in solutions with pH 4, pH 9, and pH 11. The carboxylated superplasticizer 
had a greater stabilizing effect than naphthalene-based superplasticizer in both acid and basic solutions. Moreover, in 
the presence of superplasticizers, X-ray diffraction (XRD) patterns showed that the amounts of ettringite were increased 
and the secondary electron microscopy (SEM) showed that the morphologies of the ettringite crystals were larger, 
again suggesting the stabilization of ettringite. Results in this study may explain the cement-admixture compatibility 
problems due to the ettringite formation during the early hydration of cement pastes.  
 
Originality 
Cement-admixture problems have been long discussed in literature. Naphthalene and carboxylated superplasticizers 
have been found to induce different flow behaviors of the cement pastes. The former one could induce gelation at low 
superplasticizer dosages while the later one always induces dispersion. This study firstly explains those different 
dispersing behaviors by the stability of ettringite formation at early hydration age.  
 
Chief contributions 
Ettringite is associated with the early flow behavior of the cement pastes. Results of this study have shown that the 
ettringite is stabilized by the superplasticizers. The stabilization depends on both the alkalnility of the immersing 
solutions and kinds of superplasticizers. Therefore, based on the results of this study, both the cement and admixture 
companies could rapidly evaluate the cement-admixture compatibility in the future by the formation of ettringite in a 
small trial mix and take actions to mitigate the compatibility problems, such as adequate addition of alkalis to reduce 
the ettringite formation, increases of suggested dosages, etc. 
 
Keywords: ettringite, superplasticizer, stabilization, naphthalene, carboxylate 
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Introduction 
 
Ettringite ([Ca3Al(OH)6·12H2O]2·(SO4)3·2H2O) is commonly observed and typically formed during the early 
cement hydration. It is the hydration product of the calcium aluminates (C3A) and gypsum: 
 

323623 263 HSACHHSCAC →++              (1) 
 
The ettringite has a hexagonal crystal containing columns and channels parallel to the c-axis, and those 
channels are occupied by the sulfates and water molecules (Moore and Taylor, 1970). The small ettringite 
crystals affect the water requirement and relate to the workability (Khalil and Ward, 1980), and, furthermore, 
the formation of ettringite plays an important role in the dispersion induced by superplasticizers (Prince et al., 
2003). A recent study showed that the ettringite was responsible for the incompatibilities between cements 
and the naphthalene-based superplasticizer (Chen, 2007). The amounts of ettringite were increased and its 
bridging effect was proposed. 
Superplasticizers have been widely used nowadays. They are chemical admixtures that provide adequate 
workability of fresh concrete for a reasonable period of time. However, at low w/c, unexpected behaviors 
such as rapid slump loss are sometimes observed in some cement-admixture combinations (Aïtcin et al., 
1994). The adsorption of superplasticizers cannot well explain those incompatibilities. Some researchers 
suggested that the flow of cement pastes were increased by the adsorption of superplasticizers (Collepardi et 
al., 1981; Schober and Mader, 2003). Some others found that lower amount of adsorption gave a stronger 
dispersion (Jolicoeur et al., 1997; Kim et al., 2000). In this study, we focus on the role of ettringite instead. 
The ettringite was synthesized in the presence of superplasticizers to simulate the occurring hydration in the 
cement pastes and its stabilization in solutions with various alkalinities was evaluated. 
 

o
11.26 A

o
11.26 A

o
21.48 A

 
Figure 1: The crystal structure of ettringite, plotted in accordance with the crystal structure information in Inorganic 

Crystal Structure Database (ICSD 16045) (Moore and Taylor, 1970) 
 
Materials and methods 
 
1. Synthesis of ettringite 
 
The ettringite was synthesized by mixing the aluminium and calcium solutions in stoichiometric proportions 
(Struble and Brown, 1984). The aluminium solution was prepared by aluminium sulfate 18-Hydrate 
(Al2(SO4)3·18H2O) and deionized water. To ensure the maximum dissolution of calcium oxide (CaO), sugar 
solution was prepared by dissolving 10% granulated sugar by volume in water and then used to prepare the 
calcium solution by dissolving certain amount of CaO. Both aluminium and calcium solutions were mixed 
and agitated using a stir bar at room temperature for 1 day. The precipitates were filtered by 2.5-μm filter 
paper, washed by water and then ethanol, and dried in a desiccator containing some amounts of silica gel, 
CaO, and NaOH until analysed. 
The superplasticizers used in this study were sodium salts of sulfonated naphthalene (NS) and poly-
carboxylated (PC) superplasticizers. Both were provided in liquid forms with solids contents of 35.2% and 
22.3%, respectively. To explore the influences of the superplasticizers on the growth and stability of the 
ettringite, certain amount of superplasticizer by weight percent of CaO was added in the calcium solution 
prior to the mixing with aluminium solution, and then the procedures described previously were followed. 
 



2. Stability of ettringite 
 
Stability of ettringite was assessed by weight loss of ettringite in aqueous solution. Either nitric acid (HNO3) 
or sodium hydroxide (NaOH) was used to prepare the solutions with pH ranging from 4 to 11. The dried 
synthesized ettringite was ground using a mortar and every 2.5 g of ettringite was added in 100 mL of 
solutions. Those solutions were filtered by 2.5-μm filter paper, oven dried at 60 °C, and weighted. The 
weight loss is calculated by the weight reduction divided by the original weight. 
 
3. X-ray diffraction 
 
X-ray diffraction (XRD) was used to identify the synthesized phase. All XRD patterns were generated by the 
Cu-Kα radiation over a 2θ range from 5° to 70° with a step size of 0.02°. The working voltage and current 
were 30 kV and 10 mA, respectively. Samples were ground before the patterns were collected. The phases 
were identified by matching with patterns in Powder Diffraction File (PDF).  
 
4. Scanning electron microscopy 
 
Scanning electron microscopy (SEM) using secondary electron imaging was used to observe the 
morphologies of the ettringite. Samples were ground and stored in a vacuum chamber for 1 day before the 
observation. 
 
Results and Discussion 
 
1. ettringite formation 
 
X-ray patterns of the synthesized ettringite are shown in Figure 2. In the absence of superplasticizers, the 
ettringite had a highest peak at around 9.2° in 2θ, indicating the presence of ettringite. In the presence of NS, 
the peak intensities were increased, suggesting the stabilization or formation of ettringite (Figure 2(a)). 
Similar behaviors were found in ettringite in the presence of PC (Figure 2(b)). The peak intensities were 
increased, except at 0.02%. It is possible that the ettringite was stabilized, not newly formed. Both NS and 
PC unlikely supply additional sulfates so as to increase the ettringite formation. The stabilization of ettringite 
in the presence of superplasticizers is further discussed in Section 3.2. 
 

         
                                             (a)                                                                                  (b) 

Figure 2: X-ray diffraction patterns of the synthesized ettringite in the presence of (a) NS or (b) PC superplasticizer. 
The numbers indicate the peak intensities. 

 
It should be noted that a small peak appeared at around 12.4° at high superplasticizer dosages. Such peak 
was not found in ettringite in the presence of superplasticizers at low dosages (NS at 0.2% and 0.02% PC). 
This peak indicates the presence of gypsum. It appears that the amount of gypsum formation was increased 
by both NS and PC. The mechanism is not clear. During the synthesis, the solutions mainly contain calcium 
ions from calcium oxide and aluminium ions and sulfates from aluminium sulfate. The aluminium ions have 
the highest positive charge and may adsorb more superplasticizers. If so, the aluminium ions are easily 



repulsed and not able to participate in the formation of ettringite. Therefore, the calcium ions and sulfates in 
solution are likely to form gypsum. 
The SEM images agree with the results of XRD patterns (Figure 3). In the plain pastes, the crystals are small. 
In the presence of PC and NS, the crystals are cubic and large. The crystal size is around 1 μm. With 0.1% 
PC, there are some lengthy crystals with a size about 10 μm. They are gypsums. These SEM images clearly 
show that the superplasticizers help to stabilize the ettringite. 
 

          
                                       (a)                                                                                  (b) 
 

          
                                       (c)                                                                                  (d) 
Figure 3: SEM images for ettringite (a) in the absence of superplasticizers, or in the presence of (b) 0.5% NS, (c) 0.05% 

PC, and (d) 0.1% PC. 
 
2. Stability of ettringite 
Synthesized ettringite was immersed in solutions with various pH and its weight loss was calculated after 
several immersion days. Results are shown in Figure 4. The ettringite was unstable in both acid and basic 
solution but likely stable in solution with pH 10. This result in general agrees with the findings in literature 
(Damidot and Glasser, 1993). In solutions with pH 9 or lower, the ettringite was quite unstable and the 
weight loss reached 16% just within one day. However, in solutions with pH 11, the ettringite appeared to be 
stable in the first two days and then the weight loss suddenly increased. These results suggest that ettringite 
is possibly unstable in pore solutions of cement pastes, in which the pH is generally around 13 (Collepardi, 
Corradi et al., 1981). It should be noted that the weight loss in solution with pH 11 was significantly reduced 
at immersion time of 8 days. We then measured the pH of the immersion solution and found that the pH was 
10.17, suggesting that the decomposed ettringite could greatly change the alkalinity of the solution so the 
decomposition did not continue. This phenomenon may explain why ettringite was not fully decomposed in 
limited acid solutions (pH 4). The pH of the acid solution at immersion time of 8 days was 10.16, which 
again suggests that ettringite stabilizes in solution around pH 10. 
The stability of ettringite was influenced by the superplasticizers. The PC stabilized the ettringite in solutions 
with pH 4 or pH 9 (Figure 5(a)). The weight loss was reduced when compared with those specimens 
prepared in the absence of superplasticizers. Similar results were found in ettringite in the presence of NS 
(Figure 5(b)). The weight loss was reduced. Both superplasticizers clearly stabilized the ettringite (Figure 6). 



The stabilizing effects depend on types of superplasticizers and pH of the immersing solution. In both acid 
(pH 4) and basic solutions (pH 9 and pH 11), the PC had a greater stabilizing effect than the NS. 
Mechanisms responsible for these ettringite stabilizations are not clear. The superplasticizers were present 
during the synthesis of ettringite. The molecules of PC and NS are large so it is not possible for them to enter 
the crystal structure of the ettringite, be part of it and strengthen the microstructure (Figure 1). On the other 
hand, it appears that the superplasticizers adsorb on the surface of the ettringite and act as a protective layer. 
If the adsorbed superplasticizer does not decompose in those acid or basic solutions, the ettringite with the 
adsorbed superplasticizers on surface can then be stabilized. 
The superplasticizers used in this study is around acid (pH 4.55 for PC) or close to the neutral (pH 6.40 for 
NS) in plain solutions, so they are assumed to be unstable in the base. The PC has a long backbone and side 
chains with neutral charges. It dispersed the cement particles by steric force more than the electrical charges 
(Uchikawa et al., 1997). It is likely that, in both acid and basic solutions, the PC stabilizes the ettringite more 
than the NS by its long side chains. However, in strong basic solutions (pH 11), the differences between the 
weight losses of the specimens in the presence of these two superplasticizers were not quite large. 
The stabilization of ettringite in the presence of superplasticizer is important to the incompatibilities between 
cements and superplasticizers. The ettringite has been found to adsorb more superplasticizers than most of 
the other phases in hydrated cement pastes and also considered to be responsible for the gelation in the pastes 
with NS (Chen, 2007). This study further supports this argument. The pore solutions of the cement pastes 
have high alkalinity, around 11－12 in pH. In the presence of NS, the ettringite is stabilized and the amount 
of ettringite was much more than those in the plain pastes so the bridging effect can occur. In the presence of 
PC, although the ettringite can also be stabilized, the dispersing effect by PC remains. The dispersion by PC 
is induced by not only the electrostatic repulsion but also the steric force. The dispersion is likely more 
dominant than the bridging by ettringite.  
 

 
Figure 4: Weight loss of ettringite synthesized in the absence of superplasticizers. 

 

      
                                            (a)                                                                                  (b) 

Figure 5: Weight loss of ettringite in the presence of (a) 0.02% PC, or (b) 0.2% NS. 
 



        
Figure 6: Weight loss of synthesized ettringite in solutions with various pH after 4-day immersion. 

 
Conclusions 
The stability of synthesized ettringite is influenced by both the alkalinity of the surrounding solution and the 
presence of superplasticizers during the synthesis. Ettringite was found stable in solution with pH 10. In the 
presence of superplasticizers, the resulting ettringite was stabilized in both acid and basic solutions. The 
stabilization induced by carboxylated superplasticizer was more than that by naphthalene-based 
superplasticizer. Results in this study may explain the cement-admixture compatibility problems due to the 
ettringite formation during the early hydration of cement pastes. 
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ABSTRACT. 
The combination of X-ray methods to investigate concrete bars by a laboratory X-ray measurement to determine, density, 
mineral formation, mineral distribution and finally 3-dimensional results on microstructure is described.  
For this purpose two different concretes were used in comparison  - one with norm sand and cement and another concrete 
in which the sand was partially replaced by glass powder. The applied X-ray laboratory methodology therefore gives 
information on : 
Density (0D) , Phase formation (1D), Phase distribution (2D), Microstructure (Fabric) and Pore Distribution (3D).  
The combination of phase analysis, density and microstructure using an X-ray platform allows to correlate meso- to 
nanoscopic features with material properties and to estimate the durability. 
Especially the possibility to show 3D-resulst together with phase analysis is an important new technique. 
 
Originality 
The use of a laboratory X-ray powder diffractometer for establishing phase composition, phase distributiona including 
X-ray tomography with the same instrument applied for mortar samples is shown. 
 
Chief contributions 
X-ray tomography in combination with phase determination and phase distribution using a laboratory X-ray powder 
diffractometer is shown. Two mortars were characterized from1- 3 dimensional aspects. 
 
Keywords:CT- analysis, X-ray diffraction, mortar, phase distribution, ASR, glass powder 
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1. Introduction. 
 
Mortar samples can be set up by different materials and methods. In this investigation two different mortars were 
used, made from cement and sand addition and for comparison a second mortar with Mikrover®, a glass meal 
made by Dennert Poraver GmbH, Germany as a pozzolanic compound was investigated over the period of one 
year. This material is made of recycled and finely ground bottle glass (Schmidt et.al. 2009). The basic role of 
this investigation was to understand the behaviour of these mortar types under the aspect of avoiding ASR-at 
later ages.  
Using these two different mortar samples also a special X-ray application was performed by gaining CT- 
information besides the typical development of hydration, phase distribution and physical parameters. 
 
2. Experimental section. 
 
2.1. Sample preparation 
For investigation of the different mortar mixtures different mixtures composed of different ratios of cement Cem 
32.5R/sand and glass powder were investigated (Schmidt et.al. 2009). 
 
 

 Reference Sample 1 Sample 2 Sample 3 Sample 4 
Cement % 25  22,5  20  17,5  25  

Sand [DIN] % 75  75  75  75  70  
Mikrover® % 0 2,5  5  7,5  5  

 
Tab 1: Composition of the 4 different mixtures used in the investigations  
 
Mortar fresh density, setting times, bending-tensile strength, compressive strength as well as extension & 
shrinkage data were determined. Mortar fresh density was determined acc. EN DIN 1015-6. The development of 
hydration was studied using time dependant X-ray diffraction, heatflow calorimetry and SEM. 
 
2.2. X-Ray Powder diffraction data collection and analysis. 
The X-ray experiments were performed on an Empyrean X-ray diffraction instrument equipped with a Pixcel3D 
detector using Cu-Kα-radiation. 
Sample stages and optical lenses were optimized for phase determination, phase distribution and CT 
measurements. 
The arrangement for classical powder diffraction includes a normal rotating powder sample stage with variable 
slits and Pixcel3D detector. 
The arrangement for specific positioned resolution includes focusing lenses in the beam path. 
For CT measurements a new sample stage close to the detector is adapted. The sample is placed there and rotated 
by 360o during the measurement according schemata of figure 1. 3000 to 5000 diagrams are summarized during 
that movement and treated afterwards. 
The X-ray data were treated using High score plus programs and VG Studio MAX 2.1 manufactured by Volume 
Graphics. 
The SEM investigations were performed using a LEO 1450 VP scanning electron microscope equipped with an 
EDAX detector system. 
The investigated samples for CT-analysis were cut from the used norm bars 4cmx4cmx16cm with a thickness of 
about 2mm. The restriction in thickness is due to the used laboratory X-ray generator equipped with a Cu-tube. 
 
2.3. X-ray CT measurements 
.Besides the chemical, mineralogical and physical parameters, which were determined as given in the different 
EN norms, the microstructure was measured by X-ray tomography. The instrument used performs multi-scan 
rotating sample stage to get 3-dimensional structure of the objects. For getting also information on phase 
composition and phase distribution only the sample stages must be exchanged. 
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The fundamental principle behind computed tomography is to acquire multiple views of an object over 
a range of angular orientations. In this way, additional dimensional data are obtained in comparison to 
conventional X-radiography, in which there is only one view. In our experiments we use the so-called 
volume CT method, where a cone beam or highly-collimated, thick, parallel beam is used in 
combination with a 2D (area) detector.  
The radiation transmitted through the object at each angle is measured and the detector data is stored as 
2D X-ray images. The series of 2D X-ray projections, used to generate 3D images, is a collection of 
images acquired while progressively rotating the sample step-by-step through a full 360-degree rotation 
within the field of view at increments of less than 1 degree per step. These projections (effectively: X-
ray attenuation data) represent a measure of the reduction in X-ray intensity that result from absorption 
and scattering by the sample and contain information on the position and density of absorbing object 
features within the sample. The sample thickness for silicate materials in the case of a copper tube is 
limited to 4mm of thickness. Increased thicknesses may be obtainable when other X-ray tubes can be 
used which can communicate with the detector during the measurement. Some development must occur 
during the next years. 
The accumulated 2D projections data is then used for the numerical reconstruction of the volumetric 
data (volume rendering). This volume data is compiled as a visualization of the reconstructed layers in 
a 3D view by CT reconstruction software, which provides these 3D volume results using Filtered Back-
Projection algorithm (the co-called “Feldkamp” algorithm). The 3D CT data are rendered as voxels 
(volume element) with three-dimensional resolution depending on the X-ray detector pixel size. 
In general, any sample that can fit entirely within the field of view and can be completely penetrated by 
X-rays can be imaged in this way.  
The energy spectrum of the X-ray source defines the penetrative ability of the X-rays, as well as their 
expected relative attenuation as they pass through materials of different density. Higher-energy X-rays 
penetrate more effectively than lower-energy ones, but are less sensitive to changes in material density 
and composition. The X-ray intensity directly affects the signal-to-noise ratio and thus image clarity.  
(from appnote 9498 702 18311 PN7407). 

 
Fig.1 : Principle of CT imaging 
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2.4. Sample description 
 
A macroscopic and microscopic view of the samples is given schematically in figure 2a and 2b. 
 

 

 Void 

Sample bar section : 4cmx4cmx2mm SEM image of microstructure 
 
Fig.2 : Sample of mortar bar 4cmx4cmx2mm and SEM image of microstructure 
 
The mineralogical phases were determined using classical X-ray powder diffraction, the minerals CSH-phases, 
portlandite, calcite, quartz and amorphous glass were detected. Due to carbonisation also calcite was found. 
 
A comparison of the phases found is given in figure 3 – the increased portlandite content of sample 1 is due to a 
glass-containing mortar, the carbonated sample (no Portlandite/right side) is the glass-free sample. 
 

  

  
 
Fig. 3 : X-ray diffraction of 2 samples showing portlandite, calcite and quartz reflections 
 
Measuring different areas of the samples a more complete overview of the whole mortar bar could be obtained 
giving rise to optimize statistics and proving the development of increased carbonization of the non-glass mortar 
bars at many different areas (figure 4). 
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Fig.4: 50 different X-ray diagrams from various areas of the mortar bars, showing portlandite and quartz peak 
 
2.5. X-ray computed tomography 
 
The X-ray diffraction measurements on a CT-sample stage were performed by a 360o rotation of the sample with 
accompanying sampling of relevant X-ray diagrams and further treatment of the x*1000 diagrams by using the 
program VG Studio MAX 2.1 by Volume Graphics. Figure 5 shows the 3-dimensional cuts through the 2 
different samples(1st no glass, 2nd with bottle glass powder). In this images especially the pore space could be 
identified. In comparison with the results of mineral identification also the pores can be visualized and measured. 
A comparison of the hydration in-situ was also made by SEM-investigation(figure 5). 

  
SEM-image of hydrated mortar bar showing hydrating 
glass grain 

SEM-image of hydrating mortar bar with portlandite 
crystals growing in open pores 

 
Fig.5: SEM images of hydrating mortar mixtures 
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                                                                Higher density                           lower density 
 
Fig.6 : Comparison of 2 samples of mortars with and without glass powder showing different porosities 
 
The comparison and the measurement of the two samples shows finally that the porosity can be determined from 
the X-ray tomographic images. The distribution is given in figure 7.The different porosities of both samples are 
shown in comparison. 
 
 

  
           Glass-containing sample :  ~3 %                  No-glass sample : > 10 % 
 
Fig.7: Comparison of both mortar samples with determination of porosity 
 
 
Fig 6 and 7 show a comparison of samples with and without glass powder of sample size 4cmx4cmx2mm, as 
given in figure 2 with 5 % of glass powder added. 
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3. Conclusions. 
The main goal of this contribution is to demonstrate, that it is possible to use a laboratory X-ray powder 
diffractometer to perform not only phase analysis and phase distribution, but also X-ray tomographic 
investigations on a 3-dimensional scale to add information on pores and voids.  
In comparison it could be shown, that the glass-containing mortars due have additional Pozzolanic reactions 
leading to some enlowered porosities. This leads to denser microstructure and therefore less carbonation occurs, 
which could be proved by enhanced calcite peaks combined with enlowered portlandite peaks. 
This method can be therefore used on a laboratory scale to get direct information on porosity and mineral 
composition using one sample and one instrument. 
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Abstract 
The presented study is related to the EU 7th Framework Programme CODICE (COmputationally Driven design 
of Innovative CEment-based materials). The main aim of the project is the development of a multi-scale model 
for the computer based simulation of mechanical and durability performance of cementitious materials.  
This paper reports results of micro/nano scale characterisation and mechanical property mapping of 
cementitious skeletons formed by the cement hydration at different ages. Using the statistical nanoindentation 
and micro-mechanical property mapping technique, intrinsic properties of different hydrate phases, and also 
the possible interaction (or overlapping) of different phases (e.g. calcium-silcate-hydrates) has been studied. 
Results of the mapping and statistical indentation testing appear to suggest the possible existence of more 
hydrate phases than the commonly reported LD and HD C-S-H and CH phases. 

 
Originality 
Through the characterisation of the different calcium silicate hydrates (C-S-H) there is evidence for the possible 
presence of more than the common C-S-H and CH phases. The new phase identified could be created by the 
overlapping of outer and inner C-S-H products with outer C-S-H products during the hydration process. Similar 
observations have been made by the modellers involved in the European CODICE research project during their 
work at modelling of the hydration of cementitious materials. 

 
Chief contributions 
The composition and strength of hydrated pastes made from different calcium silicates were determined in a 
sub-micro/nanoscale scale by using the nanoindentation technique and electron microscopy. Especially the 
nanoindentation results delivered evidence for the possible existence of more C-S-H phases than commonly 
reported. It seems possible that the new phases were formed during the hydration by the overlapping of and 
outer C-S-H products. 
 
Keywords: Cement, Nanoindentation, Mapping, Young’s modulus, Hardness  
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Introduction 
The presented study is related to the EU 7th Framework Programme CODICE (COmputationally 
Driven design of Innovative CEment-based materials). The project’s main aim is to development of a 
multi-scale model for the computer based simulation of mechanical and durability performance of 
cementitious materials. At different stages of the model development, experimental data obtained by 
nanoindentation measurements of hydrated pastes of typical Portland cement were required to 
calibrate or validate the model. 
Previous work (e.g. Constantinides et al., 2007; DeJong et al., 2007 and Zhu et al., 2007) has shown 
that nanoindentation can be used to map mechanical properties of multiphase materials. The spatial 
resolution of the nanoindentation test allows assessing the linkage between microstructure and 
micromechanical performance. This paper reports a study to assess nanoindentation mapping of 
mechanical properties of white ordinary Portland cement (WOPC) paste hydrated for 7 days and pure 
synthetic β-C2S hydrated for 90 days. Besides, the microstructures of both WOPC and β-C2S were 
studied obtained from scanning electron microscopy (SEM), thermal analyses, mercury intrusion 
porosimetry, BET-N2 specific surface area (SSA) and 29Si MAS NMR. The results appeared to show 
indications of the existence of more hydrate phases than the commonly reported phases, such as CH 
and low density (LD), high density (HD) calcium silicate hydrates (C-S-H). The comparative 
microstructural study of WOPC and β-C2S pastes revealed very close microstructures. 
 

Materials and experimental methods 
Synthetic β-C2S and typical CEM I 52.5N white ordinary Portland cement provided by Italcementi 
Group (Bergamo, Italy) was used with a fixed water to cement ratio (w/c) of 0.40. The pastes were 
cast in cylindrical moulds (∅ 15 mm) and compacted using a vibrating table. The specimens were 
demoulded 24 hours after casting and wrapped in kitchen foil and stored at room temperature 
(20±3°C). At selected ages (e.g. 7 and 90 days) the hydration was stopped using acetone. For the 
nanoindentation experiments small discs with a thickness of approximately 10 mm were cut from 
cement paste cylinders and embedded in resin. This was followed by a resin impregnation necessary 
to support the weak microstructure of cement paste at early stages of hydration. Afterwards 
subsequent grinding and polishing steps down to ¼ μm were performed to obtain the final test 
specimens (∅ 30×20 mm). Alcohol or oil-based polishing slurries and lubricants were used 
throughout preparation process to avoid further cement hydration and possible dissolution of hydrate 
phases.  
 

Table 1: Composition of the white cement in mass percentage (components smaller than 1% are not included) 
SiO2 Al2O3 CaO MgO SO3 Na2O MnO LOI Density Blaine 
19.39 3.26 67.89 1.75 3.63 1.28 1.75 1.82 3.08 g/cm3 2958.47 cm2/g 

 
The methodology and operating principle for the nanoindentation technique have been reviewed and 
presented in detail elsewhere (e.g. Oliver et al., 1992, 2004; Constantinides et al., 2003; Ulm et al., 
2007; Sorelli et al., 2008). As a load is applied to an indenter in contact with the surface of a 
specimen, an indent is produced consisting of elastic and plastic deformation. The recovery of the 
elastic deformation occurs at the start of unloading. Thus, analysing the initial part of the unloading 
data allows the determination of the Young’s modulus, E, and hardness, H, for the indented area.  
The nanoindentation apparatus used in this study was an Agilent Nano Indenter® G200 fitted with a 
Berkovich indenter tip. A progressive multistep indentation testing with two load-unload cycles were 
performed at each test point. The unloading data of the second cycle (hp ≈ 200 nm) were used to 
determine the modulus and hardness values (Figure 1).  
Results obtained from mechanical properties mapping form the base for a future computational driven 
model on hydration and mechanical performance of cementitious materials. Thus an area, roughly  



100 x 100 µm², was chosen for the 
nanoindentation testing, which is 
similar to the basic representative 
computational unit of the proposed 
model.  
Immediately after the nano-
indentation experiment the tested 
sample area was studied using a 
High Resolution Field-Emission 
Scanning Electron Microscope  
(HR FE-SEM Hitachi S-4100) in 
conjunction with energy-dispersive 
spectroscopy (EDS) analysis was 
used to determine qualitatively and quantitatively the mineral compositions (using cobalt gain 
calibration was applied) of the tested area. These enable correlation of micromechanical properties 
and the corresponding microstructure (e.g. morphology), as well as the composition of the involved 
phases to be established.  
29Si MAS NMR was likewise used to monitor the mean chain length (MCL) of the C-S-H gels 
formed. A Bruker MSL400 spectrophotometer operating at 79.49 MHz was used ad tetramethyl silane 
(TMS) as external standard for the 29Si spectra. Spectral analyses were performed using Winfit 
software (Bruker). Component intensity, position and line width were determined with a standard 
interactive least squares method. The scanning electron microscope used was a JOEL JSM 5400 
model, fitted with a solid-state backscattered detector and a LINK-ISIS EDX microanalyser. Surface 
area measurements were made by the BET multipoint method (Model ASAP 2010, Micromeritics 
Instrument Corp., Norcross, GA), using N2-77 K gas. Thermal analyses were carried out with a 
Netxsch STA 409 simultaneous thermal analyser fitted with a Data Acquisition Systems 414/1 
programmer. Samples (maximum amount accommodated by the crucible) were heated to 1050 ºC at a 
rate of 4 ºC min-1 in an inert atmosphere (N2) and subsequently cooled at 10 ºC min-1, Total porosity 
and pore size distribution of pastes were found with Hg intrusion porosimetry (MIP) on a 
Micromeritics 9320 porosimeter.  
 

Comparative microstructural study 
The main microstructural characteristics of both WOPC hydrated for 7 days and β-C2S hydrated for 
90 days are presented in Table 2. The degree of hydration has been calculated from thermal analyses 
according to a previous work (Goñi et al., 2010). Despite the great difference of hydration time, the 
hydration degrees are quite similar: 0.55 and 0.57 for β-C2S and WOPC, respectively. As a 
consequence, the values of the rest of microstructural parameters are also similar. 
 
Table 2: Microstructural parameters of β-C2S hydrated  

for 90 days and WOPC hydrated for 7 days 

  β-C2S  WOPC  

Degree of Hydration (a) 0.55 0.57 

Surface area (m2/g) 10 10 

Porosity (mL/100g)* 16 14 

Bulk density (g/mL)* 1.7 1.7 

Mean chain lengthy  (MCL) 3.9 3.7 
* Porosity and bulk density measured by MIP 

Figure 1: Typical P - h curve of a two-step nano-indentation test 
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Figure 2: Pore-size distribution of WOPC and  
β-C2S pastes 



Nevertheless, differences appear in the distribution of the nano-porosity (Figure 2), where the bimodal 
distribution (with maxima at 3 - 5 nm and 10 - 20 nm) shows higher proportion of small pores in the 
case of the β-C2S. This seems to be in a good agreement with the SEM results as they appear to show 
for β-C2S a more open fibrous morphology of C-S-H gel particles compared to WOPC. As an 
example, the morphologies of the main components of the microstructures: portlandite and C-S-H gel 
are presented in Figure 3.  
 

 
Figure 3: SEM micrographs of portlandite and C-S-H gel from β-C2S paste (a) and (b) and WOPC (c) and (d) 

 

Mapping of mechanical properties 
Limited tests were initially carried out on a synthetic β-C2S sample with 90 days of hydration. A grid 
of 10 x 8 indentation test points with an indent spacing of 10 μm was used. The results of 80 indents 
are shown in Figure 4. There appears to be a very good agreement between mechanical properties and 
the microstructure of the corresponding test area surface (Figure 4a) obtained from SEM. The 
unhydrated or partially hydrated cement clinker particles indentified as white or lighter grey shade in 
the SEM image have clearly much higher values of Young’s modulus and hardness in the mechanical 
properties maps. The hydrate phases, e.g. CH and C-S-H, seen as dark grey shade show modulus and 
hardness values in a range of 20 - 40 GPa and 0.4 - 1.6 GPa respectively. Young’s modulus values 
lower than 20 GPa are believed to be due to surface defects or porosity in the sample. From the SEM 
images it seems not possible to differentiate between the different C-S-H phases.  
 

 
Figure 4: SEM image and mechanical properties maps of the tested area (90 days C2S paste) 

 
In order to provide sufficient information on the distribution of the different C-S-H phases more work 
on the EDS elemental mapping was undertaken. Figure 5 shows elements maps of calcium and 
silicate, obtained by EDS. An area with more hydration phases, adjacent to the nanoindentation area 
on the SEM image (Figure 3) has chosen for the analysis. From the element maps in Figure 5, the 
unhydrated cement clinker particles can be easily identified by high contents of calcium and silicate 
whereas Portlandite (CH) is denoted by the only presence of calcium. The C-S-H phases were found 
to have relatively lower contents of both Ca and Si. The ratios of Ca/Si at various points were 
analysed, but still will not be able to provide a reliable measure to differentiate the different C-S-H 
phases, possibly because the main differences of the various C-S-H phases were in their densities not 
in their compositions.  
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Figure 5: Detail of the SEM image (seen in Figure 4) and element distribution maps from the EDS analysis; 

limited differentiation between different hydrate phases, such as unhydrated clinker, CH and C-S-H 
 
A statistical or grid nanoindentation experiment involving large number of test points has shown to 
provide micromechanical properties and volume proportions of different C-S-H phases  
(e.g.; Constantinides et al., 2007; Zhu et al., 2007; Ulm et al., 2010 and). It was thus decided to carry 
out the subsequent testing on a white Portland cement paste using 900 test points and a much smaller 
indent spacing of 3 µm (Figure 6a). Figure 6b and Figure 6c show the mechanical properties maps for 
the 7-day hydrated white cement paste. Similar to the initial study on C2S, the mechanical properties 
maps show good correlation with the SEM image.  
 

 
Figure 6: SEM image of the tested area (900 indents) in cement paste and  

corresponding mechanical properties maps for E and H 
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Figure 7: Probability density vs. Young’s modulus and Hardness diagrams obtained from 900 indentions  

with 4- and 5-modal Gaussian distribution curves 
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a)  4-modal Gaussian distribution curves  

b)  5-modal Gaussian distribution curves  



Statistical analysis of the large number of indentation test results obtained (900 indents) was carried 
out to extract the specific mechanical properties of each individual phase in the tested area using the 
deconvolution technique presented previously (Constantinides et al., 2003; Ulm et al, 2007;  
Zhu et al.; 2007; Sorelli et al., 2008). Figure 7 presents the statistical distribution of both Young’s 
modulus and hardness test results and the possible model fits with multi-modal Gaussian distribution 
curves (4-modal in Figure 7a and 5-modal in Figure 7b) within the range of mechanical properties for 
the hydration phases. The results of the specific mechanical properties of the individual hydrate 
phases of tested white Portland cement after 7 days of hydration are summarised in Table 3.  
 

Table 3: E and H values extracted from two different model fits for the individual hydrate phases indentified 
(white Portland cement paste, 7 days of hydration) 

Model 1:
loose-packed C-S-H
Model 2:
LD C-S-H
Model 3:

Model 4:
HD C-S-H
Model 5:
CH

24.84 ±3.62GPa 0.88 ±0.13GPa

1.66 ±0.20GPa 5.2 to 5.7%2.3 to 4.3% 40.36 ±2.08GPa40.52 ±2.14GPa 1.66 ±0.08GPa

1.24 ±0.14GPa 12.3 to 12.8%17.8 to 19.8% 33.96 ±2.13GPa32.92 ±3.36GPa 1.21 ±0.20GPa

21.0 to 21.5%Overlapping C-S-H 28.95 ±2.29GPa 1.02

0.84 ±0.10GPa

±0.08GPa

51.2 to 51.7%

7.4 to 9.4%

23.76 ±2.89GPa68.4 to 70.4%

0.61 ±0.09GPa18.45 ±2.45GPa 0.61 ±0.14GPa 9.2 to 9.2%18.09 ±2.78GPa

4-modal Gaussian distribution curves 5-modal Gaussian distribution curves
Young's modulus Hardness Surface fraction Young's modulus Hardness Surface fraction

 
 
The probability density curve of the experimental data shows clearly more than 3 peaks of the 
common hydrate phases (LD C-S-H, HD C-S-H, CH). One of the additional peaks at the beginning 
could be related to a C-S-H phase of reduced density. Ulm et al (2007) and Zhu et al (2009) already 
propagated the existence of a so-called loose-packed C-S-H. Finding an explanation for the 
occurrence of peaks between LD C-S-H and HD C-S-H appears to be rather difficult. Based on the 
nanoindentation results presented in Figure 7 and particularly mainly other test results which have yet 
to be published, it appears that another peak could be identified between the LD C-S-H and  
HD C-S-H peaks as shown in Figure 7b, representing the overlapping C-S-H phase in Table 1. Work 
is still on-going to characterise differences in chemical composition and packing density of the 
various hydrate phases within the indented area so as to link microstructural features with phase 
properties obtained from the mechanical performance mapping. 
Nevertheless, the mechanical property values extracted for the common C-S-H phases are in very 
good agreement with the values obtained for a 28-day hydrated cement specimen (without resin 
impregnation) and reported by Acker (2001) (e.g. ELD C-S-H=20.0±2.0 GPa, and EHD C-S-H=31.0±4.0 
GPa), by Constantinides et al. (2003) (e.g. ELD C-S-H=21.7±2.2 GPa, and EHD C-S-H=29.4±2.4 GPa) and 
Zhu et al. (2009) (e.g. Eloose-packed C-S-H=18.1 GPa, ELD C-S-H=24.4 GPa, and EHD C-S-H=31.4 GPa). This 
also supports the argument that the elastic properties of the different C-S-H phases are intrinsic to 
cement paste.  

 

Conclusion 
1. Despite the different time of hydration: 90 days for β-C2S and 7 days for WOPC, very similar 

microstructural characteristics were found by the different techniques.  
2. The results of this study showed that nanoindentation mapping of mechanical properties provides 

a useful tool to link with microstructure and modelling studies for improved understanding  
of cementitious materials. 

3. The results indicate the existence of a loose-packed C-S-H as previously proposed by a few  
other researchers. 



4. Results of the mapping and statistical indentation testing appear to suggest the possible existence 
of one additional C-S-H phase with mechanical properties between LD C-S-H and HD C-S-H, 
possibly as a result of an overlapping of the C-S-H phases. 
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Abstract 

The increasing demand for fine aggregate in the civil construction industry and the depletion of natural sand, calls for 

new options of aggregate to be used in concrete and mortar. A material that has been shown as a viable alternative to 

replace partially or completely natural aggregate is the crushed sand. This material is the reject of aggregate plants, 

with a particle size less than 4.8mm. Several studies have proved its technical viability; this crushed sand has provided 

quality concrete and also an increase in compressive strength. However, the crushed sand has been used without an 

investigation of concrete durability, such as the alkali-aggregate reaction (AAR). The AAR is a chemical process in 

which some mineralogical constituents of the aggregates, in particular the silica, react with alkali hydroxides, mainly 

from the cement. This reaction generates products that are expansive in the presence of moisture, and consequently can 

cause cracks and displacements in the concrete. This study aimed to evaluate the capability of reactive aggregates from 

crushed basalt with different particle shape, and also investigate the mitigation of this reaction using cement with 

different pozzolan contents. This study was conducted using the Accelerated Mortar Bar method, using four cement 

types and five different aggregate shapes. The results showed that the basalt crushed sand have a predisposition to 

generate deleterious expansions, when associated with cement without or with low content of pozzolan. On the other 

hand, cements which contain a higher content of pozzolan, about 40%, were effective in controlling the expansion. It 

was observed that the aggregate particle shape has significant influence on expansion caused by AAR.  

 

Originality 

Despite of the large number of researches on the alkali-aggregate reaction in recent years, also in relation of the use of 

crushed sand in concrete and mortar, there were no reports of studies comparing the two issues. This study is important 

because the crushed sand has a recent use as fine aggregate and AAR usually has a slow progression. Consequently, 

the signs of a possible expansion caused by the mineralogical constituents of the crushed sand will be detected lately. 

Additionally, the crushed sand has high content of fine materials, which increases the possibility of reaction because 

it’s high specific surface area. In order to mitigate the reaction, is necessary to know the factors that influence it. In our 

work, we discovered that the particle shape of crushed sand has influence on AAR. It was observed that lamellar 

particles result in less expansion. It important to emphasize that the particle shape is dependent of the crushing 

equipment used in the grinding of rock.  

 

Chief contributions 

The results of this study will contribute to the improvement of knowledge in the field of concrete technology with the use 

of crushed sand as fine aggregate, because, clarify questions about its reactivity with cement alkalis. Also, identifies 

factors that may contribute or mitigate this reaction especially about the particle shape of aggregate and the cement 

used. Thus, the crushed sand can be better applied, resulting in quality of structures, because it can avoid the alkali-

aggregate reaction. 

 

Keywords: Basalt crushed sand, alkali-aggregate reaction (AAR). 
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Introduction 

 

The exhaustion of natural aggregate deposits close to major consuming centers, rising transportation 

costs and laws protecting the environment have motivated the search for alternative materials with the 

potential for being used as substitutes for natural aggregates. Within this context, the waste rock 

crushing, or powder-like stone as it is also called, which is the surplus material from the production of 

quarries with a particle size less than 6.3 mm, and with a large amount of powdery material, has 

become an effective alternative in the replacement of natural sand coming from the riverbeds. The 

technical and economical feasibility of the use of this material have been proved by several studies 

that show an increase in compressive strength in concretes and mortars made with it. Moreover, it 

presents other favorable characteristics of application, both of technical order and economical and 

environmental. 

However, the crushed sand has been used as fine aggregate in concrete production, without having 

investigated the durability of this mix. Among the various decay processes that interfere in the 

durability of concrete, is the alkali-aggregate reaction. 

The alkali-aggregate reaction (AAR) is a term used to describe the chemical reaction that occurs 

internally in a concrete structure involving the alkaline hydroxides, mostly coming from the cement, 

and some reactive minerals present in the aggregates used. This reaction forms products which in the 

presence of moisture are able to expand, causing cracks, dislocations and consequent impairment of 

the affected structures (Mehta and Monteiro, 2008). 

Knowing that the aggregates from crushed rocks are more reactive than natural aggregates, for the 

high concentrations of fine material, which increase the specific surface area and widen the area 

favorable for the reaction, there is the need to verify if the employment of the crushed sand as fine 

aggregate in concrete, may not eventually present the alkali-aggregate reaction, thus jeopardizing the 

useful life of the building in which it was applied. Special attention should be given as to the reactivity 

of the aggregates of basaltic origin, because in general, the basalts have elevated levels of dissolved 

silica, which motivates a predisposition to the occurrence of AAR.  Allied to this, the crushed sand 

usually have a different format of grains, due to the method of crushing the rock, where various types 

of crushers can be employed, being that the most common in Brazil are those of continuous motion, 

gyro-spherical of roller or hammer, in which they result in grains with more lamellar formats (flat and 

angled) and vertical impact crushers, which are used in an attempt to reduce lamelarity of the 

aggregate. 

As the shape of particles of an aggregate can influence many properties of concrete, both fresh and 

hardened (Mehta and Monteiro, 2008; Sbrighi Neto, 2005), the question arises if a lamellar aggregate 

can obtain expansions more or less pronounced than a rounded aggregate, by the fact of giving rise to 

a mixture with different characteristics. 

It is known that the AAR may be mitigated by limiting the alkali content with the use of cement using 

low alkalinity, such as those containing pozzolan in its composition. The Brazilian standard ABNT 

NBR 15577 (2008) prescribes the use of 6-14% of pozzolan (fly ash) as a minimum mitigation 

measure and 15-50% of pozzolan as a moderate preventive action. Thus, this work also takes care to 

examine whether these levels of additions present in the cement are sufficient to prevent the AAR in 

concrete containing crushed sand. 

 

 

Materials and Methods 

 

The crushed sand used in this work is of basaltic origin and comes from three quarries, which have 

three types of crushers, VSI (vertical impact), Cone and Hammer. 

The cements used were four, named: Cement 1 (with pozzolan content of between 25-40%), Cement 2 

(without pozzolan), Cement 3 (6-14% of pozzolan) and cement 4 (15-50% of pozzolan). 

Therefore, we used five kinds of crushed sand, combined with four types of cement in the trials, for a 

total of 19 mixtures (mortars). The proportions of each mortar is presented in Table 1. 



Table1: Mixture proportions of the mortars. 

Cement 1 Cement 2 Cement 3 Cement 4

Cement [kg/m³] 536 639 549 316

Pozzolan [kg/m³] 95 (15%) 0 89  (14%) 316  (50%)

Crushed Sand [kg/m³] 1419 1437 1436 1424

Water [kg/m³] 296 300 300 297

 

 

All tests of AAR were performed following the methodology prescribed by ABNT NBR 15577-4 

(2008) which prescribes the determination of alkali-aggregate expansion in mortar bars by the 

accelerated method, this standard is very similar to the methodology prescribed by ASTM C 1260 

(2007). This method to cure the bodies of the test piece is designed to accelerate the reaction through 

prolonged exposure to 80 ° C and NaOH 1N solution. 

 

Results and Discussion 

 
The characterization of the cements used was obtained from the suppliers of materials, with the 

exception of the alkaline equivalent which was done in this work, and is found in Table 2. 

 
Table 2: Physical and chemical characterization of the cements used. 

CHARACTERISTICS / CEMENT Cement 1 Cement 2 Cement 3 Cement 4 

Fire loss FL (%) 3.60 3.30 5.46 2.99 

Magnesium Oxide MgO (%) 5.61 1.33 5.68 4.75 

Sulphuric anhydride SO3 (%) 3.38 3.00 3.03 2.41 

Insoluble residue RI (%) 12.20 0.20 11.80 27.10 

C
H

E
M

IC
A

L
 

Equivalent Alkaline in Na2O  

(0.658 x K2O% + Na2O%) (%) 
1.00 0.66 0.71 0.54 

Specific mass (Blaine) (m²/kg) 484 474 370 417 

Specific mass (g/cm³) 2.83 - 2.99 2.88 

Fineness- Residue in the #0.075mm (%) 0.20 0.24 2.30 0.20 

P
H

Y
S

IC
A

L
 

Fineness- Residue in the #0.044mm (%) 2.00 2.61 11.60 1.90 

 

The insoluble residue of each cement gives an indication of the amount of pozzolan present, being that 

the higher the insoluble residue, the greater the amount of pozzolan. Cement 4 presents the highest 

content of pozzolanic addition of the four cements, while cement 2 has the lowest amount. 

To assess the degree of reactivity of a particular aggregate, ABNT 15577 (2008) stipulates a standard 

cement, which must meet the following requirements: Fineness of 490 ± 20 m²/kg, total equivalent 

alkali expressed in Na2O (0.658K2O % + Na2O%) 0.9 ± 0.1% and autoclave expansion below 0.2%. 

Of the cements used, cement 1 fits in the first two questions of the standard, presenting fineness of 

484m²/kg and equivalent alkaline of 1.00%. The autoclave expansion value is not reported by the 

manufacturers of the cements used and could not be determined in this work. Cements with pozzolanic 

additions tend to have lower equivalent alkaline by the reduction of the clinker in its mix, however 

cement 3, which features up to 14% pozzolan, resulted in a greater equivalent alkaline than cement 2, 

which has no content of pozzolan. These values may be due to the manufacturing process of each 

supplier industry, since these two cements are manufactured by different industries. 

To assess the shape of the fine aggregates the technique of digital image analysis was used, obtaining 

the largest dimension of each grain of aggregate and consequent calculation of the shape factor (Fabro, 

2008 and Weidmann, 2008). Figure 1 shows the consistency index of mortars cast with five types of 

crushed sand, combined with four types of cement and also the shape factor of each aggregate in the 

secondary vertical axis. 
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Figure 1: Consistency Index of the mortars cast in comparison with the Shape factor of the Aggregate. 

 

As can be seen in Figure 1, the use of the aggregate A- VSI resulted in more fluid mortar when 

compared with the mortars cast with other types of crushed sand, regardless of the cement used. This 

aggregate was also the one that presented the highest shape factor. The higher the shape factor, more 

rounded are the grains of an aggregate and thus greater fluidity of the mixture made with them for the 

same amount of water. 

Another important observation is that for all types of crushed sand, cement 3 showed a more fluid 

mixture among the four types of cements used. This is a consequence of their smaller surface area 

(Blaine specific area), which was 370m²/kg, while for other types of cement, this value was always 

greater than or equal to 417m²/kg, as shown in Table 1. The smaller the surface area, the lower the 

water retention of the mixture, and therefore the greater the amount of water available to maintain the 

flow of the mixture.  

Figure 2 shows the measurements of the expansion as a function of exposure time of the bars to the 

solution of NaOH, which shows the behavior of each cement in relation to five samples of crushed 

sand, as well as its performance according to the limit of ABNT NBR 15577 (2008). According to this 

standard for an aggregate to be considered potentially harmless the values of the measured expansions 

in the accelerated test of mortar bars must be below 0.19% after 30 days of testing. 

Evaluating the graphs, one realizes that the only cement that resulted in expansion lower than the limit 

stipulated by the norm was cement 4, for all types of crushed sand tested. All the mortars cast with the 

other cements showed intense expansions due to AAR. 

Cement 1 (Figure 2a) was the one that resulted in the largest expansions in all the samples, reaching 

values of 0.804% for the aggregate of type A-VSI. In spite of this cement having a higher content of 

pozzolan than cement 2, their expansions were higher, since its equivalent alkaline was the highest 

among the cements studied, as shown in Table 1. 

Cement 3 (Figure 2c) caused expansions less than  cement 1 in all cases, and half of them, caused 

expanses larger than cement 2, since its equivalent alkali is also greater, being 0.71% and 0.66% 

respectively. However, despite the cement having reduced the expansions of mortar bars by up to 

17.6% compared with 1, this cement was not capable of preventing the expansions from being intense, 

since as in all the samples, the standard limit of 0.19% expansion at 30 days was exceeded with less 

than 10 days of age. Therefore, the degree of pozzolanic addition (fly ash) present in cement 3 is not 

sufficient to mitigate the reaction and reduce it to values that allow the cement-aggregate combination. 

In turn, cement 4 (Figure 2d) was effective in mitigating alkali-aggregate reaction, reducing the 

expansions about 90% lower than those made with cement 1. This is due to its content of clinker 

replacement by pozzolan, about 50%, which reduces the equivalent alkali of the cement and therefore 

reduces the potential of expansion. 
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b) Aggregate A-CONE 
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c) Aggregate B-HAMMER 
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d) Aggregate C-VSI 
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e) Aggregate C-CONE 

Figure 2: Expansions of cast mortars with crushed sand in function of time. 

 

Analyzing all of the graphics of figure 2 it is possible to observe also that the mortars cast with the 

aggregate of type A-VSI resulted in the largest expansions at 30 days with cements 1, 2 and 3, 

followed by mortar cast with B-HAMMER. For cement 4, the mortar made from B-HAMMER was 

the one that showed the largest expansion at 30 days, followed by C-VSI. It may be noted that mortars 

cast with more lamellar aggregate, of the CONE type, were those that showed the smallest expansions 

at 30 days, being from quarry A, for cements 1, 3 and 4, and quarry C for cement 2.  

Aggregates A-VSI and B-HAMMER had different shape factor because they were from different 

aggregate plants and used different crushers. Even these different characteristics, the expansion 

developed by the different kind of mortar are quite similar in both cases.  

Therefore, it can be concluded that mortars cast with the aggregate that has the highest shape factor 

(A-VSI), that is, that has more rounded grains, resulted in the larger expansions at 30 days of age in 

most cases.    

We conducted an analysis of variance (ANOVA) using factorial experiments, and studied two factors 

influencing the expansion of mortar bars (coefficient of shape of aggregate, cement) and concluded 

that, with 95% confidence that the cement, the shape of the aggregate and the interrelationship 



between aggregate and cement have a significant influence on the expansion of the bars caused by the 

AAR. 

According to Valduga (2007), the  porosity of the mortar is related to the aggregate shape. In mortars 

with more rounded grains, the mortar matrix is more compacted with lower porosity. On the other 

hand, aggregate with lamellar particles results on mortars with high porosity. Mortars with high 

porosity have large porous, consequently in a first moment, the gel formed by AAR fill these voids. 

As results of this, the expasion occurs inside the void and the expansion developed by theses mortar 

are lower. 

The visual appearance of the mortar molded with cement 1 and with cement 4 can be observed in 

figure 3. 

 
a)  

 
b) 

Figure 3: Aspect of mortars at 30 days. a) Mortar expansion that resulted in large expansion, cast with cement 1. 

b) Mortars cast with cement 4, without visible cracks. 

 

Of all the mortar samples evaluated, one was selected for analysis by electron microscopy (SEM). The 

initial goal was to verify the presence of products of alkali-aggregate reaction (gel) in order to confirm 

that there was effectively reaction, apart from the expansions measured in the bars during the test. For 

this the mortar chosen was that of quarry C with cement 1. However, as the samples did not contain 

coarse aggregate, the visualization of the gel at the interface paste/aggregate was hampered. Figure 4 

shows the interface with little adherence presenting a fissure. In Figure 5 one can chemically analyze 

the transition zone which shows the strong presence of Silica. 

 

 
a) 

 
b) 

Figure 4: a) Aggregate (clearer region) in the paste of the cement. b) Fissure in the transition zone 

paste/aggregate. 

 
Figure 5: Chemical analysis of the interface. 



Conclusions 

 
From the analysis of the results it was found that all five samples of crushed sand studied indicated the 

presence of reactive phases. 

It can be seen also that there is influence of the shape of the grain in the expansions by AAR, that is, 

depending on the crusher used in the milling of the crushed sand, the expansions may be higher or 

lower. In most cases, the highest expansions have occurred with grains with a higher shape factor, that 

is, more rounded grains, such as type A-VSI. In the same way, the minor expansions occurred with 

aggregates of more angular grains, such as the A-CONE. This fact, according to Valduga (2007) is due 

to the porosity of the mortar. The more rounded the grains are of the aggregate used, the matrix of the 

mortar becomes more compact with less gaps because of the organization of the grains. Since the 

aggregate with more lamellar grains leads to drier and more porous mortar. These gaps become spaces 

of accommodation for the gel formed by the AAR, making the expansion takes place, at first, inside 

the void. With the gel accommodated inside the pores, the increase in the size of the mortar bars of the 

test, by the expansion of the gel becomes less pronounced. 

Assessing the effect of the type of cement in the expansions of the accelerated test of the mortar bars, 

it is concluded that this significantly influences in the resulting expansion of AAR. According to the 

qualifying limit of ABNT NBR 15577 (2008) regarding the reactivity potential of the aggregates, none 

of the samples was considered potentially harmless with cements 1, 2 and 3. Thus, these cements are 

not suitable when you wish to avoid the risk of the occurrence of AAR in concretes and mortars made 

with the crushed sand studied. 

ABNT NBR 15577 (2008) considers the use of cement 3 as a measure to mitigate the minimum 

intensity, but it was seen in this work that the reduction of the expansion with its use was not sufficient 

to classify the aggregates as potentially harmless. With the use of this cement, all the crushed sand had 

expansions of greater than 0.19% with approximately 10 days, reaching up to 0.693% at 30 days of 

age. Therefore, we can affirm that the content of pozzolanic addition of up to 14% is not satisfactory 

to prevent the AAR. 

On the other hand, cement 4 proved to be quite effective in inhibiting the AAR, being that all the 

mortar bars cast with this cement presented expansions that classify the aggregates as potentially safe, 

and recommended the use of this cement (with about 50% of pozzolan) in combination with the 

crushed sand investigated for mitigation of the AAR in concrete structures.
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Abstract: 
The use of admixtures, which tends to be generalized in the formulation of SCC, requires taking into account the 
chemical composition of cement, particularly its content of SO3, which can inhibit or restrain the effect of these 
admixtures (superplasticizers). In order to contribute on the understanding of these phenomena due to the 
presence of SO3 in cement, we propose to evaluate the action of certain sulphates, incorporating different types 
of sulfated additions (K2SO4, Na2SO4, and CaSO4.2H2O) to the cement paste. To this end, our work will concern 
the study of rheological properties and physical characteristics of the pastes obtained using two types of cement, 
namely, CPA and CRS. The experiment will focus on two reports: W/C = 0.30 for which the polynaphthalene 
sulphonate (PNS) is used as superplasticizer and W/C = 0.50 (without superplasticizer). The results show that 
the presence of sulfate leads to different rheological behaviors that are functions of the nature of sulfates and 
cements used. 
ORIGINALITY: The purpose of this research is to study the problem of incompatibility of cement/ 
superplasticizer and effect of different kind of sulphates 
 
CHIEF CONTRIBUTIONS: Effects of sulphates on rheological behaviour (shear stress and plastic viscosity) 
and electrokinetical properties (zeta potential) of cement paste 

Keys words: cement, rhéology, superplasticiser, yield stress, plastic viscosity, SCC, sulfates. 
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1. INTRODUCTION 

The influence of sulphates on the rheological behavior of cement paste does not depend only on their 
amounts of sulphates present in the clinker but also its nature and the rate of solubility and diffusion 
rate of ions SO4

2- and Ca2+ in solution in water mixing (Ish-Shalom et Greenberg, 1960; Greenberg et 
Meyer, 1963).  
Indeed, the amount of alkalis from various sulfates influences on the early hydration of cement and 
their action differs from that of alkalis from silicate and aluminate phases of cement (Collepardi M., 
1971; UchikawaH, et al., 1992). Moreover, the formulation of modern concretes (SCC) who needs low 
W / C ratios and requires the use of different superplasticizers (Bouracan S., 1997). This brings us to 
the study of the interaction between cement and superplasticizer in order to clarify the phenomenon of 
incompatibility between these two components and thus avoid the problems of fluidity-loss in the 
implementation of concrete. For this, we present at first the experimentation program that will be 
followed by results and discussions arising there from. 

2. EXPERIMENTATION 

The chemical and mineralogical composition of clinker used and the results of the action of different 
types of alkali sulphates on rheological behavior and initial hydration of cement paste are presented 
below before being discussed. All tests are performed according to standards (AFNOR) with a W / C 
ratio of 0.5; however, in the presence of the superplasticizer, the W / C ratio is reduced to 0.3. 

2.1. MATERIALS 

2.1.1. CEMENTS 

Two types of cement were chosen: CRS and CPA with a C3A content of 2.33% and 8.83% 
respectively. The equivalent alkali content in clinkers of CRS and CPA are respectively 0.46% and 
0.95%. Their content of SO3, are respectively equal to 1.82% and 2.28%. In 1974, Ost proposes the 
following relation to estimate the ionic composition in pore solution: 

Na2Oéq. = Na2O (%) + 0,658 K2O (%) 

In our case, we also considered the SO3 from sulfates added. Cements with low alkali content tend to 
adsorb more superplasticizer (by electrostatic effect), but those showing the most problems of 
incompatibility with polysulfonates, which leads to a decrease in workability (increased threshold) of 
suspensions (Kim 2000,Yamada 2001) and cause friction between particles. The solubility of 
sulphates is more important than the solubility of calcium sulphates content in cements (Prince, 2003). 
The compositions of studied mixtures are given in the following table: 

Table 1: Characteristics of mixtures 

Mixtures C3A (%) SO3 (%) Na2Oeq (%) Na2O (%) 
K2O 
(%) 

SO3*(%) DS 

CRS without addition 2,33 1,82 0,46 0,09 0,56 0,00 3,07 
CRS-GY 5 % gypsum 2,33 1,82 0,46 0,09 0,56 2,06 6,55 

CRS-Na 5 %  (Na2SO4) 2,33 1,82 0,46 0,09 0,56 2,81 7,82 
CRS-K 5 % (K2SO4) 2,33 1,82 0,46 0,09 0,56 2,70 7,63 
CPA without addition 8,83 2,28 0,95 0,41 0,82 0,00 1,85 
CPA-GY 5 % gypsum 8,83 2,28 0,95 0,41 0,82 2,06 3,53 
CPA-Na 5 % (Na2SO4) 8,83 2,28 0,95 0,41 0,82 2,81 4,14 
CPA-K 5 % (K2SO4) 8,83 2,28 0,95 0,41 0,82 2,70 4,05 

SO3* : from sulfates added 

2.1. 2. SUPERPLASTICIZER 

The polymer used was Poly Naphthalene Sulfonate (PNS) which is a polymer consists of the repetition 
of a single unit of formula: [-CH2-CH5 (SO3

-Na+)-]. 
It has little effect on the hydration of C3A clinker. Ramachadran (1995) found that superplasticizers 
containing sulfonates are subject to an interaction preferably with the phases of C3A. It is a chemical 



Fig. 1: Shear stress vs shear rate of CRS paste at different 
PNS assay with W / C = 0.30 

Fig. 2: Apparent viscosity vs shear rate of CRS paste at 
different PNS assay with W / C = 0.30 

Fig. 3: Shear stress vs shear rate of CPA paste at different 
PNS assay with W / C = 0.30 

Fig. 4: Apparent viscosity vs shear rate of CPA paste at 
different PNS assay with W / C = 0.30 

reaction in competition with that between the gypsum and C3A. This reaction regulates the hydration 
of C3A is otherwise very fast (Ramachadran V.S., 1995). 

3. RESULTS AND DISCUSSIONS: 
3.1. DOSAGE OF SATURATION IN SUPERPLASTICIZER: 
The saturation dosage is the amount beyond which the superplasticizer has no more effect 
on the rheological properties of cement paste. It is determined using the rheometer AR 2000. The point 
of saturation in superplasticizer with a W/C ratio of 0.3 was first determined for the CRS and CPA 
alone (without sulfates). The results are shown in the following rheograms:     
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From the above curves, we note that the saturation point in PNS is in order of 2% for the CRS and 
2.5% for the CPA. This is because both cements have different mineralogical and chemical 
compositions: CPA has a higher content of C3A and SO3, where more reactive sites and a high content 
of sulfate ions (in conjunction with the adsorption). 

3.2. PHYSICAL PROPERTIES OF CEMENT PASTES (NORMAL CONSISTENCY AND 
SETTING TIME): 

From figure 5, we can see that the PNS superplasticizer always plays the role of water reducer, but in a 
different way, depending on the type of cement and with the content and nature of sulfate, therefore 
normal consistency depends: 
 - The PNS dosage:  generally, the water demand decreases with the increase of PNS dosage. 
 - The C3A content of cement: more cement is rich in C3A, superplasticizer is less efficient because a 
certain amount of PNS adsorbed on the C3A and no longer contributes, to the dispersion of cement 



Normal consistency of CPA and CRS 

Cement Type 

grains. The addition of PNS to CRS and CPA gave the same consistency. Therefore, determining the 
saturation point was accurate. 
 - The alkaline sulfate content of cement and nature of the sulfate used: In this case, there is a 
competitive adsorption between superplasticizer and sulfate ions on the C3A. If the concentration of 
sulfate ion in cement suspension is increased, then the amount of PNS adsorbed on the surface of 
cement grains will be lower (Fig. 6). The types of mixing, "CRS-GY, CRS-K, CPA-GY and CPA-K 
with the PNS, have greater consistency in relation to cement control CRS and CPA. Therefore, the 
presence of alkali tends to reduce the effectiveness of the superplasticizer. 
In the presence of alkali and a high concentration of alkali sulfate, sulfate adsorbed faster 
on the active sites of C3A. 
- The nature of calcium sulfate used in the cement gypsum additions: the nature of calcium sulfate 
occurs mainly by its speed of dissolution; the normal consistency generally decreases with the 
solubility. 
- The specific surface of Cement: more specific surface increases, more normal consistency increases. 
The setting time of the CPA is higher than CRS because the setting depends on the fineness of cement, 
w/c ratio, temperature and type of cement. In our case, the mineralogical composition of cement is the 
most important factor. CRS has a high content of C3S, which giving a setting time shorter. In the 
presence of superplasticizer (PNS), it is making a slight acceleration of setting time of cement due to 
better dispersion, the grain distribution of cement and water-reducing effect. 
The presence of PNS in solution leads for sure a slight increase the solubility of sulfate in the saturated 
solution. However, this effect in certain dosages of superplasticizer, leads to a little faster setting time 
of cement (Perche, 2004). 
  

 

 

 

 

Fig. 5-Influence of various sulfates added to cement (CRS and CPA) with and without superplasticizer on the 
normal consistency. 

Cements with low alkali content tend to adsorb more superplasticizer (for electrostatic effect) but 
those who pose the greatest problems of incompatibility with polysulfonates, which induce a decrease 
in workability (increased threshold) suspensions (Kim, 2000) and cause friction between particles). 
Knowing that the rate of solubility of sulphate is a parameter more important that the sulfate content in 
cement (Prince, 2003) and the speed of solubility of sulfates in clinker is higher than that of calcium 
sulphate, then the amount of soluble sulfate in alkaline packages more the competition with adjuvant 
and decide the compatibility between cement and superplasticizer. The setting time decreases in 
general in the presence of sulfates, especially with potassium sulfate. The literature shows that the 
presence of alkalis in cement may cause rapid setting, a decrease in long-term strength and an increase 
in the expansion and shrinkage. (Bouracan S., 1997; Platel D., 2005). 
In the case of the addition of gypsum, the setting is accelerated with the CPA, but reversed with the 
CRS for the content of C3A in the CRS is low; therefore, the gypsum is in excess and inhibits the 
hydration of C3A. It is obvious that the nature of sulfate affects the setting time of the cement paste. 
This effect also depends on the temperature, the type of clinker, the amount of SO3, and W/C ratio. 
The adsorption of polymers on the surface of cement particles would prevent the dissolution of the 
clinker phases in contact with water. 

3.3. RHEOLOGY OF CEMENT PASTE: 

3.3. 1. SPREADING (MINI SLUMP FLOW TEST): 



The mini-cone is typically used to study the evolution of the workability of the paste by measuring the 
spread diameter of the paste on the plate at different time intervals 10, 20, 30, 40, 60, 90 and 120 
minutes. 
 All cements were tested for a W/C of 0.3 in the presence of superplasticizer. The superplasticizer 
dosage is determined by testing the saturation point. 

 

 

 

 

 

 

 

Usually, after mixing, the concentrations of Ca2+, K+ and Na+, OH-and SO4
2-are rapidly reaching high 

values. These alkalis are initially present in the main phases of clinker (Na2O and K2O) or sulfated 
form (Na2SO4, K2SO4, K2Ca (SO4)2.H2O, K2Ca5 (SO4)6.H2O, K2Ca2 (SO4)3). The presence of these 
salts in the pore water, particularly (Na+, K+), induces a decrease in the relative fluidity (Comparet, 
2004). These alkali also effect on hydration of cement phases, and they cause a form of activation, 
resulting in high strengths in the short term but moderate at 28 days. The C3A orthorhombic (doped 
with Na+) has better rheological behavior that the cubic C3A. 

3.3. 2. RHEOLOGICAL BEHAVIOR OF CEMENT PASTES: 
The rheological tests are performed on several series of samples with a W/C = 0.3 in the presence of 
superplasticizer. The superplasticizer dosage is determined by testing the saturation dosage point. 
These tests were performed at 20°C using the rheometer AR2000, equipped with a vane rotor 
geometry (The standard cup has a radius of 15 mm, and configured with vane rotor having a radius of 
14 mm and height of 42 mm), imposed-speed according to the following: presheared to 50 s-1 for 60 s 
followed by a rest period of 30s, then a linear ramp increasing rate of 0-435 s-1 is applied from the 
rheometer. The flow curves were analyzed and modeled by the software Rheology Advantage Data 
Analysis (Version-V4.021/TA-Instrument). 
Evolution of shear stress: From these graphs, cements behave as viscoplastic suspensions. However, 
exception is noted for cements, for which are added the Arcanite or sodium sulfate. 
In practice, the cement paste has a yield point and shear-thinning behavior. In the presence of 
superplasticizers, the threshold flow becomes very low (virtually zero). However, viscosity approx) 
depends on the applied stress and it decreases with increasing shear rate. We note that cements CRS, 
CRS-GY, CPA, and CPA-GY have the same yield stress (8 Pa, approximately) while the cement-Na 
CRS, CRS-K, Na-PCA and PCA-K have higher levels of shear (Nehdi M, et al., 2004; Westerholm 
M., 2006). The series of CPA (CPA, CPA-GY, PCA-Na, and CPA-K) cements have a low yield stress 
compared to the cement of the series of CRS (CRS, CRS-GY, CRS-Na, and CRS-K): the ACC has 
more C3A, which ensures more adsorption of superplasticizer so high fluidity and low viscosity. All 
paste showed a similar rheological behaviour, and are best fitted with Herschel Bulkley model. 
Viscosity: The evolution of plastic viscosity as a function of shear rate is identical for CRS series 
cements and CPA, with and without additions of sulfates (in the presence of PNS superplasticizer). 
The highest plastic viscosity (CRS-CPA-K and K) can result in the formation of syngenite 
(CaSO4.K2SO4.2H2O) from the Arcanite. This training requires high water content, and in addition, 
there will be an increase in the kinetics of hydration of cement phases (especially C3A) by the alkali 
ions from the Arcanite. The negative effect of the Arcanite aphtitalite and the fluidity is enhanced by 
the presence of superplasticizer. It seems that the dispersing effect of superplasticizer accelerates the 
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Hydration time (min) 

Spread 

Hydration time (min) 
Fig. 6 - Spread versus time of hydration of cement 
Series CRS (CRS-GY,-Na CRS and CRS-K) for a 

W / C = 0.30 with 2% of PNS. 

Fig. 7 - Spread versus time of hydration of cement 
Series CRS (CPA-GY, PCA-Na, and CPA-K) for 

a W / C = 0.30 with 2.5% of PNS. 



Figure. 10- Shear stress as a function of shear rate of 
cement paste (CPA, CPA-GY, PCA-Na, and CPA-K) 

after 12 min of hydration W / C = 0.3 (with PNS). 

Figure. 11 - Apparent Viscosity as a function of shear rate 
of cement paste (CPA, CPA-GY, PCA-Na, and CPA-K) 

after 12 min of hydration W / C = 0.3 (with PNS). 
 

hydration reaction (Bouracan S., 1997). The results shows that increasing the amount of alkali in 
cements (mostly cement with Arcanite) significantly increases the loss-spreading of corresponding 
paste (Figures 7-8). This loss spreading is associated with a high viscosity (Figures 10 and 12). 
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Figure 8 - Shear stress as a function of shear rate of 
cement paste (CRS, CRS-GY,-Na CRS and CRS-

K) after 12 min of hydration W / C = 0.3 (with 
PNS). 

Figure 9 – Apparent Viscosity as a function of 
shear rate of cement paste (CRS, CRS-GY,-Na 

CRS and CRS-K) after 12 min of hydration W / C = 
0.3 (with PNS). 
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                Figure. 12 -Cement-CPA                                                          Figure. 13-Cement-CRS 

At ratios W/C = 0.3, despite the presence of superplasticizer, pastes based cements Arcanite are too 
stiff to be mixed. We conclude that the substitution of the Arcanite (or aphtitalite) with gypsum, could 
improve the fluidity of cement, which provides a better initial hydration. 
Zeta potential: According to the literature, the zeta potential of cement without superplasticizer is 
positive in the range from 2 to 5 mV and cement with superplasticizer has a negative potential from - 
12 to -18 mV. Indeed, the cement particle is positively charged and will be neutralized by adsorption 
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of the superplasticizer on the surface of cement grains of side COO- groups, which gives a zeta 
potential negative. This is explained by the adsorption of superplasticizer increases gradually as the 
dosage was increased and the repulsion of the grains increases. Thus, the double layer becomes thicker 
which helps increase the potential zeta. 
The zeta potential measurements showed that: The CPA has values higher than those presented by 
CRS. This can be explained by the mineralogical composition of the two cements and also the reports 
C3S/C2S and C3A/C4AF: over these reports, greater the amount of polymer adsorbed, the higher the 
value of zeta potential is high (Perche F., 2004).  
4. CONCLUSION 

The work carried out in this study demonstrated that the influence of sulphates on the rheological 
behavior of cement paste depends not only on the quantities present in the clinker, but the natures of 
sulfates that are present. The presence of a high amount of alkali in alkali sulphates has a negative 
effect on fluidity. 
The effect of calcium sulfate is twofold. It starts by reducing the amount of alkali in replacing them, 
but also brings Ca2+ in the solution, which allows slow hydration phases of cement. Adding a large 
amount of gypsum is needed with the clinkers rich Arcanite or / and aphtitalite. Arcanite cements with 
and / or have an application aphtitalite superplasticizer higher than cements with syngenite and / or 
calcium langbeinite. A large presence of sulfates or hemihydrate in cement can cause crystallization of 
syngenite or gypsum, which may decrease the fluidity. The optimization of the quantity and nature of 
sulfate in the cement remains a delicate experimental procedure. The hydration reactions are governed 
by the texture hydrates spontaneously products and their formation is generally a function of the 
composition of the solutions. The complexity of these reactions, as well as the variation of phases and 
types of sulfates in cement, forms a system difficult to control. 
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Abstract 
The degradation of reinforced concrete structures due to corrosion of steel re-bars reduces the mechanical 
performance and service life time of these structures, creating major economic problems in Europe. In order to 
prevent further deterioration by various degradation mechanisms (carbonation, chloride ion attack, etc.), it is 
generally recommended to repair and to rehabilitate the concrete surface by removing the deteriorated cover 
(sand blasting, chip-off hand tools, etc.), cleaning and applying a primer on the steel and finally casting a layer 
of repair mortar on the deteriorated concrete. (1) 

The durability of repaired system depends on many parameters (chemical, thermal, and mechanical 
compatibilities), such as the water transfer occurring at the interface between the fresh repair mortar and the 
old concrete, as well as the interaction of the repair mortar with the surrounding environment. The water 
transfer jeopardizes repair performance and hinders the setting; (2) Furthermore due to the desiccation of 
mortar, hydration kinetics of cement phase within the mortar slows down. However, these aforementioned 
explanations are not considered in existing repair techniques since they are generally based on empiricism. They 
lack predictive and methodical approaches, and the understanding of interactions between the microstructure 
and the depletion of water. (3) 

This work is based on the non-destructive Magnetic Resonance (Nuclear MR / MR Imaging) techniques, which 
have been developed in the last twenty years to be used in the field of civil engineering. 
Global water content was monitored by a simple “pulse-acquisition” sequence (Free Induction Decay (FID)) 
and relaxation time T1 by an “Inversion Recovery” (IR) sequence for a cement paste. In fact, global water 
content and NMR relaxometry were used to describe the free water changes during the hydration process 
immediately after casting to hardening. The results obtained from NMR/MRI were complemented by traditional 
techniques (Vicat's needle test, temperature monitoring) and by a hydration model that evaluates the 
consumption of water. 
Furthermore, the water transfer in a repair system was visualized with a “Single Point Imaging” (SPI) sequence 
(4) for the repair mortars with and without super-absorbent polymers (SAP), applied on the old concrete. 
Despite intrinsic difficulties related to heterogeneity of the microstructure of cementitious materials and also to 
the presence of iron in gray Ordinary Portland Cement (OPC), NMR/MRI techniques provided reliable and 
reproducible measurements. 
 
Originality 
NMR methods were applied to follow the hydration of cementitious materials and to examine the water transfer 
in a repair system. Relaxation process (T1 and global water content from NMR) presented similar evolution 
compared to traditional approaches and numerical results. MR Imaging allowed investigating the water transfer 
between the repair mortar and the old concrete and monitoring the couplings between water transfer and 
hydration. 
 
Chief contributions 
NMR/MRI techniques allow obtaining information about porous microstructures in a non-destructive way which 
then can be compared to traditional techniques such as SEM and PIM. NMR/MRI techniques could also be 
utilized to monitor global and local water content in repair system during hydration of repair mortar. 
As a result, long term durability can be studied and prediction of service lifetime for repaired concrete will be 
investigated. 
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1. Introduction 
 

Water plays an important role in cementitious materials. During hydration, water is the reactant being 

consumed, also after hydration of cement has been stabilized, residual free water remains. 

Furthermore, water is responsible for the existence of capillary porosity which is a key factor in 

determining the long term durability of cementitious materials. 

During a repair procedure, the water transfer plays a key role on the efficiency of the repair work, 

since a depletion of water could slow down the hydration of the repair mortar. Therefore, this article 

focuses on the quantification of water transfer and its impact on the hydration mechanisms. The 

consequences of depletion of water would lead to a coarser microstructure, and the possible generation 

of cracks. 

NMR/MRI techniques are non-destructive, non-invasive methods, without samples’ pretreatment; This 

method permits monitoring of various essential parameters of durability such as water content (global 

and local), water mobility, evolution of hydration process and the pore size distribution (PSD). 

 

2. Materials and experiments 

 

A cement paste made of a gray OPC (C3S 64.2 %, C2S 11.68 %, C3A 2.6 %, C4AF 13.1 %, gypsum 3 

%) with w/c=0.35 was prepared for monitoring of the setting, temperature and water consumption. 

Two repair mortars made of the same gray OPC of w/c = 0.30 and a sand-to-cement ratio (s/c) = 2 

were prepared for the investigation of water transfer: one without SAP and the other with 0.2 % by 

mass (/cement) of SAP. Both mortars contain 0.3 % by mass (/cement) of a water reducer super-

plasticizer (SP). Such low w/c corresponds to typical mixed designs used for repair works; it limits 

water transfer and the risks of drying shrinkage. However it should be noted that self-desiccation is 

more pronounced. 

The degraded concrete used was M25 with w/c = 0.84 and s/(s+g) = 0.47. It contains the same gray 

OPC and was water-cured for 3 months (age = 18 months). 

The mortar with SAP is prepared by mixing water + SAP + SP (pre-prepared gel) and cement + sand 

(pre-mixed solid). The SAP used is a poly (acrylic acid) partial potassium salt. It theoretically absorbs 

27 g of water per g of SAP in saline solution (concentration = 1 %). So the pre-absorption by SAP 

corresponds to a decrease in the initial w/c of 0.05 so that the real initial w/c is 0.25. The water 

absorption capacity is dramatically reduced in high pH solution as it is the case in our cement-based 

materials. 
(11) 

 

With a vertical imaging spectrometer DBX 24/80 Bruker, operating at 0.5 T (20 MHz proton) with a 

gradient strength of 50 mT
.
m

-1
 and equipped with a birdcage radiofrequency coil of 20 cm inner 

diameter, NMR/MRI measurements were performed with enough sensitivity and high signal-to-noise 

ratio. Such low magnetic field was proven to be suitable for cementitious materials by Faure et al. 
(4) 

Working with this spectrometer provides ability to study centimetric dimension samples (ex: bulk 

materials with negligible edge effect). However, its main drawback is quite long delay to perform 

radiofrequency pulses. 

Three NMR/MRI characterization methods were chosen to get information: 

1. T1 relaxation time distribution which is obtained with an IR sequence and data treatment by 

Laplace inversion indeed water mobility is used to probe the setting).
(5), (6)

 The time to do one 

measurement is 10 minutes. 

2. Global free water content is obtained with a simple FID sequence with excitation pulse and 

signal acquisition. The time to do one measurement is 2 seconds. 

3. Water content profiles are obtained with a 1D SPI sequence that is an imaging method 

dedicated to materials exhibiting short T1 like cementitious materials as reported by Prado et 

al. 
(7)
 This makes it possible to monitor water transfer with a sufficient resolution of 2 mm. 

Note that the time to do one measurement is 6 minutes. 

 



3. Experimental results and analysis 

 
Monitoring of T1 / FID and tradition approaches 

 

(a)  (b)  (c)  

Figure 1: for a cement paste of w/c = 0.35: (a) distribution of T1 from 0.3 hour to 2.8 day; 

(b) evolution of main T1 values and penetration depth of Vicat’s needle test; 

(c) derivative of main T1 values and derivative of FID intensity. 

 

(a)  (b)  

Figure 2: for a cement paste of w/c = 0.35: (a) the monitoring of temperature and derivative of FID intensity; 

(b) global free water amount obtained by relative FID intensity and numeric modeling. 

 

Development of T1 (see Figure 1(a)) was obtained by continous measurements which shows at every 

moment we dispose a distribution of T1, and how water mobility is influenced by the internal rigidity 

and surface matrix.
(5)
 So, during hydration, the decrease in main T1 values is related to the 

solidification of the system. As a matter of fact, the evolution of T1 towards smaller time values, 

illustrates the presence of water inside the porosity between the C-S-H clusters generating a smaller 

porosity than the one initially prevailing between the cement grains. 

In Figure 1(b), the evolution of main T1 values is presented and compared to Vicat’s needle results. 

The cement paste sample in the Vicat’s needle test was isolated from the surrounding environment 

during the measurement in a water bath at 20 °C. It can be observed that these two curves cross at 

centre. The classic 4 periods of hydration can be indentified (dissolution, induction, setting, 

hardening). Actually, the monitoring of the main T1 values indicates the disappearance of capillary 

porosity initially presented between the cement grains. 

The good agreement between the evolution of main T1 value and the Vicat’s needle results, reveals the 

intrinsic relation between these two techniques, which are represented as mechanical indicators of 

setting. Especially it is worth mentioning that in Figure 1(c) the optimum of the derivative of main T1 

values corresponds exactly to the start of setting detected by the Vicat’s needle test. The monitoring of 

the main T1 values is more relevant than the Vicat’s needle test since it is capable to distinguish the 

dissolution and induction period by detecting the germination / nucleation-growth of hydration 

products without percolation of the solid compounds. 

 

The temperature was monitored by a thermocouple and compared to the rate of free water 

consumption obtained by the derivative of the FID intensity in Figure 2(a). It was found that there 

exists a perfect correlation between the released heat and the rate of free water consumption. These 

two techniques are thus coherent chemical indicators, which represent the evolution of chemical 

hydration reactions. 

 



A semi-analytical hydration model 
(8)
 has been used to simulate the free water content when hydration 

occurs (see Figure 2(b)). The free water corresponds either to the initial water content minus 

chemically-bound water and water filling the C-S-H gel porosity of 28%, or to the initial water content 

minus chemically-bound water. 

The model is based on a description of the coupled hydration of each clinker phase (C3S, C2S, C3A and 

C4AF), which represents the results of fitting for the hydration kinetics of each clinker phase reported 

by Lothenbach et al. 
(9)
. In his work, the hydration of each clinker phase is monitored by a semi-

quantitative XRD during the hydration of an OPC paste w/c = 0.5. The identified kinetic parameters 

are in agreement with those proposed by Bernard et al.
 (10)

, where the effects of temperature and water 

content on the hydration kinetics have been taken into account. For each clinker phase, the hydration 

kinetics is controlled by three consecutive steps: dissolution of the clinker, nucleation-growth of 

hydrated compounds and diffusion of ions through a layer of C-S-H. 

As a result, the free water consumption obtained by FID analysis agrees with the first case of 

computed values given by this hydration model. This agreement illustrates that the FID analysis is a 

relevant tool to investigate the free water content development in a cement-based system. It also 

confirms that it can be utilized to assess the chemical setting time. 

 

Finally, it should be noted that the “chemical” setting detected by the monitoring of temperature and 

the derivative of FID intensity, occurs after the “mechanical” setting detected by the Vicat’s needle 

test and the derivative of the main T1 values (see Figure 1(c)). It should be taken in mind that, there is 

no intrinsic correlation between the chemical setting corresponding to an optimum of heat release or 

water consumption, and a percolation of the solid matrix by means of hydration products. 

 

SPI profiles applied for a repair system: mortars + old concrete 
 

A repair system was designed as shown in Figure 3, to distinguish the internal water consumption and 

the water transfer and its impacts on hydration. The diameter of the repair work is 11 cm, and the 

height is 3 cm for mortars and 5 cm for the old concrete. The objectives are: 

∗ To quantify the water transfer at the interface between the fresh repair mortar 
(a)
 and the old 

concrete 
(b) 
; 

∗ To compare the hydration of the fresh repair mortar 
(a)
 in contact with the old concrete and that 

of an sealed mortar 
(a’)
; 

In this study, the evaporation to the atmosphere is avoided since the 
(a)
 + 

(b)
 and 

(a’)
 configurations are 

respectively sealed by a parafilm or isolated in a plastic container; These thin polymer layers have few 

effects on NMR/MRI signal and were counted out during data treatment. 

 

Figure 3: repair system configuration for each portion 

 
a. Mortar without SAP on dry / saturated old concrete 

 
Two repair systems were studied: mortar without SAP on both dry (dried at 45 

o
C with equilibrium 

during 28 days) and saturated concretes. The profiles of water content obtained by SPI and the 

evolution of global amount of free water (obtained by integration of SPI profiles for each portion: 
(a)
, 

(b)
, and 

(a’)
) are presented in Figures 4 and 5. 

The case of a saturated substrate is aimed at simulating a real repair work, where generally the 

deteriorated concrete surface is wetted at first and then the repair mortar is applied on it, so that rapid 

water absorption from the fresh mortar to the dry substrate is decreased. 

(a): repair mortar 

(a’): sealed mortar 

(b): old concrete 



 

(a)  (b)  

Figure 4: mortar without SAP on a dry concrete (a) SPI Profiles (b) global amount of free H2O 

 

(a)  (b)

 (c)  

Figure 5: mortar without SAP on a saturated concrete (a) SPI Profiles (b) global amount of free H2O 

(c) bleeding at the top surface of repair mortar 

 

It is evident from figure 4(a) that, water is transferred from the repair mortar 
(a)
 to the dry concrete 

(b)
 

during the first hours. Water diffuses continually from the interface of concrete / repair mortar to the 

bulk of the old concrete; which slows down hydration of the repair mortar. It could be seen that there 

is a slower consumption of water during the hydration of the sealed mortar. 

Figure 4(b) shows that only 37% of free water remained at 15.5 hours (corresponding to the start of 

setting determined by the Vicat’s needle test: 15h34 min±16 min for the mortar without SAP) in the 

repair mortar, while the sealed mortar consumed only 6% from the start of casting time. 

 

In Figure 5(a) shows that reduction in water content profiles within the repair mortar is slower than the 

one observed for the sealed mortar after 1 day, because of water movement from saturated concrete to 

the repair mortar. Especially, from 3 days after casting, this phenomenon is more evident. Actually, the 

concrete provides more available water into the repair mortar generating a bleeding effect, since 

macro-size bubbles appear on the top surface of the hydrated repair mortar due to excess water (see 

Figure 5(c)). 

Figure 5(b) shows that before the start of setting, the evolution of free water content are the same in 

both the sealed mortar and the repair mortar. From the end of setting at 18.6 hour (determined by the 

Vicat’s needle test: 18h38 min±16 min), the repair mortar starts to absorb excess water from the old 

concrete which provides about 5% of excess water as it is shown in Figure 5(b). 

 

b. Mortars with SAP on dry old concrete 

 

Mortar with SAP was applied on the top surface of a dry old concrete. The profiles of water content 

obtained by SPI and the evolution of global amount of free water are presented in Figures 6. 

 

(a) 

(a’) 

(b) 

(b) 

(a) (a’) 

5% 



(a)  (b)   

(c)  

Figure 6: mortar with SAP on a dry concrete (a) SPI Profiles (b) global amount of free H2O 

(c) homogeneous surface of repair mortar 

 

It could be observed from the right part of figure 6(a) which corresponds to the sealed mortar, an 

increase in the amount of free water during the first hours. This evolution could be explained by the 

influence of the high pH value in the interstitial solution on the absorption capacity of the SAP gel; 

The SAP gel releases pre-absorbed water when the pH increases during hydration as reported by 

Friedemann et al. 
(11)  

After the end of the setting period (determined by the Vicat’s needle test: 18h29 min±19 min), the 

water content starts to decrease due to the consumption of water by the hydration reactions. It is also 

worth mentioning the migration of free water to the old concrete as illustrated in figure 6(a).  

 

Figure 6(b) shows that 42% of free water remained at 15.5 hour in the repair mortar (corresponding to 

the start of setting determined by the Vicat’s needle test: 15h31 min±19 min for the mortar with SAP), 

while the sealed mortar contains 119% of free water from casting, illustrating the effect of the SAP 

gel. 

Although there exists 15% of initial water in the concrete, Figure 6(b) proves that for the repair mortar 

with SAP, the concrete absorbs less water before the setting than in the case of a repair mortar without 

SAP. Actually, the amount of free water inside the old concrete seems to be stabilized from the end of 

the induction period (6-7 hours) to a few hours after the end of the setting period. This aspect could be 

explained by the initial effective w/c which is much lower (0.25) in the case of the mortar with SAP 

reducing thus the amount of free water available for migration to the old concrete, when the chemical 

reactions are active and the cement grains chemically fix water with a rapid kinetic. It also indicates 

that the release of water from the SAP is progressive and continually, which provides an available 

water source for the hydration. This presents the interesting effect of the SAP. After setting, the SAP 

plays an interesting role on the amount of free water. According to the kinetics of free water 

consumption within the concrete and the repair mortar (which represents the situation in an isolated 

repair system), the SAP continuously releases water into the repair mortar which transfers directly to 

the old concrete after the setting. 

 

Generally, this study clearly reveals that SAP gel can be used to control the interactions between water 

consumption, setting process and water transfer in the repair mortar. It reduces the initial w/c, 

continuously and slowly provides free water into the cementitious matrix during the on-going 

hydration process. This internal post-curing material has more advantages than external post-curing 

methods since SAP represents a homogeneous curing which prevents liquid water transfer from the 

fresh mortar to the old concrete. 

 

4. Conclusions and Prospects 

 
NMR/MRI methods allow investigation of the hydration process and the water transfer of repair 

systems. The evolution of the main T1 values was used to monitor the hydration mechanisms from the 

(b) 

(a’) 

(a) 



start time of casting to the end of hardening. FID measurements were used to follow the global liquid 

water consumption. The evolution of the main T1 values corresponds well to the evolution of the 

mechanical properties provided by the Vicat’s needle test. The evolution of the FID intensity 

represents a relevant chemical indicator of hydration like the temperature or heat flux monitoring. The 

water transfer at the interface between the repair mortar and the old concrete was observed from the 

SPI profiles which present the global amount of free water.  

The water absorption properties of a commercial SAP during a repair work on a dry concrete was 

investigated. The water transfer properties have been presented by comparing two mortars: one 

without SAP and one with SAP. Future works are to analyze the microstructure by various techniques, 

such as gamma attenuation, electric scanning microscopy and mercury intrusion porosimeter; And 

compare them to the NMR/MRI results. Furthermore, other water retention additions, such as light 

weight aggregates, aramid fibers, will also be investigated in the design of repair systems. 

Finally, the performance of repair systems having various deteriorated old concrete such as carbonated 

concrete will also be studied. 
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Abstract  
Spent Pot Liner (SPL) is a waste generated by Aluminium Industry during the manufacture of aluminium metal 
in electrolytic cell. SPL is considered hazardous waste in many countries because it contains significant 
quantities of absorbed fluorides along with traces of cyanide. Disposal of SPL has been primarily in land filling 
because of the difficulties in the development of a successful techno-economical SPL treatment process. 
Increasing generation of SPL and taking into environmental consideration many countries have banned land 
filling form of disposal and it has become a greatest environmental problem of the aluminium industry.  
Spent pot liner sample was collected from an aluminium plant located in Orissa, India. The sample was crushed 
& ground in laboratory jaw crusher & ball mill. The chemical analysis of SPL was carried out by conventional 
gravimetric & volumetric analytical techniques. Chemically Spent Pot Liner contains silica, alumina & iron 
oxides impregnated with fluoride & sodium salts and carbonaceous compounds. The calorific value of sample 
was determined using Leco bomb calorimeter AC-350. The SPL is composed of carbon material comes from the 
cathode block and lining refractory materials. The calorific value of composite SPL sample was measured 
1700Kcal/kg. The CV depends on the carbonaceous content in sample, which may vary with the percentage of 
refractory materials. 
The utilization of SPL as raw mix component for cement manufacturing has been studied. The burnability of 
cement raw mix in presence of SPL showed reduction in free lime due to mineralizing effect of fluoride present in 
SPL. The carbonaceous content of SPL is well burnt at higher temperature and provides additional heat to the 
system. The study reveals that up to 1% SPL can be very well used as raw mix component in cement 
manufacturing.  
 
Originality 
In the process of aluminium production, electric current is passed through an electrolytic cell or ‘pot’ which 
contains aluminium oxide dissolved in sodium aluminium fluoride (cryolite) at 900oC. T a typical aluminium 
plant there are several potlines. When pot fails due to cracking, erosion or deterioration of the purity of 
aluminium being produced the pot is taken out for the repair and carbon & refractory linings are removed as 
waste SPL. 
Because of hazardous waste material thousand tonnes of SPL is stored in the aluminium plant premises awaiting 
a suitable and safe means of disposal. Disposal of SPL has been primarily in land filling because of the 
difficulties in the development of a successful techno-economical SPL treatment process. Increasing generation 
of SPL and taking into environmental consideration many countries have banned land filling form of disposal 
and it has become a greatest environmental problem of the aluminium industry. Few researchers suggested use 
of SPL in cement kiln as a supplementary fuel and raw materials. Carbonaceous part of SPL produces heat and 
can be used as fuel in kiln but due to refractory part its effective use as fuel could not be possible.  The present 
study was carried out aiming safe disposal of SPL in the cement manufacturing as a raw mix component. The 
study is absolutely original.     
 
Chief Contributions 
The lab prepared clinker showed decrease in free lime in presence of SPL. The fluorine present in SPL acts as 
mineraliser and reduces the free lime in clinker substantially. The fluorine detected in clinker confirmed its 
assimilation as well as mineralizing effect and increases the C3S content in clinker. The carbonaceous content of 
SPL is well burnt at higher temperature and provides additional heat to the system. The results shows that upto 
1.0% SPL can be easily used as raw mix component without affecting the quality of clinker. The utilization of 
SPL in cement manufacture not only offers saving of fuel and conventional raw material but also provides 
solution to environmental problem created by disposal of SPL in open area.  
 
Key Words: Spent pot liner, cryolite, Fluoride, mineraliser 
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1. Introduction 
 
Spent Pot Liner (SPL) is a hazardous waste generated by Aluminium Industry. In the process of 
aluminium extraction, the aluminium electrolysis pot has to be dismantled to replace the cathode 
which is worn out or possibly damaged. After removing the bath, metal and cathode bars, as much as 
possible, the remaining material is called Spent Pot Liner [1]. SPL is considered hazardous waste in 
many countries because it contains significant quantities of absorbed fluorides along with traces of 
cyanide. Because of hazardous waste material thousand tonnes of SPL is stored in the aluminium plant 
premises awaiting a suitable and safe means of disposal. Disposal of SPL has been primarily in land 
filling because of the difficulties in the development of a successful techno-economical SPL treatment 
process. Increasing generation of SPL and taking into environmental consideration many countries 
have banned land filling form of disposal and it has become a greatest environmental problem of the 
aluminium industry.  
 
SPL contains few very valuable components and can be exploited for specific purpose. The main 
component having potential values are carbon and fluorides [2]. The carbonaceous fraction of SPL 
provides additional heat to the system while fluoride is very useful for cement industry. Fluorine acts 
as mineraliser and plays important role due to augment the rate of clinker formation [3-5]. Many 
researchers suggested use of SPL in cement kiln as a supplementary fuel and raw materials [6, 7].  
 
The separation of carbonaceous part of SPL with refractory part is very tedious job and refractory part 
as an impurity increases ash content of SPL if it is used as fuel. The use of SPL as a raw material in 
clinker formation could be a feasible option. The aim of present study was to explore the safe disposal 
of SPL in the cement manufacturing as a raw mix component.  
 
2. Experimental 
 
2.1 Materials 
Spent pot liner sample, referred as SPL, was collected from an aluminium plant located in Orissa, 
India. The cement raw mix and coal were collected from our plant Ultratech Cement, Hirmi Cement 
Works, Raipur, Chhattisgarh, India. 

 
 
 

Table 1: Chemical composition of SPL 
 

Sl. No Particular % Composition 
1. LOI 37.20 
2. SiO2 9.20 
3. Al2O3 5.3 
4. Fe2O3 1.6 
5. CaO trace 
6. MgO trace 
7. Na2O 14.3 
8. K2O 0.25 
9. Fluoride 11.0 
10. Aluminium Carbide & Nitride 6.5 
11. Cyanide 0.01 

 



 
 

2.2 Chemical –mineralogical characterization of SPL 
The SPL sample was crushed & ground in laboratory jaw crusher & ball mill. The chemical analysis of 
SPL was carried out by conventional gravimetric & volumetric analytical techniques. The results are 
given in Table-1. 

 
The mineralogical composition of spent pot liner was characterized using Bruker D-8 
Advance diffractometer with the instrumental Bragg-Brentano Geometry equipped with a Cu 
Kα radiation & a graphite monochromator on the diffracted beam. The XRD pattern of SPL is 
given in fig1. 

 
2.3 Thermal characterization of SPL 
The calorific value of composite SPL sample was determined using Leco bomb calorimeter AC-350 in 
our laboratory. The calorific value of SPL was found 1700 Kcal/kg. In order to know the burning 
behaviour of SPL, the weight loss (loss on ignition) of SPL sample was determined at different 
temperatures in high temperature furnace, the retention time was kept for 30 minutes. The results are 
given in table-2. 

 
Table 2: Heat treatment of SPL sample. 

 
 
 
 
 
 
 
 
 

Sl. No Temperature (oC) Weight Loss (%) 
1. 200 01.70 
2. 400 13.90 
3. 600 23.70 
4. 800 35.60 
5. 900 37.20 

 
2.4 Laboratory clinkerization 
The raw mix was taken from our cement plant which chemical analysis was carried out using XRF, 
make: Philips, model PW-1660 and results are given in table-3. Coal ash was prepared in lab with 
bituminous coal for raw mix preparation. Clinkers were prepared in laboratory furnace with the above 
raw mix adding 0.5, 1.0, 1.5 and 2.0% SPL and 4.05% coal ash. Nodules of raw mix were prepared 
adding water and dried at 110oC in oven. Dried kiln feed nodules were calcined at 1000oC for 20 
minutes and fired at 1350 oC for 30 minutes in a Carbolite, HTC 16/8, U. K. high temperature furnace.  

 
Table 3: Chemical Analysis of Kiln Feed 

 
Sl No Oxide 

Composition  
Raw Mix 

(%) 
Coal Ash 

(%) 
1. LOI 35.06 0.2 
2. SiO2 13.15 62.5 
3. Al2O3 3.27 24.8 
4. Fe2O3 2.25 7.0 
5. CaO 42.94 1.0 
6. MgO 1.20 0.6 
7. Na2O 0.15 0.5 
8. K2O 0.85 0.7 
9 Cl 0.006 2.5 
10 LSF 101.90  
11 SM 2.38  
12 AM 1.45  

 



 
 

2.5  Chemical-mineralogical characterization of laboratory clinkers 
The chemical analysis of laboratory prepared clinker with and without SPL was carried out using 
Philips PW1660 XRF. Free lime of each clinker was determined volumetrically in accordance to 
Indian Standards IS:4032-1985 [8]. The fluoride content in clinker samples was determined by 
volumetric distillation method [1]. The results are given in table-4.  
 
3. Results & Discussion 
 
The chemical analysis of SPL given in table-1 shows significant loss on ignition i.e. 27.20% due to 
presence of carbonaceous content. The carbon containing compound comes from the cathode lining 
which is composed of prefabricated carbon blocks joined together with carbon paste. The silica, 
alumina and iron oxides are determined to be 9.20%, 5.3% and 1.6% respectively and are contributed 
by lining refractory material. Lime and magnesia are found below detectable limit while sodium & 
fluoride concentrations are determined significantly high. The silica alumina and iron are well satisfied 
the chemistry of raw mix but the addition of SPL restricted up to 2% only due to presence of 
significant sodium oxide in SPL and  significant alkali particularly potassium oxide are already found 
in the above raw mix.  

 
The x-ray diffractogram of SPL given in fig.1 indicates predominant presence of carbon, cryolite, 
sodium fluoride, potassium iron fluoride, fluorite and sodium carbide. The SPL is composed of carbon 
material comes from the cathode block and lining refractory materials. The loss on ignition is because 
of the carbonaceous material. SPL are impregnated with fluoride and sodium salts and contains 
impurities, particularly traces of cyanides.  
  

Li
n 

(C
ou

nt
s)

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500

2600

2700

2800

2900

3000

3100

3200

3300

3400

3500

3600

3700

3800

3900

4000

2-Theta - Scale
11 20 30 40 50

C

C=CARBON

K=POTASSIUM IRON FLUORIDE [K3FeF6]

CR=CRYOLITE [Na3AlF6]

V=VILLIAUMITE [NaF]

CR

CR

CR

CR
CR

C

CR

CR

CR

CR

CR

CR
D CR

CR

CRCR
CR

CR

CR

CR

F=FLUORITE [CaF2]

SPL

NA=SODIUM CARBIDE [Na2C2]

D=DAWSONITE [NaAlCO3(OH)2]

C

F
F

F

VK K

CR

CR CC

NA

NA

NA
NA

NA

D
D

D CR

CR
CR

K

 
 

Fig1.: X-ray diffraction pattern of SPL 
 
The calorific value of composite SPL sample was measured 1700Kcal/kg. The CV depends on the 
carbonaceous content in sample, which may vary with the percentage of refractory materials. The 
weight loss of SPL sample at different temperature is given in Fig. 2. The result shows significant 



 
 

weight loss above 600oC due to burning of carbon content. The volatile content of SPL is very less and 
carbonaceous content burnt at higher temperature which provides additional heat to system. 

 

 
 

Fig.2: Weight loss of SPL at different temperatures 
 
 
The chemical analysis of clinkers given in table-4 shows that the compounds present in the SPL like 
alumina, iron and alkali are well combined and provided additional flux to the clinkering system. Flux 
reduces the temperature of formation of liquid phase and raise the total phase content. The silica 
alumina and iron are well satisfied the chemistry of raw mix but the addition of SPL restricted up to 
2% only due to presence of significant sodium oxide in SPL and  significant alkali particularly 
potassium oxide are already present in the plant raw mix.  
   

Table 4: Chemical composition of clinker 
 

Parameter Clinker 1 
Control 

Clinker 2 
with 0.5% 

SPL 

Clinker 3 with 
1.0% SPL 

Clinker 4 with 
1.5% SPL 

Clinker 5 with 
2.0% SPL 

SiO2 22.15 22.12 22.09 22.07 22.04 
Al2O3 5.88 5.90 5.92 5.93 5.95 
Fe2O3 3.64 3.63 3.63 3.62 3.62 
CaO 64.10 63.78 63.46 63.14 62.81 
MgO 1.81 1.81 1.80 1.79 1.78 
Na2O 0.24 0.35 0.45 0.56 0.66 
K2O 1.29 1.29 1.29 1.28 1.28 
Cl 0.11 0.11 0.11 0.11 0.11 
F 0.00 0.06 0.14 0.20 0.28 
C3S 39.48 40.30 40.80 40.82 41.95 
C2S 33.72 31.78 32.57 32.47 31.54 
C3A 9.43 9.48 9.54 9.59 9.64 
C4AF 11.08 11.06 11.04 11.03 11.01 
Liquid 29.16 29.29 29.42 29.55 29.68 
Free CaO 1.9 1.4 0.99 0.69 0.12 

 
 
The variation of free lime in clinker with varying dosage of SPL is given fig.3 which shows that free 
lime decreases with increasing SPL percentage.  Lowest free lime  is  found in presence of  2% SPL.   



 
 

      
 

Fig.3: Variation of free lime in clinker 
with varying % of SPL 

Fig.4: Variation of free lime in clinker 
with varying % of SPL 

 
 
 
 
The decrease in free lime is attributed to mineralizing effect of SPL. It is well established that fluorine 
acts as mineraliser in clinkerization which reduces clinkering temperature and facilitates the oxides 
combination[2]. The fluoride present in SPL acted as mineraliser while burnt with cement raw mix and 
mineralizing effect was increases with increasing percentage of fluoride. The increase of C3S content 
in clinker with increasing addition of SPL confirmed its mineralising effect (Fig.4). The fluorine 
content was determined in clinker increases with increasing SPL (table-4) which indicates the 
absorption/entrapment of fluorine in clinker mineral phases.  
 
 
4. Conclusion 
 
The lab prepared clinker showed decrease in free lime in presence of SPL. The fluorine present in SPL 
acts as mineraliser and reduces the free lime in clinker substantially. The fluorine detected in clinker 
confirmed its assimilation as well as mineralizing effect and increases the C3S content in clinker. The 
carbonaceous content of SPL is well burnt at higher temperature and provides additional heat to the 
system. The results shows that upto 1.0% SPL can be easily used as raw mix component without 
affecting the quality of clinker. The utilization of SPL in cement manufacture not only offers saving of 
fuel and conventional raw material but also provides solution to environmental problem created by 
disposal of SPL in open area. 
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Abstract 
Multiscale modeling approach is becoming a promising technology to link the structure of materials at lower scale 
level with its properties at higher scale level. In the process of upscaling, the most important issue is the statistical 
reliability of information obtained at each scale level of the materials. Researchers in the field of computational 
mechanics tried to develop various methods to determine the RVE's size for mechanical parameters. However, 
researchers from the fields of materials often slide over this issue during the study of microstructure. Consequently, it 
brings the difficulty to guarantee the reliability of microstructural information obtained at specific scale level. In this 
condition, even the quantitative relationship between microstructure and macro-properties is developed, it cannot 
ensure the formula/model is correct because of the unreliable microstructure characterization.  To solve the problem, 
this paper expects to develop an approach on how to determine the critical minimum size of representative element for 
a microstructure parameter. Three common-used RVE criterions for macro-mechanical parameter in computational 
mechanics, i.e. Chi-square criterion, student t-test criterion, and coefficient of variation criterion, were collected and 
evaluated based on a microstrucutal parameter, solid volume fraction. Finally, it was found that coefficient of variation 
criterion could be the most suitable approach to determine the RVE’s size for microstructural study. In the future, 
people may use this criterion to further investigate the influence of the structure-sensitivity of various microstructural 
parameters on critical size of RVE. 
  
 
Originality 
Characterization of microstructure is an important step for building the relationship between microstructure and 
macro-behavior of materials. Most efforts in the literatures focused on qualitatively description of microstructure. Even 
for the researches which intended to quantify the microstructure, few people was concerned about how to guarantee the 
reliability of microstructural information at the given scale level. A reliable criterion is unavailable in the literature on 
how to check whether the sample size satisfies the minimum requirement of RVE. This paper presents a method to 
determine minimum size of RVE of sample for microstructural study and verify its reliability.  
 
Chief contributions 
Since the representative volume element is the base to obtain a reliable microstructure information, and no method on 
how to obtain the RVE’s size for microstructure study is available in the literature, this paper expects to develop an 
approach to determine critical size of representative volume element for characterizing parameter of microstructure in 
cementitious composites. Based on the comparison of the three ever-used methods (i.e. Chi-square criterion, student t-
test criterion, and coefficient of variation criterion) in the field of computational mechanics, a proper method is 
proposed as a criterion on how to determine RVE’s size for arbitrary microstructural parameter. In addition, the 
structure-sensitivity of various microstructural parameters can be analyzed via the approach developed above. And it 
further provides a reliable solution for the potential researchers who expect to build the quantitative relationship 
between microstructure and properties of material at different scale level. 
 
Keywords: Representative Volume Element(RVE),Microstructural Parameter, Structure-sensitivity. 
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1.INTRODUCTION 
 
Multiscale modeling approach is becoming a promising technology to link the structure of materials at 
lower scale level with its properties at high scale level (Maekawa et al., 2008; Schlangen et al., 2008). 
In the process of upscaling, the most important issue is the statistical reliability of information 
obtained at each scale level of the material. Researchers in the field of computational mechanics tried 
to develop various methods to determine the size of Representative Volume Element (RVE) or 
Representative Elementary Volume for mechanical parameters (Drugan et al., 1996; Ostoja-
Starzewski, 2002; Stroeven et al., 2004; Gitman et al., 2007). However, few people in the field of 
materials science and engineering considered this issue during the microstructural study (Stroeve et al., 
2001; Chen et al., 2008). Consequently, it is not easy to guarantee the reliability of microtructural 
information obtained at each specific scale level. In this condition, even the quantitative relationship 
between microstructure and macro-properties was developed, wrong conclusion could be derived 
based on such unreliable microstructural information. Therefore, this paper expects to develop a 
potential approach on how to determine the critical size of representative element for a specific 
structure parameter.  
 
 
2. GENERATION OF MODEL STRUCTURES 
 
Generally, two different methods available for obtaining value of a specific structure parameter, such 
as porosity. One is an experiment method, for instance quantitative image analysis via image obtained 
from polished sample by SEM; the other is an numerical modeling method. Since the common 
experiment method is expensive and time-consumable, this paper will use the numerical modeling 
method to explore a suitable criterion for determination of critical size of RVE. And the SPACE 
system (Stroeven, 1999) will be employed to generate the model structure of cement paste. To find the 
critical size of RVE, a cubic model structure with periodic boundary should be used for study. 
However, since our previous works (Chen et al. 2006, 2007, 2011) mostly focused on modeling the 
influence of ITZ on microstructure of concrete, and also because of the time limitation, the cubic 
model pastes both with semi-periodic boundary(Fig.1(a)) and with periodic boundary (Fig. 1(b)) will 
be concerned. And a series of samples are produced with fixed particle size distribution (PSD) of 
cement and w/c ratio but with a gradually increasing size. Setting b=0.005, n=1.766 in Rosin-Rammler 
function (Eq. (1)), and a diameter range of particles between 1m and 44m, this section generates 
two model pastes with w/c =0.30. They are denoted as “S160-53.6-0.30” and “S160-96.0-0.30”, 
respectively. In “S160-53.6.0-0.30”, “S” means semi-periodic-boundary; “160” indicates that the 
specific surface area of model cement is around 160m2/kg; “53.6” means that the side-length of the 
densified cubic model paste is 53.6m; “0.30” is w/c ratio of the densified model paste. Using the 
same way can explain the meanings of “S160-96.0-0.30”. Because the distribution of solid phase or 
porosity is a commonly-used parameter in the literature to characterize microstructure of ITZ or bulk 
paste, this contribution will also use solid phase fraction as a microstructural parameter of interest. 

                                     
(a) (b) 

Figure 1: Fresh model cement paste structure with semi-periodic boundary (a) and periodic boundary(b) 
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where, ( )VF d is the volume-based or mass-based cumulative probability, b and n are coefficient, d is 
the diameter of particle (m). 
Since generation of larger-size sample will cost much more computer time, to reduce time-cost, the 
following strategy will be adopted to obtain a sample with larger size: A certain number of samples 
with smaller size are put side by side to form a sample with larger size. Then a criterion as shown 
below is employed to check whether the larger sample is over the minimum RVE size. If not, much 
more number of smaller samples are put beside each other to form much larger sample, then check 
again till the size of larger sample exceeds the minimum RVE size. 
Therefore, certain type of criterion should be used to check whether the size of resulting structure is 
over the minimum RVE size. 
 
 
3. CRITERION ON DETERMINATION OF MINIMUM SIZE OF RVE 
 
In the field of mechanics, various types of approaches were introduced to determine the minimum 
RVE size in the literatures. Actually, these methods can be categorized into the following three classes: 
(1) Chi-Square Criterion (Gitman et al., 2007); (2) Student-t test Criterion (Stroeven et al., 2004); (3) 
Coefficient of Variation Criterion (Drugan et al. 1996, Ostoja-Starzewski, 2002; Bulsara et al., 1999). 
Before using them, it is necessary to check whether these approaches suitable for the microstructural 
parameters of interest in this paper. 
 
3.1 Chi-Square Criterion 
 
Chi-square test is often used to check whether the distribution of a parameter investigated is in 
agreement with the assumed distribution function. Gitman et al. (Gitman et al., 2007) firstly 
introduced Chi-square test method to determine the size of RVE for a given parameter (strength, 
elastic moduli). Its basic idea is shown in what follows. 
Assume that f is the parameter (such as strength, elastic moduli, volume fraction of solid) under 
investigation, fi is the result of a single sample, if  is the average result of n samples with the same 
size, the Chi-square value of investigated parameter based on n samples with same size can be express 
as: 
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Since all quantities (fi and if ) in Eq. (2a) is required to be dimensionless, fi and if in Eq. (2a) are 

normalized by if  and changed into: 
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Thus, conducting the same operation shown above on a certain number of samples with increased size, 
one will obtain the curve of Chi-square value versus size of sample. So the basic idea of this method is 
starting from the samples with smallest size, then taking the sample with size larger than the former 
one (for example two times larger than the former size), and so on, until Chi-square value from Eq. 
(2b) is less than the table value of Chi-squared coefficient for a given reliability coefficient 
(significance level) and the degree of freedom (DOF= number of samples with the same size - number 
of parameters - 1) of the parameters. 
This section plans to check whether the size of sample is large enough to obtain reliable information 
from the structure for a given parameter of interest.  



Hence, the following strategy will be adopted to obtain Chi-square value of sample with various sizes: 
(1) all sample’s size are 96.0m (denoted as “Sample 1”), then to calculate the Chi-square value based 
on such 10 samples; (2) put 2 model pastes with side-length 96.0m beside each other as a single 
sample (denoted as “Sample 2”), then to calculate the Chi-square value based on such kind of 10 
samples; (3) put 4 model pastes with side-length 96.0m side by side as a single sample (denoted as 
“Sample 4”), then to calculate the Chi-square value based on such kind of 10 samples. 
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Figure 2: Chi-square value of solid volume fraction for 
sample with various sizes 

Figure 3: Chi-square value of solid volume fraction for 
sample with various sizes 

 
Then serial analysis approach is employed to obtain the solid area fraction on the section plane as a 
function of the distance to the rigid boundary and each measurement is used as a single value for the 
2 curve. Based on the above approach, the Chi-square value of solid volume fraction in all section 
planes are shown in Fig.2. Since the cement in model paste follows Rosin-Rammler distribution which 
has two parameters, and the number of samples is 10; thus DOF=10-2-1=7. According to Chi-square 
table, the critical Chi-square value with 95% confident level is 2.167. It is much higher than the value 
occurred in Fig.2. Therefore, based on Chi-square criterion, the size of model paste “S160-96.0-0.30” 
is larger than the size of RVE for the parameter of “solid volume fraction”. In the literature, the 
widely accepted rule is that the minimum RVE linear size of the sample for structure-insensitive 
parameters is at least 3~5 time the maximum particle (or element) diameter (Freudenthal, 1950; 
Brown, 1965; Drugan et al.,1996; Stroeven et al., 2008). Here, the ratio of side-length of container 
(96.0m) to maximum diameter (38.0m) of cement particle is 2.53, less than 3. So it is suspectable 
whether “Chi-square criterion” suitable or not. In order to further verify the applicability of such 
criterion, the exactly identical operation is repeated on the model paste with smaller size, “S160-53.6-
0.30”. Final result is given in Fig.3. It can be found that the ratio of side-length of container (53.6m) 
to maximum diameter (36.0m) of cement particle is 1.49, much smaller than 3. Thus, the conclusion 
drawn based on Chi-square criterion violates the generally accepted rule on minimum RVE size. In 
other words, Chi-square criterion is not suitable for the case described in this paper.  
 

3.2 Student-t test criterion 
 
Student-t test criterion was firstly introduced by Stroeven et al. (Stroeven et al., 2004) to determine the 
size of RVE for a given mechanical parameter (strength, elastic moduli). Its basic idea is shown in 
what follows. 
Assume that the result of investigated physical quantity obtained from an infinite body is . The 
observed quantity xi obtained from each smaller sample is assumed to follow normal distribution with 
mean value  and standard error . Thus, the observed mean value x  obtained from the specimens 
with certain size will approach gradually to true value with increasing number of samples. If the 



number of samples, n, tends to infinite, the measured mean value represents the true value. In practice, 
the number of samples will be very far from infinite and thus the measured mean value x  will be an 
estimate of  and the measured standard error will be an estimate of standard error  of the population. 
It can be shown that the variable t of Eq. (3) processes a student’s t-distribution with (n-1) degree of 
freedom. 
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 Then, 1 2 1/ ( )t t n   indicates that the average value of sample is a good approximation of true value 
() of population according to the given significance level () and the present degree of freedom (n-1), 
where )1(2/1  nt   is determined from student t-distribution table. Or, equivalently,  will be within 
the interval 

        x x                                                                                                                                   (4) 
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This means that with the specified significance level , the average response x  of n samples will not 
deviate more than  from the response  of a ‘true’ infinite body. And one may also say that if n 
smaller samples are put side by side to for a single big sample, the response obtained from such single 
big sample will not deviate more than  from the true response of a infinite body. In this way, one is 
able to define the size of an RVE to be such that the response of an RVE (with a given significant 
level () will not deviate more than a certain percentage from the ‘true’ response of an infinite body. 
By setting  equal to a value that is considered to be an acceptable deviation from the true value, a 
relationship can be obtained between n and . For example, if a 5% deviation from  is considered 
acceptable,  will be set to  (see Eq. (4)), where  equals 0.025. And Eq. (5) can be rewritten 

as:
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It should be noted that )1(2/1  nt   is a function of the number of samples n as well as the significant 
level . Nevertheless, with an iterative procedure, the size of RVE could be obtained according to the 
minimum number of sample calculated from Eq. (6). 
Same as Chi-Square criterion, model paste “S160-96.0-0.30” is still used to check the valid of such 
kind of criterion. The size-increasing rule of bigger sample is exactly the same as that used in Chi-
Square criterion. Then serial analysis approach is employed to obtain the solid area fraction on the 
section plane as a function of the distance to the rigid boundary. For the sake of convenience, a 5% 
deviation from  is considered acceptable (i.e.  will be set to 0.025 x ,) and the significant level is set 
as 95%. The required number of samples for each section plane can be estimated based on Eq.(6). Its 
distribution curve through all section planes presented in Fig.4 (a). And over all section planes, the 
average value of required number of samples putting side beside each other is shown in Fig.4 (b). 
Fig.4 (b) indicates that the curve gradually tends to be constant with increasing number of samples. 
This constant is approximately equal to 12. At this moment, the ratio of required minimum side length 
of the RVE to maximum diameter of particle is 8.75, which is much larger than that of 3~5 times 
maximum diameter of particle. Therefore, for the parameter of solid volume fraction, it is not 



proper to using Student t-test as a criterion to determine the minimum size of RVE. Another 
criterion should be developed. 
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Figure 4: Verification of student t-test to determine minimum size of RVE based on 5 samples statistics 
 
3.3 Coefficient of variation criterion  
 
As mentioned at the beginning of Section 3, the third criterion is “Coefficient of Variation Criterion”. 
Its basic formula is: 

/d dCV x                                                                                                                                     (7) 
where, CV is coefficient of variation, d is standard error in a slice at position d, which can be 
expressed as: 
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where, N is the number of samples, xid is the testing value of a physical quantity in sample i at position 
d, dx  is the mean value of a physical quantity xid at position d. 

Its basic idea is that if the coefficient of variation of a physical quantity tested from a sample with 
certain size is lower than a specified threshold, such as 5%, then this size of such sample is considered 
larger than the minimum size of the RVE. Compared to “Chi-Square Criterion” and “Student t-test 
Criterion”, this criterion seems simpler. But, firstly, one must verify its validity. 
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Figure 5: Evolution of average coefficient of variation of solid volume fraction with size of sample 
If the critical coefficient of variation is set as 5%, then required number of samples that have to be put 
together for model pastes “S160-96.0-0.30” and “S160-53.6-0.30” are 3.73 (in Fig.5(a)) and 11.8 (in 
Fig.5 (b)), respectively. The ratios of side-length of model paste to maximum diameter of particle are 



4.9 for model paste “S160-96.0-0.30” and 5.1 for model paste “S160-53.6-0.30”, respectively. 
Apparently, the above results do not violate the rule of the thumb of RVE size for structure-
insensitive parameter. Therefore, the “coefficient of variation method” can be used as a criterion to 
determine the minimum size of RVE for the common-used microstructural parameter of solid volume 
fraction. 
 
 
5. CONCLUSIONS 
 
To obtain reliable information on microstructure, this paper discussed the issue on how to determine 
the minimum size of RVE. The following conclusions can be drawn: Chi-Square criterion and 
Student-t test criterion is not suitable to determine the minimum size of RVE for solid volume fraction, 
LA, and . However, the coefficient of variation criterion provides a proper approach to determine 
RVE size for the above microstructural parameters. 
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Abstract 
Steel and cement production are very demanding productive processes in terms of energy costs, gas emissions and 
waste generation. However, waste such as slag generated by blast furnace for pig iron production can be fruitful used 
to produce a well known type of cement (CEM III, blast furnace cement) where clinker content can be reduced up to 5 
wt%. In these last years, with the aim to lower the environmental pollution caused by blast furnaces, steel production 
has been addresses to the use of electric arc furnaces, which in their turn generate waste characteristic of the process. 
Usually, two main types of residues are obtained by electric arc furnace for steel production: black slag directly coming 
from the furnace and ladle slag coming from the steel refining process. In this work blended cement containing 25 wt% 
of ladle slag have been prepared. The promotion and use of blended cement is today encouraged as it usually means a 
lower production of clinker compared to the amount necessary to produce Portland cement. Moreover, a low clinker 
production can be envisaged as a minor exploitation of natural resources and less CO2 emissions in atmosphere. The 
possibility that ladle slag can be involved as active constituent in the hardening process of the new binder is here taken 
into account. Chemical-physical-mechanical parameters of the blended cement are reviewed, but the investigation here 
proposed is mainly focussed on the microstructure analysis of phases formed during curing time (up to 90 days). 
Measurements by mercury intrusion porosimeter (MIP) associated to electron microscopy observations with energy 
dispersive X-ray analysis (SEM-EDX) have been used to investigate the development of the microstructure during the 
curing time and to identify if traditional (such as C-S-H gel) or new phases are formed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Originality 
A microstructural study of mortar samples prepared with blended cement based on ladle slag is carried out with the 
aim to reach a good comprehension of ladle slag role in the hardening process and development of mortar mechanical 
strength. The subject of this contribute is addressed to the area of microstructure development and waste valorization. 
A discussion is carried out about which phases are formed during hardening process and their effects on mercury 
intrusion porosimeter data. The originality of the contribute is based on the preparation of an innovative and low 
environmental-impact blended cement and the knowledge of fundamental aspects such as hydration process occurring 
in the new blended cement. 
 
Chief contributions 
The knowledge of the microstructure changes occurring in a peculiar cement matrix during its curing period is the 
main contribution of this paper. The results here reported are important as they highlight that no deleterious reactions 
occur during the hardening process, thus allowing the use of ladle slag blended cement for the design of new 
conglomerates. This study can be considered a first step in the development of new eco-cements production as 
microstructure parameters, such as phase nature and distribution and/or porosity, are strictly related with the 
mechanical performances of the final products. 
 
Keywords: recycling, steel slag, blended cement, microstructure. 
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1. Introduction  

 

In cement production the use of constituents alternative to clinker is well assessed by European 

Standard EN 197-1 where calcium carbonate, pozzolan, blast furnace slag, fly-ash, silica fume, etc., 

are allowed to be added in different amount to clinker with the purpose to obtain cements with 

different characteristics. The introduction of these constituents can modify the microstructure of 

hardened cement paste, usually leading to cement matrix with a better resistance to environmental 

attacks. Keeping into account that clinker production has a severe impact on the environment caused 

by large consumption of natural raw materials, high temperature process (about 1500°C) and elevate 

amount of CO2 emission, all the supplementary constituents, which allow to low clinker content, can 

be considered extremely useful from the environmental point of view. Accordingly glass powders of 

different nature (Bignozzi et al., 2009; Bignozzi et al., 2010a; Shayan, 2006; Shi et al., 2005, Sobolev 

et al., 2007), municipal solid waste ash (Wang et al., 2001), rice husk ash (Ganesan et al., 2008), 

ceramic waste powders (Andreola et al., 2010), electric-arc furnace slag (Bignozzi et al., 2010b), etc. 

have been largely studied as cement new constituents. However, as far as concern electric-arc furnace 

slag, two different residues, which differ for chemical and mineralogical composition, can be collected 

and used in building construction industry. Electric-arc furnace black slag, produced in the furnace, 

usually does not exhibit hydraulic properties as rich in Fe-oxides, Fe-minerals and crystalline phases. 

A thermal treatment of very fine black slag has recently been proposed with the aim to promote 

hydraulic properties of this kind of waste (Muhmood et al., 2009). 

Ladle slag derives from the refining process that occurs to the steel produced in the electric arc 

furnace. Indeed, ladle slag has a very different composition from that of black slag: it is poorer of Fe-

oxides and richer in calcium, silica and aluminium minerals. Component such as γ−C2S, which can 

show hydraulic properties in alkaline environment, is normally determined (Shi, 2002; Shi, 2003). 

Ladle slag produced in an Italian steel plant has been recently used to set up a new blended cement 

constituted by 75 wt% of CEM I 52.5 R (ordinary Portland cement, OPC) and 25 wt% of ladle slag 

with an average size of 20 µm (Bignozzi et al., 2010b). The content of ladle slag was determined on 

the basis of the composition of CEM II/B type where the added constituent, such as limestone, 

pozzolan, granulated blast furnace, etc. usually ranges between 21-35%. The ladle slag based cement 

was characterized by a chemical, physical and mechanical point of view to check that the relevant 

limits, provided by EN 197-1 and 197-4, were fulfilled. The aim of this paper is to investigate the 

behavior of ladle slag based blended cement from the microstructure point of view. This approach can 

be considered a first step in the development of new eco-cements production, as microstructure 

parameters, such as phase nature and distribution and/or porosity, are strictly related with the 

mechanical performances of the final products. Using mercury intrusion porosimeter (MIP), scanning 

electron microscopy (SEM) and energy dispersive X-ray analysis (EDX), investigations have been 

carried out on microstructure parameters in mortar samples cured at different times. The results are 

here reported and discussed. 
 

2. Experimental 

 

2.1 Ladle slag 
A highly representative ladle slag sample was collected in the steel productive plant (Acciaieria di 

Rubiera SpA, Casalgrande, RE, Italy). Ladle slag, obtained in the steel refining process that occurs in 

the transport ladle, has a very fine size since its production. However, to be used as cement secondary 

constituent, the fraction > 0.106 mm (less than 6 wt%) was eliminated by sieving to obtain a grain size 

distribution closer to that one usually exhibited by ordinary Portland cement (OPC). The sieved 

sample, with an average size D50 = 20 µm, has been named LS. Figure 1 reports two images of the 

slag, before and after sieving treatment: the most part of the particles have angular shape and very few 

round small particles, mainly constituted by iron and calcium oxides, are present. 

Table 1 reports the compositional range, obtained by X-ray fluorescence (ARL ADVANT’X Series), 

determined by different sampling of LS. LS shows high contents of CaO, SiO2, Al2O3 and low Fe2O3, 



according to the process occurring in the ladle. Further, the elemental analysis (CE Instruments EA 

1110) indicates the presence of carbon in LS (%C = 1.93). After calcinations at 650°C the amount of 

carbon slightly decreases (%C = 1.83) confirming the presence of low amount of organic matter. After 

calcination at 1100°C, carbon disappears (%C = 0), thus indicating the presence of carbonates.  

The mineralogical composition of LS, determined by X-ray diffraction (Philips, PW3710) agrees with 

the chemical analysis reported (Figure 2). The crystalline phases identified are calcium-silicates, 

calcium-aluminates and calcium-aluminium-silicates as γ−C2S Ca2SiO4 Olivine (ICDD # 180-941), 

Ca2(Al(AlSi)O7) Gehlenite (ICDD # 174-1607), Ca12Al14O33 Mayenite, syn (ICDD #170-2144) and 

iron silicates as (Mg,Fe)2SiO4 Wadsleyite (ICDD # 37-415) and iron-magnesium-calcium-silicate 

(ICDD #172-1915). The characteristic peaks of Periclase, MgO, are present. Traces of CaS Oldhamite, 

coming from the desulfuration process, C3S 3CaO
.
SiO2, β−C2S Ca2SiO4, Ca(OH)2, calcium and 

magnesium carbonates, have also been determined. Considered the highly crystalline nature of LS, 

pozzolan test was not carried out. As elsewhere reported (Shi, 2003), γ−C2S is one of the main 

minerals in LS according to the transformation of β−C2S during the cooling process; such a conversion 

leads to an increase in volume (about 10%) thus resulting in the shattering of crystals into very fine 

powder.  

 

  
a) 

 
b) 

Figure 1: Images of as received ladle slag (a) and LS (b) 

 
Table 1: LS and OPC chemical analysis (oxide wt%) 

 

 

 
LS  (wt %) CEM I 52.5 R (wt %) 

Fe2O3 2 – 3  2-5 
MnO 0.05 – 0.50  - 

CaO 41 – 66  58-68 

K2O 0.04 – 0.2  ≤ 0.6 (Na+K) 

Al2O3 17 – 20   4-8 

P2O5 - - 

TiO2 0.04 – 0.2  - 

MgO 2.2 – 7.7  1-4 

SiO2 

 

20 - 25  16-26 

LOI (1100°C) 9.81 n.d. 

C% 1.95 n.d. 

C% @ 650°C 1.83 n.d. 

C% @ 1100°C 0.00 n.d. 
                            (n.d. : not determined) 



 
 
 

 
 

Figure 2: X-ray diffraction spectrum of LS (O = olivine, M = mayenite, G = gehlenite, W = wadsleyite,  
P = periclase) 

 

2.2 Cement 
Ordinary Portland cement CEM I 52.5 R (clinker content > 95% according to EN 197-1, Cemento 

Sacci SpA, Greve in Chianti, Florence, Italy) was used to prepare the investigated blended cement. 

CEM I has an average size D50 = 13 µm and its chemical composition range is reported in Table 1. 

The LS based blended cement was prepared by dry mixing 25 wt% of LS and 75 wt% of CEM I 52.5 

R, selecting the content of LS on the basis of compositional range of CEM II blended cement reported 

in EN 197-1. Mixing procedure was carried out in a mixer for 30 min to ensure a repeatable mix. 

Chemical, physical and mechanical parameters of LS blended cement are elsewhere reported 

(Bignozzi et al., 2010). 

2.3 Mortar samples preparation  
Silica sand with normalized grain size distribution according to EN 196-1 was used for mortar 

preparation. Mortar samples were mixed with a 1/3 binder/aggregate ratio and 1/2 water/binder ratio, 

following the procedure described in EN 196-1. 40x40x160 mm specimens were cast to investigate 

their mechanical properties (Bignozzi et al., 2010) and microstructure at different curing time (7, 28 

and 90 days). Curing conditions were T = 20 °C and R. H. > 90%. Mortar samples prepared with LS 

blended cement are named MLS followed by a number indicating curing time (e.g. MLS-7 means a 

mortar sample prepared with LS blended cement and cured for 7 days at 20 °C and R. H. > 90%).  
2.4 Microstructural characterization  
Pore size distribution measurements of mortar samples were carried out by a mercury intrusion 

porosimeter (MIP, Carlo Erba 2000) equipped with a macropore unit (Model 120, Fison Instruments). 

Porosimeter samples, about 1 cm
3
, were cut by a diamond saw, dried under vacuum and kept under 

P2O5 in a vacuum dry box till testing. Morphological investigations were carried out on fractured 

surfaces coated with gold by means of a electron scanning microscopy (ESEM QUANTA 200 FEI) 

equipped by EDX detector (Oxford INCA-350). Operating conditions were set at 20 kV; the vacuum 

condition was below 10
-4

 Torr. 
 

3. Results and Discussion 
 
Figure 3 reports the pore size distribution of MLS cured at 7, 28 and 90 days. The plotted curves 
highlight a decrease in pore size distribution and total open porosity with curing time for MLS-7 
and MLS-28, whereas a very slight difference is evident between the samples MLS-28 and MLS-90 



in the range 0.1-1 µm corresponding to the capillary porosity of cement paste, which 

significantly affects mechanical strength. According to MIP results, the compressive strength 

determined for MLS-28 and MLS-90 were 50.4 and 48.1 MPa, respectively (Bignozzi et al., 2010). 

 
Figure 3: Pore size distributions of MLS sample cured for 7, 28 and 90 days 

 

SEM observations and EDX analysis have been carried out on MLS samples with the aim to 
investigate if LS takes part in the formation of the binding matrix and if such a matrix have the 
same composition of C-S-H usually determined in OPC. Figure 4 reports two images of MLS-28 
with two different enlargements. In Figure 4a, it can be observed a very compact microstructure 
where the binding matrix adheres to a sand aggregate, covering it partially. Figure 4b shows the 
surface of a LS particle in the binding matrix: the particle is to some extent consumed and its 
shape has changed (from angular to round contours), thus indicating that LS is active in the 
matrix formation. Figure 5 reports an image of the hydration products of MLS-28 at very high 
enlargement (5000X) and relevant EDX analysis. It can be observed a peculiar morphology of the 
matrix constituted by a spongy gel from which very thin needles are growing; moreover the 
section of polygonal shape crystals of Ca(OH)2 are clearly visible on the right. EDX of the two 
areas are reported and in both cases Ca, Si, Al and C are detected. It is well known that the C-S-H 
gel present in hardened pastes of OPC generally has a mean a Ca/Si ratio of 1.75 (Richardson, 
1999), however this ratio can be reduced if supplementary cementing materials rich in silica, such 
as pozzolan, silica fume and fly ash, are added to OPC (Richardson, 2008).  

a) b) 
Figure 4: Images of MLS-28: sand aggregate embedded in LS-cement matrix (a); a reacting LS (b). 



 b) 

 
a)  c) 

Figure 5: Images of MLS-28: enlargement of LS-matrix (a);  
EDX spectrum of area 1 (b); EDX spectrum of area 2 (c) 

 

Areas 1 and 2 exhibit Ca/Si ratio of 3.1 and 10.0, respectively, low content of Al (0.5-0.6%) and 

considerable amount of carbon (≈ 8-9%). The results of EDX analysis can suggest that a calcium-

rich gel is formed thanks to the direct participation of LS, which is rich in CaO. According to the 
literature (Muhmood et al., 2009), the calcium present in the slag in combined form can be 
released in aqueous and alkaline medium as Ca

2+
, which can be involved in the formation of a new 

C-S-H gel and/or forms CaCO3 thank to the presence of water and atmospheric CO2.  
Figure 6 reports an image of MLS-90 sample. EDX analysis carried out on two different areas 
exhibit very similar spectra, with evidence of major content of Ca, Si, Al, and traces of Mg, Fe 
and S. As for MLS-28, MLS-90 microstructure is compact and adherent on sand aggregate (below 
on the left side).  
 

 
b) 

a) 
 

c) 
Figure 6: Images of MLS-90: enlargement of LS-matrix (a); EDX spectrum of area 1 (b); EDX spectrum  of area 

2 (c) 
 
Carbon content is about 6% in both the investigated areas, thus suggesting that the carbonation 
process is not increased with curing time as it could be expected. Moreover, in the delimited area 



(about 25x25 µm
2
) particles of LS are not discernible according to their size reduction caused by a 

dissolving/reacting process activated by the cement alkaline environment. 
 

4. Conclusions 

From the experimental investigations carried out, the conclusions can be as follow: 

- LS based blended cement fulfils the chemical-physical-mechanical requirements set by EN 

197-1, however LS addition does not have a direct effect on the mechanical properties of the 

binder as long as the curing time increases (up to 90 days). 

- MIP results exhibit a very similar pore size distribution for MLS-28 and MLS-90, thus 

confirming the compressive strength data. 

- SEM and EDX analysis have shown that LS particles change their shape and are consumed 

with curing time. The alkaline environment of mortar samples seems to be able to activate a 

dissolution process of LS, thus allowing Ca
2+

 ions to participate to the formation of a new 

hydration product and/or calcium carbonate. However, both these phases appear to have a not 

direct consequence on the binder mechanical strength. 
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Abstract 
The valorization of solid waste has been explored by the cement industry due to its ability to deal with large 
amounts of materials and, in many cases, quite easily. Thus, the aim of this study was to assess the potential use 
of a pulp paper sludge (lime-mud) in mortars guided by its rheological performance and to evaluate the 
advantages and drawbacks of incorporating this pulp and paper industrial solid waste, generated on a large 
scale. This sector is also a large tonnage one and wastes are generated in huge amounts. Promoting the 
cooperation between these two large production sectors can be a good strategy in terms of waste management. 
In this work, lime-mud was characterized and tested as mortars aggregate up to 30 wt % of cement weight. The 
waste natural characteristics mainly moisture was kept, avoiding pre-treatment associated costs. Lime-mud 
parameters as particle size distribution, pozzolanicity, composition was determined. The best waste content in 
mortars formulations was determined by the flow table and the rheological behavior. It was possible to assess 
the mortars behavior according to rheological parameters as well as mechanical strength and other physical 
and mineralogical mortars properties. The study concluded that lime-mud has a potential to be used as mortars 
aggregate material. 
 
Originality 
This work presents a study for different waste content representing a solution of waste valorization, presented 
with a competitive analysis regarding the several ways to incorporate this cellulose plant sludge into mortars 
production. Cement related manufacturing is regarded as a sustainable solution for the disposal of this type of 
industrial waste. The relation and impact on several properties in the mortars fresh and hardened state features 
are evaluated but, the performance evaluation in terms of rheology is particularly emphasized. 
 
Chief contributions  
This work results in a solid and sustainable alternative to use pulp and the paper wastes in the cement industry. 
It also contributes for the replacement of non-renewable natural raw materials, which will largely reduce 
associated costs but will also promote crossed-sector waste recovery, generated in large quantities, 
emphasizing the environmental contribution of the cement industry for a sustainable waste management. 
 
Keywords: lime-mud, waste, cement, mortar, rheology.  
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1. INTRODUCTION 

In recent years, the environmental damage and the wastes generated from industrial activity, increased 
significantly worldwide. Thus, the raw natural materials have become scarce and the adverse impacts 
on the environment are visible [Binici H. et al, 2008; UMTC, 1995; OECD, 1997]. Large amounts of 
industrial wastes have been stabilized with cement or used as an additive material in cement related 
manufacturing sector [Batchelor B. et al, 2006; Monte M.C. et al, 2009; Mohr BJ, et al, 2005; Eroglu 
H., 2003]. Waste handling is a concern in pulp and paper mills as well as in all industrial plants 
[Eroglu H. et al, 2006]. Alternative ecological and economic waste recovery techniques have been 
developed and implemented in pulp and paper industry due to the increase in amount of waste and the 
pressure from the environmental movements in the last decade [Eroglu H et al, 2007]. Portugal 
produces around 800.000 tons of solid wastes per year in pulp and paper mills, with most of them 
going to controlled landfills disposal. Best available techniques for reducing waste are to minimize the 
generation of solid waste or to reuse these materials, whenever practicable [Hassani A. et al, 2005]. 
Lime-mud is a solid waste from pulp and paper kraft mill chemical recovery unit and is mainly 
composed by calcium carbonate, small amount of magnesium carbonate and other trace minerals 
[Gaskin J, 2004]. Some uses for lime-mud, such as incorporating in bricks, cement and roads could be 
good alternatives to drain huge amounts of this solid waste. Eroglu (2006) tested lime-mud as soil 
stabilization of forest. The obtained results showed that forest roads that deform on environmental 
effects and excess loading could be stabilized and maintained by using lime-mud. In another work, 
lime-mud was tested as additive in composite cement and the results confirmed it as a potential by-
product for this application [Eroglu H. et al, 2007]. Flow table is a traditional method to determine the 
workability of mortars. Although it is easy to use and widespread around the world, this technique 
does not measure the yield stress and plastic viscosity separately, which are important parameters to 
define the rheological behavior of mortars [Senff L. et al, 2009]. For that reason, rheometer has been 
used for this purpose. In addition, rheometer allows to measures the rheological parameters using 
distinct shear rates and the Bingham model is one the most common model used to define the 
rheological parameters. 
τ = τo + µpγ                                                                                                                                            (1) 
 where τ (Pa) is the shear stress, τo (Pa) is the yield stress, µp (Pa s) is the plastic viscosity and γ (s-1) is 
the shear rate. Some rheometers measures torque (T) as a function of rotational speed (N) then the 
Bingham model equation has been also expressed as following:  
T = g + hN                                                                                                                                             (2) 
where g (N mm) and h (N mm min) are directly proportional to the yield stress and plastic viscosity 
respectively. Therefore, the purpose of this paper is formulating mortars with lime-mud (up to 30%) 
with the help of rheological evaluation. Additionally, the heat of hydration and the mechanical 
strength up to 90 days of curing were also determined.  
 

2. EXPERIMENTAL 
 

2.1. MATERIALS 

The ordinary Portland cement used in this study was a CEM II 32.5 R type, while lime-mud was 
collected in Portucel (a paper pulp mill in Aveiro, Portugal). Portland cement has an average particle 
size of 14 µm and a Blaine fineness of 0.47m2/g, while lime-mud (LC) has a particle size distribution 
between 1 to 42 µm (average 15.9 µm) and a surface area of 0.82 m2/g (BET). The chemical 
composition data (determined by X-ray fluorescence spectroscopy) of Portland cement (PC) and lime-
mud (LC) are illustrated in Table 1. The sand used as aggregate has a particle size distribution 
between 300 to 1350 µm with an average size of 830 µm. 
 



  

2.2. MORTARS COMPOSITION AND TESTING PROCEDURES   

Mortars using different amounts of lime-mud (0, 10, 20 and 30 %) were produced and tested (Table 
2). Lime-mud was used in its natural condition, as-received from the paper pulp mill, with an amount 
of water of 34%. This LC water was discounted from nominal water content used to produce the 
mortars. Mortars samples were produced for rheology, flow table and compressive strength tests. A 
set of compositions were determined through rheology and flow table measurements, assuring that all 
the samples exhibited an adequate condition to test in both equipments. In this way, it was possible to 
obtain a complete characterization of their fresh state.  
The procedures used to prepare the formulations included: (i) placing lime-mud into the water; (ii) 
mixing for 1 min at a low rotation speed of 60 rpm; (iii) stopping for 1 min; (iv) mixing again for 1 
min at a higher rotation speed (120 rpm). A rheometer (Viskomat PC model) was used to measure the 
rheological behaviour of fresh mortars, using a maximum speed rotation (100 rpm) and 60 minutes of 
total test time. The workability of mortars was measured through the “spread diameter” on flow table, 
according to EN 1015-3:1999. For the mechanical test, mortars specimens with 40 × 40 × 160 mm 
were produced and tested after 28 and 90 days curing, according to EN 1015-11:1999. Apparent 
porosity was also determined by the immersion technique.  
 

Table 1. Chemical composition of Portland cement (PC) and lime-mud (LC). 

Constituents (%) LC PC

Moisture 34 <1
SiO2 a 15.4

Al2O3 0.2 3.8
Fe2O3 T 0.1 2.4

MgO 0.5 1.4
CaO 72.5 58.5
Na2O 1.3 NQ**
K2O 0.1 NQ**
P2O5 0.9 NQ**

L.O.I. 24.5 NQ**
Pozzolanicity* 1010 NQ**

* mg of fixed Ca(OH)2 /g of pozzolan;** Not Quantified; “a” (absent);
 

 
Table 2 Mortars formulations. 

Cement Sand Water
Lime-mud (LC 

dry base)
Super 

Plastisizer
 Aggregate / 

Cement
(LC/Cement/      

Sand)
% mixture fineness 

(<0,075mm)

Formulation %

REF 445 1335 276 0 3,16 3,00 : 1 0 / 25 / 75 23,3

LC10% 445 1335 276 45 3,16 3,12 : 1 2 / 24 / 73 25,9

LC20% 445 1335 276 89 3,16 3,16 : 1 5 / 24 / 71 27,1

LC30% 445 1335 276 134 3,16 3,35 : 1 7 / 23 / 70 29,9

(g)

 

 

 
3. RESULTS AND DISCUSSION 
 

3.1. RHEOLOGY AND FLOW TABLE MEASUREMENTS 

The rheological evaluation shows that the addition of this waste (LC) significantly modifies the values 
of plastic viscosity and yield stress (Figure 1). In general, the presence of fine particles, such as LC 
(Table 2), contributes to the reduction of the free water available and the workability of mortars 
decreases, while the opposite effect is observed in relation to the cohesiveness and the rheological 



  

parameters (viscosity and yield stress increase). The workability reduction is also illustrated in flow 
table results presented in Figure 2. 
 

 

Figure 1. Plastic viscosity and yield stress of mortars with lime-mud. 
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Figure 2. Flow table mortars results. 

The surface area wetability can be appointed as one of the factors for such behaviour. If the dosage of 
water is kept constant and no super-plasticizers is used, the suspension becomes less fluid and 
naturally the accuracy of the adjustment by the Bingham model becomes poorer earlier. In this work a 
fixed amount of this admixture was used. In this way, the rheology can be appointed as the main 
responsible for limiting the maximum dosage of LC in the formulations. On the other hand, highly 
fluid mortars are difficult to be measured in the flow table. The use of flow table and rheometer 
showed that such techniques differ in relation to the minimum plasticity required. Although the 
maximum content of LC was limited, this methodology also allowed a detailed characterization of 
mortars in the fresh state. The yield stress increased with time and with the dosage of LC. In relation 
to the reference (REF) mortars, the formulation with LC10% increased ~ 20% (0 min) and ~32% 
(60min), while LC20% increases 47% and 55% and LC30% increases 76% and 106%, respectively. 
This suggests an intense structure formation during the test. After 5 min, the raise rate of yield stress, 



  

compared to REF samples, became more noticeable, suggesting that the applied shear rate was not 
enough to breakdown the structure formation. On the other hand, the plastic viscosity did not change 
noticeable after 5 to 10 minutes of test. For these reasons, the yield stress is the rheological parameter 
that suffers the highest influence of LC addition along the test. In general, the workability decreased 
when LC was added in the mixtures.  
 

3.2. APPARENT POROSITY  

The samples apparent porosity decreased gradually from 28 to 90 days as expected. The influence of 
lime-mud fine particles is evident (Figure 3). LC30% apparent porosity decreased around 6% 
compared to REF mortars. The fine particles addition in cement based materials could have 
contributed to fill the mortars spaces (filler effect). LC 30% mortar has around 25% more fine 
particles than REF sample (Table 2). This characteristic reflects on a mortar voids decrease around 
5%. Comparing the evolution from 28 to 90 days curing, REF mortar voids were reduced by 14% 
while LC30% only by 10%. The filler effect could have contributed to these results.  
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Figure 3. Ref and lime-mud porosity mortars results. 
 

Table 3 presents the X-ray diffraction results interpretation. SiO2 represents the predominant phase in all 
mortars samples (REF and LC10, 20 and 30%). According to the DRX results (Figure 4), the lime-mud addition 
did not influence the LCmortars in terms of crystalline structures formation when compared to REF. 
 

Table 3. DRX mortars results interpretation. 

Control LC10% LC20% LC30%

Q Quartz SiO2 ++++ ++++ ++++ ++++

C Calcite CaCO3 +++ +++ +++ +++

P Portlandite Ca(OH)2 +++ +++ +++ +++

A Siderophyllite K(Fe2.178Al0.822)Al2Si2O10(OH)2 + + + +

Samples 
Molecular formula

Identified crystaline 
phases

Legend: ++++ (predominant); +++ (high proportion); + (weak proportion).  
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Figure 4. DRX mortars results. 

 
3.3. FLEXURAL STRENGTH AND COMPRESSIVE STRENGTH 

In general, the flexural strength of mortars (28 and 90 days) did not show any significant difference 
between the studied compositions with or without LC (Figure 4) and it shows the expected increase 
with curing time (28 to 90 days). At the most, the compressive strength of LC samples increased only 
8% compared to REF mortar (at 28 days). In case of LC-containing mortar samples at 28 and 90 days, 
both flexural and compressive mechanical strengths did not decrease when compared to REF mortars. 
This means that besides a filler effect, with the resulting compaction of the matrix, an effect 
associated with binder type behaviour may be happening due to the LC inside the matrix, since no 
strength decrease was observed although the cement content is being reduced by substitution with LC. 
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Figure 5. Flexural and compressive strength of mortar with 28 and 90 days after curing. 



  

4. CONCLUSIONS 
 
The rheological test limited the lime-mud addition in these mortars to 30%. The yield stress increased 
with this waste content and along the test time. The plastic viscosity did not showed noticeable change 
after the first 10 minutes of test, showing that the yield stress is the rheological parameter that suffers 
the highest influence of LC incorporation. The mortars workability with 30% of lime-mud decreased 
about 15% in relation to the REF mortar on flow table test. Mortars mechanical strength was not 
influenced significantly by lime-mud addition indicating that, apart from a filler effect, LC could also 
present a binder type effect on the mortars.  
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Abstract 
This research evaluates the influence of nano-silica addition on the rheological properties of cement pastes made with 

high early strength cement, using 0.30 water to binder ratio (wt.), 7 wt% of silica fume in relation to cement and 0.5, 

0.75 and 1 wt% of sodium polycarboxylate based superplasticizer in relation to binder. The nano-silica used has an 

average diameter of 80 nm and was added in the proportions of 0, 0.33, 0.66, 1.00 and 2.00 wt%. The rheological 

parameters were determined at 8 min and after every 30 min during the first 1.5 h hydration, using a rotational coaxial 

cylinder viscometer and the squeeze flow technique. Early age heat of hydration was determined with an isothermal 

calorimeter. The results showed that flow curves are satisfactorily represented by the Herschel−Bulkley rheological 

model. Yield stresses and plastic and extensional viscosities increase in a nonlinear fashion with the increase of nano-

silica contents in the pastes, particularly with the lowest dosage of superplasticizer. On the other hand, heat 

development at the early age was not significantly affected, so that the rheological behaviour observed up to 1.5 h were 

the result of physical rather than chemical changes imposed by incorporation of nano-silica into the cement pastes. 

Particle packing is believed to be the primary cause for the observed changes in the rheological properties observed up 

to 1.5 h hydration.  

 

Originality 
This paper seeks a better characterization and understanding of changes on rheological properties imposed by the 

incorporation of nano-silica in Portland cement based materials. The performed factorial design testing program 

allowed the determination of the effects of incorporating different amounts of nano-silica and polycarboxylic acid-

based superplasticizer on the rheological properties and early age heat of hydration on cement pastes. The results 

indicate that physical changes associated with particle packing could be the most significant cause for the observed 

rheological behaviour. Nevertheless, the rheological properties are not linearly affected either by nano-silica or by 

superplasticizer contents.  
 

Chief contributions 
This paper reports part of the research program to develop nanostructured cement pastes and mortars for production 

of thin construction boards. The research brings information on the rheological behavior of cement pastes produced 

with the addition of nano-silica, analysing different nS, SF, SP content and water/binder relation using both rotational 

and squeeze flow rheometry, in order to obtain a high performance paste with satisfactory fluidity.  

 

Keywords: nano-silica, cement, superplasticizer, rheology, heat of hydration. 
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Introduction 
 

Among the different mineral additions used on cement mixtures, silica fume (SF) offers benefits such 

as enhancement of mechanical strength, reduction of permeability and increase of durability. A 

nanosized amorphous silica with more than 99% purity (nano-silica, nS) has been used successfully in 

different matrix types, mainly polymeric matrices, in the last decades (Chen et al., 2005; Rubio et al., 

2005; Sun et al., 2005). Recently nS was added to cement pastes and mortars so the theoretical 

benefits of the use of nanosized particles can be obtained. It’s known that nS react with calcite on a 

similar way that SF, which contributes to improve mechanical properties and durability of Portland 

cement pastes. Additionally nS contribute to increase particle-packing of the system mainly when 

associated to SF. Senff (2009a) analysed the effects of nS addition on pastes and mortars with SF and 

superplasticizer and observed a variation on the rheological and hardened state properties of the 

mixtures caused by nS presence. The rheological changes were more expressive to nS addition in 

comparison to SF addition, and the alteration of yield stress is higher than that occurred on viscosity. 

He concluded also that the superplasticizer content is essential to assure a correct workability of the 

mixtures analysed (Senff, 2009b). This work brings rheological information about similar pastes, but 

with lower water to cement ratio, which permit obtain high performance pastes. New SP and nS 

content were used in order to reach either satisfactory fluidity. 

This paper is part of a research program to develop high performance cement pastes with nanometric 

materials for production of cement-based boards with thickness of a few millimeters. It analyses the 

rheological behavior and heat development of cement pastes produced with nS addition in the first 90 

min hydration using a factorial design testing program of different amounts of nS and polycarboxylic 

acid-based superplasticizer (SP). 
 

 

Materials and methods 
 

Cement pastes were obtained with 0.3 water to binder relation, using a high early strength Portland 

cement (type CP V – ARI, Votorantim, similar to ASTM C150 Type I cement) with less than 5 wt% 

mineral addition, 4900 cm²/g Blaine fineness, initial and final setting times of 195 and 270 min, 

respectively. A densified silica fume (SF, Elkem, 500-700 kg/m
3
 bulk density) was added to cement 

(7 wt% in relation to cement). The superplasticizer (SP, Glenium 51, BASF) was a sodium 

polycarboxylic based one, with 28.5-31.5 wt% solid materials, added to the mixture at 0.5, 0.75 and 

1.00 wt% in relation to binder. The powered amorphous nano-silica (nS, Nanostructured and 

Amorphous Materials) with 80 nm average particle size, 99.5% purity and 440 m²/g was incorporated 

into the matrix (0.1, 0.2, 0.3 and 0.5 wt% in relation to cement). Mixtures without nS were done to act 

as a reference in the rheology analysis.   

In order to obtain a good homogeneity of the pastes, the additive was added first into water and then 

the solids were incorporated. The materials were manually mixed during two min before analysis. 

 

 

1. Rheometry by rotacional viscometer 
 

Rheological measurements were carried out in a viscometer (Thermo Haake VT550) with a SV2 

coaxial cylinder geometry. The tests started when the samples had 3.5 min hydration, by linearly 

increasing the shear rate from zero to 150 s-1 during 60 s and maintaining it at 150s-1. At 8, 30, 60 and 

90 min hydration the shear rate changed from 150 s-1 to 0 in a 60 s ramp and immediately started to 

return to 150 s
-1

 after 60 s. The mixtures were under mixing during the intervals between 

measurements to avoid segregation of the constituent materials. The maximum shear rate applied, 

150 s-1, is a typical value representing usual applications. 

 

 



2. Rheometry by squeeze-flow 
 

The squeeze-flow method was alternatively used to evaluate the rheological properties of the pastes in 

the same ages analysed on viscometer. A piston with 25 mm diameter penetrated at 0.1 mm/s in a 

space restricted mass with 10 cm diameter and 10 mm height until a 5 mm displacement was reached 

(Instron, 1 kN load cell). Because of the high fluidity of the pastes studied, due to SP, the mould 

wasn’t removed and a seal was used to avoid paste loss during the test.     
 

 

3. Isothermal Calorimetry 
 

Calorimetric measurements were performed (TAM AIR Isothermal Calorimeter, TA Instruments) 

after the end of the mixture process, and continued for 30 h. The specific heat flow was calculated in 

relation to the reactive materials in the pastes (cement + nS + SF).  
 

 

Results 
 

1. Rotational Viscometer  
 

The descending portions of the rheological curves (shear stress x shear rate) were fit by Bingham (B) 

and Herschel-Bulkley (HB) models. Nevertheless, B model returned negative values of yield stress for 

the majority of the paste compositions. Considering this inconsistence, the rheological parameters of 

pastes were obtained only with the HB model (Eq. 1): 

τ = τ0 + k γ& n  (1) 

where τ is the shear stress (Pa), τ0 is the yield stress (Pa), γ&  is the shear rate (s
-1

), k is the consistency 

index and n is the flow behavior index (ACI, 2008). 

Alternatively a modified B model proposed by de Larrard et al. (1998) was also used (Eq. 2): 
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where µ’ is the plastic viscosity (Pa.s), maxγ&  is the maximum shear rate reached in the test (in this 

case, 150 s
-1

). Viscometer results are shown in  

Figure 1, for each hydration time, namely 8, 30, 60 and 90 min grouped according to SP contents.  

 

 

2. Squeeze-flow 

 

The yield stress values were obtained from the load vs. displacement curve, at the point where there is 

a first change on the curve slope. This point represents the moment of loading when the elastic 

regimen changes to a plastic flow. The extensional viscosity (ηB) was obtained with the Eq. 3 from the 

point of maximum strength, which generally corresponded to the point of maximum displacement. 

(Steffe, 1996) 
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where σB is the sample stress (Pa), ε&  is the extensional strain rate (s), F is the load applied (N), h0 is 
the sample initial height (m), v (m.s

-1
) and R (m) are the piston displacement speed and its ratio, and t 

(s) is the time analyzed. The yield stress and the extensional viscosity are summarized in Figure 2. 

 



 

 
 

Figure 1: Viscosity (top) and yield stress (bottom) obtained from rotational viscometer 

 

 

 
 

Figure 2: Extensional viscosity (top) and yield stress (bottom) obtained from squeeze-flow test 



3. Calorimetry 

 
The heat development of the mixtures is shown in Figure 3, expressed by the specific heat flow 

curves. 
 

 

 

Figure 3: Heat development of mixtures for different superplasticizer content: 0.5 wt% (top left), 0.75 wt% (top 

right) and 1.00 wt% (bottom). 

 

 

Discussion 
 

The rheological behavior obtained with the rotational viscometer showed that the hysteresis areas are 

negligible, in part because the fluid was kept moving between the measurements. Pastes with 0.5 wt% 

SP showed a Binghamianian behaviour,  while a shear thickening behaviour with lower yield stress 

was observed for the pastes with higher dosages of SP. Both viscometer and squeeze-flow results 

show clearly that the SP saturation content to the pastes studied is between 0.5 and 0.75 wt%. So, 

although the rheological parameters of pastes with 1.00 wt% SP permit mould slim boards, the 0.75 

wt% SP is an economical option because it gives almost the same rheological properties. For saturated 

SP content (>0.5 wt% SP), the viscosity values were higher at 8 min for the majority of the pastes 

analyzed, what indicates that after the clusters breakage the pastes keep high fluidity properties. This 

fact suggests that interparticle distance separation (IDS) obtained on a saturated SP content system 

could prevent particle re-agglomeration along the first 1.5 h of hydration. It is observed that all the 

rheology measurements were made before the dormant period started, which happens after 90 min. In 

this case, the initial dissolution and precipitation of the cement components in the mixtures, rather 

than chemical changes associated with setting, are responsible for the verified rheological properties 

of the pastes. In addition, yield stress (YS) increased slightly with the age of the pastes, suggesting 

that ionic dissolution during the first 1.5 h increases the liquid phase viscosity and hinders the 

particles relative movement.  

 

The results with squeeze flow rheometry indicate that higher SP contents cause yield stress to be 

smaller, but a non-linear variation of the parameters with the SP or nS content is observed. As with 

rotational viscometer results, squeeze-flow data suggest that the saturation of SP content is between 

0.5 and 0.75 wt% for the pastes studied. 

 

Isotherm calorimetry results indicate a decrease of dormant period at higher nS content and an 

increase at higher SP concentration. SP action inhibits the nS action as a nucleation point to C-S-H 

hydration reactions. In addition, both nS and SP content influenced the hydration reaction rate at the 

same magnitude. 

 



Conclusions 
 

Rotational viscometer presented higher rheological parameter values than squeeze flow rheometry, 

but they showed a same behavior tendency of the pastes with component contents changes. It is clear 

that there is a non-linear variation of the rheology parameters with SP and nS content, and that the SP 

saturation is around 0.75 wt%. Viscometer results showed that the YS was relatively low mainly for 

0.75 and 1.00 wt% SP, and the viscosity decreased with time until 1.5 h, which show a better additive 

action after higher mixing time for this SP concentrations. For 0.5 wt% SP it did not happen, and its 

values reached 10 times the values for the others SP concentrations.  

 

Changes imposed to nS and SP contents implied changes on dormant period duration of the pastes on 

a similar magnitude. So, saturation on SP concentration permit uses high nS content without 

significant changes on the dormant period. 
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Abstract 

The natural tendency of cement to agglomerate results in a heterogeneous microstructure where the cement 

particles are in direct contact and the water is entrapped in the agglomerates. The flowability and mechanical 

properties of the cementitious system are negatively affected. Strong polyelectrolytes are able to disperse the 

cement particles, improving the workability, minimizing the friction forces and, consequently, increasing the 

hydrated cement surface area. However, there are another applications where flocculants are needed, thus 

resulting in a stiffer structure with reduced plasticity during the sheet conformation. In order to associate the 

advantages of dispersed systems with the flocculated structure, this paper proposes a novel sequential 

dispersion-flocculation mechanism, where the particles are previously dispersed before the addition of the 

flocculant. Four water-reducing admixtures were evaluated (melamine, naphthalene, polycarboxylate and 

polyacrylate) and three polyacrylamide flocculants (anionic, cationic and non-ionic). The results showed that 

even with superplasticizers, the addition of flocculants increases the cohesion phenomenon (elastic modulus 

(G’) increases with time) but without a loss of plasticity, the final loads during squeeze-flow tests being lower 

than those for the reference paste.  

 

ORIGINALITY: The agglomeration of cement particles plays a predominant role in the direct interparticle 

contact, low flowability, heterogeneous structure, microstructural defects, and a low level of contact between 

the cement surface and water. These problems can be solved by adding water-reducing additives, but in some 

cases the particles cannot be fully dispersed. Thus, this paper proposes a new mechanism, the sequential 

dispersion-flocculation mechanism, which makes it possible to disperse the particles and flocculate them as 

required. 

 

CHIEF CONTRIBUTIONS: The new flocculation mechanism proposed in this paper, named sequential 

dispersion-flocculation, could be applied to improve applications other than fiber-cement materials such as: 

shotcrete, widely used as a rock support in mines and in civil engineering projects, by controlling the rebounds 

through flocculant addition during the application; extruded and sprayed materials, by preventing the direct 

interparticle contact and friction forces; and in self-compacting concrete it could reduce the formwork costs, 

decreasing the hydrostatic concrete pressure by flocculating the material inside the mold. 

 

1. INTRODUCTION 

Cement particles in contact with water result in a naturally agglomerated structure due to two well-

known simultaneous processes: dissolution and precipitation; and also to the physical phenomena 

(agglomeration and coagulation), according Betioli et al. (2007), which results in a three-dimensional 

network structure (Jian, Mutin, Nonat, 1995; 1996). This network occurs as a result of the oppositely-

charged surfaces (Yoshioka et al., 2002); the high ionic strength of the medium (Nachbaur et al., 

1998) and the presence of hydrated cement products (Tattersall and Banfill cited by Schultz and 

Struble, 1993). All these forces contribute to the particle agglomeration phenomenon. 

The agglomeration causes direct contact between cement particles which results in a low fluidity 

(explained by frictional forces), a heterogeneous structure and microstructural defects, and also 

reduces the cement surface area directly in contact with the water. In general, these problems are 

minimized with the addition of a superplasticizer, which can disperse the cement particles due to 

steric hindrance as well as electrostatic repulsion forces (Rixom, Mailvaganam, 1999). Despite the 

high fluidity, the dispersed materials present low cohesion, which can cause concrete segregation, an 

undesirable factor for some applications, for instance, in shotcrete, self-compacting concrete, and 

pumping-concrete.  

However, there are other situations in which the flocculated forms are required, for example the fiber 

cement materials produced by the Hatschek process and shotcrete. In the first case anionic 

polyacrylamide (A-PAM) is added to ensure the flocculation of the cement particles and increase the 

solid retention during the drainage process. This polymer changes the nature of the contact between 

cement particles. According Negro et al. (2006), A-PAM is the most suitable additive for inducing 

cement flocculation through the interactions between calcium or other divalent cations and the anionic 

carboxylic groups of A-PAM (Kitchener cited by Negro et al., 2006). In the second case, some 

flocculants are employed to enhance a material’s cohesion and adhesion onto the applied surface, thus 

reducing rebound losses. In both cases, the problem is the loss of plasticity with the addition of the 



flocculant, because to flocculate an agglomerated structure may cause a plasticity reduction due to the 

lower degree of particle mobility. 

Thus, the ideal scenario is to obtain a cohesive system without loss of the plastic deformation 

capacity. Therefore, this paper proposes a new process where the cement particles would be firstly 

dispersed and subsequently flocculated via the addition of a flocculant, here referred to as dispersant-

flocculant sequential addition. The dispersion and cohesion capacity was measured by flow and 

oscillatory tests, respectively, and the plastic deformation capacity by squeeze-flow test. 

 

2. EXPERIMENTAL DESIGN, MATERIALS AND METHODS 

2.1 Materials 

The materials employed for the paste preparation were ordinary Portland cement with up to 5% of 

limestone filler (CPI-S 32 type according to Brazilian standard NBR 5732/91) (C3S- 34.8%; C2S-

24.78%; C3A-4.78%; C4AF-9.76%), calcium carbonate and deionized water. Three flocculants 

(anionic polyacrylamid, cationic polyacrylamide and non-ionic polyacrylamide were tested, as listed 

in Table 1. Four superplasticizer additives were evaluated: melamine (35% solid, density 1.21 g/cm
3
); 

sulfonated naphthalene (38% solid, density 1.17 g/cm
3
); polycarboxylate (30% solid, density 1.05 

g/cm
3
) and polyacrylate (45% solid, density 1.30 g/cm

3
). The paste composition was 67% of cement, 

33% of calcium carbonate and the water/materials ratio was 0.34 (by weight). The flocculants were 

used as a 3 g/L solution prepared in de-ionized water for 1 h at 350 rpm. The dispersant dosage 

determinations are described as follows and are based on the cement and calcium carbonate weight. 

Table 1 Main characteristics of flocculants used (given by the manufacture). 
Flocculant Molecular weight (g/mol) Solid content Ionic charge 

Anionic 1.7x107 31% 40% 

Cationic 1.5x107 42% 40% 

Non Ionic 1.7x107 28% - 

2.2. Methods 

The new dispersion-flocculation process was studied using flow tests to quantify the dispersion 

capacity and flocculant cohesion capacity, oscillatory tests to measure indirectly the flocculation 

process through the elastic modulus (G’), and squeeze-flow tests to evaluate the plastic deformation.  

2.2.1 Dispersant dosages 

The dispersant dosages were determined through strain rate sweep tests in a rheometer (AR 550, TA 

Instruments). In the setup, coaxial cylinders (inner radius = 15 mm, outer radius = 14 mm, cylinder 

immersed height = 42 mm) and gap of 1 mm were used. The paste was introduced into the rheometer 

after 15 min. The rheological measurements were started after a 2-min period of rest in the 

measurement system. The shear rate was increased from 0 to 500 s
-1

 over a 1-min period and then 

immediately decelerated back to 0 s
-1

 over an additional 1-min period. The plastic viscosity was 

evaluated at 500 s
-1

.  

The paste samples were mechanically mixed according to the following steps: (i) addition of the 

superplasticizer additive to water; (ii) addition of dry materials to water within 120 seconds at 600 

rpm, keeping the mixer on; (iii) mixing for a further 120 seconds at 600 rpm and then 60 s at 300 rpm. 

The flocculant (100 ppm) was added at 300 s. The addition of superplasticizer to the water before the 

dry materials was adopted due to the results of the preliminary tests, since the posterior addition 

resulted in data with low reproducibility. 

The effects of superplasticizer dosage on the apparent viscosity are shown in Figure 1. The 

superplasticizer initially reduced the plastic viscosity, but beyond a certain dosage level the viscosity 

increased slightly, i.e., it reached the optimum superplasticizer dosage (saturation dosage, 

naphthalene-1.2%, melamine-1.75%, polycarboxylate-0.8%, polyacrylate-0.6%). These dosages 



caused particle segregation during the squeeze-flow tests. The dosages were therefore reduced and the 

criterion adopted was that all the dispersants had the same apparent viscosity, around 0.4 Pa.s, at 500 

s
-1

 (naphthalene-0.6%, melamine-0.5%, polycarboxylate-0.2%, polyacrylate-0.3%), which means that 

the superplasticizers reduced the apparent viscosity around 17% in relation to the reference paste. 

 
Figure 1 Apparent viscosity versus superplasticizer dosage. The viscosity was calculated in the second 

hysteresis cycle at 500 s
-1

.  

2.2.1 Low-amplitude oscillatory shear (LAOS) 

The oscillatory tests were conducted in the same rotational rheometer. The strain rate sweep (strain rate 

from 0 to 500 s
-1

 in 1 min and immediately decelerated back to 0 s
-1

 over 1 min ) was performed first, 

followed by 10 minutes under oscillation at constant deformation (10
-4

) and frequency (1Hz), named 

the oscillatory time sweep, based on Schultz and Struble (1993), Nachbaur et al. (1997), Nachbaur et 

al. (2001) and Betioli et al. (2009). These measurements provide information on how rapidly the 

flocculated structure forms in the suspensions following the breakdown of any existing structure 

during the strain rate sweep. As the point of this research was to evaluate the flocculation of the 

dispersed cement pastes, only the results of the elastic modulus G’ are discussed here, which 

characterizes the elastic (reversible) storage of energy. This property is related to the interparticle 

forces responsible for particle agglomeration and flocculation (Betioli et al., 2009).  

2.2.2 Squeeze-flow 

In the squeeze-flow tests cylindrical samples 76.2 mm in diameter and 10 mm in height (with a 

polymeric molding ring as the container) were squeezed by a top plate 25.4 mm in diameter, 

according to the method described by Betioli et al. (2007). Both the bottom and top plates were 

polished stainless steel tools. The tests were conducted in an INSTRON universal testing machine 

(model 5569) using 50 and 1000 N load cells. A 7 mm displacement with a constant downward 

velocity of 0.1 mm/s was imposed on the specimens and the resulting squeezing force was measured. 

The load vs. displacement curve profile and the maximum load were analyzed in this test. In this case, 

the dispersant was added one minute before the flocculant. The squeeze test was performed at 17 

minutes after the beginning of the mixing procedure. 

 

3. RESULTS AND DISCUSSION 

3.1 Oscillatory tests 

The viscoelastic behavior of the tested pastes was determined through oscillatory time sweep (OTS) 

tests performed using a strain (10
-4

) lower than the level which leads to critical deformation, in order 

to avoid the rupture of the material structure. The G’max for 6 min was considerer because after this 

time all the samples had shown data variability during the OTS test, maybe due the paste stiffening 

and/or slippage associated with the smooth cylinders used in this study. Figure 2a shows the elastic 

modulus (G’) with the time of reference and superplasticizer-modified pastes during the OTS test. As 
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can be seen for the reference paste, G’ initially had a low value, due to the dispersion of the cement 

particles caused by the strain rate sweep, which exceeds the critical strain. The cement particle 

agglomeration increases the G’ value over time, and thus the G’ value at 6 min was called G’max. 

The G’ rate is directly linked to the cohesion concept, since the particles reagglomerate due the short-

range surface forces. 

 
 

Figure 2 Evolution of G’ during the oscillatory time sweep test for (a) reference paste and pastes with 

superplasticizer and (b) for reference paste and pastes modified flocculants. 

The paste with melamine superplasticizer showed a similar behavior compared to the reference paste. 

For the other superplasticizers the G’ rate increase was less significant for naphthalene and 

polyacrylate and more significant for the polycarboxylate. This behavior may be explained by the 

dispersion stabilization effect, which introduced electrosteric repulsive barriers against the attraction 

forces of the particles. Figure 2b shows the G’ rate when flocculants were added. The anionic and 

cationic flocculants increased the G’ values more than the non ionic flocculant, reaching the highest 

G’max, which means that these systems are more cohesive, which according to Negro et al. (2006) is 

the result of the affinity of these flocculants with the cement particle surface.  

The G’max values obtained on applying the new dispersant-flocculant sequential addition method are 

shown in Figure 3, as well as the reference paste and pastes only with the addition of each flocculant. 

Despite the superplasticizer dispersion capacity, the flocculants were able flocculate these particles 

reaching G’max values of the same magnitude as those of the reference paste. This means that this 

mechanism can disperse the particles but at the same time makes the system more cohesive over time. 

The polycarboxylate dispersed well (with one exception) but even in the presence of flocculants the 

system showed a lower cohesion. 

 
Figure 3 G’max during the oscillatory time sweep test for reference paste and pastes modified with 

superplasticizers, flocculants and their combination. 
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3.2 Squeeze-flow 

The cement paste plasticity can be measured by the squeeze-flow test. The typical load vs. 

displacement profile shows three main stages: the first region (small strains) is characterized by a 

linear elastic behavior; the second relates to plastic deformation, where the material can deform 

considerably with a low increase in the applied force; and the third region is where the force required 

to squeeze the material increases substantially, known as the strain hardening stage (Min et al. cited 

by Betioli et al., 2007). In order to show plastic behavior during the squeeze-flow test, the third region 

should not be reached early. As expected, the reference and flocculant-modified cement pastes (Figure 

4a) reached the strain-hardening region, as can be seen from the typical load vs. displacement profile 

of cement pastes. In the case of the reference paste, the load increased almost linearly up to 3.8 mm of 

displacement, above this deformation the force required to squeeze the paste increased more intensely. 

The final load registered for the reference paste was 110 N at 7 mm.  

  
Figure 4 Load - displacement results for (a) reference paste and with flocculants and (b) superplasticizers. 

The flocculant addition caused an increase in the stiffness, where the strain-hardening became more 

evident with an exponential increase starting with a lower displacement (around 1.3 mm). The 

squeezing force at 7 mm was almost 400 N for the cationic and anionic flocculants and 800 for the 

non ionic flocculant, increasing almost 4-fold and 8-fold, respectively, compared to the reference 

paste. The formation of flocs on addition of polyacrylamide has previously been verified by Negro et 

al. (2006), but these results indicate that the flocculants form a rigid floc structure with the 

agglomerated particles, which increases the friction forces during the squeezing test. 

 
Figure 5 Load ratio between reference paste and modified pastes with different flocculants (anionic, cationic or 

non ionic) after superplasticizer addition. 

The presence of the dispersant not only changed the load-displacement profile, resulting in a notable 

elastic and plastic deformation stage, that is, regions I and II of the typical load vs. displacement 

profile of cement pastes (Min et al., 1994), but also decreased the final squeezing forces (Figure 4b). 
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In comparison to the reference paste, the dispersant decreases the load at 7 mm by a factor of almost 

900. This behavior occurred because the dispersants reduce the friction forces between the cement 

particles and release water from inside the agglomerates, due to the electrostatic and steric 

stabilization effects, resulting in a plastic behavior. The dispersant addition before the flocculant 

showed a similar load-displacement profile in comparison to the pastes with superplasticizers (results 

not shown). The ratio between the maximum load of reference and modified pastes (see Figure 5) 

showed that the greatest load reduction at 7 mm of displacement was observed for polyacrylate and 

the anionic flocculant (almost a 700-fold decrease), and the lowest reduction was observed for 

melamine and naphthalene combined with the non ionic flocculant, (8-fold and 6.5-fold, respectively), 

verifying that the mechanism proposed in this paper increases the cement paste plasticity. 

 

4. CONCLUSIONS 

In cement-based materials there are some situations where superplasticizers are used to disperse the 

cement particle agglomerations, but in other situations where a cohesive material is required 

flocculants are used. However, in this latter case the flocs formed are rigid. The mechanism proposed 

herein resulted in a cohesive system without loss of the plastic deformation capacity. Despite the 

cohesion, observed through an increase in the storage modulus (G’), with the addition of melamine, 

naphthalene and polyacrylate superplasticizers, regardless of the flocculant present, the cement paste 

kept a plastic consistency, as observed through the lower final load during the squeeze-flow test and 

the absence of the third region (strain hardening). 
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Abstract 

The present work aims at the study of photocatalytic activity of cement and mortar specimens containing TiO2 

nanoparticles. TiO2 has been characterized by scanning electronic microscopy (SEM), X-ray diffraction (XRD) and 

B.E.T. area. The self-cleaning behaviour of the test specimens has been evaluated by monitoring the discoloration of a 

rhodamine B dye applied to the surface of the materials which were then exposed to artificial sun light. Almost 100% of 

discoloration was reached in some samples. We have used the Italian standard UNI 11259 – 2008. The air-cleaning 

ability of these materials has also been measured by the degradation of nitrogen oxides (NOx), in agreement with the 

ISO 22197-1 test method. 

Different kinds of Portland cement CEM I 52,5R were chosen to prepare the mortar samples. Characterization of their 

mechanical properties reveals that the addition of TiO2 does not modify the specimen’s mechanical behaviour. 

Photocatalytic tests show the effectiveness of the self-cleaning ability and the decontamination performance of the 

tested products. 

Originality 

With respect to the topic of self-cleaning materials and/or decontaminating technology, originality is related to the 

morphology and particle size as in this case these are not expected to improve the photocatalytic activity of the  

materials, but to improve the mechanical properties or durability of the  final product while retaining photocatalytic 

activity. 

Chief contributions 

Construction materials used for coatings, natural stone and special outdoor mortars, undergo a continuous and marked 

deterioration due to organic dirt adhering to their surfaces, getting dark and producing accelerated ageing. This 

problem arises in materials exposed to the weather mostly in urban areas where the pollution levels are higher. 

Deterioration of the appearance and properties of these structures requires frequent cleaning and maintenance. 

This work proposes the preparation and development of coatings with photocatalytic properties that, applied to 

different types of substrates, lead to their surfaces becoming self-cleanings. This research will be carried out for 

exterior materials that are activated by ultraviolet radiation present in sunlight. 

Another property of these materials, also initiated by the action of sunlight, is the ability to degrade certain greenhouse 

gases, such as NOx and VOC’s. 

 

Keywords: Photocatalysis, self-cleaning mortars, TiO2 – anatase, DeNOx. 
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Introduction 

 

Nitrogen oxides (NOx), which is mainly formed by the combustion of automobile fuel combustion, 

causes a wide variety of health and environmental impacts, like the formation of troposferic ozone, 

urban smog due to photochemical reactions with hydrocarbons, and, together with SOx, acid rain. The 

European Union has enacted a directive (1999/30/EC) which establishes limit values for 

concentrations of main air pollutants (table 1). 

 
Table 1: NOx limit values established by 1999/30/EC Directive, for 2010. 

 Averaging period Limit value 

Hourly limit value for the 

protection of human health 
1 hour 

200 µg/m
3
 NO2, not to be exceeded 

more than 18 times a calendar year 

Annual limit value for the 

protection of human health 
Calendar year 40 µg/m

3
 NO2 

Annual limit value for the 

protection of vegetation 
Calendar year 30 µg/m

3
 NOx 

Alert threshold for nitrogen dioxide: 400 µg/m
3
, measured over three consecutive hours at locations 

representative of air quality over at least 100 km
2
 or an entire zone or agglomeration, whichever is the smaller. 

 

Photocatalytic degradation of NOx (photodegradation) could be a good approach to achieve these limit 

values, since it is not necessary to have elements other than UV solar radiation and rain water to 

degrade NOx to low concentrated nitrates. This process can be described as a consecutive 

photodegradation of NO to NO2 by free hydroxyl radicals OH
·
, originated on the TiO2 surface in the 

presence of water and suitable UV-light, with further oxidation of NO2 to nitrate ions, which are eluted 

by rain water. 

In this work, the self-cleaning and decontaminating performance of mortar specimens containing a 5% 

of nanostructured TiO2 – anatase has been studied. The results achieved reveal that treating concrete 

surfaces with anatase nanoparticles is a promising procedure to reduce NOx concentration in 

contaminated areas.  
 

Materials and methods 
 

TiO2 – anatase, provided by Millenium Chemicals (a Crystal Global company) was employed as 

received. Sample is labelled as PC105. 

X-Ray diffraction. X-ray powder diffraction patterns of TiO2 sample were obtained from a Bruker 

AXS D8 Advance using Cu Kα radiation. Routine patterns for phase identification were collected with 

a scanning step of 0.02º in 2Θ over the angular range 2Θ 10-70º with a collection time of 3s/step. All 

graphical representations relating to X-ray powder diffraction patterns were performed using the 

DIFFRAC.EVA software. 

Microstructural characterization. The morphology of the TiO2 was observed using a scanning 

electron microscope (Hitachi S-4800) operating at an accelerating voltage of 10 or 15 KV, depending 

on the sample. All the preparations were covered with a thin film of gold for better image definition. 

Surface areas were measured by physisorption technic with a Micromeritics ASAP 2010 instrument. 

Surface area. Physisorption measurements were performed with a Micromeritics ASAP 2010 

instrument. The BET surface area was determined by nitrogen adsorption at -196 ºC assuming a cross-

sectional area of 0.162 nm
2
 for the nitrogen molecule. Prior to adsorption measurements, samples were 

outgassed in a vacuum at 150 ºC for 18 h. 

Mortar test samples preparation. Mortar specimens (100x100x10 mm) were prepared according to 

the UNE EN 196 standard, with standard CEN (European Committee for Standardization) sand, and 

an addition of 5% of TiO2 relative to the cement. Three kinds of I-52.5R portland cement were 

employed, two of them were grey cement (Cemex and Lafarge) and the third, white cement (Lufort). 

A curing period of 7 days was allowed before the photocatalytic measurements.  



Isothermal calorimetry was performed by means of an eight-channel microcalorimeter TAM AIR 

3316/3239, which has a precision of ± 2 µW and accuracy greater than 95%. The capsules were placed 

inside the isothermal calorimeter within 300 s of the addition of cement to water. The time of addition 

of cement to water is considered the starting time of the reaction for each sample. The data for the 

initial 10 min of the tests were discarded to ensure that the capsule reached the thermal equilibrium 

with the calorimeter. The rate of hydration was measured every 60 s as power (mW) and was 

normalized per gram of cement in the paste. 

Photocatalytic activity. Self-cleaning performance was determined following the procedure indicated 

by Rhodamine test Standard UNI 11259-2008 (Determination of the photocatalytic activity of 

hydraulic binder) modified. 1 mL of Rhodamine B (100 ppm) was applied on a surface of 22 cm
2
, 

defined with the help of a hydrophobic product. Samples were conditioned for 24 hours in darkness 

before tests. Self-cleaning tests were carried out by irradiation with simulated solar radiation in a 

Xenoterm 1500 RP climatic chamber equipped with a Xenon lamp. On samples surface irradiance at 

365 nm is of 6 W/m
2
 and temperature is 30 ºC. Irradiance was determined by using a Delta HD 2102.1 

radiometer, with irradiance probe LP 471 UVA, with response curve between 315 and 400 nm 

(maximum at 365 nm). Parameter a
*
 (CIELAB parameter for values between red and green) is taken 

after 0, 4, 8 and 12 hours of light exposition. Self-cleaning ability is calculated by means of the 

parameter Ri, where i is the number of hours under light exposure: 

                                                                                                                                   

( ) ( )

( )

* *

i *

a 0h -a ih
R =

a 0h
                                                                                                                           (1) 

 

DeNOx performance was estimated on the basis of the recommendations made in the ISO 22197-1 

standard. The applied apparatus is composed of a reactor cell housing the sample, a suitable light 

source and an appropriate gas supply (Figure 1). 

 

 
Figure 1: Schematic representation of the experimental setup. (1) Air compressor. (2) Air purifier. (3) NO 

source. (4) Gas-washing bottle. (5) Flow controller. (6) Gas photoreactor. (7) Mortar sample. (8) By-pass.       (9) 

Light source. (10) NOx analyzer. (11) Computer. (12) Pump. (13) Exhaust gas washing bottle (NaOHaq.).        

(14) Exhaust. 

The pollution gas employed was nitric oxide (NO, 100 ppm) stabilized in nitrogen. NO concentration 

is adjusted to the desired inlet with the help of high precision valves, after mixing with purified 

compressed air, a part of which passes through a gas-washing bottle, filled with demineralized water, 

adjusting the relative humidity to 50%. Pressure after the air compressor and NO cylinder is regulated 

to obtain a total pressure of 1 bar, and the total flow is adjusted with a flow controller to 3 L/min. NOx 

concentration is monitored with a SIR S-5012 NOx analyser, which measures the NO and NOx (NO + 

NO2) concentration in steps of 15 s, while the NO2 concentration is computed by the difference of the 



previous two. During measurement the analyser is constantly sampling gas with a rate of 0.25 L/min. 

The detection limit of the employed analyser is at about 0.4 ppbv.  

The core of the setup is a plexiglass reactor, designed as indicated in the ISO standard, allowing a 

planar sample of 100x50x10 mm to be embedded (Figure 2). The window over the sample is made of 

borosilicate quartz, which allows the UV radiation to pass through with no resistance. The height of 

the glass plane over the sample is 50 mm. Distance between the reactor and the light source is 

regulated to obtain a constant irradiance of about 6.6 W/m
2
 over the sample, close to mean UV – solar 

irradiation measured in Valencia. 

 

 
Figure 2: Schematic diagram of the gas photoreactor. 

The photoreactor dimensions are calculated to allow a laminar flow of gases over the sample, with a 

Reynolds number of about 130. The gas, mixed and humified in this way, enters the reactor and is 

conducted by the illuminated volume over the sample. At the opposite side of the reactor the gas 

leaves the chamber and is conducted through a gas – washing bottle containing a NaOH saturated 

solution and then to an exhaust air duct. 

Measurements were conducted as follows (see Figure 3): with the by-pass opened, it is stablished the 

NO inlet concentration (CNO,in) in dark conditions. Once stabilized, the by-pass is closed. Then, due to 

the displacement of the air contained in the reactor and partial adsorption by the sample surface, NO 

concentration falls but quickly returns to the previous value. At this moment, the light is switched on 

and photoreaction starts, making CNO drop until reaching a valley. The average value of data belonging 

this valley is taken to calculate CNO, out. 30 minutes after the photoreaction has started, lights are 

switched off, and the NO concentration rises slowly to the initial value when the remaining hidroxyl 

radicals react with the NO.  

 

By-pass closed (reactor)

C
NO,out

C
NO,in

NO adsorption

and air

displacement

C
NO,in

 adjust

By-pass

open

Conversion

LIGHTS OFF

C
N

O
 (

µ
g
/m

3
)

t (min)

LIGHTS ON

 
Figure 3: Schematic representation of [the] data acquisition. 

Thus, NO conversion is calculated as follows: 

NO,in NO,out

NO

NO,in

C -C
X = ·100

C
                                                                                                                        (2) 



In summary, DeNOx measurements have been carried out following these conditions: NO 

concentration (CNO,in): 40, 200, 400 and 600 µg/m
3
; total gas flow: Q = 3.0 L/min; UV-A irradiance: 

6.8 W/m
2
; relative humidity: 50%. 

 

Results and discussion 

TiO2 and mortar specimens characterization 

 

X ray diffraction of PC105 TiO2 shows a well-defined pattern with anatase as a single crystalline 

phase present in the sample (Figure 4 – left). SEM images present a very porous surface, which are 

built from aggregates of spherical nanoparticles with a mean diameter around 10 nm (Figure 4 – right). 

Measured BET surface area is 80 m
2
/g. 
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Figure 4: DRX pattern (left) and SEM image (right) of PC105 – TiO2 sample. The only crystalline phase present 

is anatase. Average particle size is about 10 nm. 

Isothermal calorimetry was performed on the cement pastes to study the effect of TiO2 addition, at 3% 

and 5% levels, on the early hydration reaction. The data for the first 48 h, starting from the time of 

mixing of cement and water, were analyzed (Figure 5) 

 

   

   
Figure 5: Rate of hydration (up) and cumulative energy released (down) of PC105 TiO2 – blended cements. Left, 

Lufort (white) cement; center, Cemex cement; right, Lafarge cement. 

From the graphs of control samples, the first peak of heat release corresponding to the reaction of C3S 

can be observed from about 1 to about 8h. This peak is followed by a secondary peak corresponding to 



C3A hydration. Figure 5 - up shows that all the mixes with the addition of nano-TiO2 experimented 

accelerated hydration compared with control specimens, and increasing the dosage of TiO2 was found 

to accelerate the rate of hydration of the mixes and increase the peaks for C3S and C3A hydration.  

Figure 5 – down shows the variation in cumulative energy released per gram of cement by control and 

TiO2 – blended cements. From the control graph it can be seen that after the initial dormant period 

there is a rapid increase in the total energy released, which corresponds to the C3S and C3A hydration 

peaks. The total energy evolved during the hydration reaction increases with the percentage of TiO2 

added. These two results are in agreement with previous works (Jayapalan et al.), which can be 

summarized as follows: The nucleation effect, which depends on the surface area of the nanoparticles 

added, could be dominant rather than the dilution effect, in case of addition of nano-TiO2 particles to 

cement. The addition of nanoparticles of TiO2 can be used to accelerate the hydration reaction in 

cement-based materials, especially in the early stages. This result –the modification of the setting 

behaviour and [strength development- can be taken into account, in addition to the desired 

photocatalytic performance. 

Photocatalytic performance 

 

The self-cleaning properties of mortar specimens are shown in Figure 6, where the R parameter as 

defined in equation (1) is represented with the discoloration measured in the control samples, without 

TiO2, subtracted, (R0). For this reason, some samples seem to decrease their self-cleaning performance 

over the period of time. If R0 increases more quickly than R, then (R-R0) decreases with the time of 

exposure to light. After 12 h from the beginning of the tests, the mortar made with white cement 

showed the best self-cleaning performance related to the control samples, more than 40%, which 

corresponds to a discoloration value of almost 60%. 
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Figure 6: Self-cleaning performance of TiO2 – containing mortars. 

The DeNOx performance of white-cement mortar samples containing 5% of PC105-TiO2 has been 

evaluated as described before. The results, summarized in Table 2, can be viewed in Figure 1. NOx 

concentrations corresponding to the limit values given by the European Council Directive 

1999/30/EC, which should have been met in 2010 have been simulated as accurately as possible. 

 
Table 2: Results of NOx photodegradation under different NO inlets. 

Cin (µg/m
3
) 576.8 412.4 202.0 32.7 

Cout (µg/m
3
) 251.9 156.2 61.9 7.4 

XNO (%) 56 62 69 77 

 

As one can see in Table 2, NO conversion as defined in equation (2) ranges between 56% for an inlet 

of 600 µg/m
3
 and 77%, for an inlet of 33 µg/m

3
. NO concentrations are the mean values obtained for 

every series. When feeding the photoreactor with a NO concentration corresponding to CE hourly 



limit value (200 µg/m
3
), almost 70% of CNO is degraded. Assuming a NO concentration corresponding 

to CO yearly value, it is maintained at a level which meets with the CE directive (about 7 µg/m
3
).From 

our point of view, it would be interesting to compare the achieved results according to the NO specific 

degradation rate (per hour and square meter of active surface, rNO) as defined in equation (3): 

 

( )NO in out

Q
r C C

S
= − ⋅                                                                                                                       (3) 

 

Where Q is the total gas flow in m
3
/h

 
and S is the specimen surface, in m

2
.  
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Figure 7: Left, Comparison of the photodegradation of nitric oxide (NO) over time for the tested mortar sample. Right, 

influence of the NO concentration (CNO,in) in NO photodegradation rate. 

Figure 7 – right presents the specific NO degradation rate obtained with the mortar specimens 

containing 5% of PC105 – TiO2. When fed with 1.2 mgNO h
-1
 m

-2
 (which corresponds to 33 µg/m

3
,a 

yearly value approach), it is degraded 0.9 mgNO per solar insulation hour and square meter of active 

surface. Assuming 12 hours per day of constant solar insulation and a yearly NO concentration of 40 

m
3
/h, 1 square meter of active surface would degrade almost 4000 mg of NO per year. In other words, 

in the vicinity of the active surface more than 75% of NO could be degraded to harmful nitrates for 

NO concentrations near to yearly CE directive limit value. 

 

Conclusions 
 

The mortar samples with 5% TiO2 prepared with respect to cement have demonstrated the capability 

for NOx removal. This could be a highly promising approach to reducing NOx concentration in cities 

and thus achieve the European Council Directive limit values. At the same time, treated surfaces 

would have self-cleaning properties, resulting in aesthetic and economic benefit. 

This research study has been concluded in the Framework of the CLEAM Project, partially funded by 

The Centre for the Development of Industrial Technology (CDTI) within the CENIT program. Its 

results are, consequently, the exclusive property of the companies that carry out the Project and 

constitute the CLEAM CENIT, AIE.  
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Abstract 

Subject of this paper is to investigate the effect of two types of alternative raw materials on Portland clinker formation: 

high-carbon fly ash and spent sand. The alternative raw materials had several peculiarities such as, the glass content of 

fly ash was 46.5% with  high amounts of unburnt carbon( ca.13%) while the spent sand was characterized by fine 

grains, the volume of particles smaller than 45 microns being 60%. The typical raw mixture (containing limestone, marl 

and pyrite cinder) and that containing 12.94% fly ash and 7.17% spent sand as marl replacement material were burnt 

in a muffle furnace and then analyzed by X-ray diffraction to observe the obtained phases. The effect of alternative raw 

materials was studied by means of optical microscopy, X-ray diffraction and mercury intrusion porosimetry. Besides 

these analyses the rate of free lime consumption during the sintering of raw meals were measured. The chemical 

composition of the two clinkers was performed, too. The presence of high-carbon fly ash as raw material promotes the 

binding of free lime, especially in the temperature range 1300 and 1370 
o
C. It also favors formation of alite and belite 

at lower temperatures.Physical and mechanical properties of cement obtained by grinding clinkers with gypsum up to 

fineness about 3600 cm
2
/g were determined and evaluated in according with EN 197-1 specification. The both cements 

complied with all requirements established by EN 197-1. By using the fly ash with 13% C content and fine spent sand 

into clinker manufacture is possible to reduce the sinterig temperature of the raw meal by 80
o
C. The unburned carbon 

from fly ash could be save nearly 16% of total fuel energy.  

 

Originality 
It is necessary to establish the material design system for the utilization of high-carbon fly ash together with spent sand 

as raw materials, instead of disposing of them as wastes. Although the use of high-carbon fly ash and spent sand is 

practiced in the cement industry, there are no many articles which evaluated the technical and environmental benefit of 

using these wastes for clinker production. The used proportion of high-carbon fly ash in raw meal has been reported 

between 3–8%. In this paper the use of high carbon fly ash was maximized at 12.94% by replacing entirely of the 

marl.The laboratory study shows that a relatively high amount of fly ash with a 13.01% C content and a fineness 

expressed as residue on 90 µm sieve of 7.10 % together with fine spent sand can be successfully incorporated into 

clinker production with considerable advantages, including reduced CO2 emissions and gains in compressive and 

flexural strengths as compared with clinker obtaining from typically raw materials. Portland clinker obtained with 

these alternative materials is also a solution to reduce the consumption of natural resources such as clay, marl or fuels. 

 

Chief contributions 
Fly ash being rich in silica and alumina is regarded as a compatible component of clinker raw feed, largely replacing 

clay or marl in the original feed. Presence of high unburned carbon content (13.01%) had a favourable effect to fuel 

savings. By using the fly ash with 13% C content and fine spent sand into clinker manufacture is possible to reduce the 

temperature of the raw meal sintering by 80
o
C. Also, it could be save nearly 16% of total fuel energy. CO2 emissions 

can be reduced by at least 3%. Use of high-carbon fly ash and fine spent sand as substitute for natural resources for the 

obtaining of value-added products such as Portland cement appears to be the propitious options for the management of 

the wastes and improves the overall environment. 

 

Keywords: high-carbon fly ash, raw mix burnability, clinker, structure, cement Portland 
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1. Introduction 
 

Over the last years, global concern about the preservation of natural resources has increased 

considerably not the least as a result of emergence of a lot of environmental regulations which make 

waste reduction compulsory.  

Huge amounts of natural resources are consumed and large quantities of pollutants are generated, 

including also carbon dioxide responsible for the greenhouse effect and originating from both fossil 

fuel combustion and limestone thermal decomposition in cement manufacture. Raw mix burning to 

obtain clinker is the most energy-intensive process of all Portland cement fabrication processes and 

also a process which causes approx. 50% of the CO2 emissions released from cement production 

(Kerton P, 2005). The interest for utilization of solid residues and by-products derived from other 

activities in cement industry, as alternative fuels or raw materials, was increased in last years, giving a 

significant contribution to a sustainable development (MacGregor, 1994; Trezza et.al., 2000; 

Tsakiridis et.al., 2004, Alp et.al, 2009). There is an intense preoccupation towards the searching for 

new categories of wastes (containing calcium, silicon, aluminium and iron oxides) able to replace, in 

part or totally, limestone, clay and other raw feed constituents, for increasing of the burnability of the 

cement raw mix, reducing of the greenhouse gasses emissions and environmental impact and 

maintaining also the quality of clinker (Bernardo et al, 2007, Komljenovic et al, 2009).  Any energy 

reduction has a positive impact not only on the bottom line in the cement plant but on the environment 

as well (in terms of conservation of high reserves of limestone and clay or marl and waste disposal). 

The current need for environmental compatibility of coal-fired power plants leads to lower 

combustion temperatures and results into the generation of fly ash with a higher unburnt carbon 

content. The high-carbon fly ash can not be used in cement or concrete, as the carbon content can 

greatly decreases the durability and performance of concrete. A possible application of high-carbon 

fly ash may be as raw material in Portland cement clinker manufacture. There are a few articles 

dedicated to the use of such material in the raw meal for the production of Portland cement clinker 

(Bhatty et. al, 2001; Marroccoli et. al, 2009). The used proportion of high-carbon fly ash in raw meal 

has been reported between 3 and 8%. In this paper the use of high carbon fly ash was maximized at 

12.94% by replacing entirely of the marl.  

This study is focused on the laboratory evaluation of the effect of two types of alternative raw 

materials (high-carbon fly ash and spent sand) on Portland clinker formation and the cement 

properties. Also, it evaluated the potential impact of high carbon fly ash on the fuel saving and CO2 

emissions. 
 

  

2. Experimentals 

 

In this laboratory study were used the following raw materials: limestone, marl, fly ash, spent sand 

and pyrite cinder. The results of raw materials chemical analyses are shown in the Table 1.  
 

Table 1: Chemical Characteristics of Raw Materials   

Characteristic Limestone Marl Fly-ash Spent sand Pyrite cinder 

L.O.I., %  43.12 13.91 15. 57 2.01 0.93 

SiO2, %  1.14 47.28 40.82 91.40 10.41 

Al2O3, % 0.35 13.78 25.88 1.45 2.32 

Fe2O3, % 0.32 5.39 4.89 1.34 79,16 

CaO, % 52.11 13.51 5.25 2.70 2.90 

MgO, % 2.29 1.70 1.49 0.00 0.71 

SO3, % 0.04 0.0 4.47 0.00 2.83 



Na2O, % 0.19 1.23 0.33 0.46 0.12 

K2O, % 0.15 2.46 1.14 0.30 0.35 

C, % Nd. Nd. 13.01                                                                     Nd. Nd. 

S from sulphides,%  Nd Nd 0.00 Nd nd 

 

The sample of fly ash is characterized by an amount of 13.01% unburned carbon and no contains 

sulfur from sulphides. The fineness of fly ash expressed as residue on 90 µm sieve is of 7.10 %. The 

lower calorific value is 4.23 MJ/kg.  

 X-ray diffraction analyses of the fly ash determined by using a Siemens D5000 difractometer with 

nickel filtered Cu Kα1 radiation (λ=1.5405Å) revealed the presence of glass content of 46.5%. The 

main crystalline phases are represented by quartz and mulite, while the small quantity of gypsum was 

detected (fig.1).  

The spent sand is resulting from polishing of glasses and is characterized by fine grains, the volume of 

particles smaller than 45 microns being 61.8%, as shown particle size distribution measured by a laser 

scattering particle size distribution analyzer (Malvern) (fig. 2). 
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Figure 1 : XRD pattern of the fly ash  Figure 2: Particle size distribution of the spent sand 

 

Two raw mixes were prepared: one containing typically raw materials (limestone, marl and pyrite 

cinder), as reference sample and another with limestone, fly ash, spent sand and pyrite cinder (1) in 

appropriate proportions in order to produce a Portland clinker of the close modular and mineralogical 

composition (Table 2).   
 

Table 2: Characteristics of Raw Materials Mixtures   

Modules Raw meals composition (% w/w) Raw mix 

symbol LSF SM AM Limestone  Marl Fly ash Spent Sand Pyrite  cinder 

Ref. 0.98 2.00 1.40 73.19 25.42 0 0 1.39 

1 0.98 2.00 1.40 77.72 0 12.94 7.17 2.17 

 

The raw mixes were obtained by grinding the raw materials in a laboratory mill up to finesses, 

expressed as residue on 90 µm sieve, of 12%. Afterwards, the raw mixes underwent a process of 

briquetting and drying followed by sintering in a muffle furnace. Burnability of raw mixes was 

evaluated by determination of free lime content on samples thermally treated at different temperatures 

using the standard ethylene glycol method.  

The reference raw mix was sintered at 1450°C, whiles the raw mix containing fly ash and spent sand 

at 1370°C, in both cases maintaining a plateau of 20 minutes. Fast cooling was done in the air.  



The effect of alternative raw materials on the characteristics of the obtained clinkers was studied by 

means of optical microscopy, X-ray diffraction and mercury intrusion porosimetry. The microscopic 

examination of the polished impregnated samples was achieved using a Carl Zeiss AXIO IMAGERA 

1m optical microscope in reflected light. The chemical composition of clinkers was performed, too. 

Cements obtained from clinkers grounded with 5% gypsum up to fineness about 3600 cm
2
/g were 

tested by determining the standard consistency, setting time and soundness according to the European 

standard EN 196-3. Compressive strength measurements were conducted at the ages of 2, 7 and 28 

days on mortar prisms prepared and tested in accordance with European standard EN 196-1. Gypsum 

employed in the grinding process was characterized by content in CaSO4·2H2O of 84.46%. 
 

3. Results and discussion 

 

3.1Burnability of the raw mixes 
 

Burnability of the raw mixes was evaluated by determining the amount of unreacted CaO present at 

temperatures between 1250 -1450 (1370) oC. The obtained results are presented in fig. 3. The rate of 

reaction of the free lime was highly favored in the case of the raw mix containing high-carbon fly ash 

over the entire temperature range considered. Therefore, there was a decrease in the free lime amount 

by 9.3% at lower temperature (1250°C) and by approx. 40-81% in the higher temperatures interval 

1300–1370°C as compared with the control raw mix, implying a substantial impact on the reactions 

that proceed in the presence of the liquid phase. The free CaO value lies below 2% ever since 

reaching the temperature of 1350oC.  
 

0

2

4

6

8

10

12

14

1250 1300 1350 1400 1450

Temperature, 
o
C

fr
e

e
 C

a
O

, 
%

reference

raw mix 1

 
Figure 3: Variation of free CaO versus sintering temperature of raw mix 

 

3.2 Chemical and mineralogical characteristics of clinkers produced 

 
The reference clinker was obtained by burning of raw mix at 1450

o
C, while clinker 1 was sintered at 

1370
0
C (with maintaining a plateau of 20 minutes in both cases).  Chemical analysis and the potential 

composition (according to Bogue) of the two clinkers are given in Table 3. The use of high carbon fly 

ash and spent sand instead of marl reduced alkalis content of the clinker, with benefical effect on the 

strengths development of cement. 
 

Table 3: Chemical Analyses of Clinkers and its Potential Mineralogical Composition  

Characteristic Reference clinker Clinker 1 

SiO2, %  20.51 20.69 

Al2O3, % 5.87 6.65 

Fe2O3, % 4.77 4.61 

CaO, % 65.74 66.82 

MgO, % 1.39 0.69 



fCaO, % 0.85 0.87 

SO3, % 0.12 0.95 

Na2O,% 0.63 0.30 

K2O, % 1.04 0.42 

C3S,% 61.98 59.91 

C2S 12.05 14.12 

C3A,% 7.48 9.82 

C4AF 14.51 14.03 

 
 

XRD analyses of the produced Portland clinkers are given in Fig. 4. In both clinker types, the main 

mineralogical phases, C3S, C2S, C3A and C4AF, were well formed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: XRD patterns of Portland cement clinkers: a) reference b) 1 

 

The microstructure of the clinkers was examined by optical microscopy in polished sections (Fig 5 

and 6). Most alite crystals are very fine, having dimensions size in the range of 12.5 – 22.4 µm in 

reference clinker and of 12.5-25 µm in clinker 1 (with fly ash and spent sand), respectively. 

Additional, in clinker 1 appears some “cannibalistic” alite crystals with size of the 3-4 times higher 

that the average, the proportion of these crystals being approx. 4%. The trend is excessive elongation 

of alite crystals. The quantitative analyses of the reference clinkers revealed presence of alite (54.6%), 

belite (15.7%), aluminate (9.7%), ferrite (19.3) and CaO (0.8%) while the clinker obtaining from raw 

mix with fly ash and spent sand contains alite (61.9%), belite (10.2 %), aluminate (6.1%), ferrite 

(20.0), CaO (1.2%) and alkaline sulphates (0.5%).  

Evaluation of open porosity of  the clinkers samples was performed using a mercury intrusion 

porosimeter type Pascal  140/240. The results of determinations (Table 4) show that the total porosity 

of clinker with fly ash and sand is lower than the reference sample (35.21% vs. 41.52%), although the 

average pore radius is slightly higher (11.78 to 10.61 mm). Reduction of porosity is explained by 

facilitating formation of liquid phase due to the contribution of substances with mineralizing role from 

fly ash (ex. gypsum – according XRD analyses) and provides the system an additional source of heat 
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energy part due to high content of unburned coal (4.23MJ/kg). These data are in good agreement with 

data obtained by optical microscopy. 

 

 
 

a) a) 

  
b) b) 

Figure 5: Microstructure of Portland clinker 1. 

(a) Euhedral alite crystals coated with a layer of 

belite. (b) Belite nests and alite “cannibalistic”, 

anhedral and subhedral, with inclusions of belite. 

Figure 6: Microstructure of ref. Portland clinker 

(a) Euhedral and subhedral alite crystals distributed 

near the pore. (b) Belite nests with inclusions of 

alite. 
 

Table 4: Porosity Characteristics of the Prepared Clinkers 

Parameter Reference clinker Clinker 1 

Total cumulative volume, mm
3
/g 205.52 195.27 

Average pore radius, micron 10.61 11.78 

Total  porosity, % 41.51 35.21 

 

3.3 Evaluation of the potential impact of high carbon fly ash on the fuel saving and CO2 emissions 
 

A rough estimation of fuel saving from a high-carbon fly ash used in clinker manufacture made taking 

into account the content of carbon and the proportion of fly ash in raw meal. Using a proportion of 

12.94% of fly ash having a 13.01% C content could be determined a fuel saving per ton of clinker of 

16.8%.  

Based on determined value of the two raw meal for L.O.I (34.03% for reference and 34.81% for raw 

meal 1) and T.O.C (0.02% for reference and 0.54% for raw meal 1) were evaluated CO2 emissions to 

clinker manufacture, using a computer program simulating the calculation of CO2 emissions for an 

industrial kiln with a capacity of 3000 tone of clinker/day. It was taking into account the sintering 

temperature of 1450oC, a constant product of 140 t/h and the same fuel consisting of a mixture of coke 

and coal (79.9%), hot-mix (5.8%), fluff (6.8%) and sludge (7.4%). In these conditions CO2 emissions 

diminished from 261.6 g CO2/t clinker (reference mix) to 253.2 g CO2/t clinker. In fact, the 

diminishing of CO2 emission is higher due to fuels savings by reducing sintering temperature. 



3.4. Characteristics of obtained cements  
 

Physical and mechanical properties of cement obtained by grinding clinkers with gypsum up to 

fineness about 3600 cm
2
/g are presented in Table 5. It is evinced that obtained cements comply the 

conditions SR EN 197-1 regarding initial setting time and soundness. Mechanical performances of the 

cements obtained from clinker 1 are superior to reference cement at early age of hardening (2 days 

and 7 days); subsequent, compressive strength evolution is quite similar. The quality of both cements 

is in conformity with the requirements in SR EN 197-1, being in the same strength class (42.5N).  
 

        Table 5: Physical – Mechanical Characteristics of Obtained Cements  

Setting time 
Flexural strength 

(MPa) 

Compressive 

strength (MPa) 
Cement 

Standard 

water 

consistency 

(%) 
Initial 

(min.) 

Final 
(hrs-min.) 

Soundness 

(mm) 2 

days 

7 

days 

28 

days 

2 

days 

7 

days 

28 

days 

Ref. 24.4 200 4-00 2.0 3.35 5.93 8.32 15.5 31.7 50.7 

1 24.0 230 5-00 0.0 3.40 6.07 7.85 18.5 36.3 49.1 

 

Conclusions 
 

The laboratory investigations have emphasized the fact that the use of high carbon fly ash and spent 

sand as raw material instead of marl brings the following benefits in Portland clinker manufacture: 

– Promotes the binding of free lime, especially in the temperature range 1300 and 1370 
o
C. It also 

favors formation of alite and belite at lower temperatures. 

– Reducing the temperature of the sintering temperature of raw meal by 80oC and a diminishing of 

the theoretic heat consumption at clinker formation and a consequent savings in fuel; 

– Reducing the ecological impact of clinker manufacture by diminishing the CO2 emissions in the 

air from combustion, preservation of natural resources of clay or marl.  

– Obtaining a clinker and cement of good quality, similarly to cement from traditional raw mix.  

Further investigations will be focused on study of the cement pastes hydration processes and will 

assess the evolution of cement strength at longer terms, such as 90 day.  
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Abstract  

Tricalcium aluminate (C3A) is the phase that reacts most quickly in contact with water. Generally, the 

crystalline form of C3A synthesized during clinkerization is cubic. However, Na+ can be incorporated into 

the crystalline lattice of C3A, replacing Ca
2+

, leading to the formation of orthorhombic C3A. Previous 

studies have shown that the presence of this polymorphous can significantly influence the cement hydration 

and conflicting hypotheses have been proposed to explain this behavior. The present paper investigates the 

hydration reactions of cubic and orthorhombic C3A in presence of gypsum by isothermal heat conduction 

calorimetry, Field emission-Scanning electron microscopy (FE-SEM), thermogravimetry (TGA) and real 

time X-ray phase analysis. These techniques provide measurements of ettringite formation and of other 

hydration products. This study used pure phases (cubic and orthorhombic C3A) synthesized in laboratory to 

analyze the reactions independently, isolating the reactions from the others phases. Real time analysis of 

the hydration reactions showed differences in the hydration of each aluminate and the results indicated that 

the orthorhombic phase is more reactive at early ages in presence of gypsum, consuming them more 

quickly.  

 

 

Originality 
The reaction of tricalcium aluminate C3A with water is almost immediate. Crystalline hydrates, such as 

C3AH6, C4AH19 and C2AH8 are quickly formed with generation of a large amount of heat. In presence of 

calcium sulfate, the product formed from the C3A reaction is ettringite or high-sulfate calcium aluminate.  A 

lot of hypotheses have been proposed to explain this behavior without general agreement principally in 

orthorhombic C3A – gypsum systems. This research throws some light in this field using real time analysis. 

The thermogravimetry analysis was explored and correlated with other techniques (FE-SEM, XRD 

and calorimetry).  

 

 

Chief contributions 

The results demonstrate that important differences occur in the hydration of each C3A polymorph and 

gypsum; orthorhombic C3A reacts faster with gypsum than the cubic phase, forming earlier ettringite and 

consuming faster the aluminate, this behavior suggest that the Na
2+

 increases the SO3 consumption; 

however, this higher reactivity is dependent on the amount of gypsum; in the absence of gypsum the 

behavior is the opposite, cubic C3A is more reactive releasing more heat and forming the aluminate 

hydrates earlier.  

 

Keywords: cubic tricalcium aluminate, orthorhombic tricalcium aluminate, ettringite, hydration 
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1. Introduction 
When the anhydrous cement is mixed with water hydration reactions occur converting a 

suspension of water with cement in a hard material, usually porous, which is the matrix of 

concrete and mortars. These reactions are developed from the reactions of the different phases 

interdependent forming hydrates with the initial anhydrous cement grains that progressively 

dissolves, resulting in an interwoven structure that incorporates water molecules. In cement 

chemistry this reaction is associated with changes in physical-chemical system and mechanical, 

particularly on the initial set and hardening (Mathur, 2007). Since the setting time has 

fundamental importance for the viability of concrete, chemical phenomena that occur must be 

understood. The tricalcium aluminate (C3A) is the most reactive phase, reacting instantly with 

water, quickly releasing large amounts of heat (1260 J/g for the pure phase). To control this 

reaction, calcium sulfate is interground with on cement production (Mehta and Monteiro, 2006). 

Gypsum reacts with C3A forming an insoluble intermediate phase called ettringite thus slowing 

down its hydration (Neville, 1997). Tricalcium aluminate can constitute up to 15% of the Portland 

clinker (Minard et al. 2007). The alkalis can be incorporated into a number of phases in the 

clinker and often Na2O is taken up by the C3A. When C3A is synthesized in the presence of these 

elements changes in the crystal lattice and the formation of the orthorhombic phases occurs 

(Regourd and Guiner, 1975).  

Numerous studies have been conducted to quantify the influence of these polymorphs (cubic and 

orthorhombic) on the mechanisms of cement hydration, such as Boikova et al. (1977); Regourd et 

al. (1980); Odler and Wonnemann (1983); Massazza and Daimon (1992); Samet and Sarkar 

(1997) and Stephan and Wistuba (2006). Despite these studies, however, a consensus has not been 

reached, and a sizeable knowledge gap still exists concerning the specific characteristics of each 

polymorph, having a marked effect on their reactivity. To better understand how the presence of 

gypsum affect the hydration of cubic and orthorhombic C3A, this study conducted a detailed 

isothermal heat conduction calorimetry study, thermogravimetry analysis (TGA), Field emission-

Scanning electron microscopy (FE-SEM) and real time X-ray phase analysis of the hydration 

behavior of synthetic cubic and orthorhombic C3A in the presence and absence of gypsum. 

2. Experimental Section  

Samples of tricalcium aluminate (C3A)—orthorhombic (Na-doped) and cubic (pure)—were 

obtained from Construction Technology Laboratories, Inc., Skokie, IL. Both compounds were 

synthesized in a laboratory by heating a stoichiometric blend of reagent grade CaCO3 and alumina 

(Al2O3) in an electric furnace at 1400 °C for 1 hour, followed by quenching in air. The 

orthorhombic C3A was prepared from reagent grade CaCO3, Al2O3, and Na2CO3 in stoichiometric 

proportion similar to that reported by Regourd et al [12], with the latter slightly added in excess to 

account for alkali volatilization during the synthesizing process. After synthesizing, each material 

was processed in a ceramic mill to 325 mesh. XRD, using a Panalytical XPert Pro and thermal 

analysis (TA) TA Instruments, model SDT 2960, were done to confirm phase composition, purity 

and conditions of the sample. Comparison of the peak positions were made with data from 

Regourd and Guiner (1975) (ICDD PDF No.38-1429 for the cubic sample and ICDD PDF No.26-

0958 for the orthorhombic one). The TA analysis showed that the sample were keep no hydrated 

by the air moisture because it presented a low loss of mass – less then 1% for cubic and 

orthorhombic sample. 

Particle size distributions of the samples 

were done in a CILAS 1180 Laser 

Granulometer, in isopropyl alcohol based 

liquid media; the results are presented in 

Table 1.  

 

 Table 1: particle size distribution (µm) of the sample by means 

of laser granulometry  

 Cubic C3A  Orthorhombic C3A  

10% diameter 5,74 1,64 

50% diameter 24,31 16,04 

90% diameter 45,00 36,34 

median diam. 25,16 18,43 
 

 

3. Methods and Sample preparation 

3.1 Isothermal heat conduction calorimetry 

The hydration of both C3A was followed at 25 °C with a high sensitivity (20 µW) isothermal 

TamAIR microcalorimeter (TA Instruments) with an integrated stirrer that allowed the mixing 



inside the cell. Before starting the experiment, 3-6 g of dry material (orthorhombic or cubic C3A) 

was introduced in the cell with the amount of solid gypsum. The calorimetric cell is then 

introduced in the calorimeter and stirring; once the thermal equilibrium is reached (about 1 h), 

water is introduced in the cell by means of a syringe. After addition of water the stirrer was turned 

on to homogenize the mixture for 2 min. Heat flow evolutions was obtained as a function of time. 

This value expressed by mass of solid materials (C3A+gypsum), resulted in graphics W/g for the 

heat released, and J/g for the cumulative heat. In the sample with gypsum the amount of each 

compound (both gypsum and C3A) was stoichiometrically calculated based on the quantity 

necessary to form ettringite, which result in a 1:1.9 ratio (C3A:gypsum). The water/solid materials 

ratio used was 1.2. 

3.2 Real time X-ray diffraction (XRD) phase analysis  
The same amount of materials was analyzed in a diffractometer with an RTMS (Real Time 

Multiple Strip) detector (X’Celerator-PANalytical). The materials were weighed and mixed inside 

a plastic bag, and with a syringe the water was introduced. After 1 minute mixing the sample 

holder was filled; a special plastic (polyimide) was used to avoid loss of water to the environment, 

thus maintaining the ratio water/solid constant.  

3.3 FE-SEM and XRD analysis 

For this analysis, the samples were hand mixed for 2 minutes and then stored at 100% RH 

covered with a plastic film until they were analyzed, 14 days later. Selected samples of these 

pastes were sputtered with gold and investigated by Scanning electron microscopy using a Hitachi 

S-5000 FE-SEM. X-ray investigations were carried out with a Phillips XPert MPD PW3373/00 

diffractometer using the following settings: operation at an accelerating voltage of 40 keV on a 

CuKα anode, irradiation intensity of 40 mA, and 40
o
 scans in steps of 0.02

o
 per second. 

3.4 Thermogravimetry (TGA)  
After finishing the calorimeter test, the C3A pastes were allowed to rest for two days, totalizing 

three days of hydration; afterwards they were frozen under -196 ° C with liquid Nitrogen and kept 

in a freezer (-27
o
C), and then lyophilized for 16 hours, stored in a desiccator for the 

thermogravimetric analysis, performed on an analytical thermobalance model STA 409 PG of 

NETZSCH, under nitrogen atmosphere (N2) with a flow rate of 60 ml/min and heating rate of 10° 

C/min up to 1000º C. 

4. Results and discussion 

4.1 Isothermal heat conduction calorimetry 

According to existing literature (Taylor, 1990), the mixture of C3A with pure water results in an 

instantaneous chemical reaction, when the water combines with the anhydrous aluminate, forming 

hydrated aluminates C2AH8 and C4AH19, converted afterwards into C3AH6. This reaction could be 

measured by isothermal calorimetry for both samples of C3A, shown in Fig. 2 by the first sharp 

peak of heat released in the first minutes of the curves with respect C3A/gypsum ratio 1:0. These 

results also presented as the cumulative heat of hydration (Fig. 1) show that the cubic C3A was 

more reactive, releasing higher amounts of heat of hydration, approximately 600J/g while the 

orthorhombic paste 400J/g. 

With gypsum added the kinetics of hydration changes as already discussed in the introduction. 

The cubic C3A and gypsum (1:1.9) paste had a lower heat released peak and 400 J/g is the 

maximum value reached over 24 hours of analysis. For orthorhombic C3A pastes in the same mix 

proportion, this value was three times higher in the first 24 hours of hydration (reaching more 

than 1200 J/g), and six times higher in the absence of gypsum. 

The curves of heat released are shown in Figure 2, which illustrate the effect of the change of 

cubic to orthorhombic crystalline form on their typical profile curves as pointed out by 

Pommersheim and Chang (1988). Moreover, it is observed that peaks occur at different times and 

the reaction between C3A and gypsum, characteristic for each aluminate. We observe the 

formation of a double peak in the third stage of hydration, which may be related to the formation 

of ettringite needles based on the analysis of the XRD pattern (fig. 4). From the in situ XRD 

analysis, it is observed that on the samples with 1:1.9 ratio, there was still remaining gypsum after 

15 hours.  



Figure 1: The cumulative heat of cubic (a) and orthorhombic (b) C3A in the presence and absence of gypsum paste hydration at 

25◦C. 

Figure 2: Rate of heat evolution for 2 hours of cubic (a) and orthorhombic (b) C3A in the presence and absence of gypsum paste 

hydrated at 25◦C. 

4.2 Real time XRD analysis 
The XRD patterns recorded from the pastes hydrated for 2 min and almost 3 hours of the C3A in 

absence of gypsum (Fig. 3) clearly show that for 3 hours much of the C3A has already been 

hydrated. In each hydrated sample (cubic and orthorhombic) the following phases were identified 

(with their corresponding ICDD catalogue numbers): C4AH19 (ICDD#14-0628), calcium 

hemicarboaluminate [Ca4Al2O6(CO3)0.5.11.5H2O] (ICDD#41-0221), and hydrogarnet (C3AH6 or 

Ca3Al2(OH)12) (ICDD#24-0217). Characteristic peaks of each aluminate phase are found in their 

correct positions showing a doublet peak for the orthorhombic (ICDD#26-0958) one (fig. 3b) and 

single peak for the cubic (ICDD#38-1429) (fig. 3a).  

Figure 3a present the X-Ray diffraction pattern of cubic C3A plus water, the lower pattern is the 

cubic C3A after reaction with water for 2 minutes showing reflections of anhydrous cubic C3A, 

C3AH6 and C4AH19, the following patterns after 15, 30, 45 minutes of hydration shows the same 

reflections observed before, sixth pattern, after 60 minutes showing reflections of C3AH6, C4AH19, 

and hemicarboaluminate, where the strongest reflections are from C3AH6. Figure 3b presents 

patterns of orthorhombic C3A after reaction with water for 2, 15, 30, 45, 60 minutes showing 

reflections of C3AH6, C4AH19 and Hemicarboaluminate, where the strongest reflections are from 

anhydrous orthorhombic C3A and hemicarboaluminate. For the cubic C3A pastes the formation of 

hemicarboluminate was identified after 60 minutes of hydration. In the angle of 17º 2θ the C3AH6 

peak was observed after 15 minutes of hydration. Therefore, in the samples with orthorhombic 

C3A the hemicarboluminate was observed after 2 minutes of hydration. It is likely that these 

phases form via carbonation of the C4AH19. 

The X-ray diffraction patterns of the samples in the presence of sulfate hydrated for between 2 

minutes and 15 hours are showing Figure 4. In the first moments the pattern was dominated by 

peaks due to gypsum (ICDD#33-0311), together with ettringite (ICDD#41-1451) and unreacted 

C3A (cubic or orthorhombic). After 15 hours there was still some unreacted C3A and gypsum, but 

the diffraction pattern was dominated by ettringite peaks. In the cubic C3A samples can be 

accompanied the slow consumption of cubic C3A during 15 hours of analysis and consequent 

formation of ettringite after 15 minutes. In the samples with orthorhombic C3A the formation of 
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ettringite also can be observed, but the reduction peak of orthorhombic C3A was pretty rough (just 

2 minutes of hydration). What can explain the increased of heat released from the sample 1:1.9 in 

the calorimetric analysis (Fig. 1) and the double peak seen in Fig. 2. Unlike the C3A cubic sample 

gypsum promotes the accelerated consumption of orthorhombic C3A during the reaction. In the 

presence of gypsum the orthorhombic C3A seems to be more soluble.  

 
 

Figure 3: X-Ray diffraction pattern of cubic (a), and orthorhombic (b) C3A plus water  

  
Figure 4: X-Ray diffraction pattern of cubic (a), and orthorhombic (b), C3A plus gypsum (1:1,9) water to solid materials ratio 1.2. 

4.3 FE-SEM and XRD analysis 
Figure 6 presents FE-SEM micrographies of the paste cubic C3A-gypsum, hydrated for 14 days. 

The pictures show that at 14 days the sample still contains tricalcium aluminate, also confirmed 

by XRD analysis (figure 5b). Ettringite, forming stubby crystals of up to a few hundreds of 

nanometers in length, invariably observed in association with C3A grains. The images on Figure 7 

presents orthorhombic C3A hydrated for 14 days, do not indicate remaining gypsum, although 

peaks of small intensity of it have been detected in XRD (figure 6b). These FE-SEM images seem 

indicate that orthorhombic C3A reacts at a faster rate when compared with the cubic C3A pastes in 

the same proportion, showing ettringite needles longer and thicker.  

Figure 5: (a) SEM pictures of ettringite formation from a cubic 

C3A+gypsum+H2O mixture, at 14 days. Scale bar indicated. (b) 

XRD patterns recorded from the hydrated pastes at 14 days. Key: 

Figure 6: (a)SEM pictures of ettringite formation from a 

orthorhombic C3A+gypsum+H2O mixture, at 14 days. Scale bar 

indicated. (b) XRD patterns recorded from the hydrated pastes at 

(a) 

(a) 

(b) 

(b) 

H 



E=ettringite; G=gypsum; Cc=cubic C3A 14 days. Key: E=ettringite; G=gypsum; Co=orthorhombic C3A 

4.4 Thermogravimetry (TGA)  
The results obtained from thermogravimetry are consistent with the results presented by the 

previous analytical techniques. Comparing the samples of C3A hydrated in absence of gypsum, 

the results of TGA show that there is a higher formation of C3AH6 in the sample of cubic C3A 

(61.9%) than for orthorhombic C3A (50.5%), demonstrated by the increased mass loss around 

300° C (Figure 7. 7 a e b). 

Figure 7c e d shows that hydration occurs differently in samples with orthorhombic and cubic 

C3A in the presence of gypsum. In the paste of cubic C3A was observed by TG, only the presence 

of remnant gypsum (Figure 7c), ie not yet reacted to the formation of ettringite and 

monossulfoaluminate. In the orthorhombic sample of C3A, we observe the results of DTG that 

there are also remaining gypsum, but in smaller quantities, however C3AH6 is present, indicating 

that the reactions occur simultaneously. 

 

(a) 
 

(b) 

 
(c) 

 

(d) 

Figure 7 – TG e DTG das pastas de C3A cúbico e ortorrômbico com e sem adição de gipsita 

 

To explain these results it is assumed based in Stephan and Wistuba (2006) that the high amount 

of Na2O incorporated into the crystal lattice of C3A has a negative effect on the durability of the 

protective layer that is formed on C3A grains surface. The morphological changes in the 

protective layer caused by Na2O lowers the barrier to the water diffusion, resulting in a fast 

disruption of it and a strong gain in C3A hydration; in the presence of CaSO4 orthorhombic C3A 

lends itself to selective removal of Na from its structure, creating two zones of attack; a surface 

layer or zone that is enriched in Al, relative to the bulk composition; and, at greater depth, a zone 

whereby Ca and Al remain, but from which Na is actively removed by selective hydrolysis 

(Glasser and Marinho, 1984). This selective removal explains the faster reaction time of the 

orthorhombic C3A; in consequence the relatively easy dissolution of the protective layer of the 

grain leads to a faster formation of ettringite.  

High alkali contents in the clinker phase increase the pH of cement paste, which, because of the 

common ion effect, decreases the calcium concentration in solution and also promotes the 

dissolution of C3A (Juenger and Jennings, 2001). Based on the results of this study, the high alkali 

content accelerates hydration and the set of the mix. Most of the literature acknowledges that 

alkalis accelerate early hydration and also increase early strength, which explains the faster 

hydration of orthorhombic C3A at early ages noted on the measurements. Conversely, it is 
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generally accepted that alkalis decrease strength at 28 days and later (Juenger and Jennings, 

2001), thus, new research is necessary to explain this apparent contradiction. 

5. Conclusion 

Isothermal heat conduction calorimetry has been effective to follow the C3A hydration both in the 

absence and in the presence of gypsum. The identities of the phases were confirmed by real time 

XRD. The rapid analysis capabilities of these techniques proved ideal to follow the very early 

stages of hydration, i.e. the first diffractogram being recorded just 2 minutes of hydration. 

Meanwhile, other classical techniques i.e. TG and FE-SEM were applied to confirm results after 

the first measurements. Hydration has been followed for periods of up to 14 days, with phases 

identity being confirmed by X-ray diffraction beyond early ages. The results demonstrate that 

important differences occur in the hydration of each C3A polymorph and gypsum: orthorhombic 

C3A reacts faster than the cubic phase, forming earlier ettringite and consuming the aluminate 

faster; however, this higher reactivity is dependent on the amount of gypsum. In the absence of 

gypsum the behavior is the opposite: cubic C3A is more reactive releasing higher heat resulting 

earlier aluminate hydrates formation. 
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Abstract 
The formation of organo-aluminate phases is a process speculated to consume superplasticizers, thereby reducing their 
efficiency as a dispersant in concrete. Over the past years various studies demonstrated that polycarboxylate polymers 
can be incorporated into organo-aluminate phases. We have shown that the interaction of the Ca-Al Layered Double 
Hydroxide, the so-called AFm phase, with anionic polycarboxylate ether based dispersant polymers (PCE for short) is 
not a simple adsorption but a more complex intercalation phenomenon leading to the transient sequestration of the 
PCE within the AFm crystallites. As a result, part of the PCE is immobilized forming a layered organo-mineral 
composite and does not play its role of dispersing agent. In a previous contribution, the prediction of scaling laws 
derived from models of conformation of comb copolymers in solution were tested against Small-angle x-ray diffraction 
(XRD) experimental results. A model of adsorbed polymers in a configuration of a flexible chain of hemispheric cores 
appeared compatible with the observed interlayer spacings in the range of several nanometers. 
Here, the chemical analysis of the intercalation solutions reveals that the intercalation mechanism probably proceeds 
though dissolution / precipitation over several hours. The release of the PCE in presence of sulfate ions also is not an 
immediate process and probably proceeds in the same way, though a dissolution / precipitation process. 
 
Originality 
The formation of intercalation composites between PCE's and hydrocalumite layers obtained by coprecipitation in a 
lime saturated solution containing the PCE was experimentally established.  We were able to rationalize the composite 
structure using scaling laws derived from excluded volumes considerations for comb copolymers in solution. 
 
Chief contributions 
The PCE intercalated hydrocalumite composite was able to resist sulfate exchange for times in the range of hours. We 
thus propose that the PCE-AFm nanocomposite formation could be a practical key to understanding the dependence of 
superplasticizer effects on the cement composition, noticeably its calcium aluminate content.  
 
Keywords:  Aluminates, ion-exchange, nanocomposites, polymers, Portland cement, superplasticizers 
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Introduction 
 
Ordinary Portland cement contains over 5% calcium aluminate in mass.  It is the most reactive of the 
anhydrous phase and to maintain workability, its hydration must be controlled by gypsum addition.  
Careful studies of the early stages of hydration of C3A have established the conditions under which 
the hydroxy-AFm can form as a transient phase leading eventually to sulfate-AFm 
(monosulfoaluminate) or ettringite (trisulfoaluminate) (Minard et al. 2007; Pourchet et al. 2009). 
Nowadays, high-performance concretes can be formulated with a reduced water-to-cement ratio due to 
the admixture of polycarboxylate ether superplasticizers (PCE).  The efficiency of these formulations 
however can be perturbed and the occurrence of rheological aberrations has been correlated to the 
aluminum content of the clinker (Flatt et al 2001). 
Two research groups, ours and the one of J. Plank, following an initial suggestion of V. Fernon 
(Fernon et al. 1997), have independently proposed that the intercalation process of PCE within the 
lamellar structure of AFm in presence of sulfate ions provides a key to the understanding of the 
seemingly erratic flow properties of some PCE cement admixtures (see for instance Giraudeau et al. 
2009; Plank et al. 2010 and references therein). 
After recalling the basic principles behind PCE intercalation, we will first briefly present the two 
intercalation models proposed by us (Giraudeau et al. 2009) and in Plank’s paper (Plank et al. 2010).  
Then, we will study and discuss how the formation of PCE-AFm intercalate constitutes a short-term 
sequestration mechanism for the superplasticizer which can be unlocked by increased sulfate 
concentration as gypsum dissolution proceeds. 
 
 
Summary of PCE-AFm intercalation phenomenon 
 
The AFm family encompasses all the calcium aluminate hydrates based on the Ca/Al layered double 
hydroxide (LDH) structure.  LDH’s form when hydrolysable divalent and trivalent cations 
(respectively Ca(II) and Al(III) ions in the case of AFm) coprecipitate in brucite like layers.  The 
presence of the trivalent cation results in an excess positive charge that is compensated by interlayer 
anions; the structural formula is thus [MII Mx

III (OH)6]+.x/nAn-.yH2O (Duan et al. 2006).  In a cement 
paste, available anions are hydroxides, sulfates or carbonates thus forming the hydrocalumite, the 
monosulfoaluminate or the monocarbonate phases respectively. 
PCE’s are poly(methacrylate-g-polyethylene oxide).  At the high pH prevalent in a cement paste, all 
the carboxyl groups are deprotonated and they behave as polyanions.  The basic hypothesis is that 
these polyanions can substitute the anions of the layered AFm structure to form organo mineral 
intercalates.  This fact has been verified and reported several times in the literature on pure phases 
obtained either by coprecipitation or C3A hydration in the absence of carbonates.  The signature of the 
formation of the organo mineral intercalate is the shift of the basal spacing observed by X-Ray 
Diffraction (XRD) to the high values needed to accommodate the bulky PCE anion.  In some case, it 
has even been possible to visualize in direct space by Transmission Electron Microscope the high 
basal spacing of the intercalates. 
Actually, the basal spacings measured by small-angle XRD lead to unexpectedly high values ranging 
from 3 to about 12 nm depending on the structure of the PCE.  This raises two fundamental questions.  
First, due to their high charge density, LDH layers, contrarily to clays, are known not to spontaneously 
delaminate in water, so, how can their layers be propped apart to accommodate the PCE anions?  
Second, how can they swell in the range of 5 nm and still maintain coherence? 
In a previous paper (Giraudeau et al. 2009), we proposed to rationalize the interlayer spacing by the 
steric effect of the polymer due to a blob conformation model derived from the grafted polymer 
conformations in solution (Gay and Raphaël 2001).  Our model is represented in a schematic form in 
Figure 1. 



 
 
Figure 1: Author’s model of polymer conformation in the interlayer space of hydrocalumite as a bilayer of chains 
of hemispheric cores.  This model predicts an interlayer of twice the hemispheric radii as indeed observed by 
small angle XRD (see (Giraudeau et al. 2009)). 

 
Plank et al proposed instead that the polymer maintains a comb configuration and that the high basal 
spacings result from the formation of staged intermediates with sulfate ions (Figure 2) (Plank et al. 
2010).  Indeed, staged intermediate have been shown to occur in other LDH compounds (Fogg et al. 
1998).  On the one hand, this model is satisfactory in the sense that it allows for the observation of 
high basal spacings while keeping the distances between the adjacent LDH layers within the range of 
what is commonly observed, namely, a few nanometers at most.  Furthermore, it provides a credible 
picture for polymer exchange without delamination since it is the flexibility of the LDH layer that 
permits diffusion of the polymer within the inter-lamellar space. 
 
 

 
 
Figure 2: Plank’s model of polymer conformation in the interlayer space of hydrocalumite as sulphate / comb 
polymer second stage intercalation compound (reproduced from Figure 7 in (Plank et al. 2010)).  The arrow 
shows the large basal distance (up to 7 nm) which, in the case of a second-stage intermediate, includes two inter-
lamellar spaces. 



On the other hand, the high basal spacings can be observed in the absence of sulfate ions as evidenced 
in our previous study.  In addition, in the same study, the sizes of the hydrocalumite crystallites under 
consideration were in the range of 5 to 9 nm, corresponding to a surface of 20 to 80 nm2 for each side 
of each LDH platelets, while, for the PCE’s used, the chains extended over a surface of 50 to 120 nm2.  
Therefore, even in a bilayer intercalation model, there was just about the right amount of LDH surface 
to accommodate the polymer.  Retrospectively, it thus appears that this fact is not compatible with a 
staged structure which requires an excess of LDH surface respective to the surface covered by the 
polymer.  In conclusion, the high basal spacings we observed in the absence of sulfate did not 
correspond to the staged compound evidenced in the presence of sulfate by Plank’s group.  
In our opinion, the issue thus remains partially unresolved.  To further address the issue, it is of 
interest to address the formation mechanisms of the intercalated PCE / AFm structure.  We thus 
decided to carry a kinetic study by following the ions concentrations with time after PCE and sulfate 
addition to a pre-formed OH-AFm phase (hydrocalumite). 
 
 
Experimental 
 
The hydrocalumite suspension was synthesized following the same procedure as in our previous study 
(Giraudeau et al. 2009).  The end result is an aqueous suspension of 4.0 mM [Ca2Al (OH)6]+ nano-
platelets.  It is kept under Argon to avoid carbonatation and maintained at 5°C to prevent the 
formation of katoite.  2g / L of polymers were then added and the Al and Ca concentrations in the 
solution monitored at various time intervals by ICP-AES after filtering out the solid through a 0.3 µm 
filter.  The concentration of 2 g /L was chosen to mimic the polymer concentration in a cement paste 
after addition of 0.1% weight ratio of polymer to cement for an e/c ratio of 0.5.  The evolution of the 
polymer concentrations in solution was followed by Total Organic Carbon analysis. After 4 days, 
Na2SO4 was added in the proportion needed to obtain the stoichiometry of monosulfoaluminate, 
namely SO4

2-/Al3+ = 0.5.  Sulfate concentrations were measured in solution by ICP-AES.  The general 
formula of the PCES is given in Figure 3.  Their characteristics are given in Table 1. 
 

 
Figure 3: General formula of the polycarboxylate ethers used in this study.  The values of N, x and p are given in 
Table 1. 
 



 
Table 1: Characteristics of the PCE’s used and time constant obtained from the kinetic study of intercalation. 

 Backbone chain 
length (N) 

Side chain length 
(p)

Charge per unit 
(x)

Intercalation time 
constant τ 

A 8.3 23 3 3.2 h 

C 6.5 46 6.4 2.7 h 

D 5.0 23 5.0 2.9 h 

E 5.5 23 8.3 5.6 h 

 
 
Results and discussion 
To gain some insight, we performed a kinetic study of the PCE-AFm composite formation by 
analyzing the concentrations in solution with time after addition of the polymer.  Not surprisingly, the 
intercalated polymer content increased exponentially to an equilibrium value according to the equation 
(Figure 4): 

Cintercalated = Cequilibrium [1 - exp(-t / τ)]        (1) 

All the PCE’s of the present study followed the same trend with time constants τ in the range of hours 
(Table 1).  It is remarkable that the intercalation took several hours to reach equilibrium, indicating a 
significant energy barrier to intercalation.  As discussed previously, depending on the intercalation 
model, this barrier can be circumscribed by the flexion of the layers necessary for staging, or by the 
dissolution of the hydrocalumite layers before precipitation of the intercalated composite. 
 
Monitoring the concentration in solution of Al and Ca, the constitutive ions of the hydrocalumite layer 
provided an interesting clue.  Initially, the Al and Ca concentrations are not zero as they reflect the 
solubility of the hydrocalumite.  The addition of the polymer triggers a transient increase of their 
concentrations as seen in the case of PCE E in figure 5.  The maximum concentration of inorganic ions 
is obtained after 2 h, which is precisely when the adsorption of the PCE E becomes significant.  This 
shows that the composite formation mechanism contains several successive steps, one of them 
occurring in solution. 
 
When adding sulfate ions to the PCE-AFm suspension, the intercalated PCE is released into solution 
as previously reported (Giraudeau et al. 2009).  For brevity, the data are not reproduced here but, 
again, the release of the PCE is not immediate and it takes 2 to 5 hours depending on the PCE 
structure for the PCE to be released in the solution. 
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Figure 4: Evolution with time after addition of PCE to a hydrocalumite suspension of the amount of intercalated 
PCE’s.  The values of τ are obtained by fitting with the equation given in the text (solid line). 
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Figure 5: Evolution with time after addition of PCE E to a hydrocalumite suspension of the amount of Ca and Al 
in solution.  The Al concentration is multiplied by 10 to improve the readability of the figure. 
 



Conclusion 
 
Previously reported models of PCE / AFm intercalation (staged intermediate or blob intercalation) 
require circumscribing the propping apart of the hydrocalumite layers.  However, LDH carry a high 
surface charge density (about 1.75 positive charges per nm2) and do not spontaneously delaminate in 
water.  Consequently, the kinetics of intercalation is expected to be slow.  In this study, we report that 
indeed, intercalation can take several hours to reach equilibrium.  Furthermore, we show that during 
this time-lag, the concentration of Al and Ca in solution are not constant, suggesting that the high 
energy barrier of delamination is circumscribed through a dissolution/precipitation mechanism.  The 
same time lag, and thus the same mechanism, is expected for the PCE release in presence of sulfates. 
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Abstract 
The pore structure of alkali activated materials can provide important information on the water transport 
properties and durability of the materials. In this study, the porosity and pore size distribution of the alkali 
activated fly ash with different Na2O content in the activator (from 1 mol/kg  to 1.5 mol/kg per fly ash weight) 
were studied by mercury intrusion porosimetry (MIP) method at the curing ages of 7 days and 28 days 
respectively. The water permeability of the specimens was also measured with the same curing age. The results 
indicate that the total porosity decreased when higher Na2O content was used. For specimen with lower Na2O 
content, the pore structure development was very slow after 7 days curing, and the water permeability did not 
significantly decrease between 7 days and 28 days. The results also reveal that the critical pore diameter and 
the effective porosity obtained by MIP method correlate well with the water permeability of alkali activated fly 
ash. The total porosity, on the other hand, did not show consistent trend with permeability. 
Originality 
First, the pore structure and water permeability of alkali activated fly ash with different alkali contents at 
different curing ages were presented in this study. Second, the relationship between pore structure obtained by 
MIP method of alkali activated fly ash and water permeability was investigated. The main factors influencing 
the water permeability were also discussed.  
Chief contributions 
The pore structure and water permeability data provide valuable information on the durability of alkali 
activated fly ash. The main factors of pores that influence the water transport properties of the material could 
also be the main parameters determining the acid resistance and corrosion. This will contribute to the 
fundamental study of alkali activated fly ash in building materials. 
 
Keywords: fly ash, alkaline activator, pore structure, water permeability
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Introduction 
 
The application of fly ash or blast furnace slag in synthesizing alkali activated binders, also called 
“geopolymers”[Davidovits, 1989, 1991] and “inorganic polymers”[Duxson et. al, 2007], are widely 
investigated in recent years. Compared to Portland cement, the main advantages of alkali activated 
materials (AAM) is less CO2 emission and recycling industry by-products as the main resource. The 
reaction product was described as a highly connected three-dimensional aluminosilicate network 
[Provis et. al, 2009]. The addition of alkali into the activating solution was considered to have two 
effects on the reaction of alkali activated fly ash. First, it provides a comparative high pH for the 
dissolution of fly ash particles in the solution. Second, alkali cation balance the negative charge 
generated during the uptake of AlO4 terahedral unites [Provis et. al, 2009]. Some studies investigated 
the effect of alkali on the reaction: Duxon et. al [2005] illustrates that sodium neutralizes the negative 
charge both by associating with aluminium inside the gel structure or staying in the solution to fill the 
pore. Rees et. al [2007] applied different contents of sodium hydroxide as activator and found that 
there is a threshold concentration for sodium hydroxide.  Only a few studies [Lloyd R.R. et. al, 2009] 
discuss the effect of alkali on the pore structure development of alkali activated materials.  
It is very important to understand the pore development in alkali activated materials, since the total 
pore volume and pore size distribution are critical parameters determining the durability and service 
life of alkali activated paste and concrete. The pore structure of alkali activated materials can be 
investigated by different techqiues, i.e., mercury intrusion porosimetry (MIP) and N2 adsorption 
method [Sindhunata et. Al, 2006] and wood’s metal porosimetry and scanning electron microscope 
(SEM) Lloyd et. al [2009]. Even though the valuable results were presented to describe the real pore 
structure and pore size of AAM binders, which can not be obtained by either gas adsorption or MIP 
method. However, the investigation on the relationship between pore structure and water permeability 
of AAM are very limited. It is proved that the pore structure parameters obtained by MIP method 
correspond well with the water permeability results in cement paste [Ye, 2003]. It is expected that 
MIP method can provide valuable information in alkali activated fly ash.  
In this study, the effect of different Na2O contents on the porosity and pore size distribution was 
determined by MIP method. The water permeability with different alkali contents in activator was 
also presented. The relationship between pore structure and water permeability was discussed. 
 
 
Experimental methods 
 
1 Materials 
The Class F fly ash (according to ASTM by XRF classification) used in the research was obtained 
from The Netherlands. The chemical compositions of fly ash determined by X-ray fluorescence (XRF) 
spectrometer were presented in Table 1. The alkaline solutions were prepared by mixing sodium 
hydroxide (analytical grade, >98% purity) with distilled water and sodium silicate solution (Na2O: 
8.25 wt.%, SiO2: 27.5 wt.%). The content of the SiO2 in activating solution was kept constant at 1 
mol/kg per fly ash weight, and the amount of Na2O was varied among 1 mol, 1.3 mol and 1.5 mol, 
with specimen designation as specimen 1-1, 1-1.3 and 1-1.5 respectively. 
 

Table 1: Compositions of Fly Ash (wt. %) 

Oxides SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 P2O5 SO3 

Fla Ash 48.36 31.36 4.44 7.14 1.35 1.64 0.72 1.24 1.9 1.18 

 
2 Sample  preparation 
Alkali activated fly ash specimens were cast by mixing fly ash with alkaline solutions. The weight 
ratio of water to fly ash was kept constant at 0.33 (including water in water glass). Specimens for MIP 



tests were prepared by casting slurry in a plastic bottle, vibrating, and then sealed curing in an oven at 
40 °C. At certain curing age, the specimens were taken out from the oven, crushed by a hammer into 
small pieces about 1-2 cm3. The crushed specimens were frozen by immerging in liquid nitrogen and 
placed in a vacuum freeze-dryer at -28 °C. This quick freezing and drying process at low temperatures 
allows the remaining alkaline solution transforming into ice microcrystals and removed by 
sublimation without a large change of the microstructure of geopolymers. For permeability tests, the 
slurry was cast in PVC cylinders with an inner diameter of 95 mm. The thickness of each specimen 
was around 10 mm. After casting all the cylinders were vibrated, sealed and cured in an oven at 40 °C 
until the same age as for MIP test. At each curing age, three specimens were taken out from the oven 
and immersed in water by vacuum saturation for around 12 hours, and then moved into the cells for 
the permeability tests.  
 
3 Test Methods 
MIP: The porosity and pore size distribution of the specimens were examined by Micrometritics 
Poresizer 9320. The measurement was conducted in two stages: the first stage is the low pressure: 
from 0 to 0.0036 MPa and the second stage was the high pressure running from 0.0036 to 210 MPa. 
The Washburn equation [Washburn, 1921] was used to calculate the diameter of pores intruded at 
each pressure step.  

4 cosD
P
γ θ−

=  (1) 

Where D is the pore diameter, γ is the surface tension of mercury, θ is the contact angle between 
mercury and the geopolymer materials and P is the applied pressure. The surface tension here using 
0.485 N/m, and the contact angle is 132° [Ellison, et. al, 1967]. According to Washburn equation, the 
pore size range from 350 µm to 0.007 µm can be detected. 
The total porosity, effective porosity and critical pore diameter are deduced from the MIP tests. In 
MIP measurement, the continuous pores, including the inkbottle pores can be detected from the first 
intrusion curve. After the first intrusion, the mercury is extruded from the specimen; however, the 
mercury in the inkbottle pores will stay inside. The volume of mercury that stays inside during the 
extrusion is called inkbottle porosity. The total porosity minus the inkbottle porosity is defined as 
effective porosity. 
Water Permeability: water permeability was determined by monitoring a steady flow through 
saturated specimens under a hydrostatic pressure gradient. The detailed setup was presented 
somewhere else [Ye, 2003]. In this study, a stable pressure of 0.7 MPa was applied on the inlet and 
atmospheric pressure was set at the outlet. The water permeability was calculated according to 
Darcy’s law. 
 
Results and Discussion 
 
1 The influence of different Na2O contents on pore structure  
Figure 1 presents the influence of three different sodium oxide contents on the total porosity and pore 
size distribution of AAM at the curing age of 7 days and 28 days, respectively.  
With increasing Na2O content in the activator, the total porosity decreased both at 7 days and 28 days 
curing ages. It indicated that the more alkali in the solution, the more fly ash particles reacted and the 
higher the reaction degree reached. It is believed that the addition of alkali provides higher pH in the 
solution. It is reported that this higher pH could help to sever the Si-O-Si, Al-O-Al and Al-O-Si bonds 
in original fly ash and dissolve in the solution [Glukhovsky, 1967]. After the dissolution, those 
aluminates and silicates inter-react and coagulate into aluminosilicate gel. This gel filled in the empty 
pores, resulting in a lower total porosity.  
Similar results were also presented by Lloyd R.R. et al [2009] using wood’s metal porosimetry: the 
porosity decreased substantially when the Na2O content increased from 3 wt.% to 7 wt.%; further 
increase of the alkali content (15 wt %) had little effect. However, based on the MIP results presented 
in this study, at the curing age of 28 days, when the Na2O content was varied from 1.3 mol to 1.5 mol, 



there was a substantial decrease of the porosity (from 27.9% to 21.6%, Fig.1 (c)). This is likely 
because of the larger extent of continuous reaction from 7 days to 28 days for specimen 1-1.5 under 
40 ºC for all the curing age, whereas the curing condition was 65 ºC for 48h and 23 ºC for 28 days for 
the samples from Lloyd R.R. et al.  The lower curing temperature may slow down the reaction rate of 
alkali activated fly ash, and shows no obvious effect of porosity at 28 days age when the alkali content 
increased.  
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Figure 1: Pore size distribution of alkali activated fly ash:  
(a), (b) curing age of 7 days; (c), (d) curing age of 28 days. 

 
It can be observed in Fig.1 (b) and (d), for the second peak (representing the small pores) in the 
differential curve, the threshold decreased to a smaller diameter and to a lower volume with more 
alkali content. This result shows a good agreement with the investigation by N2 adsorption method 
reported resently [Lloyd R.R. et. al, 2009]: increasing the alkali content reduced the size of the pores. 
This implies that the more Na2O amount, the denser the gel becomes. For the first peak (representing 
the large pores), corresponding to the “capillary pore system”, the threshold increased with the 
increasing Na2O amount. On the other hand, with the increasing curing age, there is only slight 
change for the first peak. It seems that the “capillary pore” is larger with more alkali in the system, 
both at the curing age of 7 days and 28 days. This phenomenon is very different from that in cement 
paste. In cement, the size of the capillary pore moves to a lower diameter, and the peak becomes weak 
at later curing age. One plausible explanation is that in the alkali reaction the reaction products occupy 
lower volume with higher Na2O content, leading to more space for the “capillary pore”. It is also 
possible that the larger pore system of alkali activated fly ash (the first peak in Fig 1(b) and (d)) is not 
the same capillary pore in cement pore system. Based on the results of wood’s metal porosimetry, 
Lloyd R.R. et. al [Lloyd R.R. et. al 2009] illustrated that the large-scale porosity in  alkali activated 



fly ash was formed by the retreat of the surface of dissolving fly ash grains after gelation. The reaction 
products were found to evenly distribute in the matrix. If the “capillary pore” is formed by the 
dissolving fly ash, more fly ash particles react with increasing alkali content; then more space is left 
after the gelation. It seems that both of the hypotheses are possible to explain this phenomenon.  
However, the mechanism of this phenomenon still needs to be further studied. What should be also 
noted is that the MIP method is limited to show the actual pore structure because of the “ink-bottle” 
effect, but a comparison of results by the same method still works.  
By comparing the pore structure of specimens at different curing ages (as shown in Fig 2), the total 
porosity of the specimen 1-1.5 decreased subsequently from 7 days to 28 days. For the other two 
specimens with lower Na2O content (1-1.3 and 1-1.0), the total porosity did not change too much. In 
addition, same trend was also observed for the pore size distribution (Fig 1(c) and (d)). It was 
assumed that for the specimen with lower Na2O content, most of the reaction happened before 7 days. 
After that, the reaction rate was very slow. With higher alkali content, large extent of reaction still 
continued after 7 days curing. 
The porosity and pore size distribution of alkali activated fly ash can also be examined by N2 
adsorption method. However, the size range of the pore diameter range detected by N2 adsorption 
method is between 0.3 and 300 nm [Gerhardt, 1988], meaning that a large portion of the pores in 
alkali activated fly ash can not be detected by this method. N2 adsorption method is not suitable to the 
indication of water permeability and mass transfer, since these properties are mainly controlled by the 
larger pores in the pore system. Conversely, MIP method can detect the pore size varying from the 
diameter of 7 nm to 350 µm. The physical meaning of the threshold diameter deduced from the MIP is 
the pores whose diameter is greater than this diameter can not form a connected path throughout the 
specimen [Cui et. al, 2001]. Therefore, this critical pore information is of great importance for 
determining the permeability, which will be discussed in what follows. 
 
2 The influence of Na2O on the water permeability 
Fig 3 shows the water permeability of the specimens with different Na2O contents at different curing 
ages. The permeability value was taken as the average of 3 replicates.  
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  Figure 2: Total porosity versus curing time                     Figure 3: Permeability versus curing time 
 
With the increase of Na2O content the permeability slightly decreased at 7 days but more pronounce at 
28 days. At 28 days curing age, the permeability of specimen 1-1.5 decreased the most; the 
permeability of specimen 1-1.3 decreased almost one order of magnitude, but for Specimen 1-1, the 
permeability almost did not change. The permeability result was in consistent with the results of total 
porosity of the specimen (Fig 2). For Specimen 1-1.5, the permeability at 7 days is 2.94×10-11 m/s, 
and at 28 days, it decreased to 3.59×10-13 m/s. Comparing these values with that of CME I 32.5R, it 
can be found that the permeability of specimen 1-1.5 was very similar to that of the cement paste with 
water to cement ratio (w/c) of 0.4 [Ye, 2003]. However, for the other two specimens with lower Na2O 



contents, the permeability at 28 days is much higher than that of the cement paste with w/c of 0.4. It 
indicates that the microstructure development becomes very slow after 7 days with lower Na2O 
content. In cement paste, the cement hydration continues with curing time and the permeability will 
decrease with time.  
Based on the permeability results, what should be emphasized are as follows: when lower alkali 
content is used for alkali activated fly ash, the pore structure will stop developing at the early curing 
age. This will lead to a more porous microstructure compared to cement paste at later curing age, 
which is detrimental to the durability of alkali activated fly ash. 

 
3 Porosity and permeability 
The relationship between pore structure and permeability was widely investigated in cement based 
materials [Nyman and Illston, 1980; Banthia and Mindess, 1988]. Generally speaking, the pore size 
distribution, the connectivity, the shape and also the volume of the pore are very important factors 
govern the water permeability properties of cement paste [Hughes, 1985]. It is also reported [Ye, 2003] 
that the critical pore diameter and the effective porosity are the crucial factors determining the water 
permeability of cement paste. However, in alkali activated materials, which have different reaction 
product and microstructure compared to cement paste, the relationship between the pore structure and 
water permeability has never been discussed before. Moreover, it was also reported that the MIP 
method may not provide accurate information of the actual pore size and pore shape of cementious 
material, mainly because of the “ink-bottle” effect and the different contact angle used in the 
calculations [Diamond, 2000]. Therefore, it is important to evaluate whether the pore structure 
obtained by MIP tests can also provide valuable information on the water permeability of alkali 
activated materials. 
 

Table 2: Pore structure and permeability of two different specimens 

Specimen Total porosity (%) Second critical pore 
diameter (nm) 

Permeability (m/s) 

1-1.5, 7 days 27.95 4.47 2.94E-11 
1-1.3, 28 days 28.13 3.64 8.52E-12 
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Figure 4: Relation between effective porosity and permeability 

 
Based on Fig 2 and Fig 3, it can be stated that the lower the total porosity, the lower the water 
permeability in alkali activated fly ash was. However, if examined in more detail, the relationship 
between the total porosity and permeability was not consistent. Table 2 summarizes the pore structure 
parameters measured by MIP and water permeability of specimen 1-1.5 at 7 days and specimen 1-1.3 
at 28 days. Though the total porosity of specimen 1-1.5 at 7 days is smaller, compared to Specimen 1-
1.3 at 28 days, the permeability value is higher. On the other hand, specimen 1-1.5 at 7 days had a 



larger second critical diameter than that of specimen 1-1.3 at 28 days. This implies that the gel pore 
system of the alkali activated fly ash was the crucial factors to determine the permeability. 
Besides the critical pore diameter, in cement based materials, the effective porosity was also proved to 
be the main factor controlling the water transport [Ye, 2003]. Figure 4 showed the relationship 
between the water permeability and the effective porosity deduced from MIP tests. Specimens with 
higher effective porosity presented higher water permeability. Therefore, the effective porosity can 
also correlate well with the water permeability in alkali activated fly ash.  
 
Conclusion 
In this study, the effect of different contents of Na2O on the porosity and pore size distribution of 
alkali activated fly ash paste was studied. It was found that with more alkali in the activating solution, 
the total porosity decreased. For specimens with lower Na2O content, the pore structure development 
was very slow after 7 days curing. The water permeability for low Na2O content samples did not 
change much from 7 days to 28 days. In addition, the pore structure parameters obtained by MIP 
method provided valuable information on water transport properties: the critical pore size and the 
effective porosity deduced by MIP method correlate well with the water permeability of alkali 
activated fly ash. The total porosity, on the other hand, did not show a consistent correlation with 
water permeability. 
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Abstract 

It has long been known that curing concrete during cold weather can result in an inferior product with substandard 

properties. Curing also takes much longer, adding to job costs and extending the time before the concrete surface can 

be used. Admixtures are those ingredients in concrete other than portland cement, water, and aggregates that are 

added to the mixture immediately before or during mixing. An accelerating admixture is used to accelerate the rate of 

hydration (setting) and strength development of concrete at an early age. Calcium chloride (CaCl2) is the chemical 

most commonly used as accelerating admixture, especially for nonreinforced concrete but it results in corrosion and 

lack of concrete durability; In order to solve these problems Aluminum hydroxide (Al(OH)3)and Aluminum Sulfate 

(Al2(SO4)3) were used.  

In this study, a total of 252 specimens in which different amounts of calcium chloride, aluminum hydroxide ,and 
Aluminum Sulfate were added to cement mortar were made. The effect of calcium chloride and aluminum hydroxide 

and Aluminum Sulfate on setting time, compressive strength, hydration temperature and permeability was determined. 

The specimens were experimented on in different days from 2 to 90 in order to measure strength.  

As a conclusion Calcium chloride causes a shorter setting time and lower costs in comparison to Aluminum hydroxide 

and Aluminum Sulfate. On the contrary Aluminum hydroxide and Aluminum Sulfate have no effects on corrosion, 

reduce the weight of cement mortar, prevent alkali reactions of aggregates, and increase durability. 

 

Originality 

Pace of hydration is a key element to consider in almost every project. In many cases it is vital to increase the rate of 

hydration to achieve a surface for further developments in an earlier age as it can reduce job costs. In cold weather it is 

also important to increase the rate of hydration as it avoids freezing and the loss of quality in concrete. For this reason 

admixtures are used to improve desired qualities in concrete. Current admixtures have their own cons and pros and 

search for a new admixture that can boost good features and omit disadvantages to a great extent is necessary. This 

paper is intended to promote chemicals that can create a revolution in chemical admixtures in the field of accelerators. 

 

Chief contributions 

As a conclusion Calcium chloride causes a shorter setting time and lower costs in comparison to Aluminum hydroxide 

and Aluminum Sulfate. On the contrary Aluminum hydroxide and Aluminum Sulfate have no effects on corrosion, 

reduce the weight of cement mortar, prevent alkali reactions of aggregates, and increase durability. 
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Introduction 
 

Regulations declare admixtures are some materials except water, aggregate, hydraulic cement and 

fiber that are used in concrete, and should be added immediately before or during mixing (e.g., 

Tasouji, 1987). The chemical materials used as admixtures are often in two categories. Some of these 

chemical materials have an immediate effect on water traction and with absorbing cement particles 

start to influence the cement-water system. Other materials will be divided to their ionic materials and 

have influence on chemical reactions between cement and water from minutes to hours after water is 

added (e.g., Waddel 1974). At the first contact between calcium chloride solution and cement, both 

gypsum and chloride through some reactions create a little calcium trisulfurlaminat and calcium 

chlorolaminate. 

(1) 

C3A + 3CaSO4 + 32H2O            C3A.3CaSO4.32H2O 

C3A + CaCl2 + 10H2O             C3A.CaCl2.10H2O 

Then gypsum continues its reaction while chloride calcium no longer makes any reactions, but it helps 

the hydration of silicate (e.g., Rixom 1999). 

(2)   C3A + 3CaSO4 + 32H2O            C3A.3CaSO4.32H2O 

When all gypsum is used, again calcium chloride makes reaction with C3A until chloride in solution is 

finished. 

(3) CaCl2 + C3A + 10H2O             C3A.CaCl2.10H2O 

The amount of added calcium chloride to cement should be carefully controlled. Since calcium 

chloride increases the speed of setting, high amount of it in the mortar can cause instant setting (e.g., 

Neville 1987).  

Main ingredients used in accelerators for an initial setting time of under 3 minutes and a final setting 

time of under 12 minutes which are used in shotcrete include: Chlorides, Sulfates, Hydroxides, 

Aluminates, silicates, etc (e.g., Ramachandran 1995). 

However, the use of Calcium Chloride in concrete causes several problems, the most important of 

which is corrosion of bars. Other problems include reduction of resistance to sulfate attacks and 

increase of Alkali-Aggregate Reactions (e.g., Russell 1983). Hence non-chloride accelerators should 

be replaced with a material from one of the categories below:  

1- Materials containing active anions such as calcium salts 

2- Materials containing active cations such as aluminum 

3- Organic chemicals such as triethanolamine. These aren’t usually used as a sole component. 

(e.g., Hewlett 1988). 



In this paper Aluminum Hydroxide and Aluminum Sulfate are evaluated for creating a material which 

can solve current problems. These two cause no corrosion, reduce alkali-aggregate reactions and 

increase durability. They are also compared to calcium chloride to get a better understanding of 

expenses and results (e.g., Neville 1981). Following table compares reduction of alkali-aggregate 

reactions: 

Table 1: Reduction of alkali-aggregate reactions 

Material Addition rate (%) Reduction in 8-week expansion (%) 

Al powder 0.25 75 

Ba carbonate 1 3 

Ca carbonate 10 -6 

Cr phosphate 1 9 

Cu chloride 1 29 

Cu sulfate 1 46 

Li chloride 1 88 

Li carbonate 0.5 62 

Li carbonate 1 91 

Li fluoride 0.5 82 

Li nitrate 1 20 

Li sulfate 1 48 

Na chloride 1 15 

Na carbonate 1 44 

NH4  carbonate 1 38 

Zn carbonate 0.5 34 

(e.g., Rixom 1999) 

Methods and materials 

Materials 
Portland cement type II 

Standard sand for compressive strength test ASTM C109-93 

Calcium chloride produced by Merck, Germany 

Aluminum hydroxide produced by Merck, Germany 

Aluminum Sulfate made by Merck, Germany 

Methods 

3 specimens were made in accordance with ASTM C109-93 for each combination in ages of 2, 3, 7 

and 28 days. 

Mortar: the ratio of cement to sand was 1:2.75. Water was used in the amount of 0.485 percent of 

cement weight that was concluded from ASTM C187 test. All above-mentioned materials were mixed 

in Resistenze Macchine Unificate (RMU) mixer in accordance with ASTM C109-93. 

TonyNORM manufactured by Tonytechnik of Germany was used to determine compressive strength. 

Setting time was determined according to ASTM C403 

8 specimens were made to determine permeability. Two of which containing no additives and 6 

containing 1, 2, 3 percent of cement weight accelerators with the ratio of 1:2 aluminum hydroxide to 

aluminum sulfate  and 1, 2, 3 percent of cement weight aluminum sulfate. They were kept in water for 

48 hours, weighed after drying the surface with a towel, kept in oven for 48 hours in 110 centimeters 

degree and then weighed. The difference of initial and final weight over oven-dried weight says 

permeability. 

Setting time was determined according to ASTM C403. 

All graphs and tables were drawn by Microsoft Office Excel 2007. 



 

Result and discussion 

Setting time 

Setting time indicates the pace that cement mortar hardens and shows the time paste changes to solid. 

Setting is mainly due to reactions of SC3
and AC3

and it causes an increase in the temperature of 

paste. Initial setting time and final setting time depend on the rate of temperature increase and 

maximum temperature.  

To determine initial and final setting time vicat test was run. Initial setting time is the time after which 

needle of vicat apparatus enters cement paste 25 mm deep. Final setting time is the time after which 

the needle cannot enter cement mortar. For this test specimens were kept in 30 degrees centigrade and 

humidity of 90%. 

 

As demonstrated in figure 

1 increase in calcium 

chloride reduces initial 

and final setting time. 

More than 2 percent of 

calcium chloride shows 

no outstanding increase in 

setting time. Addition of 

2.5% calcium chloride 

can reduce setting time to 

half.                                   

                                          
                                                                           Figure 1: Calcium chloride setting time       

 
       

 

Figure 2 illustrates that 

addition of Aluminum 

hydroxide increases 

setting time at a slow 

pace. Hence it is not 

financially advised.  

 

 

 

 
                                                                                Figure 2: Aluminum hydroxide setting time 

 

According to figure 3 

Aluminum Sulfate causes 

rapid setting. 

 

                                            Figure 3: Aluminum sulfate setting time 



 

Following figure shows 

the trend of reduction in 

samples made of a 

solution of aluminum 

sulfate and aluminum 

hydroxide with the ratio 

of 2:1. This mixture can 

reduce setting time 

significantly and also 

improves durability.  

 
                                                          

Figure 4:  Aluminum hydroxide and Aluminum sulfate with ratio 1:2 

 

Compressive strength 

Strength of a material is defined as its ability to endure stress without the incidence of failure. 

Accelerators increase the pace of setting, make the surface ready for further developments in a shorter 

time, and help reduce job costs. Most accelerators increase strength in the early ages, but decrease 

strength in the final ages. To redeem this issue materials were used that did not only reduce the final 

strength, but also improved it. Samples in the form of 5 × 5 × 5  cubes were molded and placed for 20 

seconds on vibration table, then kept in the humidity chamber with the humidity of 85 percent and a 

temperature of 21 degrees centigrade. After 24 hours specimens were unmolded and kept under water 

in temperature of 19 degrees centigrade. For each percentage of additive 3 specimens were made and 

the average of collected compressive strength was used in the following figures. A total of 105 

specimens were made. 

There is an outstanding increase in compressive strength in the early age. 2% of additive appears to be 

the optimal amount. 

 

 
Figure 5: Compressive strength of Aluminum sulfate 

 

Influence of aluminum hydroxide and aluminum sulfate is less than influence of aluminum sulfate 

alone in the early age but in the older age its compressive strength increases significantly as its 28-day 

strength is more than that of containing aluminum sulfate alone. 

 



 
Figure 6: Compressive strength of Aluminum sulfate and Aluminum Hydroxide with ratio 2:1 

 

Permeability 

Permeability is one of the features of concrete durability. Less permeability means higher durability. 

When chemicals such as Chlorides and Sulfates permeate concrete it makes flakes and destroys 

concrete units. Permeability is also noticeable when shotcrete is used to make a layer of mortar that 

covers masonry units and protects it against chemical attacks. Also, in cases where low-permeability 

mortar is used to cover concrete units (e.g. shotcrete), the lining of water tanks, and offshore structures 

used as Non-permeable concrete, it prevents the damage of related structures permeability (e.g., 

Dobrowolski1998). A test of permeability was done by soaking 5×5×5 specimens under water for 48 

hours, weighing them after drying the surface, then keeping them in an oven for 48 hours in the 

temperature of 110 degrees centigrade, and weighing them again. The ratio of the weight reduction to 

the dry weight is permeability. 

 

Both combinations 

reduce permeability to a 

great extent but the one 

with aluminum 

hydroxide has more 

influence in the 

reduction.  

 
 

 

 

                                              Figure 7: Admixture permeability 

Steel bar corrosion  

One of the disadvantages of using calcium chloride in reinforced concrete is its effect on the corrosion 

of bars. So its use is only in non-reinforced concrete and it is limited to 2% of cement weight (e.g., 

Popovics 1979). For studying effects of calcium chloride on bar corrosion, 7 specimens of cement 

mortar with calcium chloride additive in the amount of 0 to 3 percent of cement weight, were made. A 

piece of steel bar piece without coating was placed inside each one of them. After 14 days samples 

were broken and effect of calcium chloride on corrosion was obvious as shown in figure 8. In figure 8 

numbers on bars show the percentage of calcium chloride that was used in cement mortars with steel 

bars. The conclusions are that with increasing percentage of calcium chloride in cement mortar, bars 

corrosion is increased. With comparing steel bars we found that adding 2% calcium chloride doesn't 

have any special effect on steel bars. So, the calcium chloride should not be used in reinforced 

concrete. The same test was run with a mixture of Aluminum Hydroxide and Aluminum Sulfate with 



the ratio of 1:2, Aluminum Sulfate, and Aluminum Hydroxide alone. None of them had an effect on 

steel corrosion in the reinforced concrete. 

 
Figure 8: Steel bar corrosion 

 

Conclusion 

According to the results obtained from this paper Calcium Chloride increases both initial and final 

setting time. Adding more than 2% of Calcium Chloride to cement mortar shows a rather slight change 

therefore maximum amount of Calcium Chloride is recommended to be 2%. This limitation can also 

help avoid immediate setting to make using mortar easier. Experiments on the effect of Calcium 

Chloride on corrosion of steel indicates that Calcium Chloride in mortar masonry can be harmful to 

the steel that is exposed to it. Hence it is not advised for reinforced masonry and its use is limited to 

2% in normal masonry. For reinforced masonry and where mortar durability is a key factor, non-

chloride accelerators are used to resolve the steel corrosion problem. Aluminum Sulfate is a good 

substitution since it accelerates setting, decreases job costs, increases compressive strength, and does 

not decrease durability.  Aluminum Sulfate can also be used for shotcrete where a very quick setting is 

desired. When durability is vital it is recommended to use Aluminum Hydroxide that can increase 

durability dramatically. However Aluminum Hydroxide is not a very strong accelerator; so it is 

recommended to use a combination of Aluminum Sulfate and Aluminum Hydroxide to have an 

effective accelerator that increases durability and compressive strength. 
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Abstract 
This work is a comparative study on the strength development and microstructure between fly ash and ground 
granulated blastfurnace slag based geopolymers. Both raw materials are industrial by products but they vary as far as 
origin, chemical composition (especially Ca content) and mineralogy are concerned. Fly ash and slag based 
geopolymers, with Si/Al molar ratios varying from 1.5 to 4.5, were prepared and their compressive strength was 
measured. X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Infrared Spectroscopy (FTIR) were 
applied in order to examine the mineral composition and microstructure of the final products 
The compressive strength of geopolymers was found to depend systematically on the Si/Al ratio, with the maximum 
being 45.52 MPa for a Si/Al ratio of 2.5 in the case of fly ash and 112.7±2 MPa for a Si/Al ratio of 3.5 in the case of 
slag. The Si/Al ratio affects also the mineral composition and the microstructure of the final products. Low ratios 
favour the formation of crystalline compounds (mainly zeolites), while high ratios seem to inhibit the alkaline 
dissolution of the raw materials. In both cases, a reduction of compressive strength was observed. The similarities and 
differences of microstructure between fly ash and slag based binders and the incorporation of Ca in the geopolymeric 
matrix are also discussed. 

Originality 
Fly ash and ground granulated blastfurnace slag are both industrial aluminosilicate by-products but they vary as far as 
chemical and mineral composition is concerned. This work is a comparative study on their alkali activation, aiming to 
explore the similarities and differences of strength development and microstructure between fly ash and slag based 
binders and the incorporation of Ca in the geopolymeric matrix. 
 
Chief contributions 
Given the EU regulations, it is crucial to develop new technologies that allow the recycling of industrial wastes into 
added-value products.  This work concerns the utilization of fly ash and ground granulated blastfurnace slag as raw 
materials for the synthesis of alkali activated aluminosilicate binders and contributes to a thorough knowledge on 
their properties and structure. 
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Introduction 
 
Theoretically any aluminosilicate material can undergo geopolymerization. Previous works have 
reported the formation of geopolymers from natural minerals (Davidovits 1991, Xu et al 2000, 2001, 
2003), calcined clays (Rowles et al 2003), industrial by-products (Phair et al 2002, Fernandez-Jimenez 
et al 2005, Backarev 2005a, Lee et al 2002) or a combination of them ( Xu et al 2002, Swanepoel et al 
2002, Flecher et al 2005, Feng et al 2004). 
There are a lot of factors that have been reported to affect the structure and strength development of 
geopolymers (Komnitsas et al 2007, 2009). The Si/Al molar ratio in the geopolymer matrix is 
considered to strongly affect the properties of the final products.  Low Si/Al molar ratio leads to the 
formation of a three-dimensional framework while high Si/Al ratio (>15) gives a polymeric character 
to the geopolymer (Ross et al 2005). However, since geopolymerization is a complicated and dynamic 
process, this ratio can not be used for the design of geopolymer synthesis. The Si/Al ratio in the 
starting mixture which can be easily controlled, is connected to the Si/Al ratio of the intermediate gel 
phase and therefore to the Si/Al ratio of the final product.  
In this work the effect of the Si/Al ratio in the starting mixture, on the development of the compressive 
strength and microstructure of fly ash and slag based geopolymers is studied. The chosen materials 
vary as far as origin, chemical composition and mineralogy are concerned but they have high alkaline 
solubility which is a measure for geopolymerization potential (Panagiotopoulou 2007).  
 
 
Experimental 
 
The chemical composition of fly ash and slag is presented in Table 1. The main crystalline phases of 
fly ash are quartz (SiO2) and feldspars (NaAlSi3O8), while anhydrite (CaSO4), calcite (CaCO3) and 
hematite (Fe2O3) are found in smaller quantities. Slag is mainly amorphous. Both materials were 
previously ground and their mean particle size (d50) was approximately 20 μm, which is a typical 
fineness when used in construction technology (as main constituent in blended cements).  
The geopolymer samples were prepared using an aqueous activation solution containing sodium 
hydroxide and either commercial water silica solutions or Na2O· Al2O3. The activation solutions were 
stored for at least 24 h prior to use. The Si/Al ratio of Hellenic fly ash is 1.75 while the Si/Al ratio of 
slag is 2.55. The Si/Al ratio of geopolymers was adjusted by varying the Si or Al concentration in the 
activation solutions. In all starting mixtures Al2O3/Na2O=1 and  msolids/mliquids=2.6. The mix design of 
the specimens is presented in Table 2. 
The raw material and the activation solution were mechanically mixed to form homogenous slurry 
which was transferred to cubic moulds and mildly vibrated. The specimens were left for two hours at 
ambient temperature before they were cured at 70C for 48 h. These curing conditions were found to 
be optimal in a previous work (Panagiotopoulou 2009). Their compressive strength was measured after 
7 days and their structure was examined using XRD, FTIR and SEM/EDS. X-ray powder diffraction 
patterns were obtained using a Siemens D5000 diffractometer, CuKa1 radiation (λ= 1.5405Å), 
operating at 40kV, 30mA. The IR measurements were carried out using a Fourier Transform IR (FT-
IR) spectrophotometer (Perkin Elmer 880). The pellets were prepared by pressing a mixture of the 
sample and dried KBr (sample: KBr approximately 1:200) at 8 tons cm-2. The microstructure of the 
samples was studied using a JEOL JMS-5600 SEM and an OXFORD LINK ISIS 300 microanalyser. 
 
 
Results and discussion 
 
Figure 1 shows the compressive strength of fly ash and slag based in relation to the Si/Al ratio of the 
starting mixture. All values presented are the average of three measurements with error reported as 
standard deviation. As it is seen, compressive strength reaches a maximum value in geopolymers with 
Si/Al=2.5 and 3.5 in the case of fly ash and slag, respectively. Further increase of the Si/Al ratio has a 



negative effect on the development of the compressive strength. The same trend has been reported in 
the case of metakaolin-based geopolymers (Rowles et al 2003, Duxson et al 2005, 2007). 
 

Table 1. Chemical composition of raw materials (% w/w) 

Component Slag Fly Ash 

SiO2 36.67 47.86 

Al2O3 12.20 23.54 

Fe2O3 0.82 7.15 

CaO 41.10 10.56 

MgO 5.45 2.28 

K2O 0.25 1.58 

Na2O 0.33 - 

SO3 2.17 2.50 

Cl 0.05 - 

LOI 0.84 4.30 

 
Table 2. Mix design of geopolymers (per 450 g of raw material) 

Si/Al Fly ash geopolymers Slag geopolymers 

1.5  
62.08 g Na2OAl2O3 
41.14 g NaOH 
213 ml H2O 

1.75 82.8 g NaOH 
207 ml H2O 

 

2.00 
82.8 g NaOH 
32.4 g SiO2 

1 
200 ml H2O 

24.14 g Na2OAl2O3 
41.14 g NaOH 
198 ml H2O 

2.50 
82.8 g NaOH 
95.4 g SiO2 

1 
252 ml H2O 

41.14 g NaOH 
189 ml H2O 
 

3.00 
82.8 g NaOH  
156.6 g SiO2 

1 
276 ml H2O  

80 ml SiO2 
2 

41.14 g NaOH 
133 ml H2O 

3.50 
82.8 g NaOH  
313 ml SiO2 

3 
71 ml H2O 

169.5 ml SiO2 
2 

41.14 g NaOH 
70 ml H2O 

4.00 
82.8 g NaOH 
780 ml SiO2 

2 
80 ml H2O 

133 ml SiO2 
3 

41.14 g NaOH 
132 ml H2O 

4.50 
34.6 g NaOH 
398 ml SiO2 

2 
35 ml H2O 

179 ml SiO2 
3 

41.14 g NaOH 
112 ml H2O 

1 amorphous silica, 2 silica sol in water 30% w/w, 3 silica sol in water 50% w/w 
 
 



It is thought that the initial increase of the Si content results to the formation of larger geopolymeric 
networks with higher structural integrity, while further increase of soluble Si content may inhibit the 
dissolution of raw material by shifting the dissolution reaction to the left, leaving unreacted material 
and affecting the microstructure of the geopolymer. It must be noted that the geopolymers with Si/Al 
4.0 and 4.5 required higher amounts of water in order to obtain homogenous slurry and this is probably 
the reason for the very low compressive strength. 
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Figure 1: Compressive strength of geopolymers in relation to the Si/Al ratio 
 

Figure 2 presents the XRD patterns of the geopolymers in relation to the Si/Al ratio. In both cases, low 
Si/Al ratios favor the formation of crystalline (mainly zeolitic) phases. The type of the formed zeolite 
is directly connected to the Si/Al ratio of the gel phase from which the zeolite was crystallined. So, 
when the Si/Al ratio equals 1.75, the formed zeolite is hydroxysodalite (Si:Al=1:1) but as the ratio 
increases, the formation of faujasite (Si:Al=2:1) is favored. In fly ash based geopolymers with Si/Al 
ratio higher than 2, the only crystalline phases are unreacted quartz and feldspars, while slag based 
geopolymers having Si/Al ratio higher than 3.0 are mainly amorphous.  
 

  
Fly ash- based geopolymers 

1: Quartz 2: Feldspars 3: Anydrite 4: Maghemite 
5:Ghelenite 6: Cristoballite 7: Hydroxysodalite 

8:Faujasite  

Slag- based geopolymers 
1: Katoite (silician) 2: Calcite 3: Zeolite-A (with 

calcium) 4: Hydroxysodalite 

Figure 2. XRD patterns of geopolymers in relation to Si/Al ratio 
 

Figure 3 shows the FTIR spectra of fly ash and slag geopolymers. Both raw materials show a broad 
band at 800–1200 which is attributed to the Si-O-T (T: tetrahedral Si or Al) asymmetric stretching 
vibrations (Backarev 2005b). In geopolymers, this band becomes sharper and shifts to lower 
wavenumbers as a result of  major network reorganization. The Si-O bond is stronger than the Al-O 
bond, so the substitution of Si by Al results in lower wavenumbers, which is consistent with the 
formation of the geopolymeric network. Further increase of Si/Al ratio results to the shift of this peak 



back to higher wavenumbers, due to the higher Si content in the matrix. Any peaks in the region 630-
760 cm-1 generally correspond to units such as the aluminosilicate ring and cage structures and indicate 
the presence of crystalline zeolitic phases. The bands at ~3446  and ~1635 cm−1 are related to O-H 
stretching and bending vibrations of molecular water, respectively. All samples contain carbonate 
species pointed out by the presence of the band near ~1450 cm−1, related to anti-symmetric vibrations 
of CO3

2− ions. These observations confirm the XRD measurements and are in agreement with the 
relative literature ( Rees et al 2007a,b). 
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Figure 3. FTIR spectra of fly ash and slag-based  geopolymers 

 
Figure 4 presents the SEM photographs of the fly ash based specimens with Si/Al ratios equal to 1.5, 
2.5 and 3.5. All geopolymers constist of unreacted raw material surrounded by a bonding cementitious 
material, but they vary as far as the compactness of the matrix is concerned. In the case of Si/Al=1.5 
(Fig 4a) the geopolymer matrix is more porous and coexists along with zeolitic phases (Fig 4b). The 
sample with Si/Al ratio equal to 2.5 (Fig 4c), which possesses the highest compressive strength, has a 
compact matrix surrounding a few unreacted particles of fly ash. As the Si/Al ratio increases, the 
matrix becomes porous again and the presence of unreacted fly ash particles indicate poor 
geopolymerization (Fig 4d). It seems that high content of dissolved silica in the activation solution 
inhibits the dissolution of raw material by shifting the dissolution reaction to the left.  
 

 
a: Si/Al=1.5 b: Si/Al=1.5 c: Si/Al=2.5 d: Si/Al=3.5 

Figure 4: SEM photos of fly ash based geopolymers  
 

Figure 5 presents the SEM photographs of slag geopolymers having varying Si/Al ratios. All samples 
consist of a binding matrix sorrounding distinct grains. Their composition, according to EDS 
microanalysis, is very close to the composition of the starting material and it is concluded that the 
grains are unreacted slag particles while the matrix is the product of the reaction between the slag and 
the activation solution. As the Si/Al ratio increases, the binding material becomes denser resulting to 
stronger matrixes. The cracks shown in Figure 5c are due to the compressive strength test. It appears 
that the unreacted slag grains act as micro-aggregates that inhibit the propagation of the cracks. 
 



 a: Si/Al=1.5 b: Si/Al=2.5 c: Si/Al=3.5 d: Si/Al=4.5 
Figure 5: SEM photos of slag based geopolymers  

 
The geopolymeric reaction involves the dissolution of Si and Al from the aluminosilicate material and 
their incorporation into an amorphous network possessing high compressive strength. The presence of 
calcium in slag complicates the reaction, as calcium also moves into the solution and may react with 
either the silicate or the aluminate species. In the case of geopolymers with Si/Al ratio 1.5 and 2.0, the 
activating solution contains large amounts of Al+3, that seems to react with the Ca+2, resulting to the 
formation of the calcium aluminate phase of katoite. As the dissolution reactions continue, 
stoichiometric amounts of Si and Al dissolve from the slag (Rees et al 2008), and their condensation 
results to the formation of a poor geopolymeric network and zeolites. It seems that some Ca 
participates in the formation of zeolites, replacing Na in its charge-balancing role. The activation 
solution of geopolymer sample with Si/Al=2.5 did not contain either Si or Al, so the dissolved Si and 
Al comes only from the slag grains. The Al-rich phase formed at the early stages of dissolution reacts 
with the precipitated Ca(OH)2 forming small amounts of katoite. As the dissolution of Si and Al 
continues, the formation of geopolymeric network takes place. The addition of soluble silica in the 
reaction solution of geopolymer with Si/Al=3.0 changes radically the reaction mechanism and 
concequently the mictostructure and properties of the final products. It seems that the soluble silicon 
reacts with the dissolved Al of the initial dissolution stage forming nucleation sites. It is also possible, 
even though there are no experimental data deriving from the present study, that disolved Si reacts 
with Ca, forming C-S-H phases. Previous studies concerning the geopolymerisation of slag, report the 
formation of C-S-H phase along with the geopolymer formation (Yip et al 2003). In any case, the 
formation of nucleation sites and possibly of C-S-H phase results to the removal of Si and Al from the 
reacting solution, increasing in this way the dissolution of  slag grains.  As the concentration of soluble 
Si in the activation solution increases, more nucleation sites are formed and their competition for the 
nutrition components inhibits the crystallisation of zeolites. The possible reaction of Ca with Si add 
more nucleation sites to the system, increasing in that way the extent of Si and Al dissolution and 
consequently the reaction degree. According to the compressive strength measurements, the 
geopolymeric reaction is favoured by the addition of soluble Si up to a certain point where the 
optimum compressive strength of 112 MPa is achieved. SEM photos show that, in this case, the matrix 
is very dense and non-porous. Further increase of the soluble Si in the alkaline activator leads to lower 
compressive strength. This can be attributed to the limit of Si solubility in alkaline solutions. Probably, 
when the solution comes close to saturation, the dissolution reaction of the slag shifts to the left, 
leaving unreacted material and affecting the microstructure of the geopolymer. 
 
 
Conclusions 
 
The Si/Al molar ratio in the starting mixture has a significant effect on the development of the 
compresive strength of geopolymers. In the case of fly ash, the maximum compressive strength (42.5 
MPa) is achieved for a Si/Al ratio equal to 2.5 while in the case of slag a maximum of 112 MPa is 
achieved for a Si/Al ratio equal to 3.5. 
The presence of soluble Si in the activation solution is crucial for the development of the compressive 
strength of geopolymers. Low Si concentraion leads to poor geopolymerization and favours the 
formation of zeolites while the presence of excess Si seems to inhibit the dissolution of the raw 



material by shifting the dissolution reaction to the left. The type of the formed zeolites is connected to 
the Si/Al ratio of the starting mixture as it affects the Si/Al ratio in the gel phase from which the 
zeolite was crystallised.  
In the case of slag, the presence of calcium complicates the reaction, as calcium also moves into the 
solution and reacts with Al and probably with Si. 
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Abstract 

This paper determines the value of the bulk density of concrete using a generic equation. Concretes were prepared with 

reference to mix proportion 1:2:2:0.5, and variations with the following mix proportions: 1:4:2:0.5; 1:0.5:2:0.5; 

1:2:4:0.5; 1:2:0.5:0.5; 2:2:2:0.5; 0.5:2:2:0.5; 1:2:2:1; and 1:2:2:0.25 (each compound was multiplied and divided by 

2). Samples were weighed over time to 20ºC. The results show that to increase the bulk density without the use of 

additives should be to increase the concentration of coarse aggregate. Increasing the concentration of sand causes the 

bulk density decrease. The increase or reduction of cement causes a reduced bulk density in the same proportion. The 

reduction of water causes a reduction in the bulk density of a greater degree than its increase. The variations of the 

densities for all concrete follow curves with correlation coefficients > 0.9. The variation of water concentration is the 

factor that most influences the bulk density over time. The shortage of cement makes the concrete loses water quickly, 

because none of the other components can hold water. The excess cement makes the concrete does not lose too much 

water, as this is consumed in the hydration process. Data analysis allowed to quantify the amount of air incorporated 

into the mixture before different concentrations. Regarding compressive strength, the variation of the components 

showed similar behavior to the variation of bulk density, except varying the concentration of cement. Thus, the project 

developed a procedure for calculating the bulk density, and the compressive strength of concrete considering the 

variation of concentrations of the components. 

 

 

Originality 

The assessing of the bulk density of concrete from traditional equations based solely on the concentrations of the 

components of the mixture. Similarly, the determination of the compressive strength is conducted exclusively by means 

of test failure. This paper deals with data obtained in the states of fresh and hardened concrete, trying to determine the 

bulk density, and the compressive strength by means of empirical equations. The idea then is to determine the effect that 

the variables "concentration of the components" and "air content" can directly cause in the value of the bulk density 

and the compressive strength of concrete. 

 

 

Chief contributions 

For buildings that use concrete as a structural material based on, the tools suggested by this paper can help direct the 

management and control of concrete, providing more accurate data, which consider variables that were previously 

overlooked. The equations for the determination of bulk density, as well as the influence of the variables measured in 

the compressive strength of concrete, can provide higher accuracy in calculations for determining the mix proportion, 

achieving a better ratio of components, which results in a more realistic behavior of concrete in construction. 
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1. Introduction 
 

The density is a characteristic of matter that makes up a body and is obtained by the simple ratio of its 

mass and its volume when it comes to a massive and homogeneous body. In the case of concrete, this 

concept does not change, and the estimate of its density pass through the consumption of each of their 

compounds, so the usual equation does not consider the air incorporated into the molding process, the 

loss of water in the hydration process, and other less significant factors affecting the composition of 

each compound itself (cement and aggregates) [1]. In other words, we can say that the traditional 

equation determines an apparent density of the concrete, reason between its mass by the volume, 

without considering the losses and gains that occur during the first 28 days of preparation, especially 

with regard to empty, permeable or not [2]. So, it is considered that the true bulk density of a concrete 

is not entirely correct to obtain other data, especially the quantitative material consumption of 

individual compounds. The densities of the compounds of the concrete that are used in traditional form 

are not real, because they do not consider the non-interconnected pores with the external environment. 

Even exist in extremely small percentages, such as the coarse aggregate; they still have relatively 

permeable pores not considerable, about 2%, which is overlooked. Thus, this study sought to quantify 

the effect of variation of the compounds of the concrete in its bulk density, formulating an equation for 

determining the bulk density of concrete, taking into account the different proportions of compounds 

in the mixture, the air incorporated into the preparation, and the loss of water after 28 days of curing. 
 

 

2. Base Theory 
 

The importance of Civil Construction industry in the world is already well known and discussed, and 

in the same way, the development of its products and processes has grown recently, in order to provide 

an optimization of this industry so important that, unfortunately, is marked by resistance to 

introduction of new technologies, the industrialization in general, and especially a sustainable 

industrialization. This situation of stagnation has several reasons, one being the own traditionalist 

characteristic of sector [3]. Of the several materials used for building, what stands out most is 

concrete, second most used material worldwide, behind only water, that is an indispensable component 

of the hydration reactions of Portland cement [4]. For the use of concrete, it is necessary to know their 

physicochemical properties when hardened, and also all of the variables in the fresh concrete that are 

need of their use. Data such as water/cement ratio, physical characteristics of aggregates, type of 

cement, admixtures, all these are important for understanding the strength of the concrete and to 

achieve the mechanical strength designed. This work focuses on an important variable of the concrete, 

which is its bulk specific gravity. Usually, the equations that deal with obtaining this parameter are 

quite simple. The Equation 1 below shows the general method [5]. 
 

co = w/c      +      1      +      m       (1) 

   w/c + 1/c + s/s +g/g 

Where: - co = bulk specific gravity of concrete;  - w/c = water/cement ratio; 

- m = bulk specific gravity unit of hardness concrete (≈ 2 300 kg/m
3
); 

- c = bulk specific gravity of Portland cement (c = cement); 

- s = bulk specific gravity of sand (s = sand); and 

- g = bulk specific gravity of coarse aggregate (g = coarse aggregate). 
 

The analysis of the bulk specific gravity of concrete should consider the incorporation of air inside, 

occupying empty. The quantity in air volume embedded in the concrete depends on several factors, 

from the choice of materials and scale up the mix process the material. The Equation 1 uses the 

variable bulk density of the cement and aggregates, for many rocks used these values vary between 2 

600 kg/m³ and 2 700 kg/m³, common values for granite, sandstone and dense limestone are 2 690 

kg/m³, 2 650 kg/m³, and 2 600 kg/m³, respectively. These values correspond to specific gravities of 



aggregates already considering their pores, ie they are part of the volume occupied by material [5]. It 

is good to note that this paper examines the effect on the bulk specific gravity of concrete considering 

the voids present inside the material, unlike the real bulk density, which subtracts from the total 

volume of material the pore volume. About the inevitable incorporation of air, usually we use a 

generic equation, Equation 2, for determining the air incorporated into the concrete. This equation 

takes into account the following variables: 
 

αt = (gt - co).100         (2) 

  gt 

Where: - αt = theoretical incorporated air; - gt = incorporated air assessed by instrument; 

- co = bulk specific gravity of concrete hardened (≈ 2 300 kg/m
3
). 

 

According Mehta and Monteiro [4], can be found pores filled with air in two forms: by air bubbles 

embedded, or through empty air trapped. The air bubbles incorporated have dimensions between 100 

µm and 1 mm in diameter, while the trapped air voids are larger, being between 1 mm and 10 mm. 

The voids of trapped air, which in most cases are caused by a deficiency in the dosages and choice of 

materials, are deleterious to the final quality of concrete, which can compromise the mechanical 

properties of compressive strength and modulus of elasticity. Another negative aspect regarding the 

presence of trapped air voids in concrete is the final appearance with the formation of macrobubbles 

surface. In the case of apparent concrete, the presence of these macrobubbles surface is totally 

undesirable. The control of incorporated air is essential to quality control of concrete, whether to 

check the maximum and minimum desirable air entrainment, or to identify levels of air voids. 
 

 

3. Materials and Methods 
 

As the work studies the effect on the bulk specific gravity of concrete from the variation of 

concentrations of yours compounds, we take a pattern mix control: 1:2:2:0,5. From this mix 

proportion, the concentrations of compounds were multiplied and divided by two separately, this 

occurred for each compound (cement, sand, coarse aggregate and water). Table 1 clarifies with the 

concentrations were changed individually in respect to the mix proportion pattern. 
 

TABLE 1 – MIX PROPORTIONS USED IN WORK 

 Cement Sand Coarse Water 

Increased concentration 2:2:2:0.5 1:4:2:0,5 1:2:4:0,5 1:2:2:1 

Decrease the concentration 0,5:2:2:0,5 1:1:2:0,5 1:2:1:0,5 1:2:2:0,25 

 

It was prepared 3 cylindrical specimens for each mix proportion, with 10 cm in diameter and 20 cm 

high. For the density of concrete was used a vibratory plate that was switched on for 1 minute for each 

specimen. The concretes were weighed at constant time intervals to monitor weight loss during the 

first 28 days, the constancy of mass took on average 21 days. The concretes were identified with tags 

and were stored at a temperature (20°C) and humidity constant, until stabilization of their weight. This 

was possible through the environment with temperature control at all times during the entire test. The 

materials used, ie, Portland cement, gravel and sand, passed the tests for determination of bulk density, 

as requirements of NBR NM 23:2001 [6] for cement, NBR NM 52:2009 [7] for the sand, and NBR 

NM 53:2009 [8] for the gravel. The gravel was passed in sieves of 25.4 mm and 9.5 mm aperture, only 

the material restricted to this interval was used. The sand used was a local occurrence of quartz sand 

without any linkage to pass through sieve. Each of the specimens, a total of 27 units, had their weight 

measured over the 28 days in small steps at first, because the greatest loss of hydration water, and at 

higher doses over time, depending reducing evaporation and the rate of hydration of cement. After 14 



months of age and stored in a low humidity, the specimens were subjected to compression test to 

analyze the behavior of mechanical strength at the different types of mix proportion prepared. Thus it 

was possible to verify the correlation between the proportions of mix and compressive strength. 
 

 

4. Results and Discussion 
 

In the tests we obtain results that are able to clarify the behavior of the bulk specific gravity and the 

compressive strength of concrete by variation of concentrations of compounds. Two variables were 

considered in the study: the concentration of the compounds, and the time needed to stabilize the mass 

of the specimens. The first was more important for the formulation of a generic equation, since the 

density of concrete is calculated without due consideration of different proportions of the compounds, 

what is significant in the final value. The time required to stabilize the mass of the specimens used is 

not so important factor. Following are shown the results of each compound in Figure 1. 
 

 
FIGURE 1 – BULK SPECIFIC DENSITY VERSUS COMPOUND’S CONCENTRATION 

 

Coarse aggregate variation 

The 100% increase in the concentration of coarse aggregate over the mix pattern considered 

(1:2:2:0.5) caused an increase in bulk specific gravity of the concrete at 2.98%. Similarly, the decrease 

of the concentration over the mix pattern considered, caused the decrease in bulk specific gravity of 

concrete in 3.40%. We can say that the concentration of coarse aggregate in the mix is directly 

proportional to the value of bulk specific gravity of concrete. Following is the graphic that quantifies 

the behavior of the bulk specific gravity from the variation of the concentration of coarse aggregate on 

the mix, ie as the concentration of coarse increases, the bulk specific gravity of the concrete also 

increases in the same way, with the decrease in concentration, the bulk specific gravity also decreases, 

not with the same proportion as shown in Figure 1. 
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Sand variation 

The increase of 100% of the concentration of sand in relation to the mix pattern caused the decrease in 

bulk specific gravity of concrete in -3.83%. Likewise, the decrease of the concentration of sand in the 

same percentage, proportional to the decrease in bulk specific gravity of concrete, was a lower 

intensity of -1.27%. The following graphics show this behavior (Figure 1). 

 
Cement variation 

The 100% increase in the concentration of cement in relation to the mix pattern caused the decrease in 

bulk specific gravity of concrete in -2.12%. The decrease also caused the decrease in bulk specific at -

2.98%. The following graphics show this behavior similar to the variation of sand (Figure 1). 
 

Water variation 

Without a doubt, water is the compound that most influences the bulk specific gravity of concrete. The 

variation in its concentration caused potential effect on the bulk specific gravity of concrete, for 

example, increasing the concentration of water at 100% over the mix pattern, influenced the decrease 

of -19.15% in the bulk specific gravity of concrete, similar to decreased concentration of this 

component, also reduced the bulk specific gravity of concrete, but with less intensity, -8.93%. The 

following graphics show this behavior (Figure 1). 
 

Consideration of the air incorporation 

As mentioned earlier, besides the variable concentration of each compound was considered and 

quantified in the work variable stabilization time and mass, referring to the time required for the initial 

stabilization of the mass of the concrete, ie the time at which the concrete stops leaks to the outside 

and passes just to exchange water in small amounts as variation in relative humidity. The withdrawal 

of water from the concrete to the external environment causes the appearance of voids in its interior, 

which are occupied by air. The air incorporated into the concrete has a direct effect on the calculation 

of bulk specific gravity, because the presence of voids in its interior causes the reduction of weight and 

hence its density, and directly influence the mechanical properties of hardened concrete. The concrete 

prepared stopped losing water to the external environment at approximately 18 days old. As 

mentioned in methods, frequent checks of weight in all samples enabled an analysis of the effect of 

bulk specific gravity of concrete in its early days of age, a factor that is directly connected with the 

loss of water content and the incorporation of air. Table 2 shows the behavior of the variation of 

sample weight from the time of molding until the moment when it stops losing weight by means of 

different concentrations of compounds. The mix pattern used lost -3.03% of its initial mass over time. 
 

TABLE 2 - LOST OF MASS OF SPECIMEN 

 Cement Sand Coarse Water 

Increased concentration -1.51% -2.46% -2.22% -6.49% 

Decrease the concentration -6.16% -3.61% -3.51% -1.18% 

 

Bulk specific gravity: general equation 

How to determine the bulk specific gravity of a concrete from the concentration of compounds? This 

is one of the questions whether to answer in this article, and the Equation 3 is a possible answer. 
 

con n = 2.35 x Fc x Fs x Fg x Fw x Fa      (3) 

Where: - con n: bulk specific gravity of concrete for a give mix proportion “n”; 

  - Fc: factor corresponding to cement;  - Fs: factor corresponding to sand; 

  - Fg: factor corresponding to coarse aggregate; - Fw: factor corresponding to water; 

- Fa: factor corresponding to air. 



The four 1st factors is given by: Fc = c n /2.35; Fs = s n /2.35; Fg = g n /2.35; and Fw = w n /2.35. 

The values of bulk density of compounds is split by 2.35 g/cm³ because this value matches the bulk 

specific gravity of the reference concrete. Each value is determined according to the specific equation 

for each compound, as Figure 1. Dealing specifically with the Fc factor, this value is always equal to 

unity, because all concrete mixtures are referred to the unit of cement as a base for other proportions. 
 

Considerations on the influence of the mix proportion in the compressive strength of concrete 

The same specimens that were part of the study of bulk density were subjected to compression tests. 

Analyzing the behavior of the compressive strength for various proportions of concrete, there is a 

similarity of behavior in relation to bulk specific, ie the concentration of each component of the 

concrete causes a similar effect on bulk specific gravity and compressive strength. Figure 2 below 

shows the behavior of the variations in the compressive strength of concrete. 
 

 
FIGURE 2 – COMPRESSIVE STRENGTH VERSUS COMPOUND’S CONCENTRATION 

 

Comparing the above figures with those corresponding to the bulk densities observed that only the 

cement presented different behavior. The explanation for this difference may be understood as 

follows: cement, despite having higher density, when increased in mix proportion, can not increase the 

density because of the difficulty of mixing, however, the cement can increase the compressive strength 

to be the single binder in the system. 
 

Compressive strength: general equation 

How to determine the compressive strength of a concrete from the concentration of compounds? This 

is the second question whether to answer in this article, and the Equation 4 is a possible answer. 
 

σcon n = 31.94 x Fc x Fs x Fg x Fw      (4) 

Where: - σcon n: compressive strength of concrete for a give mix proportion “n”; 

  - Fc: factor corresponding to cement;  - Fs: factor corresponding to sand; 

  - Fg: factor corresponding to coarse aggregate; - Fw: factor corresponding to water. 
 

The four factors is given by: Fc = σc n /31.94; Fs = σs n /31.94; Fg = σg n /31.94; and Fw = σw n /31.94. 

The values of compressive strength of compounds is split by 31.94 MPa because this value matches 

the compressive strength of the reference. Each value is determined by to the specific equation for 
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each compound, as Figure 2. Dealing specifically with the Fc factor, this value is always equal to 

unity, because all concrete mixtures are referred to the unit of cement as a base for other proportions. 
 

Application 

An example explains the process. Consider the mix proportion: 1:1.9:2.5:0.45 (ref. mix: 1:2:2:0.5). 

- for cement: Fc = 2.35/2.35 = 1 

- for sand: Fs = 2.3512/2.35 = 1.0005 [1.9:2.0 = -5%  Figure 1, decrease sand  2.3512] 

- for coarse aggregate: Fg = 2.368/2.35 = 1.0077 [2.5:2.0 = +25%  Figure 1, increased coarse 

aggregate  2.368] 

- for water: Fw = 2.3587/2.35 = 1.0038 [0.45:0.5 = -10%  Figure 1, decrease water  2.3587] 

Using Equation 3, considering an average incorporation of air 3%, we have: 

con n = 2.35 x 1 x 1.0005 x 1.0077 x 1.0038 x 0.97 = 2.307 g/cm³ 

A similar procedure is used to determine the compressive strength. 

- for cement: Fc = 31.94/31.94 = 1 

- for sand: Fs = 30.732/31.94 = 0.9622 [1.9:2.0 = -5%  Figure 2, decrease sand  30.732] 

- for coarse aggregate: Fg = 32.748/31.94 = 1.0253 [2.5:2.0 = +25%  Figure 2, increased coarse 

aggregate  32.748] 

- for water: Fw = 30.866/31.94 = 0.9664 [0.45:0.5 = -10%  Figure 2, decrease water  30.866] 

Using Equation 4, considering an average incorporation of air 3%, we have: 

σcon n = 31.94 x 1 x 0.9622 x 1.0253 x 0.9664 x 0.97 = 29.538 g/cm³ 
 

 

5. Conclusions 
 

The suggested equations are not the calculation of weighted average, as is usually done, but from 

experimental results that identify the variation of the bulk specific gravity and compressive strength of 

the concrete. Variations of components for both the bulk density and for the compressive strength, 

show that the concrete shows similar behavior, which means that both variables are similarly sensitive, 

except for the variation of Portland cement. Regarding the factor corresponding to the effect of air, this 

paper still does not show the complete evaluation of this effect, since some results are still being 

collected, however, already have the idea that the air entrainment ranges from 1.2% to 6.5%, ie this 

interval determines how much air is incorporated into the concrete during the stages of preparation, 

molding, density and hydration. Other interesting results are being evaluated, such as the absorption 

change over time, bulk specific gravity depending on the position of the specimen, etc. 
 

 

References 
 

1. Balonis M. and Glasser F.P., 2009. The Density of Cement Phases. Cement and Concrete Research, 

39(9), 733-739. 

2. Sahin R., Demiboga R., Uysal H. and Gul R., 2003. The Effects of Different Cement Dosages, 

Slumps and Pumice Aggregate Ratios on the Compressive Strength and Densities of Concrete. Cement 

and Concrete Research, 33, 1245-1249. 

3. Rosso T., 1980. Racionalização da construção. São Paulo: FAU-USP. 

4. Mehta P.K. and Monteiro P.J.M., 2005. Concrete: microstructure, properties and materials. New 

York: McGraw-Hill Professional. 

5. EQUIPE DE FURNAS, 1997. Concretos: massa, estrutural, projetado e compactado com rolo: 

ensaios e propriedades. São Paulo: PINI. 

6. NBR NM 23. Portland cement and other powdered material – Det. of density. Rio de Janeiro, 2001. 

7. NBR NM 52. Fine aggr. – Det. of bulk spec. gravity and appar. spec. gravity. Rio de Janeiro, 2009. 

8. NBR NM 53. Coarse aggregate – Determination of the bulk specific gravity, apparent specific 

gravity and water absorption. Rio de Janeiro, 2009. 



Deterioration of Cement Paste Exposed to Potassium Acetate Solution 

1Thomas MDA1* 1Hayman S 
1 Department of Civil Engineering (University of New Brunswick), Fredericton, Canada 

3Drimalas T, 3Folliard, KJ 
3 Department of Civil Engineering, University of Texas, Austin, Texas, U.S.A. 

 
 
 
Abstract 
Over the past two decades there has been an increase in the use of alkali acetates and formates as anti-icing and de-
icing chemicals on airfield pavements. However, there have been a number of recent allegations concerning the 
damage caused by these compounds on concrete runways and taxiways. Results from laboratory and field studies 
clearly indicate that exposure to potassium acetate solution exacerbates damage due to alkali-silica reaction (ASR) in 
concretes containing reactive aggregates. This phenomenon can be readily explained by the increase in pH when 
potassium acetate, CH3COOK, comes into contact with calcium hydroxide. However, surface microcracking unrelated 
to ASR has also been observed in concrete pavements with non-reactive aggregate. The examination of samples taken 
from these pavements revealed an altered zone close to the surface with enhanced potassium concentrations. There was 
an absence of monosulfate and ettringite in this zone and evidence that potassium sulphate had formed. In the 
laboratory, cement paste samples have been observed to expand and deteriorate when exposed to a 50% solution of 
potassium acetate. No damage is observed at lower concentrations. The damage is increased in pastes containing fly 
ash, particularly high-calcium fly ash. Evidence is presented to show that the sulfoaluminate phases decompose to form 
arcanite (K2SO4) and a calcium aluminate phase (possibly C4AH19), and it is hypothesized that the formation of these 
phases results in expansion. In order to further investigate the role of ettringite and monosulfate, paste bars were 
produced with a rapid-hardening calcium-sulfoaluminate (CSA) cement and exposed to potassium acetate solution. 
These paste bars rapidly disintegrated and turned to mush within days. Analysis of the mushy deposit that was found in 
the bottom of the containers revealed and abundance of arcanite and calcium aluminate hydrate (C4AH19).  
 
Originality 
Although there are a number of reports concerning the exacerbation of alkali-silica reaction (ASR) by potassium 
acetate in concrete containing reactive aggregates, there are relatively few data indicating that potassium acetate can 
cause non-ASR distress. The paper reports findings from concrete pavement without reactive aggregate showing signs 
of microcracking and paste alteration in the near-surface zone. In the laboratory cement paste samples were found to 
expand and, in some cases, disintegrate when exposed to potassium acetate. It is believed that this paper is one of the 
first reporting alteration of the cement paste by potassium acetate. A potential mechanism is also proposed to explain 
the deterioration process.  
 
Chief contributions 
The paper demonstrates that potassium acetate can lead to deterioration of cement paste. It is shown that monosulfate 
and ettringite are decomposed in highly concentrated potassium acetate solution. Potassium sulfate and calcium 
aluminate hydrate are formed as a result of the decomposition of these phases.  
 
Keywords: potassium acetate, calcium sulfoaluminate, arcanite  
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Introduction 
 
Published findings in the literature have confirmed that exposure of concrete to potassium acetate (and 
other alkali acetates or formates) used as anti-icing or de-icing agents can exacerbate or induce 
expansion and damage if the concrete contains an alkali-silica reactive aggregate (Rangaraju et al, 
2007) and this has been attributed to the formation of calcium acetates and formates from calcium 
hydroxide which increases the concentration of hydroxyl (OH-) ions in the pore solution of the 
concrete (Giebson et al. (2010). It has also been demonstrated that the incorporation of fly ash and slag 
can reduce the expansion of concrete exposed to potassium acetate (Rangaraju and Desai, 2009). 
However, unpublished research, including testing conducted by the authors of this paper, has shown 
that the incorporation of fly ash and slag (and other SCM) may merely postpone the onset of 
expansion and retard the rate of expansion once initiated. In other words, expansion is inevitable when 
concrete containing alkali-silica reactive aggregates is exposed to a potassium acetate solution. This is 
not surprising since the primary mechanism by which fly ash and slag suppress expansion due to 
alkali-silica reaction is by reducing the availability of alkalis for reaction with the reactive aggregate. 
Consequently, if concrete is exposed to an external source of alkalis it is only a question of time before 
the alkalis penetrate the concrete and overwhelm the fly ash and slag. The question that remains is 
whether or not the incorporation of fly ash and slag can delay damaging expansion for a sufficient 
period of time to meet the service-life requirements of a concrete pavement. The answer to this 
question requires performance testing under realistic conditions. Such studies are currently being 
conducted by the authors. 
A recent evaluation of cores extracted from a concrete pavement that had been exposed to potassium 
acetate in the field for approximately ten years revealed that the potassium content was only enhanced 
to a depth of approximately 5 mm; Figure 1 shows the profile of the K/Na ratio in five cores. 
Examination by scanning electron microscopy (SEM) indicated that the paste appeared to be altered in 
this surface region (Figure 2) suggesting that there is an interaction between the potassium acetate 
solution and the cement paste that is independent of alkali-silica reaction (ASR). No calcium 
sulfoaluminate phases (e.g. calcium mono-sulfoaluminate, C3A·CaSO4·H12, or ettringite, 
C3A·3CaSO4·H32) were found in this zone, but deposits of potassium sulfate (K2SO4) were observed 
here and in the unaltered paste just ahead of the altered zone. It is not known whether this interaction 
can lead to deterioration of concrete; however, fine microcracking was observed at the surface of 
concrete pavements that were exposed to potassium acetate but not on similar concrete that was not 
treated with the anti-icing chemical during winter months. It should be noted that this concrete did not 
contain a reactive aggregate. 

Figure 2: BSE image showing altered paste zone (left) 
from the surface (not shown) to a depth of approx 5 mm

100 μm

Figure 1: Ratio of potassium to sodium (K/Na) in cores 
extracted from 10-year-old concrete pavement
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To further investigate the interaction between potassium acetate and concrete, samples of concrete, 
mortar and cement paste, with a wide range of binders including various pozzolans and slag, with and 



without reactive aggregates have been exposed to potassium acetate solutions of various 
concentrations and at a range of temperatures (including cyclic temperature changes and wet-dry 
cycling). Only data from selected pastes continuously immersed in potassium acetate solution are 
reported here. 
 
Methodology 
 
Cement pastes, at a water-to-cementing-materials ratio of w/cm = 0.37, were mixed in a plastic pail 
using a high-speed drill with a paint-mixer attachment. The chemical composition of cementing 
materials used is given in Table 1. Paste bars (25 x 25 x 250-mm gage length) were cast for length-
change measurements and 25-mm cubes for strength measurements. After 35 days storage in 
limewater paste specimens were immersed in an undiluted commercial anti-icing solution containing 
50% by mass CH3COOK (a small amount of phosphate was also detected by chemical analysis). The 
bars and solutions were then placed at either -5ºC, 5ºC, 23ºC or 38ºC. Bars were also stored in the 
same solution which was diluted to provide concentrations of 1M and 4M CH3COOK. 
 

Table 1: Chemical Analyses of Cementing Materials 
 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oe LOI 
Portland cement 20.79 5.22 2.11 62.57 1.53 3.72 0.82 2.39 
Fly Ash - BD 50.41 19.64 10.51 5.25 - - - 2.23 
Fly Ash - TK 34.45 18.36 6.60 23.08 4.56 1.28 1.44 0.26 
Fly Ash - CM 31.46 18.26 5.51 29.47 5.46 2.66 2.14 0.42 
Slag - SG 36.39 11.49 0.63 35.61 11.68 3.29 0.70 -1.48 

 
At a later stage, paste bars were produced with a rapid hardening calcium sulfoaluminate (CSA) 
cement. The early strength of CSA cements is due to the formation of ettringite. The paste bars were 
immersed in undiluted (50%) CH3COOK solution at 23ºC at the age of one day.  
 
In addition to monitoring length changes, samples were periodically subjected to analysis by XRD and 
SEM/EDXA.  
 
Results 
 
Figure 3 shows the length change results for paste bars immersed in 50% CH3COOK solution for 28 
weeks. Bars from all mixes initially shrank on immersion, but then started to expand at later ages. The 
time to the onset of expansion varied with both temperature and binder type. For bars stored at -5ºC 
only the mixture with 25% CM fly ash (high calcium content fly ash) exhibited expansion after 28 
weeks. For bars stored at 5ºC, mixes with either 25% CM or 25% TK (also high calcium fly ash) 
showed a net expansion after 28 weeks. The bars with 25% CM began to expand after 28 days and all 
of the bars were broken at the time of the 28-week reading. At 23ºC, bars from all of the mixtures are 
increasing in length by the time of the 28-week reading; the mixture with 50% slag and the control 
mixture (without fly ash or slag) show the least expansion. For bars stored at 38ºC, mixtures with 25% 
CM or 25% BD fly ash expanded rapidly and all of the bars were broken before 56 days. Mixtures 
with 25% TK fly ash or 50% slag expanded more slowly at first, but all of the bars were broken at the 
time of the 28-week measured. Only bars from the control mixture were still intact after 28 weeks at 
38ºC. None of the bars stored in potassium acetate solutions of lower concentration (1 or 4 M) have 
exhibited expansion or cracking to date. All of the SCMs tested seem to increase the rate of 
deterioration compared to the control samples, at least at the higher temperatures. It is not yet clear 
what the mechanism of deterioration is in these pastes and what role the SCM plays. 



When bars broke, a white deposit was observed to form on the broken surface of the bar on drying and 
examination of the surface by SEM/EDXA revealed the presence of crystals of potassium sulfate.  
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Figure 3 Length change of paste bars immersed in 50% CH3COOK solution at various temperatures  
 
Figure 4 shows a back-scattered electron (BE) image of a polished surface of the paste mixture 
containing 25% CM fly ash after 56 days in CH3COOK solution at 38ºC. The image shows potassium 
sulfate intimately mixed with calcium aluminate close (~ 5 mm) to the exposed surface of the bar. 
Neither monosulfate nor ettringite were found near the exposed surface of the bar, but monosulfate 
was found near the centre of the sample. The calcium-to-alumina molar ratio of the calcium aluminate 



was C/A = 3.95 suggesting that it is either an AFm or AFt phase such as calcium hemicarboaluminate, 
C3A·½Ca(OH)2·½CaCO3·H12, calcium monocarboaluminate, C3A·CaCO3·H12 or calcium tricarbo-
aluminate, C3A·3CaCO3·H32. Alternatively it could be tetracalcium aluminate hydrate, C4AH19 (or 
C4AH13 if exposed to low relative humidity). It was not possible to accurately determine the carbon 
content by EDXA especially since the sample was carbon coated prior to analysis. XRD data was 
unavailable for this sample at the time of writing. Giebson and coworkers (2010) recently reported the 
presence of a crystalline phase with a similar morphology to ettringite near the surface of concrete 
exposure to potassium formate, HCOOK. They conjectured that this might the carbonate analogue to 
ettringite, C3A·3CaCO3·H32 but could not clearly identify the phase by XRD.  
Potassium sulfate in close association with a calcium aluminate phase was also observed close to the 
surface in pastes containing the other fly ashes and slag, and also, but to a lesser extent in the control 
paste without fly ash or slag.  
On some paste samples a layer of calcium-bearing material, up to 10μm thick, was found at the surface 
and the underlying mortar immediately in contact with this layer appeared to be more porous and 
somewhat depleted in calcium compared to the bulk paste (Figure 5). In some cases calcium was the 
only element detected in the surface layer indicating that it might possibly be calcium acetate, 
however, in one case the surface layer contained phosphate in addition to calcium.  
Paste bars produced with CSA cement rapidly deteriorated when immersed in 50% CH3COOK at 23ºC 
and after just 7 days the cross-section of the bar had been reduced by approximately one half and an 
incoherent mushy deposit was found at the bottom of the container (Figure 6). Figure 7 shows XRD 
traces for the CSA cement after 3 days of hydration and for the mush found in the bottom of a 
container after 7 days immersion in 50% CH3COOK at room temperature. The mush appears to 
consist primarily of arcanite (K2SO4) mixed with hydrated calcium aluminate. XRD analysis indicates 
that this phase may be C4AH19, and where this product could be resolved by SEM/EDXA it was 
determined to have a calcium-to-alumina molar ratio (C/A) of approximately 4. Figure 8 shows a 
scanning electron (SE) image of an arcanite crystal consisting of 54% K2O and 44% SO3 (after ZAF 
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Figure 4 BE Image and EDX spectrum showing formation of potassium sulphate ( ) and calcium
aluminate (     ) in paste with 25% CM after 56 days in Cryotech E36 at 38°C (100°F)
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correction). This compares with an expected composition of 54% K2O and 46% SO3 based on the 
stoichiometry of K2SO4.  
 

Figure 7: XRD patterns of CSA cement before and after 
exposure to CH3COOK – peaks shown for ettringite (E), 

arcanite (A) and C4AH19 (C)
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Figure 5: BSI Image showing formation of calcium-
rich phase on porous surface of paste with 25% BD 
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Figure 8: SE image of arcanite (K2SO4) crystal in CSA 
cement after exposure to 50% CH3COOK for 7 days
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Discussion 
 
The relatively rapid disintegration of cement paste bars, especially those containing high-calcium fly 
ash, when exposed to concentrated potassium acetate solution would suggest that the surface of 
concrete pavements would deteriorate fairly quickly if potassium acetate was applied as an anti-icing 
agent. This is not consistent with field experience where signs of significant deterioration are limited 
to cases where potassium acetate has been applied to concrete containing alkali-silica reactive 
aggregates. Concrete cores collected from two bridges that have been subjected to potassium acetate 
for 8 to 10 years via an automated anti-icing system show no visible evidence of significant surface 
deterioration. These cores are currently being subjected to forensic analysis. In our laboratory studies, 
mortar bars (25 x 25 x 250-mm gage length) containing non-reactive (quartz) sand have deteriorated 



rapidly in much the same manner as the paste samples reported here, but concrete prisms (75 x 75 x 
250-mm gage length) and large concrete slabs containing non-reactive aggregates have shown no 
surface deterioration after 18 months exposure to potassium acetate. It is possible that the interaction 
is limited to the near surface of specimens and that this has a significant impact on the response of 
small paste and mortar samples but negligible impact on larger concrete samples. It is possible that 
damage will start to manifest on the concrete at a later date. All paste, mortar and concrete samples 
will continue to be monitored indefinitely.  
Although evidence is presented to support the conversion of calcium sulfoaluminates to K2SO4 and 
C4AH19 on exposure to concentrated potassium acetate solution, it is not known whether the expansion 
and deterioration observed for portland-cement-based binders can be solely attributed to this reaction. 
Indeed, it is difficult to explain the extremely poor performance of the binders containing high-CaO 
fly ash on the basis of this conversion as such binders are not expected to contain significantly 
increased quantities of calcium sulfoaluminates compared to the other binders. 
It is interesting that no expansion or deterioration has been observed for the paste specimens exposed 
to lower concentrations of potassium acetate (i.e. 1 and 5 M). It is possible that these reactions only 
occur at very high concentrations, but it may also be the case that the reaction merely occurs more 
slowly at lower concentrations. A longer test duration is required to determine which is the case. 
The rapid disintegration of the CSA paste bar on exposure to potassium acetate may be the cause of 
some concern where concretes produced using these cements have been used to repair pavements that 
are exposed to potassium acetate anti-icing or de-icing chemicals in service. However, further testing 
on concrete is required to determine the extent to which this occurs under field conditions (real or 
simulated).  
 
Conclusions 
 
The following conclusions can be drawn from this study: 

1. Hardened cement samples produced with binders consisting of blends of portland cement and 
either fly ash or slag expanded and deteriorated when exposed to a concentrated (50%) 
solution of potassium acetate. 

2. The rate of expansion and damage accumulation depends on the temperature and the 
composition of the binder. Specimens deteriorated more rapidly at higher temperature and 
when high-calcium fly ash was used. The binders without fly ash or slag showed the best 
performance. 

3. There is evidence that calcium sulfoaluminates react with potassium acetate to form potassium 
sulfate (arcanite) and calcium aluminate hydrate (probably C4AH19). 

4. Paste bars produced with a rapid-hardening calcium sulfoaluminate (CSA) cement 
disintegrated very rapidly when exposed to potassium acetate solution. Analysis of the 
resulting mushy deposit that was found in the bottom of the storage containers indicated that it 
consisted of K2SO4 and CAH19.  

5. It is not known to what extent the deterioration of the portland-cement-based binders can be 
attributed to the reaction between the sulfoaluminates and potassium acetate.  
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Abstract 
 
Cement is essentially formed from hydration of synthetic rock, “clinker” which has a number of different phases and 
polymorphs. Hydration is a complex process, which occurs in three steps, dissolution, saturation, and precipitation, 
and all depend on both chemical and physical parameters. As the mechanical and chemical properties of cement are 
mainly affected by the hydration stages, it is crucial to understand the main reaction mechanisms in order to control 
and modify them. In addition to tailoring and enhancing the properties of cement, such control could allow for the use 
of clinker phases that require substantially less processing energy. 
 
In this work, we use atomic scale, quantum mechanical simulations to understand the factors effecting clinker 
reactivity. As a first step we modeled the crystal structure of two major clinker phases, alite (Ca3SiO5 or C3S) and belite 
(Ca2SiO4 or C2S). The results that we obtained are in very-well agreement with the experimental X-ray diffraction data. 
Next, we cleaved the clinker crystal in the simulation along different directions and fully optimized the system, leading 
to a prediction of the most stable surfaces. Reactions occurs at the surface so determining the surface pattern is crucial. 
By using the computed surface energies, we can predict the full structure of the clinker nanocluster. At the final stage 
we examined the electronic structure of different nanocluster phases in order to shed light on the reaction mechanisms 
and use this new understanding to predict possible novel routes for modifying and controlling them.  
 
Originality 
 
The stable surfaces of and nanocluster shape of alite and belite are for the first time predicted by atomic scale, quantum 
mechanical computational simulations. The first atomic scale analysis on the reaction of the clinker is reported and 
methods to modify the reaction are predicted. 
 
Chief Contributions 
 
The prediction of the structure of the clinker nanocluster and understanding the reaction mechanism at the nanoscale 
will help us suggest new methods to change the reaction rate, water to cement ratio, formation of calcium silicate 
hydrate, among other key properties that control the mechanical and chemical properties of cement. 
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Introduction 
 
Cement, the most employed material by the mankind, is a very versatile material, with remarkable 
mechanical properties, stability and durability. However, the cement industry is responsible of about 
the 5% of the anthropogenic CO2 emissions; most of this is a consequence of the pyrolytic process to 
convert the raw materials into cement clinker (Lea, 1998). Nearly a ton of carbon dioxide is emitted 
for every ton of cement produced.  Modifications of the manufacture process that would allow a 
decrease in cement’s environmental footprint as been pursued for many decades by a number of 
researchers. By examing the phase diagram of calcium and silicon oxides, a possible way of achieving 
this objective is the use of belite (dicalcium silicate) instead alite (tricalcium silicate) as the main 
clinker phase. The temperature necessary to produce belite is about 1200C, while alite requires around 
300C higher temperatures (Welch, 1959). Clearly, the reduction of the required energy to form belite 
would entail both economic and environmental benefits. Unfortunately, there are obstacles that hinder 
the use of belitic cements. The principal one is their low hydraulic activity: while the hydration degree 
of alite 28 days after being mixed with water is about 70%, in belite it is only 30% (Lea, 1998; Taylor, 
1997). As a consequence, the strength development is much slower in belitic cements, rendering them 
of little use in construction. From a classic experimental point of view, the search for a highly reactive 
belite  clinkerhas been carried out by trial-error. Several strategies have been attempted, e.g., 
modifying the chemical structure of belite by thermal processing (Adam, 2003; Fukuda 1999a; 
1999b), or including chemical impurities (Cuberos, 2010; Martin-Sedeno, 2010; De la Torre, 2007). 
Regarding the latter procedure, despite partial success (Li, 2006), the low control over where the 
atomic substitutions take place, their effect on the structure, and their role on the chemical reactions 
makes such an approach a “blind procedure” in which each chemical substitution must be tested 
before being able to predict its impact on the reactivity. Atomic simulation techniques are ideal tools 
to overcome the aforementioned difficulties, as they allow us to exactly determine the electronic 
structure and effects on chemical reactions, the position of chemical impurities and also to examine the 
resulting properties of the system. Towards this goal, we used a combination of classical force field 
and quantum mechanical, density functional theory (DFT) methods in this work to study the structural 
and electronic properties of alite and belite crystals and surfaces, with particular focus on enhancing 
the reaction rate of belite. 
 
Methodology 
 
The force field simulations were performed using the GULP code (Gale, 1997; Gale, 2003). The 
experimental crystalline structures were optimized by relaxing the unit cell parameters and the atomic 
positions. The symmetries were eliminated once the supercell was generated to allow anisotropic 
variations of the lattice vectors. In order to accelerate the convergence of the coulombic energy, the 
Ewald summation method was chosen (Ewald, 1921) with a cut-off radius of 8 Å between the real and 
reciprocal space. The search of local minima was done by the Newton-Raphson algorithm, updating 
the Hessian each ten steps using the Broyden-Fletcher-Goldfarb-Shannon (BFGS) scheme (Shannon, 
1970). The convergence tolerances for the forces and energies during the relaxation were those fixed 
by default in the code. 

The DFT part of the calculations were performed using the VASP simulation package (Kresse 1993; 
Kresse 1996) with PAW potentials (Blochl, 1994). The exchange-correlation potential was 
approximated within the Generalized Gradient Approximation (GGA) (Perdew, 1992), and  
integrations on the Brillouin zone (BZ) calculated at the Gamma point. We used a plane-wave basis 
with a kinetic energy cutoff of 500 eV, which was checked to be sufficient to obtain fully-converged 
results. The structure was relaxed using the conjugate gradient method with simultaneous 
minimization of the total energy and interatomic forces. The convergence on the energy was set to 10-5 
eV, and the maximum residual force allowed on each atom was fixed at 10-2 eV/A.  
 
 



 
Crystal Structures of Alite and Belite 
 
As a first step we modeled different polymorphs of alite and belite crystals. For alite, we focused on 
the M1 and M3 polymorphs, which are the most frequently observed in industrial clinkers, based on 
the model used by Mumme (Mumme, 1995) and de Noirfontaine et al. (de Noirfontaine, 2006). Both 
M1 and M3 contain 54 atoms (18 Ca, 30 O, and 6 Si) which correspond to 6 formula units and have 
crystal symmetries of PC and CM, respectively (Figure 1). The structural parameters obtained after 
fully optimizing the lattice parameters and atomic positions are in good agreement with experimental 
data (see Table 1) 

 

 
Figure 1: The crystal structure of (a) M1, (B) M3 alite crystals. The green, yellow, red, and pink spheres 

represent calsium, silicon, oxygen type1 and type2 atoms, respectively. 
 

 
For belite, we consider α (Taylor, 1997), β (Jost, 1997), and γ (Udagawa, 1980) polymorphs. α, β, and 
γ-belite are modeled by using 12, 4, and 4 formula units and they belong to the Pna21, P21/c, and 
Pnma symmetry groups, respectively (Figure 2). Similar to the alite case, the structural parameters are 
in good agreement with experimental data (see Table 1). 

 

 
Figure 2: The crystal structure of (a) α-, (b) β-, (c) γ-belite crystals. The green, yellow, red spheres represent 

calsium, silicon, oxygen atoms, respectively. 
 

 



When the crystals structures of alite and belite are compared, there are two main differences. One is 
the Ca/Si ratio which is 3 for alite and 2 for belite. The second difference is the type of O atoms. In 
alite there are two types of O atoms, one type (OT1) is bound to Si forming the silicate group, and the 
second type (OT2) is surrounded by Ca atoms. In belite, there is only one type of oxygen, which is OT1. 
The bond distance between Si and OT1 (dSi-O) is 1.67Å and the interaction is covalent and strong. On 
the other hand the distance between Ca and OT2 (dCa-O) is 2.4 Å in average and the interaction is more 
ionic and weak.  
 

Table 1: The lattice parameters of different polymorphs of alite and belite crystals 
 a(Å) b(Å) c(Å) β(˚) 

Alite (M1) 9.42 7.15 12.28 116.60 
 9.30 7.08 12.22 116.08 

Alite (M3) 12.46 7.20 9.38 116.15 
 12.42 7.06 9.26 116.07 

Belite (α) 20.53 9.35 5.60 90.00 
 20.87 9.50 5.60 90.00 

Belite (β) 5.62 6.11 9.98 95.08 
 5.50 6.75 9.30 94.59 

Belite (γ) 5.11 11.31 6.82 90.00 
 5.08 11.22 6.78 90.00 

 
 
Electronic Structure of Alite and Belite 
 
After modeling the crystal structures of alite and belite, we analyzed their electronic structure. In 
principle any chemical reaction involves a change in electron density and this can be quantified in 
terms of appropriate reaction descriptors. In this sense, a fundamental understanding of the electronic 
structure of alite and belite, and in particular elucidating the differences will be crucial in order to tune 
the desired chemical reaction. 
 

 
Figure 3: The projetion of local density sates (LDOS) of  the top of the valence band edge (TVB) for (a) M1- 

(b)M3-alite 



 
All considered polymorphs of alite and belite are wide band gap crystals. The calculated energy band 
gap values are 4.10, 4.11, 5.71, 5.27, and 5.18 eV for M1-, M3-alite, α, β, and γ-belite, respectively. 
By analyzing the top valence band (TVB) edge and the bottom conduction band edge (BCB), we can 
gain insight into the reactivity of the crystals.  According to the frontier electron theory (Holton, 
1983), the localization of TVB and BCB at a region favors reactivity of that site. Consequently, the 
TVB and BCB indicate the sites to be affected first by electrophilic and nucleophilic chemical attacks. 
A plot of the local density of states (LDOS) of the TVB indicates that electrons are localized around 
OT2 for alite (Figure 3) whereas they are denser around OT1 for belite (Figure 4). This finding suggests 
that the ionic OT2 sites in alite remain unprotected for electrophilic attack, which helps to explain the 
fast reactivity of alite, especially when electrophile cations are added. 
 
 

 
Figure 4: The projetion of local density sates (LDOS) of  top of valence band edge (TVB) for (a) α- (b) β (c) δ-

belite 
 
Surface Structures 
 
As all the reactions including dissolution occur at the surfaces, we extended our analysis from bulk to 
surface structures. The clinker crystals were “cleaved” in the simulation along different 
crystallographic planes and fully optimized to obtain the most stable (least reactive) and least stable 
(most reactive) surfaces by calculating the surface energy (ES). ES is calculated as: 
 

! 

ES = (Eslab " Ebulk ) /A  
 

where, Eslab is the total energy of the slab aligned in the preferred direction, Ebulk is the total energy of 
the crystal with equivalent formula units and A is the surface area.  
 

 
Figure 5: The least stable (most reactive) surfaces of (a) M3-alite and (b) β-belite 

 
 



Accordingly, we considered all of the possible crystal symmetry directions for M3-alite and β-belite 
and performed benchmark analyses for different  surface patterns. The variation of energy for different 
symmetry directions and the convergence of energy indicate the most stable (least reactive) surfaces 
are <101> and <100>, while the least stable (most reactive) surfaces are <010> and <111> for M3-
alite and β-belite, respectively (Figure 5 and Figure 6). These structures are the key templates to 
investigate and modify the desired reactions. 

 

 
Figure 6: The most stable (least reactive) surfaces of (a) M3-alite and (b) β-belite 

  
 

Conclusions 
 
By using atomic scale, quantum mechanical simulations, we have accurately modelled different 
polymorphs of alite and belite crystals. Our detailed electronic structure analysis indicates that the 
ionic oxygen sites in alite remain unprotected for electrophilic attack, which helps to explain the fast 
reactivity of alite. We have also performed benchmark calculations of clinker surfaces, in order to 
identify the most and the least stable (reactive) surfaces, which are critical to analyze, understand, and 
modify the chemical reactions occurring at the atomic level. 
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Abstract 

The purpose of this study is the sustainable appraisal of a polymeric residue, such as expanded polystyrene (EPS), by 

its adding to a construction material: mortars. 

Different characteristics that the addition of this residue provides to mortars must be established. In order to do this, its 

properties will be assessed, focusing this work in the study of the microstructure, for that purpose, impedance 

spectroscopy and mercury intrusion porosimetry (MIP) have been used. 

Firstly, three types of EPS were used, and no additive mortars were made. From the MIP was deduced that the total 

porosity of mortars with EPS increases versus the control mortar between a 15 and a 20%. Differences in total porosity 

for the three types of EPS are not higher than a 10%, which points out certain similarity in their properties. With the 

Impedance Spectroscopy, the quantity of connected pores is deduced to be analogous for the three types of EPS, being 

higher than in the control mortar. This parameter is related to the capillary absorption coefficient rates. These are, 

generally, lower than the ones for the control mortar, as the presence of EPS breaks the capillary net and allow 

obtaining mortars with a higher durability. 

With the recycled crushed EPS, mortars with additives have been made, in order to increase the amount of EPS added 

to the mortar. These mortars have been essayed to porosimetry, impedance and water absorption. Impedance and 

porosimetry essays seem not to be very suitable for these types of mortars. From the capillary absorption it can be 

deduced that air-entraining agent allows for a decrease of a 50% in the water absorption rate versus the control mortar 

with no EPS. With the water retainer and superplastizicer additives it is reduced a 30%. Mortars with an elevated 

content in EPS and therefore more durable than their equivalent mortars without additives are then achieved. 

 

Originality 

The more outstanding novelty of this investigation is the addition of an polymeric EPS waste to cement mortars, which 

allows the sustainable appraisal of otherwise difficult management wastes, which sometimes come from the wastes of 

EPS manufacture, thus helping in the decreasing of construction materials and products’ environmental impact. 

 

Chief contributions 

These are, development of new mortars, which will be able to be produced at an industrial level as dry mortars, 

suitable for different uses. 

The addition of a polymeric EPS waste, combined with the use of additives to increase the used EPS percentage, which 

allow making mortars with a higher durability. 

Moreover, regarding mortars made with additives, it is observed that the presence of additive modifies the mix’s 

microstructure. 
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1 Introduction 
 

Historically, lightweight concrete is used for both non-structural and structural uses [1]. Lightweight 

concretes manufactured with EPS have been used as covering panelling, curtain walls, coating systems 

for composite flooring and concrete blocks [2], as a sub-basis material in road pavement and railways; 

in sea floating structures, marine beds and barriers; as energy absorbing material for military buried 

structures protection and as screens in petrol platforms [3-5]. Concretes made with lightweight 

aggregates have been known to present an equal if not better durability, even when submitted to severe 

conditions [6]. EPS as a lightweight aggregate has been widely used in the concrete production. 

However, no bibliographic references have been located to prove the existence of scientific studies 

regarding its use in brickwork and special mortars production. On the other hand, there are 

commercialized mortars with more than 3 mm pearls EPS additions for some specific uses. 

 

In this piece of work, there have been analyzed the different characteristics that the adding of EPS 

wasting provides to mortars. In order to achieve this, the microstructure will be valued through the use 

of Mercury intrusion porosimetry and impedance spectroscopic, so as to appraise the influence of EPS 

in these mortars’ durability. 

Mercury intrusion porosimetry injects mercury in the mortar sample applying certain pressure. 

Measuring the quantity of mercury that enters in the solid we can know the amount of pores of 

different sizes present in the mortar. The pore families can also be known, in other words, the amount 

of pores which diameter are between the values given for each family. The tortuousness in the 

capillary net can also be detected with this essay, as once the pores have been filled applying pressure 

to inject mercury, this pressure is decreased. The more tortuous the pores, the more difficulties will 

have mercury to exit. 

Impedance spectroscopy is a non destructive technique based on the relation that can be established 

between the dielectric properties of a porous material, such as mortars and its mechanical properties. 

The technique consists in an analysis of the impedance spectre in the high frequency zone (100 Hz-

100MHz) of the mortar specimens. It has been proved that important connections exist between the 

material porosity and its dielectric characteristics [7]. To supplement the data obtained through the 

porosimetry and the impedance, studies of the capillary absorption rate were made. This parameter is 

important on durability studies and it is an indicative of the mortar microstructure. 

 

2 Experimental program 
 
2.1. Used Materials and mortar manufacture. 
 

For the production of the studied mortars the following materials were used: distilled water, CEM I 

52,5R Portland cement and standardized siliceous sand, as per European and Spanish standard UNE-

EN 196-1:2005 [7]. There have been used three types of EPS, which properties are given in table 1. 

 
Table 1: Properties of the different EPS types used in studied mortars production. 

EPS type Recycled 
Particle diameter 

(mm) 
Particle 

geometry 
Colour 

Density 
(g/cm3) 

EPS big No >3 Spherical White 0,0076 

EPSsmall No <3 Spherical White 0,052 

EPScrushed Yes 1-5 Irregular Colour 0,017 

 

 

 



Mortars have been prepared with weigh standard dosage 1:3:0,5 EPS has been dosed in volume 

substitution of sand by EPS. Percentage of employed EPS was a 70%. Control mortars with no 

expanded polystyrene were also made. Three types of additives have been used to make mortars with 

additives: an air-entraining agent (BASF RHEOMIX 934), a water retainer additive (Hidroxipropil 

metil cellulose) and a superplastizicer additive (RHEOMIX GT 205 MA). Additive was dosed in 

weigh percentage over cement weight. Additives were used to achieve a suitable workability. 

Mortars specimens mixed for the mercury intrusion porosimetry and Impedance spectroscopy essays 

were cylindrical specimens with a 10 cm diameter, mixed as per European and Spanish standard UNE-

EN 196-1: 2005 [8]. Specimens were cured underwater at a 20±2ºC temperature during 120 days. For 

the water absorption essays prismatic mortar specimens of 4x4x16 cm were made. These were also 

made according to European and Spanish standard UNE-EN 196-1:2005 [8] and were cured and 

essayed as per the European and Spanish standard UNE-EN 1015-18:2003 [9]. 

 

2.2. Essays made 
 

In this study two techniques for microstructural mortar attribution have been used, the Mercury 

intrusion porosimetry and Impedance Spectroscopy. 

 

For the performance of the Mercury injection porosimetry there has been used the Autopore IV 9500 

equipment from Micromeritics. Samples were previously dried in a stove at a 60ºC temperature. The 

sample was taken for its essay from the inside of the mortar sample to avoid the “edge effect”. 

Samples were crushed to a suitable size before taking them into the porosimeter. They were essayed as 

per the software process of the equipment. 

For the carrying out of the impedance spectroscopy it has been used an Impedance Analyser, model 

4294A from Agilent. Mortar samples employed for the essay were mortar discs of a 10 cm diameter 

and 1 cm thick. They were measured after 120 curing days, making contact measurements with and 

without an insulating material to obtain the according strengths and capacities. 

The Capillary absorption coefficient’s study was made according to European and Spanish Standard 

UNE-EN 1015-18:2003. A measurement of the water absorption was also made submerging the 

samples’ pieces, broken in the compression tests, underwater for seven days and making weightings in 

a hydrostatic balance.  

 

 

3 Results and discussion 
 

Firstly, the data obtained for the mortars with no additive will be discussed. These data are showed in 

table 2 as following. 

 
Table 2: studied parameters for the control mortar and mortars with a 70% amount of different types of EPS.  

 

Mortar 
MIP porosity 

(%) 
Open porosity 

(%) 
R1 (Ω) C1 (F) 

C90 
(Kg/m2min0,5) 

Control 15,5 14,1 283,9 2,68.10
-11

 0,210 

70% EPSbig 40,2 11,3 199,4 2,96.10
-11

 0,168 

70% 
EPSsmall 

33,7 11,4 224,5 3,11.10
-11

 0,232 

70% 
EPScrushed 

32,4 13,4 217,6 3,25.10
-11

 0,205 

 

For the control mortar, as well as for the mortars mixed with a 70% of EPSb, EPSs y EPSc, different 

parameters were studied. The first column represents the total porosity amount of the mortar, obtained 



in the mercury intrusion porosimetry (MIP) essays. Next column shows 

through the absorption essay. Next follow the R1 and C1 paramete

spectroscopy essay. R1 is a electric 

diameter of the interconnected pores. 

and is related to the amount of solid ph

Open porosity data show that the EPS’ presence decreases the porosity versus the control

to the fact that it cuts off the pore net.

The mercury intrusion porosimetry

porosity, since the pressure of the mercury in

to say, the injected mercury gets into mor

through absorption. This is clearly observed in the control mortar where the difference between both 

porosities gets to a 10%. 

In case of having mortars with EPS, these poro

the control mortar. These differences are not exclusively blamed

This statement can be based on the SEM images for these mortars (fig.1). In this we can see that the 

EPS particles show a porous structure, in which mercury can penetrate. Apart from that, the increase 

of the mercury intrusion pressure has to be taken into consideration as it can break these particles, thus 

allowing that a greater volume of mercury enters the sample. This inv

with this process.  

 

 

 

 

 

 

 

 

 

 

 

The amount of connected pores can be deduced from the R1 parameter. The following usually 

complies, the greater R1, the lesser the 

through the mercury intrusion porosimetry. If the table’s data is observed, the one with less R1 is 

EPSb, which is the one with more connected pores and according to the MIP is the one with a higher 

porosity. For EPSs and EPSc R1 rates are

have a lower amount of connected pores and less porosity.

R1 can also be related with the 

lower C90 is. Observing the data in table 2, this behaviour is not fulfilled

Confirmation could be as follows. From the isolated EPS’ im

capacities for this material are in the same order as cement. But from the capillary 

these materials cannot be treated as equal. EPS

spherical shape in the mortar samples

capillary net as well, decreasing the C90 rate. For mortars with EPS

are broken, these also interrupt the pore net, but do not absorb water,

is much greater than the superficial energy of EPS

established between R1 and C90 in this case.

C1 is compared now with the porosity obtained through mercury in

considered that the lower C1 is, the higher this porosity will be. Observing the data showed in table 2, 

the tendency for mortars with EPS is accomplished, but when trying to compare these rates with the 

control mortar, this does not apply. This can be due to the fact that the EPS presence modifies the 
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Following the data for mortars made with a 70% EPSc and different types of additives will be 

discussed. These data are showed in table 3. 

 
Table 3: studied parameters for mortars with a 70% of crushed EPS and different types of additive. 

 

Mortar 
MIP porosity 

(%) 
Open porosity 

(%) 
R1 (Ω) C1 (F) 

C90 
(Kg/m2min0,5) 

70% EPSt 31,6 13,4 217,6 3,43.10
-11

 0,205 

70% EPSc + 
0,8% air 

44,8 12,4 87,8 10
-13

 0,082 

70% EPSc + 
0,3% ret 

33,9 14,4 86,7 10
-12

 0,112 

70% EPSc + 
0,5% superpl 

33,4 13,3 87,6 10
-12

 0,137 

 

Mercury injection porosimetry data show that water retainer and superplastizicer additives don’t 

modify the porosity rate significantly versus mortars with EPS and without additives. These variations 

are lower than a 5%. The air-entraining agent raises the total porosity as the closed pores generated by 

the additive break under the mercury intrusion pressure. 

The open porosity data, measured in water, are similar for the four mortars studied. The lower amount 

of porosity is obtained with the air-entraining agent. This is derived from the fact that the air occluded 

by the additive, which generate air closed pores, break the mortar’s pore net. 

Again differences between the data obtained by the mercury intrusion porosimetry and the open 

porosity obtained through the submersion of the samples in water are observed. This is due to the 

effect that the pressure caused by mercury intrusion in the mortar, as detailed before. 

The rate for R1 for mortars with additives are very similar between each other, and lower than for the 

mortar with EPS but without additives. However, when trying to compare these with data obtained 

through mercury intrusion porosimetry, as well as with the capillary absorption rate, C90, as with 

mortars without additives, the expected tendency does not apply. 

Capillary absorption rate data do seem to agree with each other by themselves. They show that the 

presence of additives improve the paste’s microstructure, thus decreasing the C90 capillary absorption 

rate significantly. The lower C90 is obtained for mortars with air-entraining agent, where apart from 

the presence of EPS, we have the air bubbles generated by the additive, interrupting the capillary net. 

 

Comparing C1 rates with porosity obtained by mercury intrusion the expected tendency is fulfilled. 

When increasing C1 rate, the solid phase quantity in the mortar has to be higher, and thus the total 

porosity is to be smaller. The higher C1 rate is obtained for the mortar without additives, which is also 

the one with a lower porosity, whereas the lower C1 rate is for the mortar with air-entraining agent, 

which is also the one with a higher porosity. 

 

4 Conclusions 
 
With the analysis of the presented data it may be concluded that the mercury intrusion porosimetry 

does not seem to be a suitable technique when working with mortars with EPS. The impedance 

spectroscopy may be of use when comparing mortars all made with EPS. it is also concluded that it is 

possible to make mortars with a high content of EPS, using additives, and thus improving the 

durability versus the control mortar. 
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Abstract 
Hot climate concreting require that some practices are used to reduce the undesirable effects, caused principally by 
excessive water evaporation from concrete surface, which has the  tendency to induce plastic shrinkage cracking and 
thereby reduce durability. This research highlights the effectiveness of a new cure compound (based on silicone) to 
reduce plastic shrinkage, compared with other solutions such as: cure compound (based on alcohol), ordinary curing 
compound and plastic sheet cover; the effectiveness of these procedures is studied in function of climatic conditions 
(temperature, air velocity and relative humidity). Two levels fractional factorial array experimental design was used to 
reduce the number of tests, and allows studying both the effect of different factors and interaction between factors. The 
measured parameters include: plastic shrinkage crack in 10 x 10 x 40 cm specimens, compressive and traction strength 
and rate of evaporation. A climatic chamber was used to simulate the hot climate. The results indicate that to minimize 
the plastic shrinkage the most adequate solution is the application of the plastic sheet cover followed by the use of 
curing compound based on silicone. The most effective solution to decrease the evaporation is plastic film sheet cover. 
 
Originality 
The originality of our work is that the use of an anti evaporation based on silicone ever used before. This type of anti 
evaporation has been to use only for a few years in the swimming pools, in order to minimize the evaporation. This 
work can be introducte in the topic of : Chimical admixtures, Properties of fresh and hardned concrete. 
 
Chief contributions 
This is the first introduction of a cure compound based on silicone in the concrete industry, and specialy in hot climate 
concreting, to reduce the effect of the high rate of evaporation, which increase plastic shrinkage and reduce concrete 
durability. 
 
Keywords: Evaporation retarder, hot climate concreting, evaporation, plastic shrinkage. 
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Introduction 
 
Hot climate concreting is defined (according to ACI305R) by mixing the concrete, placing it and 
curing in at any combination of the following conditions that tend to impair concrete: high ambient 
temperature, high concrete temperature, low relative humidity, wind velocity and solar radiation; 
which involve a excessive evaporation rate from concrete surface, ACI305R don’t give a limit of 
temperature to take measures of hot climate concreting, but give a limit of evaporation rate, which is 1 
kg/m²/h, ACI308R state that when the rate exceed 0.5 kg/m²/h such measures should be needed.  
Under these conditions curing will be a necessity, curing is the process of deliberate control of 
moisture and temperature conditions within prescribed limits. The process allows concrete properties 
to develop and prevents damage as a result of drying and/or thermal gradients during the early history 
of the structure. Curing compounds are the most economical method for curing large areas. Such 
materials are covered by ASTM C 309 and ASTM C 1315. And typically include hydrocarbon resins, 
waxes, chlorinated rubber and solvents. There are also someone’s based on silicates for floorings. 
Considering reflectance, curing compounds are of two general types: clear, or translucent; and white 
pigmented. To check visually the complete coverage of the concrete surface when the compound is 
applied, clear or translucent curing compounds are more adequate. White-pigmented compounds are 
recommended in hot and sunny days; they reduce solar-heat gain, thus reducing the concrete 
temperature. Water retention is one of the most important properties of curing compounds; according 
to ASTM C 309 and AASHTO M 148, water retention is weight loss after a fixed period (usually 72 
hours) of exposure to a standard drying condition. The standard water-retention limit is a moisture 
loss of 0.55 kg/m2. 
The initial curing period is defined in ACI 308 R as the period between placing the concrete and 
application of final curing (which is described above); in this period reducing evaporation rate is 
important. Two onsite adjustments can be useful in reducing evaporation rates of bleed water: 
reducing concrete placing temperatures and use of evaporation reducers. Evaporation reducers are 
water emulsions of film-forming compounds. The film-forming compound is the active ingredient that 
slows down evaporation of water. Evaporation retardant should not be confounded with cure 
compound, and doesn’t replace the use of it in finale curing period. There is also a benefit from the 
water fraction of the evaporation reducers, in that it compensates to a small degree for losses of 
mixing water to evaporation. Application is made using the same (or similar) equipment as that used 
to apply curing compounds. The concept of a monolayer is not new – it’s been known for many years 
that some industrial alcohols can reduce evaporation in this way (Cordon and Thorpe 1965), but 
alcohols degrade very quickly. In this study, a new type evaporation reducer introduced in concrete 
industry, which is silicone base evaporation reducer.  
Silicones are used in hundreds of applications including water-repellent sealers, hair conditioners and 
lipsticks. They are also used to reduce foam in commercial food applications and non stick sprays. 
Silicone base evaporation reducer uses the concept of monolayer, the same as alcohols evaporation 
retarder, but with advanced materials to greatly improve its performance. In this research, the Design 
Of Experiments method (DOE) was used to investigate in detail the effectiveness of silicone 
evaporation retarder compared with alcohol, in order to reduce evaporation an avoid plastic shrinkage 
cracking. There are many techniques to measure plastic shrinkage. Some researchers used specimens 
with a rigid notched substrate in order to measure restrained shrinkage (Banthia and Gupta, 2006; 
Bella et al., 2010). In this paper a similar procedure was used. 
 
 
Materials and method 
 
1. Materials and mix proportions  
The cement used in this study was CEM II/A. Crushed limestone sand (0-3mm) with specific gravity 
of 2.65 and a finesses modulus equal to 3.45 (according to NFP 18-540), and aggregate (3-8 mm) with 
specific gravity of 2.65 and a finesses modulus equal to 3.45 (according to the previous standard). 



Different admixtures were used; a plasticizer/water reducing agent (which is conformed to NF EN 
934-2) was utilized in all concrete mixtures, a curing compound at watery phase was used at an 
amount of 0.200 kg/m², and tow evaporation retarder type was studied: alcohol base (with an amount 
of 0.390 kg/m2) and silicone base (with an amount of 0.260 kg/m2).  
 
 
2. Exposure and procedures  
 
To simulate hot and dry climate curing in the laboratory, the 1.800×1.000×0.800 m environmental 
chamber was used. The temperature was maintained at 55 °C for the first 8 hours and 50 °C for 8 to 
23 hours with the relative humidity (RH) of about 10% and the air velocity was 10 km/h. Substrate 
bases (Figure 1, A) with dimensions of 0.050×0.095×0.365 m were cast using a specific mold to 
create a notched surface (Figure 1, B). Two 8 mm diameter rebar were used as reinforcements in the 
substrate bases to provide additional stiffness. More details are presented in previous papers (Bella et 
al., 2009; 2010). 
 

 
                                      A                                                                      B  
Figure 1: A- Substrate dimensions. B- A typical specimen with cracked overlay after unmolding 

 
On the day of the test, two identical specimens of the overlay, to be investigated, were prepared using 
the following procedures. A fully cured, air-dried substrate base was first placed in the PVC mould, 
measuring 0.100×0.100×0.400 m. A 0.050 m deep overlay with mixture proportions was then poured 
over the substrate base and finished with a trowel. Just after finishing, the evaporation retarder was 
sprayed on the surface (with amounts given above). The substrate and the overlay ‘assembly’ were 
then transferred to the environmental chamber. A second application of evaporation retarder was 
applied when bleeding water is lost before the concrete has set (nearly after 5 minutes for high 
temperature and 10 minutes for low temperature). Cure compound was applied after time of initial 
setting. A typical specimen with cracked overlay after unmolding is shown in Figure 1. The specimen 
remained in the environmental chamber for an additional 23 hours after which the crack pattern 
developed in the overlay, a few hours after molding was characterized. For plastic shrinkage crack 
characterization, a magnification glass with accuracy of 0.01×10-3 m was used. For each crack, the 
width was measured at several locations and averaged. In addition to recording plastic shrinkage crack 
width, evaporation rate was measured by continuous weighing (kg/m²/h). 
 
 
2. Design of Experiments method  
 
The design of experiments method (DEO) is a statistical method. It was used in this study, in order to 
reduce the number of tests and increase the number of the studied factors, and also studies the 
interaction between these factors. Two experimental design arrays was build (one for alcohol base 
evaporation retarder and the other for silicone base), each one with 4 factors, as shown in Table 2. 



Each factor has two levels: high level (-1) and low level (+1). If a full factorial array was used, the 
number of tests with two level per factor will be 16 tests (N = 24), 2 is the number of a level per factor 
and 6 is the number of factors). However, with the fractional factorial array design, the number of 
tests was reduced to only 8 (N = 24-1), 1 in power is the number of secondary factors). Factors A and 
B represent hot climate concreting measures, and they are principal factors; and factors C and D are 
environmental factors (temperature and wind), and they are secondary factors. Factor D (air velocity) 
was defined equal to the third level interaction between factors A, B and C:  
 
D = ABC (1) 
 
The choice of the equations (1) is arbitrary, as no rule governs this selection (Goupy, 1996). The 
factors column of factor D (in Table 2) is equal to the multiplication of the factors’ columns, 
according to equation (1). The experimental array represented in Table 2, coded factors’ values. 
 

Table 2: Experimental Array 

N° of 
Run 

Facteur A 
Evaporation 
Retarder 

Facteur B 
Plastic sheet  

Facteur C 
Temperature 

Facteur D 
D=ABC      
Air Velocity 

Response 

1 +1 -1 +1 -1 Y1 
2 -1 -1 +1 +1 Y2 

3 -1 -1 -1 -1 Y3 

4 +1 +1 +1 +1 Y4 

5 +1 +1 -1 -1 Y5 

6 -1 +1 -1 +1 Y6 

7 -1 +1 +1 -1 Y7 

8 +1 -1 -1 +1 Y8 

Level -1 With Out With Out 40 °C 9 Km/h  
Level +1 With With 60 °C 13 Km/h  

 
 
Results and discussion 
 
In DOE (Design of Experiments) the experimental results can be displayed and analyzed by different 
methods. In this study; Pareto graph, main effects graph and interaction graph were used. The Pareto 
graph allows detecting the factor and interaction effects which are most important to the process or 
the design optimization of this study. The Pareto graph displays the absolute values of the effects, and 
draws a reference line on the chart. The reference line value is equal to the precision of measures, 
which is expressed quantitatively as the standard deviation of observed values from repeated results 
under identical conditions. If the precision is difficult to measure, the reference line value can be 
supposed to be equal to the highest interaction value, which is the interaction of all factors. Any effect 
that extends past this reference line is potentially important (Antony, 2003). 
The main effect graph is a graph of the mean response values at each level of a design parameter or 
the process variable. This graph can be used to compare the relative strength of the effects of various 
factors.  
The sign of the main effect conveys the direction of the effect, i.e. if the average response value 
increases or decreases, and the magnitude state the strength of the effect.  
We need to vary the factors at their respective levels, simultaneously, in order to study and analyze 
the interactions between these factors. To understand the presence of the interaction between two 
factors, it is essential to employ a simple and powerful graphical tool called the interaction graph. If 
the lines in the plot are parallel (Synergistic interaction), it implies that there is no interaction between 
the factors. In contrast, the existence of non-parallel lines (Antagonistic interaction) is an indication of 



the presence of an interaction. In this case, the change in the mean response for one factor at a low 
level (represented by -1) is noticeably high compared to a high level. In other words, this factor is less 
sensitive to variation in the mean response at the level of the other factor. 
 
 
1. Evaporation 
 
Figure 4 demonstrates that the interaction between the use of the evaporation retarder (silicone and 
alcohol bases) and the plastic sheet cover, and the use of plastic sheet cover alone are both statically 
significant and potentially important to decrease the evaporation rate at early age (after 4 hours), 
because its extends past the reference line which is the evaporation rate of 0.429 Kg/m²/h for silicone 
evaporation retarder and 0.454 Kg/m²/h for alcohol evaporation retarder. The interaction has an effect 
about 0.500 Kg/m²/h (for the two type of evaporation retarder), the second significant factor is plastic 
sheet and has an effect about 0.450 Kg/m²/h for silicone evaporation retarder, and nearly 0.475 
Kg/m²/h for alcohol evaporation retarder, and allows the decrease of the evaporation from about 0.650 
to 0.200 Kg/m²/h (Figure 6 and 7). The two type of evaporation retarder decrease the evaporation rate 
from about 0.550 to 0.450 Kg/m²/h (Figure 5), there is no test methods and specifications which give 
an amount of the reduction in evaporation rate of evaporation reducers, contrary to curing compounds 
(as described in the introduction), but the manufacturers claim at least a 50 percent reduction in 
evaporation. The other factors and interactions are not statistically significant because its do not 
extend beyond the reference line. As shown above the two materials gave the same results, but 
alcohol degrades very quickly, because it is more sensitive to evaporation compared with silicone 
evaporation retarder, which creates a more stable film on the top of concrete surface, and improve 
concrete performance and durability. Silicone evaporation retarder is more expensive than alcohol; 
but the amount of silicone is 35% less than the second and doesn’t need several application; as a 
result, it permits saving human, materials and equipment resources; and it is safe, it doesn’t cause any 
eye or skin irritation, is not harmful if swallowed, and doesn’t need any ventilation; contrary to 
alcohol evaporation retarder. 
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Figure 4 A: Effects Pareto for 4 hours evaporation rate using silicone bases evaporation retarder. 
B: Effects Pareto for 4 hours evaporation rate using alcohol base evaporation retarder 
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Figure 5 A:  Main effect plot for 3 hours evaporation using silicone bases evaporation retarder. 
B: Main effect plot for 3 hours evaporation using alcohol bases evaporation retarder. 

 
2. Cracks width 
 
The evaporation retarders, plastic sheet and the interaction between evaporation retarder and plastic 
sheet, are judged to be statistically significant on reducing and avoiding plastic shrinkage cracks at 
early age (figure 6 and Figure 7), because of their extension past the reference lines, which is set at 
0.423 mm for the first type of evaporation retarder, and 0.197 mm for the second. With effects of 
about 0.75 mm for the first evaporation retarder type (figure 6 A), and equal to nearly 0.82 mm for the 
second evaporation retarder type (figure 6 B). 
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Figure 6 A: Effects Pareto for cracks width using silicone bases evaporation retarder. 
B: Effects Pareto for cracks width using alcohol base evaporation retarder. 
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Figure 7:   Main effect plot for cracks width  



Conclusions 
 
Based on the experiments conducted using a powerful statistical method (Design Of Experiments), the 
following conclusions can be drawn: 

 Generally Evaporation retarders significantly reduces plastic shrinkage and cracking caused 
by evaporation in low humidity, high temperatures and high winds; reduces wind crusting, 
stickiness, and sponginess, which often cause poor and uneven surface texture; and reduces 
overall cost because timing of finishing operations is less critical. 

 The concept of a monolayer is not new – it’s been known for many years that some industrial 
alcohols can reduce evaporation in this way, but alcohols degrade very quickly. Silicone 
evaporation retarder uses the same concept, but with advanced materials to greatly improve 
concrete performance and durability. 

 The use of silicone base evaporation retarder in concrete give similar performance than 
alcohol base evaporation retarder, but with an amount 35% less than the second, as a result, it 
permit saving human and equipment resources. 

 The created thin film created in the top of concrete surface is more stable in the case of 
silicone base evaporation retarder, than alcohol evaporation retarder. 

 The use of silicone base evaporation retarder is safer; it doesn’t cause any eye or skin 
irritation, is not harmful if swallowed, and doesn’t need any ventilation;  contrary to alcohol 
evaporation retarder. 
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Abstract 

During the past decades alkali activated and blended cement have attracted strong interest worldwide due to their 

advantages of low energy cost, high strength and good durability. A major incentive for further development of such 

cements is generated by the great quantity of annual generation of wastes, which cause a need to find new uses for 

them. The main raw materials used for this propose are fly ash, ground granulated blast furnace slag and metakaolin, 

in which activators like water glass and sodium hydroxide are used. In recent years, the utilization of geothermal silica 

waste (GS) has been reported. The latter is a by-product of the process of energy generation by means of steam 

extraction from the underground. GS is obtained as a mixture of geothermal brine and steam that undertakes a series of 

stages towards heat extraction.  The reports indicated that the GS has a strong pozzolanic behavior with a densification 

of portland cement hydration products matrix. In line with this, the main objective of the research is to evaluate 

partially blended pastes replacing the portland cement (PC) with a mixture of fly ash (FA) ground granulated blast 

furnace slag (GGBFS) and GS with and without external alkaline activation, using sodium hydroxide, water glass and 

sodium sulfate; analyzing the compressive strength and the microstructures obtained. The replacement materials, with 

a load of 50% were activated with 1, 4 and 7% �a2O using �aOH, water glass and sodium sulfate. The pastes were 

cured up to 90 days at 20°C under saturated water. The results indicated that the mechanical properties were enhanced 

with the activator load and with the use of water glass and sodium sulfate; nevertheless the former reduced the 

workability of the pastes. The FA addition reduced the mechanical properties but increased the workability of the 

pastes. Also the increase on the GGBFS and GS load enhanced the compressive strength and the formation of hydration 

products as analyzed by SEM. An important reduction of the clinker phases was also found by XRD. Pastes without 

activation were also investigated, with 30% of GGBFS, FA and GS, obtaining an increase in the mechanical properties 

compared with the neat cement and a more compact matrix of hydration products. The interaction of the replacement 

materials with the portland cement was also evidenced by means of SEM and XRD. 

 
Originality of the research 

The problems involved with the disposal of industrial wastes require special attention due to the associated ecological 

consequences. Some industrial wastes can be incorporated as substitutes of portland cement in construction materials, 

generating the "composite cements". The use of replacement materials for PC allows a reduction in the energetic costs 

and in the generation of CO2 associated to its use and fabrication. Several investigations related to the incorporation of 

replacement materials for PC have demonstrated that this practice enhances the properties of portland cement based 

materials. Following from that, the main novelty of this investigation is the development of new composite cements 

which include different type of pozzolanic and hydraulic materials in the presence of alkaline activators with high 

replacement materials load (50%) and without external activation using up to 30% of these materials. Also the use of a 

geothermal silica waste as an addition of these type of composite cements to increase the mechanical properties and 

enhance the microstructure has not been reported yet. 

 

Chief contributions made by the research 

The main contribution comprises the use of composite cements including pozzolanic and hydraulic additions (FA, 

GGBFS and GS), in two different forms: (a) high loads of 50% with alkaline activation (sodium sulfate, water glass and 

sodium hydroxide) and (b) low loads of 30% without external activation. The results obtained from this investigation 

could be summarized as follows: (1) for all the blended cements the compressive strength was lower at the first stages 

of hydration, with an increase with the curing time, (2) for the alkaline activated blended cements the better results of 

compressive strength were those obtained with GS and GGBFS using water glass and sodium sulfate as an activators, 

(3) the systems activated with sodium hydroxide showed the lowest compressive strength for all the pastes analyzed and 

(4) the cements without external activation presented the best properties, especially in the presence of GS and FA, the 

former acting as a nucleation sites and increasing the hydration products due to its pozzolanic behavior and the latter 

enhancing the workability and thus reducing the porosity.  

 

Keywords: Geothermal silica waste, composite cements, fly ash, ground granulated blast furnace slag. 
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Introduction 
 

During the past decades, alkali-activated and blended cements have attracted strong interest worldwide 

due to their advantages of low energy cost, high strength and good durability. A major incentive for 

further development of such cements is generated by the great quantity of annual generation of wastes, 

which cause a need to find new uses for them (Shi, et al., 2006). The main raw materials used for this 

propose are fly ash, ground granulated blast furnace slag and metakaolin, in which activators like 

water glass and sodium hydroxide are used. In recent years, the use of geothermal silica (GS) has been 

reported (Gómez-Zamorano, et al., 2003, 2004 and Escalante-García et al., 2003). The latter is a by-

product of the process of energy generation by means of steam extraction from the underground. GS is 

obtained as a mixture of geothermal brine and steam that undertakes a series of stages towards heat 

extraction. The reports indicated that the GS has a strong pozzolanic behavior with a densification of 

portland cement hydration products matrix. In line with this, the main objective of the research is to 

evaluate blended pastes replacing the Portland cement with a mixture of fly ash, ground granulated 

blast furnace slag and GS with and without alkaline external activation, using water glass, sodium 

hydroxide and sodium sulfate, analyzing the compressive strength and the microstructures obtained.   

 

Experimental Procedure 

 

The materials used were: (1) a commercial Portland cement (PC), admixed with calcite at the plant, 

from Cemex Mexico; (2) Ground granulated blast furnace slag (GGBFS) from AHMSA, (3) Fly ash 

(FA) and (4) GS, both from Mexican Federal Electricity Commission. The GS was washed with water 

at 80°C to eliminate the chlorides (Diaz, 2004) and dried 48 hours at 105ºC. The GS is white with a 

density of 2.1g/cm
3
, surface area of about 30 m

2
/g (Diaz, 2004) and loss on ignition of 5%. The pastes 

were prepared replacing the PC with GGBFS, FA and GS at levels of 0, 30 and 50 wt% (see table 1).  

In order to evaluate the effect of different activators in the blended cements, the pastes with 50% of 

replacement were activated with water glass (SS), NaOH (NH) and Na2SO4 (NS) at 4% of Na2O 

relative to the weight of solids. The water/solids ratio was 0.4; a superplastizicer was used at 1 wt% of 

the solids. Cubes of 5 cm were cast and set isothermally for 24h at 20ºC and 98% RH. After 

demoulding the cubes were cured in plastic containers with calcium hydroxide saturated water. After 

the curing periods from 3 to 90 days, the compressive strength was estimated from the average of four 

cubes. Fragments of the cubes were vacuum dried at 55°C during 24 h submerged in acetone, samples 

from 28 and 90 days of curing were selected for SEM. The specimens were cold mounted in resin, 

ground and polished down to ¼ µm using diamond pastes, and finally carbon coated. The images in 

SEM were obtained in backscattered electrons mode (BSE) at an accelerating voltage of 20kV. 
 

 

 

Table 1: Pastes prepared (a) with and (b) without alkaline activation 
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PC GGBFS FA GS 

Activation of 

4% �a2O eq 

50 50 0 0 

Water glass, 

NaOH and 

Na2SO4 

50 40 5 5 

50 35 10 5 

50 30 10 10 

50 25 15 10 

 

PC GGBFS FA GS 

70 30 0 0 

70 10 10 10 

70 20 0 10 

100 0 0 0 

 



 
Figure 1: Compressive strength results vs. curing time for the: (a) Pastes of neat cement and systems with 

alkaline activation, (b) pastes without activation 

 

 

Results 

 

Compressive strength 

Figure 1 presents the results of compressive strength (CS) vs. time for all mixes prepared, considering 

the systems with and without activation and the neat cement. All the blended cements displayed a 

lower development of the CS in the initial stages of curing (3-14 days) compared to the neat cement; 

this behaviour has been reported previously for cements with GGBFS (Barnet, et al., 2006). 

Nevertheless, after 28 days of hydration some blended cements activated with SS and without 

activation reached similar or higher CS values as the neat cement. From Figure 1a, when comparing 

the results of the cements activated with SS and NS with those activated with NH the strength of the 

latter was reduced reaching values up to 22MPa. Shy and Day, 2006 indicated that for alkali activated 

GGBFS cements there are important differences in the CS when the activation is carried out with SS 

and NH, suggesting a selectivity of the activators. With increased CV contents in the activated 

systems, the CS was reduced due to the lack of interaction of the CV with the activators and the PC, as 

observed in the SEM results. On the other hand, for cements activated with SS, the best properties 

were those of the composition 50PC-25GGBFS-15FA-10GS, and for activation with NS the 50PC-

40GGBFS-5FA-5GS, with an increase of about 7% compared to the neat cement.  Figure 1b shows the 

results of the cements without activation. The system of 70%PC-30%GGBFS displayed lower CS 

values compared to the neat cement, mainly at short hydration periods, due to the slow reaction of the 

GGBFS as previously reported (Hewlett, 2004, Taylor, 1997, Bensted and Barnes, 2002); the other 

two systems studied presented higher values of CS with an increase up to 10% compared with the neat 

cement. This was attributed to the pozzolanic behaviour of the GS and the hydraulic properties of the 

GGBFS. The literature indicates that the CS increased by means of the GS acting as a nucleation sites 

promoting the formation of C-S-H gel with a more compact hydration products matrix and the 

reduction of the porosity (microfiller effect) (Gómez-Zamorano, et al., 2003). The FA also modified 

the rheology of the mixes, enhancing the fluidity of the paste and reducing the porosity (Bijen 1993). 
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Figure 2: BSE images of the system 50PC-30GGBFS-10FA-10GS alkaline activated with SS. a) 500X and b) 

1000X 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 3 : BSE images of the system 50PC-40GGBFS-5FA-5GS alkaline activated with SN. a) 500X and b) 

1000X 

 

 

Scanning Electron microscopy and XRD analyses 

 

Figure 2 presents the BSE images of the composition 50PC-30GGBFS-10FA-10GS activated with SS 

cured at 90 days. The replacement materials were well distributed throughout the matrix; some 

agglomerates of the GS were noted. On the other hand a reduction of the porosity compared to neat 

cement with similar w/s ratio was observed. The images show the activation of the GGBFS and the GS 

as noted by the different gray tone rings which indicates a hydration products. This behaviour was not 

observed for the FA were the rims of reaction products were absent, as shown in Figure 2 a. Figure 3 

shows the BSE images of the sample with the composition 50PC-40GGBFS-5FA-5GS activated with 

NS cured up to 28 days. As mentioned before, the values of CS of this system were higher than the 

neat cement. This is in line with the observed in the images, with the activation of the GGBFS and GS, 

the reduction of the porosity, obtaining a more compact matrix of hydration products and the 

formation of AFt observed up to 28 days of curing, this phase was also observed by XRD analyses. As 

described above, the FA grains remained unreacted after the hydration period analyzed. In figure 4 

BSE images of the system 70CPO-10EGAH-10CV-10DG without alkaline activation are shown. This 

sample presents similar characteristics as described above: a) common hydration products of a cement 

paste, b) hydration rims of the GGBFS and GS without the activation of the FA and c) reduction of the 

porosity. The lack of calcium hydroxide is evident, indicating the reaction of the replacement materials 

to form new hydration products obtaining a denser matrix. 
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Figure 4 : BSE images of the system 70PC-10GGBFS-10FA-10GS without activation. a) 500X and 
b) 1000X 

Figure 5: XRD patterns of samples cured at 3 and 90 days for the systems: a) 50PC-30GGBFS-10FA-

10GS activated with SS, b) 50CPO-40EGAH-5CV-5GS activated with HN and c) 50PC-40GGBFS-5FA-

5GS activated with NS  
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Figure 5 shows the XRD results for some representative samples cured at 3 and 90 days, comparing 

systems activated with SS and NH, showing a higher consumption of CH for those activated with SS, 

the CH was also reduced with the curing time, this could be related to its consumption by means of 

pozzolanic reaction. A similar behavior was also found in the XRD patterns for samples activated with 

sodium sulfate and without external activation. The presence of ettingite at short and long curing 

periods, was also found, showing a little decrease with the curing time, this could be related with the 

increase in the mechanical properties for all the curing periods as mentioned above, densifying the 

hydration products matrix.  
 

 

Conclusions 

 

• For all the blended cements the compressive strength was lower at the first stages of hydration, 

with an increase with the curing time. 

• For the alkaline activated blended cements the better results of compressive strength were those 

obtained with small amounts of GS and FA, using water glass and Na2SO4 as an activators.  
• The best alkaline activator was Na2SO4 due to the promotion of the pozzolanic reaction and the 

initial formation of ettringite as shown in the XRD results. 

• The systems activated with sodium hydroxide showed the lowest compressive strength of all the 

pastes analyzed. 

• The cements without external activation presented the best properties, especially in the presence of 

GS and FA, the former acting as a nucleation sites and increasing the hydration products due to its 

pozzolanic behavior and the latter enhancing the workability and thus reducing the porosity. 
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Abstract 
Water molecules play a key role in defining the structure and properties of the calcium-silica-hydrate (C-S-H) 
gel phase of cement and concrete. However, little is known about the structure and dynamics of this water under 
the extreme confinement and soluble ion content of the C-S-H phase itself. Two chief challenges in 
understanding the role of water and aqueous electrolytes in the nanoscale pores of the C-S-H gel are (1) 
incomplete knowledge of the C-S-H structure; and (2) the longstanding challenge of computationally modeling 
water itself. An empirical interatomic model for C-S-H has been developed by assuming a specific classical 
atomistic model of H2O termed "single point charge" or SPC. This choice has not been validated by comparison 
with other computational water models that confer additional bond flexibility or charge distribution, with an 
associated cost of lower computational speed. Here, we consider two distinct classical molecular models of 
water (SPC and TIP5P) to determine the effects of these computational simplifications on C-S-H properties. We 
find that both of these water models stabilize the similar structure of C-S-H structure over 100s of nanoseconds 
of molecular dynamics simulation, with minimal densification. We also observe that the C-S-H elastic properties 
are essentially independent of the water model details. Further, we show that this water is significantly 
restrained due to confinement within C-S-H: mean squared displacement, rotation and vibration of water within 
C-S-H show an apparent decrease by several order of magnitude, as compared to dynamics of bulk water. This 
study demonstrates that SPC and TIP5P can predict C-S-H properties with comparable accuracy, though the 
choice of model for specific simulations is further guided by the key properties of interest and requirements for 
computational efficiency. 
 
Originality 
This is the first study to test the structural stability and properties of the recently reported interatomic potential 
for the C-S-H molecular structure of cement. Further, the structural and mechanical properties of C-S-H have 
been considered as a function of the computational water model assumed for this complex phase.  Given the 
important assumptions underlying the flexibility and charge transfer capacity of computational water models, 
and the role that these water models have in computational predictions of C-S-H stability, this study provides 
value to the cement and concrete community through a systematic analysis of computational speed to simulate 
the C-S-H molecular structure.  
 
Chief contributions 
This study contributes the first systematic analysis of how the assumptions within classical computational water 
models impact the structure and properties of the C-S-H phase of cement. Implementation of this C-S-H phase 
and methodology in the GROMACS molecular dynamics compute engine now provides open-source capabilities 
of hydrated C-S-H modeling to the cement & concrete communities. Contributions to the community include 
clear identification of how SPC and TIP5P water models predict key C-S-H properties, and how water dynamics 
within the C-S-H molecular structure differ from those of bulk water.  
 
Keywords: C-S-H, molecular simulation, confined water, classical water models, cement 
 
Introduction 
The calcium-silicate-hydrate gel phase of cement, or C-S-H, is the chief product of the hydration of 
Portland cement. One of its key components, water, affects the formation of C-S-H in terms of the 
water/cement ratio, the structure and properties of the hardened cement paste, and the environmental 
changes in those properties during shrinkage or creep (Jennings, 2008). Three different water 
interactions within cement have been differentiated via quasielastic neutron scattering (QENS)   
(Bordallo, 2006): water molecules that are chemically bound to and are integral to the C-S-H 
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structure; that are physically bound to and interact with the surface of the gel pores in the paste, and 
that are unbound and simply confined within the larger capillary pores of cement paste. Only the 
dynamics of the water within the larger gel pores and capillary pores were accessed by QENS, and 
thus comparatively little is known about the chemically bound or  “structural water” that stabilizes and 
comprises the structure of C-S-H. The molecular model of C-S-H that is consistent with experimental 
signatures of this nanoscale phase has been recently reported (Pellenq, 2009). This model was 
obtained via introduction of defects within tobermorite-like structures, and computational hydration of 
those defected structures to obtain (CaO)1.65 (SiO2)(H2O)1.63 in reasonable agreement with experiments 
(Allen, 2007). Molecular-scale simulations that can define the signatures of this water within C-S-H 
are enabled by such models, and aid in the design of science-driven experiments. 
 
Although the chemical formula of water - H2O - is quite simple, building a reasonable water model for 
this universal solvent at the molecular scale is nontrivial. The first water model was proposed by 
Bernal and Fowler according to the first data on vibration energy levels of water (Bernal, 1933). 
Following this achievement, water models abound: more than 50 distinct models of this phase have 
been published (Guillot, 2002). The debate among these models is ongoing, and each assumes levels 
of simplification regarding charge, flexibility, and other characteristics of each classical water 
molecule. As implied by many reviews, the ideal water model is still in progress (Guillot, 2002 & 
Szalewicz, 2009); general surveys of existing water models are typically conducted for each material 
and each property of interest. 
 
In order to enable efficiently computational modeling of C-S-H and to explore the role that H2O plays 
in maintaining C-S-H structure and properties, the choice of an efficient and accurate water model is 
critical. In this paper, we consider two distinct, classical atomistic water models (abbreviated SPC and 
TIP5P) to determine the effects of these computational simplifications on C-S-H properties. We also 
explore the effects of this extreme confinement on the structure and dynamics of the water itself. 
 
Simulation details 
An equilibrium structure of the C-S-H atomistic unit cell for a specific composition of (CaO)1.65 
(SiO2)(H2O)1.63 was obtained from the related development of a classical force field for C-S-H, termed 
CSH-FF (Shahsavari, 2011). This C-S-H unit cell can be described as two layers of calcium- and 
silica-rich regions, separated by water-rich regions (Fig. 1a). In fact, there exist water molecules 
within the Ca- and Si-rich regions (intralayer water) and between those regions (interlayer water). The 
electrostatic charge in the structure is balanced by that of the oxygen ions, and the total chemical 
formula for the C-S-H unit cell is Ca198Si180Cw99O564Ob93(H2O)294. Here, the additional notation 
distinguishes Cw as calcium located in the interlayer region (and Ca is intralayer calcium); Ob is 
bridging oxygen between silicon atoms. 
 
The differences between the two classical water models reported here, flexible single point charge (or 
SPC) and the rigid five-site transferable interaction potential (or TIP5P), can be summarized by three 
aspects (Fig. 1b). First, the equilibrium OH bond length and H-O-H angles are shorter and more acute, 
respectively, for TIP5P water; those bond characteristics are maintained rigid for TIP5P. Second, 
charge distributions in these two models are identical, but the representation of this charge distribution 
differs: SPC places this negative charge on the oxygen atom, and TIP5P instead places two negative 
charge sites at a dummy atom. Third, the Lennard-Jones (LJ) parameters differ slightly due to the 
different properties used to fit these parameters for these two different water models (Vega, 2005). In 
this study, the number and physical location of all water molecules of the equilibrated C-S-H structure 
were initially identical, and were realized by substituting TIP5P water model for the SPC model 
according to the coordinates of oxygen atom in water at the initial structure. 
 
All simulations reported here were conducted using a large-scale atomic/molecular massively parallel 
simulator GROMACS (Berendsen, 1995). The initial C-S-H unit cell was energy minimized via the  
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conjugate gradient algorithm, for 50 nanoseconds (ns) at constant pressure (NPT) and then 20 ns at 
constant volume (NVT) ensembles. In the last 10 ns of this trajectory, data were collected and 
analyzed at intervals of 1 ps. The temperature was maintained at 300 K by Nose-Hoover method, and 
pressure coupling via Parrinello-Rahman algorithm to allow for changes in on both unitl cell box 
lengths and angles. Time steps for integrations were 0.1 fs and 2 fs for NPT runs and NVT runs, 
respectively. Coulombic interactions were evaluated using the Ewald sum technique, and the LJ 
interaction was summed up within a prescribed cutoff radius Rmax of  ~1.1 nm. Calculation of elastic 
constants of C-S-H for each water model was obtained using the box deformation method. 
Deformation in uniaxial tension, uniaxial compression, and pure shear was imposed in 12 separate 
simulations. The deformation or strain of these deformations ranged from 0.001 to 0.006 with 
increment 0.001. Elastic constants were calculated directly from the virial stress under these strains. 
 

 

Figure 1: Schematic of calcium-silicate-hydrate (C-S-H) unit cell and interaction potential parameters. In (a), the 
C-S-H unit cell ( (CaO)1.65 (SiO2)(H2O)1.63 ) is described as two layers of calcium- and silica-rich networks that 
include water molecules (intralayer) and are separated by a greater number of water molecules (interlayer). (b), 
Parameters defining the interaction potential used to simulate atomic interactions are as follows: b0 and θ0 are the 
equilibrium values of bond length and angle respectively; kb and kθ are harmonic force constants; C6 and C12 are 
Lennard-Jones parameters and qH corresponds to the positive charge on the hydrogen atom. 

 
Result and discussion 
An empirical interatomic model for C-S-H has been developed by assuming one particular and simple 
model of H2O termed "single point charge" or SPC. However, this choice has not been validated by 
comparison with other computational models of water that confer additional bond flexibility or charge 
distribution. Therefore, in this study, we compared the performance of flexible SPC with the recently 
proposed TIP5P water model. The latter model provides notably accurate results for the dielectric 
constant and the density of bulk water from 237.5°C to 62.5°C at 1 atm (Mahoney, 2001), but is less 
computationally efficient. For these two water models, we validate predictions of elastic properties, 
structure and water dynamics against other available simulations and experiments on C-S-H.  
 
Fig. 2a summarizes the elastic constants of C-S-H, obtained using either the SPC or TIP5P water 
models. To obtain a measure of the repeatability of these elastic constants at the molecular scale, 
standard deviation (SD) was calculated for ten configurations (differing slightly in atomic positions) 
obtained in the last 10 ns NVT runs with interval 1 ns. Standard deviations represented approximately 
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5% of the average value for these elastic constants obtained through a more computationally 
expensive core-shell model simulation; this confidence interval of 5% is comparable to experimental 
measurement error for elastic properties. To compare the whole elastic constant matrix, two 
mathematical parameters were introduced: Euclidean and Riemannian distances that quantify the 
distance between two matrices (Shahsavari, 2011). The smaller distance implies closer agreement with 
the reference dataset. As the last two rows show in Fig. 2a, the difference between the SPC and TIP5P 
models is smaller than 2%. Bulk modulus and shear modulus of C-S-H for each water model were also 
calculated based on Voigt notation (Fig. 2b). These two models exhibited relative error ~5%, as 
compared to that reported for C-S-H core-shell simulations and in good agreement with experiments. 
Thus, SPC and TIP5P predict elastic constants to approximately the same accuracy.  

 

 
Figure 2: Comparison of C-S-H elastic properties. (a) Elastic constants and the relative Euclidean and 
Riemannian difference among these elastic constant matrices. The computational results for the core-shell model 
of C-S-H are referenced (Pellenq, 2009), and units of elastic constants are [GPa]. Error is reported as the 
standard deviation among ten configurations, and Euclidean and Riemannian difference equations allow 
comparison of agreement among all elastic constants. (b) Bulk elastic modulus (K) and shear elastic modulus 
(G), referenced to the average values reported previously for C-S-H (Pellenq, 2009). Δ indicates the average 
relative error among 10 replicate simulations, with respect to these average values. 

 
In addition, physical density and cell dimension of C-S-H were also compared.  Densities of C-S-H for 
the SPC and TIP5P models are 2.455 and 2.452 g/cm3, respectively, and are both within the range 
reported from experiments (between 2.45 and 2.8 g/cm3) (Olson, 2001). Unit cell dimensions of C-S-H 
were compared with that previously reported for a core-shell molecular model of all atoms within C-S-
H, which is a much more computationally expensive approach (Pellenq, 2009). The differences in cell 
lengths are within ~0.1 nm of this reference, and differences in cell angles are within ~4 degrees. 
These two comparisons show that the predictions of C-S-H structure are rather insensitive to the 
choice of water model. 
 
Here, we note that judicious choice of water model depends both on accuracy of key property 
predictions and on computational efficiency of the underlying simulations. For the above comparisons 
of C-S-H structure and elastic properties obtained from previous simulations or experiments, results 
using the SPC model compare slightly better than or equally well to results obtained from the TIP5P 
water model. However, calculations of the above properties via the SPC model are ~50% faster than 
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that of TIP5P. For example, an NVT simulation over 20 ns requires real-time simulation of ~8 hours 
(SPC) and ~13 hours (TIP5P) for parallelized MD calculations on 8 computational nodes of 2.66 GHz 
processors. Thus, researchers can balance the aim for accuracy in a classical water model’s prediction 
of a specific property of interest with the required lengthscales and timescales and the available 
computational resources. 
 
Fig. 3 summarizes the influence of the extreme confinement of water within C-S-H, in terms of mean 
squared displacement, vibrational modes, and rotational dynamics. Mean squared displacement of this 
ultraconfined water (Fig. 3a) shows the hallmark of three-stage diffusion, in contrast to that of self-
diffusion in bulk water. This transition from ballistic stage, cage stage and Brownian stage is typical of 
supercooled liquids (Gallo, 2000), and reflects in part the extreme confinement of structural water. 
Indeed, the interlayer distance in this C-S-H model is ~0.5 nm. The glassy dynamics of this 
ultraconfined water was attributed to the different strengths of hydrogen bonds that can form between 
the water molecules and the bridging and non-bridging oxygen atoms on the C-S-H chains in the 
interlayer space, and among the water molecules themselves (Youssef, 2010).  Fig. 3b shows effects 
on molecular vibration modes, calculated from our simulations via VMD (Humphrey, 1996) and 
obtained experimentally via small angle neutron scattering (Houston, 2009). Peaks at 1600 cm-1 and 
3600 cm-1 indicate hydrogen-oxygen-hydrogen (H-O-H) bending and H-O stretching, respectively. 
Simulations using the SPC water model show that the peaks frequencies are consistent with 
experiments, and that these peak heights are reduced almost 50% when water is confined within C-S-
H; in contrast, simulations using the rigid TIP5P water model do not exhibit these experimentally 
observed peaks. Peaks below 1000 cm-1 relate to the vibration of the connection between silicon and 
oxygen atoms (Si- O); only TIP5P enables access to these two peaks. Thus, if the property of interest 
is the vibration of water itself (within the C-S-H), SPC more accurately simulates this H-O-H and H-O 
vibration; if on the property of interest is instead vibration of Si-O bonds, TIP5P is a better choice.  

Figures 3 (c)-(d) compare the rotational dynamics of water within C-S-H, in terms of the rotational 
correlation factor. The rotational dynamics of water molecules by a class of time correlation functions 
of the form: ,where Pi is the lth Legendre polynomial and is a unit 

vector along a given direction α. Here, the notation represents the molecular dipole direction (µ), 
the O-H bond direction, the H-H direction, or the direction .  is related to 

dielectric relaxation experiments, and the relaxation times ( ) of these functions were evaluated by 
fitting to an exponential form ( ) in the case of bulk water and a KWW stretched 
exponential ( ) in the case of C-S-H-confined water.  Fig. 3c shows that the 
corresponding relaxation time τ of the confined water is significantly slowed with respect to bulk 
water (τ ~ 2138 ps in contrast to τ ~ 3.6 ps), but the differences between predictions obtained from 
SPC and TIP5P water models are insignificant. Fig. 3d further delineates these rotational dynamics for 
the confined SPC water in the C-S-H structure, illustrating that these rotational dynamics differ among 
the dipole and bond directions that define the water molecule. Finally, Fig. 3e indicates an emergence 
of collective motion and relaxation anisotropy for the structural water comprising C-S-H: the 
parameter β (0.12-0.18) << 1 indicates collective rotation of the confined water molecules, and  differs 
by orders of magnitude along H-H and O-O bond directions when confined within the C-S-H 
structure. The flexibility of the simulated water molecules is required to obtain such detailed 
observations, so for these considerations the flexible SPC water model is advantageous with respect to 
the comparably rigid TIP5P water model. 
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Figure 3: Dynamics of water molecules within C-S-H. (a) Mean squared displacement. This structural water 
exhibits three stages of diffusion behaviour (ballistic, cage and Brownian), as is typical of supercooled liquid. (b) 
Infrared absorbance spectra of vibrational models. Experiments for water within C-S-H (Ping, 1999) compare 
reasonably with simulations obtained via SPC, exhibiting two peaks at ~ 1600 cm-1 and ~ 3600 cm-1. (c) 
Rotational correlation function for the normal vector of the plain of one water molecule. Confinement elongates 
the rotational relaxation time (τ) of water from 3.6 ps to 2138 ps.  (d) First order rotational correlation functions 
for confined water using SPC in four molecular directions. (e) Selected relaxation times and  stretching 
exponents (Beta) for bulk water and confined water obtained by SPC 

 
Conclusions  
The choice of sufficiently accurate and efficient water models for computational simulations of C-S-H 
depends on the properties of interest and on the available computational resources. Here, we compare 
two classic models of water molecules, SPC and TIP5P, to determine the effects of these 
computational simplifications on C-S-H properties calculated via molecular-scale simulations. We 
find that SPC and TIP5P predict the structural and elastic properties of C-S-H with comparable 
accuracy. Further, the flexible SPC model is better suited to investigations of water dynamics within 
the C-S-H, and illustrates that the water within calcium-silicate-hydrates exhibits highly retarded and 
highly correlated motion as compared to bulk water. Future simulations of calcium-silicate-hydrates at 
the molecular scale can build on this validation of the classical, nonreactive SPC water model for 
specific C-S-H properties discussed herein, to better understand how the unique properties of water 
play in defining and changing the energetic and dynamic properties of cement. 
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Abstract 
This work presents a study about the effect of ultrafine pozzolans such as rice husk and sugar cane bagasse ashes on 
the hydration characteristics of Portland cement based pastes. Rice husk ash (RHA) and sugar cane bagasse ash 
(SCBA) from Brazilian industrial plants were compared with an ultrafine RHA produced under controlled calcination 
conditions. Pastes containing 0% and 20% in mass of pozzolans were prepared at a constant water-binder ratio of 0.4 
and cured in 21°C water periods from 1 to 90 days. The hydration of the pastes was investigated by X-ray diffraction, 
29Si nuclear magnetic resonance, compressive strength, and mercury intrusion porosimetry. It was observed 
acceleration of strength development in the 20% controlled RHA paste. Furthermore, the pastes with industrial ashes 
presented similar strength in comparison with the reference paste. For all studied cases, the pozzolanic effect of the 
ashes was observed. 
 
Originality 
This study presents the use of residual ashes from rice husk and sugar cane bagasse in Portland cement based pastes. 
The ashes were generated in industrial units of co-electricity co-generation and compared with an ash produced under 
controlled calcination lab-conditions. The study of hydration was performed using different analytical and mechanical 
tests such as X-ray diffraction, 29Si nuclear magnetic resonance, compressive strength, and mercury intrusion 
porosimetry represents an original study. 
 
Chief contributions 
This work deals with the properties of cement based pastes containing rice husk and sugar cane bagasse ashes. This 
can yield interesting information regarding the production of cement based materials with reduced environmental 
impact. Moreover, the use of biomass such as rice husk and sugar cane bagasse tends to grow as an alternative to oil 
fuels. Thus, high quantity of these by-products can be generated in different parts of the world in the near future and its 
employment as mineral admixture can be an interesting alternative. This research shows the effect of both ashes on the 
hydration characteristics of cement based materials using different analytical and mechanical tests. 
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Introduction 
 
Nowadays, different pozzolanic materials, like fly ash, silica fume, metakaolin, rice husk ash and 
sugar cane bagasse ash, are studied to using as partial cement replacement in cement-based pastes, 
mortars and concretes. The use of pozzolanic materials as supplementary cementitious material may 
improve the mechanical and durability properties of concretes (Malhotra and Mehta, 1996). It can also 
lead to reduction of the emissions of carbon dioxide caused by the cement production (Fairbairn et al. 
2010). The positive effects of pozzolanic materials are associated with their capability of providing 
siliceous/aluminous compounds that will chemically react with calcium hydroxide in the presence of 
water. Moreover, there are physical effects, which are primarily associated with the influence of 
pozzolanic materials on the packing characteristics of the mixture, which depend on size, shape and 
texture of the particles (Goldman and Bentur, 1994; Cordeiro et al., 2008). 

Rice husk ash (RHA) and sugar cane bagasse ash (SCBA) are abundant by-products generated by the 
burning of rice husk and sugar cane bagasse, respectively. According to the Food and Agriculture 
Organization of the United Nations (FAO, 2010), the quantity of rice (in husk) and sugar cane 
produced in the world is about 600 million and 1.7 billion tonnes/year, respectively. From this, a huge 
amount of RHA and SCBA, estimated to be about 20 million tonnes, is generated worldwide, each 
year. 
Studies on RHA for use as a pozzolan have been performed during the last three decades (Mehta, 
1977; Hamad and Khattab, 1981; James and Subba Rao, 1986; Cordeiro et al., 2009a). These studies 
concern ashes produced by controlled burning conditions and application of non-controlled ultrafine 
ashes. In both conditions, a reactive pozzolan with non-crystalline silica and high specific surface area 
may be produced. 

The use of SCBA as a pozzolan is also possible due to the presence of reactive silica (SiO2) in the ash. 
Several studies have been carried out showing that SCBA presents adequate pozzolanic behavior in 
cement-based cementitious materials (Martirena Hernández et al., 1998; Singh et al., 2000; Cordeiro 
et al., 2008; Morales et al., 2009). Moreover, Ganesan et al. (2007) and Cordeiro et al. (2009b) 
showed that the addition of SCBA as partial cement replacement could increase the mechanical and 
durability properties of concrete. 

In this work, a study about the effect of ultrafine pozzolans (SCBA and RHAs) on the hydration 
characteristics of Portland cement based pastes is presented. Residual RHA and SCBA from Brazilian 
industrial plants were compared with an ultrafine RHA produced under controlled calcination 
conditions. Pastes containing 0% and 20% in mass of pozzolans were prepared and the hydration of 
the pastes was investigated by X-ray diffraction, 29Si nuclear magnetic resonance, compressive 
strength, and mercury intrusion porosimetry. 
 
Materials 
 
The SCBA sample was collected during the cleaning operation of the boiler at a sugar cane and 
alcohol industry in the State of Rio de Janeiro (Brazil). The RHA (residual sample) was collected at a 
local rice milling plant in the State of Santa Catarina, Brazil. Subsequently, a controlled RHA was 
produced in an aired lab-electric oven at 600 °C during 3 hours with a 10 °C/min heating rate. 
Grinding of the ashes was carried out during 2 hours in open circuit simulating continuous operation 
using a vibratory mill manufactured by Aulmann & Beckschulte Maschininfabrik (Cordeiro et al., 
2009b). After grinding, representative particle sizes, D80 (80% passing), of about 10 μm were achieved 
for all ashes. Table 1 presents the chemical composition, determined by X-ray fluorescence method 
and loss on ignition, of the ashes and the Portland cement without mineral addition (CPP G-class). 

 



Table 1: Chemical composition of the SCBA and RHAs ashes and Portland cement 

Material SiO2 Al2O3 Fe2O3 CaO Na2O K2O SO3 LOI* 

SCBA 78.3 8.9 3.6 2.2 0.1 3.5 – 0.4 

RHA (residual) 82.6 0.4 0.5 0.9 0.1 1.8 0.1 11.9 

RHA (600 °C) 93.4 <0.1 <0.1 0.6 <0.1 2.2 – 3.2 

Portland cement 20.9 4.2 5.3 63.5 0.2 0.4 2.4 1.1 

* LOI: loss on ignition. 
 
Methods 
 
Four pastes were made in this work. The reference paste (PC-REF) was prepared using a water-
cement of 0.4. In SCBA-RES, RHA-RES and RHA-600 mixtures, 20% in mass of the cement was 
replaced by the residual SCBA, residual RHA and controlled RHA, respectively. Specimens were 
casting in 25 mm diameter and 50 mm heigth PVC-cylinder-molds and maintained in water at 21°C. 
X-ray diffraction (XRD) data were collected (powder method) using a Rigaku Miniflex diffractometer 
with Cu-Kα (λ = 1.5418 Å) radiation. The samples were scanned at 0.3° per minute between 13 and 
21° 2θ in order to respect the isolated peak of the portlandite (18.1°, 4.90 Å). 29Si nuclear magnetic 
resonance (NMR) experiments were carried out on Infinity Plus-400 solid-state spectrometer operating 
at 79.4 MHz, recycle time of 30 s, 30 scans, spinning rate of 5 Hz in 7.5-mm ZrO2 rotor, pulse width 
of π/2 (0.5 μs) and relaxation delay of 30 s. A typical spectra of 29Si NMR of cement-based paste is 
presented in Figure 1. It is important to note that the broad peak at – 110 ppm (Q4) is characteristic of 
amorphous silica. From the spectra, the proportion of the silica-related area was determined to relation 
between A4 and total area (A0 + … + A4). Compressive strength tests were made in cylinders 
specimens using a servohydraulic machine (Shimadzu UH-F1000kNI). Each paste was tested under 
compression for different curing times: 1, 7, 28 and 90 days. Pore size distribution studies were 
performed using a Micrometics Autopore II 9215 mercury intrusion porosimeter. The equivalent pore 
radius was calculated using the Washburn equation from five samples of about 1 cm3 cut out from the 
mid-portion of cylinders after 90 days of curing. 

 

 
Figure 1: Typical spectra of 29Si NMR of cement-based paste 

 
Results 
 
The evolution of compressive strength with curing time is shown in Figure 2. Each value represents 
the average of four experimental tests. It is possible to observe that the 20% replacement of cement by 
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ashes changed significantly the compressive behavior of the reference paste. After 1 day of curing, all 
mixtures presented similar values of compressive strength. Regarding to the SCBA-RES, it can be 
seen that the use of the residual SCBA decreased the compressive strength after 7, 28 and 90 days. 
This behavior is probably due to the presence of quartz particles in the SCBA as contamination, as 
previously discussed by Cordeiro et al. (2008). For all studied testing times, the compressive strength 
of the RHA-RES paste presented the same trend already observed in the PC-REF. In relation to the 
controlled RHA, the replacement of cement by ash resulted in a expressively increase in compressive 
strength, compared to all pastes, due to the positive effect resulting from the calcination under lab-
controlled conditions. 

 

 
Figure 2: Compressive strength of pastes in different curing times 

The mechanical behavior was consistent with the qualitative results of XRD (Figure 3), once the peak 
related to portlandite in the pastes presented different behavior. In Figures 3-a and 3-b is possible to 
observe that the XRD patterns of the SCBA-RES and PC-REF mixtures apparently presented the same 
trend. The RHA-RES mixture showed a slight decreasing of portlandite peak as the hydration time 
incresead. The portlandite peak in the RHA-60 mixture virtually disappeared after 90 days of curing. 
The RHA-RES showed an intermediate behavior between those of RHA-600 and SCBA-RES. For the 
better evaluation of the pozzolanic activity of the ashes were performed 29Si NMR analyses. Table 2 
summarizes values of proportion of the amorphous silica-related area. It is also note worthy that the 
silica-related area is directly proportionate to the content of amorphous silica in the paste. Thus, it is 
possible to observe that the SCBA-RES presented a slightly reduction in silica content indicating its 
low reactivity. On the other hand, the RHA mixtures showed significantly decreasing in silica content. 
In this case, the controlled RHA presented higher amorphous silica content and higher pozzolanic 
activity in comparison with the other ashes. These results agreed with the XRD analyses and showed 
the intrinsic differences between the three pozzolans studied.  
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Figure 3: X-ray diffraction patterns of pastes hydrated in different curing times: (a) PC-REF; (b) SCBA-RES; (c) 
RHA-RES; (d) RHA-600 

 

Table 2: Proportion of the silica-related area from 29Si NMR data 

Curing time SCBA-RES RHA-RES RHA-600 

Anhydrous 19 25 31 

1 day 19 21 28 

7 days 19 20 20 

14 days 17 16 9 

28 days 16 11 8 
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Regarding the pore size distribution presented in Figure 4, the presence of the ashes produced a 
refinement in the pore structure comparing to the PC-REF. The presence of controlled RHA in the 
paste strongly affected the pore structure due its high pozzolanic activity. This aspect certainly 
contributed to the increase of the values of compressive strength shown in Figure 2. It is worth to 
mention that expressive differences in the pores distribution were expected when comparing the 
pozzolanic and PC-REF pastes, since the ashes in this study were ground for ultrafine particle sizes 
(Cordeiro et al., 2009b). 

 

 
Figure 4: The cumulative intruded pore volume of Hg curves obtained from MIP 

 
Conclusions 
 
Based on experimental results, the following conclusions can be drawn: 

 The ashes from different production conditions presented distinct mechanical behaviors due to 
the their pozzolanic reactivities. The compressive strength of the residual RHA paste 
presented the same trend already observed in the reference mixture. The use of the residual 
SCBA decreased the compressive strength of the reference paste probably due to the quartz 
contamination in the ash. In relation to the controlled RHA, the replacement of cement by ash 
resulted in a expressively increase in compressive strength. 

 XRD and 29Si NMR analyses showed that the controlled RHA presented considerable 
pozzolanic activity. The pozzolanic activity of the residual RHA was also observed and 
maintained the mechanical behavior of the reference paste. 

 The residual SCBA presented low pozzolanic activity in comparison to the RHAs samples. 
However, there was a refinement in the pore structure of the SCBA-RES paste comparing to 
the reference. The RHA mixtures indicated the same behavior. 
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Abstract 
This work presents the results of a study that focused on the hydration of cement based pastes containing a silica gel 
from residual rice husk ash. Measurements of the chemical composition, X-ray diffraction, infrared spectroscopy, 
particle size distribution, and pozzolanic activity were carried out in order to characterize the obtained material, and 
the optimal silica gel was selected for use as a mineral admixture in cement pastes. The hydration of the cement based 
pastes containing silica gel (0.0%, 2.5% and 5% by mass) was investigated by X-ray diffraction and thermogravimetry 
analyses and compressive strength tests. The analytical and mechanical tests were carried out after 3, 7 and 28 days of 
water curing in order to evaluate changes in the properties over time. The results indicate that the mixtures containing 
silica gel showed improved mechanical behavior over all time periods evaluated due to the pozzolanic activity of silica. 
 
Originality 
The silica gel extraction used in this research was adapted to the characteristics of rice husk residual ash aiming the 
optimal yield. Moreover, the use of nano-sized particles of silica gel in cement based pastes represents an original 
application. 
 
Chief contributions 
Silica gel is a synthetic silica compound that can be extracted from rice husk ash by the sol-gel method. This type of 
extraction can be done at ambient temperatures, making it an alternative to the thermal treatment, which is often used 
in the production of highly reactive pozzolans. The sol-gel method involves the synthesis of an inorganic polymer 
network by means of chemical reactions in solution at low temperatures. The purpose of this study was to produce 
silica gel from a rice husk residual ash and to investigate the effects of adding this material to Portland cement. 
 
Keywords:  silica gel; sol-gel; rice husk ash. 
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Introduction 
 
The use of mineral admixtures in cementitious products can increase mechanical and durability properties 
(Neville, 1997), besides contributing to the decline in cement consumption and, in some cases, the CO2 

emissions (Fairbairn et al. 2010). Cementitious materials with high performance can be produced with 
mineral admixtures with particular characteristics, such as high content of amorphous phases (SiO2 and 
Al2O3), ultrafine particle sizes and high specific surface. The main pozzolans studied are fly ash, silica fume, 
metakaolin, rice husk ash and sugar cane bagasse ash. 

In general, the mineral admixtures are derived from wastes and produced by thermal or mechanical 
activation, such as the controlled burning used in the production of metakaolin or rice husk ash or ultrafine 
grinding used to produce sugar cane bagasse ashes (Cordeiro et al., 2009). Recently, studies were conducted 
to extract silica gel from rice husk ash (Lima et al., 2011). This extraction was performed using the sol-gel 
method (Kalapathy and Proctor, 1999) widely used for obtaining films of polymeric adsorbents ions, metal 
sequestering agents and silica sols (Prado and Faria, 2005; Bergna and Roberts, 2006). The materials 
obtained by this method have high purity, uniformity and processing temperature lower than the current 
temperature required to obtain pozzolanic silica from rice husk ash by heat treatment. Silica gel is an 
inorganic and amorphous polymer that is formed by the condensation of silicate tetrahedrons using oxygen 
as the binding site, giving rise to the siloxane bond (Si-O-Si) and, ultimately, nanometer-sized particles (Iler, 
1976). 

In this context, the present work aims to evaluate the hydration of cement based pastes containing silica gel 
extracted from rice husk ash (hydrothermal process). The analyses were based on consumption of portlandite 
(calcium hydroxide) produced during hydration, using thermogravimetry, X-ray diffraction and scanning 
electron microscopy. 
 
Materials 
 
The silica gel was produced by gelling a solution of silicic acid by a polymerization process described in 
details in Lima et al. (2011). The silica obtained has a high purity (92% SiO2), pozzolanic activity by 
Chapelle (Raverdy, 1980) of 787 mg/g and average particle size of 220 nm. The X-ray diffraction pattern 
shown in Figure 1 reveals that the silica gel is completely amorphous. For the production of the pastes, 
Portland cement without addition (equivalent to ASTM Type I), deionized water and superplasticizer 
admixture polycarboxylate-based were used. 
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Figure 1: The X-ray diffraction data for the silica gel. 

 
Methods 
 
Cement pastes were produced with water-solid (w/s) ratios of 0.45 and 0.50. The contents of Portland 
cement replacement by silica gel were 0.0%, 2.5% and 5.0% by mass. The pastes were named Pi-y, where i = 
{1, 2} for the pastes with w/s equal to 0.45 and 0.50, respectively, and y = {0.0, 2.5, 5.0} represents the 
levels of substitution. For the paste P1 all levels of replacement were used while for the pastes P2 we used 
only the replacement of 5%. The pastes were prepared in an Engineering Chandler mixer for 6 minutes at a 
rotation speed of 4000 rpm and then for 2 minutes at 6000 rpm. 



Thermogravimetric analysis was performed on SDT Q600/DSC-TGA TA Instruments. The experimental 
conditions were: nitrogen atmosphere, flow rate 100 ml/min, platinum crucible, heating rate 10 °C/min, and 
35 oC isotherm for 1 hour. The amount of portlandite in the pastes was determined by the procedures 
suggested by Dweck et al. (2009). In these procedures, the percentage of sample mass loss related to a one 
compound is calculated in the calcined mass basis. The qualitative analysis of X-ray diffraction were 
performed on the Bruker diffractometer D8 Focus (CuKα, λ = 1.5418 Å) operating at 30 kV and 40 mA, 0.02 
o/s. The microstructure was also investigated by scanning electron microscopy (JEOL JSM 6460LV 
microscope). 

 

Results e Discussion 
 
Thermogravimetry analyses 
 
The results of thermogravimetric analysis of the pastes P1-0.0, P1-2.5 and P1-5.0, after 3, 7 and 28 days of curing, 
are shown in Figures 2a, 2c and 2e. In the DTG curves it is possible to observe two initial peaks, a first peak 
around 80 oC and a second at about 120 oC, referring to loss of combined water with C-S-H and 
sulphoaluminates (Afm and Aft), respectively. The third peak occurred at approximately 410 oC and 
corresponds to the dehydroxylation of portlandite. This last peak was lower in the pastes containing silica gel 
probably due to pozzolanic reactions. A fourth peak is characteristic of the decarbonation of calcium 
carbonate and occurred over about 600 oC. 

The TG/DTG curves of the pastes P2-0.0 and P2-5.0, with 3, 7 and 28 days of age are presented in Figures 2b, 
2d and 2f. In these pastes, weight losses occurred in the same temperature ranges observed for the pastes P1. 
The paste P2-0.0 initially had the highest peak intensity on the loss of water of hydration products in relation 
to the paste with silica gel (Figure 2b). However, after 28 days, the intensities of these peaks were similar for 
both samples (Figure 2f). This may indicate that at older ages of hydration the paste with silica gel produced 
similar amounts of hydrates. With respect to loss of portlandite, the P2-5.0 paste had a peak of lower intensity 
compared to the reference paste, which may indicate a smaller mass loss of sample. 

With the percentages of mass loss from thermogravimetric curves of the pastes was possible to determine the 
amount of portlandite consumed by silica gel during the pozzolanic reactions. Pastes P1-2.5 and P1-5.0 showed 
a reduction in the amount of portlandite through the replacement of cement by silica gel in comparison with 
the P1-0.0, as shown in Table 1. The paste P1-0.0 had 18% (3 days), 20% (7 days) and 22% (28 days) of 
combined water with CH. The paste P1-2.5 reduced the values to 13%, 15% and 18%, respectively, while for 
P1-5.0, the values were 13% (3 days), 12% (7 days) and 15% (28 days). This consumption of portlandite 
agrees with the value presented by the pozzolanic activity of silica gel determined by Lima et al. (2011). 

In the pastes P2-0.0 and P2-5.0 the amount of portlandite also decreased with the replacement of cement by 
silica gel. Observed at all ages, the replacing 5% of cement by silica gel decreased approximately 12% of the 
amount of portlandite in relation to the paste P2-0.0. In the pastes P1-0.0, P1-2.5 and P1-5.0 it was found that the 
most significant reduction of portlandite occurred in the paste with the highest amount of silica gel (Table 1). 
This behavior was also observed in the pastes P2-0.0 and P2-5.0, where the highest consumption of portlandite 
was reached after 28 days of curing. It is important to note that these results were consistent with the 
compressive strength observation described in Lima et al. (2011), where the pastes with silica gel showed 
higher compressive strength at all ages of curing studied (Table 2). 

 

Table 1: Comparison between the amount of portlandite in the pastes from TG data 
Curing time (days) P1 - 0.0 P1 - 2.5 P1 - 5.0 P2- 0.0 P2- 5.0 

3 17.9 13.0 12.6 17.7 11.7 
7 20.2 15.1 12.2 21.9 12.3 

28 22.0 17.6 15.3 23.2 14.3 

 



Table 2: Compressive strength of different pastes (Lima et al., 2011) 

Pastes 
Compressive strength (MPa) - Standard Deviation  

3 days 7 days 28 days 
P1 - 0.0 37.80 ± 2.74 41.85 ± 2.12 49.76 ± 1.09 
P1 - 2.5 53.71 ± 1.86 61.05 ± 1.65 62.83 ± 1.33 
P1 - 5.0 56.98 ± 4.71 65.07 ± 1.52 66.79 ± 1.24 
P2- 0.0 30.24 ± 0.54 34.83 ± 0.41 42.10 ± 1.39 
P2- 5.0 51.10 ± 1.34 59.85 ± 1.44 61.49 ± 1.10 
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Figure 2: TG/DTG curves of P1-0.0, P1-2.5 and P1-5.0 at 3 (a), 7 (c) and 28 days (e); P2-0.0 and P2-5.0 at 3 (b), 7 (d) and 28 

days (f) 
 

X-ray diffraction data 
 
Qualitative analyses of hydration of the pastes were performed by X-ray diffraction to investigate the 
isolated peak of portlandite at 18.1° (4.90 Å). The pastes P1-2.5 and P1-5.0 showed diffraction peaks with 



intensity lower than the reference paste at all ages (Figure 3a). In the paste P1-5.0, the reduction of peak 
portlandite was more pronounced at ages 7 and 28 days. Another important point is that a significant 
reduction of portlandite peak in the P1-2.5 can be observed at lower hydration age (3 days). The mixture P2-5.0 
showed the highest reduction in the portlandite peak at ages 7 and 28 days compared to the paste P2-0.0 
(Figure 3b). The reduction of portlandite peak occurred irrespective of the w/s ratio used in the production of 
pastes, as shown in Figure 3c. 
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Figure 3: X-ray diffraction data of P1-0.0 (a) and P2-0.0 (b) at different curing times. Comparison of different pastes (P1 
and P2) after 28 days of curing (c) 

 
Scanning electron microscopy  
 
The pastes with 28 days of curing were observed in electron microscope for morphological analysis of the 
hydration products. The micrographs of the P1 pastes revealed the presence of crystals of portlandite (CH) in 
the hexagonal plate forms in the reference paste (P1-0.0) surrounded by the mass without definite geometrical 
shape (C-S-H), as shown in Figure 4a. The P1-2.5 also showed the presence of crystals of portlandite 
surrounded by an extensive network of C-S-H (Figure 4b). For the P1-5.0, however, apparently there was 
some reduction in the amount of portlandite (Figure 4c), which may be indicative of the pozzolanic 
reactions. The microstructures of P2-0.0 and P2-5.0 showed, as expected, some crystals of portlandite distributed 
in the pores (Figure 4d). Moreover, in the pastes containing silica were also observed crystals of portlandite 
apparently in less quantity (Figure 4e). 

 



 
Figure 4: Micrographs of pastes P1-0.0 with 550 fold increase (a), P1-2.5 with 500 fold increase (b), P1-5.0 with 400 fold 

increase (c), P2-0.0 with 250 fold increase (d) and P2-5.0 with 250 fold increase (e). 
 
Conclusion 
 
The effect of partial replacement of cement by silica gel, obtained by hydrothermal process, was highly 
effective. The pastes with silica gel showed less amount of portlandite in comparison with the reference 
pastes due to the pozzolanic reactions. Thus, the silica gel obtained from rice husk ash can be used to 
produce pastes with low content of portlandite produced during the cement hydration. This aspect is very 
important to produce pastes with high mechanical strength and durability. 
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Abstract 
The cement industry consumes energy and nonrenewable mineral resources in large amounts and emits 
volatile compounds and gases into the atmosphere. In an attempt to minimise the adverse effects of 
Portland cement clinker production, studies have been conducted to develop an environmentally-friendly 
cement whose manufacturing process is more energetically economical, is less harmful to the environment 
and emits fewer greenhouse gases. One way to achieve this aim is to use industrial waste and by-products 
from other industries as alternative materials in the manufacturing process of cement. A continuous push 
towards sustainable development has encouraged companies to find economical and environmental 
applications for industrial residues. In the aluminium industry, the major solid waste generated by the 
Bayer process is called bauxite residue or red mud. This work investigates the possibility of using bauxite 
residue as a raw material for the production of a commercial CPI-type Portland cement clinker. Such a use 
of bauxite residue would bring benefits to both industries and to the environment. The clinker samples used 
herein were produced by heat treating mixtures of limestone, sand, clay and bauxite residue at 1450°C; 
these mixtures were then cooled rapidly in air. The crystalline phases of the clinker were characterised by 
X-ray diffraction (XRD). Tests of the compressive strength and porosity were conducted using mortar 
samples composed of cement, sand and water that had been cured for 7 and 28 days. The fineness effect of 
the clinker on the mechanical strength of the mortar was also examined. The addition of bauxite residue did 
not affect the mineralogical composition of the produced clinker because the main mineralogical phases—
3CaO·SiO2, 2CaO·SiO2, 3CaO·Al2O3, 4CaO·Al2O3·Fe2O3 and free CaO—were well formed. Some of the 
mortars made with the clinker that was obtained from the bauxite residue had higher strengths than mortar 
made with commercial CPI-Portland cement, which was used as a reference. The fineness of the clinker 
affects the mechanical strength of the mortar. The material with finer grains showed better mechanical 
strength than the material with coarser grains. These facts confirm that bauxite residue can be used as a 
raw material for Portland cement production. Nevertheless, additional studies are still being carried out to 
assess the viability of this application in terms of factors such as durability. 
Originality  
The purpose of using bauxite residue in the preparation of Portland cement is to reduce the extraction of 
natural raw materials and the emission of carbon dioxide into the atmosphere, as well as to utilize the 
normally discarded by-products generated by industrial activities. Industrial wastes such as petrochemical 
and metallurgical slag, fly ash, bricks, tiles, tires and rubberised products, among others, have been 
successfully used in cement production. Such alternative materials may partially replace fuel, conventional 
raw materials or even part of the content of clinker in the final cement. According to a previous analysis of 
the chemical composition of bauxite residue, this residue can be used as a raw material source of Fe and Al 
in the production of Portland cement clinker. Therefore, the originality of this work involved preparing 
different clinker compositions with levels of bauxite residue greater than 6 wt% and evaluating the 
influence of these additions on the chemical, physical and mechanical properties of the clinker obtained. 
Chief contributions 
For a long time, the bauxite residue generated in the production of aluminium was considered unusable 
waste. However, the difficulties and costs associated with bauxite residue management and storage have 
motivated companies to invest in research to find economical and environmentally safe applications aimed 
at reducing the volume of waste sent to final storage. Despite these efforts, there is still no application in 
which bauxite residue is consumed in large amounts. However, the building industry represents a 
promising application for bauxite residue, as the production of one of the most important materials in this 
sector, Portland cement, uses a considerable volume of natural resources. The study of new technologies 
that could facilitate the utilisation of bauxite residue is of great importance to Brazil (and other countries), 
as it is the third largest producer of alumina and the sixth largest producer of aluminium. 
 
Keywords: bauxite residue, waste, Portland cement clinker. 
 



 Introduction   
 
During metallic aluminium production, as in any industrial process, greenhouse gases and effluent 
emissions are produced and solid waste is generated in large amounts. As an example, one can 
cite the solid residue known as bauxite residue, BR, or red mud that is generated after the 
digestion and clarification steps of the Bayer process, which is the process used industrially for 
bauxite processing (Hind et al., 1999). This waste generally has a complex composition. In Brazil, 
it is not currently used for any industrial-scale applications. It is normally stored in specially 
designed areas located near the aluminium production plants. However, the management of these 
areas is often costly and it demands attention. To produce approximately 0.5 ton of metallic 
aluminium, 1.0 ton of alumina is required. It is estimated that approximately 1.0 to 1.6 ton of BR 
is generated for every ton of alumina produced by the Bayer process (Misra et al., 2005; Singh et 
al., 1996 and 1997). The chemical composition of bauxite residue is complex and can vary 
widely, depending on the nature and quality of the bauxite, as well as on the parameters of the 
industrial process involved (Loretta & Rutherford, 1996). Typically, BR contains 
Fe2O3, Al2O3, SiO2, TiO2, Na2O and CaO as major components. Additionally, oxides of V, Ga, P, 
Mn, Mg, Zn, Th, Cr and Nb may be present as trace components. The most common minerals 
present in BR are hematite (α-Fe2O3), goethite (α-FeOOH), magnetite (Fe3O4), boehmite (γ-
AlOOH), quartz (SiO2), sodalite (Na4Al 3Si3O12Cl) and gypsum (CaSO4·2H2O), with calcite 
(CaCO3) and gibbsite in smaller quantities (Brunori et al., 2005; Vangelatos et al., 2009; Misra et 
al.; 2005, Tsakirids et al., 2004; Singh et al., 1996 and 1997). 
Because Brazil is the third largest producer of alumina, there is great concern about the amount of 
waste being generated. Despite efforts to use the waste elsewhere, there is still no application in 
which large quantities of BR are consumed. However, the construction industry offers a 
promising usage scenario. Bauxite residue may potentially be used in considerable volumes in the 
production of one of the most used materials in this sector: Portland cement. The use of this BR 
would reduce the alumina-producing companies’ costs that are incurred by the construction of 
disposal areas and help reduce consumption of the natural raw materials used in the preparation of 
Portland cement (Tsakirids et al., 2004; Taylor, 1992). This partnership between the producers of 
aluminium and cement would benefit both companies, as well as the environment, and it would 
affirm their commitment to sustainable growth. 
Based on these considerations, Portland cement clinker was prepared using bauxite residue as an 
alternative source of alumina and iron oxide.  

 
Materials and Methods 
  
To synthesise Portland cement clinker, sand and limestone produced by Jundu Mining SA, São 
Simão clay produced by Minasolo and bauxite residue generated by Alcoa Aluminio SA, Poços 
de Caldas-MG, Brazil, were used as raw materials. The chemical composition of the BR is shown 
in Table 1.  

 
Table 1: Chemical composition of the bauxite residue in this study. 

Component Fe2O3 Al 2O3 SiO2 Na2O CaO K2O TiO2 Other* Fire Loss 

% 25.40 23.30 17.40 6.90 3.00 2.30 3.40 6.30 12.00 

*The value was not specified by the supplier. 

In this study, clinker formulations were prepared with the help of worksheets to calculate the 
required quantities of each raw material in order to obtain the desired quantities of oxides for the 
formation of clinker phases. This calculation takes into account the chemical composition of raw 
materials and the phase proportions of a target clinker. In one formulation the chemical modules, 
which are relations that define the proportion of major minerals in a clinker and are used by the 
cement industry, were also used.  Three formulations known as A2, A4 and A5 were prepared 
with BR levels of 12.05%, 6.45% and 5.49%, respectively. 



The A4 formulation is based on the phase proportions of a target clinker that contains the phases 
C3S (Ca3SiO5), C2S (Ca2SiO4), C3A (Ca3Al 2O6) and C4AF (Ca4Al 2Fe2O10) at the respective levels 
of 58%, 15%, 8% and 8%. The A2 formulation contains a higher concentration of BR that causes 
excess of C4AF-phase. The A5 formulation was designed by following the chemical modules 
shown in Table 2.  

 
Table 2: Major chemical parameters and their ideal values for controlling the composition and quality of 
the target clinker. 

Parameters Equations Values 
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LSF: Lime saturation factor; SM: Silica module; AM: Alumina module. 
 

After formulating the compositions of interest, the raw materials were weighed, ground and 
homogenised. Then, the powder mixture and water were blended, forming pellets, with 2 cm in 
diameter, that were thermally treated at a heating rate of 10°C/min to 1450°C, where they 
remained for 15 min (Tsakirids et al., 2004). The crucible containing the material was abruptly 
removed from the oven and cooled with the aid of a cold air jet directly applied to the pellets. 
Then, the material was ground in a mill (Pulverisette 2 – FRITSCH) to the particle size of 
commercial CPI-type Portland cement, that is, until the residual mass retained on a sieve of 75 µm 
(#200) was less than 12% (Technical Bulletin, 2002). 
The phases present in the clinker specimens were identified by X-ray diffraction (XRD). To 
analyse the powder material, a Rigaku brand diffractometer and a Rotaflex apparatus (model RU-
200B) using Kα copper radiation with a nickel filter and a 2θ scanning angle ranging between 10 
and 75 degrees were used. 
Finely ground 5% plaster was added to the clinker and mixed. The plaster consisted of calcium 
sulphate hemihydrate (CaSO 4 ⋅ ½ H2O). The main objective of this step was to regulate the 
setting time or the product’s initial hardening so as to produce CPI Portland cement (Technical 
Bulletin, 2002). 
To evaluate the mechanical strength of the cement, tests of uniaxial compressive strength and the 
porosity were carried out. To conduct these tests, cylindrical specimens 22 mm in diameter and 44 
mm high were moulded with mortar consisting of cement, sand and distilled water. A 
water/cement ratio of 0.48 and a sand:cement ratio of 3:1 were used. The sand presented a D50 
equal to 500 µm and was devoid of particles larger than 2800 µm and smaller than 53 µm. The 
specimens were cured at room temperature in a water-saturated atmosphere for 7 and 28 
days. After the curing process, the specimens were dried in an oven at 50°C for 48 h and kept in 
desiccators until testing. The curing conditions and the water/cement ratio were strictly controlled. 
Compression tests were performed on a mechanical MTS (Material Test System) testing machine, 
Series 810, with TestStar IIs control system. To test the uniaxial compressive strength, a load cell 
of 50 kN and a load speed of 140.0 N/s under force control were used. Porosity tests were 
performed according to the Archimedes immersion test, in which dried specimens were immersed 
in kerosene under vacuum for 1 h. The apparent porosity was calculated from the dry weight, the 
submerged weight and the wet weight using the well known corresponding relationships. 
 
Results and discussion 
  
Figure 1 show the XRD patterns of A2, A4 and A5 Portland cement clinker samples prepared 
with bauxite residue. In this figure, it is clear that the main phases of cement clinker—i.e., C3S, 



C2S, C3A and C4AF—were formed. To identify these phases, reference diffraction patterns were 
taken from JCPDS cards, numbers 49-0442, 33-0302, 33-0251 and 30-0226, respectively. 
Additionally, in all of the cases, diffraction lines of a free CaO phase (card number 37-1497) were 
observed, indicating that the reaction of the clinker was not complete and/or there was 
decomposition of C3S during cooling. 
By comparing the XRD patterns of the A2, A4 and A5 clinker samples, it can be seen that the 
diffraction lines of some of the phases overlap with the other lines and that there is a strong 
change in the relative intensities of the lines, particularly the characteristic calcia lines. In the A5 
sample, the line of greatest intensity characterise CaO, while for the A2 and A4 samples, the 
peaks with the highest intensity are the C3S and C2S phases. 
The main peak for calcia is superimposed on the peak for C2S at approximately 37⁰, but the C2S 
peak intensity at this angle is only 20% relative to the highest peak of its pattern. Thus, one can 
assume that the calcia contributes more to the increased intensity of this peak than the C2S. 
 

 
Figure1:  The XRD patterns of the A2, A4 and A5 clinker samples prepared with bauxite residue. 

Legend: 1−C3S; 2–C2S; 3−C3A; 4−C4AF; 5−CaO. 
 
The mechanical performance of mortars prepared with BR containing cement was characterised 
by testing under uniaxial compression. The results are shown in Figure 2. It can be seen that the 
A2 material exhibited the best performance: uniaxial compressive strength values of 20.21 MPa 
and 39.70 MPa were measured after 7 and 28 days of curing, respectively. These values are higher 
than the minimum limits established by the Brazilian Association for Portland Cement (Technical 
Bulletin, 2002) which is 15 MPa after 7 days and 25 MPa after 28 days of curing. These tests are 

performed according to the Brazilian Technical Standard NBR 7215/96.  For the A4 material, the 
strength was 16.43 MPa (7 days) and 25.02 MPa (28 days). There was an increase in the strength 
of the A5 material from 7 to 28 days; however, the values did not meet the minimum 
requirements of the above standard. 
The development of mechanical strength can be influenced by the phase proportions of the 
cement. Based on the XRD patterns (Figure 1) and by correlating those results with the values of 
mechanical strength, it was concluded that the A5 material, whose diffraction lines most strongly 
indicated the presence of calcia, possessed the lowest mechanical strength. This is consistent with 
the literature, as the presence of free calcium has been reported to affect the mechanical strength 
of cement paste (Taylor, 1992). 
The good performance of the material with a higher content of BR, A2, can be attributed to the 
presence of C3S, which is the main phase responsible for the development of mechanical strength 
for all cement ages. The relative reduction of the calcia lines in the A2 material can be attributed 
to a more effective response and/or to a low rate of decomposition of C3S to C2S + CaO during 
cooling.  



 

  
Figure 2: The compression strength, σC,, of mortars prepared with cements that contain clinkers obtained 
from the BR. The reference values were taken from the Brazilian Standard (NBR 7215/96). The curing 

times were 7 and 28 days. 
 

Based on the uniaxial compressive strength measurements (Figure 2), the material prepared with 
cement that contained the highest amount of BR showed the best performance for both 7 and 28 
days of curing. Considering the positive effect of adding 12% BR in the preparation of the clinker, 
new materials were prepared with the same composition in order to verify the reproducibility of 
the synthesis. The results are discussed below. Figure 3 shows the XRD patterns of the A2 clinker 
composition, along with two more repetitions: A2I and A2II. The expected phases of the cement 
were formed; however, there was some variation in the relative intensities of the lines. As these 
materials had the same initial chemical composition, it was expected that the relative intensities of 
the phase lines formed after the heat treatment would be similar. In the A2I and A2II samples, the 
diffraction line intensities for calcium were significant. The main causes of the occurrence of free 
CaO may be related to the synthesis process: for example, inadequate mixing and grinding of the 
raw materials, insufficient burning of the mixture or an inappropriate cooling rate of the clinker. 

 

 
Figure 3:  XRD patterns of A2, A2I and A2II clinker, all with the same initial composition. 

Legend: 1−C3S; 2–C2S; 3−C3A; 4−C4AF; 5−CaO. 
 
Figure 4 allows us to compare the mechanical strength and the porosity of mortar prepared with 
A2 cement clinker. It can be observed that the duplicate samples, A2I and A2II, did not perform 
as well as the original A2 sample, both for 7 and 28 days of curing. This reduction in strength can 



be attributed to the presence of additional free CaO, as previously shown in Figure 3. The 
apparent porosity is inversely proportional to the mechanical strength and decreased with 
increasing curing time. The apparent porosity of the specimens prepared with A2 cement was not 
measured. The A2II material had the poorest mechanical performance, with a strength of 11.7 
MPa and an apparent porosity of 22.5% for 7 days of curing. After 28 days of curing, this material 
showed a reduction in porosity (20.7%), but the strength increase was not significant (12.84 
MPa). 
 

 
Figure 4: The compressive strength, σC, and the porosity of mortars prepared with cement of 

composition A2. 
 
The differences in the mechanical resistance may be related to the relative amounts of the phases 
present. However, it is important to remember that the hydration process of Portland cement does 
not depend exclusively on the mineralogical components of the clinker but also on physical 
factors such as fineness, the water-cement ratio and curing conditions, among others. Of these 
factors, it is believed that the fineness of the clinker was the least controlled. 
For these reasons, further studies are being conducted in order to obtain further clarification on 
the formation of phases and on the mechanical behaviour of the mortars. Nevertheless, this work 
shows the promise of using bauxite residue in the preparation of Portland-type clinker, a material 
of importance to the civil engineering industry.  
 
Conclusions  
 
The results obtained show that the initial chemical composition of the mixture influences the 
formation of clinker phases. However, there were cases in which materials with the same initial 
chemical composition showed distinct phase proportions after firing, and it can be concluded that 
heat treatment conditions are important variables in the synthesis process, as they strongly 
influence the formation of the phases. Although the phase proportion of cement has the greatest 
influence on the mechanical strength of a specimen, there are other factors—such as fineness—
that also strongly affect the mechanical performance. This study also found that the addition of 
12% BR to the clinker is technically feasible, as the material with this residue content showed an 
appropriate mineralogical composition and good compressive strength at 7 and 28 days of 
curing. This is significant because it represents high residue consumption per ton of cement 
produced. 
These results, although partial, show that the use of bauxite residue in the preparation of Portland 
clinker has great potential for application. However, further studies still must be carried out to 
enhance our understanding of this system and to make this application viable.  
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Abstract 
 
In Japan, the methodology relating alkali silica reaction (ASR) based on the classic evaluation of alkali reactivity of 
aggregate such as chemical method and old mortar bar test and countermeasures such as upper limit of total alkalis 
less than 3.0 kg/m3 are still used. In order to revise the methodology, it is important to compile the examples of detailed 
analysis of deteriorated concrete structures by ASR in Japan. For this purpose, general geological characteristics of 
Japan are outlined and new examples of ASR are summarized. Then, the reasons why Japan is delayed in the renewal 
of methodology and required things to modify are discussed. 
 
In order to understand the geological situation of Japan that is basic for the understanding what kinds of reactive 
aggregates exist in Japan, general geology is outlined from a view point of ASR risk. Excepting andesite and chert 
those are well-known as reactive aggregates, some other important characters are pointed out: the effect of alternation 
by volcanic activities after Neocene to produce opal and cryptocrystalline quartz in hornfels by contact metamorphism 
and cataclasite by fault systems. 
 
Beside classical ASR by andesite, although rebar breaks by ASR expansion may be new, it is possible to point out the 
important reason for recent serious ASR, i.e. mixture of different type of aggregate. Of course this behavior is well 
known to cause the possibility of compositional pessimum effect. One case was from opaline silica vein in andesite rock 
used as a part of coarse aggregate and the other is the small amount of tuff particles in land sand. Both cases were 
resulted in serious cracks in a few years after construction even total alkali amount was less than 3.0 kg/m3. 
 
Another type of ASR damages is the cryptocrystalline quartz origin. In one concrete structure, pure limestone is used as 
coarse aggregate. However, after several tens years, concrete suffered typical map cracking in the order of millimeters 
width. This serious deterioration was caused by slow expansion of siliceous sand particles from sea sand. Similar 
damages were started to be reported in many places. 
 
Based on these understanding for relatively new examples of ASR in Japan, the reason why Japan is behind compared 
to other advanced nations in the countermeasures of ASR are discussed. Then, the required things for new 
countermeasures in Japan are proposed. 
 
Originality 
Simplified geologic characters of Japan were summarized from a view point of ASR.  Recent examples of ASR damages 
being difficult to suppress by traditional methodology were shown and the reason why this situation was took place was 
discussed. 
 
Chief contributions 
The geological characteristics of Japan from the view point of ASR is reviewed in order to summarize general 
possibility of ASR in Japan. The possibility and new examples of ASR damages in Japan are demonstrated and the 
reason of delayed situation of Japanese methodology for ASR and required actions in future are discussed. 
 
Keywords: ASR, Countermeasure, Late expansion, Pessimum effect, Geological distribution 
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1. INTRODUCTION 
 
The regulations relating ASR are different from nation to nation. Because each nation has different 
geological characteristics and material availability, the countermeasures for ASR can be different. 
However, an important point relating ASR is the understanding for the existence of various reasons of 
ASR or the fact of no recognition of ASR damages in many nations. Even after major fundamental 
mechanisms have been clarified by many studies, it is meaningful to review new examples of ASR 
damages in any nations based on the most recent knowledge to re-verify domestic traditional 
mitigating methods. There may be a variety of mitigation methods all over the world. Advanced 
accelerated mortar bar test to detect alkali reactivity of aggregate has been adopted as ASTM C1260 
or RILEM AAR-2 relatively recently. However, Shayan and Morris, 2001 criticized even these severe 
methods are not sufficient for Australian ancient rock types. Some kinds of reactive aggregate may 
pass ASTM C1260. As a reason, Katayama, 2010 pointed out the importance of pessimum size effect. 
Even in this kind of situation, at least in Japan, the classic methodology such as total alkali limit less 
than 3.0kg/m3, application of mineral admixtures or blended cement having ASR suppressing effect, 
or use of non-reactive aggregate base on chemical method based on ASTM C289 and mortar bar 
method based on ASTM C227, is still used widely and strictly. Based on the recent knowledge, it 
seems natural that some of concrete show ASR expansion even these requirements are fulfilled. 
 
In this critical review paper, general geological characteristics of Japan are outlined at first from the 
viewpoint of ASR. Then by listing typical examples of ASR damages based on recent reports and 
experiences in Japan, the limitation of traditional methodology is reconsidered and some points 
requiring discussions will be summarized. This kind of summary is important for many nations where 
ASR has not been recognized very well yet and systematic countermeasures are required to avoid 
serious problems in new infrastructures. 
 
 
2. GEOLOGICAL CHARACTERISTICS OF JAPAN 
 
Japan is located in an active volcanic belt of Pacific Rim and composed of complex geological 
structure from Paleozoic era to Quaternary period. Typical alkali reactive rocks are considered as tow 
types, one is relatively new Quaternary and Neogene andesite containing cristobalite, tridymite, and 
volcanic glass and the other is reactive chert included in Jurassic accretionary complex, which means 
that excepting some highly reactive one including chalcedony, Japanese chert is usually composed of 
recrystallized cryptocrystalline quartz after opal-CT typically existing in Cenozoic European flint. 
Alternation by hydrothermal activities in Miocene and later ages can make various rock types more 
reactive. Besides, there are many other cryptocrystalline or microcrystalline quartz bearing rocks such 
as cataclasite of various rock types along various faults such as median tectonic line or hornfels 
caused by contact metamorphism although these are not usually recognized as reactive in Japan. 
 
Figure 1 shows general geological structure of Japan that is composed of four main islands, Hokkaido, 
Honshu, Shikoku, and Kyushu and many small islands such as Ryukyu Islands including Okinawa 
continuing to Taiwan. The detailed geological structure is complicated and is not easy to describe in a 
limited space. However, from the viewpoint of alkali reactive rock causing ASR, required information 
is relatively limited and there is no need to understand the genetics of geology of Japan perfectly. By 
simplifying the geology of Japan, important geological characters for ASR is tried to summarize in 
order to give general information even for concrete engineers who are not familiar with geology. 
 
In general, Paleozoic to Paleogene sedimentary and metamorphic rocks make a basic structure. This 
structure is divided to Northeast and Southwest Japan by a big fault system, Tanakura tectonic line. 
Volcanic activities in all geological ages overlapped these older structures. Among them, important 
volcanic activities are limited in “green tuff” of Neogene and in active volcanoes of Quaternary. Chert 



 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1: Geological map of Japan indicating important elemen
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3. TYPICAL EXAMPLES OF ASR IN JAPAN 
 
3.1. Andesite coarse and fine aggregates and rebar breaks 
The rebar breaks by ASR as shown in Figure 2 are detected in 
many places in Japan. Okinawa, Hanshin highway near Osaka, 
and Hokuriku district are the typical examples. There may be 
many other potentially serious ASR damages like these areas 
because similar andesites have been used, which might not be just 
recognized nor be investigated in details. Major reactive mineral 
is cristobalite and tridymite. According to the studies by Nomura 
and Torii, 2008, the total alkali amount of concrete suffered 
serious ASR damages in Hokuriku district was estimated less than 3.0 kg/m3 and the alkali release 
from aggregate affected them. Some of severely damaged concrete containing this kind of highly 
reactive andesite as coarse and fine aggregates in piers of a bridge that were replaced recently showed 
extraordinary deterioration of decreased rigidity of concrete as reported by Daidai and Torii, 2009. 

 
Figure 2: Rebar breaks by reactive 

andesite in Hokuriku district 

 
3.2. Pessimum effect of opal in tuff particles in a part of sand with limestone coarse aggregate 
In the Tokyo bay area, in order to avoid drying shrinkage and ASR, limestone aggregate is 
preferentially used taking advantages of sea transport from big mines of limestone far away. 
Simultaneously, several kinds of transported sand are blended to adjust poor particle size distribution 
of local sand. When specific kind of sand including some particles with highly reactive minerals such 
as opal is partially combined with Japanese usual pure limestone coarse aggregate having limited 
ability of alkali binding, this opal may cause compositional pessimum effect and this is estimated as 
the cases found around Tokyo bay area. When innocuous limestone is combined with specific type of 
sand, there is a possibility that ASR expansion might become serious. In Figure 3, ASR damage of 
this type is shown. Many cracks were observed only in the parts of buildings or bridges affected by 
rain. The sand used in this concrete was estimated as the mixture of several sources. One source of 
sands contained relatively soft tuff particles containing opal. Only a few % of reactive particles 
caused sever ASR expansion in several years. This type of sand was found to show compositional 
pessimum effect as shown in Figure 3 right down (Ikeda et al., 2010). 

 
 
 
 
 
 
 
 
 
 

  
Figure 3: Example of early age cracking by pessimum effect of the combination of reactive opal bearing tuff 

particles in sand and limestone coarse aggregate (Ikeda et al., 2010) 
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Apart from geological structure, as is shown in the example above, aggregate transport is a 
characteristic point of Japanese aggregate supply. There are several areas of high population density 
such as Tokyo, Osaka, Nagoya, Fukuoka, or so. Especially to Tokyo and Osaka, significant amounts 
of aggregate are transported by sea from far away such as Hokkaido, Kyushu, or even from China. In 
Ryukyu Islands including Okinawa, there are limited amount of appropriate aggregate source and 
significant amount of aggregate have been transported from Karen area in Taiwan because the 
distance from Taiwan is less. Highly reactive aggregate had been imported from without recognition 
of the reactivity and this resulted in serious ASR damages including reinforcement break. In other 
places sea side such as Setouchi area around inland sea between Honshu and Shikoku, aggregate 
transport is not so special in small scales. Problem of aggregate transport is in the blending of two 
innocuous aggregate in origin that can make compositional pessimum effect. 

  
 
 
 
 
 
 
 
 
 
 
Figure 4: Serious ASR damages of pre-stressed concrete member by extremely highly reactive opal bearing 
andesite (A) in coarse aggregate. D is innocuous dolerite 
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3.3. Opal vein in andesite aggregate 
In a railway bridge, andesite aggregate was used and caused serious expansion in several years after 
construction. Petrographic investigation revealed the existence of opaline veins in andesite aggregate 
as shown in Figure 4. The coarse aggregate was composed of reactive andesite and innocuous dolerite. 
It is difficult to imagine that this kind of andesite was judged as innocuous. There might be some 
contamination. The sand used was land sand judged marginally innocuous by mortar bar method. The 
basic problem is in the ASR expansion under the condition of limited total alkali content around 2.6 
kg/m3 less than 3.0 kg/m3. The best way to avoid this kind of ASR risk is to eliminate this kind of 
highly reactive aggregate by petrographic observation. 
 
3.4. Chert aggregate 
Chert can cause serious ASR damages. However, the reports on ASR damages by chert are less 
compared to andesite. Reactivity of chert strongly depends on the crystal size. Most reactive chert 
including chalcedony is too reactive to be detected by ASTM C 1260 (Iwatsuki and Morino, 2002) 
because silica is dissolved in alkaline solution so quickly and no expansion is detected. This may be a 
kind of size pessimum effect. Chert composed of recrystallized larger quartzs can be non-reactive. 
 



 
 
 
 
 
 
 
 
 

Figure 5:  Cryptocrystalline quartz in cataclasite of green schist caused ASR (Hayashi et al., 2009) 
 
 
 
 
 
 
 
 
 
 
 

Figure 6:  Cryptocrystalline quartz and partially recrystallized ASR gel in hornfels 
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3.5. Cryptocrystalline quartz in cataclasite of metamorphic rock and in hornfels 
The first report of ASR damage by cryptocrystalline quartz in Japan was by Katayama et al., 2004. 
After that, the number of reports on cryptocrystalline quartz is still very limited. Cryptocrystalline 
quartz is observed in various cataclasite. In an example shown in Figure 5, green schist is changed to 
cataclasite. In the area of Fukuoka, there are varieties of schist including cryptocrystalline quartz used 
widely and in some structures ASR damages are observed. It is curious that, although this kind of 
schist is widely used and the appearances of concrete are similar, only in some limited places ASR 
damages are observed. Other types of late expansion by cryptocrystalline quartz are caused by various 
rock types affect by contact metamorphism. One example of hornfels from sand stone is shown in 
Figure 6. This kind of hornfels is common all over Japan because intrusion of plutonic rock such as 
granite is widely spread. Therefore, it is important to open eyes for the possibility of this type of ASR 
and wide survey including petrographic observation is required based on geological knowledge. 
Without over all survey, it is difficult to establish reasonable countermeasure suppressing ASR. 
 
 
4. The reason why Japan is still now delayed to introduce new methodology 
 
After 1986, Japanese cement industry switched alumina source to make portland cement from natural 
clay to coal ash from pulverized coal fire power plant and this resulted in the low level of total alkali 
in cement less than 0.6 mass%. The timing coincided with the introduction of countermeasures for 
ASR. Apparently after the introduction of regulation, the damages by ASR became drastically 
reduced. However, it is difficult to say which the regulation or the reduction of alkali level worked 
very. After the success of methodology suppressing ASR, majority of researchers and engineers have 
convinced that ASR problems was finished. However, based on continued some basic researches, a 
research committee on ASR in JCI was held in 2006-2008 and pointed out the wrong understanding in 
Japan. When Japanese methodology was established, the regulation seemed to be designed simple as 
much as possible. Surprisingly, the importance in geological observation relating chemical method as 
written in the original ASTM C 289 was ignored and the distinction between potential harmful and 
harmful line was erased that is import to estimate the compositional pessimum effect. Even in such 
situation anyway, the introduction of new methodology and its strict execution had significant 
meaning for engineers relating concrete to open their eyes to the risk of ASR at that time. 



5. Challenges required in Japan 
 
At first, it is necessary to recognize that ASR damages are surely existed and are still problems even 
in new concrete under the present Japanese methodology suppressing ASR. It was not long before 
when serious damages were recognized and were repaired in Hokuriku district. It is very recently in 
Hokkaido that the existence of ASR was started to be recognized at least as one reason of combined 
degradation for the cracks having been considered as simple freezing and thawing damages. Then, it 
is important to re-examine whether the ASR damages before the present Japanese mitigation methods 
have been caused by the assumed condition of the mitigation methods. According to the methods, 
only reactive aggregates judged by mortar bar test can expand only in the case of more alkalis than 3.0 
kg/m3 without pozzolanic materials. In order to do this, detailed investigations including petrographic 
observation are indispensable. In this procedure, the reasons why exceptions from this method 
happened will be clarified quantitatively. Those might have been caused by pessimum effects, 
cryptocrystalline or microcrystalline quartz passed mortar bar test, or alkali release from aggregate. 
 
Simultaneously, appropriate new countermeasures have to be studied. How much effective is the total 
alkali limitation? How much replacement by ground granulated blast furnace slag or fly ash is 
required in order to suppress the pessimum effect? How can we eliminate extremely reactive 
aggregate including very small amount of opal? How can we estimate the effectiveness of fly ash? 
The understanding of these situations of Japan will be informative for nations where ASR problems 
are new and are required to study in future, the authors believe. 
 
 
6. Conclusions 
 
General geological characteristics of Japan relating ASR and possible alkali reacitive rock types are 
overviewed and typical examples of ASR damages are summarized. Andesites including cristobalite/ 
tridymite/ volcanic glass and chert have been thought as representative reactive aggregates 
traditionally. However, it is necessary to pay attention for pessimum effect by highly reactive 
aggregate and slow expansion by cryptocrystalline quarts bearing rocks because these rock types will 
pass present Japanese assessing method of the reactivity of aggregate. In order to verify the degree of 
effects of these types of ASR, petrographic re-examinations of damaged structures by ASR are 
required. 
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Abstract 
Belite-calcium barium sulphoaluminate cement is a new cementing material. Calcium barium 
sulphoaluminate is known with rapid hardening and high early strength. Orthogonal test method taking 
clinker modulus as the influencing factors was carried out to optimize the preparing conditions at 
1380℃ with 9% C2.75BB1.25A3S. Mineral constituent and structure of the clinker were analyzed by the 
means of XRD, SEM-EDS and Lithofacies. The results show that the optimal iron modulus, silica 
modulus and lime saturation factor was 1.3, 3.1 and 0.81, respectively. The compressive strength of the 
cement reached to 41.5MPa and 84.8MPa at 3d and 28d curing ages.  
 
ORIGINALITY 

Belite cement has many excellent performances with low heat of hydration, high long-term strength, 
low raw material quality requirement and low CO2 emission. However, the hydration activity of belite 
mineral is so low that early strength of belite cement is very much lower than that of other cements. So 
improvement of early strength of belite cement has become a hot point of technical research. And many 
methods were applied, which contained activation β-C2S lattice, rapid cooling for stabilizing the high 
temperature C2S mineral and fine ground cement. But these methods were not effective for 
improvement the early strength of belite cement. Barium calcium sulphoaluminate mineral 
(C2.75BB1.25A3 S ) is a new mineral which has good advantages of early strength and activation. And this 
mineral has expansion property, which could decrease micro cracks of cement shrinkage. Meanwhile, 
BaO can solid solution in C2S lattice, and this changes activation of C2S lattice. And C2S lattice of high 
activation can be kept with BaO mixing. Therefore, early strength of belite cement can be improved by 
means of mixing C2.75B1.25B A3 S mineral and activation of belite mineral. The purpose of paper is that 
the value of composition was research and the best property was gained from changing modulus value.  
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1 Introduction 
 

It is the advantages to belite cement of low heat of hydration and high strength. It is not widely used 
for low early strength.[1-3] It is an effective method by inducing early strength minerals to improve early 
strength of belite cement. Barium calcium sulphoaluminate(C2.75BB1.25A3 S )  is rapidly hardening and 
effectively reducing micro cracks because of expansive of C

[4-5]

2.75B1.25B A3 S hydrating. It is a great 
significance that belite cement is modified by inducing barium calcium sulphoaluminate mineral. A 
new system will be found by synthesis of belite and barium calcium sulphoaluminate, and the early 
strength of belite cement will be improved. The introduction of new mineral will influence composition, 
structure, performance and sintering temperature of clinker system, so it is a great significance to 
research the best condition of preparation.[6-7] With the study found that: the best condition of 
preparation is sintering temperture as 1380℃, C2.75BB1.25A3 S  as 9%, silica modulus as 2.9, iron 
modulus as 1.1 and KH as 0.81. Belite-barium calcium sulphoaluminate was produced at these 
conditions. This cement had good mechanics performance.  But through lithofacies analysis, it is 
found that belite minerals have jagged edge and dissociative state, much enclosure is enclosed in C

[8-9]

3S 
and the performance of this cement is influenced. In this experiment, the orthogonal design method was 
used. The integrity of belite mineral form, improving the quality of alite mineral, and optimizing the 
cement minerals composition were researched. The purposes of these were to improve the early 
strength and later strength of this cement. Polarization microscope, XRD, SEM and other test methods 
were also employed to analyze belite mineral formation，the quality of alite mineral the composition, 
structure and performance of the clinker. 
 
2 Raw materials and experimental methods 
2.1 Raw materials 

 
All raw materials used in the experiment, such as Ordinary Limestone, High-silicon Limestone, Clay, 

Sulfate Slag, Barium Slag, Bauxite, Fluorite and Gypsum, were industrial raw materials. The chemical 
analysis of the raw materials was given in Table 1. And the raw materials were homogenized and 
ground to pass a 75-µm sieve.  

Table 1: Chemical analysis of raw materials /w% 
Raw 

materials LOSS SiO2 Al2O3 Fe2O3 CaO MgO SO3 BaO CaF2 ∑ 

High-silicon 
Limestone  
Ordinary 
Limestone 

Clay 
Sulfate Slag 
Barium Slag 

Bauxite 
Fluorite 

Gypsum 

36.55

38.92

7.38 

12.19

12.71

13.42

5.21 

7.69 

15.38 

3.90 

62.64 

31.00 

17.93 

33.75 

4.37 

2.05 

0.96 

1.14 

14.64

8.95 

4.89 

33.86

0.68 

0.99 

0.77 

0.49 

5.64 

33.22

2.15 

12.26

0.59 

0.53 

44.10

49.59

3.44 

3.79 

4.29 

2.75 

35.02

37.54

1.21

3.53

2.23

1.49

2.00

0.68

0.3 

0.6 

 

 

 

 

14.83

 

 

42.60

 

 

 

 

40.76 

 

 

 

 

 

 

 

 

 

51.21 

 

99.97

99.57

95.97

90.64

99.56

96.72

97.38

92.00

2.2 Experimental methods 
Formation of Cement: Raw materials were weighed, mixed according to proportions and pressed 
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into round pieces as Φ60×10mm. These round pieces were firstly dried for 1 h at 100℃, then burned at 
1 380℃ for 90min. Finally, they were taken out to cool at room temperature and were ground to 
3,500cm2/g (Blaine). Cement was produced by mixing the clinker powder with 5% gypsum. Pure 
cement paste samples were prepared with a w/c-ratio of 0.3, filled into 2x2x2 cm3 moulds and 
compacted by vibration. Then they were stored at a relative humidity of 95% for 1 day, demoulded and 
immersed in water until testing. Compressive strength was tested after 3, 7 and 28 days of hardening. 

Comparison specimen: Portland cement clinker was taken from Shandong Cement Plant, numbered 
as A0. Determination of free-CaO: ethylene glycol method. Determination of soundness: Chinese 
autoclave method, GB/T1345-1991. Determination of the composition and structure of clinker: 
polarization microscope, D8-ADVANCE Type X-ray, S-2500 Type scanning electronic microscope and 
Link ISIS-300 Type energy spectrometer. 

 
3 Results and discussion 
3.1 Experimental scheme and results 

The relationship of chemical composition and mineral composition is expressed by modulus value, 
which influence sintering and the performance of cement clinker. In this experiment, the orthogonal 
design method was used. The orthogonal experiment method was the computational and analysis 
method, which was a traditional method used to handle many influence factors and levels on one aspect. 
From the orthogonal experiment method the influence factors and levels could be estimated and the 
maximum influence factor and level could be found. The purpose of this is to optimize minerals 
composition and guide the industrial production through adjusting modulus value. Factors and levels of 
the orthogonal test are shown in Table 2. n is optimal iron modulus, p is silica modulus and k is lime 
saturation factor. 

Table 2: Factors and levels of the orthogonal test 

Factor 
Level 

n p k 

1 
2 
3 

2.7 
2.9 
3.1 

1.1 
1.3 
1.5 

0.77 
0.81 
0.85 

Table 3: Scheme and test results 

Factor Compressive strength/MPa 
No. 

n p k 

w(fineness) 
/% 

w(f-CaO) 
/% 3d 7d 28d 

A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 

2.7 
2.9 
3.1 
2.7 
2.9 
3.1 
2.7 
2.9 
3.1 

1.1 
1.1 
1.1 
1.3 
1.3 
1.3 
1.5 
1.5 
1.5 

0.77 
0.81 
0.85 
0.81 
0.85 
0.77 
0.85 
0.77 
0.81 

4.4 
3.4 
3.8 
4.1 
4.3 
2.2 
4.3 
3.7 
3.6 

1.1 
0.9 
1.5 
1.7 
1.8 
1.5 
2.1 
1.0 
1.2 

33.6 
58.7 
61.1 
63.6 
62.5 
65.4 
50.1 
48.4 
54.3 

52.9 
77.1 
80.2 
73.6 
72.7 
73.9 
60.5 
64.9 
72.6 

62.6 
80.1 
84.1 
77.0 
75.3 
70.5 
70.0 
68.7 
79.6 

In this paper, sintering temperature is 1380℃, content of C2.75BB1.25A3 S  is 9%. Scheme and test 



 

results are shown in Table 3. 
 
3.2 Analysis of influencing factors 
 

As shown in table 4, when the condition of sintering temperature is 1380℃, for the cement strength 
of 3d, the most range is iron modulus factor whose value is 12.9, the second range is silica modulus 
factor whose value is 11.2, and the least range is lime saturation factor whose value is 9.8. For the 
cement strength of 7d, the most range is 13.3 which is silica modulus factor, the second range is 10.5 
which is lime saturation factor, and the least range is 7.4 which is iron modulus factor. For the cement 
strength of 28d, the most range is 11.6 which is lime saturation factor, the second range is 8.2 which is 
silica modulus factor, and the least range is 2.8 which is iron modulus factor. 
 

Tab. 4: Analysis of the orthogonal test (Sintering temperature 1380 )℃  

Factor(3d) Factor(7d) Factor(28d) 
Index 

p n k p n k p n k 

K1 

K2 

K3 

k1 

k2 

k3 

Range 

153.4 

191.5 

152.8 

51.1 

63.8 

50.9 

12.9 

147.3 

169.6 

180.8 

49.1 

56.5 

60.3 

11.2 

147.4 

176.6 

173.7 

49.1 

58.9 

57.9 

9.8 

210.2

220.2

198 

70.1 

73.4 

66 

7.4 

187 

214.7

226.7

62.3 

71.6 

75.6 

13.3 

191.7

223.3

213.4

63.9 

74.4 

71.1 

10.5 

226.8 

222.8 

218.3 

75.6 

74.3 

72.8 

2.8 

209.6 

224.1 

234.2 

69.9 

74.7 

78.1 

8.2 

201.8

236.7

229.4

67.3 

78.9 

76.5 

11.6 

Ki,ki( i=1, 2, 3)—Sum and average of evaluating indexes for level ; n, p and k are factors of the 
orthogonal test 
 

From table 4, when the condition of sintering temperature is 1380℃, for the cement strength of 3d, 
the highest of the average of strength is 63.8MPa which is the level of 2 for iron modulus factor. The 
highest of the average of strength is 60.3MPa which is the level of 3 for silica modulus factor. The 
highest of the average of strength is 58.9MPa which is the level of 2 for lime saturation factor. So the 
best level of factor is iron modulus as 1.3, silica modulus as 3.1, lime saturation factor as 0.81 for the 
cement strength of 3d. With the same kind of analysis, the best level of factor is iron modulus as 1.3, 
silica modulus as 3.1, lime saturation factor as 0.81 for the cement strength of 7d, and the best level of 
factor is iron modulus as 1.1, silica modulus as 3.1, and lime saturation factor as 0.81 for the cement 
strength of 28d. 

From the best level of analysis, at the condition of high silica modulus, with silica modulus 
decreasing, the early strength of cement decreased, but the later strength of cement increased. This may 
show that: at the condition of high silica modulus, low iron modulus is conducive to the formation of 
C3S, so the early strength is high, but the later strength is low. When iron modulus is increased, it’s not 
easily diffusion for particle of the solution, and it’s not conducive to form C2S to C3S, so the early 
strength is low, but the later strength is high. 



 

 
3.3 Analysis of scheme and performance of optimum level  
 

By the above analysis, the best scheme is chosen at the different degree of hydration. In this part, the 
best scheme is tested. Scheme number of 3d and 7d is M1. And scheme number of 28d is M2. The test 
results are as shown in Table 5. From the Table 5, the sample M1 had better compressive strength and 
reached to 41.5MPa and 84.8MPa at 3d and 28d curing ages. 

Analysis of cause: much more belite mineral could be produced by the condition of high silica 
modulus. At the same time, solution of clinker is decreased, which is not good for sintering and 
formation of alite mineral. When iron modulus is 1.3, solution of system has a little of decreasing, and 
the quantity of alite mineral decreases, then the quantity of belite mineral increases. So the early 
strength of M1 declines, but the later strength increases. At the same time, narrow sintering range can 
be also prevent with appropriately raising iron modulus, and this reduce block. 

 
Table 5: Scheme and performance of optimum level 

Factor 
Compressive strength 

/MPa No. 

P n k 

w(fineness) 
/% 

w(f-CaO) 
/% 

3d 7d 28d 

M1 

M2 

1.3 

1.1 

3.1 

3.1 

0.81 

0.81 

2.3 

1.9 

0.87 

1.09 

41.5 

48.9 

59.6 

63.7 

84.8 

78.9 

 
3.4 XRD analysis of clinker 
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Figure 1: X-ray diffraction (XRD) patterns of M1 and M2 clinker 
 

The XRD patterns of M1 andM2 specimens are illustrated in Fig.1. From Fig.1, C2S diffraction of M1is 
stronger than C2S diffraction of M2, so there are more C2S in M1. That is why 3d and 7d strength of 
M1 is lower than M2, and 28d strength of it is higher than M2. With mechanical properties and analysis 
of lithofacies, although low iron modulus is conducive to produce C3S, the difficulty of sintering is 
caused by high silica modulus, enclosure of alite is much, and it’s not good for cement properties. And 
sintering range will be increased by improving iron modulus, and it will promote the formation of alite 
mineral.  



 

3.5 Lithofacies analysis of clinker 
 
Fig.2 is lithofacies analysis of clinker. From Fig.2, the mineral of egg and brown is belite in M1, 

twin lamellae is on the surface, belite crystal are good developed, whose size ranging from 20μm to 
35μm and content about 25-30%. The mineral with sheet shape and blue color in lithofacies analysis 
photos is alite in M1, the profile of alite mineral is clear, the shape of its grains are columnar or 
hexagonal plate-like, whose size ranging from 30μm to 50μm, it has good developed. Although 
enclosure shows in alite mineral, its enclosure is lower than M2 sample, the size of it is small and has 
good crystal developed. Intermediate phase between alite and belite minerals, black intermediate phase 
of amorphous distribute among white intermediate phase, intermediate phase content is about 10- 15% 
and distributes evenly. 

    

a                                      b 
Figure 2: Lithofacies analysis of M1 clinker 

3.6 SEM-EDS analysis of M1  

      

Point 2 

     

Point 3 Point 4 

Point 2-C2. 75BB1. 25A3 S ；Point3-Alite；Point 4-Belite 
Figure 3: SEM-EDS photograph of M1 

Fig.3 is the SEM-EDS analysis of silicate minerals and calcium barium sulphoaluminate minerals. 



 

From figure 3, silicate minerals and calcium barium sulphoaluminate minerals can exist in the same 
clinker system. The size of belite mineral is big, and it has better developed. There was an independent 

diffraction peak of C2.75B1.25A3 S mineral phase at about 23 degrees. We can analyze the mineral 
compositions by the means of energy dispersive spectroscopy which was shown in Figure3, the mineral 

at point 2 of Figure3 is C2.75B1.25A3 S phase. For its size was much smaller, about 2 μm and exists in 
the boundary or crevice of the silicate minerals, so it is not easy to find them. As described above, 

C2.75B1.25A3 S  phase was indeed formed in the firing process. Meanwhile, Document “Study on the 
hydration of Ba-bearing calcium sulphoaluminate in the presence of gypsum” (Cement and Concrete 
Research Volume 34, Issue 11, November 2004, Pages 2009-2013) proved that C-B-A-S phase would 
be formed in the conditions in this paper. Alite mineral has less regular shape and grain boundary is 
unclear. With the analysis of f lithofacies, it is found that the formation of alite mineral is integrity. The 
early strength of cement reach 41.5MPa with alite and calcium barium sulphoaluminate mineral, which 
improves the early strength of cement and expands the scope of this cement application. 
 
4 Conclusions 
 

(1) With the condition of that sintering temperature was 1380℃ and content of C2.75BB1.25A3 S  was 
9.0%, the optimal iron modulus, silica modulus and lime saturation factor was 1. 3, 3.1 and 0.81, 
respectively. The compressive strength of the cement prepared under these conditions reached to 
41.5MPa and 84.8MPa at 3d and 28d curing ages.  
  (2) Belite-calcium barium sulphoaluminate cement could be produced by limestone of low-calcium 
and high-silicon, which reduced consumption of the quality limestone. 
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Abstract  
Electric arc furnace slags are the most important wastes generated during the steel manufacturing process 
in electric mills. Basically two types of slag are produced in this process: EAF slag, coming from the 
electric furnace itself, and Ladle slag, formed after additional refining of steel in a ladle furnace. While 
EAF slag has been the subject of several studies and has been successfully used in different applications, 
Ladle slag is typically separated and destined to landfills, mainly due to the volumetric instability of the 
material, which is attributed to its high content of unhydrated CaO (40-50%). However, coupled with its 
relatively high silica content (20-35%), it is apparent that this byproduct could become very attractive as 
partial replacement to limestone in clinker manufacturing, leading to substantial reductions in CO2 
emissions (no need for the calcination reaction to produce free lime) and productivity gains (reduced mass 
loss during the process – recall that for every one unit of calcium carbonate burned in the kiln, 0.44 units of 
CO2 are released). Nevertheless, no information is currently available about the technical feasibility of 
using Ladle slag in this manner. This study, conducted in partnership with local steel and cement 
manufacturers, presents a laboratory evaluation of the use of Ladle slag as a partial substitute to limestone. 
The chemical composition of raw materials were characterized by XRF and different raw meal mixtures 
with up to 35% Ladle slag were designed to replicate the characteristics of an industrial clinker (used as 
control). The laboratory clinkers were produced following a methodology aimed at reproducing the actual 
industrial processing steps, including raw meal homogenization and pre-calcination, sintering and cooling. 
The clinkers were then characterized by XRF, XRD and quantitative mineralogical analysis. Results show 
that substantial CO2 savings could be realized by partially replacing limestone with Ladle slag, while the 
chemical composition of lab-made clinkers closely resembled the control clinker. Total calcium silicate 
content (C3S + C2S) was also very similar, but the amount of C2S was relatively higher – likely a 
consequence of slightly elevated SiO2 content and an excessively fast cooling rate. Based on the 
encouraging results of the study, and considering the possibility of using the total local production and 
available stockpiles of Ladle slag for cement production, a full-scale test at the partner cement plant has 
been planned and presently is under development.  
Originality  
Although Ladle slag has a very favorable chemical composition (with high amounts of CaO and SiO2, in 
addition to relatively low Fe content) that potentially qualifies it as a valuable raw material for clinker 
production, the material is routinely treated as waste and disposed off in landfills. A chief reason for this 
fact is the lack of knowledge about the material and the inexistence of relevant studies that evaluate the 
technical and environmental feasibility of using this slag for clinker production. This study shows that a 
relatively high amount of Ladle slag can be successfully incorporated into clinker production with 
considerable advantages when compared to limestone, including reduced CO2 emissions and gains in 
productivity.  
Chief Contribution  
The production of Portland cement has a significant environmental impact due to its high energy 
consumption and emissions of greenhouse gases, particularly carbon dioxide (CO2). The global annual 
production of Portland cement is currently around 2.8 billion metric tons, and the related CO2 emissions 
account for about 6-7% of total anthropogenic emissions. Each 1000kg of calcite (CaCO3) burned in the 
kiln generates 440 kg of CO2 in addition to the 560kg of CaO actually needed for the clinkering reactions. 
The chemical reaction of calcination is responsible for approximately 52% of CO2 emissions in the 
manufacturing process of the clinker, while energy consumption makes up the rest. In this context, the 
substitution of limestone by industrial byproducts rich in CaO (such as Ladle slag) can be an effective way 
to lower overall carbon emissions in regions where the material is available (for example in the vicinity of 
electric steel mills, which are very energy-efficient and presently account for about one-third of the steel 
produced globally).  
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1. Introduction 
 

There are two main types of slag generated during the steel manufacturing process in electric 
mills: EAF slag, which comes from the electric arc furnace where steel scrap is melted (also 
called oxidizing or "dark" slag), and Ladle slag, which is generated during the secondary refining 
process of steel in the ladle furnace, where more calcium oxide (CaO) is added to remove sulfur 
from the molten alloy (also called refining or "clear" slag). The oxidizing slag contains higher 
concentrations of Fe, MnO and Al2O3, while refining slag generally contains high levels of CaO, 
reaching up to 50% in some cases (JISF/IBS, 1995, Garcia et al. 1999; Luxán et al., 2000). 
According to Garcia et al (1999) the generation of Ladle slag usually ranges between 18% and 
20% of the production of electric arc furnace slags. 
Typically, the volumetric stabilization of EAF slag can be achieved simply by separating the pile 
of Ladle slag (which contains large amounts of expansive hydratable oxides) from the remaining 
slag generated in the electric furnace (SSTC 1996). This procedure, coupled with weathering of 
the EAF slag stockpiles and a rigorous quality-control process to avoid the presence of deleterious 
materials (such as refractory bricks, wood, etc), was recently adopted in one of the main Brazilian 
electric steel mills for improving the quality of the slag aggregate produced (currently referred to 
as “steel aggregate”). While the separation of Ladle slag from the rest of the slag provides some 
clear advantages, at the same time it generates an additional waste material – rich in CaO – that is 
not currently used.  
EAF slags have been extensively used by the construction industry in its many different 
subsystems, primarily as aggregate for base and sub-base in road construction. The utilization of 
Ladle slag, on the other hand, is very limited, particularly due to the high amount of CaO present 
in its composition and the expansive nature of the material when hydrated. However, precisely 
because of the CaO content in the material (40%-50%), as well as the relatively high silica (SiO2) 
content, typically 20%-35%, the material seems to have large potential for use as a raw material in 
cement production.  
Nevertheless, no information is currently available about the technical feasibility of using Ladle 
slag in this manner. This paper presents, for the first time, a laboratory evaluation of the use of 
Ladle slag as a partial replacement to limestone in clinker manufacturing. The study was 
conducted in partnership with local steel and cement manufacturers, and the results are expected 
to be validated and implemented at full industrial scale in the near future. 
 
2 Experimental Procedures  
 
2.1 Materials characterization 
 
X-Ray Fluorescence (XRF) was used to analyze the chemical composition of raw materials used 
(Ladle slag, limestone-based meal, rice husk ash and fly ash), as well as the composition of the 
clinkers produced. 
The environmental compatibility and potential toxicity characteristics of Ladle slag was also 
evaluated, based on both dynamic and static leaching tests described by Brazilian standards NBR 
100051 and NBR 100062, respectively. Leaching tests were conducted with Ladle slag both in 
aggregate and powder form (ground slag, as used for the raw meal), and the chemical composition 
of leachate solutions was analyzed by atomic absorption (AA) spectroscopy.  
The mineralogical composition of Ladle slag and experimental clinkers produced was evaluated 
by X-ray diffraction (XRD), and quantitative phase composition analysis by optical microscopy 
with point counting was also performed for the clinkers. 
 

                                                 
1 Procedure for obtaining leaching extract of solid wastes, based on EPA’s Toxicity characteristic leaching 
procedure (TCLP). 
2 Procedure for obtaining solubilized extract of solid wastes. 



2.2 Experimental clinker production 
 
The methodology for the experimental production of clinker in laboratory was originally 
developed at the Institute of Geosciences at University of São Paulo (USP), Brazil, and it is 
described in detail by Centurione (1993) and Maringolo (2001). The procedure seeks to reproduce 
as faithfully as possible the industrial processing steps, including the mixing and pre-calcination 
of the raw meal, sintering, and cooling of the clinker. In this method, the raw meal (raw materials, 
mixed and homogenized, before going into the furnace) is moistened (20% by mass) and molded 
into pellets with 1 cm in diameter. After that the samples are dried at 100ºC to constant mass, and 
then brought to a muffle furnace at a temperature of 1450°C for 30 minutes. When removed from 
the furnace, after sintering, the experimental clinker is air-blown and rapidly cooled at room 
temperature, and subsequently stored dry until chemical and mineralogical characterization. The 
content of free lime in the experimental clinkers was also quantified by optical microscopy with 
point counting. 
Naturally there are fundamental differences between laboratory tests on a Muffle furnace and 
what happens inside the rotary kiln at a cement plant. However, as demonstrated by Centurione 
(1993) by comparing several experimental and industrial clinkers, this simplified laboratory 
procedure allows us to evaluate important characteristics of the clinkers produced. 
The dosage of raw materials was based on their chemical composition, and mixture proportions 
were calculated in order to obtain the desired chemical composition for the produced clinkers, 
shown in Table 1, and satisfactory chemical modules (namely Lime Saturation Factor (LSF), 
Silica Ratio (SR), and Alumina Ratio (AR), as described by Taylor (1997) in detail). Table 1 
presents the average chemical composition of the locally-produced industrial clinker used as a 
reference in this study (Souza et al, 2002). The potential phase composition of the clinker was 
also estimated using the Bogue equations (Taylor, 1997). Figure 1 illustrates the production of 
experimental clinkers in the laboratory. 
 

Table 1 Average chemical composition (%) of the industrial clinker used as reference (Souza et al, 2002) 
CaO 60 to 62 
SiO2 20 to 21 
Al2O3 4,0 
Fe2O3 3,0 
SO3 0,9 to 1,25 
MgO 7,3 
K2O 1,3-1,5 
Na2O 0,25 
CaO free 1 to 5 

 

 
Figure 1 Production of experimental clinkers in the laboratory: (a) and (b) Samples placed on alumina 

crucibles before going into the furnace; (c) View of the Muffle furnace used; (d) Samples right after 
sintering; (e) and (f) clinkers after cooling. 

(a) (c)

(d)(e)
(b)

(f)



3 Results and discussion 
 

3.1 Ladle slag 

Table 2 shows the average chemical composition of the Ladle slag used in this study. 
Table 2 Chemical composition of Ladle slag 

CaO 43.7% 
SiO2 35.5% 
Al2O3 3.3% 
MgO 6.6% 
Fe2O3 3.5% 
MnO 5.2% 

 
Note, particularly, the high levels of CaO and SiO2 – two key compounds for clinker 
manufacturing – besides the low iron content of the material. The use of EAF slags for clinker 
manufacturing is usually limited due to excessive Fe content, but that is not the case for Ladle 
slag. Based on XRD analysis, the main mineral phases present in the Ladle slag were Monticellite 
(CaMgSiO4), Merwinite (Ca3Mg(SiO4)2), Akermanite (Ca1.53Na.51)(Mg.39Al.41Fe.16)(SiO7) and 
Quartz (SiO2). 
Tables 3 and 4 present the results of dynamic and static leaching tests, respectively, in addition to 
the maximum concentration allowed for each element, as determined by the standard NBR 10004 
(Solid waste – Classification), and the detection limit for each element. The detection limit, or 
lower limit of detection, is the lowest quantity of a substance that can be distinguished from the 
absence of that substance. 

Table 3 Chemical analysis of the leachate extract (NBR 10005/TCLP) 

Element Units Ladle slag 
aggregate 

Ladle slag 
powder 

Detection 
limit 

Upper limit 
(NBR10004) 

Arsenic mg/L 0,006 0,004 0,002 1,0 
Barium mg/L 1,595 1,548 0,0005 70,0 
Cadmium mg/L 0,016 0,016 0,001 0,5 
Lead mg/L 0,298 0,408 0,010 1,0 
Chromium mg/L 0,025 0,030 0,020 5,0 
Mercury mg/L Nd Nd 0.0002 0,1 
Silver mg/L 0,023 0,020 0,003 5,0 
Selenium mg/L 0,002 0,003 0,002 1,0 

Nd = Not detected 

Table 4 Chemical analysis of the solubilized extract (NBR 10006) 

Element Units Ladle slag 
aggregate 

Ladle slag 
powder 

Detection 
limit 

Upper limit 
(NBR10004) 

Aluminum mg/L 0,176 0,801 0,0005 0,2 
Arsenic mg/L Nd Nd 0,002 0,01 
Barium mg/L 0,317 0,872 0,0005 0,7 
Cadmium mg/L Nd Nd 0,001 0,005 
Lead mg/L Nd 0,022 0,010 0,01 
Chromium mg/L 0,021 0,020 0,020 0,05 
Copper mg/L Nd Nd 0,006 2,0 
Iron mg/L Nd Nd 0,006 0,3 
Manganese mg/L Nd Nd 0,007 0,1 
Mercury mg/L Nd Nd 0,0002 0,001 
Silver mg/L Nd Nd 0,003 0,05 
Selenium mg/L Nd Nd 0,002 0,01 
Sodium mg/L 4,21 3,46 0,002 200 
Zinc mg/L Nd Nd 0,005 5,0 

Nd = Not detected 



It can be observed in Table 3 that no element exceeded the upper limit specified by the solid 
waste classification standard, and therefore Ladle slag is classified as a non-hazardous waste. 
Table 4 shows that, for Ladle slag aggregate, no element exceeded the standard upper limits, 
which correspond to the maximum concentrations allowed in potable water.  Ladle slag aggregate, 
in addition to being non-hazardous, can therefore be classified as an inert waste product. The 
analysis of Ladle slag powder (as used in the raw meal), on the other hand, revealed that Al, Ba 
and Pb exceeded the respective upper limits, and therefore the powder must be classified as a non-
hazardous non-inert waste product.  

 
3.2 Materials used for clinker production 

The chemical composition of raw materials used for the manufacture of clinkers in the laboratory 
can be found in Table 5. As described below, in addition to the Ladle slag, a pre-calcined 
limestone-based meal, rice husk ash (as an additional source of silica) and fly ash (as an additional 
source of silica and alumina) were used as raw materials in the laboratory mixtures. 

Table 5 Chemical composition of raw materials used to mixture the experimental clinkers 
Ladle 
slag 

Limestone 
meal 

Rice husk 
ash Fly ash 

CaO 43.7% 71.0% 1.8% 0.7% 
SiO2 35.5% 14.2% 93.2% 70.0% 
Al2O3 3.3% 2.9% 0.7% 14.6% 
MgO 6.6% 5.0% 0.4% 1.0% 
Fe2O3 3.5% 4.7% 0.2% 6.5% 

 
It is worth noting that the local quarries used by the partner cement plant produce both calcitic and 
dolomitic limestones with widely varying CaO content, typically ranging from 28% (for low-CaO 
deposits) to 49% (for high-CaO deposits). The SiO2 content for the natural rocks ranges from 
about 5% to 31%, and the MgO content varies between 3% and 7,1%. Based on these numbers, it 
is apparent that the chemical composition of Ladle slag is quite favorable for use as a raw material 
for clinker manufacturing.  
 
3.3 Experimental clinker production 

Table 6 presents the proportioning of the raw meal mixtures used here for experimental clinker 
production in the laboratory. Mixture 1, which has no Ladle slag, represents current practice at the 
local plant (where rice husk ash has been used as a source of silica), and is employed here as an 
additional control mix. The amount of Ladle slag used in mixtures 2 and 3 was limited at 9% 
based on the current slag production levels at the local steel manufacturer, and the cement 
production at the partnered cement plant. At this replacement level, the cement plant can easily 
utilize all the generated slag in an ongoing basis. Mixture 4, which contains 35% Ladle slag, 
represents the maximum amount of slag that could be used while still potentially obtaining a 
satisfactory chemical composition for the produced clinker (see Table 1). At this utilization level, 
the existing stockpiles of Ladle slag could be easily incorporated into the local clinker production. 
Table 6 also shows limestone replacement levels for each mixture, as well as the corresponding 
reductions in CO2 emissions that can be achieved as result. 
 

Table 6  Raw-material mixture proportioning for clinker production 
 Mix 1 Mix 2 Mix 3 Mix 4 
Limestone-based meal 90% 83% 83% 65% 
Ladle slag 0% 9% 9% 35% 
Rice husk ash 10% 8% – – 
Fly ash – – 8% – 
Total 100% 100% 100% 100% 
Limestone replacement 0% 7,8% 7,8% 27,8% 
CO2 reduction 0% 5,9% 5,9% 23,1% 



Table 7 presents the chemical composition of the four experimental clinkers produced in this 
study, together with the calculated chemical modules. The chemical composition of the industrial 
clinker used as a reference is also presented, for comparison purposes. 
 

Table 7  Chemical composition of the experimental clinkers produced in this study 
 Control Clinker 1 Clinker 2 Clinker 3 Clinker 4 
CaO 60% to 62% 61,4% 60,1% 60,2% 58,0% 
SiO2 20% to 21% 23,3% 23,6% 22,1% 22,7% 
Al2O3 4,0% 4,5% 4,0% 5,3% 4,8% 
MgO 7,3% 4,9% 5,6% 5,1% 6,1% 
Fe2O3 3,0% 5,0% 5,1% 5,4% 5,2% 
MnO – 0,3% 0,7% 0,6% 1,9% 
LSF 0,92 to 0,99 0,83 0,81 0,84 0,80 
LSF (II) 1,08 to 1,16 0,93 0,92 0,95 0,93 
SR 2,92 to 3,07 2,44 2,59 2,05 2,25 
AR 1,33 0,90 0,79 0,98 0,93 

 
It can be observed that the chemical composition of the experimental clinkers generally matched 
well the reference values, with only small variations. The silica content, however, was 
consistently 1%-2% higher than the goal range, and the Fe content was also slightly higher, which 
caused a significant reduction in the calculated lime saturation factor (LSF). LSF (II), also shown 
in the table, is a modification to the LSF definition, suggested by Taylor (1997), intended to allow 
for magnesium substitution in alite. The silica ratios (SR), although slightly smaller than the 
control clinker, are within the usual values (2 to 3) for normal types of Portland clinker. 
X-Ray diffraction (XRD) analysis showed that the main phases present in the produced clinkers 
were alite (C3S), belite (C2S), C3A and C4AF, as expected. The quantification of each phase, 
performed by optical microscopy with point counting, is shown in Table 8.  
 

Table 8  Quantitative analysis of mineral phase formation 
 Clinker 1 Clinker 2 Clinker 3 Clinker 4 Control 

(Bogue) 
Belite (C2S) 75,6% 83,1% 75,7% 75,7% 16,5% 
Alite (C3S) 9,3% 3,9% 7,3% 3,1% 69,0% 
C3A 1,6% 0,8% 2,4% 2,7% 5,1% 
C4AF 9,1% 7,8% 9,8% 13,5% 9,0% 
CaOfree 1,0% 0,6% 0,1% 0,7% 1% to 5% 
Periclase 3,4% 3,8% 4,7% 4,2% 7,3% 
C3S + C2S 85,7% 87,0% 83,0% 78,8% 85,5% 
C3A + C4AF 9,8% 8,7% 12,2% 16,3% 14,1% 

 
Although the total amount of calcium silicates (C3S + C2S) was quite satisfactory in most cases, 
clearly the relative content of C2S was considerably higher than the control clinker used as 
reference. This difference can be attributed to several factors, including the elevated silica content 
and reduced LSF of the experimental clinkers (as compared to the industrial reference), short 
sintering time, and an excessively fast cooling of the produced clinkers, all parameters that can be 
easily adjusted in future studies. Nevertheless, the results confirm that the experimental clinkers 
are in fact formed by all the same phases found in industrial clinkers, and show that the total 
silicate and aluminate contents match well the industrial clinker used as reference. The quantity of 
free CaO was less than 1% in all cases, also a very positive result. 

 
4 Final Comments 

 
Ladle slag is a byproduct from steel production in electric mills that is routinely treated as waste 
and disposed off in landfills, despite the favorable chemical composition of the material, which 



potentially qualifies it as a valuable raw material for clinker manufacturing. This study evaluated, 
for the first time, the technical and environmental feasibility of using this slag for clinker 
production. Based on the results obtained, the following conclusions are presented: 

• Ladle slag presents high levels of CaO and SiO2, in addition to low Fe content, a very 
favorable composition for incorporation into clinker manufacturing. The main mineral 
phases identified in the Ladle slag were Monticellite (CaMgSiO4), Merwinite 
(Ca3Mg(SiO4)2), Akermanite (Ca1.53Na.51)(Mg.39Al.41Fe.16)(SiO7) and Quartz (SiO2); 

• The material is classified as a non-hazardous waste, and can be safely used as a raw 
material in cement production;  

• The clinkering process works as an effective mechanism of stabilization of the expansive 
nature of the material, due to the consumption of hydratable oxides such as CaO in the 
formation of calcium silicates. The free CaO content of the experimental clinkers 
produced in this study was very low (always less than 1%); 

• It was possible to produce laboratory-made experimental clinkers with Ladle slag as a 
partial limestone substitute, thus enabling considerable reductions in CO2 emissions 
related to the calcination reaction. The produced clinkers closely resembled the chemical 
composition of the reference industrial clinker, although there were considerable 
differences in the mineralogical composition, as noted below; 

• The major phases identified by X-ray diffraction analysis in the produced clinkers were 
C2S, C3S, C3A and C4AF, as expected, and the quantitative analysis of clinker phases 
revealed that the total content of calcium silicates (C2S + C3S) formed was satisfactory. 
However, the relative quantity of C2S was higher than expected. This fact is likely result 
of the elevated silica content and reduced LSF of the experimental clinkers, a short 
sintering time, and an excessively fast cooling of the produced clinkers, all parameters 
that can be easily adjusted in future studies. 

The study was conducted in partnership with two local steel and cement manufacturers, and the 
results are expected to be verified and implemented at full industrial scale in the near future. 
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Abstract 
 
The in-situ inorganic foam is based on silica fume, an industrial waste, added to a solution containing 
dehydroxylated kaolinite and alkaline hydroxide pellets dissolved in alkaline silicate. The foam was synthesized 
from the in-situ gaseous production of dihydrogen via oxidation of free silicon (present in the silica fume) by 
water in an alkaline medium. The aim of this study is to characterize the behavior of inorganic foam in aqueous 
medium as a function of various parameters, such as initial pH value of solution, alkaline element used for foam 
synthesis (sodium or potassium) or sampling site. The final products and their microstructure depend on the 
alkaline cations. Whatever alkaline element, samples display a maximal pH value of 11.8. The release kinetics 
would be modified by water amount and cations in materials. Drying time at 70°C and aging seem to increase 
the stability in aqueous medium. 
 
Originality 
 
This study shows the possibility of development of new geopolymer foam. This in-situ porous material is based 
on alkaline hydroxide and alkaline silicate, metakaolin and silica fume which is an industrial waste. The 
formation occurs at slightly temperature and is based on geopolymerisation  process. The use of recycling 
material corresponds to a societal demand for products which require less energy for the manufacturing 
process and are easy to recycle. The obtained materials present an efficient porosity and insulating properties, 
since they have a thermal conductivity around 0.17 W.m-1.K-1. These properties allow considering their use for 
building construction. In this context, the behavior of materials against moisture, temperature changes or 
mechanical stress is an essential parameter. This study presents an investigation technique for the foam 
behavior against vapor streaming. 
 
Chief contributions 
 
This in-situ geopolymer foam is synthesized at low temperature, without CO2 emissions and with low energy 
consumption. This ecomaterial foams are environmentally friendly, synthesized with recycling material and 
their ecological impact is low. The new challenge in our research group is to increase the rate of recycling 
materials in our materials (for example by forming the silicate solution by dissolving waste glasses and fine 
silica in hydroxide) and to develop this kind of material for application in insulating area. Moreover, all the 
materials studied are focused on their cycle of life.  
 
Keywords: Geopolymer, inorganic foam, basic species, stability in solution 
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1. INTRODUCTION 
 
Geopolymers are amorphous three-dimensional alumino-silicate binder materials, which were first 
introduced to the inorganic cementitious world by Davidovits in 1978 (Davidovits, 2008). 
Geopolymers may be synthesized at slightly elevated temperature by alkaline activation of alumino-
silicates obtained from industrial wastes, calcined clays, natural minerals or mixtures of two or more 
of these materials. In a strong alkaline solution, aluminosilicate reactive materials are rapidly 
dissolved into solution to form free Si(OH)4 and Al(OH)-4 oligomers (Xu, 2001), (Grutzeck et al., 
1997). Geopolymer concretes are based on compounds that are generally produced from one or more 
solid components (binders) and one or more liquid components (activators), which react together to 
form strong, durable materials. Some binders have been used like PVA fibers or fly ash by technical 
extrusion but not in large-scale batch preparation like concrete (Li et al., 2005). Furthermore little 
work has been devoted to the feasibility of making geopolymer synthesized foam without organic 
additives (Wu et al., 2007), (Barbosa et al., 2003). In situ foam formation can also be obtained at 
slightly elevated temperature by adding silica fume to a geopolymer reactant mixture (Prud’homme et 
al., 2010). Silica fume is an industrial waste which can contain a small amount of free silicon; (i) The 
foam formation is then due to three phenomena which take place simultaneously. Under basic 
conditions, free silicon is oxidized by water causing the formation of hydrogen.(ii) Then the 
dissolution of raw materials leads to the formation of a chemical gel. (iii) Finally, the mixture present 
an increase of viscosity due to placement at 70°C which permits to retain a part of dihydrogen in 
sample and thus to create the porosity. 
Currently, there is a political as well as a societal demand for products which require less energy for 
the manufacturing process and are easy to recycle. The new materials have to display properties 
analogous or even improved with respect to those of existing materials. The foam is very interesting 
since it can be considered as an ecomaterial with low thermal conductivity (0.17 W.m-1.K-1) and 
efficient resistance in temperature (Prud’homme et al., 2010). Considering its potential as an 
insulating material, this kind of foam could be use for building materials. But for these applications, 
it’s necessary to investigate the resistance at various parameters such as resistance to aqueous solution 
exposure. Currently the investigations on aqueous leachability of metakaolin-based geopolymers are 
come within the framework of nuclear study (Aly et al., 2008)). However, it put also in evidence the 
release of the alkaline element use for the geopolymer synthesis, and some silicon element. This 
release could lead to the alteration of geopolymer bulk. 
The aim of this work is to put in evidence the differences induce by the variation of the alkaline 
element for the synthesis on the final products and on durability properties of this one. The durability 
of products in contact with solution will be investigated as a function of various parameters, initial pH 
value of solution and effect of aging. These variations were determined by XRD, ATR-FTIR, thermal 
analysis and pH meter control. 
 
2. EXPERIMENTAL PART 
 
2.1. SAMPLE PREPARATION 
 
The initial geomaterial was prepared from a solution containing dehydroxylated kaolinite supplied by 
AGS France and KOH (85.7% purity) or NaOH (99% of purity) pellets dissolved in potassium silicate 
(Si/K=1.7, density 1.20, 76% of water) or sodium silicate (Si/Na=1.7, density 1.33, 59% of water), as 
described in Figure 1 (a). Silica fume, an industrial waste (0.7%wt of free silicon, 97.5%wt of silica, 
0.275%wt of carbon), was added to previous solution. The reactive mixture was placed in an open 
polystyrene mold at 70°C for 72 hrs to complete the polycondensation reaction. Then sample was 
remove from the mold and kept in oven at 70°C. The final product is shown Figure 1 (b). 

 



 
Figure 1: (a) Synthesis protocol of in-situ inorganic foam and (b) final product and collection sites. 

 
To compare the influence of the nature of alkaline element on the stability in solution, two kinds of 
samples have been synthesized with the quasi same amount of alkaline using K or Na silicate and K or 
Na hydroxide (Table 1). In order to investigate aging effect, samples are kept during 28 days in a 
ventilated oven at 70°C. 
To determine homogeneity of sample, manipulations have been done on top and on earth of sample 
(Figure 1 (b)), which do not have the same surface exchange and exposure to temperature occurring 
during the drying. 
 

Table 1: Values of different ratios used to synthesize foams 

Ratio nAl/nSi (nK+nNa)/nAl (nK+nNa)/nSi water rate (%wt) 

FNa 0.27 1.51 0.40 37 % 

FK 0.27 1.51 0.40 30 % 

 
2.2. CHARACTERIZATION 
 
2.2.1. TESTS IN VARIOUS SOLUTIONS 
 
The solubility of materials in contact with solution was investigated by immersing pieces in solution at 
various initial pH values. The solution’s pH was monitored at 25°C with a MeterLab PHM240 at 
25°C. Three parameters have been investigated, the influence of solution initial pH value, the 
influence of repetitive stress on sample and the effect of aging. To study the stability of foam in 
solution, this one was immersed in solutions prepared with hydrochloric acid, distilled water or 
sodium hydroxide with initial pH values of 2, 6.5 and 10.5, respectively. A mass of 3.2 g of samples 
was immersed in a volume of 40 mL of solution, which provide a ratio of 0.08 between foam and 
solution. The effect of aging is studied by the comparison of 3 days aging foams and 28 days aging 
foams based on sodium or potassium. The rate of pH value evolution has been evaluated by the 
equivalence point. This one was determined by the tangent method, usually used for acid/base 
titration. 
 
2.2.2. STRUCTURE CHARACTERIZATION 
 
FTIR spectra were obtained from a ThermoFischer scientific 380 infrared spectrometer (Nicolet) using 
the attenuated total reflection (ATR) method. The IR spectra were gathered between 500 and 4000 cm-
1 with a resolution of 4 cm-1. OMNIC (Nicolet Instruments), the commercial software, was used for 
data acquisition and spectral analysis. The morphologies of the final products were determined using a 
Cambridge Stereoscan S260 scanning electron microscope (SEM). Prior to their analysis, a carbon 
layer was deposited on the samples. 
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3. RESULTS AND DISCUSSION 
 
3.1. FOAM CHARACTERIZATION 
 
These foams display the same characteristic of geopolymers and the strengthening of material is 
obtained by polycondensation reactions. This phenomenon has been put earlier in evidence by 
monitoring the foam formation by infrared spectroscopy (Prud’homme et al., 2010)). Generally, 
geopolymers are amorphous materials, so there characterization by X-rays diffraction does not provide 
much information about their amorphous feature. However alteration of raw materials can be put in 
evidence by infrared spectroscopy. Figure 2 allowed the comparison between the two kinds of foam FK 
and FNa. The band at 1065 cm-1 relative to T-O bonds (Criado et al., 2005) (T= Si or Al), shift of 30 
cm-1 after foam synthesis. This phenomenon evidences an increase of disorder in the final product. In 
the same way, the band at 1175 cm-1, relative to Si-O-Si bond in stretching mode (Lee et al., 2003), is 
present as main peak in an amorphous silica fume. However, this peak is attenuated to become a slight 
shoulder in the foams, evidencing the dissolution of raw material. This shoulder is more important in 
the FNa foam; however the quantities of silica fume and alkaline are the same in the two samples. The 
differences can be explained by a better dissolution of silica fume in presence of potassium than 
sodium. In fact, potassium as a higher ionic radius, so it can create more ionic band with environment 
than sodium, which induce a best mobility and so an efficient reactivity in contact with silica fume. 
These differences induce also variations in terms of porosity. The SEM observations (Figure 3) put in 
evidence important differences in terms of size and porosity distribution in the two samples, which are 
not inconsiderable. This difference is also due to the difference of water on each sample (Table 1). An 
increase of water leads to a decrease of viscosity, involving a pore coalescence leading to differences 
in the mechanisms of dissolution. 

 

 
Figure 2: FT-IR spectra of metakaolin, silica fume, FNa and FK samples. 

 

    
Figure 3: SEM observations of (a) FK and (b) FNa. 
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3.2. STABILITY IN SOLUTION AT VARIOUS PH VALUES 
 
In order to test the durability of foams, samples are tested in solution at various initial pH value 
(Figure 4). The first observation is that whatever the initial pH value of solution (2, 6.5 or 10.5), the 
final pH value reaches 11.8, which can be attributed to natural pH value of the foam. This value is in 
accordance with the study on geopolymer of Aly et al. (Aly et al., 2008) and could be explained by the 
presence of unreacted species. Normally during the geopolymerisation process Al element takes on a 
coordination of 4 (McCormick et al., 2000) to form [Al(OH)4]

-, and alkaline element maintains the 
charge balance in the geopolymer matrix. If the geopolymerisation process is incomplete, excess of K+ 
or Na+ are deposited on pores surfaces to form a salt. When exposed to air, sodium or potassium is 
naturally transformed on hydrogenocarbonates or carbonates species. SEM observations put in 
evidence presence of species in surface (Figure 5) which seem have growth after the foam formation 
on the surface whatever the alkaline element use. But SEM observations don’t permit to identify the 
alkaline deposit. 

 
Figure 4: Evolution of pH value measurements in contact with FK sample at various initial pH values. 

 
For an initial pH value of 2, curve presents a profile of acid/base titration, which put clearly in 
evidence the release of basic species in acidic medium. Curve could be decomposed in three steps. The 
first consists in the beginning of displacement of basis species. In fact, the surface is progressively 
attacked; H+ species are predominant but will be combined and reacted with basic species (OH- or 
HCO3

-). The second step is due to a progressively decrease of the number of H+ species not sufficient 
in the medium to react with OH- species or HCO3

- species release by the materials, involving an 
increase of pH value. Finally equilibrium is created between solution and surface, involving the 
stabilization of pH value at 11.8. 

    
Figure 5: SEM observations of (a) FNa surface (b) FK surface 

 
In order to test the homogeneity of material stability, tests have been performed on two foam sites. 
During the foam synthesis, the different parts are not exposed to the same environment. The top 
(Figure 1 (b)) is directly exposed to temperature and air exposure, so its environment is hot and dry 
more rapidly, instead of heart which is totally protected from air and just exposed to temperature. So 
kinetic of consolidation may not be the same and this would probably lead to behavior difference. 
This hypothesis is confirmed by manipulations presented on Figure 6. The composition of top and 
heart is chemically the same the only variation is drying. Whatever foam, the necessary time for 
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proton to react with basic species is longer at the top than at the heart. So, the variations are intimately 
linked to the amount of free water in relation with basic species in the considered site. In each case, for 
Na and K foams, it’s more difficult to remove species from the top than from the hearth. The maximal 
pH value is always the same, suggesting that the exchange surface is always the same. Previous work 
on geopolymer leachability (Aly et al., 2008) has already shown that the use of alkaline silicate leads 
to an important release of silicon and alkaline element. This phenomenon can be blocked by the use of 
predigesting non-reactive silica fume in alkali solution. This kind of manipulation could be a good 
alternative in order to increase the durability of foams in aqueous medium. 

 
Figure 6: Evolution in time of pH value as a function of collection site (hearth and top) for FK and FNa. 

 
3.3. EFFECT OF AGING 
 
The effect of aging has been investigated on the two kinds of samples FK and FNa foams. The Figure 8 
shows the evolution of solution pH value for samples 3 days aging and 28 days aging. In the case of 
potassium, the common outline of these two curves is the same. However, the equivalence point 
undergoes faster with 3 days of aging than 28 days, which is a significant difference of 22 minutes. 
After 28 days, the network is totally consolidated and the weight loss is stabilized, so species are more 
difficult to extract basic species from the surface to react with HCl solution, involving an increase of 
time to reach equivalent point. 

(a) 

 

(b)

 
Figure 8: Evolution of pH value for foams aged  3 days and  28 days for (a) FK and (b) FNa. 

 
The same delay for the equivalent point is observed in the case of FNa. However, we can see an 
important difference between the curve at 28 days of FK and FNa. In fact the curve of sodium-based 
foam presents two steps, which could reflect the release of a dibasic species such as CO3

2-. The 
presence of these species is possible since they are the result of sodium hydroxide reaction with carbon 
dioxide. For the potassium-based foam, only one step is observed, which reflects the release of only 
one kind of species such as HCO3

-. However, it can be note that another phenomenon can take place 
simultaneously. Previous work has already shown apparition of a zeolite phase in these kind of 
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potassium-based material (Prud’homme et al., 2010). The zeolite phase can stabilize the foam network 
in aqueous solution and participate to the slow-down evolution of pH value after an aging of 28 days. 
 
4. CONCLUSION 
 
Geopolymer materials present interesting chemical and physical properties, and their easiness to shape 
permits their use in building area. The synthesis of insulating materials is an important step for 
building evolution. Addition of silica fume in a geopolymer mixture permits to obtain an insulating 
ecological material with a thermal conductivity lower than 0.17 W.m-1.K-1. During this study, two 
kinds of materials were synthesized and their durability was study. 
Variation of cations for synthesis leads to important modifications in terms of formation and structure 
of final products. These variations play an important part in the durability of inorganic foams in 
aqueous medium. Even the maximal pH value reached is always of 11.8, release kinetics would be 
modified by water amount and cations in materials. Finally, the stability in aqueous medium seems to 
be increased by an enhance of the drying time at 70°C and by aging. 
Further experiments by ICP and cycling are needed in order to try to determine the useful quantity of 
potassium or sodium to form the foam matrix. This study may allow redefining the foam composition 
in order to increase the stability in aqueous medium. 
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Abstract 

Reaction of clinker phases with water is related to the change of rheological properties of the paste during 
hydration. Formation of hydrated phases  in the volume occupied originally water or on the surface of cement grains, 
as well as the morphology of hydrates, reduces the distance between grains and results in an increased plastic viscosity 
of the paste. Basic properties of the Portland cement paste are governed C-S-H gel, primarily setting. In this contests 
the content of alite and its reactivity have the significant effect on paste rheology in two first hours after mixing with 
water. Very important factor is also ettringite – product of tricalcium aluminate hydration in the presence of sulphates. 
Usually the hydraulic activity of  cement, in the early stage of hydration is determined on the basis of the degree of C3A  
depletion. The last process is also influenced by the kind of calcium sulphates and the sulphates in general. Depending 
on their amount and type, sulphates retard the hydration of tricalcium aluminate to a different extent, and at the same 
time they accelerate the hydration of silicates. The action of sulphates may cause the change of yield stress by 
flocculation as well as  retardation of cement hydration 
      The experiments are focussed on  explanation of the aforementioned parameters on the rheological properties of 
paste. Model pastes are used, the composition of which allows formation of determined hydration products (alite, alite 
+ calcite, alite + coarse-grained kleinite + gypsum, alite + fine kleinite + gypsum, alite + C3A + gypsum). The 
following research methods were used: rheological measurements in the time below 2 hours, microcalorimetric 
analysis and BET specific surface area measurements after 2 hours of hydration. The results of experiments led to 
following conclusions: 

• alite is much more quickly hydrolysed in the mixture with calcite;  significantly shortening the time of C-S-H 
gel formation; formation of much higher amount of C-S-H in the mixture of alite and calcite caused higher 
plastic viscosity of this paste. 

• the kind and amount of hydration products has a decisive influence of the rheological characteristic of pastes: 
           a) C-S-H gel has the most significant influence on plastic viscosity, 
           b)  the yield value of pastes is determined by the global  contents of hydrates  C-S-H + ettringite + portlandite 

• the degree of size reduction of kleinite influences the rate of ettringite formation and therefore  increase the 
yield value of the paste. 

 
Originality 
 
Currently, the main problem with the production of concrete is to look for factors influencing the rheological 
properties. The paper presents the influence of hydration products on rheological properties through the use of model 
systems allowing the creation of certain hydration products. The results provide guidance on how to influence the 
rheological properties by modifying the composition of cement. 
 
Chief contributions 
The main assumption of this study was to look for answers on how the various products of hydration affect the 
rheological characteristics of cement slurries. In this study the rheological properties up to two hours time were taken, 
the heat of hydration was measured and ettringite content was examined. In this way, there were created conditions for 
inference regarding the effect of hydration on rheological properties of slurry. 
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1. Introduction 
 
Reaction of clinker phases with water is associated with changes of rheological properties of paste 
during hydration [1]. Formation and crystallization of new phases in volume initially occupied by 
liquid phase, reduces the distance between cement grains, consequently triggering higher plastic 
viscosity of cement paste [2].  The most important mineral component of Portland clinker is 
tricalcium silicate, the share of which usually exceeds 55%, and reactivity with water determines the 
paste hardening process [1]. As result of hydrolysis it forms the C-S-H gel, that in turn sets the basic 
properties of paste. Also, a very important component in terms of rheological properties is ettringite, 
product of hydration of tricalcium aluminate in presence of sulphates. The hydration reactivity of 
cement in the initial phase of hydration is usually specified on basis of the reaction level of C3A 
[3÷8]. 
The volume of reacted tricalcium aluminate depends on various factors, such as the polymorphism of 
this phase [1, 3], presence of ions stabilizing different phases and the level of structural disorder as 
well as the rate of cooling process of clinker [9]. 
Calcium sulphates [11] have also very important influence on  the rheological properties of cement 
pastes. Depending on the content  and  type of sulphates, they retard in different degree the hydration 
of tricalcium aluminate, simultaneously accelerating the hydration of silicates [10]. Consequently, the 
impact of sulphates may be both flocculating or   retarding the hydration of aluminate, and thus 
decreasing the stress yield value of the paste [12]. Influence of sulphates on yield value is conditioned 
by their solubility and content in paste – figure 1, as well as by the content of phase C3A [4].   

 
 

Figure 1.  Influence of content of sulphates on yield value of cement pastes  after 10 min. [11] 

 
As shown on fig. 1, addition of calcium sulphate increases stress yield value of the pastes from 
cements with low C3A content, and reduces this value for higher content of this phase. 
The main goal of this  study is  to explain the influence of  cement phase composition on rheological 
properties of the pastes. The  model pastes where chosen enabling the formation of one or two early 
products of hydration, mainly C-S-H (alite, alite+calcite, alite+gypsum) and C-S-H + ettringite 
(alite+coarse-grained kleinite+gypsum, alite + fine-grained kleinite + gypsum, alite+C3A+gypsum). 
The following research methods were applied: rheological measurements during up to 2 hours, 
microcalorimetric analyses and   specific surface of the paste after two hours of hydration, using BET 
method. Hydration was stopped by washing the sample with ethanol, then ether, and drying in 
temperature of 400C in CO2 -free environment. The following conclusions can be drawn on basis of 
obtained results: 



 - heat of hydration  indicates that alite undergoes hydrolysis much faster when mixed with calcite. 
The process is influenced by the nucleating effect of calcite crystals, considerably accelerating the 
formation of C-S-H gel, what was also confirmed by BET measurements; after two hours of 
hydration, the sample with calcite showed surface area of 0.8 m2/g, and  without this additive, only 
0.5 m2/g, 
 - the main factor governing the rheological properties  of the pastes is the type and quantity of  
hydration products formed, 
 -  the C-S-H gel has the strongest influence on plastic viscosity of the paste,  
 - stress yield value of the pastes is determined by the total content of hydrates: C-S-H + ettringite + 
portlandite,  
-  the kleinite effect the distribution and forms of  ettringite, consequently the stress yield value of 
paste as well, 
 - the formation of a  higher quantity i.e. volume of C-S-H in the mixture of alite and calcite caused 
higher plastic viscosity of the paste 
 
2. Materials  
High-purity chemical reagents (pure AR) were used for synthesis of alite, kleinite and tricalcium 
aluminate. 1% Al2O3 and 0.5% MgO were added to alite. Alite was burned two times at 1550oC with 
intermediary grinding in agate mill. Tricalcium aluminate was obtained similarly, but at temperature  
of 1400oC, and kleinite at 1300oC. Kleinite is  calcium sulfoaluminate of the formula 3CaO٠3Al2O3 
٠CaSO4.  All  phases was examined  by X-rays and no admixtures were detected. Calcite was a 
natural crystalline mineral, while gypsum was the byproduct of gas desulfurisation. All components 
were grinded to the surface of 300 m2/kg. Compositions of the  pastes are listed in table 1. 
 

Table 1. Compositions of analysed pastes 

Designation Composition converted to 100 g w/c ratio 

P1 Alite (100 g) 0.5 
P2 Alite (92.6 g) + calcite (7.4 g) 0.5 
P3 Alite (92.6 g) + gypsum (7.4 g) 0.5 
P4 Alite (85,9 g) + coarse kleinite1 (4.3 g) + gypsum (9.8 g) 0.5 
P5 Alite (85.9 g) + fine kleinite2 (4.3 g)+gypsum (9.8 g) 0.5 
P6 Alite (78 g) + C3A (13.3 g) + gypsum (8.7 g) 0.5 

1  - particles above 0.045 mm 
2 – particles under 0.045 mm 
 
 
3. Research methods 
 
Rheological measurements were performed using a rotational viscometer with coaxial cylinders,  
RotoVisco1, at temperature 20 ± 1oC. Rheological properties  were determined on basis of flow 
curves for rising and decreasing share rate, between 0 and 150 [1/s]. Values of plastic viscosity and 
yield were appointed on the basis of Bingham’s model. Flow curves were taken out after 10, 20, 30, 
60, 90, 120 minutes from the mixing of components with water. All samples for measurements were 
prepared in the same way (2.5 minutes of mechanical mixing), at constant water/binder ratio of 0.5.  
Measurements  of hydration heat  were performed with an isothermal microcalorimeter, developed by 
the Building Research Institute in Poland.  Measurements were executed at temperature 20 ± 1 oC. 



For the measurements of specific surface area of the paste the adsorption method  BET was used, and 
the gas was N2 . The measurement consists in setting an isotherm of adsorption of this gas at the 
temperature of liquid nitrogen (77K) at different pressures of adsorbate, and then assuming the 
monolayer formation and applying the equation of adsorption isotherm using the Brunauer, Emmett 
and Teller equation (BET equation) the surface area can be calculated.  
 
4. Results of research 
 
 For all six pastes of the composition shown in table 1 the rheological parameters were measured, 
basing on flow curves  taken up to 120 minutes.  Then the rheological parameters i.e. stress yield 
value and plastic viscosity were determined, applying the Bingham’s model. Changes of these 
parameters in the period of 120 minutes are presented on figure 2.  
 

 
 
 
Figure 2. Changes of yield value and plastic viscosity of all pastes  up to 120 minutes. Values from 10 

to 120 denote the time of hydration, after which the measurements were performed. 

 
Figure 3. Ettringite content and yield value  of the pastes  P4 – P5  
 
From the results of rheological measurements  the following conclusions can be drawn: 
 



- Addition of calcite to alite initially does not affect the yield value, however, after  30 minutes it 
starts increasing rapidly, and after 120 minutes reaches the highest level in the group of pastes P-1, P-
2 and P-3.  
- In the initial period, hydration of alite is affected slightly more by gypsum as compared to calcite, 
but after 120 minutes the stress yield value is the same as for alite without additives.  
- After 120 minutes the stress yield value is the highest in the pastes  containing kleinite, whereas for 
C3A paste it is approximately similar to the  paste composed of alite and calcite. 
 - Stress yield value is slightly higher for the paste with finer kleinite, which should logically produce 
higher content of ettringite in the early hydration. 
 - Plastic viscosity of the  pastes increases much faster in the case of mixture of alite with calcite, 
reaching the highest value of all analyzed pastes.  
- In case of mixtures with gypsum – plastic viscosity is low, only slightly higher than for paste of 
mixture of alite with C3A.  
- Plastic viscosity is the lowest for the paste of alite with addition of C3A, and somewhat higher for 
pastes containing kleinite of varying fineness. There are no significant differences associated with the 
fineness of kleinite. 
The above results may be summarised as follows: C-S-H gel has the dominant influence on plastic 
viscosity. Accelerating the hydration of alite by addition of calcite, that  is affecting the rapid 
formation of C-S-H, remarkably increases the plastic viscosity of paste. However, the stress yield 
value is governed by total content of hydrates: ettringite + C-S-H + portlandite. On the other hand, the 
accelerated alite hydration gives a stress yield value  approximately the same as in the case of 
simultaneous formation of ettringite  and C-S-H. It is evident  from the comparison of the stress yield 
value for the pastes P-2 and P-6 after 120 minutes of hydration. 
The foregoing remarks are confirmed  by the  microcalorimetric measurements, of  heat of hydration  
presented in table 2 and figure 3. 
 

Table 2. Heat of hydration [J/g] 

time P1 P2 P3 P4 P5 P6 
10 min 0.6 0.8 1.8 4.0 5.9 13.5 
20 min 0.9 1.3 2.6 7.5 11.2 18.0 
30 min 1.1 1.5 2.4 9.4 14.0 19.8 

1 h 1.6 2.1 3.3 11.0 16.7 22.2 
2 h 3.3 3.9 3.5 11.9 18.4 26.4 
6 h 26.6 27.0 8.9 32.5 47.8 57.1 

12 h 118.9 109.7 84.5 119.4 142.1 167.1 
 

Figure 3. Heat of hydration –yield value and viscosity of the pastes up to two hours 

 



The decreasing heat of hydration  after 120 minutes may be presented in the following order: P-6  P-5  
P-4  P-2  P-3  P-1 (figure 3), and the falling stress yield value of pastes as follows:  P-5  P-4  P-2  P-6  
P-3  P-1 (figure 2). The correlation is surprising, while the rule is broken by the P-6 paste. It is 
apparently associated with the very high hydration heat for C3A, considerably exceeding the value for 
alite. 
 
The P4 and P5 paste needs to be presented separately, as the sole difference was the level of kleinite 
fineness. The degree of kleinite fineness has important influence on the   heat of hydration   (table 2). 
Higher  heat of P5 paste, proves the faster hydration to occur, while at the same time the rheological 
parameter i.e. plastic viscosity of the pastes  are approximately the same. However the fineness  of 
kleinite  affects the stress yield value of the paste. 
 
Analyses of heat of hydration are also indicating the alite faster hydrolysis  in the mixture with calcite, 
a process affected by the nucleating impact of calcite crystals, remarkably accelerating the formation 
of C-S-H gel. Simultaneously the measurements with BET method are showing that sample with 
calcite, after two hours of hydration, has the surface area of 0.81 m2/g, while a sample of alite without 
additive, only 0.53 m2/g (figure 4). 
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Figure 4. BET surface area  of the pastes after  two hours of hydration 
 
 
5. Conclusions 
 
The goal  of this paper was to present the influence of the types of hydration products, on rheological 
properties of cement-modeling  paste. To that purpose, analyses were performed on model pastes, 
enabling to obtain known products of hydration. On basis of obtained results, the following 
conclusions arise: 

 decisive influence on rheological properties of the pastes has the type and quantity of  hydration 
products  formed, 

  C-S-H gel exerts strongest influence on plastic viscosity,  
 stress yield value of the pastes is governed by the total content of all hydrates: C-S-H + ettringite + 

portlandite,  
 due to the foregoing factors, a positive correlation appears between the  heat of hydration, and 

stress yield value of the pastes. The dependence is not met by the paste containing C3A, and 
explanation of this feature requires further research, 



 the  kleinite fineness affects the time of ettringite formation, thus the stress yield value of the paste 
as well. 
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Abstract 
Geopolymers consist a new type of construction materials that possess excellent mechanical properties and may 
exhibit good resistance to thermal and chemical attack. Theoretically any aluminosilicate material can undergo 
geopolymerisation under certain conditions. In the present work, the thermal behavior of fly ash- based 
geopolymer pastes and mortars in comparison to the thermal behavior of appropriate cement mortars is 
investigated.    
For the conduction of experimental, four series of fly ash geopolymer specimens were prepared using sand/fly 
ash ratios varying from 0 to 2. In addition, cement mortar specimens were prepared using cements CEM I 42.5 
N and CEM II 32.5 N (EN 197-1). The thermal resistance of the specimens, both geopolymeric and cementitious, 
was investigated by exposing the samples to temperatures between 25 and 800ºC. After the thermal treatment, 
the compressive strength of the specimens and the relative mass changes were measured, while the structural 
changes were investigated by means of XRD.  
Thermal stability of the studied geopolymer materials was rather low, regardless of the amount of the added 
sand. The samples experienced significant strength and mass loss after thermal treatment and the initially 
amorphous structure was replaced by nepheline. Cement mortars showed strength loss after exposure to 
elevated temperature but their behaviour seems to be better than the geopolymer one. Their strength reduction 
was noticeable, but not disastrous, when exposure temperature was less than 400°C.   
 
Originality 
In this work the effect of temperature on the properties of fly ash geopolymer and cement mortars is investigated. 
Using the same geopolymeric synthesis and by changing the amount of added sand, the effect of the sand on the 
thermal stability of fly ash-based geopolymers has been determined. Furthermore, by preparing appropriate 
cement mortar specimens and submitted them to thermal treatment, it was possible to perform an adequate and 
realistic comparison of the thermal behavior of these different binding materials.   
 
Chief contributions 
It is estimated that 9500000 t/y of fly ash are produced from the electric power generation plants in Greece and 
only 10% of this amount is exploited in cement and concrete technology. Given the EU regulations, it is crucial 
to develop new technologies that allow the recycling of coal fly ash into added-value products. This work 
concerns the utilization of Greek fly ash as raw material for the synthesis of alkali activated aluminosilicate 
binders and contributes to the transformation of an industrial hazardous by-product into a “green” construction 
material. 
 
Keywords: Geopolymer, Fly ash, Cement, Temperature, Strength 
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1. INTRODUCTION 
 
Geopolymers, also called inorganic polymers, have been gradually attracting world attention as 
potentially revolutionary materials. Similar to natural zeolite minerals, geopolymer is a class of three – 
dimensionally networked alumino–silicate materials, and first developed by Joseph Davidovits in 1978 
(Davidovits et al., 1990). They are ceramic materials that are produced by alkali activation of 
aluminosilicate raw materials, which are transformed into reaction product by polymerization in a high 
pH environment and hydrothermal conditions at relatively low temperatures (up to 120°C) (Bakharev, 
2006). The chemical process to form geopolymers involves two steps: 1) dissolution of raw materials 
in alkaline solution to form Si and Al gel on the material’s surface, 2) polycondensation to form 
networked polymeric oxide structures. However, the exact mechanism of geopolymer setting and how 
hardening occurs is not fully understood (Cheng et al., 2003).  
Geopolymers belong to the group of ecologically friendly materials because their production requires 
lower energy consumption, in comparison to Portland cements, which contribute significant levels of 
carbon dioxide and is part of the global greenhouse gas problem (Pan et al., 2009). Cement plants are 
reported to emit up to 1.5 billion tons of CO2 into the atmosphere annually (Kong et al., 2008a). In 
fact, the energy consumption is considered to be 60% less than that required for ordinary Portland 
cement (Kong et al., 2008b). Moreover the geopolymer technology has the potential to reduce 
emissions by 80% because high temperature calcining is not required (Kong et al., 2008a).  
Due to their ceramic-like properties, geopolymers are believed to possess good fire resistance. 
Therefore, concretes produced using geopolymers may possess superior fire resistance compared to 
conventional concretes produced with Ordinary Portland Cement (OPC).  
OPC concretes are generally considered to provide adequate fire resistance for most applications. 
However, OPC concrete degenerates at elevated temperatures due to chemical and physical changes 
(Kong et al., 2007; Pan et al., 2009).   
In the present work, the thermal behavior of fly ash-based geopolymer pastes and mortars in 
comparison to the thermal behavior of appropriate cement mortars is investigated. 
Fly ash is a waste of energy power plants and is produced in millions of tones in every developed 
country (Bakharev, 2006). It is estimated that 9500000 t/y of fly ash are produced from the electric 
power generation plants in Greece and only 10% of this amount is exploited in cement and concrete 
technology. This is the reason that fly ash is chosen as raw material in this work.  
Published research in fly ash– based geopolymer in the area of fire resistance and exposure to elevated 
temperatures is of great interest and quality, but it is limited and there is a disagreement in many cases 
(Bakharev, 2006; Kong et al., 2007; Kong et al., 2008a; Kong et al., 2010; Pan et al., 2009).  
The objective of this work is to experimentally examine, by using the same geopolymeric synthesis 
and by changing the amount of added sand, the effect of the sand on the thermal stability of fly ash-
based geopolymers. Furthermore, by preparing appropriate cement mortar specimens and submitted 
them to thermal treatment, it is possible to perform an adequate and realistic comparison of the 
thermal behavior of these different binding materials. 
 
 
2. EXPERIMENTAL WORK 
 
For the conduction of the experimental, four series of fly ash-based geopolymer specimens were 
prepared using sand/fly ash ratios varying from 0 to 2. In addition, cement mortar specimens were 
prepared using cements CEM I 42.5 N and CEM II 32.5 N according to EN 197-1. In all compositions 
the same geopolymeric synthesis was used and the only change was the amount of added sand. 
Source materials: Fly ash is the aluminosilicate material utilized for the synthesis of geopolymeric 
binder by this study. The fly ash originates from the power station at Megalopolis, Greece. It is mainly 
glassy with some crystalline inclusions of quartz, cristobalite, feldspars, maghemite, ghelenite, lime 
and anydrite. The chemical composition of the fly ash, as determined by X–Ray fluorescence (XRF) 
analysis, is presented in Table1.  



Table 1: Chemical composition of Hellenic fly ash (% w/w) 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 L.O.I. 

54.18 15.92 7.94 7.08 6.08 2.26 0.97 0.64 1.93 

 
 
Fly ash was previously ground and its mean particle size (d50) was approximately 22 μm. This is a 
typical fineness of fly ash when used in construction technology (as main constituent in blended 
cements). So, in order to form the alkaline activation solution, commercially available sodium silicate 
solution and commercial grade sodium hydroxide (NaOH) pellets with 98% purity were used. The 
sand utilized for the synthesis of the mortars was domestic limestone sand and the cement mortars 
were prepared with CEM I 42.5 N and CEM II 32.5 N (EN 197-1).  
Specimen preparation and mixture compositions: Geopolymer pastes were prepared by mixing fly ash 
with the alkaline activation solution in a laboratory mixer. The preparation of this activation solution is 
the following: At first the sodium hydroxide solution was prepared by dissolving the commercial 
grade sodium hydroxide (NaOH) pellets with 98% purity in distilled water. After the cooling of the 
first solution, the commercial sodium silicate solution was added. The activation solution was 
prepared one day prior to use. Geopolymer samples were prepared according to the following molar 
ratios: Na/Al=1, [Si]/Na2O=1 in the activation solution and msolids/mliquid= 2.5 forming homogenous 
slurry. After mechanical mixing, the paste mixture was cast into 50 mm cubic moulds, vibrated for 
compaction (in two layers) and sealed with a lid to minimize any loss of evaporable water.  
The same type of geopolymer used in the previous section was used to produce geopolymer/aggregate 
composites. The geopolymeric synthesis remained the same changing only the amount of the added 
sand (sand/fly ash – S/FA: 0.5, 1.0, 2.0). The only difference was the amount of water added to the 
alkaline solution so as to keep the same workability in all specimens. The activation solution used for 
synthesis was added to the mixer followed by the fly ash and the aggregates. Then the sample mixture 
was cast into 50 mm cubic-shaped moulds, vibrated for compaction (in two layers) and sealed with a 
lid to minimize any loss of evaporable water.  
Cement mortars were made by mixing the appropriate cement with the sand and water. The samples 
were prepared according to the following ratios by mass: Wefficient/C=0.50, sand/cement=3. The mixing 
procedure used was in accordance with EN 196-1. At the end of this procedure the slurry was 
transferred to moulds which were mildly vibrated. Then the moulds were left for 24 hours at ambient 
temperature.  
Curing regime: Geopolymer specimens were left to cure at room temperature for 2 h before being 
subjected to an elevated temperature of 70°C for an additional 48 h. At the end of the curing regime, 
the specimens were allowed to cool to room temperature and after that they were removed from their 
moulds. Their reference compressive strength was measured after 7 days. 
The cement specimens were air cured for 24 h, then they were water-cured for 6 days and finally they 
were air-cured at laboratory temperature (25±2C). Their reference compressive strength was 
measured after 3 months. 
Elevated temperature exposure regime: After the curing (geopolymers: 28 days, cements: 3 months) 
the specimens were subjected to temperatures of up to 800°C at a gradual  incremental rate of 
approximately 3°C/min from room temperature. As soon as the target temperature was attained, the 
specimens were left for an additional 2 h before the furnace was shut down to allow the specimens in 
the furnace to cool down to room temperature. In the meantime, a set of the reference specimens were 
left undisturbed at room temperature for comparative study. 
Characterization tests: After the thermal treatment, the mass changes were recorded and the 
compressive strength of the specimens was measured. The structural changes were investigated by 
means of XRD. X-ray powder diffraction patterns were obtained using a Siemens D-5000 
diffractometer, CuKa1 radiation (λ= 1.5405Å), operating at 40kV, 30mA.  
 



3. RESULTS AND DISCUSSION 
 
3.1. FLY ASH–BASED GEOPOLYMER PASTES AND MORTARS 
 
Visual assessment: After exposure at elevated temperature, there was significant change of color in all 
fly ash specimens from black to dark grey and finally to brown color. At the temperature of 800°C, the 
specimens’ color turned into light brown, regardless the amount of the added sand. As temperature 
increases, macro cracks were observed on the specimens’ surface, while deterioration at their edges 
was also found. However, the initial cracking temperature is related on the amount of the added sand 
as follows: 700°C for geopolymer pastes, 600°C for sand to fly ash ratio of 0.5, 500°C and 400°C for 
sand to fly ash ratios of 1.0 and 2.0, respectively. This phenomenon can be explained of the fact that 
exposure to high temperatures leads to changes in chemical structure and the dehydration of free and 
chemically bound water. As the external temperature increases, moisture within the specimen rapidly 
migrates towards the surface of the specimen and escapes. This in turn causes surface cracking and 
internal damage in the overall structure of the geopolymer. Moreover, as a result of the thermal 
incompatibility between the geopolymer matrix and the sand, the initial cracking temperature is lower, 
the higher the sand to fly ash ratio.  
Mass measurements: All geopolymer samples experienced mass loss with the increase of the 
temperature. Geopolymer pastes showed a sharp average mass reduction of 20% up to 200°C, which is 
attributed to the loss of evaporable free water.  Above 200°C and up to 600°C mass loss continued to 
increase in a slower rate. Above this temperature the mass almost stabilized. This observation leads to 
the conclusion that pore pressures cause minimal damage to the matrix as very small of free water was 
escaping above 200°C. Similarly the majority mass loss of all geopolymer mortars occurred within the 
first 200°C. However mass continued to reduce with a lower rate up to 600°C, above which a rapid 
decline occurred. Figure 1 shows the mass loss of geopolymers in relation to the temperature of the 
thermal treatment. 
 
 

0

5

10

15

20

25

30

35

40

0 100 200 300 400 500 600 700 800 900

T (oC)

M
as

s 
lo

ss
 (%

)  
   

 .

S/FA=0 S/FA=0.5 S/FA=1 S/FA=2 CEM 32.5 CEM 42.5

 
 

Figure 1: Mass loss of geopolymer and cement specimens at various temperatures 

 
Compressive strength: Figure 2 shows that the increase of the sand to fly ash ratio leads to lower 
initial compressive strength. Additionally, all specimens’ strength decreases as the exposure 
temperature is elevated. Geopolymer pastes present higher strength values up to 600°C in comparison 
to the geopolymer mortars. This reveals that the inclusion of aggregates results in thermal 



incompatibility between the geopolymer matrix and its aggregate components at high temperatures.   
After 600°C a rapid decline of the pastes’ compressive strength is observed, leading to the total 
collapse of their structure in 800°C. It must be noted that mortar specimens at this temperature retain 
their cohesiveness. 
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Figure 2: Compressive strength of geopolymer and cement specimens at various temperatures 

 
 
XRD analysis: Figure 3 presents XRD patterns of geopolymer pastes. The analysis samples were 
collected before and after the specimens’ exposure at 200°C, 400°C, 600°C and 800°C.   
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Figure 3: XRD patterns of geopolymer pastes (1: quartz, 2: cristobalite, 3: feldspars, 4: gehlenite, 5: maghemite, 
6: anydrite, 7: natrite, 8: calcite, 9: nepheline) 



Traces of amorphous aluminosilicate gel were present in the initial samples collected from pastes, in 
addition to the residue of fly ash, quartz, cristobalite, maghemite, gehlenite, feldspars, calcite and 
natrite. The presence of calcite in the initial sample can be explained as follows: anydrite and lime 
were identified in the raw material and after its geopolymerisation, they consumed releasing free 
calcium. Moreover possible unreacted sodium is responsible for the presence of natrite to the initial 
sample of pastes before exposure to temperature. After exposure to elevated temperatures, peaks for 
calcite and natrite started to disappear and crystalline nepheline AlNaSiO4 was present in the 
specimen.  
 
 
3.2. CEMENT MORTARS 
 
The actual behaviour of cement mortars exposed to high temperatures is dependent on many factors, 
including constituent materials and the environmental factors. The material factors include the types of 
aggregate, the type of cement used and the saturation level of the specimen. On the other hand, heating 
rate and maximum temperature are the more important environmental factors. Using the same 
synthesis, the same experimental procedure and by changing the type of cement used, the effect of the 
cement used on the thermal stability of cement mortars is investigated.  
Visual assessment: Visual examination of specimens after exposure to elevated temperature showed 
that there was color change which was associated with the maximum temperature of exposure and loss 
in mechanical properties. The color sequence was: grey at ambient temperature and up to 300°C, 
yellowish grey between 400°C and 600°C and then a little bit pink when exposed up to 800°C.  
Networks of cracking were also observed in all cement mortars. However, the initial cracking 
temperature is related on the type of cement used. Specifically, cement mortars prepared with CEM 
32.5 N, when heated to temperature of 500°C developed networks of hairline cracks. When 
temperature exceeded 500°C these cracks became deeper, followed by surface deterioration as 
maximum temperature reached 600°C. For temperatures beyond 600°C and up to 800°C severe macro 
cracks were on the specimens’ surface, while deterioration at their edges was also found.  
For cement mortars prepared with CEM 42.5N the initial cracking temperature was lower compared to 
mortars prepared with 32.5N. Networks of hairline cracks were observed when these specimens heated 
to a maximum temperature of 400°C. For exposure temperature of 500°C macro cracks were 
observed. These macro cracks become deeper and more severe when exposed to 600°C. Finally when 
samples were heated up to 800°C they exhibited the same behavior with the specimens prepared with 
CEM 42.5N.   
Chemical and physical changes within the mortar such as decomposition of CaOH2, the thermal 
incompatibility between the sand and the cement paste and the pore pressure within the cement paste 
are responsible for cracking and strength loss after exposure to elevated temperatures. Furthermore the 
fact that the more dense mortar produced with CEM 42.5N prevents free water from escaping, causing 
surface cracking and internal damage to lower exposure temperature compared with the mortars 
produced with CEM32.5N.  
Mass measurements: Figure 1 presents the mass loss in relation to the temperature of the thermal 
treatment. All specimens showed the same mass loss regardless the type of cement used. Cement 
mortars showed an average mass reduction of 5% (for CEM 32.5) and 6% (for CEM 42.5) up to 
200°C, which is attributed to the loss of evaporable free water.  Above 200°C and up to 600°C mass 
loss continued to increase in a slower rate. Beyond this temperature and up to 800°C a rapid decline 
occurred. This behavior can be explained by the decomposition of CaOH2 which starts at about 500°C 
and causes significant damage to cementitious materials.  It must be noted that at the higher 
temperature of 800°C the average total percentage of mass remaining, was the same for all specimens, 
regardless the type of cement used.  
Compressive strength: The compressive strength of the heated specimens is shown in Figure 2. The 
reduction in strength is noticeable, but not disastrous, when exposure temperature is less than 400°C 
for all specimens regardless the type of cement used. However, it is obvious that the strength loss is 



higher for the specimens prepared with 42.5 cement type reaching the residual strength of specimens 
prepared with 32.5 at this temperature regardless the significant difference in the initial strength before 
exposure. The reduction in strength is more considerable between 400°C and 800°C because of the 
decomposition of CaOH2 around 500°C leading to negligible strengths of 5 MPa. The worst behavior 
of mortars prepared with 42.5N when exposed to elevated temperatures, resulting in a higher decline 
of strength, is attributed to their smaller average pore size which prevents the escape of free water 
causing severe macro cracks.  
XRD analysis: The peaks due to presence of the sand overlapped those of cement binder, so the only 
visible peaks are those attributed to calcite and portlandite. The thermal treatment of the specimens to 
temperatures up to 400°C did not induce any significant mineralogical changes. After exposure to 
temperatures beyond 400°C and up to 600°C, the peaks of portlandite gradually diminished and finally 
disappeared at temperature of 600°C. However, peaks of portlandite were detected once more at the 
temperature of 800°C. Peaks of calcite were present in all patterns even if their intensity was 
decreased as temperature increased. As decomposition of CaOH2 starts at 400°C, explains the 
disappearance of portlandite in the temperature region between 400°C and 600°C. The detection of 
portlandite once more at temperature of 800°C is attributed to recomposing of CaOH2.  
 
 
4. CONCLUSIONS 
 
Thermal stability of the studied geopolymer materials was rather low, regardless of the amount of the 
added sand. The samples experienced great strength loss after thermal treatment, which was connected 
to mass loss and increase of the average pore size. A mass reduction of 25-28% was recorded for the 
fly ash specimens after temperature exposure of 800°C. At last initially amorphous structure was 
replaced by nepheline. Pore pressure, thermal incompatibility between sand and geopolymer paste, 
phase transformation (appearance of nepheline) and possible incomplete geopolymerisation are 
responsible for this behaviour.  
Cement based mortars have also shown strength loss after exposure to elevated temperature. Similarly 
to geopolymer materials, this compressive strength reduction was connected to mass loss and increase 
of average pore size. The main detrimental factors are decomposition of Ca(OH)2, thermal 
incompatibility between sand and cement binder and pore pressure.  
Cement mortar specimens performed better than geopolymer specimens under thermal treatment. 
Moreover, strength reduction of cement based mortars is noticeable, but not disastrous, when exposure 
temperature is less than 400°C. Finally, mass loss of cement is less compared to the geopolymers one.   
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Abstract 
In order to reduce the environmental pollution and save exhaustible resources caused by cement industry, the use of 
powdered mineral admixtures as a partial replacement for Portland cement could be an effective and successful 
solution. The use of quartz powders with the particle size smaller than 200μm, i.e. micronized sands, can be such a 
solution. In order to simulate properly the hydration of blended cements with micronized sands, this study investigates 
the main effects on the hydration of blended cements. Two micronized sands with difference in particle size distribution 
were considered. The replacement ratio of Portland cement by micronized sands was 20%. Calorimetric test, analyses 
using Back Scattered Electron (BSE) and Energy-Dispersive X-ray Spectroscopy (EDS) and Differential Thermal 
Analysis and Thermogravimetry (DTA/TG) for cement pastes were performed. From the chemico-physical point of 
view, the effects, which are the effects of (1) chemical reaction by the impurities in sands, (2) the actual water-cement 
ratio, (3) pozzolanic reaction, (4) nucleation and growth, and (5) the physical interaction between the hydrating cement 
particles and micronized sand, were proposed and investigated. As the results, some of these effects promote the 
hydration of the cement particles in blended cements. The effect of chemical reaction by the impurities in micronized 
sands can be ignored. The small effect of pozzolanic reaction was observed after 28 days of curing. The three last 
effects were found significant, depend on a fineness of micronized sand. The effect of the physical interaction between 
the hydrating cement particles and micronized sand was found significant and must be taken into account in the 
simulation of the hydration of cement blended with micronized sands. 
 
Originality 
This study was performed at Delft University of Technology, Faculty of Civil Engineering & Geosciences, Department 
of Design and Construction, Section of Materials and Environment. The experimental data, the evaluation, and 
conclusions are original and have not been published anywhere before. 
 
Chief contributions 
This study aims to clarify the role of micronized sand in the hydration of cement particles in cement blended with 
micronized sands. The effects on the hydration of the cement particles and the proposal of applying these effects into the 
simulation of the hydration of blended cements are also contributions of the study. Furthermore, the study with 
micronized sand can be a good reference for studying the effect of other mineral admixtures on the hydration process, 
such as silicafume, fly ash, ground granulated blast furnace slag.   
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Introduction 
 
1. The different mechanisms of the hydration of Blended Cement 
 
The addition of any substance to Portland cement could influence the conditions for the hydration of a 
cement particle. It thus could change the hydration of the cement particle. As reviewed by Philippe 
Lawrence et al. (2003), the addition of inert and pure mineral admixtures or pozzolanic mineral 
admixtures can change the cement hydration by the following effects: (1) More water available for the 
cement hydration due to the replacement of Portland cement by mineral admixtures in blended 
cements (i.e. the dilution effect); (2) Chemical reaction of possible impurities in the admixtures (i.e. 
the chemical effect); (3) Lime supersaturation in the liquid phase (i.e. pozzolanic reaction effect); (4) 
Crystallization of hydration products (i.e. the nucleation effect). Particularly for the blended cement 
with quartz powders, most researchers suppose quartz powders to be a filler that can enhance the 
hydration of the cement particles by the nucleation effect and the dilution effect.  
 

Embedded hydrating 
cement particle

None or less withdrawal of water 
by embedded sand particle

2. Proposal for the mechanisms of the hydration of the cement particles in the blended cement with 
micronized sand (BC)  
 

Central cement 
particle 

Central cement 
particle 

Less available 
water for central 
cement particle 

More available 
water for central 
cement particle 

(a) (b) 

Withdrawal of water by embedded 
cement particle 

 
 
 

Outer shell of outer 
hydration product 
containing embedded 
cement particles 

Sand particle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1: The scheme of the effect of embedded cement particles on the hydration of a central cement 

particle for OPC paste (a) and BC paste (b) 
 
For the hydration in an OPC paste, according to van Breugel (1991), the embedded and still hydrating 
cement particles in the outer shell of hydration products can reduce the hydration of the central 
particle by two ways: (1) They will withdraw a certain amount of the water needed for further 
hydration of the central cement particle; (2) They increase the thickness of the outer shell. Such an 
effect on the hydration of the central particle depends on the volume of cement particles embedded in 
the outer shell. The scheme of this effect is described in Fig. 1a. 
For the hydration in BC pastes (see Fig. 1b), the replacement of cement particles by sand particles 
reduces the volume of cement particles embedded in the outer shell. Because less partly still hydrating 
cement particles are embedded in the outer shell, more water is available for the hydration of the 
central particle and a thinner outer shell is formed. Thus, the hydration of the central particle will be 
less reduced as compared to OPC paste. As a consequence, the degree of hydration of Portland 
cement in BC will be higher as compared to OPC. In this paper, the increase in the degree of 
hydration, which is the result from these mechanisms, is investigated in terms of the effect of the 
physical interaction between the hydrating cement particles and micronized sand. 
In BCs, the available water for the cement particles to be hydrated increases due to the decrease of the 
actual amount of the cement particles. Thus, the degree of hydration of Portland cement in BC will 
also be higher as compared to OPC. The increase in the degree of hydration, which is produced by 
this factor, is investigated in terms of the effect of the actual water-cement ratio in this paper.  
Some researchers suppose that if the particle size of a quartz powder is smaller than 5μm the quartz 
powder can have the pozzolanic activity (Benezet & Benhassaine, 1999). Thus, the supersaturation of 
lime in the liquid phase can be changed due to this pozzolanic reaction (Kurdowski & Nocun-Wczelik, 
1983; Larbi et al., 1990; Ogawa et al., 1980). As a consequence, the hydration of cement particles can 



be changed. The effect of pozzolanic reaction on the degree of hydration of Portland cement in BC is 
investigated in terms of the pozzolanic reaction effect in this paper. 
In addition, the chemical effect of possible impurities in sands and the nucleation effect on the degree 
of hydration of Portland cement in BC are also investigated in this paper.  
 
The present work is to investigate the effect related to the addition of micronized sands, i.e. quartz 
powders smaller than 200μm, on the hydration of cement particles. The work is also to present the 
necessity for application of the model of the physical interaction between the hydrating cement 
particles and micronized sand for the simulation of the hydration of BCs with micronized sands.  
 
 
Experiments 
 
1. Materials  
 
CEM I 42.5N and 2 micronized sands, which are M6-sand (coarse) and M600-sand (fine) from 
Sibelco Company, were selected in this study. The chemical, mineral, physical, and granulometric 
properties of three materials are shown in the Tables 1and 2, and Fig. 2. 
 

Table 1: Chemical and mineral composition of materials 
 

Quartz sand Mineral Composition of OPC (*) Chemical 
composition, % 

Cement 
(OPC) (M6-sand) (M600-sand) Minerals Percentage, % (Bogue) 

Al2O3 4.86 0.20 0.40 C3S 71.56 
CaO 64.6 0.02 0.02 C2S 8.99 

Cloride 0.02   C3A 7.60 
Fe2O3 3.39 0.03 0.05 C4AF 11.85 

Loss of ignition 1.00 - - 
MgO 1.81 - - 

Insoluble rest 0.60 - - 

Maximum heat evolution (*) 
(from calculation), J/gOPC 

P2O5 0.69 - - 
SiO2 19.90 99.50 99.20 
SO3 2.39 - - 
TiO2 - 0.03 0.03 
K2O - 0.04 0.05 

 
498.15 

(*): Data was from theoretical calculation as shown in (van Breugel, 1991)   
 

Table 2: Physical properties of materials 
 

Material D50, µm Specific area, m2/kg (Blaine method) Density, kg/dm3 
Cement (OPC) 16 290 3.15 

M6-sand 30 240 2.65 Sand 
M600-sand 4 1300 2.65 

 
(a) (b) (c)  

 
 
 
 
 
 
 
 
 
 Figure 2: The granulometric properties of materials: (a)_OPC cement, (b)_M6-sand, (c)_M600-sand 
 
2. Experimental Methods 
 
The study focused on the hydration processes of Portland cement in BCs with micronized sands. The 
mixtures, tests, and notation are shown in Tab. 3.  



Table 3. Mixtures, tests for paste 
 

Tests Type 
Heat 

evolution 
DTA/TG BSE/EDS Curing 

condition 

Replacement 
ratio (RR), 

wt.% 

Water-
powder 

ratio, w/p 

Water-
cement 

ratio, w/c 
x x - - 0.4 0.4 OPC 
x - - - 0.5 0.5 

M6 x x x 20 0.4 0.5 
M600 x x x 

 
20oC  

Sealed 
20 0.4 0.5 

Notation:  ‘ x ‘ = Performed   ‘ - ‘ = not performed 
 
Calorimetric test and the calculation of degree of hydration 
 
The evolution of the heat of hydration for OPC and BC pastes was measured under isothermal 
conditions at 20oC by a calorimeter 3115/3238 TAM AIR in the first 7 days. The measurement started 
after 3 minutes after water addition. The degree of hydration was calculated for 1g OPC as follows 
(after van Breugel, 1991; Philippe Lawrence et al., 2003): 
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In which: 
RR: Replacement ratio of OPC by micronized sands, wt.% 
Q(t): The total heat evolution (for powder) has been generated until the time t, J/g 
q(t): The rate of heat evolution from hydration (for cement in powder), calculated from calorimeter’s data, J/g.h 
Qmax : The potential heat evolution (for cement in powder) until the end of hydration, given in Tab. 1, J/g 
 
Back Scattered Electron and Energy-Dispersive X-ray Spectroscopy (BSE/EDS) analysis and 
Differential Thermal Analysis and Thermogravimetry (DTA/TG) analysis 
 
The equipment Philips XL30 ESEM with EDAX EDX-detector was used for the BSE/EDS analysis. 
The equipment NETZSCH5 was used for the DTA/TG analysis with the heating rate of 10oC/min 
under Nitrogen gas. 
The DTA/TG analysis is proposed to be very effective and useful for the study of the pozzolanic 
activity and the degree of hydration of cement-based materials. This method is especially useful for 
the system of Portland cement (and/or lime) and pozzolans such as metakaolin, fly ash, silica fume 
(Loukili et al., 1999; Panea & Hansen, 2005; Ramachandran & Beaudoin, 2001; Roszczynialski, 
2002).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3: Ca(OH)2 amount vs. time in BC pastes with pozzolanic admixtures (Poon et al., 2001) 
 
Concerning the identification of the possibility of pozzolanic reaction in materials, the change with 
time of the amount of free Ca(OH)2 in paste is evaluated. As the pozzolanic reaction consumes the 
Ca(OH)2 and starts after the beginning of the cement hydration, this reaction will be identified when 
the amount of free Ca(OH)2 increases in the early duration of curing and decreases later on (Loukili et 
al., 1999; Roszczynialski, 2002). Fig. 3 shows an example of the change with time of the amount of 
free Ca(OH)2 in the paste with different pozzolanic admixtures, including silicafume (SF), 



metakaoline (MK), and fly ash (FA). As seen in Fig. 3, for all cements blended with these admixtures, 
the free Ca(OH)2 amount increases in the early duration of curing and decreases later on.  
Since carbonation can take place in a cement paste, a part of Ca(OH)2 formed by cement hydration 
can be converted into CaCO3 in curing duration. Thus, the determination of pozzolanic reaction based 
on the amount of free Ca(OH)2 would be less accurate. For determination of pozzolanic reaction in 
this paper, we therefore used the amount of corrected Ca(OH)2, which is the total amount of free 
Ca(OH)2 and the Ca(OH)2 in the conversion into CaCO3, instead of the amount of free Ca(OH)2.  
The amount of free Ca(OH)2 was related to the loss of ignition of paste (see Ldxp in eq. 2) in the 
temperature range characterized for the dehydroxylation of Ca(OH)2 (Bhatty & Reid, 1985; El-Jazairi 
& Illston, 1980). The amount of Ca(OH)2 in conversion into CaCO3 was related to the amount of 
CaCO3 formed by carbonation. This amount of CaCO3 was determined by deducting an amount of 
CaCO3 in the initial Portland cement powder in BC, which was calculated with the TG data of CaCO3 
in Portland cement powder and the replacement ratio, from the amount of CaCO3 in paste. Both 
amounts of CaCO3 in the initial Portland cement powder in BC and the paste, respectively, were 
related to the losses of ignition of Portland cement powder (see LdciPp in eq. 2) and the paste (see Ldcp 
in eq. 2) in the temperature range characterized for the decarbonation of CaCO3 (Bhatty & Reid, 1985; 
El-Jazairi & Illston, 1980). The following expression is to estimate the amount of corrected Ca(OH)2 
(% by the weight of cement). 
 

 
 

2

100100
( ) 4.11 1.68

100 100dxp dcp dcPpcorrected
RR

Ca OH L L L
RR

  
            

(2)  
 
In which: 
Factors 4.11 and 1.68, respectively, correct for Ca(OH)2 formed during the dehydroxylation and decarbonation. 
RR: Replacement ratio in BCs, % by the weight of powder 
Ldxp:    Loss of ignition of paste in dehydroxylation, % by the weight of powder 

Ldcp:   Loss of ignition of paste in decarbonation, % by the weight of powder 

LdcPp: Loss of ignition of Portland cement powder in decarbonation, % by the weight of powder 
 
 
Experimental results and discussions 
 
1. The possibility of chemical reaction by the impurities in sands and the chemical effect 
 
As seen in chemical composition of sands (Tab. 1), the oxides other than SiO2, which are called the 
impurities in sands, have very small contents. Thus, the effect of chemical reaction by the impurities, 
if there, can be ignored in BC pastes. Since M600-sand has much higher fineness (see in specific area 
in Tab. 2 and BSE images in Fig. 2), its influence on chemico-physical processes of the hydration of 
the cement particles, which are related to the available water amount for cement hydration, nucleation 
and growth, and pozzolanic reaction, can be expected more than that of M6-sand. 
 
2. The existence of pozzolanic reaction and the pozzolanic reaction effect  
 
As seen in Fig. 4, the amount of corrected Ca(OH)2 increases rapidly in early duration and decrease 
later on for M600 paste only. The pozzolanic reaction thus can take place in M600 paste, perhaps after 
28 days of curing.  
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Figure 5: The nucleation of hydration products (HP) on the 
surface of micronized sand (S) of the two dimensions 
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Figure 4: Corrected Ca(OH)2 in OPC paste 
and BC pastes (RR=20%): w/p=0.4, 20oC 
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The slight decrease in the amount of corrected Ca(OH)2 until 9 months of curing presents the weak 
pozzolanic reaction between sand and Ca(OH)2, which is much weaker than that between pozzolanic 
admixtures and Ca(OH)2 (see in Fig. 3). The micronized sand with D50 of 5μm, therefore, can be 
proposed to be as fillers before 28 days and very weak pozzolanic admixtures later on in its BC paste. 
The micronized sand with D50 of 30μm can be proposed to be as fillers in its BC paste. The 
pozzolanic reaction effect is insignificant in BC pastes with these micronized sands. 
 
3. The existence of heterogeneous nucleation and the nucleation effect 
 
Fig. 5 shows the evidence of the nucleation of hydration products on the surface of a micronized-
sand’s particle of 25x200µm for 1 day-age paste. The nucleation effect can be seen by the exceed of 
hydration rate in 2nd and 3rd stages for M6 paste or M600 paste as compared to OPC paste with the 
same w/c ratio (see Fig. 6 below). Since the hydration rate in 1st stage is not significantly different for 
all cement pastes, which must be result from insignificant effects of the impurities in sands and the 
pozzolanic reaction, the exceed of the degree of hydration of the Portland cement in BC pastes as 
compared to that of OPC paste at time of main peaks represents quantitatively the nucleation effect. 
As seen in Fig. 6, they were 0.012 for M600 paste and almost zero for M6 paste. M6 paste shows an 
insignificant effect, while M600 paste shows a significant effect. This result must be from the much 
higher specific area of M600-sand as compared to that of M6-sand.  
 
4. The effect of ‘water’ factor  
 
As seen in Fig. 6, the higher w/c increases the degree of hydration in OPC pastes. This increase due to 
the increased w/c from 0.4 up to 0.5 represents quantitatively the effect of the actual water-cement 
ratio in given BC pastes. Thus, the effect of the actual water-cement ratio in BC pastes at 7days-age 
was 0.019.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 6: Hydration rate (left) and Degree of hydration (right).  
 Blended cement pastes RR=20%, w/p=0.4; OPC paste w/p=w/c=0.4; 0.5 
 
M6 and OPC pastes with the same w/c, i.e. w/c=0.5, show almost the same degree of hydration (the 
degree of hydration of M6 paste is 0.604 as compared to 0.599 of OPC paste at 7days-age). The 
degree of hydration of 0.690 (after deducting the degree of hydration due to a significant nucleation 
effect) in M600 paste is much more than that of 0.599 in OPC paste with the same w/c=0.5 and 7days-
age. The effect of the physical interaction between the hydrating cement particles and M6-sand is 
minor, while the effect of the physical interaction between the hydrating cement particles and M600-
sand is much more significant. This result shows the dependence of the effect of the physical 
interaction between the hydrating cement particles and micronized sand on fineness of the sand. Thus, 
the effect of the physical interaction between the hydrating cement particles and M6-sand is less 
significant than the effect of the actual water-cement ratio. In contrast, the effect of the physical 
interaction between the hydrating cement particles and M600-sand is much more significant than the 
effect of the actual water-cement ratio. In addition, the effect of the actual water-cement ratio is more 
significant in comparison with the nucleation effect in M6 paste, while the effect of the actual water-
cement ratio is approximate to the nucleation effect in M600 paste. 
The above results show that the effect of the physical interaction between the hydrating cement 
particles and micronized sand can occur in the hydration of BCs with micronized sands and depends 
on a fineness of the micronized sand. This effect sometimes can be more significant than the other 



effects. The effect of the physical interaction between the hydrating cement particles and micronized 
sand, therefore, must be taken into account in the simulation of hydration of BCs with micronized 
sands, especially the BC with finer sand.  
 
 
Conclusions 
 
The potential effects on the hydration of the cement particles in BCs with micronized sands were 
investigated. The conclusion can be drawn as follows: 
 
1. The pozzolanic reaction effect, the nucleation effect, the effect of the physical interaction between 

the hydrating cement particles and micronized sand, and the effect of the actual water-cement 
ratio can occur in the hydration of BCs with micronized sands. The three last effects can enhance 
the hydration of the cement particles in BCs.   

2. The three first effects (the pozzolanic reaction effect, the nucleation effect, and the effect of the 
physical interaction between the hydrating cement particles and micronized sand) are very 
significant in the given BC paste with the micronized sand of D50 of 5μm. In contrast, they are 
minor in the given BC paste with the micronized sand of D50 of 30μm. These effects increase 
with the finer micronized sand.  

3. In the given BC paste with micronized sand of D50 of 5μm, the weak pozzolanic reaction just can 
take place after 28 days of curing. The nucleation effect is approximate to the actual water-cement 
ratio effect. The effect of the physical interaction between the hydrating cement particles and 
micronized sand is much more significant in comparison with the other effects.  

4. The effect of the physical interaction between the hydrating cement particles and micronized sand 
must be taken into account in the simulation of hydration for BCs with micronized sands. 
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Abstract 
Driving force of drying shrinkage of hardened cement paste has been attributed to RTln(h)/v with external relative 
humidity h and water molar volume v either in theories of capillary tension and disjoining pressure. However these 
theories failed to explain considerable hysteresis observed in length-change isotherms. In this study, sorption isotherm 
and length-change isotherm of cement pastes were determined with different water to cement ratios and cement types, 
and an internal pressure of shrinkage  was calculated using measured strain and elastic modulus of the skeleton.  
Based on the concept of disjoining pressure and the model of adsorbed water and hardened cement paste matrix, 
equation wV/Vwas derived,where the w: is volumetric water content (m3/m3) at the reference temperature, 
: incremental disjoining pressure from the reference (N/mm2), K : bulk modulus of hcp (N/mm2), and V/V : volume 
change strain of hcp. From this equation and experimental results, disjoining pressure (e) (= hydration pressure) as a 
function of statistical thickness e was obtained as (e)=4500exp(-2e/0.95). Obtained disjoining pressure decays 
exponentially showing the similar tendency with the “hydration forces” observed in many other hydrophilic substances. 
In other words, this internal pressure is a kind of disjoining pressure originated from hydration force which is built up 
within adsorbed water films as a result of interactions between hydrophilic solid surface and water molecules. The 
proposed model can give a rational explanation for the relationship amoung water content, surface area of hardened 
cement paste, bulk modulus, and drying shrinkage of hardened cement paste. 
  
Originality 
The originality of this contribution is to calculate the driving force of drying shrinkage of hardened cement paste 
experimentally and evaluate this driving force with the statistical thickness of adsorption. According to this approach, 
hydration forces on the surface of hardened cement paste is revealed. This hydration force concept can give a rational 
explanation for the relationship among water content, surface area of hardened cement paste, bulk modulus and drying 
shrinkage of hardened cement paste.  
The proposed mechanism can explain the relationship between component of binder and shrinkage properties and 
mechanism of shrinkage reducing agent. Therefore, the proposed mechanism or model will contribute to the mitigation 
of shrinkage cracking of concrete and enhancement of durability of concrete structures.  
 
Chief contributions 
This paper will contribute to precise evaluation of risk of concrete cracking which spoils the appearance of concrete 
surface, increases the deflection of beams and slabs, and also induces the corrosion of rebar. Therefore this paper will 
contribute the sustainable use of buildings and concrete structures. 
In addition, this paper reveals key physical parameters which control the shrinkage behavior of hardened cement. And 
from the reaction of cement and this key parameters, some points regarding cement mineral proportions to reduce 
shrinkage can be deduced. 
 
Keywords: Drying shrinkage, Disjoining pressure, Hydration force, Hardend cement paste 
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Introduction 
 
A volume change of concrete particularly associated with water evaporation is known as drying 
shrinkage. The drying shrinkage results in cracking of concrete under restraint conditions, and 
consequently spoils the appearance of concrete surface. It also increases the deflection of beams and 
slabs and induces the corrosion of rebars. The four most widely accepted shrinkage mechanisms 
include surface free energy (Feldman and Sereda 1964; Powers 1965; Wittmann 1968), capillary 
tension (Powers 1965), movement of interlayer water (Feldman 1968; Wittmann 1973) and disjoining 
pressure (Powers 1965; Bazant 1972; Wittmann 1973, Setzer 2007). In this contribution, based on the 
disjoining pressure concept, another appraoch is adopted to evaluate the origin of driving force for 
drying shrinkage. 
 
Theory 
 
Surface tension is caused by cohesion. Because the molecules on the surface of a liquid are not 
surrounded by like molecules on all sides, they are more attracted to their neighbors on the surface. In 
the classical theory by Gibbs, the basic thermodynamic form of the surface tension  is defined by the 
change in free enthalpy G per area A 

, ,T p

G
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                                                                                         (1) 

where T = constant absolute temperature, p = pressure of the gaseous phase, and   = chemical 
potential. But where hcp is concerned, the adsorption occurs in a small or regulated pore structure 
system and the adsorbed water in the small pore interacts with the skeleton of the hardened cement 
paste. This effect of the solid surface is not taken into account in Eq. (1). 
Disjoining pressure  , which takes into account the surface interaction, is defined by the change of 
surface enthalpy G with the separation h of two interphases as 
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According to Derjaguin's definition, the disjoining pressure is the difference between the pressure 
under undisturbed bulk condition p0 and the pressure at the interface p1. And the pressure at the 
interface is defined by the forces acting perpendicular to the surface areas (Derjaguin and Churaev 
1985). 

 1 0( )h p p                                                                                 (3). 

Disjoining pressure is a general expression of interactions between surfaces at nano or sub-nano 
distances including all the interactive effects of solid, water, and dissolved ions. Components of 
disjoining pressure are categorized into three types of interaction forces, dispersive or molecular force, 
electrostatic force, and hydration force. 
When two surfaces or particles get close within a few nanometers, continuum theories of van der 
Waals attraction and repulsive double-layer forces often fail to describe their interactions. This is 
either because one or both of these theories cannot work at a small distance or other non-DLVO forces 
come into play. And surface-solvent interactions can induce positional or orientational order in the 
adjacent liquid and give rise to a monotonic solvation force that usually decays exponentially with 
surface separation (Israelachvili 1991). This solvation force may be repulsive or attractive, and when 
the solvent is water, this type of structural forces is referred to as “hydration forces”. 
Hydration forces were originally found by Langmuir (1938) and can be seen in many materials, such 
as certain clays, surfactant soap films, uncharged liquid bilayers and biological membranes. From 
existing experimental studies of silica, mica, certain clays and many hydrophilic colloidal particles, 
the hydration forces are believed to originate from strongly H-bonded surface groups such as hydrated 
ions or hydroxyl (-OH) groups.  



The repulsive force acting between two silica surfaces in various aqueous NaCl solutions was 
experimentally confirmed by Grabbe and Horn (1993). It was found that the repulsive force decays 
exponentially with a decay length of approximately 1 nm. Their effective length was up to 
approximately 5 nm. Empirically, therefore, the hydration repulsion between two hydrophilic surfaces 
appears to follow a simple equation: 

   0 0( ) exp( / )e h                                                                                              (4) 

where 0 = decay length 0.3 to 1.0 nm, h = distance of surfaces, or double-thickness of adsorption,0 
= coefficient depending on the hydration of the surfaces, ranging from 80 to 23000 (MPa) as 
experimentally observed in mica, glass and quartz in various aqueous electrolyte solutions (Derjaguin 
and Churaev 1985). 
 
The surface of hcp, which is mainly composed of C-S-H, is hydrophilic in nature. When water is 
adsorbed on the surface of a very narrow gap, repulsive force is produced. A schematic of this state is 
shown in Figure 1 where the pore structure is modeled with two parallel planes and the disjoining 
pressure, keeping the thickness of adsorbed layer constant, is balanced with the mechanical stress of 
the skeleton. It should be noted that the disjoining pressure is built by the adsorbed water in a 
homogeneous manner. 
This balance in the system of hcp and water can be expressed as follows: 

  Vw K
V

  
                                                                                            (5) 

where w = volumetric water content (m3/m3) at the reference temperature,  = incremental change in 
disjoining pressure from the reference where the strain of hcp is zero (N/mm2), K = bulk modulus of 
hcp (N/mm2) and V/V = volume change of hcp. 
Generally, the value of disjoining pressure eapproaches zero as the thickness of adsorbed water e 
increases infinitely, and therefore even if hcp is in a saturated condition, the intrinsic disjoining 
pressure is not zero because the thickness of adsorbed water is a finite value. 
The saturated condition of hcp, referred to as state 1, is assumed to be the reference state for both 
disjoining pressure and strain. When the system is subjected to drying and reaches an equilibrium in 
an unsaturated condition, this condition is referred to as state 2. The difference in disjoining pressure 
 can be given by:  

21
21

2

VK
w V

 
    

 
                                                                                (6) 

where w2 = volumetric water content at state 2, and V21/V1 = strain of volume change from state 
1 to state 2. From this equation, the incremental disjoining pressure from the saturated condition is 
equal to the elastic force leading to the experimental determination of the disjoining pressure of the 
water in hcp. 
Additionally, the bulk modulus of hcp K can be experimentally determined with axial loading test with 
longitudinal and vertical strain measurements: 

3(1 2 )
EK





                                                                                            (7) 

where E = Young’s modulus obtained from stress-strain relationship, and v = Poisson’s ratio obtained 
from strains of longitudinal and vertical directions. 
Volumetric strain is evaluated with uniaxial strain from state 1 to state 2, l21/l1, as follows: 

21 213V l
V l
 

                                                                                             (8). 

At the same time, the statistical thickness of adsorbed layer e can be experimentally obtained from 
specific surface area S (m2/g-dry mass), water content by mass mw (g-water/g-dry mass) and density of 



pore water w (g/m3) as follows: 
/( )w we m S                                                                                              (9) 

Thus the relationship between incremental disjoining pressure and statistical thickness of 
adsorbed layer e can be experimentally determined. 
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Fig. 1 Schematic of mechanical equilibrium in 
hardened cement paste. 

Fig. 2 Schematic of system for 
measuring length-change of specimen. 

 
Experiment 
 
Ordinary Portland cement (notation N), moderate-heat Portland cement (M) and low-heat Portland 
cement (L) were mixed as a paste with a water-to-cement ratio of 0.55, 0.40 (notation 55 and 40 
respectively). Those chemical compositions and properties are shown in Table 1. To minimize 
segregation, the paste was subjected to rotation for 6 hours until a creamy consistency was obtained, 
and was then cast in molds. The specimens were placed in a thermostatic chamber at a temperature of 
20 ± 1oC, demolded between 2 to 5 days and cured under saturated conditions until the test was 
commenced at 91 days of age. The specimens for length-change isotherm and sorption isotherm 
measurement were 3 × 13 × 300 mm in dimensions. The specimens in this experiment were stored in a 
controlled humidity chamber for 56 days. The relative humidity in the chamber was controlled with a 
sodium hydrate solution. The targeted relative humidities were 98, 95, 90, 80, 70, 60, 50, 40, 30 and 
20% at 20 ± 1oC. Concentrations of the solutions are from the data by Stokes and Robinson (1949). 
The resulting relative humidities were monitored with a humidity sensor with a precision of 1.8% RH 
(Sensirion SHT75), and were controlled within 2% RH during the last half of 56 days. Major reason of 
using sodium hydrate was to avoid carbonation of hcp. Specimens were first conditioned under 
targeted humidities (98, 90, 80, 70, 60, 50, 40, 30% RH) and subjected to drying at 20% RH and 
finally returned to the original humidities (90, 80, 70, 60, 50, 40, 30% RH). 
Length change was measured with a contact displacement meter with accuracy of 0.001 ± 1 mm. The 
deformation was determined by the difference with the reference of 300 mm in length made of invar. 
The measuring system is illustrated in Figure 2. Deformation was reproducible to ± 15 × 10-6 strain. 
After the first drying at 20% RH, several samples were selected and subjected to oven-drying at 105oC 
for 24 hours, and the length change and amount of evaporable water loss were determined. More than 
five specimens were prepared for earch of the targeted conditions. 
 

Table 1 Chemical composition and properties of cement. 
 Density 

(g/cm3) 
Blaine 

value 
(cm2/g) 

ig.loss 
(%) 

Chemical Composition (%mass) 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl- 

N 3.16 3110 0.64 21.8 4.49 2.90 63.9 1.84 2.26 0.20 0.38 0.007
M 3.21 3240 0.51 23.5 3.67 4.17 63.5 1.05 2.40 0.28 0.60 0.008
L 3.22 3470 0.71 26.3 2.65 3.04 63.3 0.71 2.42 0.16 0.32 0.004



 
Sorption isotherm of specimen at 91 days of age was determined with a pretreatment of oven drying at 
105oC for 24 hours, and the surface area of hcp was calculated with the BET method. Water sorption 
measurements were performed with the volumetric method (Quantachrome Instruments Hydrosorb 
1000) Specimens with a size of 50 × 100 mm were prepared from the same batch of specimens 
subjected to length-change and sorption isotherm. Specimens were also cured under saturated 
conditions until the measurement at 91 days of age. Young’s modulus was determined by a tangent of 
stress-strain relationship at the loading level of 1/3 of the maximum stress measured with a compresso 
meter. The bulk density of water-saturated hcp with a size of 5 mm cubic was measured by 
Archimedes’ method at 20 oC, and the true density of hcp was calculated from the bulk density and the 
water content. 
 
Figure 3 shows length-change strain with respect to the length in the saturated state as a function of 
relative humidity. All the specimens show larger shrinkage strain in the adsorption process than in the 
virgin desorption process, similarly to the trend reported by Feldman et al. (1964). In almost all the 
cases, length change strains in the desorption process coincide with the strains in the adsorption 
process at a relative humidity lower than 40%. When the type of Portland cement is examined, Low 
heat Portland cement shows larger shrinkage in the desorption process, and this tendency is more 
conspicuous at a larger water-to-cement ratio. Figure 4 shows the sorption isotherm of the specimen 
for the length-change isotherm. The evaporable water is determined as the difference in mass of hcp 
between the saturated condition and oven-dry condition. Except for the case of L40, the amounts of 
adsorbed water in the desorption process coincide with those in the adsorption process at a relative 
humidity smaller than 40%RH, a trend similar to that of the length-change isotherm. The other 
experimental results are tabulated in Table 3 with the other physical properties such as BET surface 
area of hcp, Young’s modulus, Poisson’s ratio, water content, and calculated bulk modulus and bulk 
density of hcps. 
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Fig. 3 Uniaxial length-change isotherm of 
hardened cement pastes. 

Fig. 4 Sorption isotherm of hardened cement 
pastes for length change isotherm. 

 



Table 3 Physical properties of hardened cement pastes. 
 Specific 

surface 
area 

(m2/g)*1 

Young’s 
modulus 
(GPa) 

Poisson’s 
ratio 

Bulk 
modulus
(GPa) 

Density 
(g/cm3) 

Water mass 
content at 
saturated 
condition 
(g/g )*2 

Water volumetric 
content at 
saturated 
condition 

(cm3/cm3)*3 
N55 160 15.1 0.261 10.5 2.56 0.264 0.404 
N40 132 21.7 0.238 13.8 2.67 0.188 0.334 
M55 152 14.9 0.275 11.0 2.67 0.281 0.429 
M40 130 22.0 0.205 12.4 2.70 0.208 0.360 
L55 173 13.3 0.260 9.27 2.66 0.288 0.434 
L40 162 21.1 0.224 12.8 2.73 0.228 0.384 

Note: *1, *2, *3: Reference is hcp dried at 105oC for 24 hours. 
 
From these experimental data and Eqs. (6), (7), (8) and (9), the relationship between the difference in 
disjoining pressure  where state 1 is the saturated condition and state 2 is the arbitrary dried 
condition, and the statistical thickness of adsorbed layer e, can be derived. The results are shown in 
Fig. 5 (left) where the desorption and adsorption data can be arranged in the same curve. In former 
reaserch, it was reported that the relationship between L/L (strain of length change) and W/W (water 
content by mass) in the desorption process including several re-adsorption cycles can be represented in 
a single curve (Feldman 1968, Setzer 2007).  
The regression curves of  21 exp 2 /a e b c      applied to the experimental data and for comparison 
or understanding the nature of those disjoining curves, the intrinsic curve is obtained by eliminating 
the term c so that the disjoining curve approaches to zero when the statistical thickness of adsorbed 
layer increases infinitely. The results of comparison are shown in Fig. 5 (right). According to this 
figure, the following equation of disjoining pressure as a function of statistical thickness of adsorbed 
layer is derived: 
    ( ) 4500 exp 2 / 0.95e e                                                                                                  (10). 
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Fig. 5 Example of derived disjoining pressure (=hydration pressure) (left) and all the 

hydration pressure curves as a function of statistical thickness of adsorbed layer in hcp (right). 
 
This empirical equation is similar to Eq. (4), and the experimental values 0 and 0 agree well with 
those of mica, glass and quartz reported by Derjaguin and Churaev (1985). Therefore, the cause of 
shrinkage of hcp might be attributed to the hydration force originated from the potential between 



adsorbed water and the surface of hydration products such as C-S-H. Because this type of disjoining 
pressure is not the same as those proposed in past studies, this pressure, supposed to dominate the 
drying shrinkage of cement paste, is named “hydration pressure”. 
Based on this experimental results, it can be concluded that the volume change of hcp due to variation 
of water content is determined by 1) specific surface area, 2) hydrophilicity of surface of hydration 
products, and 3) bulk modulus of hcp. 
 
Conclusions 
 
Length-change isotherm and sorption isotherm of hcp with 2 water to cement ratios and 3 types of 
portland cement were conducted to study the mechanism of volume change of hardened cement paste 
(hcp) due to variance of water content. Separating disjoining pressure concept from the external 
relative humidity and hysteresis problems, experimental results were evaluated and the following 
equation was derived ( / ) 0w K V V    , where the w: is volumetric water content (m3/m3) at the 
reference temperature, : incremental disjoining pressure from the reference (N/mm2), K : bulk 
modulus of hcp (N/mm2), and V/V : volume change strain of hcp. Based on this equation and 
experimental results, disjoining pressure (e) (= hydration pressure) as a function of statistical 
thickness e was obtained as  ( ) 4500 exp 2 / 0.95e e    . Obtained disjoining pressure decays 
exponentially showing the similar tendency with the “hydration forces” observed in many other 
hydrophilic substances and is different from those proposed in the past studies, hence named as 
‘hydration pressure’. 
 
References 
 
- Derjaguin, B. V. and Churaev, N. V. (1985). “Properties of water layers adjacent to interfaces.” Fluid 
Interfacial Phenomena, ed. Croxton, C. A. John Wiley & Sons Ltd. 663-738 
- Feldman, R. F. and Sereda, P. J. (1964). “Sorption of water on compacts of bottle-hydrated cement. I. the 
sorption and length-change isotherms.” Journal of applied Chemistry, 14, 87-104. 
- Feldman, R. F. (1968). “Sorption and length change scanning isotherms of methanol and water on hydrated 
portland cement.” Proceedings of 5th International Symposium on Chemistry of Cement, Tokyo, Part III, 53-66. 
- Grabbe, A., and Horn, G. R. (1993). “Double-layer and hydration forces measured between silica sheets 
subjected to various surface treatments.” Journal of Colloid Interface Science, 157, 375-383. 
- Israelachvili, J. N. (1991). “Intermolecular & Surface Forces.” 2nd ed., Academic Press. 
- Langmuir, I. (1938). “The role of attractive and repulsive forces in the formation of tactoids, thixotropic gels, 
protein crystals and coacervates.” Journal of Chemical Physics, 6, 873-896. 
- Powers, T. C. (1965). “The mechanisms of shrinkage and reversible creep of hardened cement paste.” 
Proceedings of International Symposium of “Structure of Concrete and its behaviour under load”, London, 319-
344. 
- Setzer, M. J. (2007). "The solid-liquid gel-system of hardened cement paste." Proceedings of Essen Workshop 
on Transport in Concrete: Nano- to Macrostructure, Setzer M. J. ed. Aedificatio Publisher, 3-23 
- Wittmann, F. H. (1968). “Surface tension shrinkage and strength of hardened cement paste.” Materials and 
Structure, 1(6), 547-552. 
- Wittmann, F. H. (1973). “Interaction of hardened cement paste and water.” Journal of American Ceramic 
Society, 56(8), 409-415. 



Influence of the use of sewage sludge ash (SSA) as cementitious materials on 
mortar and concrete properties 

 

1Etxeberria M* 
1 Department of Construction Engineering, Universitat Politècnica de Catalunya, Barcelona, Spain 

1Valls S 
 

 
 
Abstract 
 
Sewage sludge ash (SSA) is a waste material obtained from the incineration of wastewater sludge.  The aim of this 
paper is to evaluate the effect of the use of SSA, as substitution for rapid hardened Portland cement CEM I 52.5R, on 
the properties of mortar and concrete. The physical, chemical and mineralogical characterization of raw and grinding 
SSA were determined. Mortars with 10%, 15% and 20% of two types of SSA of replacement of cement were produced. 
Flexural and compressive strength were determined in all mortars produced. Due to adequate properties of mortars 
made with grinding SSA, modulus of elasticity and sorptivity of those mortars were found out. Concretes with 10%, 
20% and 30% of grinding SSA of replacement of cement were produced and fresh and mechanical properties of all 
concretes were determined. The obtained results were compared with respect to those of control mortars made with 
CEM I 52.5 R and CEM II/ A-L 42.5R. 
The mortars with SSA achieved lower mechanical properties than control mortar made with CEM I 52.5R, however the 
reduction of compressive strength of mortar was lower than 8% when milled SSA was used. Those mortars obtained 
higher flexural strength than control mortar. The modulus of elasticity and the sorptivity of mortars with milled SSA 
were worse than those of control mortar made with CEM I 52.5R and better than those of control mortar made with 
CEM II/ A-L 42.5R. Due to moderate pozzolanic activity, the mortar made with any type of SSA obtained higher 
mechanical properties than control mortar made with CEM II A-L 42.5R. This implies that SSA-blended cement 
prepared with 52.5 strength category type I cement with up to 20% substitution could be considerate as a control 
mortar made with 42.5 strength type II cement. Low reduction of compressive strength occurred concrete made with 
milled  SSA, however higher splitting tensile strength and modulus of elasticity obtained than those of control concrete 
made with CEM I 52.5R after 28 days of curing due to adequate interface between cement paste and aggregates. All 
concretes with SSA achieved higher mechanical properties than those of control concrete made with CEM II A-L 42.5R. 
The mechanical properties of concretes made with SSA improved after 90 days of curing. 
 
Originality 
Limited research is done on the recycling of SSA probably because its quantity is much smaller than that of other by-
products such as coal fly ash. Another reason for the lack of publications may be related to the fact that management of 
sewage sludge by incineration processes is recent, as it was previously reused in agriculture. The use of SSA in cement-
based materials (paste and mortars) and sand replacement (brick fabrication or in asphalt paving material) is reported 
in few recent studies. However, there is no one publication about the mechanical properties of concrete made using the 
SSA as cementitious material. In this research paper several novelties are exposed: On one side, different percentages 
of SSA are used as substitution of CEM I 52.5R for mortar production in order to verify the used of production of 
cement type II of 42.5 strength. The quality of mortars was analyzed by diffraction and, their physical and mechanical 
properties were determined. For the other side, the applicability of this cementitious material in concrete production 
was confirmed according to the results obtained in concretes produced with Portland cement. 
 
 
Chief contributions 
One of the most important contributions of this research work was to verify the suitability of SSA for blending with 
commercially available Portland cement in order to produce more sustainable concrete, also called “green concrete”. 
The partial replacement of cement by SSA (moderate pozzolanic material) has advantages from ecological, economic 
and technical point of view.  By an exhausted experimental phase, the applicability of SSA for production of mortar and 
concretes with adequate properties was proved.   
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1. Introduction 
The total production of sewage sludge for Spain is close to 1.5 Mt of dry solids per year, a high 
amount of them are applied in agriculture or used in landfill. Just 7% of the total amount is 
incinerated.  Due to the high amount of heavy metals and other contaminants compounds contained in 
this sewage sludge, its use in agriculture is limited and the landfill amount increases each year. This 
research work was proposed as a contribution to the minimization of the environmental impact caused 
by the use of sewage sludge as landfill instead of its incineration, production of sewage sludge ash 
(SSA) and its applicability as cementation material for mortar and concrete production. The main 
components of SSA are quartz and in lesser amounts mica, vermiculite and esmectite (Bertran, 2001). 
It is known that the specific weight of SSA is around 2.4-2.9 kg/dm3, most of which present a high 
amount of material finer than 63µm and of irregular shape and porous structure (Bertran, 2001; Cyr et 
al., 2007).  
Few publications exist related to the management of sewage sludge by the process of incineration 
probably because it is a relatively modern procedure.  The last research works carried out using SSA 
in construction materials, bricks and tiles (Anderson, 2002; Lin and Weng, 2001; Lin et al., 2005), 
manufacture of aggregates and lightweight aggregates (Chiou et al., 2006; Gonzalez et al., 2009, 
Wang and Chiou, 2004; Cheeseman and Virdi, 2005; Wang et al., 2005; Wang et al., 2005; Wang et 
al., 2009). The use of SSA in cement-based materials as cement or sand replacement is also reported in 
a few recent studies (Cyr et al., 2007; Garces et al., 2008; Monzó et al., 1999; Monzó et al., 1996). 
In Spain 4 incinerator plants exist and the SSA use in this research work was obtained from the 
wastewater Treatment Station of Galindo, Bizkaia. Its characterization and different percentages of 
SSA were used as replacement for commercial cement CEM I 52.5R in mortar and concrete 
production and their hardened properties were compared with respect to those of mortars and 
concretes made with commercial cement CEM I 52.5R. The results were also compared with those of 
mortar made with CEM II A-L 42.5R in order to check type II cement application.  

2. Materials and experimental phase 

2.1 Materials  
Rapid-hardening type I cement Portland CEM I 52.5R and type II cement Portland CEM II/A-L 42,5 
R were used for production of different mortars and concretes. The normalize silica sand (fraction 
0/4mm) was used for all mortar production and fine limestone (0/4mm) and coarse aggregates 
(fractions 4/12mm and 12/20mm) were used in concretes production. The physical properties of those 
limestone aggregates are shown in table 1. The grading distributions of raw aggregates were adequate 
according to ASTM C33 and EHE-08 requirements for concrete production. 
 
Table 1. Physical properties of limestone aggregates used for concrete production 

Properties Coarse aggregate (12/20mm) Coarse aggregate 
(4/12mm) 

Fine aggregate  
(0/4mm) 

Density (kg/dm3) 2,61 2,61 2.63 
Absorption capacity (%) 1,2 0.85 1 

 
The SSA (unmilled) obtained directly by the incinerator and milled sewage sludge ash (M-SSA) were 
used for mortar production. According to the size of the SSA, 38% of SSA was higher than 63µm and 
it was milled in order to produce a material, M-SSA, smaller than 63 µm and most of them were 
smaller than 45 µm. The density of SSA and M-SSA was 2.4 kg/dm3 and 2.5 kg/dm3, respectively 
which was determined according to EN-UNE 80-105-86. The specific surface of SSA and M-SSA 
were determined according to the BET method and the values were 2.7 m2/gr and  2.3 m2/gr, 
respectively (the cement CEM I 52.5R had 1.95 m2/gr).  The concrete production was carried out using 
the SSA material. 
Most of the SSA particles had irregular shape as well as a rough surface (see figure 1). Few of the 
particles had a round shape (point 1). The SSA particle morphology was studied by scanning electron 
microscopy (SEM) using Quanta 200 microscope equipped with energy dispersive X-ray (EDX) for 
microanalysis. According to EDX analysis all the particles described Al, Si, P and Ca as main 
components.   
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rization of SSA was obtained by X-ray diffraction. The qualitative XRD analyses 
 a Siemens D-500 advanced diffractometer using a CuK source. The tests were 
aggs angle (2h) range of 3–70, at steps of 0.005_ per 4 s. The stable inorganic 
basically by quartz, micas and albite.   
erization of SSA was obtained by the use of an X-Ray fluorescence. The results 
The SSA was mainly composed of silicon, calcium, aluminum and phosphorus as 
und (Cyr et al., 2007; Monzó 1999). SiO2 and Al2O3, the reactive part of 
 represented more than 60% of SSA.  

 Primary composition of SSA (% by weight). LOI of the material is 1.57% 
CaO Al2O3 Fe2O3 P2O5 K2O MgO SO3 TiO2 Na2O ZnO 
15.36 14.70 6.34 6.11 2.80 1.56 1.31 0.740 0.633 0.180 

environmental impact caused by leaching of heavy metals present in SSA, their 
 according to the prEN: 12457-2 standard. The existence of some amount of 
mo and molybdenum (see table 3) implied the No special classification of SSA 
nert material according to Catalogue of environmental impact of Catalonian 
ents (Diari Oficial de la Generalitat de Catalunya, 2009) 

ccording to Catalogue of leaching environmental impact of Catalonian Goverment  
F- SO4

2- As Ba Cd Cr Cu Hg Mo Ni Pb Sb Se Zn 
28.4 9445.5 - 4.886 0.012 2.332 - - 3.606 0.094 0.20 <0,02 <0.05 0.3 
10 1000 0.5 20 0.04 0.5 2 0.01 0.5 0.4 0.5 0.06 0.1 4 
150 20000 2 100 1 10 50 0.2 10 10 10 0.7 0.5 50 

the same required workability in all concretes, a policarboxilate based super 
or concrete production. 

se 
nfluence of the amount and size of sewage sludge ash on fresh and hardened 
 and concretes were carried out. Different percentages of SSA and M-SSA were 
or CEM I 52.5R and the obtained results were compared with those of control 
0% of CEM I 52.5R.  The obtained results were also compared with respect to 
oncrete produced by CEM II A-L 42.5R. This evaluation was carried out in order 
 between hardened properties of mortar made with the new binder material (type 
M I 52.5R cement and SSA and, the properties of mortar made with one 
ment. 

ion and test method 
ortars was made according to UNE-EN 196-1:2005 standards. Two production 
ut: Phase 1, the SSA was used as a substitute for CEM I 52.5R and Phase 2, the 
 substitute of CEM I 52.5R. In both phases 2,5%, 5%, 10%, 15%, 20% and 30% 
h were used for mortar productions. All mortars with the same water-binder 



material ratio were produced and in hardened state the flexural and compressive strength (according to 
EN 196-1) at 7, 28 and 90 days as well as capillary absorption coefficient (UNE 83982) at 28 days 
were determined in all mortars. The table 4 shows the mix proportion of mortar made with SSA (Phase 
1) and M-SSA (Phase 2) on substitution of CEM I 52.5 R.  
 

Table 4. Mortar mix proportion 
Mortar  CEM I 52,5 R 

(gr) 
SSA (gr)- PHASE 1 

M-SSA (gr) – PHASE 2 
Silica Sand 

(normalice) (gr)  Water (gr)  

Control-I* 450 0 1325 225 
(M)SSA-2,5% 438.75 11.25 1325 225 
(M)SSA-5% 427.5 22.5 1325 225 
(M)SSA-10% 405 45 1325 225 
(M)SSA-15% 382.5 67.5 1325 225 
(M)SSA-20% 360 90 1325 225 
(M)SSA-30% 315 135 1325 225 

*Mortar made with CEM II A-L 42.5R (control II) was also produced using the same mix proportion used on Control I mortar 

The initial and final setting time was similar in all mortars a conclusion already obtained by Garcés et 
al. (2008) and Lin et al. (2005). The workability of mortars using sewage sludge ash material was 
similar to the Control mortars except when 20% and 30% of SSA were used. In the case of 20% 
sewage sludge ash workability was reduced and with respect to 30% an adequate compaction was 
difficult to achieve. 

2.2.2 Concrete production and test method 
The Bolomey dosage method (Fernandez Cánovas, 2004) was used in the mixing of all concretes. 
10%, 20% and 30% of SSA were used by substitution of weight of CEM I 52.5R and the mechanical 
properties obtained were compared to those of the control concrete FR1, made with 100% of CEM I 
52.5R. As shown in table 5, the water- binder material of 0.58 was used in all concretes. The 
workability of fresh concretes produced was determined by the slump test, in accordance with UNE- 
EN 12350-2:2009. All specimens were cast in steel moulds and manually compacted. After casting, 
the specimens were covered with a plastic sheet, cured in air for a period of 24 h, and then demolded. 
After demolding, the specimens were cured in a humidity room at 21 ± 1 ºC until the test ages were 
reached. Compressive strength (UNE- EN 12390-3:2009), splitting tensile strength (UNE- EN 12390-
6:2009) and modulus of elasticity (UNE 83316-1996) at 28 d of curing were determined for all 
concretes by 200 mm x 100 mm diameter cylinder specimens. 
 

Table 5. Concrete mix proportions 
Aggregates (kg) 

Coarse aggregates Type Cement  
(kg) Water (kg)  SSA (kg) w/ binder 

material ratio 
Sand  
0/4 mm 

4/12 mm 12/20 mm 

Additives (% with 
respect cement 
weight) 

 
 
Slump (cm) 

FR1* 275 145 - 0.53 983.2 184.2 773 1.46 8.5 
FC10 247.5 145 27.5 0.53 983.2 184.2 773 1.92 8.5 
FC20 220 145 55 0.53 983.2 184.2 773 2.42 12 
FC30 192.5 145 82.5 0.53 983.2 184.2 773 2.87 10 

*Concrete made with CEM II A-L 42.5R (FR2) was also produced using the same mix proportion on production of FR1 concrete 
 
3. Results and discussion 

3.1. Properties of hardened mortar  
Table 6 shows the flexural and compressive strength of all mortars made with SSA, (Phase 1) at 7 
days and 28 d of curing. According to the results obtained, when a higher percentage of SSA material 
was used in substitution of cement, a reduction of the mechanical properties of the mortars occurred. 
The presence of a high amount of SSA in mortar, produced low compressive strength at 7 days of 
curing. However, the increase of compressive strength from 7 days to 28 days was higher in mortar 
made with a higher amount of SSA than in the control mortars, as Cyr et al. (2007) showed. According 
to the results show on the table 6, mortar using 10% of SSA obtained the optimum percentage 
probably due to adequate compaction and consequently reduction of accessible pores. 
Table 6. Flexural and compressive strength of mortar produced with unmilled sewage sludge ash (SSA). Phase1 



7 days 28 days 
Mortar Flexural strength (MPa) Compressive strength (MPa) Flexural strength 

(MPa) 
Compressive strength 

(MPa) 
Control-I 6.84 48.74 8.30 58.45 

SSA-2,5% 6.96 47.41 6.97 52.74 
SSA-5% 6.97 45.59 6.54 47.29 
SSA-10% 6.94 41.75 7.63 50.88 
SSA-15% 6.50 35.85 7.13 45.28 
SSA-20% 6.38 30.34 6.98 45.18 
SSA-30% 6.13 25.22 6.55 34.25 

 
Table7 shows the flexural and compressive strength at 7, 28 days of curing of all mortars made M-
SSA and at 90 d of mortars with 10, 15 and 20% of M-SSA, Phase 2. The flexural strength of all 
mortars were similar or slightly lower than the control-I mortars at 7 days of curing. However after 28 
days the flexural strength of mortar made using M-SSA obtained higher strength than the control 
mortar when the substitution of cement was lower than 20% (see table 7). According to compressive 
strength at 28 days of curing, all mortars made with different percentages of M-SSA achieved lower 
strength than the mortar Control-I. The increase of compressive strength from 7 days to 28 days of 
mortars made with M-SSA was similar to obtained by control mortar. However, from 28 days to 90 
days, the concrete made with 15% and 20% of M-SSA obtained higher increase of compressive 
strength than control mortar. The M-SSA-20% mortar reached 94% of  Control mortar compressive 
strength.  
 
Table 7. Flexural and compressive strength of mortar produced with milled sewage sludge ash (M-SSA). Phase2 

 7 days 28 days 90 days 

Mortar Flexural strength 
(MPa) 

Compressive 
strength (MPa) 

Flexural strength 
(MPa) 

Compressive 
strength (MPa) 

Flexural strength 
(MPa) 

Compressive 
strength (MPa) 

Control- I 6.84 48.74 8.30 58.45 9.95 64.81 
M-SSA-2.5% 6.89 48.14 9.81 51.97 - - 
M-SSA-5% 6.97 47.73 10.43 56.19 . - 
M-SSA-10% 6.94 47.11 9.40 53.38 9.84 57.80 
M-SSA-15% 6.50 43.38 9.39 51.82 8.55 59.33 
M-SSA-20% 6.78 43.62 7.39 53.54 7.84 61.03 
M-SSA-30% 6.49 33.23 7.52 46.88 - - 

 
All mortars made with M-SSA obtained a higher compressive strength than mortars made with SSA 
after 28 days of curing. The higher the specific surface in the sewage sludge ash the highest its 
reactive.  Figure 2 shows that the mortars made with M-SSA suffered lower reduction than 10% of 
compressive strength with respect to Control-I mortar after 28 days of curing, according to Donatello 
et al. (2010) and Shih-Cheng Tan et al. (2003) milling improved the pozzolanic activity of SSA.   
The capillary absorption capacity of mortars made using 10%, 15% and 20% of SSA were higher than 
the Control-I mortar after 7 days (it can be seen that after 2 days all the mortar reached to a steady 
state, figure 3).  The capillary absorption coefficient of Control-I, M-SSA10%, M-SSA15% and M-
SSA20% mortar were determined, after two hours of testing, as 0.0371 mm/min^0.5, 0.0514 
mm/min^0.5, 0.0436 mm/min^0.5, 0.0561 mm/min^0.5, respectively. 
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Figure 2. The compressive strength ratio of mortars 

with respect to control mortar 
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Figure 3. Capillary absorption capacity of mortars 

 



The control-II mortar was also produced and flexural and compressive strength of 7.93 MPa and 48.87 
MPa, respectively, at 28 days of curing were compared with respect to those of mortar made with SSA 
material. All mortars made with SSA in Phase 1, obtained lower compressive strength than mortar 
Control-II. However all mortars, except SSA-30%, obtained at 28 d of curing the compressive strength 
of 42.5 MPa which is the minimum strength required to validate the Portland cement type II with 42.5 
MPa of strength. When the M-SSA was used for mortar production (Phase 2), the compressive 
strength at 28 days was higher strength than the mortar Control-II. The capillary absorption capacity of 
control II mortar was much higher than any other concrete, it reached to 0.089 mm/min^0.5. The 
mortar made with 10% to 20% of sewage sludge ash obtained 65% lower than the standard mortar 
made with CEM II A-L 42.5. Consequently the mortar made with M-SSA could be considered a more 
durable material than mortar Control-II when those concretes had similar mechanical properties. 
 
3.2 Properties of concrete 

3.2.1 Fresh property of concretes 
Table 5 shows the results of the slump test for all concretes. The concrete made with 10% of SSA 
material higher amount of superplasticizer was necessary in order to obtain same slump as 
conventional concrete. The concretes made with 20% and 30% of SSA needed a higher amount of 
additive than used on mortar made with 10% SSA in order to obtain adequate workability.  

3.2.2. Hardened concrete properties 
Table 9 shows the compressive strength of concretes at 7 and 28 days of curing. Compressive strength 
enhancement was observed in all mixes from 7 to 28 days with a higher rate of gain presented by 
FC30 of 52%. 

Table 9. Mechanical properties of concretes 
Concrete Compressive strength 

(MPa), 7 days 
Compressive strength 

(MPa) 28 days  
Splitting tensile strength 

(Mpa), 28 days  
Modulus of elasticity 

(MPa) 28 days 
FR1 31,57 44,04 3,32 36.216 
FC10 30,32 41,12 3.61 34.469 
FC20 31,74 39,16 2.91 36.577 
FC30 27,05 41,37 3.54 35.748 

 
After 7 days of curing, FC10 and FC20 concretes obtained similar strength to FR1 concrete and the 
FC30 obtained slightly lower. After 28 days of curing, the FC10, FC20 and FC30 achieved 6.6%, 
11.1% and 6.1% lower compressive strength than the FR1, respectively.  According to splitting tensile 
strength, the concretes made using SSA material achieved slightly higher values than FR1. The 
modulus of elasticity values of all concretes was also very similar. These results were expected 
because all concretes were produced with the same amount and quality of aggregates.  
The compressive strength, splitting tensile strength and modulus elasticity at 28 days of curing of 
conventional concrete made with CEM II A-L 42.5R (FR2) were 34.52 MPa, 3.07MPa y 36193 MPa, 
respectively and FC10, FC20 and FC30 obtained 19.1%, 13.4% and 19.8% higher compressive 
strength than the FR2. Probably due to the slight reactivity capacity of the SSA material or its water 
absorption capacity (Garcés et al., 2008; Cyr et al., 2007). The concretes made with M-SSA achieved 
adequate mechanical properties. 

4. Conclusions 
According to the experimental programme performed in this study some conclusions are exposed: 
- The use of SSA in mortar production as a substitute of CEM I 52.5R suffered a reduction of 

compressive strength with respect to standard mortar made with CEM I 52.5R. However the 
mortars made with a maximum of 20% of SSA, obtained a minimum strength of 42.5 MPa in 
order to consider it as an acceptable binder material for type II cement classification. 

- The mortars made with 10% to 20% of milled SSA on substitution of CEM I 52.5R obtained 10% 
lower compressive strength and higher splitting tensile strength to that of control mortar. A finer 
SSA is necessary in order to improve its pozzolanic effect. 

- The capillary absorption coefficient of mortar made with 10% to 20% of SSA was 20-40% higher 
than the control mortar made with CEM I 52.5R. However it was 65% lower than control mortar 



made with CEM II A-L 42.5 The mortar made with 20% of SSA material achieved higher 
durability properties than mortar made with another type II cement when both obtained similar 
mechanical properties.  

- Concrete made using SSA as a substitute for 30% of Portland cement needs more water to obtain 
the same workability as conventional concrete or instead of adding more water the use of a 
superplasticizer.  

- Compressive strength of concretes made using SSA as substitute for 10-30% of CEM I 52.5R 
were 6-10% lower than conventional concrete made with 100% of CEM I 52.5R and 15-20% 
higher than conventional concrete made with CEM II A-L 42.5. The splitting tensile strength and 
modulus of elasticity of concrete made with SSA is similar to Conventional Concrete. 
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Abstract 
Carbonation and chloride attacks are the major causes of reinforced concrete (RC) structure deterioration by 
initiation of steel rebar corrosion. These attacks are usually studied separately in the literature. Chloride-
induced corrosion takes place mainly in marine environment or in the case of contact with deicing salts, while 
carbonation is systematically present in all RC structures at a variable degree. Since carbonation leads to 
significant microstructure changes, the effect of chloride ingress will be different in carbonated and non-
carbonated materials. 
In this paper, combined effects of carbonation and chloride ingress on various physical or chemical properties 
of cementitious materials (OPC alone or with SCM) are studied. For example, carbonation effects have been 
investigated experimentally on the chloride binding isotherm and on apparent chloride diffusion coefficients. 
The materials were carbonated after exposure in natural environment or in accelerated conditions (1.5% CO2). 
Chloride binding isotherms were assessed by the equilibrium method after exposure to alkaline NaCl solutions. 
Apparent chloride diffusion coefficients were assessed from migration tests under an electrical field in non-
steady-state conditions. The microstructure was characterized not only by usual techniques such as XRD and 
TGA-DTA, but also by 29Si and 27Al NMR spectroscopy for a more precise understanding. 
 
ORIGINALITY 
Chloride migration tests have been carried out on both carbonated (natural and accelerated by 1.5% CO2) and 
non-carbonated materials in order to investigate carbonation effect on chloride ingress. Chloride binding was 
quantified both on hardened cement pastes and concretes by the equilibrium method after exposure to alkaline 
NaCl solutions. 
This study is based on pastes on which the microstructure has been characterized using 29Si and 27Al NMR 
spectroscopy or XRD. Pastes and concretes were designed with different types and amounts of mineral 
admixtures such as slag, fly ash or metakaolin. 
 

CHIEF CONTRIBUTIONS 
The results show that chloride ingress behaves dissimilarly in carbonated materials compared to non-
carbonated ones. Chloride binding in cementitious materials was quantified by the equilibrium method. This 
method differentiates the pastes or the concretes as a function of mineral admixtures, of the curing time and of 
the carbonation of the material. For example, the carbonated CEM III/A paste binds less chloride than the non-
carbonated one. 
Moreover, some differences according to the nature and the rate of mineral additions are presented. The 
microstructure characterized by XRD, TGA-DTA and NMR provides additional information on the differences of 
chloride binding between carbonated materials and non-carbonated ones. The modifications of the equilibrium 
of aluminate phases were shown on the carbonated materials by NMR. In this study, the equilibrium of CEM 
III/A, CEM III/C and CEM I 30%V changed more than the OPC ones. 
Keywords: Chloride, Carbonation, Binding, NMR, Supplementary cementing material. 
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1 Introduction 
 
Corrosion of reinforcement is one of the main causes of reinforced concrete degradation. This 
corrosion is due to carbonation or chloride ingress. If the corrosion of reinforcement due to chloride 
ions occurs more often in marine environments or in the presence of deicing salts, carbonation occurs 
systematically in a more or less high degree. Numerous studies describe these two phenomena 
separately (Castellotte et al., 2009; Thiery, 2005; Nguyen, 2007) but a few studies state a possible 
coupling (Balonis et al., 2010).  
Without CO2, the hydrated Portland cement consists of hydrated phases in equilibrium with a pore 
solution which pH is around 13.5. In marine environments or in the presence of deicing salts, chloride 
ions can progress through this pore solution up to steel rebars. This progress is delayed by interactions 
between chlorides and the cementitious matrix (portlandite and aluminate phases). Chemical 
interactions lead to the formation of Friedel’s salt (Ramachandran et al., 1971; Suryavanshi et al., 
2005). Furthermore, a given amount of chlorides, which depends on the pH of the pore solution, binds 
onto the C-S-H surface. These binding mechanisms are changed by carbonation. Indeed, under natural 
conditions of temperature and pressure, the atmospheric CO2 is dissolved into the pore solution to 
form H2CO3 which, by dissociation, decreases the pH of the pore solution (Cowie, 1992). Portlandite 
plays the role of buffer and maintains the pH of the pore solution to releasing adequately OH- ions. 
CO3

2- also reacts with calcium ions to form calcium carbonate that fills the porosity and thus limits the 
ingress of aggressive species such as chlorides. When the portlandite is completely dissolved, the pH 
of the pore solution becomes lower than 9 and the electrostatic binding between Cl- and C-S-H can be 
modified. These phenomena of dissolution of the solid phases by carbonation can affect the 
portlandite, the C-S-H and the aluminate phases (Sauman and Lach, 1972) and thus decrease the 
amount of bound chlorides. Furthermore, the CO3

2- ions present in the pore solution can react with the 
AFm phases to form a monocarboaluminate (Mc), competing with the binding of chlorides (Balonis et 
al., 2010).  
These modifications of interactions are particularly important when the cementitious materials contain 
mineral additions. For example, blended cements (slag cements for example) form less portlandite 
than OPC.  
The purpose of this study is to better understand the coupling phenomenon between carbonation and 
ingress of chloride ions. An experimental campaign has been carried out on various cementitious 
materials, carbonated or not, with or without mineral additions.  
 
 
2 Studied materials 
 
Various concretes were designed with the same clinker and granular squeleton using siliceous 
aggregates. The main constituents of the clinker are given in table 1. The cement content is 300kg/m3 
and the water to cement ratio (w/c) is equal to 0.53. Studied binders are CEM I (OPC, 97% of clinker), 
CEM III/A (62% of slag), CEM III/C (82% of slag), CEM I 30%V (CEM I 70% + siliceous fly ash 
30%), CEM I 10%MK (CEM I 90% + metakaolin 10%) and CEM I 25%MK (CEM I 75% + 
metakaolin 25%). Cement pastes were made with w/c=0.5. 
 
Table 1: composition of CEM I clinker (% by unit mass of cement in left and % by unit mass of clinker in right) 

SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O SO3 C3S C2S C3A C4AF 
19.54 4.98 0.30 2.90 62.83 0.84 0.30 0.82 2.97 51.23 28.32 9.91 8.81 
 
 
3. Carbonation and chloride ion ingress 
 
3.1. Carbonation depth 
 
A part of the specimens was exposed to natural environment (measured at average 0.05% CO2) during 
6 months after 7-day water curing. The progress of the carbonation process within the materials was 



tested by phenolphthalein spraying after and before carbonation (reference). This test indicates a 
change in the pH of the pore solution (color-shift around pH 9). These results are presented in figure 1 
in black. The results showed no carbonation for the reference specimens. 
The accelerated carbonation test is often used as an alternative technique to the natural carbonation 
which is much longer. It consists in, after drying, leaving samples in an environment enriched in CO2 
at an optimal relative humidity (40-65%) (Thiery, 2005). Different rates of CO2 can be found in the 
literature. According to Castellote et al., 2009, a too high rate can modify the microstructure more than 
a natural carbonation rate would. Consequently, the following protocol has been chosen: after a 7-day 
water curing, 15 days of drying at 60°C followed by 60 days of accelerated carbonation in chamber 
(1,5% CO2 and 65% RH). The results are shown in figure 1 in grey. These results show that resistance 
to carbonation decreases with the amount of mineral addition. There is a factor 2 between the two 
processes This result was explained in previous studies (see e.g. Pollet et al., 2007) by the fact that a 
concrete designed with OPC (CEM I) contains a higher quantity of portlandite than a concrete 
designed with SCM.  The mixture ranking is similar after natural and accelerated carbonation. 
 

  
Figure 1: Carbonation depth (Xc) measured on 
concrete after 7-day water curing and 6 
months of natural carbonation (in black) or 7-
day water curing, 15 day drying at 60°C and 
60 days of accelerated carbonation in chamber 
(1,5% CO2 and 65% RH) (in grey). The 
repeatability (r) of the carbonation 
measurements (95 % confidence level) is r = 
2.0mm with a repeatability standard deviation 
of 1.0mm (CEN/TS, 2008). 

Figure 2: Evolution of Dapp Cl according to age. The results at 
82 days correspond to concretes which had a 7-days water 
curing, 15 days of drying at 60°C and 60 days of accelerated 
carbonation in chamber (1,5% CO2 and 65% RH). The 
coefficient of variation of repeatability is 9%. The coefficient 
of variation of reproducibility is 13% (NT BUILD 492, 1999).  
 

 
 
3.2. Apparent chloride diffusion coefficient 
 
NT BUILD 492 (1999) Nordic standard protocol has been used. It consists in forcing the ingress of 
chloride ions by an electric field. The depth of penetration is measured by spraying silver nitrate which 
gives access to the apparent coefficient of diffusion of the chloride ions (Dapp Cl).  
Dapp Cl coefficients measured on the various concretes are presented in figure 2. For each concrete, 
these coefficients were measured after 4 water curing times (7 days, 91 days, 6 months and 12 
months). After 6-month water curing, Dapp Cl is steady except for CEM I 30% V. The hydration process 
is slower in CEM I 30%V than in the other concretes. This could explain a slower evolution of Dapp Cl. 



Tests were also performed on carbonated concretes (see 3.1). The value of Dapp Cl for the carbonated 
concretes is close to the measurement after a 91-days water curing.  
Previous studies (Ngala, 1997) have shown that carbonation leads to a filling of porosity and, 
consequently, the diffusion of ions (chloride) becomes more difficult. Additionally, the drying step is 
known to stop the processes of hydration, especially at early age, which increases the porosity and 
favors the diffusion of ions. Within the framework of this study, it seems that these two opposite 
effects are counterbalanced. The effect of the drying step on the diffusion is dominant for concretes 
with high SCM content. The total hydration of these concretes requires much more time than for OPC. 
Consequently, after 7-day water curing, the hydration of the concretes with SCM is less complete than 
the hydration of OPC.  
 
 
3.3. Chloride binding isotherms obtained by the equilibrium method 
 
The equilibrium method (Arliguie et al., 2007) consists in putting crushed specimen of cementitious 
materials (reference or carbonated in chamber during 3 days at 1.5% CO2 and 65% RH) in contact 
with NaCl solution after water curing and 3 days of drying at 60°C. The diameter of the crushed 
specimen is lower than 2.5mm. Four water curing times (7 days, 3 months, 6 months and 1 year) and 
six contact solutions (0, 0.05, 0.25, 0.5, 1, 1.5M NaCl + 0.1M NaOH) are tested. The remaining 
amount of chlorides in the solutions is measured after two months of contact. This protocol allows to 
obtain the chloride binding isotherms. These isotherms represent the equilibrium between chlorides 
bound to the cementitious matrix and free chlorides in the pore solution. Results are presented in 
figure 3. 
It can be observed that carbonated materials bind fewer chloride ions than reference ones (figure 3.b 
and 3.c) except for the OPC which presents no difference (figure 3.a). The difference between 
reference and carbonated samples depends on the amount and nature of SCM. 
 

 
  a        b            c 
Figure 3 : Chloride binding isotherms obtained by the equilibrium method on pastes (top) and concretes (bottom) 
for reference (solid line) and carbonated materials (3 days 1.5% CO2 and 65% RH) (dash line) after 91-day water 
curing. 
 
 
4. Microstructural characterization 
 
4.1. TGA/DTA 
 
TG/DT analyses were performed with a simultaneous thermal analyzer NETZSCH STA 409E by 
heating from 25°C to 1150°C with 25°C/min. This technique can be used to quantify the portlandite, 
C-S-H and calcium carbonate amounts of samples. It was applied to 91-day water cured pastes before 
and after 3 days in carbonation chamber (1.5 % CO2 and 65% RH). 



For crushed specimen of OPC, the amounts of portlandite and C-S-H in carbonated samples decrease 
whereas the amount of calcium carbonate increases compared to reference samples. Nevertheless, this 
decrease is limited; the carbonation process is thus partial. For CEM III/A pastes crushed specimen, 
the amount of portlandite remains the same (figure 4), the carbonation process is also partial. The 
amount of C-S-H in carbonated samples decreases whereas the amount of calcium carbonate increases 
compared to the reference samples (figure 4).  
 
4.2. XRD 
 
X-ray diffraction (performed on a PHILIPS PW3830 diffractometer) allows to identify the phases (e.g. 
portlandite, calcium carbonate, Friedel’s salt and monocarboaluminate) and to estimate their 
proportions.  
After 91-day water curing, diffractograms have been obtained on crushed pastes, carbonated in 
chamber (3 days 1.5% CO2 and 65% RH) or not. No difference can be observed for the OPC sample 
between reference and carbonated sample according to the TG/DT analyses and chloride binding 
isotherm. The carbonation process for OPC sample is limited. No difference can also be observed for 
the CEM III/A sample opposing to the TG/DT analyses.   
When these samples are put in contact with solutions as described in paragraph 3.3, XRD shows that 
the proportion of chloroaluminates (Friedel’s salt) increases with NaCl concentration whatever the 
sample is as expected (Balonis et al., 2010; Brown, 2004). However, the evolution between 
carbonated and reference samples is different. Less Friedel’s salt (FS) seems to be formed for the 
carbonated samples. Likewise, the proportion of monocarboaluminates (Mc) in the carbonated 
samples decreases when NaCl concentration increases (figure 5). Thus, chloride and carbonate ions 
compete to react with aluminate phases and the formation of monocarboaluminates can be reverse by 
increasing NaCl concentration. These results on paste are similar to the Balonis et Al (2010) ones 
obtained on solid solution between Friedel’s salt and monocarboaluminates. 
 

  
Figure 4: DTG of CEM III/A paste crushes for 
reference (solid line) and carbonated (dash line) in 
chamber at 1.5% CO2 and 65% RH after 91-day water 
curing.   

Figure 5:  Partial XRD patterns of CEM I paste crushes 
for reference (in left) and carbonated (dash line) in 
chamber at 1.5% CO2 and 65% RH after 91-day water 
curing. Friedel’salt (FS), monocarboaluminates (Mc), 
etringite (E) and portlandite (P). 

 
 
4.3. NMR 
 
NMR spectra have been obtained on Bruker ASX 500MHz (11.7T magnetic field). NMR gives access, 
at a local scale, to the immediate environment of a nucleus. 27Al and 29Si nuclei have been observed by 
MAS (Magical Angle Spining) technique (Engelhardt et al., 1997). From quantitative 29Si NMR 
spectra, the mean length of tetrahedral C-S-H chains can be determined as well as the mean percentage 
of hydration phases.  
In this study, characterizations were made on crushed specimen of the cement pastes (CEM I, CEM 
III/A and CEM I 30%V) carbonated (3 days 1.5% CO2 and 65% RH) or not. For OPC samples, no 
difference is observed (figure 5.a) according to the TGA results. For CEM III/A and CEM I 30%V 



samples, the mean length of chains seems to increase under the influence of carbonation (figure 6.a). 
Decalcification and polymerization of C-S-H can be an explanation (Castellote et al., 2009) in 
accordance with TGA results. The hydration rate of CEM III/A carbonated sample is smaller than 
reference. The hydration rate is constant for CEM I and CEM I 30%V pastes carbonated or not (figure 
6.b). 
Geometrical configurations of aluminum can be observed by 27Al NMR (Andersen et al., 2006). 
Aluminums in tetrahedral configuration are generally attributed to aluminum substituted for silicon in 
C-S-H chains and residual anhydrous cement. Aluminum in octahedral configuration is divided into 
three components: AFt, AFm and a constituent which is, according to Andersen et al. (2005), an 
amorphous/disordered aluminium hydroxide or a calcium aluminate hydrate (TAH) not observed by 
XRD. Finally, aluminum in pentahedral configuration represents aluminum substituted for calcium in 
the C-S-H interlayers or present in non hydrated phases generally in small amounts. The representative 
peak of Friedel’s salt is often indiscernible from the other AFm phases (Jones et al., 2003). Within the 
framework of this study, it was isolated only in the OPC paste sample. For other samples, it was 
included with the other AFm phases or not present.  
 

  
a b 

Figure 6: 29Si NMR mean length of C-S-H chains (a) and percentage of hydration (b) for crushed paste for 
reference (black) and carbonated (grey) in chamber at 1.5% CO2 and 65% RH after 91-days water curing.   
 
 
For OPC and CEM I 10%MK pastes, no difference have been observed between carbonated and 
reference crushes according to the XRD results. On the other hand, carbonated samples with a high 
SCM rate show tetrahedral population. This last increases compared to reference samples.  
When these samples are put in contact with solutions as described in paragraph 3.3, 27Al NMR shows 
that AFm + Friedel’s salts phases increase with NaCl concentration. This is in accordance with the 
chloride binding isotherm (lower variation for CEM III/A paste). Both NMR and XRD techniques 
show that the proportion of Friedel’s salt (for OPC) or phases AFm + Friedel’s salt (for the other 
pastes) is lower for the carbonated samples than for the reference ones.  
The AFm + Friedel’s salt phases increase whereas AFt phases for CEM I and CEM I 10%MK and 
tetraedrical species for the other pastes decrease. The differences in the evolution of Al population for 
CEM I 30%V is presented in figure 7. In this example, the proportions of AFm + Friedel’s salt phase 
in the carbonated sample (28-32%) are lower than in the reference sample (32-48%).  
 

 
Figure 7: 27Al NMR evolution of Al populations in CEM I + 30%V paste. Reference is shown on the left and 
carbonated in chamber at 1.5% CO2 and 65% RH after 91-day water curing on the right.  
 
 
 
 



5. Conclusion 
 
The effect of carbonation on chloride ion diffusion was investigated by various techniques. Few 
differences were observed by chloride migration tests on carbonated concretes. The equilibrium 
method allowed to quantify differences in bound chlorides as a function of the nature and of the rate of 
SCM and of the carbonation of the material. It has been shown that a partial carbonation has a 
significant influence on the microstructure. It decreases the amount of portlandite or C-S-H by 
formation of calcium carbonate. The effect of carbonation also decreases the quantity of chlorides 
which can be bound by the cementitious matrix. In particular, NMR allowed to observe evolution in 
the equilibrium of the aluminate phases and the modifications of the C-S-H network for the carbonated 
samples.  A part of AFm phases is modified by carbonation. In the presence of chlorides, less Friedel’s 
salt is formed by these modified phases. Furthermore, the C-S-H of the carbonated sample bind a 
lower amount of chlorides. This can contribute to explain the chloride binding isotherms observed in 
this case. This phenomenon is all the more important as the rate of SCM in the material is raised. It 
seems also to depend on the nature of SCM.  
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Abstract 

Ternary binder systems contain calcium aluminate cement (CAC), ordinary portland cement (OPC), and a sulphate 

compound (Anhydrite (AH) or Hemihydrate(HH)) as hydraulic components. Such binders are used e.g. in grout or self-

levelling underlayment. 

The investigated mixtures contained varied amounts of CAC, OPC and AH/HH. The general outline was approximately 

1/3 binder, 1/3 quartz sand, 1/3 lime stone powder. To adjust setting and flow Lithium Carbonate and Melflux 2651 F 

were used. 

In-Situ-XRD has been used fort the investigations: A mortar paste was mixed, filled into a sample holder and then 

covered with a Kapton foil. Such a sample was repeatedly measured for 24 hours. The measurement time for a single 

measurement was about 5 minutes. 

According to the phase composition after 24 hours the binder system can be divided into 2 main groups (CAC-rich, 

OPC-rich). Additionally, Mortars with CAC as the only hydraulic compound can be distinguished from the CAC-rich 

mortars. This is not possible forthe pure OPC mortar. 

In CAC-mortars only AFm-phases (mono- and hemicarbonate) were found. In CAC-rich mortars AFm- and AFt were 

found. And in OPC-rich mortars Portlandite and AFt were formed. 

As expected the admixtures did change the dynamics of phase development. In some cases the admixtures did also 

change the phase composition. 

Phase development in CAC mortars is a sequence of temporarily formed C2AH8 followed by hemicarbonate and finally 

monocarbonate. When Melflux is used, an additional AFm phase is formed synchronously to hemicarbonate. When the 

system is accelerated with Lithium Carbonate the formation of C2AH8 is suppressed. 

In CAC-rich mortars with HH the sequence of phases is at first Ettringite followed by temporarily formed Gypsum and 

finally hemicarbonate. Lithium Carbonate accelerates the formation of hemicarbonate. If AH is used instead of HH 

only Ettringite is formed. 

In OPC-rich mortars the phase formation sequence is Ettringite followed occasionally by Portlandite. Melflux retards 

the formation of Portlandite. With accelerator and retarder AFm is found instead of Portlandite.  

 

Originality 

Focus of the actual study is on complex binder systems (real products). Comparable studies known to the authors deal 

with less complex model systems. There are especially no other studies known where additives are varied systematically 

and the mortars are studied with In-Situ-XRD.  

 

Chief contributions 

In the actual study basic scientific methods are applied on complex binder systems (real products). The scientific 

contribution is the combination of basic science and commercial applications.  
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∗

 Corresponding author: Email torsten.westphal@ikgb.tu-freiberg.de Tel +493731393132, Fax +493731393132 

 



Introduction 
 

Ternary Binder Systems are composed of ordinary portland cement (OPC), calcium aluminate cement 

(CAC), and a calcium sulphate compound (CSC). CSC might be anhydrite (AH, CaSO4), 

hemihydrate (HH, CaSO4x½H2O), or dihydrate (= gypsum, DH, CaSO4x2H2O). Ternary Binder 

Systems are the base for products like grouting mortar or self-levelling underlayment. Such products 

are complexly composed from binders, fillers, super plasticisers, retarders, accelerators, redispersible 

powders. According to Amathieu and Estienne (2003) such systems provide the possibility to realise a 

wide range of usage property combinations.  

Basics about kinetics of aluminate hydrate phase formations were studied by Kuzel and his successors 

(e.g. Kuzel and Pöllmann 1991). Dynamics of phase formation in a ternary binder system with respect 

to heat development and dilatation has been exemplarily shown by Evju and Hansen (2001). A series 

of in-depth studies of ternary binder product properties has been made at EPFL (Lamberet 2005, 

Kighelman 2007). Technological properties of mortars based on ternary binder systems have been 

studied by Onishi and Bier 2010.  

The present study focuses on early age phase formation as a function of basic binder composition and 

admixtures.  
 

 

Experimental 
 

The actual paper is a compilation of results from several studies of self-levelling underlayment and 

grouting mortar. The sets of experiments varied in the studies. Flow, setting, compressive and tensile 

strength, porosity, heat flow, shrinkage, and phase development were parts of the measurement 

program. However, only linear shrinkage and phase development were examined in every case.  
 

 

1. Mortar formulations 
 

The basic mix design is according to Emoto and Bier (2007). Their CAC-rich formulation has been 

taken to characterise the influence kind of CSC on phase development. Originally, AH was used in 

OPC-rich formulations and α-HH in CAC-rich formulations. In the actual studie AH, α-HH, β-HH, 

and DH were tested. The composition of the reference mortar is given in table 1. 

 

 

Table 1: Formulation of the reference mortar, admixtures include cellulose, citric acid, Li2CO3, and 

Melflux 2651F (super plasticiser). 

OPC [%] 4 

CAC [%] 20 

CSC [%] 7 

Quartz sand [%] 38 

Limestone powder [%] 28 

Redispersible powder [%] 2 

Admixtures [%] 0,5 

water:solid 0,24 

 

 

The system of modified mixes from Dlugosch (2010) was used to investigate the influence of super 

plasticiser. Its dosage was adjusted to achieve a slump value of 30 cm according to DIN EN 196-1 

(but without strokes). The composition of mixtures 3 and 5 are close to the OPC-rich and CAC-rich 

formulations of Bier & Emoto (2007). Li2CO3 was added as accelerator to mixtures 3, and 5 to 



achieve a setting time of 10±1 min. Furthermore, setting time was then changed to 15 min by using 

tartric acid.  The mixture system is documented in table 2. 

 

 

Table 2: Formulation of the modified mixes. As water:solid was chosen 0.24 without and 0.19 with 

super plasticiser. 

Mixture 1 2 3 4 5 6 7 

OPC [%] 35 28 17,5 10,9 4,6 0 0 

CAC [%] 0 4,6 10,9 17,2 22,6 24,5 35 

CSC [%] 0 2,5 6,7 7 7,9 10,5 0 

CSC type - AH AH α-HH α-HH α-HH - 

Quartz sand [%] 38 38 38 38 38 38 38 

Limestone powder [%] 27 27 27 27 27 27 27 

Melflux 2651F [%] 0,2 0,35 1 0,25 0,23 0,11 0,1 

 

  

2. Phase development 
 

Phase development was analysed by In-situ X-ray diffraction. Analyses were performed using a 

PANalytical MPD PW 3040/60 with a PIXcel detector. Samples were mixed with water according to 

the formulation,  filled in a mould sample holder and covered with Kapton foil. The total preparation 

time was allways ~1 minute in order to have allways the same starting time. 

The conditions of data collection were: angular range 5...50 °2θ, step width 0.013°, detector in 

scanning mode with effective step time of 29 s, tube power 40 kV / 40 mA, copper radiation. A 

measurement was performed approximately every 5 minutes.To observe the course of hydration, the 

uncorrected peak intensities were monitored. For comparison, intensities (I) of each series have been 

normalised according to equation (1). 

imumimum

imumactual

normalised
II

II
I

minmax

min

−

−
=        (1) 

For data evaluation X’Pert HighScore Plus (PANalytical B.V.), the ICDD PDF-2 2008 database and 

Origin Pro 8G (Origin Lab Corporation) were used.  

 
 

Results 
 

1. Phase identification 
 

In general, AFm, AFt, bayerite, gypsum, and portlandite have been identified as hydration products. 

AFm include C2AH8 (PDF 45-0564), C4AĈ½H12 (hemicarbonate, “AFm (HC)”, PDF 36-0129), 

C4AĈH11 (monocarbonate, “AFm (MC)”, PDF 41-0219), C4AŜH11 (monosulphate, “AFm (MS)”, 

PDF 41-0219). Additionally, an AFm phase with an unclear identification was found. The ICDD 

database suggests as best fitting pattern PDF 43-0475 (C4ACr½Ŝ½H16). Sufficient amounts of 

Chromium to form this phase are not present in the material. Therefore the unknown AFm phase is 

assumed to be C4A(Ĉ,Ŝ)H16 (“AFm (16)”). This interpretation is supported by B. Raab and H. 

Pöllmann (private communication). 

 

 

2. Phase formation in reference mortar 
 

In the reference mortars AFt, AFm (HC and MC), and bayerite were identified as hydration products. 

Table 3 give the sequences of phase formation in the reference mortars. 



Table 3: Sequence of phase formation in the reference mortar with different CSC types. RAH, RaHH, 

RbHH, and RDH symbolise reference mortar with AH, α-HH, β-HH, and DH respectively. Given is 

the onset of phase formation in minutes after mixing (“-“… not found). 

Reference Mortar RAH RaHH RbHH RDH 

AFm (MS) 45 - 255 - 

AFm (MC) - 240 345 480 

AFt 45 15 90 135 

Bayerite 45 - - - 

 

The phase formation sequence was individual for each reference mortar. With respect to the ettringite 

formation, RAH and RaHH as well as RbHH and RDH show comparable behaviour (Fig. 1). For 

AFm the picture is not so stringent ecause the different AFm were not found in each mixture. 

However, the trend is similar. Mixes with HD and βHH show comparable behaviour which is 

different to those with AH and α-HH.   

 

Figure 1: Phase formation formation in the reference mortars (left … AFt, upper right HC, 

lower right MS). 

 

 

3. Phase formation in modified mixes 
 

In the modified mixes AFt, AFm (C2AH8, HC, MC, 16), gypsum and portlandite were identified as 

hydration products. C2AH8 and gypsum are temporary formed products. Table 3 give the sequences of 

phase formation in the reference mortars. 

According to the hydration products, the samples can be arranged in three groups. A first group 

contains mixes 1 and 2. Its hydration products are AFt and portlandite with portlandite as predominant 

product. A second group (mixes 3-6) forms AFt and AFm. Mix 7 forms a separate “group” with a 

complex sequence of AFm as hydration products. 

Only in both, mix 1 and mix 6 without admixtures AFT was not formed immediately. Using super 

plasticiser, AFt formation started then also immediately. The super plasticiser accelerated the onset of 

portlandite formation. The onset of gypsum formation is retarded or the formation is even suppressed. 

The effect of super plasticiser on AFm phases is not that uniform. Onset of C2AH8 formation seems to 
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be generally retarded. Onset of HC formation is retarded in mix 4 and accelerated in mix 7. Onset of 

MC formation is retarded in mix 7. The AFm “16” is only found in admixture containing mixes. 

 

Table 3: Phase formation sequences in modified mixes. Given is the onset of phase formation in 

minutes after mixing (SP … super plasticiser, AC … accelerator, RT … retarder; “-“… not found).  

AFm 
mix admixture 

C2AH8 HC MC 16 
AFt Portlandite Gypsum 

none - - - - 45 120 - 
1 

SP - - - - 0 65 - 

none - - - - 0 45 - 
2 

SP - - - - 0 0 - 

none - - - - 0 - - 

SP - - - - 0 - - 

SP+AC - - - - 0 35 - 
3 

SP+AC+RT - - - 300 0 - - 

none 90 645 - - 0 - 10 
4 

SP 475 880 - - 0 - - 

none - - - - 0 - 15 

SP - - - - 0 - 25 

SP+AC - 330 - - 0 - 45 
5 

SP+AC+RT - 155 - - 0 - 30 

none - - - - 15 - 20 
6 

SP - - - - 0 - 70 

none 140 440 605 - - - - 
7 

SP 185 330 835 490 - - - 

 

 

 

 

4. Influence of admixtures on phase formation in modified mixes 

 

Although excluding mix 7, AFt seems to be suited to compare the course of hydration. To visualise 

the influence of admixtures on the phase formation, the normalised peak intensities of the mixes 

without admixtures have been plotted against those of the mixtures with admixtures. 

The mixes 3 and 5 reacted significantly different on super plasticiser compared to the other mixes (Fig 

2 A). Adding super plasticiser gives a common trend in AFt formation for mixes 1, 2 and 6 (Fig. 2 B). 

The values for mixes 2 and 6 tend to plot above the diagonal. The values of mix 1 plot around the 

diagonal. Considering the late onset of AFt formation for mix 1, in all three mixes AFt formation 

seems to be accelerated.  In mix 4 AFt formation is very rapid and no change was observed. In mix 4 

the values plot around the diagonal, and most values plot close to the maximum. AFt formation is 

very rapid and seems not influenced by the super plasticiser (Fig. 2 C). The values of mixes 3 and 5 

show a strong deviation and plot below the diagonal. In these two mixes, AFt formation was strongly 

decelerated (Fig. 2 D). 

Adding Li2CO3 (AC) and tartric acid (RT) generally accelerated the AFT formation. In mix 3, adding 

AC resulted in an initial acceleration period followed by a deceleration period. This means a partial 

compensation of the super plasticiser effect on AFt formation. By adding RT the effect of super 

plasticiser on AFt formation in slightly overcompensated (Fig. 3 A). In mix 5, adding AC trends to 

compensate the effect of the super plasticiser. Adding RT resulted in a strong acceleration of AFt 

formation (Fig 3 B). 



Figure 2: Correlation plots for AFt peak heights. A: All mixes; B: Mixes 1, 2, and 6; C: Mix 4;  

D: Mixes 3 and 5. 

 

Figure 3: Influence of admixtures on AFT formation in mixes 3 (A) and 5 (B). 
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Conclusions 
 

1. Reference mortars with DH and β-HH showed similar phase formations. Same is true for the AH 

and α-HH mortars. Reference mortars with AH and α-HH showed an earlier and more rapid 

phase formation than reference mortars with β-HH and DH. This means, types of CSC influence 

phase formation dynamics. 

2. Phase development of the mixed binder samples (mixes 2 to 6) is different compared to the pure 

binder samples (mixes 1 and 7). The difference of phase development between pure OPC mortar 

(mix 1) and OPC-dominated mortar (mix 2) appears to be less prominent compared to mixes 6 

and 7. In mixes 1 and 2 same phases are formed at different times. In mix 6 and 7 completely 

different sets of phases are formed. Therefore, the difference between pure CAC mortar (mix 7) 

and CAC-dominated mortar (mix 6) is of fundamental nature. The fundamental difference is the 

absolute absence of sulphates, since even in pure OPC small quantities of sulphates are present. 

3. In the OPC-rich basic mixes (2 and 3) AFt is the predominant hydrate phase combined with CH in 

mix 2. In the CAC-rich basic mixes AFt and temporary DH are the typical hydrates (in mix 4 

combined with AFm). In mix 4 the fastest AFt formation was observed. This means, the binder 

composition influences phase formation kinetics and dynamics. 

4. With super plasticiser the onset of phase formation is changed to earlier times for AFt (mix 2 and 

6), CH (mix 1 and 2) and C2AH8 (mix 4 and 7). For other AFm and for DH the change in phase 

formation was not uniform. By adding super plasticiser AFt formation is slightly accelerated in 

mixes 1, 2 and 6. It is not changed in mix 4 and retarded in mixes 3 and 5. This means, adding 

super plasticiser influences phase formation kinetics and dynamics, and the kind of influence 

depends on the binder composition. 

5. Addition of accelerator and retarder to mixes 3 and 5 resulted in formation of AFm phases not 

observed in basic and plasticised mixes. Furthermore, the additions lead a compensation or 

overcompensation of the effect of the super plasticiser on phase formation. This means, Li2CO3 

and tartric acid promote the formation of AFm and accelerate the AFt formation regardless of 

their effect on setting. 
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Abstract 

Worldwide the availability of resources and its economical access is the driving force for searching for 

alternatives. Initially the cement industry has started after the oil crisis in the early 80th to use Residue 

Derived Fuels (RDF), mainly used oil and tyres, and has increased to a worldwide average about 10 % 

of the thermal energy demand in 2010, based on different types of hazardous and non-hazardous waste 

out of industrial and municipal origin. 

This trend is intended to maintain as well within the coming years due to possible economic benefits, 

and due to the necessity to significantly cut cement industry’s CO2 emissions, which contribute nearly 

5 % to the total worldwide CO2 production. 

The article will focus on the main aspects of pre-processing of waste and co-processing of RDF in 

cement kilns, by identification, waste management, pre-treating and utilization in the cement clinker 

process with sophisticated processing techniques for starting with simple procedures for mono-stuff-

streams as well as mechanical-biological treatment for mixed municipal solid waste. 

The process of clinker burning has to be assessed with regard to technical options and defaults. The 

pre-processing and handling concept within the cement plant as well as the impact of RDF on the 

manufacturing process will be emphasised. Of major importance in this context are pyroprocessing as 

well as RDF-combustion at its point of entrance, impact on product and emission. 

Based on these prerequisites, some particular techniques for the RDF use in pre-calciners and rotary 

kiln main burners will be presented, mainly featuring an intelligent fuel mix management, additional 

measures such as mechanical or thermal pre-treatment, and process-integrated measures such as modi-

fied main burners or process parameter adoptions in case of direct RDF feeding into the pre-calciner. 

In the following, concepts are introduced based on the mechanical, physical and thermal processing of 

alternative fuels. 

Keywords: Energy costs, cement industry, alternative fuel, RDF, quality, environment, CO2, pre-

processing, co-processing, rotary kiln, main burner, calciner, step combustor. 

1 Initial position 

Due to the continuing energy cost fluctuations and the discussions on the sustainable protection of 

resources the German cement industry was able to a continually reduction of its entire power 

requirement as a result of technical optimisation. 

After the first oil crisis, for cutting the costs a switch was made first from oil to coal and, due to its 

high energy content and relatively easy handling, to waste oil and used tyres. Later, this was followed 

by solvents, Fuller´s earths and oil sludges. "Lignite-like" solid alternative fuels of production-specific 

commercial wastes, wood, sewage sludges and so on were processed to fuel for the main burner, the 

kiln inlet or – if installed - the calciner. Additionally mineral based residues like filter cake, foundry 

sand, mill scale or contaminated soil are used for blending to Alternative Raw Materials (ARM) which 

replaces natural mineral compounds. 
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Since the use of individually processed wastes provably had no effect on the emission balance of the 

plant or on clinker burning process or product quality, the wastes may now also be manufactured for 

the use of its energy contend as well as the ash contend to create clinker, shortly co-processing. 

In the meantime, the alternative fuel production and use have been established to the point that 

especially countries, extremely dependent on external energy resources increasingly take into account 

to integrate waste management into a country wide energy concept. In order to implement such 

concepts, naturally also cement plants come into focus. Frequently, however, this makes us forget that 

cement is a standardised mass product of a highly energy-efficient production process. 

In most of the thinking, "alternative fuel" still implies cheap "disposal" to the extent that even 

legislation talks about "co-combustion". But actually, these are highly complex physical-chemical 

conversion processes, which have not yet been entirely clarified even with regard to the combustion of 

coal [2, 3]. 

Simplifying combustion as diffusion controlled combustion process (Fig. 1) it can be described with 

drying, pyrolysis, ignition and coke burnout in a decreasing oxygen concentration. With an increasing 

thermal substitution rate, this sequence dominates the combustion and in consequent the entire 

cement-clinker process. 

 

Fig. 1: Simplified operational sequence regarding the conversion of fuels with subse-

quent coke burnout (Baier 2009). Depending on the quality, it is possible that during the 

conversion of liquid fuels the residual coke combustion can also be turned to zero. 

Usually, commercial wastes and fractions of high calorific value are separately or jointly pre-

processed while removing metals, glass, ash or other harmful constituents from the fuel. 

Solid alternative fuels with an average lump size of dmax. 250 or 80 mm to be fed via kiln inlet or a 

calciner to the rotary kiln, therefore, are subject to a different sample preparation procedure and 

quality management than those fuels, which must be fed via main burner (Fig. 2). For a better burnout, 

these compounds must be comminuted into finer pieces (dmax. 25 or  

3 mm) still coming to several powers of ten compared to coal dust. If the processing should be finer 

yet, the processing reaches increasingly technical and economic limits. 
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Fig. 2: Waste treatment and objectives of use must be co-ordinated with regard to the 

burning process and quality. 

Normally, in the cement plant, ready to be burnt fuels are transported pneumatically to the respective 

firing point. Especially, if they are fed via the main burner, the inhomogeneous alternative fuel 

mixtures are differentiated again into individual particle fractions burning at different levels: While 

thin, large-area particles (e.g. packaging film 2 - 500 µm thick) are consumed by the flame floating, 

three-dimensional particles (e.g. hard plastic, rubber, wood, etc.), form the tip of the flame or even fly 

through its ending into the clinker material and leading to reductive clinker burning conditions and 

form sulphuric cycles. 

For these reasons fuel mixtures < 80 mm can be processed mechanically, while large and very large-

sized alternative fuels up to 250 mm can be processed thermally. 

2 Mechanical processing for the use in a clinkering zone burner 

Regarding the insulating effect, geometry and other surface effects, the diffusions in fuel particles and 

the combustion speed proceed at different speeds. Mechanically, the diffusion path can be shortened 

by decreasing the particle size, respectively to enlarge the surface of the fuel particles [4]. 

For this reason, using a certain grinding technology, so far not yet adapted to be used on alternative 

fuels, the average grain size of dmax. 80 mm can be reduced 100% to < 3 mm by a vortex mill (Fig. 3). 

Depending on the grinding resistance, reduction rates of up to >100:1 are possible. 

 

Fig. 3: Result from a trail to grind Solid Recoverd Fuel (SRF) to a mixture of fine-

particle and woolly fluffy meal (here re-classified into two fractions). 
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Research tests at different alternative fuel meals performed at the Institute of Energy Process and Fuel 

Technology of the TU Clausthal (IEVB) showed temperatures of ignition delay (TZ) ranging between 

680°C and 711°C and located in the transition zone between lignite dust at TZ 620°C and hard coal 

dust at TZ 760°C (Fig. 4). Thus, the alternative fuel meals show an ignition delay less than of hard 

coal dust and insignificantly more than lignite dust. 

 

Fig. 4: Ignition delay as a function of the ignition temperature of solid alternative fuels 

("7" and "8") compared to hard coal (“El Cerrejon”) and lignite (“RWE”). 

This process is perfectly applicable to particles, which are three-dimensional, hard or brittle and so far 

have led to problems in kiln charge material. They are comminuted quickly and effectively, whereby 

thin two-dimensional flat particles are barely subjected to a comminution, which is also not required 

with regard to the burnout behaviour. 

While the water content as well as grain sizes reduce 100% to < 3 mm in size, the chemical properties 

of the substitute fuel components remain unchanged. The physical properties of the substitute fuel 

meal with regard to its flow and ignition behaviour are now comparable to well known lignite dust. 

3 Optimised clinkering zone firing system at the rotary kiln 

If alternative fuels are to be fed via the so-called clinkering zone burner, they must be further 

comminuted to dmax. 25 mm with heavy media removed for an improved burnout. In order to react 

appropriately to different fuel properties, also the burner must be designed according to the physical 

requirements. 

An adopted clinkering zone burner is designed to burn primary fuels as well as refuse-derived fuels 

with a thermal output of 10 MW to 300 MW and has been especially designed for the use of solid 

alternative fuels (Fig. 5). Thus, with alternative fuels with an average grain size of dmax. <25 mm it has 

already been possible to achieve thermal substitution rates of 100%. 
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Fig. 5: Front view of an adopted clinkering zone burner. 

During operation, the primary air nozzles are selectively adjustable radially and - independently - also 

tangentially so that any random swirl and divergence are possible and can be adjusted to the flow path 

of the alternative fuel particle. These flexible nozzles act as injectors and thus, allow for a specific 

reaction to fluctuating fuel properties, whereby e.g. a formation of rings and undesirable coatings 

inside the kiln can be counteracted. 

An adapted particle size and intense mixing of fuel and combustion air ensures a quick and complete 

conversion and significantly shortens the reaction zone. This behaviour is especially important for 

slow-reacting, difficult or slowly ignitable secondary fuels or even anthracite coal [5]. 

 

Fig. 6: Air classification of alternative fuels (SBS) by means of separation from identical particle frac-

tions of high calorific value from a fuel producing MBT. 

In order to be able to design the burner optimally, the multi-component mixtures of the solid 

alternative fuels must first be analysed in a classifier and chemically [6]. In the process, the fuel 

particles separate into particle fractions (Fig. 6), in which the same properties result from equivalent 

solids of revolution, densities or grain shapes, i.e. the particles move on identical trajectories. 

Now, this method results in statements regarding the flight behaviour or the quality of pre-processing, 

the former composition of the waste - single components become clearly perceptible - and the 

suitability of the fuels particles for the advised feeding point at the rotary kiln. At relevant individual 

particle fractions, it is now also possible to determine the oxygen requirement or the ignition 

behaviour [7]. 

4 Use of alternative fuels at the calciner 

In modern plants with calciners only 40% of the thermal output is covered by the clinkering zone 

burner, while 60% of the thermal heat demand is covered by one or more firing points at the calciner. 
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In the process, the necessary combustion air is fed via the tertiary air duct from the recuperation sec-

tion of the clinker cooler to the firing points inside the calciner. With regard to reaction, the calciner 

requires only a temperature of 850 to 900°C to calcinate the limestone fraction. Inside the calciner, the 

1000 – 1200°C hot flue gases of the rotary kiln and the 800 – 1000°C hot tertiary air mix, whereby 

safe ignition and burning are also ensured by slow-reacting, large-sized alternative fuels.  

 

Fig. 7: Different calcining systems 

However, especially the burning of various and slow-reacting fuels takes significantly longer time than 

the preheating and calcining of the raw meal and is consequently the determining factor for the calcin-

ers dimension. For this reason, various suspension flow calciners are available according to fuel prop-

erties (Fig. 7). These will allow a control of the combustion temperature and atmosphere so that it is 

also possible to reduce the NOx emissions. 

In order to ensure the burnout of slow-reacting alternative or primary fuels it is not only necessary to 

support the retension time inside the calciner with a suitable distance required for calcination and 

burnout but if necessary, by using an additional burning chamber. 

For fuels with a very long retension time, such as biomass, petroleum coke or anthracite, the precom-

bustion chamber (combustion chamber, Fig. 7) is used, where in the centre of a vortex flow and with 

an initial supply of pure tertiary air high temperatures develop starting drying, pyroprocessing and 

combustion. For the use of low calorific, large-sized alternative fuels the retension time in the short 

hot zone is insufficient. Therefore, a precombustion chamber, the so-called "step combustor", has been 

especially developed for the high feed rate of low calorific, large-sized alternative fuels (Fig. 8).  
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Fig. 8: Principle of the "Step Combustor" 
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The typical retention time of 4 – 8 seconds of a previously described suspension flow calciner (cf. Fig. 

7) is grossly insufficient for the safe burnout of such slow-reacting alternative fuels. Therefore, in the 

"step combustor" and as a function of the alternative fuel quality, the transport and discharge rates can 

be separately controlled, and thus the retension time extended totally of up to 15 minutes. An elegant 

side effect is that due to the transport control by means of air blast nozzles no mechanical internal 

fittings or moving parts are necessary inside the reaction chamber. 

Based on many years of experience in cement plant engineering it is now possible to offer a future-

oriented sustainable overall concept for all types of solid alternative fuels [8]. This can or should in-

clude the whole process chain from pre-treating the potential AFR, refining of the AFR for use at the 

appropriate in-feed points, a tailor-made AFR storage and dosing arrangement up to adaptations of 

calciner, main burner or clinker production process itself when necessary. 
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Abstract 

Flue dust (FD), generated from electric arc furnace, is one of the biggest problems for the content of heavy 

metals such as Zn, Fe, Cr, Cd, Pb and others, emitted to the atmosphere during the manufacture of steel. The 

flue dust is classified as hazardous waste in Brazil, the NBR 10.004, as in other steel producing countries such 

as USA, Japan and Germany, and its composition depends on the type of steel produced. In developed countries 

FD is the subject of a process which aims at the recovering of those metals – especially zinc – for their 

reutilisation in other industries. Because those processes are less used in Brazil, studies about the reutilisation 

of FD in other industries – such as civil construction – are necessary. 

 

Originality 

As a solution to this serious problem, studies of recycling this material has been made, both for the recycling of 

metals of interest to the manufacturing process itself, and as feedstock for other industries, such as the building 

materials industry. However, the flue dust delayed time of tumor Portland cement, invalidating its use as the 

content of FD adopted. In this regard, an alternative to the use of flue dust in the construction industry is its 

addition to a mixture of fly ash on alkali-activated, free of clinker, known in the literature as geopolymer. 

 

Chief contributions 

 

Pastes were prepared based on fly ash containing alkali-activated levels of flue dust 15% and 25%. The 

characterization of the pastes was performed with the aid of TG / DTG and SEM. The thermograms showed an 

endothermic peak in the range of temperature of 100 to 130°C on the water loss by evaporation. The curves of 

TG and DTG showed that the addition of the flue dust downplayed the endothermic peak on the mass loss at 

200°C. Data from thermal analysis revealed that the water content decreased continuously in accordance with 

the temperature. Increased addition of flue dust showed that between 250ºC and 900ºC the geopolymer is 

structurally stable maximizing durability and life. SEM images reveal no significant changes between the 

samples containing the flue dust and the reference samples. 

 

Keywords: flue dust; fly ash; alkali-activation; geopolymer. 
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1 Introduction 

Flue dust (FD) is a sort of solid waste originating from ironworks. It is generated by the fusion of 

scrap and pig iron, being mostly composed of iron and zinc oxides. It is considered hazardous, for it 

also contains lead and cadmium oxides, which in laboratory conditions generate a leachate extract 

with concentrations superior to those of the regulatory indices set by NBR 10004 (2004). In 

developed countries FD is the subject of a process which aims at the recovering of those metals – 

especially zinc – for their reutilisation in other industries. Because those processes are less used in 

Brazil, studies about the reutilisation of FD in other industries – such as civil construction – are 

necessary. It was observed by Cheng (2003) that the combination of incinerator bottom ash and FD 

formed ceramics with superior chemical and physical-mechanical characteristics to FD-free ones, 

which shows the technical feasibility of utilisation of those ceramics in civil construction. According 

to Vargas et al (2004), although FD provided cementing matrices with higher resistance to 

compression, in a period superior to 7 days, than FD-free matrices, it delayed the hydration reactions 

of Portland cement, causing retardation in the beginning and end times of the cement setting, 

something that may prevent its use in civil construction.  

Palomo and Palacios (2002) assessed the capacity of solidification/stabilisation of toxic elements in 

alkali-activated fly ash-based matrices, denominated as Geopolymers, by the means of leaching tests. 

The results indicated that the new ligand was able to stabilise Pb in the cementing matrix. 

Shi and Fernández-Jiménez (2006), by assessing the usage of geopolymeric ligands in 

solidification/stabilisation technology, concluded that the concentrations of hazardous elements in the 

leachate extracts were inferior to the concentrations of these same elements in the leachate extracts 

originating from a Portland cement-based matrix. 

Vargas (2002) researched the FD effects in Portland cement-based concrete blocks. Although 

immobilisation of heavy metals in the cementing matrix was confirmed, some retardation was caused 

by the dust in the Portland cement setting times. Vargas et al. (2004) observed that alkali-activated fly 

ash-based geopolymeric matrices containing FD presented resistance to more elevated compression 

than FD-free ones, which shows that the dust presence improved the mechanical properties of the 

material. The same authors demonstrate an excellent advance in the solidification/stabilisation 

technology of FD in the geopolymeric matrix: it was made possible to develop class IIA inert 

products from class I hazardous waste.  

Thus, this work had as its main objective the assessment of the effect of the addition of flue dust (FD) 

to the microstructural properties of alkali-activated fly ash-based geopolymeric matrices, by the 

means of Scanning Electron Microscopy (SEM) and Thermogravimetry Analyses (TGA). 

 
2 Materials and Methods 

2.1 Materials 

 
The fly ash (FA) used in this research had been generated in a thermal power station based in the state 

of Rio Grande do Sul. The chemical composition of the FA was achieved with the help of an X-Ray 

Fluorescence Spectrometer, Model XRF 1800, SHIMADZU. The results of the analysis are shown in 

Table 1. 

Table 1: Chemical composition of the fly ash 

SiO2 Al2O3 CaO Fe2O3 Na2O TiO2 MgO K2O SO4 

63.09 24.02 1.15 6.85 0.21 1.77 0.81 1.75 0.34 

 

As can be seen from the data of Table 1, the FA (class F, in conformity to ASTM C 6128-03) has low 

calcium content and consists mainly of SiO2 and Al2O3.  

Table 2 presents the physical characteristics of the material. The average FA-particle diameter 

(Ømean (µm)) was determined with the help of a laser granulometer CILAS, and the density was 



 

 

 

measured using the procedures of NBR NM 23. In addition to these physical characteristics, Table 2 

presents the results of insoluble waste (I.W.), loss on ignition (L.o.I.) and the specific area of FA.  

Table 2: Physical characteristics of fly ash 

Ømean (µm) I.W. (%) L.o.I. (%) 
Blaine Specific Area 

(m
2
/kg) 

Density 

(g/cm
3
) 

23.74 97.0 0.02 270 2.17 

 

The FA is presented predominantly in the vitreous phase, containing inclusions of crystalline phases 

such as mullite, hematite and quartz, as can be seen in the diffractogram shown in Figure 1. Figure 2 

shows the morphological aspect of particles of the FA in its original state. 

  

Fig.1: Diffractogram of the sample of fly ash: Q – quartz 

(SiO2),  M –  mullite (Al6Si2O13), H –  hematite (Fe2O3) 

Fig.2: Micrograph (SEM) of fly ash in its 

original state 

 

In Figure 2 it is possible to observe that the FA particles are mostly spherical, ranging in diameter. 

 

 

The FD employed as addition was 

obtained in a semi-integrated steelworks 

and collected with bag filters located at the 

output of the electric arc furnace. The 

chemical composition of FD indicates that 

the major elements are Fe and Zn, 

according to Table 3. The analysis of the 

diffractogram of the dust shows 

characteristic peaks of quartz (SiO2), 

hematite (Fe2O3), franklinite (Fe2O3ZnO), 

zincite (ZnO) and chromite (FeO.Cr2O3), 

as shown in Figure 3. 

Fig.3: Diffractogram of the sample of flue dust  

                        Table 3: Chemical composition of FD (% mass) 

Na K Fe Mg Ca Pb Si Mn Cd Cr Zn 

3.35 1.08 27.30 1.87 2.54 0.90 1.70 2.06 0.37 0.13 37.25 

 

Figure 4 shows the morphological aspect of particles of FD.  

 

 

 

 

 

 

 

  

 



 

 

 

 

By analysing the morphology of FD (Figure 4), it 

is possible to identify submicrometer-sized 

particles, which leads to an agglomeration of 

small particles, and also particles with larger 

grains, about 2 µm in diameter. The 

environmental characterization of FD was 

achieved by the means of the leaching test 

proposed by NBR The concentrations of 

cadmium (Cd) and lead (Pb) exceeded the rates 

allowed by NBR 10004 (2004), classifying the 

waste as Class I – hazardous. 10005 (2004). 

 

Fig.4: Micrograph (SEM) of flue dust (FD) in its 

original state 
The results of the environmental analysis are 

presented in Table 4.                

 

                    Table 4. Results of the leaching test           

for the of FD 
As alkaline activator, sodium hydroxide 

(NaOH) was used, supplied in flakes, 

with 97% of purity. 

Element Concentration (mg/L) Limit (mg/L) 

Zn 913 NN 

Na 565 NN 

Cd 6.9 0.5 

Cr 0.002 5 

Pb 61 1 

Cr
+6

 < 0.01 NN 

NN: Non-Normalised. 

 

By reason of the exothermic reaction 

that occurs when combined with water, 

NaOH was mixed with the moulding 

water a few hours before use, being 

stored in a closed container until 

reaching thermal equilibrium with the 

environment. This procedure prevented 

water loss by evaporation and allowed 

the complete dissolution of NaOH. 
 

2.2 Methods 

The methodology employed aimed at assessing the influence of the addition of FD in an alkali-

activated fly ash-based geopolymeric ligand under the microstructural aspect. In order to achieve this, 

the samples were analyzed with the help of a Scanning Electron Microscope (SEM/EDS) and 

Thermogravimetric Analyses (TG/DTG). Table 5 shows the molar relations and the water/fly ash 

(w/FA) relation adopted for the preparation of the geopolymeric samples with and without addition of 

FD. The values of 15% and 25% of addition of FD were selected in relation to the mass of FA 

employed, in accordance with previous studies using conventional cement, in order to determine the 

upper and lower limits for the addition of FD. The FD-free samples were denominated 0% 

(reference). The alkali-activation of the batch of FA employed, determined in a previous work by 

VARGAS et. al. (2009), allowed to set the main process variables: the N/S molar relation of 0.40 and 

the curing temperature of 70°C for a period of 24 hours. The oven-cured samples were protected on 

the moulds' surface by a polyethylene film, in order to simulate a "hydrothermal" cure. This process is 

necessary to avoid excessive evaporation of water present in the geopolymeric samples during thermal 

curing, since that water is important for the polycondensation process. After the thermal curing 

period, the samples were removed from the moulds, identified and placed at room temperature. 

Table 5: Molar composition used to obtain the geopolymeric pastes, with and without additions of FD 

Alkali-activated pastes 

N/S S/A H/N w/FA 

0.4 4.45 7.47 0.458 

N = Na2O; S = SiO2; A = Al2O3; H = H2O; w/FA – water/fly ash 



 

 

 

3  Results and Discussion 

3.1  Thermal Analyses TG/DTG 
Thermograms of FA are presented in Figure 5. 

 

  
Fig.5: TG/DTG curve of the fly ash Fig.6: TG/DTG curve of the flue dust 

 
The FA used had not been treated in any way, in order to characterize the waste in natura. The 

objective of using the TG/DTG analysis was to determine the amount of residual organic matter. 

There was a small mass loss, around 2.03%. This mass loss refers to some decomposition in the 

organic compounds phase, between 500ºC and 650ºC, and not to the burning of the residual coal – as 

in such case an oxidizing environment would be necessary, and an inert environment was actually 

used.By analyzing the thermogravimetric curves shown in Figures 6, it is possible to observe that 

there is chemical stability of FD in relation to increased temperature, due to small variation of mass 

loss of about 3.21%. Between 80ºC and 210ºC, two peaks corresponding to mass loss occur, probably 

due to water loss. There were no peaks of iron, residual carbonate and condensed material oxidation 

during the material volatilization in the manufacturing process of steel.  

  
Fig.7: TG/DTG curve of the geopolymer with 0% of FD Fig.8: TG/DTG curve of the geopolymer with 15% of FD 

 

 

 

All thermograms showed a peak between 80ºC 

and 120ºC related to water loss by evaporation. 

It can be observed that the addition of FD in the 

geopolymeric pastes minimized the peak 

between 180ºC and 250ºC, which shows the 

higher geopolymer stability with such addition.  

Fig.9: TG/DTG curve of the geopolymer with 25% of FD  
 

   

 

 

 

 



 

 

 

 

This is identified in the mass loss variation in TG/DTG curves: in samples containing 0% of FD 

(Figure 7), the mass loss was 15.41%; in samples with 15% of FD, the mass loss was equal to 

14.63%; in samples with 25% of the dust, the mass loss was 12.95%. 

These thermograms showed similarity to those obtained by SKAF (2008) and KOMNITSAS (2008), 

which show good chemical and structural stability of the geopolymer at elevated temperatures. 

 

3.2  Scanning Electron Microscopy (SEM/EDS) 
Figures 10 and 11 present the sample morphologies containing 15% of FD, where semi-quantitative 

elemental chemical analysis was performed (by the means of EDS), indicated by numbers shown in 

each figure. Table 6 presents the results obtained by this analysis.  

         
Fig.10: micrograph (SEM) of the geopolymer – 15% FD Fig.11: micrograph (SEM) of the geopolymer – 15% FD 

       
Fig.12: micrograph (SEM) of the geopolymer – 25% FD Fig.13: micrograph (SEM) of the geopolymer – 25% FD 

 
The presented micrographs show that the process of dissolution and polycondensation of FA occurred 

efficiently through the alkaline activator (NaOH), as the matrix presents itself dense, with no FA 

particles. As the main composition of FA is SiO2 and Al2O3, the massive geopolymeric matrix 

displayed in the figures above is formed by an aluminosilicate gel. Microfissures are also identified in 

both matrices (15 and 25% of FD). These microfissures were also observed by Fernández-Jiménez et 

al. (2003) in alkali-activated fly ash-based geopolymeric pastes. According to the authors, these 

microfissures can originate from drying shrinkage, by thermal curing or even in the sample 

preparation for the morphological analyses.  

 
Table 6: Semi-quantitative elemental chemical analysis (by the means of EDS) of the geopolymeric sample 

containing 15% of FD. The points of analysis are presented in Figures 10 and 11 

 Point O Na Al Si Fe Zn 

Figure 10 1 7.33 4.46 5.30 44.78 17.21 20.92 

2 10.50 5.27 7.86 50.33 11.19 14.85 

3 7.33 5.88 6.77 47.82 16.89 15.31 

        

Figure 11 1 20.56 55.14 8.97 12.51 2.81 0 

 2 20.21 61.94 7.42 9.32 1.12 0 

Based on the results presented in Table 6, in the massive region (Figure 10), there is high content of 

Si, Fe and Zn, indicating that the FD is incorporated into the aluminosilicate gel. Moreover, on the 



 

 

 

massive region of the geopolymer there was efflorescence of white-toned salts (visible to the naked 

eye), identified in Figures 11, 12 and 13. The results of the elemental chemical analysis presented in 

Table 6, referring to points 1 and 2 of Figure 11, show that Na and O have high percentages when 

compared to the other elements (Si, Al, Fe and Zn), which indicates the formation of carbonate 

compounds of sodium in the geopolymeric matrix.  

 

4 Conclusion 

It is possible to verify that the incorporation of FD in the geopolymeric matrices is promising, as 

according to what is seen in the thermograms, the matrix is stable at high temperatures, especially for 

those matrices with higher percentages of FD. 

The morphology of the geopolymeric matrices was shown to be dense, with no evidence of particles 

of fly ash (FA), which indicates that the process of dissolution and polycondensation of the particles 

was efficient, despite the presence of FD. 

There was carbonated salt efflorescence on the surface of the geopolymeric samples, probably sodium 

carbonate, which indicates that the molar relation N/S of 0.4 was high for the alkali-activation of the 

fly ash, with sodium excess in the matrix. 
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Abstract 
In this paper, effect of grinding of portland cement on its consistency and workability of resulting concrete is 
investigated. Research work has been conducted over five cement factories and their average trend is discussed. Fresh 
clinker was collected from same batch of each factory. It was ground with 4% gypsum in a 13 kg ball mill. During the 
course of grinding, fineness was periodically measured using Blaine’s air permeability apparatus and from each 
factory, six cement samples, having fineness range from about 1500 cm2/g to 4000 cm2/g were prepared. In order to 
confirm uniform oxide ratio, their chemical composition was analyzed by XRF-Cement Spectroscopy. Consistency test 
of all the samples were performed in the laboratory. In order to have an idea of workability, slump test and compacting 
factor tests were performed on concrete mixes made consecutively by all samples keeping constant mix and water 
cement ratios. Graphs were drawn between fineness of cement and these properties, for each factory separately and 
comparative study of different trends found, were carried out. An average trend of the four factories was also drawn for 
each property under discussion. Relations between fineness of cement and workability of concrete were established by 
using “Least Square Regression Method”.  

.  
Originality 
The work of different researchers on effect of fineness of cement on properties of concrete was done mainly on portland 
cements manufactured outside Pakistan. The trend of locally manufactured cement by using indigenous materials was 
still demanding lot of research work.  
 
Chief contributions 
The optimum value of fineness recommended in this research will be very helpful for cement factories to have a balance 
between desirable properties of cement and its grinding cost. This may result in lower production costs of cement and 
in this way will serve national interests by introducing economy in the construction industry.The mathematical 
relationships obtained wil also be highly beneficial for the construction industry. These will help to select particular 
cement fineness for a particular workability specially in local environments. Also,the work may prove helpful to 
determine the advantages and disadvantages gained, in case of cements used, having fineness more or less than the 
specified ranges, described in different codes. 
 
 
Keywords: Fineness, Grinding, Spectroscopy, Workability, Clinker 
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1. Introduction 
 
As per A. M. Neville (1995, 1971), more the water content of paste of standard consistency, finer the 
cement is, but on the other hand an increase in the blaine value of cement slightly increases the 
workability of a concrete mix. W.H. Price (1951) and U.S. Bureau of Reclamation (1956) also verified 
the same. J. Wuhrer, et al. (1950) concluded that increase in fineness may slightly increase the amount 
of water required to give a neat cement paste of standard consistence but, in contrast, reduce slightly 
the amount needed to obtain a given workability in a concrete mix.  
As per E. C. Higginson (1970), the workability of concrete is increased by increasing the cement 
fineness. For air–entrained concretes, the effect of fineness of cement on workability is is not too 
much pronounced. He also claimed that increasing the fineness of cement from 2700 to about 4000 
cm2/g, reduces the water requirement of concrete. However, increasing the fineness of cement beyond 
a certain optimum limit increases the water requirement of concrete. 
Kwan and Wong (2008) worked on determining belongings of packing density, excess water and solid 
surface area on plasticity of cement pastes. As per results, increase in packing density will increase 
excess water content and workability is governed by excess water to solid volume and excess water to 
solid surface area ratios. 
 
 
2. Experimental Set Up 
 
 
2.1. Preparation of Test Samples 
 
Work was expanded over following cement factories: 
  1- Bestway Cement  Factory Hattar, Haripur, Pakistan. 

2- Fecto Cement Factory Sangjani, Islamabad (Capital), Pakistan. 
3- Pioneer Cement Factory Joherabad, Khushab, Pakistan. 
4- Askari Cement Factory Nizampur, Noushehra, Pakistan. 
5- D. G. Cement Factory, Dera Ghazi Khan, Pakistan. 

However, in order to take care of their business interests, the factories will be randomly named as A, 
B, C, D, and E, in this paper. Cement samples of varying fineness but with uniform chemical 
composition were prepared in the laboratory. For this purpose, sufficient quantity of cement clinker 
was collected from each factory, when its kiln was running smoothly. This clinker was mixed with 4% 
gypsum and finely ground in an Iron-Jar-type Ball Mill at different fineness levels. During grinding of 
different batches, fineness was periodically measured with Blaine’s air permeability apparatus and 
grinding stopped at different desired levels. Finished cement samples were then sealed in polythene 
bags and marked accordingly. 
 
 
2.2. Test Programme 
 
2.2.1. Chemical Composition 
 
Chemical composition of all samples was analyzed by XRF Cement Spectrometer/Cement X-RAY 
Analyzer. Results are given in Table 1. The chemical composition confirms the uniform oxide ratio of 
all samples. 
 
2.2.2. Consistency Test 
  
Consistency test of the samples was performed by using “Vicat Apparatus”.  
 
 



Table 1: Chemical Composition of Test Samples 

Factory Fineness 
(cm2/g) 

Chemical Composition    (%) 

SiO2 
Al2 
O3 

Fe2 
O3 

CaO MgO Na2O SO3 K2O TiO2 Mn2O3 

 1525 21.42 5.30 3.14 62.85 1.83 0.24 2.63 0.86 0.31 0.04 
 2065 21.58 5.29 3.15 63.28 1.79 0.23 2.67 0.85 0.32 0.04 

A 2495 21.48 5.26 3.13 62.85 1.77 0.24 2.60 0.84 0.31 0.05 
 3048 21.60 5.37 3.20 63.27 1.79 0.24 2.72 0.87 0.32 0.04 

 3355 21.54 5.33 3.16 62.85 1.80 0.24 2.64 0.86 0.32 0.04 
3741 21.56 5.31 3.18 62.95 1.82 0.24 2.66 0.85 0.32 0.05 

 1690 20.34 5.28 3.01 62.10 2.64 0.28 2.46 0.98 0.34 0.04 
 2083 20.29 5.25 2.97 62.03 2.63 0.28 2.49 0.99 0.33 0.04 

B 2556 20.32 5.28 2.99 62.17 2.62 0.29 2.46 0.99 0.33 0.04 
 2912 20.28 5.28 2.99 62.09 2.64 0.28 2.54 0.99 0.33 0.04 
 3315 20.29 5.26 3.00 62.04 2.62 0.27 2.51 0.98 0.33 0.04 
 3773 20.27 5.26 3.01 61.89 2.59 0.28 2.58 0.99 0.33 0.04 
 1548 20.72 5.52 3.28 63.55 1.50 0.28 2.69 0.93 0.33 0.04 
 2048 20.70 5.50 3.30 63.67 1.52 0.29 2.67 0.93 0.31 0.04 

C 2468 20.76 5.54 3.32 63.45 1.50 0.28 2.55 0.92 0.34 0.04 
 2964 20.78 5.56 3.32 63.65 1.52 0.29 2.51 0.93 0.33 0.05 
 3476 20.76 5.54 3.28 63.55 1.50 0.28 2.46 0.93 0.32 0.04 
 3883 20.80 5.52 3.26 63.65 1.50 0.28 2.44 0.93 0.33 0.04 
 1661 21.36 5.15 3.34 68.75 1.69 0.28 2.31 0.74 0.32 0.03 
 2028 21.48 5.13 3.34 63.85 1.68 0.28 2.32 0.75 0.32 0.04 

D 2580 21.32 5.12 3.31 63.89 1.67 0.28 2.28 0.75 0.32 0.03 
 3033 21.36 5.10 3.35 63.62 1.71 0.28 2.28 0.74 0.32 0.03 
 3369 21.32 5.10 3.34 63.48 1.72 0.28 2.28 0.75 0.32 0.04 
 3674 21.38 5.10 3.34 63.53 1.71 0.28 2.27 0.76 0.32 0.04 
 1620 20.85 5.64 3.65 62.42 2.44 0.28 2.18 0.85 0.34 0.04 
 1945 20.76 5.57 3.70 62.05 2.41 0.26 2.59 0.85 0.33 0.04 

E 2495 20.89 5.55 3.69 61.89 2.41 0.34 2.58 0.84 0.33 0.04 
 2860 20.88 5.51 3.65 61.90 2.43 0.32 2.67 0.84 0.33 0.04 
 3380 20.87 5.53 3.63 61.68 2.47 0.31 2.87 0.84 0.33 0.04
 3727 20.90 5.36 3.56 62.13 2.39 0.35 2.74 0.78 0.33 0.04 

 
 
2.3. Preparation of Concrete Mixes 
 
Fresh concrete was prepared in the laboratory by using cement samples of different finenesses. Mix. 
ratio was kept as 1:2:4 while water cement ratio as 0.65 for all the mixes. 
 
2.4. Workability Tests 

 
The following workability tests were performed just after mixing of each concrete batch. 
 
2.4.1. Slump Test 
 
Slump test was carried out for every fresh mix.( BS, 1881: Part 102, 1983 & ASTM, C 143-90a, 
1990).  
 
2.4.2. Compacting factor Test 
 
Compacting Factor Test was also carried out to have an idea of workability (BS, 1881: Part 103, 
1983). 
 



3. Results and Discussion 
 
 
3.1. Consistency 
 
The results of consistency test on all samples are plotted in Figures 1 & 2. Figure 1 shows comparison 
of individual trends of different factories. All factories show an increase in consistency with an 
increase in fineness. Factories A, B, C, & D have almost similar increasing pattern while that of 
Factory E is somewhat different. In figure 2, an average trend of all the factories is shown. The 
governing equation is found to be: 
 

Y = 0.0007 X + 23.12  ------------------------------------------- (1) 
 
Where Y stands for consistency and X for fineness value. 
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Figure 1: Fineness of cement versus its consistency 

         (Comparison of different factories) 
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Figure 2: Fineness of cement versus its consistency   (average trend) 

 
Consistency indicates the degree of density or stiffness of cement.  It is the amount of water content 
required for a given cement to get a cement paste of standard consistency.  With the increase of 
fineness, specific surface of cement increases.  As a result, more surface area is available for hydration 



from the same weight of cement. So, more water will be required to produce the cement paste of same 
standard consistency. It can be better understood with the fact that the increase in fineness is 
associated with increased cohesion and reduced bleeding. Also, very fine cements produce a fat and 
sticky concrete, thus, increasing overall water demand.  
 
3.2. Workability     
 
Figures 3 & 4 shows the effect of grinding of cement on its workability (slump and compacting factor 
of concrete) for five factories under investigation. In figures 5 & 6, the average trend of these 
properties is drawn by “Least Square Regression Method”. According to the results, there is an 
increase in workability with increase in cement fineness. Governing equations are given as under: 

      
Y =  0.02 X – 22.66   --------------------------------- (2) 

 
Y = 5E – 05 X + 0.7552   --------------------------------- (3) 

 
The results of about all mixes show constant slump at 2600-3400 cm2/g (Figure 3), after which there is 
an abrupt increase in the slump. The same can also be noted in figure 4, where compacting factor 
remains same again at 2600-3400 cm2/g for all mixes of all factories. 
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Figure 3: fineness of cement versus slump of concrete 

(Comparison of different factories)  
 

As per our findings, with an increase in the fineness of cement, both consistency of cement and 
workability of concrete increase. Increase in consistency means increase in water demand to get 
cement paste of standard consistency while increase in workability means increase in flowability at the 
same water/cement ratio. In other words decrease in water demand to get the same workable concrete. 
Apparently it looks to give a controversial situation. But it can be more easily understood by 
considering that workability of concrete determines the amount of work done to achieve a certain 
value of compaction. When the water is added, it wets the surface of particles and reduces the inter-
particle frictional resistance. When fineness of cement increases beyond a certain particle size, the 
particles of cement itself starts acting as lubricants in the concrete. Therefore, the particles flow and 



less effort/work is required for compaction of concrete i.e. the water demand decreases to obtain the 
same degree of workability. 
In case of consistency of cement, no work is done on the cement paste, instead water addition in the 
cement converts it in the paste form and softness of this paste measured in a standard manner gives the 
standard consistency. A certain quantity of water is required to wet surface area of all particles in the 
cement sample taken. More the fineness, greater will be the surface area of cement particles and thus 
greater water will be required to wet this surface area. Hence, with increasing fineness of cement, 
water demand increases, i.e. consistency increases which is one of our findings. 
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Fig.4.  Fineness of cement versus compacting factor of concrete 

(Comparison of different factories)  
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Figure 5: fineness of cement versus slump of concrete 

(Average trend)  
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Fig. 6.  Fineness of cement verses compacting factor of concrete  

(Average trend)  
 
 
4. Conclusions 
 

1) Workability of concrete increases with an increase in cement fineness. Workability can also be 
improved by increasing water cement ratio. As we know,  the strength of cement/concrete 
decreases with an increase in water cement ratio. So in order to have a more workable 
concrete without compromising on strength, cement should be more ground. 

2) As fineness values go higher, grinding effort and ultimately the grinding cost increases.  
3) Results show that there is no remarkable increase in the workability from 2600 to 3400 cm2/g. 

If workability is the prime factor at the site, it is recommended that fineness should not exceed 
2500 cm2/g because after this value there is no prominent increase in workability. If on some 
specialized projects high workability is demanded, then fineness may be raised above 3400 
cm2/g but keeping in mind that it is involved with high grinding cost, thus, uneconomical. So, 
other techniques e.g., use of super plasticizers or other chemicals to improve workability, may 
be practiced. 
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Abstract 
In this paper the effect of mineral admixtures on the behaviour of limestone cement concrete, stored in combined 
chloride and sulfate environment, was studied. Concrete specimens of five different compositions were prepared. The 
one of them was made from portland limestone cement (limestone content 15%) and the rest four were prepared, 
substituing a certain amount of cement with natural pozzolana (30%), fly ash (30%), blastfurnace slag (50%) or 
metakaolin (10%), respectively.  After 28 days of curing, the specimens were immersed in five solutions of various 
sulfate and chloride content and stored at 5oC. Visual assessment of the specimens, mass measurements and 
compressive strength tests took place for a period of 24 months. XRD analytical technique was used to identify 
thaumasite in the deteriorated parts of the specimens. All measurements showed that the substitution of limestone 
cement with mineral admixtures leads to a lower degree of concrete deterioration. Specimens’ disintegration was more 
severe, the higher the sulfate content of the corrosive storage solutions was. Chlorides delay the deterioration of the 
limestone cement concrete specimens, while the opposite phenomenon was observed at the specimens with the mineral 
admixtures. The limestone cement concrete with fly ash addition showed the less deterioration. On the contrary, the 
composition with natural pozzolana showed the worst behaviour among the rest compositions with mineral admixtures 
in the corrossive environments. XRD analysis showed the presence of thaumasite at the deteriorated parts of  all 
specimens. 
 
Originality 
In this work, the effect of mineral admixtures on durability of limestone cement concrete exposed to combined chloride 
(Cl-) and sulfate (SO4

2-) environment is studied. It is of great interest to know how the presence of chlorides affects the 
sulfate attack and the formation of thaumasite at low temperature. The available references focus on the interaction 
between sulfate and chloride attack of concretes with ordinary Portland cement at ambient temperatures, were 
ettringite, instead of thaumasite, is the main deterioration product.  
 
Chief contributions 
Limestone is widely used as a filler or as main constituent the last ten years, especially after the standardization of 
portland limestone cements (EN 197-1, 2000). However, concrete made from limestone cement may exhibit a lack of 
durability due to the formation of thaumasite. Considering the numerous technical and economical advantages of 
limestone cement, the ‘‘problem of thaumasite’’ is of great interest. It must also be noted that building constructions 
can be founded in areas near the sea, where groundwater, contaminated with sea water, contains significant amounts of 
chloride and sulfate ions. Thus, it is of great importance to know how the presence of chlorides affects the sulfate attack 
and the formation of thaumasite at low temperature. This paper deals with the effect of chlorides on the formation of 
thaumasite and the durability of portland limestone cement concrete. In addition, the use of mineral admixtures to 
confront the durability problem of limestone cement concrete in sulfate environment is suggested.  
 
Keywords: Limestone cement concrete, Thaumasite, Sulfate, Chloride, Mineral admixtures 
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Introduction 
 
It has been widely discussed, that the sulfate attack on cement and concrete at low temperatures, 
leading to the formation of thaumasite, is strongly related with the use of limestone in such materials 
(Bensted, 1999; Swamy, 1999). Limestone has been widely used as a filler or as a main cement 
constituent for many years due to its technical and economical advantages (Tsivilis et al., 1999). 
Additionally, the European Standard EN 197-1 (2000) identifies portland limestone cements, that may 
contain limestone as a main constituent, in percentages ranging between 6% and 35%. Thaumasite is a 
complex hydrated compound (CaSiO3·CaCO3·CaSO4·15H2O), whose formation requires a source of 
calcium silicate, sulfate and carbonate ions, excess humidity and low temperature (0-5oC) (Bensted, 
1999; Hartshorn et al., 1999; Kakali et al., 2003; Skaropoulou et al., 2009a; Tsivilis et al., 2007). The 
available references suggest that the use of pozzolanic admixtures in cement and concrete may lead to 
the limitation of the deterioration caused by sulfates (Skaropoulou et al., 2009b; Tsivilis et al., 2003). 
In this way, carbon silicate, carbon aluminate and calcium carbonate contents can be reduced, while 
the finess of such materials reduces the concrete pore size (Bhatty et al., 2006; Brown et al., 2000; 
Irassar et al., 1996; Sahmaran et al., 2007). 
Building constructions can be founded in areas near the sea, where groundwater, contaminated with 
sea water, contains significant amounts of chloride and sulfate ions. Thus, it is of great interest to 
know how the presence of chlorides affects the sulfate attack and the formation of thaumasite at low 
temperature. Literature references focus on the interaction between sulfate and chloride attack of 
concretes with ordirary or fly ash portland cement at temperatures of about 20oC, where ettringite, 
instead of thaumasite, is the main deterioration product (Ekolu et al., 2006; Zuquan et al., 2007).    
This paper deals with the behaviour of limestone cement concrete, investigating the effect of both the 
corrosive solutions and the type of the mineral admixture used.  
 
 
Experimental 
 
Materials: Portland cement clinker (K) of industrial origin and limestone (L) of high calcite content 
(CaCO3: 97.5%) were used. portland limestone cement, containing 15% (w/w) limestone, was 
produced by intergrinding clinker, limestone and gypsum in a pro-pilot plant ball mill of 5 kg 
capacity. Its 28 days compressive strength measured as high as 41.3 MPa. Concrete specimens of the 
above limestone cement were prepared. In addition, concrete specimens were prepared by replacing a 
part of limestone cement with natural pozzolana (P), fly ash (F), blastfurnace slag (S) and metakaolin 
(M). The chemical composition of the materials used, is given in Table 1. The binder composition of 
concretes is given in Table 2.  
 
 

Table 1: Chemical Composition (%) of the Materials used 

Material SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI 

Clinker (K) 21.92 5.68 3.29 63.35 1.44 1.32 0.84 1.25 0.91 

Limestone (L) 0.57 0.33 0.19 54.60 1.64 0.04 - 0.02 42.76 

Natural Pozzolana (P) 65.30 13.94 3.72 4.01 1.40 2.29 2.46 0.84 5.32 

Fly Ash (F) 50.11 18.20 8.67 10.47 2.64 2.02 0.07 2.38 4.36 

Blastfurnace Slag (S) 39.49 10.14 0.89 39.97 6.75 0.30 - 0.49 0.16 

Metakaolin (M) 54.41 43.94 0.35 0.37 - 0.31 - - - 

 



Table 2: Binder Composition of Concretes 

Code Binder Composition 

LC1* Clinker (K): 85% w/w, limestone (L): 15% w/w 

LPC LC1: 70% w/w, natural pozzolana (P): 30% w/w 

LFC LC1: 70% w/w, fly ash (F): 30% w/w 

LSC LC1: 50% w/w, blastfurnace slag (S): 50% w/w 

LMC LC1: 90% w/w, metakaolin (M): 10% w/w 
                              *Gypsum: 5% of clinker by mass 
 
 
Concrete specimens (cubes of 100 mm) were prepared using a binder content (B) 350 kg/m3, a water 
to binder ratio (W/B) of 0.60 (Weffective/B=0.52) and calcareous aggregates with a maximum size of 16 
mm. The specimens were left in the moulds for 24 h, then cured in water for 6 days and finally air-
cured for 21 days at laboratory temperature (25±2oC). After the 28-day initial curing, the specimens 
were immersed in the corrosive solutions (Table 3) and stored at 5oC (industrial refrigerator, ±1oC). 
The solutions were replaced every two months and were prepared using commercial NaCl and 
MgSO4·7H2O salts.  
 
 

Table 3: Storage Solutions 

Code Type SO4
2- (g/L) Cl- (g/L) 

W Water - - 

SW Sea Water* 2.8 21.14 

SC10 SO4
2-/Cl- solution 10.0 21.14 

SC20 SO4
2-/Cl- solution 20.0 21.14 

S Sulfate solution 20.0 - 
                                           *Artificial solution with SO4

2- and Cl- content similar with sea water 
 
 
Tests: The visual examination was performed at regular intervals for two years and all significant 
modifications, such as changes in surface colour and texture, formation of any coatings, deterioration, 
expansion and cracking were recorded. 
Changes in specimen mass were recorded at regular intervals for two years. The compressive strength 
of the specimens was measured after 28 days (reference strength) as well as after 9 and 18 months, in 
order to investigate the influence of the corrosive solution on the strength development of the samples. 
Concerning the mass and the compressive strength, three prisms for each measurement were used and 
the presented results are the average of the three values. 
XRD measurements were perfomed on samples at regular intervals in order to identify any 
deterioration products (such as thaumasite) formed during the curing period. A Siemens D-5000 X-ray 
diffractometer, with Cu Ka1 radiation (λ=1.5405 Å) was used. Measurements were carried out on 
samples of the deteriorated part of the specimens.  
 



Results and Discussion 
 
Visual assessment: The visual assessment of the specimens is summarized in Table 4. It must be noted 
that no deterioration was observed for the specimens stored in water. Photos of specimens after 24 
months of exposure in the (SC10), (SC20) and (S) storage solutions, are presented in Figure 1.  
 
 

Table 4: Visual Assessment a of Specimens’ Deterioration 

 Deterioration Start (month) Deterioration Degree after 24 Months 

Specimens SW SC10 SC20 S SW SC10 SC20 S 

LC1 8 5 5 5 2 4 7 9 

LPC 8 9 6 7 1 2 3 3 

LFC 8 12 7 8 1 2 3 2 

LSC 9 12 6 8 1 2 4 3 

LMC 9 8 6 8 1 2 5 2 
a Deterioration scale: 0: no visible deterioration; 1: some deterioration at corneres and edges; 2: deterioration at 
corners, edges and bottom; 3: cracking at corners and along the edges; 4: serious cracking and expansion along 
the edges; 5: extensive cracking and specimen expansion; 6: farther expansion of the specimen and sides’ 
deterioration; 7: extensive expansion and spalling; 8: extensive deterioration, loss of whole pieces; 9: specimens 
collapse. 
 
 
Indications of the start of the deterioration were first observed in all specimens at the interval of 5 to 
12 months of exposure. LC1 specimens showed the earliest and the most severe deterioration. 
Concretes with fly ash (LFC), showed the most limited deterioration characteristics in all solutions. In 
the (SW) solution, all specimens containing mineral admixtures had suffered same deterioration. In the 
(SC10) solution, specimens with blastfurnace slag (LSC) had similar behaviour with the LFC 
specimens, while LPC and LMC specimens showed same final deterioration as the previous ones, but 
with a more rapid evolution. Specimens with metakaolin (LMC) and blastfurnace slag showed the 
faster deterioration evolution in the (SC20) solution, with the first type of specimens having the worst 
behaviour. Natural pozzolana (LPC) and fly ash (LFC) specimens showed similar final external 
characteristics, with the LPC specimens reaching this condition earlier. In the solution, which 
contained only sulfates, specimens’ damage containing mineral admixtures was limited. LPC and LSC 
specimens presented slightly worst behaviour than the rest two compositions. In all cases, the first sign 
of attack was the deterioration of the corners and along the edges, followed by cracking. For the LC1 
specimens, progressively, expansion, spalling and loss of pieces took place, while some of them 
collapsed. The worst deterioration level for the specimens containing mineral admixtures was that of 
extensive cracking and expansion. This was observed only for the LMC, stored in the SC20 solution.  
The degree of deterioration depends on the sulfate content of the corrosive solutions. The specimens 
suffered a greater degree of deterioration in the (S) and (SC20) solutions, than in the (SC10) and (SW) 
solutions. This means that the higher the sulfate content was, the severer was the deterioration. 
Specimens without mineral admixtures (LC1) showed less damage after 24 months of curing in the 
(SC20) solution, compared to (S) solution. On the contrary, specimens with mineral admixtures 
presented more severe deterioration after 24 months of curing in the (SC20) solution than in the (S) 
solution. It seems that the presence of chlorides intercepted and delayed the deterioration of the 
limestone cement concrete due to sulfate attack. However, the opposite phenomenon was observed for 
the specimens, containing mineral admixtures. Chlorides amplified their deterioration, leading to a 
greater damage. 



 

 
Figure 1: Concrete specimens after 24 months of curing in the storage solutions 

 
Mass measurements: Initially, all specimens showed a gradual rise in mass, but after longer exposure 
in the corrosive solutions they began to lose mass, due to their gradual disintegration. Mass loss was 
first observed in the LC1 specimens after 12, 12 and 14 months of exposure in the (SC20), (S) and 
(SC10) solutions, respectively. LPC, LFC and LSC specimens began to lose mass after 17 and 21 
months of storing in the (SC20) and (S) solutions. Metakaolin specimens (LMC) presented mass loss 
only in the (SC20) environment after 17 months of exposure. It is obvious that the use of mineral 
admixtures delayed the beginning of the concrete mass loss. The mass loss values are higher for the 
LC1 specimens, while higher sulfate content leads to a greater mass loss. In the case of limestone 
cement concrete, chlorides played a prohibiting role delaying the mass loss. On the contrary, concrete 
containing mineral admixtures showed greater mass loss in the (SC20) solution, than in the (S) 
solution. Figure 2 gives a clear indication when severe deterioration began for the LPC specimens, as 
it is accompanied by a great mass loss. It can be also noticed the harmul effect of chlorides on the 
specimen’s mass loss.  
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Figure 2: Mass of the LPC specimens versus exposure duration to the storage solution 

 
Compressive strength: Specimens without mineral admixtures (LC1) showed a significant 
compressive strength loss at 18 months, when they were stored in the (SC20) and (S) solutions. 
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Specimens containing mineral admixtures, showed normal strength development (strength increases 
with age) during the 18 months curing in all solutions except for (SC20). In this one, a compressive 
strength decrease was observed. This strength loss was significant for the LPC and LMC specimens, 
while it was much lower for the LSC and LFC specimens. Figure 3 gives the effect of the storage 
solution on the 18-months compressive strength of the studied specimens. In the case of limestone 
cement concrete (LC1), the strength loss was the greatest in the sulfate solution (S), while in the case 
of use of minerals admixtures (LPC, LFC, LSC, LMC) the strength loss was the greatest in the sulfate-
chloride (SC20) solution.  
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Figure 3: Effect of the storage solution on the compressive strength after 18 months of exposure 

 
 
XRD analysis: Evidence of thaumasite formation was found in the LC1 specimens after 9 months of 
curing in the sulfate (S) solution. After 18 months of curing, thaumasite was also found in LC1 
concrete specimens stored in (SC10) and (SC20) solutions. Furthermore, after the 18 months curing 
period in the (SC20) and (S) solutions, specimens containing mineral admixtures found to have small 
amounts of thaumasite. Figure 4 shows the XRD patterns of the LC1 specimens after 9 months of 
curing in the (S) solution and after 18 months of curing in the (SC10), (SC20) and (S) solutions. 
Besides thaumasite, calcite, gypsum and traces of brucite were also present.  
 
 

 
Figure 4: XRD patterns of LC1 specimens (T: thaumasite; C: calcite; G: gypsum; B: brucite) 

 
 

 
S – 18 months 
SC20 – 18 months 

SC10 – 18 months 

S – 9 months 



Conclusions 
 
 Concrete prepared with portland limestone cement, suffers from the thaumasite form of sulfate 
attack at low temperatures. 
 The use of mineral admixtures in the limestone cement concrete improves its durability in the 
corrosive environments and leads to limited thaumasite formation. 
 The concrete deterioration is more severe, the higher the sulfate content in the solution. 
 In the case of limestone cement concrete, the presence of chlorides delays the effect of sulfates and 
improves concrete durability in corrosive environments. In the case of use of mineral admixtures, the 
opposite phenomenon is obsereved. 
 The use of natural pozzolana, fly ash, blastfurnace slag and metakaolin improved the resistance of 
limestone cement concrete against sulfate attack. 
 Fly ash seems to be the most effective material, while natural pozzolana is the less effective one. 
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Abstract 

The material properties and durability of cementitious materials depends on both hydration conditions during 

the construction and resistance against chemical attacks after the construction of buildings. In this study ex-

perimental setups were developed to investigate the changes of the phase composition with a high resolution 

during these different time periods of cementitious materials life. The time resolution for the investigations of 

the hydration behaviour is down to 30 sec and provides a detailed view into the dynamics of the hydration proc-

esses at very early stages. The spatial resolution of the investigations of the microstructure, especially the 

changes of the phase composition due to sulphate attack, is 10 µm and allows reconstructing the chemical at-

tack in detail. In general, the in-situ investigations based on X-Ray diffraction methods using intensive synchro-

tron radiation (E = 12 KeV) at the µspot beamline at BESSY II (HZB, Berlin). Examples for changes of the 

phase composition of common phase systems are present to show the functionality of both experimental setups 

and offers new perspectives for technical applications.  

 

Originality 

The investigations of the hydration at early stages by using an acoustic levitation provide the contact free 

analysis of samples and ensure constant water cement ratio. This is a tremendous improvement since former 

studies using capillaries coupled with water injection system could not guarantee a homogeneous dispersion of 

water within the cement suspension. The high photon flux of the synchrotron facility offers an integration time 

of about 30 sec for a single diffraction pattern. This allows a detailed view into the dynamics of the hydration 

processes at early stages.  

The high spatial resolution of 10 µm allows characterizing the changes of the phase composition due to chemi-

cal attacks in detail, which was up to over knowledge not implemented before for cementitious materials. 

Hence, specimens were investigated without destroying their microstructure and avoiding further preparation 

techniques like milling.  

 

Chief contribution 

Both time-resolved and spatial analysis allows combining chemical and phase analytical methods. The investi-

gations of the hydration processes could be couple with further experimental methods e.g. RAMAN spectros-

copy. The time resolved investigations provide a better understanding of early hydration mechanisms. Also the 

influences of organic additives to the material properties of water/cement suspensions could be studied with a 

high time resolution.  

The spatial analysis offer new possibilities to analyse concrete degradation processes in-situ. This not invasive 

method allows investigating the same samples with further experimental setups. The results are directly compa-

rable to results of imaging techniques e.g. polarisation microscopy. 

 

Keywords: in-situ, time-solved, spatial analysis, early hydration, sulphate attack   
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1. Introduction 
 

Cementitious building materials are a substantial part of our infrastructure and built environment 

(Idorn, 2005) and are an inherent multi phase systems. Cement itself consists of different crystalline 

phases in several modifications, especially calcium silicates and -aluminates. Every modification can 

be stabilized by different alkali metals or represents a mixed crystal. After the first contact with water 

this complex multi phase system reacts immediately to structurally more complex hydration products, 

which lead to the setting of cement and subsequently to the hardening of the cement paste. Detailed 

insights into the different stages of the early hydration are needed for a profound understanding in 

which way these processes can be influenced. It is not only necessary to determine the kinetics of 

every single cement clinker phase, but also influences due to the organic admixtures. Especially the 

reaction of C3A (Ca3Al2O5) with sulphate to ettringite (Ca6Al2(SO4)3(OH)12 ·  26 H2O) and the influ-

ences of organic admixtures to this crystallisation process must be characterized during the first min-

utes of the hydration. Despite the poor crystallinity of the hydration products, the final concrete 

phases are well known (Richardson 1999; 2008). However, the phase development at the beginning of 

hydration is not well understood (Christensen et al. 2003). The objective of the work reported here is 

to utilise synchrotron x-ray diffraction for early hydration processes.  

Additionally the synchrotron radiation has been applied to cement paste and mortar samples exposed 

to sulphate attack and chloride penetration. The crystallization of secondary phases depends on the 

concentration of the penetrating solution, porosity of the cementitious material and the grain size and 

chemical properties of supplementary cementitious materials.  

The structures of different modifications of final secondary phases were investigated in earlier studies 

in detail (Matschei et al., 2007; Castellote et al., 2008). The reaction kinetics were calculated and the 

products of the crystallization processes determined (Taylor, 1997; Christensen et al., 2004; Skibsted 

and Hall, 2008). However, the results are not supported by spatial analysis with a high resolution 

within the intact bulk material and without destroying the microstructure during the sample prepara-

tion. 

 

 

2. Sample preparation 

 

For investigating the hydration processes at early stages two different preparation techniques were 

used to induce the hydration: Ordinary portland cement (OPC) was mixed with distilled water with a 

water/cement (w/c) value of 0.5. The resulting suspensions were directly injected into the sample 

holder by a pipette. Additionally, cement pellets were prepared at 1 kbar over a time period of 15 s 

with a pressing device usually employed for IR-spectroscopy. The pellets were cut into cubes with a 

dimension of 1 × 1 × 1 mm. The water was injected during the experiment by a water-injection sys-

tem (see below) until a w/c-value of 0.5 was reached. The injection was controlled by a volume de-

termination device monitoring the expanding droplet.  

The sulfate attack was simulated under laboratory conditions by embedding four samples consisting 

of cement paste in an aqueous solution with a high content of Na2SO4 (30 g L
-1

) over time periods of 

three and six months. Typical samples prepared according to the standard EN 196-1 had a dimension 

of 40 × 40 × 160 mm and consist of ordinary portland cement paste (OPCP) and OPCP with 30 wt% 

of limestone (LL), After exposing the samples for different time spans to the sulfate attack, the sam-

ples were cut and polished into thick sections with a dimension of 20 × 40 × 0.2 mm. During the 

preparation process, the samples were cooled with petroleum ether to counteract contamination and 

dissolution of water soluble phases. This procedure ensures the coherence of the micro structure dur-

ing the preparation.  

 

 

 



  

 

3. Experimental setups 
 

The in situ µXRD experiments were performed at the synchrotron micro focus beamline µSpot (BES-

SY II of the Helmholtz Centre Berlin for Materials and Energy).
14

 Profiles were measured across the 

reaction fronts, including the intact cement paste. To record the profiles, the samples were moved 

10 mm parallel to the reaction front for 60 s in order to improve sampling statistics. The resulting dif-

fraction patterns were represented in a top view to optimize the phase identification and provide an 

overview of both reflections intensities and positions. The ocean data viewer software was used to 

provide the respective images.
15

 

The focusing system of the beamline provides a beam diameter of 10 µm at a photon flux of 1
 
×

 
10

9
 s

-1
 

at a ring current of 200 mA, providing a divergence of less than 1 mrad (horizontally and vertically). 

The experiments were carried out with a wavelength of 1.0657 Å using a double crystal monochroma-

tor (Si (111)). The diffracted intensities were collected 200 mm behind the sample position with a 

two-dimensional MarMosaic CCD X-ray detector with 3072
 
×

 
3072 pixel and a point spread function 

width of about 100 µm. The obtained scattering images were processed and converted into diagrams 

of scattered intensities versus scattering vector q (q = 4π/λsinθ) employing an algorithm from the 

FIT2D software.
16

 For the graphical representations, q-values were transformed to the diffraction an-

gle 2θ (Cu) to provide a direct comparison to results obtained by XRD with Cu-radiation. Cu-anodes 

are one of the most commonly used X-ray tube materials for laboratory XRD studies. The phase iden-

tification was carried out with the search/match function of the EVA software.
17 

The time-resolved analyses were carried out in an ultrasonic levitator with a frequency of 58 kHz and 

a sound level of 160 db. Both cement suspensions and the cement pellets were levitated and provide a 

contact free analysis during the experiment (Delissen et al., 2008; Leiterer et al., 2008; Wolf et al. 

2008).  

For the suspensions, the levitation ensured a homogenous w/c value due to intense convection within 

the levitated droplet. However, the first seconds cannot be studied, because the hydration started be-

fore the sample was injected. Hence, cement pellets were levitated and water was added during the 

experiment through a piezo-electric microdrop dispenser (Fig. 1). The droplet was illuminated by a 

NIR-light and constantly observed through a video camera to determine the size resp. the volume. 

Additionally, the influence of polycarboxylate-ether (PCE) has been investigated: 3.2 wt % of the 

amount of cement was replaced by this organic additive. In general, organic additives are commonly 

used to change and control the hydration processes. To our knowledge these influences have never 

been characterized for the first seconds of hydration in detail. 

The phase composition of the chemical attacked cementitious materials was determined by measuring 

thick film sections with the same experimental set-up used for the studies of the hydrations processes. 

The penetrations depths of the solutions and the secondary phases were localized by elemental 

mapping of sulfur using µXRF (Eagle III, EDAX, Wiesbaden, Germany; operating at 40 kV, 120mA) 

with a spatial resolution of 40 µm. Finally, all profiles were studied by high resolution X-ray 

diffraction based on synchrotron radiation (µXRD). During the measurements, the samples were 

moved about 10 mm parallel to the reaction fronts with an integration time of 60 s.  

Figure 1: Scheme of experimental setups; time resolved (left) and spatial investigations (right). 



  

 

Figure 2: Time-resolved development 

of reflections intensities without (upper 

graph) and with (lower graph) PCE.  

4. Results 

 

4.1 Time-resolved analysis 

 

Figure 2 shows the development of the diffraction intensities of 

the most important phases during the hydration of cement and 

cement mixed with PCE. In the early phase of hydration, the 

calcium sulphate modifications anhydrite and bassanite react 

with water to gypsum and with C3A to ettringite immediately. 

Gypsum and Ettringite reflections are observed already in the 

first diffraction pattern 30 s after the hydration was induced. 

The reflection intensities of ettringite decrease during the first 

minutes of the hydration process. After this time, the intensity 

is constant, while it increases with PCE, which obviously influ-

ences the hydration process. The development of the reflection 

intensities of C3A and gypsum are not strongly influenced by 

PCE, but the developments differ over the observed hydration 

time of 18 min. The results indicate that PCE influences the 

solution behaviour at the beginning of the hydration and less 

the crystallization processes.  

The results demonstrate that the high time resolution of this 

experimental set-up is a powerful tool to observe the hydration 

behaviour at the beginning of the cement hydration. Especially 

the changes of the hydration behaviour due to organic additives 

will be investigated in detail in the future and compared with 

the hydration behaviour of cement without using additives. 

 
 

4.2 Spatial analysis 

 

The collected diffraction pattern of the profile scans of OPC with a high content of LL are displayed 

in a top view in Figure 3 and 4. Reaction fronts were observed through a distinct change of the phase 

composition at defined profile depths. The sulphate attack and the supplementary cementitious mate-

rial results in high concentration of SO4
2-

 within the pore space and have a strong influence on the 

crystallisation of secondary phases.  

After three months, two clear discernible reaction fronts were observed at profile depths of 360 µm 

and 840 µm. At the sample surface, calcite and the secondary phases ettringite and monocarbonate 

(Ca4Al2(CO3)(OH)12 ·  5 H2O) were identified. The calcite (CaCO3) represents the limestone within the 

cement. The crystallization of both ettringite and monocarbonate are probably induced by the initial 

crystallization of monosulfate (Ca2Al2(SO)4(OH)12 ·  6 H2O). The crystallization of secondary ettring-

ite indicates the reaction of monosulfate with SO4
2-

 and Ca
2+

. Parallel to this reaction monosulfate re-

crystallized to monocarbonate by exchanging SO4
2-

 with CO3
2-

. Between 360 µm and 840 µm secon-

dary gypsum was additionally identified due to the reaction of portlandite with high amounts of SO4
2-

. 

Below a profile depth of 840 µm, only portlandite, calcite, and small amounts of ettringite were iden-

tified presenting the more or less intact bulk. 

After six months, both reaction fronts migrated to profile depths of 460 µm and 1890 µm, while the 

number of different phases decreased in all sampling areas. The monocarbonate phase is either not 

longer stable than six months or decreased due to the increasing SO4
2-

-concentration during the pro-

gressive sulphate attack. At the sample surface only calcite and ettringite were identified, while no 

monocarbonate was found. Between the profile depths of 460 µm and 1890 µm only gypsum and cal-

cite was identified. Below a profile depth of 1890 µm, only portlandite and calcite was identified pre-

senting the intact bulk. The amount of ettringite is probably below the limit of detection. 

C3A 
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Figure 4: Diffraction patterns of the profile scan of sulfate attacked OPC with 30 wt% LL after6 months. The 

identified phases are ettringite (Ett), gypsum (Gyp), calcite (Cc), and portlandite (Plt). 

 

Figure 3: Diffraction patterns of the profile scan of sulfate attacked OPC with 30 wt% LL after 3 months. The 

identified phases are ettringite (Ett), gypsum (Gyp), monocarbonate (Mc), calcite (Cc), and portlandite (Plt). 

 



  

 

Discussion 

 
The observed changes of the phase composition of common phase systems investigated by both expe-

rimental set-ups revealed the advantages to former studies and offers perspectives for new technical 

applications: The experimental set-up of the study of the hydration at early stages makes in-situ inves-

tigation of the first minutes of hydration processes by a controlled w/c value possible. The short data 

acquisition time provide at the synchrotron facility allows to describe the hydration processes in detail 

with an enhanced time resolution. This offers for example new insights for developing organic addi-

tives. Instead of deriving the influences of the additives afterwards, the chemical reaction could be 

characterized during the hydration mechanism. 

The high spatial resolution of the phase identification within the intact bulk provides the reconstruc-

tion of chemical attacks in detail. With this experimental set-up, the influence of different amounts of 

several types of supplementary cementitious materials to the penetration depths of solutions and the 

crystallization of secondary phases could be characterized (Schlegel et al., 2010). 
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Abstract 
We used multiple techniques to study the paste hydration, and w/c = 0.50, of a Belite-Calcium Sulfo-Aluminate-Ferrite 
(AETHERTM) cement containing about 48% belite (C2S), 28% ye’elimite (C4A3$), 18% ferrite solid solution (C2(A,F)) 
and 6% anhydrite, over 6 months at 20°C. The XRD-Rietveld method was used in order to identify and quantify the 
different crystalline in the clinker and cement as well in their hydration products, and to estimate the total amount of 
amorphous phases. TGA and DTA methods were used to confirm the XRD data, and to characterize the main 
amorphous hydrate phases formed (AH3 and C-S-H). Isothermal calorimetry and pycnometry were used to measure the 
overall hydration rate, and gave results in reasonable accord with the other methods. The hydration could be divided 
into three principal steps: initial rapid hydration of ye’elimite plus anhydrite to give ettringite in the first few hours plus 
an amorphous hydrated alumina (AH3), followed by a slow reaction period of 2-3 days, after which belite hydrates, 
consuming AH3 to form strätlingite. Finally, belite and ferrite phases continue to hydrate slowly, consuming strätlingite 
and giving C-S-H plus an iron-rich siliceous hydrogarnet. Ettringite formed initially persists throughout the hydration 
and calcium monosulfoaluminate hydrate (AFm) is also formed, increasing slowly in amount, apparently due to slow 
hydration of residual ye’elimite physically “trapped” inside large clinker particles. 
 
Originality 

This work represents a more thorough study than previously published of the hydration of this new class of cements, 
which appear to represent a novel and important approach to producing hydraulic cements with lower manufacturing 
CO2 emissions. The analytical methods have been refined relative to previous studies, especially the Rietveld XRD 
technique, which now permits a reasonable quantification of the total amount of amorphous phases. Comparison of the 
degree of hydration of individual phases measured by specific techniques (XRD, TGA and DTA) with the more general 
“bulk thermodynamic” techniques of calorimetry and pycnometry shows reasonable agreement although calorimetry is 
not usable for more than the first few days due to baseline errors at low hydration rates.  

 

Chief contributions 
The most novel conclusion of this work is the observation that the observed slow continuous formation of 
monosulfoaluminate AFm phase throughout the hydration of BCSAF cement is almost certainly due to hydration of 
ye’elimite crystals “trapped” inside large clinker grains, such that it cannot hydrate until the surrounding belite and 
ferrite phases have been consumed. 
 
 
 
 
Keywords: Belite, calcium sulfoaluminate, cement, hydration, CO2 emissions. 
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Introduction 
 
Cement production consumes large amounts of energy and natural raw materials and is responsible for about 
11% of global industrial CO2 emissions. These CO2 emissions emanate mainly from the burning of carbon-
based fuels (about 40%) and from decarbonation of limestone (about 60%). Note that a typical modern 
Portland clinker contains at least 60% alite C3S in order to guarantee high early strengths, and this requires a 
calcium content of at least 65% expressed as CaO, almost all of which originates from calcium carbonate 
(CaCO3), mostly in the form of limestone in the kiln feed. The decarbonation of this CaCO3 is the main 
source of CO2 emissions from the cement kiln, not only because of the release of the fossil CO2 contained in 
the limestone, but also because about two-thirds of the energy required for clinker formation in a modern 
energy-efficient kiln system is simply the energy required for driving this very endothermic decarbonation 
reaction, which takes place at about at 900°C at atmospheric pressure. The production of one tonne of 
Portland cement clinker in a modern energy-efficient plant results in emission of about 0.8 tonnes of CO2. In 
order to reduce these emissions, the cement industry has traditionally used the following four approaches:  
1. Improvement of the energy-efficiency of the cement manufacturing process.  
2. Replacement of fossil fuels by waste fuels or biomass-derived fuels. 
3. Reduction in the clinker content of cements by substitution of clinker with industrial byproducts. 
4. Reduction in the calcium carbonate content of the kiln feed by substitution with industrial byproducts. 
 

However, all four of these approaches are close to reaching their practical limits in many locations. So, in 
order to achieve a real breakthrough in reduction of CO2 emissions, it is necessary to consider a change in 
the composition of the clinker itself, in order to develop a new class of cement which requires less limestone 
in the kiln feed and thus emits less greenhouse gases. Thus, Lafarge’s new AETHER low-CO2 cement 
technology is based on “BCSAF” clinkers containing belite (impure dicalcium silicate, C2S), ye’elimite 
(calcium sulfoaluminate, C4A3$,) and calcium alumino-ferrite solid solution (ferrite or C2AxF1-x) (Gartner 
and Li, 2006). The enthalpy of formation of ye’elimite from limestone, calcium sulfate and the other oxides 
at 25°C is only 800 kJ/kg compared to 1337 kJ/kg for β-C2S and 1848 kJ/kg for C3S (Sharp et al., 1999), 
and their specific CO2 emissions increase roughly in proportion to these enthalpy of formation values 
(Gartner, 2004). The raw mix composition of this cement can be based on conventional raw materials 
(limestone, clay, bauxite and iron ores) but industrial byproducts or wastes can be used as well (Berekta, 
1993, Sahu, 1994) (for example fly ash, pyrite ash, galvanic sludges, metallurgical slags, phosphogypsum, 
etc….). Furthermore this new class of cement clinker can be produced in existing installations using a 
conventional cement kiln system, and the maximum burning-zone temperature is significantly lower 
(around 1250°C) than for Portland cement clinker. Combining all of the above factors, a decrease of total 
CO2 emissions by 20-30% compared to a typical Portland cement clinker appears to be industrially 
achievable for the manufacture of such AETHER clinkers. The objective of the study reported here was to 
improve our understanding of the hydration of such cements, following on from the initial studies of Li et 
al. (2007) and Wang et al. (2010).  

 
Specimen preparation 
 
The raw mix used in this work was based on limestone, clay, bauxite, iron ore and anhydrite, all of which 
were ground together in the desired proportions and pelletized. The pellets were introduced into a rotary kiln 
with a burning-zone temperature of 1280°C. Boric acid was added to this raw mix in order to stabilize α’-
C2S, which is a more hydraulically reactive phase than the β-C2S typically present in Portland cement clinker 
(Chae et al. 1996, Jelenic, 1978). This high temperature polymorph can also be stabilized by alkali metals 
(Gies et al. 1986) or a mixture of alkali metals and iron (Suzuki, 1980). For cement preparation, the clinker 
was ground to a Blaine fineness of about 500 m2/kg, and anhydrite ground to 100% passing 100 µm was 
added. The powders were mixed for 30 minutes to give a cement composed of about 94% clinker and 6% 
anhydrite, with an overall Blaine fineness of 524 m2/kg.  
 
Analyses 
 
The BCSAF cement composition was determined by quantitative XRD analysis by using the Rietveld 
refinement method (Rietveld, 1969), including quantification of the amorphous part (Walenta, 2008). Special 
control files dedicated to belite calcium sulfo-aluminate ferrite cement and its hydrated phases were 



developed. The chemical composition of the clinker and the phase contents of the cement are given 
respectively in tables 1 and 2.  
 

Table 1: Chemical composition of the AETHER clinker studied in this work 
SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 TiO2 B2O3 Total 
15.8% 16.4% 7.7% 52.9% 0.5% 0.69% 0.07% 4.5% 0.3% 1.19% 100% 

 
Table 2: Mineralogical composition of the AETHER cement studied in this work 
Ye’elimite 

C4A3$ 
Belite 
αααα’-C 2S 

Ferrite 
C2(A,F) 

Anhydrite 
C$ 

28.2% 48.3% 17.8% 5.3% 
 
Hydration studies were conducted on cement pastes with a w/c ratio of 0.50 at room temperature of 20±1°C. 
XRD and TGA phase quantification was done on ground cement paste samples after the hydration had been 
stopped by the procedure given by Wang et al. (2010). The first analysis was made one hour after mixing. 
The XRD equipment was a Philips X’Pert Pro diffractomer with a high speed “X’Celerator” detector.  
- For isothermal calorimetry measurements at 20±0.1°C, 10g of anhydrous cement were mixed with 5g of 
water for one minute and 8.15g of this paste was poured into a flask lowered to the bottom of the measuring 
chamber of a TAM AIR 3115 isothermal micro-calorimeter. The heat released by hydration of the cement 
paste was typically monitored from a few minutes to several days after mixing.  
- TGA measurements were done with ~100 mg of the “stopped” and dried ground cement paste, heated from 
20°C to 1000°C at 20°C/min in nitrogen atmosphere. We also used special DTA equipment developed in our 
laboratory to measure the thermal peaks from 20 to 600°C with very high resolution.  
 
Results and discussions 

 
A) Hydration at very early ages 

 
 
 

 

 

 

 

 
Figure 1: Hydration degree of anhydrous phases 

(determined by XRD Rietveld) as a function of time. 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Ettringite formation and ye’elimite hydration 
degree determined by XRD Rietveld method as a 
function of time.  

 
Figure 1 shows that, at very early ages, the only anhydrous phase consumed significantly is ye’elimite 
(C4A3$), which hydrates rapidly for the first 3 hours to form ettringite, (see figure 2). By 3 hours, the amount 
of ettringite formed is about 30 % of the initial mass of cement but there is no further increase (at least up to 
24 hours). During this same period about 15% of the initial ye’elimite phase remains unreacted. A plausible 
explanation for this could be that part of the ye’elimite phase is “trapped” as inclusions in belite and ferrite 
phases which hydrate much more slowly.  
 

C4A3$ + 2C$ + 38 H � C3A•3C$•32H + 2AH3       (1) 
 

The initial hydration is assumed to follow equation (1) (Wang et al, 2010), but the amount of anhydrite in 
our cement is only about half of that needed to react with all of the ye’elimite in this way, so other hydration 
products must also form. The calorimetry curves (figure 3), show three major peaks at very early ages, 
(followed by a large peak after 3 days that is assumed to represent the main “later age hydration” reactions)  
 



 
 
 
 
 
 
 
 
 
 
 
 
          
 

Figure 3: Calorimetric curve of the BCSAF cement 
 
 
The initial peak corresponds to the wetting of the cement and the beginning of ye’elimite dissolution. Only 
part of this exotherm is recorded owing to the time required for the mixing procedure. The second and third 
peaks occur at around 2 and 3.5 hours, respectively. Zhang (2002) observed similar calorimetric curves for a 
commercial calcium sulfo-aluminate cement (CSA) hydrated at a w/c ratio of 0.44 at 25°C. The second peak 
can be considered as the main dissolution period of C4A3$ in presence of anhydrite following equation 1. It is 
interesting to note that the third peak in figure 3 starts at around 3 hours, which is when the amount of 
ettringite reaches a plateau. We suppose that this last peak, which corresponds to an acceleration of C4A3$ 
hydration, starts when the sulfate concentration in solution is depleted. This accelerated dissolution of C4A3$ 
after sulphate depletion can also be observed in dilute suspensions by conductimetric methods (Capmas et 
al., 1993). At this point, we assume that C4A3$ dissolution leads to monosulfate precipitation following 
equation (2): 
 

C4A3$ + 18H � C3A•C$•12H + 2AH3        (2) 
 
Both reactions (1) and (2) also form solid aluminium hydroxides (AH3) which are initially amorphous but 
can crystallize as gibbsite. We do not detect any crystalline gibbsite by XRD during 0 and 3 hours but the 
Rietveld control file indicates an increase of amorphous phase. The thermo-gravimetric curves between 0 
and 6 hours (figure 4) show two peaks, the first around 130-140°C which corresponds to dehydration of 
ettringite, and the second around 250°C which is attributed to AH3. In table 3, we present the evolution of the 
weight loss in the temperature range 220-450°C that is the main dehydration domains of AH3. We can use 
these weight losses to calculate the amount of AH3 present, based on its theoretical weight loss 34.6% 
(54/156).   
 
The data in table 3 show that the Rietveld control file calculates an increase of the amorphous phase during 
the first hours of hydration, and that this increase is quite well correlated with the amount of AH3 measured 
by TGA.  
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4: Thermogravimetric analysis: cement paste 
samples hydrated at 1, 2, 3 & 6 hours (at w/c = 0.5)  

 
Table 3: AH3 amount determined by TGA and XRD 

Rietveld method. 

 

% AH3 (amorphous phase)  
Time 

 
(hours) 

TGA 
 

XRD 
Rietveld 

1 7.5%  (weight loss 220-450°C 
= 2.6%) 

9% 

2 9.8% (weight loss 220-450°C 
= 3.4%) 

8% 

3 10.7% (weight loss 220-450°C 
= 3.7%) 

12% 



 
 
B) Hydration between 1 and 28 days 

 
Figures 5 and 6 show the amounts of crystalline and amorphous hydrate phases formed in the paste:  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5:  Amount of strätlingite, hydrogarnet and 
amorphous phases as a function of time determined by 
XRD Rietveld method 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 6:  Amount of ettringite and monosulfate as a 
function of time determined by XRD Rietveld method 
 
 

Strätlingite starts to form rapidly after about one day, and its formation appears to be proportional to the rate 
of disappearance of belite (see figure 1). We thus assume that the main overall reaction in this period is (3):  
 

C2S + AH3 + 5H � C2ASH8         (3) 
 

This reaction consumes the amorphous AH3 formed earlier: TGA data (Fig. 7) confirm that there is little AH3 
remaining by 7 days. These results confirm our recent suggestion that reaction (3) is the key to development 
of strength after the initial ye’elimite hydration period of typical BCSAF clinkers (Wang et al, 2010).  
 
The presence of large amounts of strätlingite at 28 days is confirmed by TGA measurements: figure 7 shows 
an increase in the weight loss around 190-200°C, which can be attributed to strätlingite decomposition 
according to Frias (2006). Fig. 7 also shows peaks at 250°C and around 300-320°C, which are respectively 
attributed to the decomposition of gibbsite (AH3) and a siliceous hydrogarnet. Fig. 5 shows that a siliceous 
hydrogarnet starts to form rapidly after about one week, by which time the ferrite phase has also started to be 
consumed significantly. This supports the contention that this hydrogarnet phase contains a significant 
amount of iron as well as silicon (Wang et al, 2010). It could form by coupled reaction of belite and ferrite: 
 
 C2S + C2(A,F) + 5H   �   C3(A,F)SH4 + Ca2+(aq) + 2(OH-)(aq)     (4) 
 
This reaction releases lime into the solution, but, since no portlandite formation is observed, this lime must 
be consumed by a parallel process, presumably the conversion of strätlingite into more siliceous hydrogarnet: 
 
 Ca2+(aq) + 2(OH-)(aq)  +  C2ASH8   �   C3ASH4 + 5H      (5) 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: TGA of hydrated BCSAF cement pastes  

 

 
 
 
 
 
 
 
 
 
 

 
Figure 8:  DTA of hydrated BCSAF cement pastes 



The DTA data at 28 days (Fig. 8) show a strong peak at 110-120°C that is consistent with significant 
amounts of C-S-H also being present by this time. This is assumed to be a major product of later-age belite 
hydration, according to reaction (6), although the exact composition of the C-S-H formed is not yet known: 
 

C2S + (x+2-y)H � CySHx  + (2-y){Ca2+(aq) + 2(OH-)(aq)}     (6)
    
The dissolved calcium hydroxide produced by this reaction is presumably also consumed by reaction (5), 
since XRD measurements do not detect any portlandite even at 28 days. The XRD data, however, show a 
significant increase in the amount of amorphous phase, which is now presumably mainly C-S-H. 
 
C) Hydration after 28 days 
 
By 28 days ye’elimite has been totally consumed but belite continues to hydrate, reaching a hydration degree 
of about 90% by 6 months (Fig. 1). Ferrite is consumed more slowly, only reaching hydration degree of 60% 
at 6 months. Strätlingite concentration goes through a maximum of about 17% at 28 days, decreasing to only 
about 6% by 6 months, presumably due to reaction (5).  This trend was confirmed by DTA measurement 
(figure 9) in which the endotherm at around 200°C is more pronounced after 28 days than after 6 months. 
During the same period, the endotherm at around 110°C continues to grow more intense, confirming the 
increase in C-S-H concentration. But it is important to note that, despite these major changes in hydrate 
proportions, the strength of a BCSAF concrete was found to increase throughout this period (Quillin, 2007). 
 
 
 
 
 
 
 
 
 
 
 

Figure 9:  Differential Thermal Analysis: samples 
hydrated at 28 days and 6 months (cement paste at 

W/C = 0,5) 

 
 
 
 
 
 
 
 

 
 
 

Figure 10: Thermogravimetric analysis: sample 
hydrated at 6 months (cement paste at w/c= 0.5) 

 
Fig. 10 shows the TGA trace after 6 months of hydration.  We can identify several peaks: the first main peak 
at around 110°C corresponds to C-S-H and the shoulder at around 130°C corresponds to ettringite. The broad 
peak at around 290°C is identified with siliceous hydrogarnet, and there is now an additional peak at around 
180°C which we attribute to monosulfate, consistent with the work of Winnefeld et al. (2009). Finally, 
although a small portlandite peak appears to be present in the XRD pattern after 6 months, the TGA trace 
(Fig. 10) shows no evidence of any portlandite dehydration at 400-500°C.  
 
Conclusions 
 
The hydration of a cement typical of Lafarge’s new AETHER low-CO2 cement technology, composed of 
94% BCSAF clinker and 6% anhydrite, was shown to take place in three principal stages: 
1. Initial rapid hydration of the calcium sulfo-aluminate phase (ye’elimite) plus anhydrite to give ettringite 

plus an amorphous aluminium hydroxide.  Due to a shortage of anhydrite, some monosulfoaluminate 
was also formed at this time. In the particular BCSAF cement studied here, this stage was essentially 
complete after only 4 hours, after which relatively little further reaction occurred for over 2 days. 

2. Between 2 and 3 days the hydration re-accelerated, but this time the main reaction was hydration of 
belite plus the aluminium hydroxide formed in stage (1) to give strätlingite. The way to manage the onset 
of this intermediate stage is a critical point. Ideally, the onset of this period should occur earlier in order 
to obtain rapid compressive strength increases after 1 day. This shows the need for a better mechanistic 
understanding and also control of the reactivity of the belite and ferrite phases in this class of cement.  

3. Once the residual amorphous aluminium hydroxide was depleted, further hydration of belite continued in 
the “normal” way to give C-S-H plus (dissolved) calcium hydroxide; however, the calcium hydroxide 



appears to have been largely consumed by the strätlingite formed in stage (2), converting it to a siliceous 
hydrogarnet, and so little if any portlandite was formed. At the same time, the ferrite phase hydrated, 
combining with silica coming from belite hydration to give a siliceous hydrogarnet enriched in iron.   

Interestingly, the amount of ettringite present in the hydrated pastes appeared to remain relatively constant 
after the end of stage (1), despite all of the other chemical changes occurring. On the other hand, the amount 
of monosulfoaluminate increases slowly but steadily from the first day onwards, presumably due to the fact 
that a small fraction (estimated as about 10-15%) of the initial ye’elimite content is “trapped” inside clinker 
grains and cannot hydrate before the surrounding belite and ferrite has been consumed. 
The hydration path of BCSAF cements appears more complex than that of Portland cements and we are at 
the early stage of understanding the mechanisms and their dependence on initial phase proportions and 
reactivities. However, it is encouraging to note that initial studies of concretes made with such cements have 
indicated continuous steady strength gain over two years and have not shown any excessive volume changes. 
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Abstract 
Since years the Transmission Electron Microscopy has demonstrated to be a valuable tool for determining the 
microstructure and composition of cement phases in the bright field imaging (BF) conditions and by electron 
diffraction crystallographic analysis (SADP, microdiffraction and CBED) of different phases from all type of 
cements. The compositional microanalysis made possible thanks to the solid state EDS detectors has given much 
information of crystalline and amorphous cement phases. On the other hand and more recently, the extended use 
of synchrotron radiation accelerators have given complementary information of these structures (SXRLS). 
Nowadays, with the analysis of the electron beam losses in the same dedicated TEM/ EDS/ EELS (Energy Loss 
Spectroscopy) instrument could be a fast and more simple alternative for giving additional information of these 
structures. The basic principles comparing both methods are given and more recent results are reviewed and 
discussed. 
 
Originality 
After a review of recent last ten years main results published in literature on cement phase structures under 
Transmission Electron Microscopy and Energy Dispersive Spectroscopy (TEM/ EDS) it is showed the 
capabilities of Energy Loss Spectroscopy (EELS) attached to TEM as a more simple and attanaible tool than 
synchrotron for research of cement compounds 
 
Chief contributions:  
Basis and applications of EELS Spectroscopy performed in TEM are given as complementary method to the SXR 
for the investigation of cementicious phases (composition and structure) by XAFS Spectroscop. 
 
Keywords: electron microscopy, TEM, EELS, redox speciation, Synchrotron Radiation 
 
Introduction 
 
Cements are complex materials due to the presence of many crystalline phases and due to 
polymorphism of some components. For characterising the hydration processes there have been 
previously much attempts (Scrivener, 2004). Additional difficulties are due to the low cristallinity and 
heterogeneity structure of hydrated phases. Because the hydration process is time dependent , the use 
of SXRSL is very useful. The knowledge of hydration of cement phases and formation of phases is 
well known since time (Alonso et al, 2009). Thus, Synchrotron facilities provide a wide range of 
opportunities for doing new experiments usually not possible under traditional X-Ray sources. The 
SXR gives a continuum radiation and even the X-Ray Absorption Spectroscopy (XAFS) with the 
EXAFS and XANES with element composition information and local and medium range structural 
order around a Periodic Table element. Diffraction studies on clinkerisation of high-belite clinkers has 
been possible by XRSLS (De la Torre et al,  up to 1400ºC following the polymorphic transformations 
of dicalcium silicate at high temperatures being possible to give the amount of liquid/ melted phase 
that appeared. 
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On the other hand, the recent improvements of TEM new generation of microscopes and EELS 
spectrometers and similarities of information obtained in EXELFS and ELNES in TEM/ EELS 
systems, it has been discussed the relative advantages for obtaining information from both 
instrumental facilities (Stöger et al, 2005). The aim is here to give the fundamental of both methods, 
compare the relative performances and give some examples reviewed from literature of 
characterization in cements which can be studied with energy loss spectroscopy in the wide spread of 
TEM/ EELS configuration available nowadays. 
 
 
SXRLR (Synchrotron X-Rays Source Light Radiation) 
 
The synchrotron radiation information can be obtained from sources in systems which allow to use 
electron beams which are generated usually in a cold cathode gun and accelerated to 100 MeV. Then 
they are injected into a booster synchrotron rising the energy up to 3 GeV. After this it is transferred to 
a circular ring of more than 250 m length being maintained circulating in this ring as long as possible. 
By the use of magnets the electrons are forced to describe curved trajectories giving rise to an intense 
synchrotron light which is the source of the radiation useful for specific analytical answers in 
materials, usually using this radiation for: a) diffraction and b) dispersion of energies experimentation 
giving rise in some cases to different types of X-Ray microscopies. 
 
The table 1 taken from (Suarez et al, 2009) summarise the relative capabilities in both procedures for 
investigating materials, which can be seen the advantages of SXRLR over the EELS performed in a 
dedicated TEM. However, the relative facilities and accessibility given by the transmission electron 
microscopes have not been sufficient used to now for researchers in the materials research fields. 
 

Table 1: Analytical capabilities according to beam source, energy and type of spectroscopy (modified from 
Suarez et al, 2009  in the case of the ALBA synchrotron) 

 
Beamline capability Photon source  Energy range (keV) Techniques 

HR- SXRPD power difraction Superconductor 5-50 Powder diffraction at High 
pressures  

XR absorption spectrometer Wiggler 5-30 Absorption spectroscopy 
Non crystalline diffraction In vacuum undulator 5-15 Small angle scattering 

Crystallography of 
macromolecules 

“ “ Biocrystallography 

XR magnetic dichroism Helical undulator 0.1-2 Magnetic dichroism and 
resonant scattering 

Spectromicroscopy “ 0.1-1.2 Photoemission microscopy 
XR microscopy  Bending magnet 0.2-1 Cryotomography  

BM25CRG X-line Sp Line in 
Grenoble 

Bending magnet 5-45 (9 mrad) Diffraction and absorption 
spectrometries 

Abbreviations are: XR = X-Rays; HR = High Resolution; SXRPD= Synchrotron X-Rays Powder Diffraction  
 

 
About the possibilities and applications of XRSLS diffraction in Chemistry we refer to de la Torre et 
al in (Suarez et al, 2009). Because in the past the energy dispersive diffraction has been used for 
stugying P-T phase transitions, strength , reology and textures transformations, as well as melting it is 
evident the capability of this method for investigating the cement phases behaviour. More recently, the 
angle dispersive methods are of increasing interest due to the availability of CCD and IP detectors 
allowing the refinement by Rietveld method. 
 



 
 
XAFS- X- Rays Absorption Fine Spectroscopy: Basis and some examples for phase structure 
and red-ox states of heavy metals in cements 
 
Since the diffraction is possible in the TEM equipments due that main focus of this paper is to give the 
advantages of XR XANES obtained through out EELS, the comparative diffraction capabilities in both 
systems will not give much attention in this case. Therefore, diffraction or imaging will not be 
discussed here and it will be compared only the X-Ray Spectroscopies (EXAFS ande XANES) which 
are possible in XAFS- X-Rays Absorption Fine Spectroscopy.  
 
When photon coming from X-Rays hit the matter and is absorbed give rise to a core level electron (K, 
L or M) out of the atom . The electron ejected is called photoelectron produces an interference signal 
which follows the well- known law of Lambert- Beer. The absorption coefficient μ decreases 
smoothly with increasing the X-Rays photon energy producing discontinuities named “absorption 
edges”, even the “pre-edge” can be observed on the low energy side of spectrum, being characteristic 
of d states for transition elements. This allow to characterize the different species and/or oxidation 
states of elements. The modulation of X-Ray absorption coefficients in relation to the backscattered 
electron waves at photon energies above the edge with ≅ E0- (0.05 – 1 keV). The Figure  1 gives as an 
example the Ti spectrum at the Ti K-edge in a titanate of europium showing both regions of EXAFS. 
 
Several types of detectors are used for registering of XAFS (Ge solid state and Si drift which usually 
achieve energy resolution of ≈ 150 eV). The sample thickness must be adjusted for μx ≈ 2.5 above the 
absorption edge and/or the edge step Δμ(E)x ≈ 1. In metals research this usually between several μm 
to 10μm. In the case of diluted samples this must be approximately 1 mm. Other important specimen 
preparation is that in transmission measurements should be uniform and free of holes. For grains the 
size must not be larger than the absorption ≅ length. Self-absorption problems implies that 
concentrated samples can be measured in transmission mode. However, the diluted samples can be 
easily determined by fluorescence. 

 

 
 

Figure 1: XAFS Titanium spectrum (Ti K- edge) as example for showing the XANES and EXAFS 
spectrum traces 

 
The capability for immobilisation of heavy metals in cement based matrices is recognized also since 
time and has been recently reviewed by Chen et al (Chen, 2009). The effects of heavy metals in the 
hydration process has been well recognized and the main composition effect is the precipitation of 
calcium heavy metal double hydroxides incorporating different metals with differente redox states. 
Similarly, when early stage of hydration in mixtures of slag- cement (Wu et al ,1983) the addition of 
slags implies the incorporation of different iron oxide states in cement phases from blast furnaces slags 
in Portland cement giving 49 KJ/ mole compared with conventional Portland cement which is 44 kJ/ 
mole. 



The second general possibility is to analyse the ratio of different oxidation states of iron species (Fe3+  
and Fe2+ ) in materials such as cements with XANES analysis. The Figure 2 shows  a good example of 
different iron states ratios in quenched silicate melts. 
 
It is well known that determination of iron species can be made by Mössbauer spectroscopy and /or 
wet analysis, however these methods have poor spatial resolution and usually are restricted to bulk 
samples and being destructive the chemical wet methods. On the other hand, it is recognised that 
EELS have spatial resolution desired, but the high electron sources in TEM can involve beam-induced 
changes in the oxidation states. Synchrotron does not require sample preparation, only polished 
surface for obtaining of XANES spectra. Only they are necessary standards matched with high 
precision provide valuable information as is the case of results show in the Figure 2.  
 
Though difficulties in aplications in cements which are very heterogeneous and complex phase 
composition De la Torre et al., 2009 have  followed the clinkerization of a belite cement. Equally, the 
hydrolysis of pure and sodium substituted calcium aluminates and in cement clinker components has 
been investigated by Christensen, 2004 by “in situ” X-Rays Synchrotron powder diffraction.  
 

 
 

Figure 2: a) spectra of Fe K-edge from silicate melts (mid ocean ridge basalt) with Fe3+/ΣFe different ratios and 
b) XANES pre-edge region increased shoring the 1s-3d transition in glasses and in a natural komatiite (modified 

from Peral and Ferrer, 2009) 
 

TEM/ EELS (Electron Energy Loss Spectroscopy) and some examples of applications 
 
Energy Loss Spectroscopy from electrons into TEM is based on the inelastic scattering of electrons 
when hit a material sample at very small angles, in such a way that an inelastic collision the kinetic 
energy is converted to atom- electron excitation. In this interaction the total energies and the momenta 
of the particles which collide the sample are conserved. However, the electron excitation of the atoms 
of the solid are stimulated and the primary beam loses energy ΔE.  
 
Thus, the inelastic scattering is an electron-electron interaction. Majority of electron excitations that 
can be observed with energy losses ΔE smaller than 50 eV are the intra- and inter- band and the 
plasmon excitations near the Fermi level (Reimer, 1984). Ionization of an inner shell gives an edge- 
like rise in the energy loss spectrum at ΔE = E1 where this E1 correspond to the ionization energy of 
the K, L or M shells. Thus, for the Al is Ek = 1550 eV. The elements with higher Z contribute with the 
L and M shells in the range ΔE = 20-2000 eV.    



 
 
 
 

 

Figure 3: Phase analysis by Rietveld versus temperature for a belite clinker by synchrotron X-Ray powder 
diffraction (modified from De la Torre et al, 2009)   

 
 

Figure 4: Inelastic electron-specimen interactions: a) small angle scattering with losses of energy ΔE; b) intra- 
interband and plasmon excitations and c) inner- shell ionisations (modified  from Reimer, 1984) 

 
         

 

                
 
Figure 5: a ) angle orientation with respect EELS spectrometer and b) schema showing the EXELFS abd ELNES 

spectrum traces (modified  from Reimer, 1984) 
 

Therefore, the EELS spectrum contains much information about the electronic structure (in the 
plasmon losses) and about the chemical composition and oxidation states of elements (ionisation 
losses). Because the EELS is concentrated within relatively small scattering angles is therefore the 
best method for analysis of light elements (C, N, O…) in thin films or nano sized grains. Some 
limitations are inherent to this method: 1) Is that energy losses decrease in thick specimens due to 
chromatic aberration and 2) the largest part of excitation energy is converted to heat (phonons) giving 
rise to radiation damage in organic specimens 



 

 
Figure 6: TEM/ EELS comparative spectrum of amorphous and graphite carbon (from Reimer,1984) 

 
It is possible to distinguish the different oxygen content in compounds as is shown for alumina and 
aluminium different traces of corresponding spectra in the Figure 5. The disorder in amorphous 
materials such glasses can be also investigated by EELS in a well equipped TEM. Thus in specificaly 
fused silica, has been analysed by EELS, by analysing the Urbach tail of fused silica to measure the 
temperature dependence variation. By EELs has been demonstrated tha the frozen-in- disorder rather 
than thermal disorder is the major contributor to the total disorder of vitreous silica. The temperature 
dependence was also previously analysed by EXAFS to separate the thermal contribution from the 
static one. Therefore, in this case the complementary use of EELS and SXSLR experiments can allow 
to determine the absorption edge of the Urbach region ( Cheng, 2009). 
 

 
 

Figure 7: TEM/ EELS spectra for pure Aluminium and Al2O3 (taken  from Reimer, 1984) 
 
The local symmetry of Al in calcium silicate hydrate phases similar to those found in hardened PC 
pastes has been determined by experimental measurements in TEM/ EELS. The changes in the local 
environment of Al have been explained due to the Al substitution into the tetrahedral Si and octahedral 
Mg in total agreement with de NMR results (Brydson et al, 1994). 
 
Conclusions 
 
The spectra of X-Rays absorption showing fine and exteded structure of edges can give additional 
valuable information about the composition of cement phases, Al structure environments and more 
specifically of C-S-H phase as well as the chemical environment of atoms, which is the case of Fe and 
Cr oxidation states. This can be achieve from the core-level spectroscopy which can be carried out by 
synchrotron (EXAFS and XANES) and/or by TEM with attachment of energy loss spectrometer 
(EXELFS and ELNES). In spite the brightness of X- Rays sources is higher in synchrotron, the last 
generation of microscopes including emission guns depict brightness with are better than 
synchrotrons. Therefore, nowadays much work performed in synchrotron can be carried out in TEM 
with the advantage of nanometer size probes. The TEM as cheaper access and facilities for researchers 
can be considered in the next future for generating new knowledge in the cement chemistry. 

 



 

Table 2: Comparative characteristics and performances of  SXRLS and TEM/ EELS. 

CHARACTERISTIC SXRLS TEM/ EELS 

Energy Resolution  
 ≈ 0.2 eV ≈ 0.2 eV 

Mechanics: Higher instalations Lower equipments 

Spatial Resolution  ≈ 1-10 nm ≈ 0.1 nm 

Eficiency High 3-15 keV (100%) 

Specimen thickness 10- 10000 nm 20-100 nm 

Focalization High collimation or microbeams Nanobeams 

Energy Range 0- 40 keV 0- 20 keV 

Brightness and Intensity  High flux with larger size x solida angle Small source size x solid emission 
angle 

Operation  
Pulsed light emisión 

Allowing ultra-fast time-resolved resolved  
st dies

Relatively easy with training 

Beam effects  non Possible 

Availability  
Synchrotron specific large facilities: 

Grenoble DAFNE, Daresbury, CERN, LURE, 
DESY, ALBA, SOLEIL etc 

Many EM Services disseminated  in 
universities + research centres 

Cost of instruments  ≈ 150 M€ ≈ 1.5 M€ 

Sample preparation  
 

Simple and “in-situ” studies of large specimens 
at high and low temperatures Complicated and time consuming 

Cost/ hour Higher lower 

Protocols  Sometimos much bureocracy Usually very simple  
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Abstract 

In this paper were examined a study results on obtaining of high-quality plasticizer by the simultaneous method 

of chemical and thermal treatment from nontraditional and cheap natural raw material as oxidized brown coal. 

That oxidized brown coal is wasted at BAGANUUR coal-mining industry in Mongolia for soil digging process 

because of the oxidized brown coal is located between the soil and coal layer as above the useful area coal 

basin. The oxidized brown coal it contains 30-80% of humus substances, and it is valuable chemical raw 

materials; however, they are used in the industry even so much. 

Purpose of this work were concluded for obtaining high-quality new plasticizer for the cement containing 

building materials (as concrete) by the sodium sulfite salts treatment from oxidized brown coal, which was 

prepared by the sulfate-nation of humus substances under the relatively soft conditions. Sulfate-containing 

radicals of the humus substances were produced in that product by the reaction. Therefore the sulfated product 

from the oxidized brown coal was shown surface-active property i.e. the surface tension of additive containing 

solution was reduced to 60-68mN/m
 
and characterized as well for the cement particles adsorptions. 

Studies on that admixture influence for cement and concrete properties showed that the sulfated humus aqueous 

solutions offer the possibility for reduction of water-cement ratio in the concretes and increases the strength of 

cement stone and concrete batch and that would save 10-15% of cement consumption for the concrete 

production. It is established that the additive of sodium sulfated humus (SFH-Na) would improve plasticity of 

cement and concrete mortar and facilitate flow ability of concrete mixtures.  

ORIGINALITY: The novelty and originality of this work were considered as the first time developed the 

scientific bases of the technologies for obtaining the high quality additive for the concrete from the oxidized 

brown coal by using domestic waste material. 

CHIEF CONTRIBUTIONS: Therefore practical value of this of technology were concluded in the fact that 

opens the way of new high-quality plasticizer synthesis for the concretes and consists from the ecologically 

clean natural raw material, without extra priced chemical reagents such as naphthalene, urea, melamine, 

POLYCARBOXYLATE and POLYACRILAMIDE and other substances, which is not produced in the Mongolia 

by the now. 

The summarizing results for those studies were carried out in our laboratories it is possible to establish that 

sodium sulfated humus are high-quality chemical additive and modifier of concrete article.  

Keywords: plasticizer, humus substances, cement, concrete  
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1. INTRODUCTION 
Oxidized coals usually are found in the outputs and in the upper parts of coal layer. The 

composition change of the coals were occurred in oxidation process to the decreasing side of the 

carbon and hydrogen content, and to increasing side of the oxygen and oxygen-containing groups, 

yield of volatile products and humus acid content.  

2. Experimental part  

Materials and investigation methods 

One of the main objectives for this work was the synthesis of highly active organic plasticizer for 

the concrete, on the basis of the natural raw material of the humus containing brown coal in the 

Mongolia. The oxidized brown coal in the Mongolia is the withdrawal of the coal-mining industry 

and is counted by much million tons.  

The until today humus containing oxidized brown coal are used for limited quantity of the 

production for agricultural fertilizers and also in technical purposes; 

As the subject of this study served the oxidized brown coal of the BAGANUUR coal mining, 

which is located into 110km far from Ulaanbaatar city in Mongolia. The technical proximate 

analysis for the average content of coal samples were shown that the output of volatile substances 

composed 50%, ash content 15% and humidity about 11%. 

The element composition for the average content of oxidized coals was given below 

(to the combustible mass, %): 

 С - 65-68 

 Н -  4-5 

 N - ≈1.3 

 О - approx 28% (by weight, %) 

The yield of the humus acid, extracted by 1% solution of NAOH, composed ≈60% of initial dry coal. 

Usually on an industrial scale for obtaining the sulfated-coal and also, the sulfated derived substances 

from naphthalene, anthracite is used concentrated H2SO4 or 20% OLEUM. In connection with that 

circumstance the product output is ecologically toxic and very dangerous for workers health, who is 

working in that factory. With taking into account the above mentioned difficulties for the technology 

of the many organic matter sulfate-nation, by considering the purposes and shortening their many 

stages of the sulfate-nation technological process, we have used a method of soft sulfate-nation by 

using the mixture of salts of Na2SO3 and NaHSO3, by the simultaneous method of chemical and 

thermal treatment in 110-120
o
C finalizing temperature for 12-14 hours.  

Optimal conditions of conducting the process for sulfate-nation were established on the basis of the 

degree of sulfate-nation (i.e. on the binding SO3) for brown coal oxidized test. The most suitable 

comparison of the components can be described as follows: 

o Oxidized dry coal 14-15% 

o Sulfide sodium 4% 

o BISULFITE sodium 7-7.5% 

o Others  - H2O 

 

 

 

 



 
 

 

In the following figure was shown the fundamental flow chart of obtaining sulfated humus sodium. 

 
 

Figure1. Technological scheme of obtaining SFH-Na 

 

In this work used Portland cement complying with to the specifications of Mongolian standards 

for cement (type OPC 42.5 MNS) from Mongolian cement plant “HUTUL”.  

For the preparation of concrete models the sands, aggregates which was the following 

characteristics, were used: 

 

a) Wash sand: 

o Grain module (Mk)      2.61 

o Loose density (кg/m
3
)     1570 

o Relative density (g/сm
3
)   2.56 

o Dust residue (by weight, %)   1.0 

o Impurities of gravel (by weight, %) 1.75 

 

Grain size sand: was described in table 1. 

 

Grain size sand 

Table.1  

Sand 
Size of mesh, mm 

2.5 1.25 0.63 0.314 0.14 <0.14 

Sieve residue, g 75 147.5 252.5 362.5 122.5 22.5 

Sieve residue, % 7.63 15.01 25.69 36.89 12.46 2.32 

Total residue, % 7.63 22.64 48.33 85.22 97.68 100 

 

 



 
 

 

b) Size washed aggregate (gravels)   10-20mm 

o Loose density (кg/m
3
)      1238 

o Relative density (g/сm
3
)    2.57 

o Dust residue (%)     0.25 

o Impurities by sands (%)     4.5 

o Characteristics of chemical addition (sulfated humus sodium – SFH-Na) 

o Density of solution (SFH-Na) g/sm
3    

1.1 

o PH       8.5-9.0 

o Dry residue, (after drying at 105
O
C)   20-25%  

 
Aggregate grain size 

Table.2 

 

The setting time of cement pastes and physics-mechanical strength indicates on compressive and 

bending of the models of 100x100x100mm dimensions are determined the accordingly standard tests 

of the small sizes of the concrete models, utilized in the Mongolian accredited laboratories as ISO-

MNS standards. The composition of concrete mixture they were calculated so that the concrete would 

relate B25 (as MNS standard) of classification and workability of concrete mixture was determined by 

the standard testing method of cone slump. 

3. Results and Discussion 

Studies shown that sulfated humus sodium is surface active material and it can decrease the surface 

tension of water from 72,8mN/m depending on solution concentration from 0,1to 1,0% of sulfated 

humus sodium.  The prepared final product has low viscosity and it was brown colored colloidal 

solution (sol) so its surface activity was as ≈65mN/m. 
 
Reaction yield ≈ 60% (by the amount of liquid 

phase).And its density was as≈1.12g/cm
3
, pH≈7.6-9.0 and dry residue content as 10-20%. Influence of 

this new plasticizer (as sulfated humus sodium) for the concrete mix mobility and its compressive 

strength were studied in ISO accredited laboratories of Centre for Concrete and Advanced Materials 

Research Centre of the Mongolian University of Science and Technology (Ulaanbaatar).  

Experimental results for “sulfated humus sodium’’ colloidal solution as plasticizing substance to 

concrete  mix it was obtained sulfate-nation soft method from oxidized brown coal the first time in 

Mongolia and it was reduced  W/C ratio of concrete mix from 0.62 to 0.48.   

Also adsorptive properties SFH-Na (sulfated humus sodium) were studied for the cement suspensions 

and established that a maximum quantity of adsorbed substance SFH- Na for the particles OPC 

contained for 84mg/g.   

Aggregate grain size 
Size of mesh, mm 

40 20 10 5 <5 

Sieve residue, g 0 30.5 47.5 17.5 45 

Sieve residue, (%) 0 30.5 47.5 17.5 4.5 

Total residue, (%) 0 30.5 78.0 95.5 100 



 
 

Influence SFH- Na on the water-consumption of concrete mixture was shown (Fig.2) in the following 

figure. 

  
Figure2. Relation between additive amount, % and water requirement 

 

In following table depending on the increase SFH- Na admixture was shown enlarging tendency of 

the cone testing (table 4). Necessary to say with further increase of SFH- Na content was not observed 

a noticeable result for the slump testing. 

Ratio content and slump testing of concrete mixture 

Table.3 

Cement, кg 

Fine 

aggregate 

as sand, кg 

Coarse aggregate as 

gravel, кg 
Water, L 

Additive, L 
Slump testing, 

сm 
5-10mm 10-20mm % L 

385 776 417 617 241.28 0 0 6.6 

385 776 417 617 208.00 1.0 3.85 7.1 

385 776 417 617 199.86 1.5 5.77 7.4 

385 776 417 617 192.10 2.0 7.70 7.2 

385 776 417 617 188.45 2.5 9.62 7.6 

In the table 4 were represented the influence SFH- Na plasticizer experimental data of compressive 

strength for the concrete standard models (100x100x100mm).  

Influence of chemical admixture for concrete compressive strength 

Table.4  

№ 
Content of additive8 by cement 

weight, % 

Compressive strength, МПа 

Steam curing 

environment 
Standard environment 

1 0 34.56 41.32 

2 1.0 41.52 45.48 

3 1.5 43.36 49.16 

4 2.0 38.89 44.76 

5 2.5 38.67 44.50 

Conclusion 

1. The first time was proven the possibility of obtaining, new plasticizing substance for concrete 

by the chemical reaction between the oxidized brown coal and sulfites of sodium, relatively 

with the soft conditions. 
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2. The obtained product sulfated humus sodium, which are obtained as a result the chemical 

reaction between the humus contained waste material of the coal mining industry and sulfite 

salts (NaHSO3, Na2SO3) that possesses surface-active property and can be used as the 

plasticizer of concrete and cement mixtures. 

3. The value of the dosage of sulfated humus sodium was within the limits from 1,5to 2,5% of 

cement weight for the concrete mixture.  

4. The use of sulfated humus sodium decreases the water-consumption to the concrete mixture, 

increases workability and strength indices of concrete, furthermore is established possibility 

to save the cement by 15-20%. 

5. It is opened the possibility of wide use of cheap natural raw material from oxidized brown 

coal, which is at present withdrawal or second raw material for obtaining the plasticizing 

substances of concrete and cement mortar.  

6. They are shown that it is possible to modify the physical chemistry properties sulfated humus 

- Na both the accelerator of the hydration of cement and the delay element of gripping cement 

test in the period of the hardening of cement. 

7. Our studies showed that the joint use SFH-Na with the highly dispersed SiO2 containing 

materials can increase the strength of cement and concrete almost by two times. Water-

soluble polymers in a small quantity can be the modifying additive for SFH- Na. Thus SFH- 

Na can be the very promising matrix basis for obtaining new high-quality plasticizers for the 

concrete. 
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Abstract 

Granulated blast furnace slag has been used as one of the major additions of cement in the last 100 years. In 

contrast, electric arc furnace slag is considered as an inert addition in Portland cement. These types of slag are 

produced in Colombia and the daily stock increase is about 10,000 tons, generating a considerable 

environmental liability of more than 20 million tons accumulated. Slag evaluated is acid, siliceous and 

aluminous by nature and glassy due to their granulation process. These characteristics are common in 

pozzolanic materials. Three types of slag were studied: granulated (EHE), refined (ERF) and recovered (ERE). 

Several ASTM Standards were applied to the samples and another techniques as XRD and SEM were used to 

complete the characterization. Under ASTMC989 the results didn’t show latent-hydraulic properties as expected 

compressive strength results obtained were comparable with type III cement pattern in the rates of addition of 

15%. Low latent hydraulic properties were found for refined slag sample by optical microscopy techniques. SEM 

analysis showed a glassy morphology and not porous texture for EHE and ERE slag due to cooling process. 

Nevertheless, ERF presented high specific surface, and grains made of tubular particles. 

Chemical analysis done by FRX technique showed similar results in EHE  and ERE slag. ERF slag had a similar 

constitution to the blast furnace slag (basic). X-ray diffraction showed that refined slag has presented periclase 

and melilite traces, while others slag had amorphous structures. Results must be validated through studies on 

cement pastes under the DTG and XRD techniques. 

 

Originality 

The electric arc furnace slag coming from a source different to the steel industry has been usually ruled out as 

an active addition to cement .The present study proves its possible use as an addition to cement for ten percent 

of the total. 

 

Chief contributions 

These results will allow the use of accumulated slag over the years of approximately 20 million tons and a 

production of 9600 tons per day. 

 

Keywords: slag, pozzolan. 
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1. Introduction 
 

Slag has been widely used as an addition to cement for its hydraulic properties, but also for its 

pozzolanic properties. Slag must meet a minimum of three requirements in order to be used in the 

cement industry; which are: Its basicity index must be greater than 1, it must come from blast furnaces 

and to be amorphous. In Colombia, as a result of the mining industry, two types of byproducts  are 

typically produced called slag (Granulated slag with a production of 9600 tpd and refined slag 30 tpd), 

with a current stock of 20 million tons. Research conducted by Cementos Argos S.A. found out that 

acid slag does not meet the first two requirements due to its low content of calcium oxide and for 

being a ferronickel byproduct in electric arc furnaces. Nevertheless, this slag possesses characteristics 

that approximate pozzolan, and for this reason it will be studied as such in the current research. 

 

2. Materials & methods. 

 

For the current study three types of slag (From Colombian plants) were used: Electric arc furnace slag 

(EHE); Refined slag (ERF) and Recovered slag (ERE).Type III Portland cement (CIII) as pattern for 

the making of binary mixtures. This investigation involved the characterization of raw materials as 

well as the observation of slag behavior in pastes and mortars. 

 

3. Results and analysis. 

 

3.1. Materials characterization. 

FRX 

X-ray fluorescence was used (FRX) in order to indentify the oxides present in the four basic raw 

materials. The results are shown in table 1.  

 Oxide CIII  EHE ERF ERE 

SiO2  19,04 53,74 8,95 53,48 

Al2O3  4,35 2,54 18,49 2,49 

Fe2O3  3 21,17 9,67 21,16 

CaO  63,99 0,69 37,68 0,67 

MgO  2 20,20 6,77 20,75 

Na2O  0 0,33 6,57 0,33 

K2O   0,223 0,02 0,00 0,02 

SO3 2 0,31 0,01 0,32 

Cr2O3 0,0158 1,18 0,39 1,26 

MnO 0,021 0,47 0,06 0,55 

P2O5 0,093 0,07 0,15 0,07 

TiO2 0,292 0,04 0,09 0,04 

F   1,71  

NiO   0,37  

LOI 4,7 0,00 8,85 0,00 

Table 1. Chemical composition of components. 

The slag latent hydraulic properties were measured under the standard ASTMC989 (see table 2) and as 

contrast common optical methods were applied to control slag at cement plants. 

 

Vitreous content:  

Using an optical microscope, vitreous and amorphous particles were counted for ground granulated 

blast furnace slag GGBF as well as for EHE, ERF y ERE. See table 3 and Images 1, 3, 5 y 7.  

 

Michelson’s method. 

It is adding aluminum sulfate to the slag and wait until the SO4
-2

 react with the Ca
+2

 cations present in 

the slag in order to form gypsum needles. Depending on the speed to which the needles are formed, 



the slag may be classified into two categories: slag with high mechanical strength (<2 min.) and slag 

with low mechanical strength (4 to 5 min.). In table 4 and Images 2,4,6, and 8.  

As a result we found out that slag samples EHE, ERF and ERE do not meet mechanical strength 

parameters for either 7 or 28 curing days. 

 

Sample 
Index 7 days Index 28 days 

Value Accept Value Accept 

EHE 50.2 No 59.3 No 
ERF 14.9 No 19.8 No 

ERE 52.3 No 59.9 No 
GGBF 80.7 Si 94.5 Si 

Table 2. Results for ASTM C989 

 

Sample 
Vitreous phase Crystalline phase 

Value Accept Value Accept 

EHE 36 % No 64.0 No 
ERF 5.0 % No 95.0 No 

ERE 45 % No 55.0

% 

No 
GGBF 91.0 Si 9.0 Si 

Table 3. Vitreous content. 

 

Sample 
Time 

Minutes Meet Parameters 

EHE 
Did not form 

Gypsite 
No 

ERF 5.3 No 

ERE 
Did not form 

Gypsite 
No 

EGAH 1.2 Si 

Table 4. Michelson’s test 

As a result we found out that slag samples EHE, ERF and ERE do not meet mechanical strength 

parameters for either 7 or 28 curing days. According to table 3, Fe-Ni slag does not comply with the 

vitreous phase content requirement by point counting, but the induced thermal shock during 

granulation does not allow the formation of crystals, which lead us to think in a possible problem 

when applying the method of crystal counting. In the case of slag EHE and ERE, gypsum needles did 

not appear due to the very low content of Ca
+2

 cations, as shown in table 1. For the ERF sample with 

presence of Ca
+2

, there was no formation of gypsum needles due its low reactivity, caused by the 

cooling procedures used for such slag. See images 4, 5, 9 and 10. 

 

   
Images1,2 and 3. GGBF under optical microscope. 

The formation of gypsum needles can be observed 

after GGBF is mixed with aluminum sulfate, after a 

1.2and 2 minute period respectively. 

Images 4 and 5. EHE slag under the microscope. 

gypsum needles formation cannot be appreciated 

after more than 5 minutes.

 

    
Images 8 and 9. ERF slag under the microscope. 

After 5.3 minutes the formation of gypsite needles 

can be observed.  

Images10 and 11. Recovered slag under the 

microscope. ERE sample looks exactly like EHE 

sample and the formation of Gypsite crystals could 

not be observed either. 



For ASTM C989 test, vitreous phase counting and Michelson test, we can conclude that the 3 slag 

samples do not meet the appropriate parameters in order to be considered to be used as addition in the 

Portland cement industry. 

 

X-Ray Diffraction. 

CIII and the three slag samples were characterized by X-ray diffraction. The results are shown in 

figures 1-2. CIII has a high content of alite, which makes it ideal to be added to pozzolans in order to 

form portlandite. 

 EHE and ERE slags are totally amorphous and their content of MgO is vitreous, reason for which it 

can be added to cement without forming periclase. 

The ERF slag shows a higher degree of crystallinity than EHE and ERE. It also contains mellilite, 

portlandite y periclase, the latter forces us to rule it out as an addition due to the possibility of 

obtaining hydrated products after 2 years. (> 2 years). 

Due to the high content of vitreous phase, there is a methodological error in the counting through the 

microscope when applied to slag samples EHE and ERE. 
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         Fig 1. Diffractogram of CIII                                 Fig 2. Diffractogram of EHE, ERF, ERE                          

 

Scanning Electron Microscopy SEM 

EHE slag has solid appearance, its texture is smooth and slightly porous, which makes it difficult to 

combine with other substances, it means that it could have a low reactivity. The same elements were 

found than in FRX but with variable proportions during the microanalysis due to the step by step 

analysis. See images 10-15 and figures 7-9. 

 

       Image 10. Micrograph of CIII          Image 11. Micrograph of EHE.          Image 12. Micrograph of EHE. 



 

       Image 13. Micrograph of ERF.            Image 14. Micrograph of ERF.          Image 15. Micrograph of ERE. 

 
     Figure7 EDS of EHE M9ESC-1          Figure 8.EDS of ERE Canada           Figure 9. EDS of ERF Refined. 

On the one hand, the mineralogical analysis of the slag showed the absence of crystalline phases, but 

the presence of a amorphous phase, formed mainly by magnesium silicates, iron silicates, calcium 

silicates, chromite, amorphous iron and with a chemical composition similar to the olivine series – 

hortonolite – fayalite. On the other hand, the electron microscopy analysis corroborates the chemical 

composition of the vitreous phase (green mineral), meaning that it is a magnesium silicate containing 

iron and a white minority phase which indicates the presence of calcium silicates. ERF: presents a 

high content of CaO and its morphology reflects the presence of portlandite. Due to the characteristics 

of its grains the ERF presents a wide surface. CIII: has a high content of calcium silicates, which can 

be easily observed y graph 17. Image 15 shows different particle sizes and the presence of alite.  

 

Products characterization. 

In table 5 you can see  setting times (ASTM C191), normal consistency water requirements (ASTMC 

187) and expansion percentage (ASTMC 151). 

 

Substituti

on% 
Total  

Substitu

tion(g) 
CIII 

Normal 

Consist 

A/C 

Setting  

time  min 

Setting 

time 

min 

% 

Expanti

on 

CTII 0 1300 0 1300 24,90 135 225 -0,02 

EAF10 1300 130 1170 29,50 124 225 -0,02 

EAF15 1300 195 1105 29,60 159 255 0,00 

EAF20 1300 260 1040 26,00 158 255 0,00 

EAF25 1300 325 975 24,60 140 240 0,00 

EAF10 1300 130 1170 30,00 234 315 0,05 

ERF15 1300 195 1105 32,00 <30 90 0,08 

ERF20 1300 260 1040 34,20 <30 60 0,10 

ERF25 1300 325 975 35,60 <30 60 0,14 

ERE10 1300 130 1170 25,40 122 210 -0,02 

ERE15 1300 195 1105 27,60 146 225 -0,01 

ERE20 1300 260 1040 27,60 144 225 0,00 

ERE25 1300 325 975 27,70 153 225 0,00 

Table 5. Quality parameters for cement mixtures, paste testing. 



The initial setting times have acceptable values for cement type I EHE and ERE slag. The ERF slag 

presents quick setting times, which are out of the standard for cements type I and Type III. The 

expansion values are among the values regularly accepted for cements type I and III. 

 

Compressive strengths. 

In order to assess the possibility to use slag as pozzolans, two different mechanical strength tests were 

conducted: 

 

 ASTM C311 Standard Test. 

It is possible to observe that EHE and ERE slag are suitable to be used as pozzolan because of their 

strength showed after curing periods of 7 and 28 days. ERF slag showed good strength for a 7 day 

period of curing, but for the 28 day period of curing, it did not reach the 75% required to be 

considered its use as pozzolan. See figure 3.  

 

ASTM C109. Compressive strengths with variable percentages of substitution. 

Mortar cubes were elaborated under ASTM C109 standard test with a substitution percentage of 0, 10, 

20 and 30 of the total. % and were tested at 3, 7, 28, 56, 90 and 120 days. We found out that when 

cement was substituted with EHE and ERE in a 10 percent of the total, it showed strength comparable 

to that of the pattern cement; this behavior repeats itself for cements with a 20% substitution of ERF. 

If cement has a 10 % of ERF, it shows strength higher to the pattern cement. See figures  4-6. 
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Figure 6. ERF ASTM C109 different % of 

substitution



 

4. Conclusions. 

 

After checking the partial results of the investigation, the following can be concluded: 

- When we compare the chemical compositions of EHE and ERE we find no significant difference 

between them. Both slag are acid, therefore they cannot be used in the Portland cement industry. 

- EHE is suddenly cooled down using a thermal shock with water during the granulation process; 

therefore it meets the criterion of presenting a sudden cooling down in order to obtain an unstable 

structure. 

- Based on ASTM C311 standard, we can conclude that the tested slag show a pozzolanic behavior. 

-EHE and ERE showed the best results for mechanical strength. 

- ERF showed excellent mechanical strength, due to its composition similar to high efficiency furnace 

slag, but its use as an additive must be ruled out because of its contain of periclase and its setting time. 

–Cements containing additions of ERE and EHE up to ten percent of the total, without affecting their 

mechanical strength, but higher contain of any of these slag, decreased their mechanical strength. 

-For cements with additions of EHE and ERE, the high contain of MgO does not represent a durability 

problem, because this MgO is found in a vitreous form, which can be bound to CSH during the 

hydration process. 

- Currently the pastes are being studied under the Isothermal calorimetry technique. Thermo-

gravimetric analysis and XRD are being used to validate the pozzolanicity of the tested slag samples. 

 

Recommendations:  

- Even though, we found great results regarding pozzolanicity through the mechanical strength tests, it 

is necessary to corroborate the sample’s suitability to fix lime under chemical and thermal processes.  

- To test the maximum amount of ERE that can be added to clinker, in order to obtain physical, 

chemical and mechanical characteristics that comply with the standards of the Colombian cement TI. 
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Abstract 
Durability and sustainability of concrete infrastructures is becoming of critical importance for the construction 
industry. New cement and concrete materials with improved properties could be developed by using 
nanomaterials. For instance, utilizing spheroidized nanoparticles is one way that could stimulate the hydration 
reactivity and improve the rheological properties of concrete due to their fine size and spherical shape. 

In order to engineer a new nanometric SCM, micrometric waste glass powder, a high amorphous silica content 
material, can be vaporized and nucleated into nanoparticles using the technology of induction thermal plasma 
torch, a process comparable to electric arc process used in the production of SF. The resulting spheroidized 
glass powder (SGP) possesses a spherical and amorphous morphology with a bi-modal size range: composed of 
85%-88% of 25-200 nm nanoparticles and the balance of 1-5 µm microparticles.  

XRD and 29Si MAS NMR were used to characterize the effect of a fraction of SGP in replacement of cement in 
hardened cement pastes. When compared to finely ball-mill ground glass powder (GP), this characterization 
indicates that SGP has a pozzolanic behavior at both early and late age. This increases both the consumption of 
hydrated lime generated during the hydration of ordinary Portland cement (OPC) and the polymerization of 
calcium silicate hydrate (C-S-H) gels. SGP enables a rapid control of the CH content in the paste and appears 
readily activated in the cement paste once the hydration has started. 

In cement mortars, the dispersion of SGP is investigated through the use of ultrasound waves and the chemistry 
of superplasticizer (SP) in order to increase the compressive strength at both early and late age. Compared to 
polynaphtalene (PNS) based SP, polycarboxylate (PCA) based SP use both their electrostatic and steric 
repulsion effects to improve the dispersion of the cement grains and SGP nanoparticles and yield higher 
compressive strengths. Scanning electron microscopy (SEM) observations show that SGP reduces amounts of 
portlandite (Ca(OH)2) and densifies the microstructure.  
 
Originality 
Various authors have investigated on the use of silica nanoparticles in cement pastes mortars. They, most of the 
time, use silica nanoparticles available on the market. The present contribution deals from the fabrication of 
silica-based nanoparticles to their use in a cementitious matrix. A new type silica-based nanoparticle is 
synthesized using sustainable development principles. Indeed, they are processed from the valorization of waste 
glass. 
 
Chief of contribution 
Overall, this paper contributes on the fabrication and use of a new type of sustainable silica-based 
nanoparticles in a cementitious matrix. The development of this new type of nanoparticles was initiated by the 
lack of submicron SCM on the market. Hydration and mechanical resistance tests monitor both the reactivity 
and the filler effect of SGP. The reactivity and filler effect results will correspond to their degree of dispersion 
in the cementitious matrix are compared to a control and an existing normalized submicron supplementary 
cementitious material.  
 
Keyword : Glass nanoparticles, Hydration reactivity and kinetics, Microstructure, SEM, XRD, 29Si MAS NMR 
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1. Introduction 
Durability and sustainability of concrete infrastructures is becoming of critical importance for the 
construction industry. The current trend is to blend submicron supplementary cementitious materials 
(SCMs) with ordinary Portland cement (OPC). One well known example of a normalized  submicron 
SCM is silica fume (SF). Although it is well accepted by the construction industry, especially for the 
fabrication of high performance concrete, the use of SF is however limited due its scarcity and high 
cost. This scarcity initiated the development of a new submicron alternative SCMs. 

New cement and concrete with improved properties could be developed by using nanomaterials, 
especially nanosilica [Dolado et al. 2007 Li et al. 2004 Li, 2004]. In concrete, small size, large 
specific surface and dispersed nanosilica particles ensure optimum reactivity with CH generated from 
the hydration of OPC. They act as a nucleation site for lime produced from the hydration of cement, 
but also for the growth of hydration product around them, particularly for high-stiffness C-S-H. This 
then catalyzes and increases the kinetic of cement hydration to yield C-S-H at early age [Gaitero et 
al., 2010]. More important, these nanoparticles work also as a nanofiller. They densify the cement 
paste microstructure by filling the pores between the cement grains.  

To engineer a new nanometric SCM, micrometric waste glass powder, a high amorphous silica 
content material (70 to 80 wt.%), is vaporized and nucleated into spheroidized glass powder (SGP) 
using the technology of induction thermal plasma torch, a process comparable to the production of 
silica fume (SF). This technology has previously demonstrated its ability to vaporize and nucleate 
waste glass into glass nanoparticles [Seo et al., 2007].  

In the present paper, SGP are studied for their reactivity in cement pastes and mortars and compared 
to finely ball-mill ground glass powder (GP) and SF. This paper treats the characterization of the 
materials used and the results regarding the reactivity, the polymerization of the C-S-H chain and 
compressive strength development when SGP, GP and SF are introduced as a partial replacement of 
OPC in cement pastes and mortars.  

2. Experimental and Material Characterization 
2.1 Scanning Electron microscopy (SEM) characterization 
Given their micrometric size, GP is observed using a SEM (Hitachi S-3400N). The SEM acceleration 
voltage and emission current are respectively set to 5.0 kV and 60 μA. Given their nanometric size, 
SGP is analyzed using a Field-Emission Gun SEM (FEGSEM: Hitachi S-4700). The FEGSEM 
acceleration voltage and emission current are respectively set to 3.0 kV and 10 μA.  

Prior the observations, GP samples were prepared by spraying 0.2g of the materials on a piece of 
carbon tape using glass pipette and an air duster cleaner. For SGP, 0.2g of the material is dispersed in 
ethanol using an ultrasonic probe. Then, a drop of the resulting suspension is deposited on a piece of 
silicon wafer and metallized using platinum (Pt) to ensure the conductivity of the sample.  

According to the left-hand side of Figure 1, GP shows particles possessing random edged morphology 
with a PSD ranging below 100 μm. On the right-hand side of Figure 1, SGP possessed a spherical 
morphology with a bi-modal size range: it is composed of a large fraction of nanometric SGP (NSGP) 
particles of 0.025-0.200 µm in diameter and few micrometric SGP (MSGP) particles of 1-5 μm in 
diameter. Separation and mass balance of the nano and micro phases indicated that SGP contain 85% 
to 88% of NSGP. The balance is MSGP. The small size of NSGP leads to an increase of the surface 
energy that tends to agglomerate the nanoparticles.  

2.2 Chemical composition 
The chemical compositions of SGP, GP and SF are analyzed using Inductively-Coupled Plasma-Mass 
Spectroscopy (ICP-MS: Perkin-Elmer Elan DRC). The measurements are inserted in Table 1. 
Comparatively to GP, SGP shows a higher concentration of SiO2 and a lower concentration of Na2O. 
These concentration gradients in SiO2 and Na2O are attributed to the differential nucleation 



temperature of SiO2 and Na2O during the thermal plasma treatment of SGP. The boiling points of 
SiO2 and Na2O are respectively 2230°C, 1950°C [Chemical Rubber Company, 2006].  
2.3 Specific surface area 
The specific surface area (SSA) of SGP and GP is measured using the Brunauer, Emmet and Teller 
method (BET: NOVA 1000 from Quantachrome Instruments) and compared with the value of silica 
fume (SF). The measurements are performed on 5 points using nitrogen (N2) as absorbing gas. 
According to the measurements, also stated in Table 1, the SSA value is smaller that of SF. This 
difference is related to the presence of MSGP and agglomeration of the particles.  

Figure 1: SEM micrograph of GP (left) and FEGSEM micrographs of SGP (right). 

Table 1: Chemical composition and specific surface area (SSA) of GP, SGP and SF from ICP-MS and BET. 
 SiO2 Na2O CaO Al2O3 Fe2O3 MgO K2O SSA (m2/kg) D(3,2) (nm) 
GP 70.0% 20.0% 6.2% 1.7% 0.4% 0.8% 0.7% 800 3260 

SGP 78.9% 11.6% 7.1% 1.2% 0.4% 0.6% 0.3% 8600 300 
SF 94.9% N/A 0.5% 0.3% N/A 0.2% N/A 21600 120 

 

3. Reactivity in cement pastes 
In cement pastes, SGP and GP are mixed separately with a General Use (GU) Type Canadian OPC at 
different cementitious material (cm) fraction (0%, 1%, 5%, 10%, 15%) and a w/cm=0.5 (Table 2). 
The pastes are mixed for 1 minute using a spatula and then, for 2 minutes using an electrical hand 
mixer. The batches are cast in closed 15 ml plastic tubes to avoid evaporation of water during 
hydration and minimize carbonation from the ambient carbon dioxide (CO2). Tests are scheduled after 
1, 3, 7, 15, 28 and 56 days of hydration. At the due date, hardened cement pastes are plunged in 
isopropanol for 24 hours to stop the hydration process. The hardened cement pastes are then ground 
using a knife grinder to characterize the reactivity of GP and SGP using XRD and 29Si MAS NMR.  
 

Table 2: Mix of the cement pastes. 
Paste label SGP, GP (g) OPC (g) % SGP,GP 

P0 0 150.0 0 
P1 1.5 148.5 1% 
P2 7.5 142.5 5% 
P3 15.0 135.0 10% 
P4 22.5 127.5 15% 

line hydration products: C-S-H, CH and calcite. Figure 2 plots the intensity of the CH peak at 2θ = 
34.09° versus the hydration age for P0, P2, P3 and P4 cement pastes. This figure indicates that the 
intensity of the CH peaks decreases, in a general manner, as the fraction of SGP and GP increases in 
the cement pastes and hydration time. For low SGP fraction (5%), the intensity of the CH peak 

3.1 XRD analysis 
The reactivity of GP and SGP is correlated by 
measuring the intensity of the CH peak at 2θ = 
34.09° from the XRD patterns as a function of 
hydration time. The complete XRD patterns in 
the visible range (2θ = 10° to 75°) for the P0 
reference and the P4 pastes, including SGP and 
GP, after 56 days of hydration, exhibits crystal- 



reaches a plateau and decreases of a few counts after 56 days, while it decreases at a higher rate for 
the higher SGP fraction (>5%).  
The type (GP or SGP) and the fraction of glass in the cement paste influence the moment at which the 
maximum intensity of the CH peak is obtained and the intensity of the CH peak after 56 days of 
hydration. The maximum CH is obtained within 3 to 15 days. For the case of P0 reference, P2 GP and 
P3 GP pastes, the maximum CH concentration is obtained at a later age (7 to 15 days), while for P2 
SGP and P3 SGP pastes, within 7 days. For the case of the P4 GP and SGP pastes, the maximum CH 
concentration is obtained in 1 and 3 days. Moreover, the use of SGP reduces the maximum CH 
concentration obtained. For the case of the P0 reference paste and pastes containing GP, the maximum 
intensity of the CH peak lies between 850 and 910 counts. For cement pastes containing SGP, it lies 
between 700 and 780 counts.  

Given their high fineness, SGP appears readily activated in the cement paste when hydration starts. 
GP needs rather a high concentration of CH in the cement paste to be activated. Moreover, a high 
fraction of GP (> 10%) is needed to influence the concentration of CH. After 56 days of hydration, the 
difference between the CH concentrations for P0 reference, P2 GP and P3 GP pastes is marginal, 
whereas the concentration of CH for the P4 GP is considerably decreased and is about to the one of 
the P3 SGP. 

 

 Figure 3 presents the CH 
consumption as a function of the 
glass fraction (GP and SGP) after 
28 days of hydration. The CH 
consumption is calculated in % 
with respect to the CH peak 
intensity at day 1. For glass 
fractions > 5%, the CH 
consumption is almost 
proportional to the glass fraction. 
Overall, SGP demonstrates a 
greater CH consumption than GP 
for each experimented glass 
fraction. For a glass fraction of  
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Figure 2: Intensity of the CH peak at 2θ = 34.09° versus hydration age. 

1%, the cement paste experiences an increase of the CH concentration. Then for greater glass fraction 
(> 1%), the CH consumption increases at a greater rate for the case of SGP. The slope for the curve of 
SGP between glass fractions of 1% to 15% is 250, while the one of GP, 170.  
3.2 Nuclear Magnetic Resonance (NMR) 
29Si MAS NMR is performed to follow the formation of C-S-H gels and the C-S-H chain length in 
cement pastes using a Bruker Avance 600WB NMR instrument. Ground and dried cement pastes are 
packed in a 7 mm MAS probe with a spinning rate of 8 kHz. For this study, the NMR spectra of 
specimen tests P0, P4 GP and P4 SGP after 56 days of hydration are compared on Figure 4. All 
spectra show signals designed Q0 (δ -72 ppm), Q1  (δ -80 ppm),  Q2p  (δ -83 ppm),  Q2 (δ -86 ppm) and 
Q4 (δ -114). These signals are respectively associated to anhydrous cement, cement monomer, silicate 
tetrahedron dimer at the end of C-S-H chains, silicate tetrahedron linked to Ca or Al atoms, 
silicate tetrahedron polymer in the middle of C-S-H chains and tetramer silicate (residual amorphous 
silica) [Engelhardt et al., 1987]. Specimen test P4 GP shows a Q3 signal at -97 ppm. This signal is 
attributed to cross linking Si tetrahedral of adjacent sheets [Engelhardt et al., 1987].  

Intensity ratios Q2/Q1 [Beaudoin et al. 2009] and (Q1+Q2)/Q1 [Cong et al., 1996] has been previously 
used to index the mean chain length (MCL) of C-S-H. In Table 3, both MCL increase in the order of 
P0 reference, P4 GP and P4 SGP. This indicates that glass increases the polymerization of the C-S-H 
chains and the high fineness of SGP contributes to increase the polymerization rate of the C-S-H. 
 



 
Table 3: MCL values of P0 reference, P4 SGP and P4 GP 
after 56 days of hydration. 
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Figure 3: CH consumption as a function  
of the glass fraction after 28 days of hydration. 
 

 
Figure 4: 29Si MAS NMR spectra of P0 reference, 
P4 SGP and P4 GP after 56 days of hydration. 

pective manufacturer, PCA1 contains an amine group that increases the early concrete strength as well 
as ultimate strength, while PCA2 is formulated with polyethylene oxide groups that increase the 
workability retention. 

4. Compressive resistance of mortars 
This section compares the compressive strength of a 
control mortar (100% OPC) and mortars containing 
SGP, GP and SF. Cubic mortars were made 
according to ASTM standard test methods 
C109/C109M using a GU type Canadian OPC and 
Ottawa sand. The water to cementitious material 
ratio (w/cm) was set to 0.484 and the sand to 
cementitious material ratio (S/cm to 2.75. SGP, GP 
and SF are introduced in mortars at a 10% 
cementitious material (cm) fraction. Prior mixing the 
materials, SGP were dispersed in water using an 
ultrasonic probe. At the fresh state, the different 
mortar had their flow adjusted using a 
superplasticizer (SP) to meet the prescribed fluidity 
(between 100% to 115% flow). Mortars were 
fabricated using 3 different SP: one sulfonated 
polynaphtalene (PNS) and 2 polycarboxylate (PCA1 
and PCA2) based types. While PNS disperses the 
cement grains by the electrostatic repulsion effect, 
PCA disperses the grains by both the electrostatic 
and steric repulsion effects. According to their res- 

Figure 5 shows the compressive strength of mortar fabricated using PNS as a function of the curing 
time (1, 7, 28 and 91 days). The compressive strengths of the SGP and GP mortars are respectively 
higher and lower than that of the control, while those of the SF mortars are neatly above. At 28 and 91 
days, the compressive strengths of the SGP and GP mortars are respectively 5% and 6% lower and, 
12% and 13% greater than that of the control. Compared to the control and the SGP mortars, the 
compressive strengths of the SF mortars are respectively 39% and 25% and, 38% and 23% higher at 
28 and 91 days respectively. From Figure 1, the agglomeration and bi-modal aspect of SGP reduce the 
effective specific surface and affect the SGP reactivity with the CH produced by the OPC hydration. 
For optimum performances, SGP must be dispersed in order to maximize their specific surface with 
the cementitious matrix. Nevertheless, by comparing the compressive strength, SGP accelerate the 
reactivity and give filler effect at early age and, increases the ultimate strength with respect to 
micrometric GP and control. Figure 6 shows SEM micrographs of a) control, b) GP, c) SF and d) SGP 
mortars microstructures at 28 days. The control mortar shows capillary pores of 100-300 µm in 
diameter as well as hydrated lime sheets. The GP mortar contains narrower 150 μm capillary pores 
with unreacted hydrated CH sheets and large glass nanoparticles of 100-150 μm. On the contrary, the 
SF and SGP mortars rather show a dense calcium silicate hydrate (C-S-H) phase.  
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 Figure 5: Compressive strength of mortars as a function of curing time. 

al., 2004, interfacial bonding between glass microparticles and a cementitious matrix is weak due to 
the relatively small specific surface area of the glass microparticles of the glass microparticles.  

Although the NSGP are completely 
reacted in Figure 6d, the SGP 
mortar shows few MSGP and CH. 
According to these SEM 
micrographs, one can conclude that 
the greater the fineness of the SCM, 
the lower is the porosity and denser 
is the microstructure. Micrometric 
glass particles do not completely 
react in the mortar, which decrease 
the consumption of CH, amount of 
C-S-H phase and the filler effect. 
Moreover, these micrometric glass 
particles create an interfacial 
transition zone. As stated by Gu et  
 

Figure 7 present a histogram comparing the effect of the type of SP on the 7 and 28 days compressive 
strengths of mortar. Globally, the PCA-type SPs lead to greater strengths than the PNS type due to the 
additional effect of steric repulsion. At 28 days, the compressive strengths SF mortars are sensibly 
similar using both PCA, while PCA2 give a 9% increase to the SGP mortars and strength similar to 
the FS mortars at 7 days. In this case, the workability retention property of PCA2 favors the 
dispersion of SGP within the cement paste and increases their reactivity and filler effect. 
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CH 
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Figure 6: SEM micrograph of a) control, b) GP, c) SF and d) SGP mortar microstructures. 
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Figure 7: Effect of the type of superplasticizer on the 7 and 28 days compressive strength of mortars. 
5. Conclusions 
This paper presents the effect of the introduction of SGP in replacement of OPC in cement paste. SGP 
are amorphous glass nanoparticles with a PSD within 25-200 nm. The results obtained permit a 
comparison between the reactivity and CH consumption, using XRD, and MCL, using 29Si MAS 
NMR, of SGP with that of micrometric GP using XRD. Reactivity analyses confirm that SGP presents 
pozzolanic behavior at early age. When increasing the SGP content in cement paste, the CH 
consumption increases exponentially when compare to a reference cement paste and pastes containing 
GP. Moreover, the 29Si MAS NMR spectra show that the MCL increases in the order of reference 
pastes, pastes containing GP and pastes containing SGP. SGP enables a rapid control of the CH 
content in the paste. It appears readily activated in the cement paste once the hydration has started. GP 
rather waits for a high concentration of CH in the cement paste to be activated. 

Tests on mortars demonstrate that SGP increase the compressive strength comparatively to GP and 
plain cement mortars. The major effect of SGP is however observed in the mortar microstructure. 
Observations using SEM show that, similarly to SF, SGP densifies the mortar microstructure in 
reducing the amount of capillary pores and CH crystals. The effect of SGP on compressive strength 
and reactivity can increase with a better dispersion. Their small size leads to an increase of the 
surface energy that tends to agglomerate the nanoparticles.  
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Abstract 
This study seeks to evaluate a new supplementary cementitious material (SCM) obtained by combustion of 

wastepaper sludge and wood residues in a fluidized-bed reactor. The ash resulting from the combustion process 

is known as wastepaper sludge ash (WSA). Unlike conventional fly ash produced by coal combustion, WSA does 

not fully meet chemical and physical requirements specified in standard specifications for coal fly ash (ASTM 

C618). Therefore, the effect of WSA on fresh and hardened properties of various concrete mixtures should be 

evaluated to determine its suitability as an alternative cementitious material in concrete. 

Different binding combinations incorporating WSA and different SCM with water-to-cementitious ratio (w/cm) 

of 0.4 were investigated in this study. Two binary mixtures incorporating 20 and 40% WSA and three ternary 

mixtures containing 20% WSA and one traditional SCM (silica fume (SF), granulated blast-furnace slag (GBFS) 

and metakaolin (MK)) were studied and compared to a control mixture with 100% of ordinary Portland cement 

(OPC). Results showed that the incorporation of WSA had a negative impact on concrete workability. However, 

the presence of WSA only slightly reduced the early strength, while all binary and ternary concrete mixtures 

showed equal or superior compressive strength relative to control concrete at 91 days. In addition, the use of 

WSA in binary and ternary mixtures decreased the chloride permeability of concrete at later age, reduced 

autogeneous shrinkage and lowered expansion due to alkali-silica reaction (ASR). The WSA seemed to be less 

effective in controlling expansion due to sulphate attack. Overall, our experimental results demonstrate that 

WSA has interesting hydraulic and pozzolanic properties, and this material is suitable for use in concrete. 

Nevertheless, WSA is not recommended for use in concrete subjected to sulphate exposure. 

 

Originality 

The potential for use of WSA in the construction industry derives from its cementitious properties. However, 

utilization is still limited due to its small production level, but also to the lack of information on the benefits of 

concrete incorporating WSA. This paper investigates the influence of WSA on concrete properties, including 

fresh and hardened properties, as well as durability characteristics. This study also intends to evaluate the 

usefulness of using WSA in concrete together with other commonly available SCMs. 

 

Chief contributions 

Reduction in CO2 emissions and recycling of waste materials are two of the main challenges facing sustainable 

development in 21st century. The cement and concrete industry offers the solution for both of these issues 

through using SCM to reduce cement content and incorporate materials that would otherwise have to be 

dumped as waste. The main contribution of this paper is valorization of a by-product from the pulp and paper 

industry as a cementitious material. The results of this study reveal that alternative cementitious materials 

which do not fully comply with standard specifications regulating the use of SCM in concrete, such as WSA, can 

be used to partially substitute OPC and produce economical and durable concrete. Moreover, this paper offers 

an insight into recycling residues with similar composition and provides an alternative method of waste 

disposal for future paper mill planners. 

 

Keywords: wastepaper sludge ash, supplementary cementitious material, durability, high-performance concrete 
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Introduction 
 

Incorporating SCM, such as fly ash, slag, silica fume and natural pozzolans in concrete is becoming a 

widely accepted practice in the construction industry. Increased demand for cost reduction, 

sustainability and energy conservation encourages the use of alternative cementitious materials that 

also exhibit pozzolanic and/or hydraulic properties, but do not meet all requirements for SCM 

specified in relevant specifications and standards. WSA is one of these alternative materials, which is 

generated by incineration of waste materials (wastepaper sludge and wood residues) from the pulp 

and paper industry. 

The potential for using WSA in concrete derives from its cementitious properties. Péra et al., 2001 has 

shown that highly reactive metakaolin can be produced by calcination of wastepaper sludge at 700°C 

for a few hours. However, WSA produced by combustion of wastepaper sludge in small industrial 

power plants contains no metakaolin due to much higher combustion temperatures (Kinuthia, et al., 

2001). Instead, WSA contains considerable amounts of aluminosilicate materials, which under 

alkaline conditions may combine with calcium and produce C-S-H gel and other hydration products 

(Bai, et al., 2003). Previous studies have shown that WSA can be used to partially replace OPC, or in 

combination with other SCM, such as GBFS, to produce a binder without OPC (Ishimoto, et al, 2000, 

Veerappan, et al., 2003, Bai, et al., 2003, Mozaffari, et al., 2009). Still, there is a lack of information 

on the benefits of its use in concrete. 

Typically, pulp and paper producers combust wastepaper sludge and wood residues in the fluidized-

bed reactor to generate electricity and steam and reduce fossil fuel consumption for their plant. This 

study is intended to valorize the WSA resulting from combustion of the sludge and evaluate its effect 

on concrete properties, involving fresh, hardened properties, and particularly durability characteristics. 
 

Experimental program 
 

A common GU type portland cement (ASTM C1157) and locally available silica fume, slag and 

metakaolin were used in this study. WSA was also used with aforementioned materials in binary and 

ternary concrete mixtures. The chemical composition and physical properties of these materials are 

presented in Table 1.  
 

Table 1: Chemical composition of powders 

Chemical composition Cement WSA Silica fume Slag Metakaolin 

SiO2, % 

Al2O3, % 

Fe2O3, % 

CaO, % 

MgO, % 

SO3, % 

K2O, % 

Na2O, % 

LOI 

20.62 

5.28 

2.74 

63.93 

1.89 

3.56 

0.90 

0.14 

0.37 

27.82 

16.55 

1.95 

39.77 

2.26 

1.92 

1.05 

0.74 

5.12 

95.40 

0.35 

0.03 

1.12 

0.42 

0.07 

0.93 

0.13 

1.27 

35.07 

10.70 

1.30 

43.08 

7.62 

0.42 

0.36 

0.15 

0.27 

46.97 

47.37 

0.41 

0.68 

0.15 

0.08 

0.18 

0.04 

3.18 

Physical properties  

Specific gravity 

Specific surface Blaine, m2/kg 

Specific surface BET, m2/g 

3.15 

420 

1.0 

2.63 

825 

3.1 

2.22 

- 

20.1 

2.89 

525 

2.4 

2.33 

2140 

10.3 

 

WSA used in this study was produced by the combustion of wastepaper sludge and wood residues in a 

small power plant using bubbling fluidized-bed technology to generate electricity. The sludge and 

biomass remains in the combustion zone at temperatures between 750 and 950ºC for few seconds, and 

is then is rapidly cooled to ~ 200ºC. The chemical composition of WSA obtained under these 

conditions is similar to those reported in the literature (Kinuthia, et al., 2001, Bai, et al., 2003), while 



being much finer. The X-ray diffraction (XRD) analysis showed that main crystalline phases present 

in WSA are calcite (~20%), quicklime (8.5%), anhydrite and tricalcium aluminate (C3A), while some 

quantities of portlandite, quartz, gehlenite and anorthite have also been found. The presence of the 

latter suggests that metakaolin and quicklime react in the reactor and form wide range alumino-

silicate phases typical for non-equilibrium treatment of wastepaper sludge (Bai, et al., 2003).  

As presented in Table 2, all of the investigated mixtures were proportioned with the same w/cm ratio 

of 0.4. The total binder content was fixed (400 kg/m3), while binder composition was different. Aside 

from the control mixture prepared with 100% OPC (HP Ref.), two binary mixtures with 20% and 40% 

WSA replacement (HP 20 and HP 40), and three ternary mixtures containing 20% WSA with 5% 

silica fume (HP S5), 20% WSA with 12% slag (HP L12), and 20% WSA with 8% metakaolin (HP 

M8) were prepared and tested. SCM replacement levels were selected following optimization tests 

previously conducted by Laldji et al., 2007. Continuously graded crushed limestone aggregate with a 

maximum-size aggregate of 20 mm and well-graded siliceous sand were employed. A compatible 

polycarboxyate ether-based (PCE) superplasticizer and air-entraining agent (AEA) were used to adjust 

initial workability (target slump 220 ± 20mm) and air content (5 to 8%) of concrete.  

 
Table 2: Concrete mix composition 

Composition (kg/m3) 
Control Binary Ternary 

HP Ref. HP 20 HP 40 HP S5 HP L12 HP M8 

Cement 

WSA 

Silica fume 

Slag 

Metakaolin 

Water 

Sand 

Aggregate (20 mm) 

PCE (wt.% of binder) 

AEA (ml/100kg) 

399 

- 

- 

- 

- 

160 

664 

1067 

0.155 

40 

318 

80 

- 

- 

- 

159 

673 

1064 

0.2 

68 

236 

158 

- 

- 

- 

158 

621 

1054 

0.295 

150 

293 

78 

20 

- 

- 

156 

539 

1046 

0.285 

73 

269 

79 

- 

48 

- 

158 

664 

1060 

0.204 

50 

284 

79 

- 

- 

32 

158 

655 

1056 

0.254 

71 

 

The concrete mixtures were prepared in general accordance with ASTM C192. Fresh concrete 

properties, such as slump flow, density and air content were tested at the end of the mixing period and 

at 30 minutes after water-cement contact, according to ASTM C143, ASTM C138 and ASTM C321, 

respectively. Concrete hydration temperature was measured on 150 x 300 mm cylinders inserted in a 

semi-adiabatic calorimeter made of Styrofoam. Thermocouples were placed in the center of the 

cylinders and connected to CR10 chart recorders (Roctest Ltd.). Samples were also cast to measure 

setting time, compressive strength, freezing-thawing resistance, scaling resistance, chloride ion 

permeability, and drying shrinkage. These tests were performed in line with ASTM C403, ASTM C39, 

ASTM C666, BNQ 2621-900, ASTM C1202, and ASTM C157, respectively. In addition, the 

autogenous shrinkage was monitored by using embedded vibrating-wire strain gage in sealed 100 x 

100 x 400 mm prisms. Moreover, separate concrete mixtures were prepared with reactive coarse 

aggregate (Spratt) to evaluate ASR resistance according to CSA 23.1-14A. The effect of WSA on 

sulphate resistance was evaluated by mortar bars corresponding to ASTM C1012 procedure. 

 

Results 

 

Admixture demand 

The required dosage of PCE superplasticizer and AEA to achieve desired slump and air content are 

shown in Table 2. The incorporation of WSA substantially increased superplasticizer dosage. The 

required dosage, to achieve comparable concrete workability, varied from 0.155% for the control 

mixture to almost 0.3% for the mixture containing 40% WSA. The latter was only slightly higher than 

that of the dosage required in the ternary mixture with silica fume and 10-15% higher than that needed 



in the ternary mixture with metakaolin. The incorporation of slag with WSA had no obvious effect on 

the required superplasticizer dosage. 

The use of WSA also increased the required AEA dosage to achieve the targeted air content. A 

substitution of 20 and 40% of OPC by WSA resulted in a 70 and 275% increase in AEA dosage 

relative to the control mixture. The AEA dosage employed in ternary mixtures with silica fume and 

metakaolin was close to that used in the binary mixture containing 20% WSA, while a slight reduction 

was observed when slag was incorporated. However, the air content was stable in all investigated 

concrete mixtures. 
 

Hydration kinetics  

The effect of binder composition on hydration kinetics was evaluated by semi-adiabatic calorimetry. 

The temperature variation measured over the first two days of hydration is shown in Figure 1. All 

investigated concrete mixtures reached similar peak temperatures ranging from 47.6 to 50.7 °C. The 

highest peak temperature was observed with the control mixture. The incorporation of WSA slightly 

accelerated heat release during the first few hours of hydration, except in the case of the ternary 

mixture with silica fume. 

Initial and final setting times, as well as the time interval between them, are presented in Figure 2. In 

general, all binary and ternary mixtures showed similar initial and final setting times, which was 

comparable to those of the control mixture. 
 

  
Figure 1:  Temperature variation in concrete Figure 2: Initial and final setting times 

 

Compressive strength 

The compressive strength of concrete mixtures at 1, 7, 28 and 91 days cured under standard 

conditions is presented in Figure 3. At 1 day, binary and ternary mixtures with WSA and SCMs 

developed lower compressive strengths than that of the control mixture. However, the substitution of 

20% OPC by WSA had only a minor effect on early-age compressive strength. At 28 days and beyond, 

compressive strengths of binary and ternary mixtures were superior to that of the control mixture, 

except for the mixture with 40% WSA. An interesting synergetic effect was observed when WSA was 

used together with silica fume and metakaolin. It should also be noted that even at up to 40% 

substitution rate, the HP 40 mixture showed a comparable 91-day compressive strength to that of the 

control mixture, despite relatively low early-age strength.  
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Figure 3:Compressive strength of concrete 

mixtures 
Figure 4: Chloride-ion permeability of concrete mixtures 
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Durability characteristics 

Chloride-ion permeability measured on specimens cured over 28 days, 6 months and 1 year is shown 

in Figure 4. The permeability of all investigated concrete mixtures decreased substantially with 

increased curing time. In particular, the permeability of the binary mixture with 20% WSA 

dramatically decreased between 28 days and 6 months of curing. Results also showed that 

permeability of ternary mixtures, especially those with silica fume and metakaolin, was much lower 

than that of the binary concrete mixture.  

The measured durability factors for investigated concrete mixtures are presented in Figure 5. This 

parameter is generally used to quantify concrete freezing-thawing resistance. All mixtures showed 

excellent resistance with durability factors ranging from 97 to 112% after 300 cycles, which was far 

above the 60% set by ASTM C666 specification. 

The measured mass of scaled residue for each concrete mixture is provided in Figure 6. The 

incorporation of WSA and SCM in binary and ternary concrete mixtures increased the extent of 

scaling. According to the BNQ 2621-900 specification, a concrete is considered resistant to scaling 

when the mass of scaled residue does not exceed 500 g/m2 after 56 cycles of freezing and thawing. 

Therefore, all mixtures exhibited a good resistance to salt scaling.  
 

  
Figure 5: Durability factor of concrete mixtures Figure 6: Scaling resistance after 28 days curing 

 

Figure 7 shows expansion due to ASR for selected concrete mixtures. The expansion of binary 

mixture with 20% WSA was similar to that of the control mixture, but was considerably reduced by 

increasing the WSA replacement rate (40% WSA) or by combining 20% WSA with 5% silica fume.  

The expansion of mortar bars due to sulphate attack is illustrated in Figure 8. The incorporation of 

WSA decreased the resistance to sulphate attack. A visual inspection after 256 days of sulphate 

exposure showed that mortar bars containing WSA were disintegrated to a certain extent and large 

cracks were propagated throughout the samples. 
 

  
Figure 7: Expansion of concrete due to ASR Figure 8: Expansion of mortar bars due to sulphate 

attack 

 

Volume changes 

The observed volume changes in concrete mixtures as a result of WSA and SCM incorporation are 

presented in Figures 9 and 10. The use of WSA reduced autogenous shrinkage and this effect was 

dependent on WSA replacement level. The data presented in Figure 9 indicates that the presence of 40% 
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WSA caused an important expansion in the first 24 hours of hydration that may compensate for 

subsequent shrinkage due to hydration and self-desiccation.  

From Figure 10, it is noted that after more than 250 days of air curing with 50% RH at 23 °C, all 

binary and ternary mixtures had less drying shrinkage than the control mixture.  
 

 
 

Figure 9: Autogenous shrinkage of concrete mixtures Figure 10: Drying shrinkage of concrete mixtures 

 

Discussion 
 

WSA is a particular waste material with very high lime content and interesting cementing properties. 

When WSA was used in concrete to partially replace OPC, it increased both superplasticizer and AEA 

dosages requirement to obtain desired consistency and air content. High demand in water-reducing 

admixture is related to the fact that this material is much finer than OPC. The incorporation of WSA 

in concrete mixtures increases the total solid surface area, thus a greater amount of water was required 

to wet the surfaces of solid particles. The difficulty in entraining air is due to the presence of carbon 

particles as a result of incomplete combustion of organic material during WSA generation (short 

residential times in the combustion zone). Incorporating WSA in binary and ternary mixtures did not 

significantly affect heat of hydration and setting times. Indeed, the presence of WSA accelerated 

cement hydration, but this effect was cancelled out by the high superplasticizer dosage used in binary 

and ternary mixtures (especially those with silica fume and metakaolin), which caused a strong 

retarding effect. Although highly reactive amorphous aluminosilicate in WSA may react with lime 

and produce various hydration products, including C-S-H gel (Péra et al., 2001, Bai, et al., 2003), we 

believe that the accelerating effect of WSA was more related to the presence of additional nucleation 

sites on the surface of well-dispersed fine WSA particles. 

Based on compressive strength measurements, WSA showed interesting cementitious properties. 

Although the optimal substitution rate seems to be 20%, even higher substitution rate should be 

considered despite somewhat lower early-age compressive strength. The combination of WSA with 

silica fume and metakaolin resulted in higher gain in compressive strength over time compared to the 

binary mixture with 20% WSA. 

From chloride-ion permeability results, it can be seen that WSA was not as effective as normalized fly 

ash and other SCMs in improving concrete durability. The observed reduction in permeability at later 

age is probably the result of decrease in the size of capillary pores as the pozzolanic reaction 

progressed. Despite the limited effect on permeability, ASR expansion was considerably reduced by 

increasing the WSA replacement ratio or by blending WSA together with silica fume. This effect is 

probably related to the ability of these materials to reduce the alkalinity of the pore solution (Shehata, 

2001). On the other hand, alumina and calcium oxide rich WSA dissolves over time to provide a long-

term source of material which, in a sulphate environment, forms expensive calcium sulfoaluminates 

responsible for poor resistance to sulphate attack (Tikalsky and Carrasquillo, 1993).  

Concrete mixtures incorporating WSA behaved in approximately the same way as the control 

concrete mixture with regards to freezing and thawing resistance. The main parameters controlling 

freezing and thawing resistance are air content and air void factor. Both parameters were in good 

agreement with recommended values in all investigated concrete mixtures. 
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The addition of WSA at high replacement levels resulted in early-age expansion, thus enabling 

subsequent shrinkage compensation. This promising advantage of using WSA as a concrete expansion 

agent is probably due to its high CaO content (Ghafoori, 1998, Tangtermsirikul, 1998). However, 

drying shrinkage was not largely affected by the introduction of WSA in concrete. In fact, the 

reduction of observed drying shrinkage in ternary mixtures was due to improvement in concrete 

permeability through the addition of either silica fume, slag or metakaolin. 
 

Conclusions 
 

A new alternative cementitious material was evaluated in this study. Incorporating WSA in binary and 

ternary concrete mixtures does not improve fresh concrete properties. In fact, a substantial increase in 

water-reducing and air-entraining admixture dosage was required to reach targeted workability and air 

content. On the positive side, WSA offers interesting pozzolanic and hydraulic properties. The 

incorporation of WSA reduced early-age compressive strength only slightly, but it provided long-term 

compressive strength development in binary and ternary concrete mixtures. The other benefits of 

using WSA are reduction of concrete permeability at later age, compensation of autogenous shrinkage 

and reduction of expansion due to ASR. However, the utilization of WSA in concrete exposed to 

sulphates is not recommended.  

Overall, WSA is an interesting alternative cementitious material for use in concrete. Although WSA 

does not fully comply with standard specifications for fly ash and calcinated natural pozzolans 

(ASTM C618), it can be used to produce an economical and durable concrete. 
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Abstract 
Tricalcium silicate (C3S) hydration in the presence of CaCl2 is followed using quasielastic neutron scattering (QENS) 
and the kinetics of product nucleation and growth are modelled using a boundary nucleation (BN) model combined 
with a diffusion-limited hydration model. The BN model, previously applied to calorimetry data of hydrating C3S/CaCl2, 
is applied to QENS data that includes components whose time-evolution does not follow that for evolved heat 
(measured using calorimetry). This work tests the BN model to describe QENS data for C3S/CaCl2 and compares the 
results with those previously published for the BN model using calorimetry. Notably, we find large differences in the 
specific nucleation rate obtained from the BN model using QENS and calorimetry data. The BN model produces 
comparable quality fits to those from the commonly-used Johnson–Mehl–Avrami–Kologoromov (JMAK) model for 
QENS data of C3S paste and a better fit to data for the C3S/CaCl2 paste. The BN model is found to support the theory 
that nucleation and growth begins at the time of mixing and proceeds with a single kinetic process. The differences in 
the calorimetry and QENS data revealed using the BN model are not reflected in the JMAK model, where good 
agreement is found between the nucleation and growth rate obtained from QENS and calorimetry data. The differences 
found using the BN model between QENS and the calorimetry data are attributed to differences in C3S samples rather 
than the experimental analysis technique. Further work is required to definitively establish this. 
 
Originality 
This work contains three principal points of novelty and significance: 

1. Application of the BN model to QENS data for hydrating C3S/CaCl2 for the first time, and comparison of results 
using the BN model obtained using calorimetry and using QENS. Our results reveal significant differences in 
one of the kinetic parameters of the BN model between the calorimetry and QENS data, that are not identified 
using JMAK. These are tentatively attributed to differences in C3S samples rather than the experimental 
analysis technique, however, further work is required to definitively establish this.  

2. Exploration of the kinetics of a hydrating C3S/CaCl2 system by the BN model through coupling with a second 
model describing the diffusion-limited kinetic regime. 

3. Extending the range of systems explored by the BN model by applying it to QENS data – this work represents 
the second time that the BN model has been used to interpret QENS data of any hydrating cementitious system. 
This is important as QENS measures part of the hydration process not measurable by calorimetry.  

 
Chief contributions 
The widely used JMAK (Johnson–Mehl–Avrami–Kologoromov) nucleation and growth model relies on the assumption 
that nucleation is spatially random. This is known not to be true for cementitious matrices where nucleation occurs only 
at surfaces. An alternative boundary nucleation (BN) model was previously applied to calorimetry data and the results 
suggest that nucleation and growth begin at the time of mixing. The originality of the work being presented here lies in 
comparing results of the BN model for hydrating C3S/CaCl2 obtained using QENS with those obtained previously using 
calorimetry, although this also represents the first time that the BN model has been coupled with the diffusion-limited 
hydration model to analyze QENS data for hydrating C3S/CaCl2 The JMAK model shows no difference between the 
effect of CaCl2 using calorimetry or QENS data, however, the BN model reveals significant difference in the hydration 
kinetics, which is attributed to the C3S type rather than the technique of analysis. Further work is in progress to verify 
this,  
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Introduction 
 
Studies of the hydration kinetics of cementitious systems are necessary to give insights into the 
physical mechanisms of hydration and in turn, the development of properties crucial to successful 
construction of buildings and infrastructure. Chemical admixtures, such as CaCl2, are routinely added 
to cement in order to change the properties of the setting cement through controlled alterations to the 
hydration kinetics. Understanding the kinetics of hydration of cement and the alterations to the 
kinetics caused by the addition of admixtures is of fundamental importance to the construction 
industry. Perhaps the most widely-used technique to study the in-situ hydration kinetics is calorimetry, 
using the rate of heat-evolution. This technique has greatly advanced the understating of cement 
hydration kinetics, however, the heat-evolution is often dominated by the dissolution of the hydrating 
phase. Quasielastic neutron scattering (QENS) is a technique that is increasingly used to study the 
real-time setting of cementitious systems (Peterson, 2010a). The essence of a hydration reaction is the 
incorporation of hydrogen from the water into the various reaction products. QENS directly and 
quantitatively measures the hydrogen, allowing the cement hydration to be followed. The incoherent 
scattering cross section of a hydrogen nucleus is between 10 and 20 times larger than those of other 
isotopes. Consequently, the incoherent scattering from hydrogen will dominate the information 
recorded in a neutron-scattering experiment of samples containing hydrogen atoms. This allows the 
hydration of cementitious systems to be followed through a direct analysis of the hydrogen present in 
the original mix water, even in the presence of the complex cementitious matrix. Using QENS, the 
time-evolution of the fraction of water not considered as part of the bulk water phase, known as the 
bound water index (BWI), can be used to follow the hydration kinetics. The kinetic processes of 
hydration are evident in the features of the time-dependent evolution of the BWI.  
 
The understanding provided by kinetic measurements using any technique is limited by the time-
dependent models used to describe the system being studied. We showed that hydrating tricalcium 
silicate (C3S) can be modelled using a boundary nucleation (BN) model as a more effective descriptor 
of the nucleation and growth processes occurring in hydrating tricalcium silicate than the commonly-
applied JMAK (Johnson–Mehl–Avrami–Kologoromov) model (Thomas, 2007, Thomas et al., 2009, 
Peterson and Whitten, 2009). A key difference between these models is that an assumption that 
nucleation and growth occurs randomly is made in the JMAK model, however, it is generally accepted 
that the hydration product grows outward from the C3S particle surfaces (Taylor, 1997, Thomas, 2007, 
Garrault et al., 2006) and this is accounted for in the BN model. Application of the BN model to 
understand the effect of CaCl2 on C3S hydration to calorimetry data (Thomas et al., 2009) revealed 
that CaCl2 significantly increases the rate of nucleation of hydration product on the surface of the C3S 
particles but has relatively little effect on the product growth rate. 
 
In this work we show the importance of the BN model for understanding the kinetics in cementitious 
systems, where application of the JMAK model to understand the effects of the CaCl2 on C3S 
hydration gives the same results for calorimetry and QENS data, however, the kinetic parameters 
obtained from the BN model reveal significant differences, which we attribute here to differences 
between the C3S samples rather than the technique. Further work is currently underway to verify this. 
 
Experimental  
QENS data collection and treatment 
 
Triclinic C3S was obtained from Construction Technology Laboratories (Skokie, IL, USA) with an 
average particle size of 10.2 μm and specific surface area of 0.508 m2g-1. 96 % pure anhydrous CaCl2 
was obtained from Acros Organics (Geel, Belgium) and used to create a 4.76(2) % mass fraction 
solution using distilled water. C3S was hydrated at 30 °C using either distilled water or the CaCl2 
solution with a fluid to component mass ratio of 0.4. Hydration took place inside a sealed Teflon bag 
inside a sealed rectangular aluminum hydration cell. QENS measurements were carried out using the 



NIST Center for Neutron Research neutron time-of-flight Fermi Chopper Spectrometer (Copley and 
Udovic, 1993) at 45 ° to the 4.8 Å incident neutron beam. Data collection commenced approximately 
30 min after initial mixing and data were collected continuously during the hydration and time-
averaged over 33 min intervals. To gain intensity as per other work (Peterson et al., 2005a, Peterson et 
al., 2005b, Peterson and Juenger, 2006a, Peterson and Juenger, 2006b, Peterson et al., 2006a, Peterson 
et al., 2006b, Peterson et al., 2006c, Peterson and Juenger, 2007, Peterson and Whitten, 2009) 
reflection data were used and summed from several detectors corresponding to the scattering vector 
(Q) range 2.0-2.3 Å-1. The kinetics of the hydration reactions were characterized using the “bound 
water index” (BWI), which represents the ratio of the amount of less mobile (bound and constrained) 
hydrogen relative to the total amount of hydrogen in the system. As hydrogen is initially only present 
in the water and is transferred to the reaction products during the hydration of C3S, the BWI is 
representative of the amount of product and was derived with respect to time during the hydration.  
 
The QENS model used here has been described elsewhere. The scattering function, S(Q,ω), (where Q 
= (4π/λ)sin(θ/2), θ is the scattering angle, the energy transfer = ħω, ħ = h/2π, and h is Planck’s 
constant) is dominated by the incoherent scattering from hydrogen. Data were modelled using one 
Gaussian and three Lorentzian functions and attributed to various populations of hydrogen (Figure 1). 
The Gaussian function models contributions from hydrogen atoms that are considered immobile on the 
time scale measurable (within the resolution of the instrument) and for this reason the fullwidth at 
half-maximum of this function is fixed to that of the instrument resolution in this configuration, 0.146 
meV. The integrated area, B, of the Gaussian function represents the number density of immobile 
hydrogen, as found in the Ca(OH)2 and some of the C-S-H. The remainder of the hydrogen is mobile 
and results in quasielastic scattering, modelled using the three Lorentzian functions. The first 
Lorentzian has an integrated area, C, representing the number density of “constrained” hydrogen 
associated with a C-S-H phase. The width of this function is determined from the final seven time-
averaged spectra and fixed throughout the fitting procedure. Two wider Lorentzian functions of 
integrated areas F1 and F2 are used to describe the quasielastic broadening arising from mobile 
hydrogen in the “free” water and the width of these profiles are determined from the first seven time-
averaged spectra and fixed throughout the fitting procedure. The time-evolution of the fraction of 
water not considered as part of the bulk water phase, the bound water index (BWI, see equation (1)) 
and including both the constrained hydrogen and immobile hydrogen components (fraction that is 
considered immobile on the timescale of the instrument), can be used to follow the hydration kinetics. 
 
BWI = (B+C) /(B+C+F1+F2)              (1) 
 

 
Figure 1: QENS data (points), S(Q,ω), at t = 5.2 (left) and t = 32.7 (right) hours of hydrating C3S. Fits to the 

QENS spectra are shown as a line (model total) with the four model components shown as lines and identified 
by their number densities, B for the bound hydrogen, C for the constrained hydrogen, and the two free hydrogen 

components, F1, and F2.  



Modelling hydration kinetics 
 
The time-evolution of the BWI displays features arising from nucleation and growth processes, from 
time t = ti to the start of the diffusion-limited period, at t = td. The hydration kinetics represented by 
these features have been studied previously (Peterson and Juenger, 2006a, Peterson and Juenger, 
2006b) using a Johnson–Mehl–Avrami–Kologoromov (JMAK) model, as outlined in equation (2). 
 
Y(t) = Y(ti)+A[1-exp[-[kav(t-ti)]n]]              (2) 
 
Y(t) and Y(ti) are the BWI at time t and ti, respectively; kav is the nucleation and growth reaction rate 
constant; A is the asymptotic volume fraction of the BWI at infinite time and can be correlated with 
the amount of product that could ultimately form. The exponent n is traditionally ascribed to the 
dimensionality of product growth occurring in a three-dimensional pore space but is not related to the 
dimensionality of product growth for cementitious systems in any meaningful way (Thomas, 2007).  
 
Here we apply the boundary nucleation (BN) model as derived from Cahn (Cahn, 1956) as per 
previous work (Peterson and Whitten, 2009) and shown in equations (3)-(5). 
 
Y(t) = Y(ti)+A[1-exp[-bS

-1/3fS(aS)]]              (3) 
 

where,  bS = IS/8S3G, as=(ISG2)1/3(t-ti)                          (4) 

and,           
1

0
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A is the normalization constant and is comparable with the A from the JMAK model, IS is the specific 
nucleation rate, S is the boundary area per unit volume (S, 0.77 × 10 μm-1 for this sample), and G is the 
linear growth rate. The parameter ti was fixed to zero as previous work revealed that nucleation and 
growth begins at the time of mixing (Thomas, 2007, Peterson and Whitten, 2009). The parameters 
varied in the model were A, IS, and G. From these parameters others are derived, including kB, the 
nucleated grain boundary area transformation rate, where kB = (ISS)1/4G3/4, kG, the non-nucleated grain 
boundary transformation rate, where kG = SG. The ratio kB/kG determines the type of kinetic behavior 
for the process, with a densely populated and fast transforming boundary region when the ratio is large 
and spatially random nucleation with sparsely populated internal boundaries and uniform 
transformation of the system where the ratio is low, equivalent to the assumptions of the JMAK 
model. Assuming spatially random nucleation allows a rate constant for nucleation processes 
comparable to that derived from the JMAK model to be obtained: kav = (π/3)1/4kB. As the hydration 
progresses the kinetics may become controlled by diffusion-limited processes. Although other 
mechanisms may control the hydration, a diffusion-limited hydration model can be used to describe 
the data (Fuji and Kondo, 1974) as in previous work (Peterson and Whitten, 2009) and equation (6). 
 

      32121131
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            (6) 
 
With this implementation, the time at which the hydration becomes dominated by diffusion-limited 
kinetics is assumed to be t = td. Y(t) and Y(td) is the BWI at time t and td, respectively. Di is an effective 
diffusion coefficient and represents the average ion-mobility for the sample and is not a direct measure 
of the diffusion-limited reaction rate. R is the initial mean radius of the hydrating tricalcium silicate 
grains. The models were fitted to the data using a simulated annealing method, followed by a least-
squares minimization procedure to ensure a converged solution and allow the extraction of estimated 
standard deviations (esds). 
  
 
 
 



Results and discussion 
 
Table 1: Kinetic parameters of hydrating C3S with water and CaCl2 using QENS and calorimetry data, where the 

number in parentheses is the esd. 

 A 
kav,  
h-1 

Di x 10-15,  
m2h-1

td,  
h

IS,  
μm2 h-1

G,  
μm h-1

kB,  
h-1 

kG,  
H 

H2OBN
 0.213(1) 0.157(8) 0.51(1) 9.94(8) 0.77(2) 0.100(1) 0.162(1) 0.077(1) 

H2OBN^ - 0.119(5) - - 0.20(1) 0.111(7) 0.118(5) 0.079(3) 

H2OJMAK* 0.155(2) 0.19(2) 0.60(3) 9.11(4)     

CaCl2
BN 0.398(8) 0.304(1) 3.6(1) 6.71(8) 0.58(8) 0.263(4) 0.300(2) 0.20(1) 

CaCl2
BN^ - 0.238(2) - - 1.33(8) 0.148(1) 0.235(9) 0.105(4) 

CaCl2
JMAK* 0.323(6) 0.35(1) 5.0(5) 5.2(1)     

*From previous work (Peterson and Juenger, 2006a, Peterson and Juenger, 2006b) using the same data 
^From previous work (Thomas et al., 2009) using calorimetry data and samples with ≈ 18 % less CaCl2 by mass, 
≈ 7 % lower surface area, and 25 % higher fluid to cement ratio. 
 
The fits of the JMAK-diffusion-limited and BN-diffusion-limited models to the BWI for hydrating 
C3S with and without CaCl2 are shown in Figure 2. The BN model describes the time-evolution of the 
BWI better than the JMAK, particularly for the CaCl2 hydrated sample. The kinetic parameters, td, A, 
and kav, derived from the BN model (Table 1) agree with those derived from the JMAK model. Of 
these, kav is the most important parameter for discussion the effect of the CaCl2 on the hydration 
kinetics. The effect of CaCl2 on the kav is clear for all data in table 1: kav approximately doubles for the 
C3S hydrating with CaCl2 compared with water alone.  
 

 
Figure 2: QENS data of hydrating C3S with and without CaCl2 as measured by the time-evolution of the BWI 

(scatter plot), shown to 25 hours with fits of two models (BNG and JMAK, both combined with diffusion-
limited models) shown as lines. 

 



The BN model provides further information concerning the reaction kinetics, from parameters kB, the 
nucleated grain boundary area transformation rate, and kG, the non-nucleated grain boundary 
transformation rate. A key finding from previous work using calorimetry (Thomas et al., 2009), results 
from which are shown in Table 1, is that CaCl2 significantly increases the rate of nucleation of 
hydration product on the surface of the C3S particles (kB). The QENS results support this theory, with 
kB increasing by a factor of two. Another major finding of the earlier calorimetry study (Thomas et al., 
2009) was that CaCl2 has relatively little effect on the product growth rate (kG). We find otherwise, 
with a significant increase in kg, a result derived from the increase in the linear growth rate, G. Indeed, 
the increase in kB observed in the calorimetry study is a result of a dramatic increase in the specific 
nucleation rate, IS, not of the less affected G.   
 
When comparing these data to previous results using calorimetry, effects of the differences between 
the two C3S samples must be considered before the effects of the CaCl2 are assessed. The linear 
growth rate is observed to be similar for a variety of C3S pastes (Thomas et al., 2009) and is very 
similar to that used here, resulting in similar kG. CaCl2 causes an increase in G (and kG) in both the 
calorimetry and QENS study, although this increase is far more significant for the QENS data than for 
the calorimetry data. The specific nucleation rate, IS, is significantly different (40 % smaller in the 
calorimetry study than for the C3S used here). The effect of CaCl2 on the hydration of the sample used 
here causes no increase in IS (within 2 estimated standard deviations), however, the IS of the hydrating 
sample of the calorimetry study increases significantly.  
 
The fraction of hydrogen considered immobile on the dynamic time scale accessible by QENS follows 
the evolution of heat (measured using calorimetry), when they are compared as fractions of the same 
final value (Thomas et al., 2001). The constrained water component (QENS component with 
integrated area C) in the QENS model is associated with a C-S-H type in which the water is less 
tightly held than for other C-S-H types and does not scale with the evolution of heat. Fits of the BN 
and diffusion-limited models to the immobile hydrogen fraction of the data result in very similar 
kinetic parameters, with the same trend for IS and G upon hydration with CaCl2 relative to using water 
alone. This indicates that differences in the IS and G induced by the CaCl2 are attributable to the C3S 
sample and not to the method of analysis. 
 
Our observed differences in the effect that CaCl2 has on IS between this and previous work (Thomas et 
al., 2009) may arise from differences between the C3S samples, as indicated by the significant 
differences in the IS measured for the pastes without CaCl2, where the IS for the paste of this study is 
significantly higher (40 %) than for the calorimetry study. This result is consistent with previous 
results (Peterson and Juenger, 2006b) for the hydration of different forms of C3S, monoclinic and 
triclinic, where the addition of CaCl2 caused the hydration kinetics of the two pastes to become similar, 
increasing kav more for the less reactive paste than that for the more reactive paste.   
 
Conclusions 
 
Tricalcium silicate hydration in the presence of CaCl2 was followed using quasielastic neutron 
scattering (QENS) and the kinetics of product nucleation and growth modelled using a boundary 
nucleation (BN) model combined with a diffusion-limited hydration model. The JMAK model shows 
no difference between the effect of CaCl2 on the reaction rate (kav) using calorimetry or QENS data, 
but the BN model reveals significant differences in the hydration kinetics. The widely used JMAK 
(Johnson–Mehl–Avrami–Kologoromov) nucleation and growth model relies on the assumption that 
nucleation is spatially random. This is known not to be true for cementitious matrices where 
nucleation and growth occurs at surfaces. The BN model reveals significant differences in the specific 
nucleation rate, IS, which are attributable to differences in the C3S pastes used in the calorimetry study 
and in the QENS study, rather than the technique of analysis. Further work is underway in order to 
assess this. 
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Abstract 
This line of research pretends to analyze the possibility of reusing waste material coming from the 
ceramic industry in substitution of conventional aggregates when producing structural concrete, with the 
subsequent economic and environmental benefits. At a first stage the material has been crushed, sieved 
and washed in order to obtain the proper recycled aggregate (>4 mm). At a second stage, these 
aggregates have been classified according to their physical - mechanical properties, so that compliance 
with the EHE-08 could be verified. Results obtained after this process were satisfactory. All requirements 
contained in the specification were achieved. It was also observed that other properties as porosity and 
water absorption coefficient were very similar to those of standard aggregates, which represents a 
significant advantage. 
Once that the possibility of using this type of material in concrete production was verified, different 
design mixes for concrete were elaborated by substituting the conventional aggregate partially and 
progressively by recycled material (20 and then 25%). These concretes were subject to several tests 
(mechanics, pressured water penetration, microstructural and freeze-unfreeze cycle resistance). Results 
obtained in the mechanical tests (compressive and splitting tensile strength tests) are higher when using 
recycled materials. An increase in strength resistance between 5 and 25% has been observed as the 
percentage of substitution grows. 
Regarding the study of the microstructure, it has been specially focused on the analysis of the aggregate-
grout transition area. This analysis concludes that the interfacial transition zone (ITZ) recycled 
aggregate-grout is smoother and more compact than in the case of uncrushed aggregate-grout. This 
means that a better behavior of these concretes should be expected against external physical, mechanical 
and chemical aggressive agents. 
Finally, the rest of test previously mentioned followed the same trends and therefore recycled concrete 
can be considered adequate for structural usage. 
 
Innovations 
Reusing ceramic waste within the materials normally used in construction has been studied mainly in 
analyzing its behavior as an active addition in substitution of a percentage of cement, taking advantage of 
the puzolanic activity of these materials. 
After an exhaustive research on the state of the art on this matter, it can be concluded that few research 
has been carried out on the mechanic and durability properties of concrete incorporating recycled 
materials, as well as on the microstructure and the transition area aggregate-grout. 
 
Main Conclussions 
As a result of this research several positive consequences can be foreseen, as the possibility of 
incorporating waste materials into the production process of concrete and obtaining eco-efficient 
concretes that guarantee as minimum the same properties as conventional concretes. 
This recycling process has several advantages, not just from an economic point of view, but also from an 
environmental approach, as it reduces waste that would have to be disposed into tips. All this is 
consequent with the new policies on sustainable development imposed at international, EC and national 
levels. 
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1. Introduction 
 
The industrial and economic growth witnessed in recent decades has brought with it an increase 
in the generation of different types of waste (urban, industrial, construction, etc.) despite the 
waste management policies adopted nationally and internationally in order to foster sustainable 
development.   
Sustainable development (Darntoft et al., 2008) has been defined in the Brundtlandt 
Commission report (1987) as “Sustainable development is development that meets the needs of 
the present without compromising the ability of future generations to meet their own needs”. 
Spain is the world market leader in production and exportation of ceramic sanitary ware, 
producing over 7 million sanitary ceramics items annually (2008).  The percentage of items 
rejected for sale and thus discarded depends on the type of industry in question, and on product 
requirements and other technical considerations.  Nevertheless, rejects account for 5-7% of final 
production according to data provided by manufacturers. 
The manufacture of sanitary ware consists of a series of stages which can be summarized thus: 
preparation of raw materials, moulding, drying and glazing, firing at controlled temperatures of 
between 1200º - 1290º C and product finishing. 
The raw materials used in the manufacture of sanitary ware primarily consist of kaolin, white 
clay, feldspar (potassium or sodium potassium feldspar) and calcium carbonate.  Zircon is used 
for the ceramic glaze as the opacifying agent, and kaolin as the suspension agent.  The use of 
ceramic waste from the sanitary ceramic industry as aggregate in the production of concretes 
currently represents a novel approach worldwide, due both to the dearth of research and the lack 
of standards regulating the reuse of this type of waste in construction materials. Several studies 
have been published (de Rojas et al., 2001, de Rojas et al., 2006, De Rojas et al., 2007, Sánchez 
de Rojas et al., 2003, Frias et al., 2008, Silva et al., 2008) which have examined the viability of 
using different ceramic wastes (roof tiles, fired clay, etc.) as active pozzolanic additives in the 
production of cements, obtaining satisfactory results as regards both mechanical properties and 
durability. There is also a series of studies (Valdes et al., 2010, Binici, 2007, Koyuncu et al., 
2004, Correia et al., 2006, de Brito et al., 2005, Senthamarai and Manoharan, 2005, Guerra et 
al., 2009, Lopez et al., 2007) which have analysed the feasibility of incorporating recycled 
ceramic material as a substitute for natural aggregate (both fine and coarse) in the production of 
concretes destined for various uses (prefabricated blocks, road fill, non-structural and structural 
concretes), obtaining satisfactory results for different percentages of substitution and different 
properties. 
The present research forms part of an experimental project to study the viability of incorporating 
ceramic industry waste in partial substitution (20 and 25 %) of natural coarse aggregate (gravel) 
in the production of structural concrete. The results are given for mechanical assays, penetration 
of water under pressure, resistance to freezing and thawing cycles and a microstructural study of 
the interfacial transition zone (ITZ) between the aggregate and the cement paste. 
 
2. Experimental procedure 
  
2.1. Materials 
2.1.1. Aggregates 
The natural aggregates employed can be sub-divided into two categories: the coarse fraction of 
boulder (gravel), corresponding to a fraction size of 4/20 mm in size, and the fine fraction 
(sand), with grains of less than 4mm in size.  The recycled ceramic aggregate employed came 
from a ceramic sanitary ware factory.  This ceramic waste was subjected to a crushing process 
using a jaw crusher, and was then sieved to extract the fraction of 4/12.5 mm in size.  The 
aggregate obtained presented irregular shapes with marked edges (Figure 1), mainly due to the 
properties of the original product (generally of reduced thickness) and to the crushing process. 
 



 
 

Figure 1: Recycled ceramic aggregate 
 
The physical and mechanical properties of the aggregates used are shown in Table 1, and 
complied with the requisites established by European standard EN 12620 (Asociación Española 
de Normalización y Certificación, 2009b) and in Chapter III of the Spanish Instructions for 
Structural Concrete (EHE-08) (Comisión Permanente del Hormigón, 2008). 
 
Table 1: Physical and mechanical properties of coarse aggregates 

Characteristic  Gravel Ceramic EN 12620 / EHE-08 
Grading modulus 6.93 6.17 - 
Maximum size (mm) (EN 933-1) 20 12.5 - 
Fine content (%) 0.22 0.16 <1.5 
Dry sample real density (kg/dm3) (EN 1097-6) 2.63 2.39 - 
Water absorption  (%) (EN 1097-6) 0.23 0.55 < 5 
Flakiness Index (%) (EN 933-3) 3 23 < 35 
 “Los Ángeles” coefficient (%) (EN 1097-2) 33 20 < 40 
Total porosity (%) (MIP) 0.23 0.32 - 

 

2.1.2. Cement 
The cement used was pure Portland cement (type CEM I 52.5 R), which fulfils the 
specifications given in the Instructions for the Authorization of Cements (Instrucción de 
Recepción de Cementos: RC-08) (Presidencia, 19/06/2008).   
 
2.2. Concrete mixtures 
Three types of concrete were mixed; a reference concrete (RC) and two concretes containing 
recycled aggregates in the proportions 20 and 25% (in weight). These were denominated CC-20 
and CC-25, respectively. The design and calculation of these mixes was carried out using the de 
la Peña method (Arredondo, 1968), in which a characteristic compressive strength of 30 MPa 
and a constant water content is established according to the desired consistency (soft) and 
maximum size of the aggregate (20 mm). Mix proportions of the various components are given 
in Table 2. 
 
Table 2: Mix proportions of concretes 

Materials  (kg/dm3) 
Type concrete 

Sand Gravel Ceramic Cement Water 
Reference concrete (RC) 716.51 1115.82 0.00 398.52 205.00 
Concrete containing 20% recycled aggregate (CC-20) 725.81 892.66 216.43 387.64 205.00 
Concrete containing 25% recycled aggregate (CC-25) 728.14 836.87 270.53 384.91 205.00 
 
2.3. Experimental procedure 
The concretes were analysed in their hardened state, studying the following properties:  
compressive and splitting tensile strength, penetration of water under pressure (EN 12390-8) 
(Asociación Española de Normalización y Certificación, 2009a) and resistance to cycles of 
freezing and thawing (UNE-CEN/TS 12390-9 EX) (Asociación Española de Normalización y 
Certificación, 2008), together with an analysis of the interfacial transition zone (ITZ) between 
the new aggregate / paste.  



The microstructure of the transition zone (ITZ) between the aggregate/paste was determined 
using backscattered electron microscopy (BSE). A scanning electron microscope (PHILIPS 
model XL 30) with tungsten source was used, which enables spot chemical analyses to be 
carried out using energy-dispersive X-rays, together with a silicon/lithium detector and an EDX 
analyser model DX4i. In this study specimens for backscatter examination were prepared by 
epoxy impregnation, followed by precision sawing and careful polishing of a plane surface for 
examination. 
 
3. Results and discussion 
3.1. Development of mechanical strength 
The results obtained for compressive strength assays at 7, 28 and 90 days all presented the same 
trend, whereby mechanical behaviour was observed to improve as the substitution percentage 
increased.  Figure 2 gives the values obtained for compressive and splitting tensile strength at 
28 days for the different concretes. It can be seen, as commented earlier, that the incorporation 
of recycled ceramic aggregates improved the mechanical behaviour as regards both compressive 
and tensile strength in recycled concretes, compared with the reference concrete. It is also 
evident that this improvement was greater the higher the percentage of substitution. Thus, the 
concrete mix where 25% of natural coarse aggregates was substituted (CC-25) presented an 
increase of 12 and 25% in compressive and splitting tensile strength, respectively, with regard 
to the reference concrete (RC). 
 

 
 

Figure 2: Compressive and splitting tensile strength at 28 days 
 
3.2. Penetration of water under pressure 
Table 3 shows the results for maximum and mean penetration depth obtained in the study of 
concrete water permeability. It can be seen that maximum depth remained virtually constant for 
all three concrete mixes, but an increase can be observed in mean penetration for the 25% 
recycled concrete.  Nevertheless, the three mixes complied with the requisites established in 
EHE-08 section 37.3.3., “Concrete Permeability”.  Thus, it can be confirmed that these recycled 
concretes are sufficiently impermeable for all classes of exposure except environmental 
exposure classes IIIc, Qc and Qb (in the case of pre-stressed elements). 
 
Table 3: Mean and maximum penetration depth of water under pressure 

Profundidad de penetración de agua a presión 
Type concrete 

Máxima (mm) Media (mm) 
Referente concrete (RC) 27 18 
Concrete containing 20% recycled aggregate (CC-20) 26 18 
Concrete containing 25% recycled aggregate (CC-25) 27 25 
 
3.3. Resistance to freezing-thawing cycles 



Currently, one of the most important aspects regarding concrete durability is resistance to sharp 
temperature changes (the freeze-thaw cycle), as this is one of the most important mechanisms of 
deterioration in concrete. Figure 3, gives the results of the study to determine surface mass loss 
after submitting the various concrete test cylinders to different numbers of freeze-thaw cycles. It 
can be seen that in the recycled concretes, the mass detached was equal to or less than that for 
the reference concrete after 56 cycles, demonstrating that the new concretes display improved 
behaviour. This is primarily due to the fact that the crushed, recycled ceramic aggregate presents 
greater surface roughness and a larger surface contact area, favouring better paste adherence 
than with natural aggregates, which present a smoother surface texture and rounded shapes. 
 

 
 

Figure 3: Mass detached following a number of freeze-thaw cycles  
 
3.4. Interfacial transition zone (ITZ) in aggregate - paste  
The study of the interfacial transition zone (ITZ) between aggregate / paste is of great interest, 
since the ITZ is the weakest point in concretes and thus plays a crucial and fundamental role in 
concrete properties. Figure 4, presents a micrograph of recycled concrete, showing the 
interfacial transition zone between the aggregate and paste, together with a microanalysis, in 
which it can be seen that there is a better integration of recycled aggregate and cement paste, 
with a thinner ITZ between the new ceramic aggregate and the paste than is the case with 
natural aggregates. This improved adhesion is the direct consequence of the surface shape and 
texture presented by recycled aggregate. Furthermore, it has been demonstrated in studies 
unpublished to date that as with other types of ceramic waste, this waste presents pozzolanic 
activity.  In other words, this waste is capable of reacting with the calcium hydroxide contained 
in the periphery of the aggregate, giving rise to hydrated products such as hydrated calcium 
silicate (CSH) and hydrated calcium aluminates with a less porous, more compact structure. 
Since the coarse fraction was used for the present study, this pozzolanic activity was slight, and 
present at the aggregate surface thus generating thinner, more compact interfaces. As a 
consequence, these recycled concretes present better mechanical behaviour, as demonstrated in 
the compressive and tensile strength assays conducted, as well as maintaining their permeability 
properties practically unaltered. 
 



 
Figure 4: BSE image of recycled concrete: ITZ aggregates (gravel and ceramic) - paste and paste and 

aggregates analyzed by EDX microanalysis. 
 
4. Conclusions 
From the results obtained in this present study we can conclude: 

1. The physical and mechanical properties of recycled ceramic aggregates render these 
suitable for use as aggregates in the production of concrete. 

2. The recycled concretes present better mechanical behaviour than the reference concrete 
and compressive and splitting tensile strength increased as the percentage of 
substitution rose.  

3. The recycled concretes comply with the requisites established for concrete in EHE-08 as 
regards presenting sufficient impermeability for all classes of environmental exposure 
except classes  IIIc, Qc and Qb (in the case of pre-stressed elements). 

4. The recycled concretes present better mechanical behaviour as regards freezing and 
thawing cycles than conventional concretes. 

5. The interfacial transition zone (ITZ) between recycled aggregates and the paste is 
thinner than in the case of conventional coarse aggregates (gravel), a feature conferring 
beneficial properties on recycled concretes. 

6. The studies conducted to date on this project indicate that these recycled concretes are 
optimal for structural uses, although further research is necessary regarding durability.  
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Abstract 
Quantitative phase analysis of clinkers using powder X-ray diffraction data becomes increasingly 
popular and has been assessed as a potential on-line analysis technique for clinker quality control 
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laboratory powder X-ray diffraction data. Rietveld refinements were carried out using the GSAS and 
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Introduction 
Quantitative phase analysis using powder X-ray diffraction data and the Rietveld method
（Rietveld，1969） has been considered as a potential on-line production control technique in 
the cement industry（Taylor et al., 2000, Schmidt & Kern, 2001）. Compared to the 
conventional Bogue method (Bogue, 1929), which is still in worldwide use to estimate the 
phase content in clinker, the Rietveld method uses the mineral structural information directly 
and provide a more accurate description of phase contents (Taylor, 1997). Aranda and his 
coworkers showed high accuracy of Rietveld quantitative phase analysis by means of 
artificial Portland cements using the high-resolution synchrotron data (De la Torre & Aranda, 
2003). To implement the Rietveld method for quantitative analysis, it is essential to have a 
good understanding of the crystal structure of each phase in the cement product. Alite phase 
has seven polymorphs (Taylor & Aldridge, 1993), but the monoclinic superstructure (M1 
and/or M3) is usually dominant in Portland cements (De la Torre et al., 2002). Belite phase 
has five polymorphs, but β -polymorph is usually present in industrial clinker (Mumme et al., 
1996). Aluminate phase have different crystal structures depending on the alkali contents, and 
the cubic and orthorhombic phases are usually present in clinker (Goetz-Neunhoeffer & 
Neubauer, 1997). The crystal structure of ferrite phase can be modified depending upon the 
Fe/Al ratio. Care is needed when choosing the appropriate crystal structure of each phase for 
Rietveld quantitative analysis. The laboratory powder X-ray diffraction data may result in 
additional problems due to the low resolution of the dataset and thus ambiguity in distinguish 
the polymorph of certain phase.    
The main aim of this paper is to provide a case study of quantitative phase analysis using the 
laboratory powder X-ray diffraction data and the Rietveld method. GSAS ((Larson & Von 
Dreele, 1994) and MAUD (Lutterotti, et al., 1999) program packages were used for 
comparison. The refinement strategies for both Rietveld programs are discussed and the 
quantitative phase analysis is evaluated.  
 
Experimental 
1) Sample preparation and X-ray data collection   
All cement samples are produced in a rotary kiln from Huaihai cement co. ltd. (China) with a 
daily output of 5000 tons of clinker. Chemical analyses of the clinkers were carried out use 
the X-ray fluorescence (XRF) and wet chemistry techniques (Table 1). Laboratory powder 
X-ray diffraction data for all samples were recorded at ambient temperature in 
Bragg-Brentano mode on a Thermo Fisher ARL 9900 X-ray workstation [CoKa radiation; 
range 8°-80°; continuous mode; scan rate 0.5°/min ]. The diffractometer optic used to collect 
the samples comprised a fixed aperture slit of 2 mm, one scattering slit of 4 mm , followed by 
a system of secondary Soller slits and the detector slit of 0.2 mm. The X-ray working 
conditions were 40kV and 40mA. 
2）Powder X-ray diffraction data analysis 
Rietveld refinement of all powder patterns were carried using GSAS program package using a 
pseudo-voight profile function. Gypsum is identified in the sample, however no significant 
reflections from bassanite or anhydrite are observed and therefore neither of them was 
included for further analysis. No diffraction peaks from free lime is observed in the powder 
X-ray diffraction pattern and therefore lime is not include in the Rietveld analysis. 



Table 1: Chemical compositions of the clinkers using XRF and wet chemistry techniques 

No. of clinkers LOI SiO2 Al2O3 Fe2O3 CaO MgO f-CaO 

1 0.43  21.94 4.65  3.07  64.97 3.12  1.05  
2 0.45  22.33 5.03  3.28  65.27 2.13  0.98  
3 0.47 21.80 5.29 3.17 64.63 2.75 1.15 
4 0.24  21.67 5.07  2.97  64.82 3.35  1.17  
5 0.42 22.16 5.25 3.22 64.68 2.50 0.92 
6 0.61  21.64 5.45  3.51  64.61 2.25 0.97 
7 0.60  21.63 5.22  3.28  65.33 1.98  1.05  
8 0.17  21.64 5.28  3.34  64.83 3.23  0.99  
9 0.49  21.92 4.98  3.43  64.20 3.43  1.10  

10 0.31  22.25 4.95  3.23  64.75 2.38  1.00  
11 0.37  21.75 5.13  3.31  64.45 3.40  1.19  
12 0.31  22.17 5.32  3.43  64.86 2.13  0.69  

 
A total of 60 clinker samples were analyzed and sorted according to their 28d compressive 
strengths in an ascending order and 12 samples were chosen every other four samples. The 
mineralogical phases used in the Rietveld quantitative analysis include alite (ICSD code: 
64759), belite (ICSD code: 963), aluminate (ICSD code: 1841 for cubic and 1880 for 
orthorhombic structures), ferrite (ICSD code:2841), gypsum (ICSD code: 409581) and 
periclase (ICSD code:64930).  
When the Rietveld method is employed for crystal structure refinement, a good Le Bail fit 
provide a proof of reasonable lattice parameters and suitable profile functions and thus a 
criteria for the evaluation of the final Rietveld refinement. An attempt to get a Le Bail fit（or 
Pawley fit）prior to Rietveld refinement result in unreasonable lattice parameters for the 
included phases, especially for the minor phases such as aluminate and ferrite phases. 
Therefore, Le Bail fits were omitted for all samples. 

 
Figure 1: Rietveld quantitative analysis of sample 1, showing experimental (+), calculated (line) and 
difference (bottom line) powder X-ray diffraction profiles. Marked reflection positions, from bottom up, 
are from alite, belite, aluminate (cubic), ferrite, gypsum, periclase and aluminate (orthorhombic) 
respectively.  
 



For the refinement of profile parameters, refinement was unstable and therefore only GW and 
LX were refined. In addition, lattice parameters of each phase and zero point shift were 
refined, but the atomic positions were not refined. Thermal displacement parameters are quite 
tricky in the Rietveld quantitative analysis of clinkers. Attempt to refine thermal displacement 
parameters (isotropic) without restraints leads to divergence, which is not unusual for such a 
multiple phase sample. Therefore, the thermal displacement parameters were therefore taken 
from the corresponding single crystal structure and remained unchanged during the Rietveld 
refinement. Toward the end of the Rietveld refinement, preferred orientation refinement was 
introduced using the March-Dollase correction (Von Dreele, 1997) for alite (along [1 0 -1] 
and [1 0 1] directions) and gypsum (along [0 1 0] direction) as both of them have a significant 
known preferred orientation issue. The overall fit is improved significantly when preferred 
orientation refinement is included and therefore provide more accurate explanation of phase 
contents.  

Table 2: Comparison of quantitative analysis results using different methods 

C3S C2S C3A C4AF
Gyps-

um 
Pericl
-ase 

Rwp Rp 
No 

28d 
Compressive 
Strength/MPa

Method 
/% /% /% /% /% /% /% /% 

GSAS 63.4 12.1 10.8 7.5 4.5 1.8 12.76 9.67
MAUD 51.5 26.2 8.1 6.1 5.6 2.5 13.25 9.341 56.4 
BOGUE 57.9 19.2 7.1 9.3 - - - - 

GSAS 63.6 15.0 7.9 9.2 3.8 0.5 11.68 8.96
MAUD 57.6 23.8 5.6 7.6 4.9 0.5 12.93 9.272 56.5 
BOGUE 53.6 23.6 7.8 10 - - - - 

GSAS 63.5 14.8 9.2 8.0 3.4 1.1 11.85 8.77
MAUD 54.4 25.6 7.3 6.6 4.6 1.5 11.98 8.6 3 56.9 
BOGUE 54.8 20.8 7.9 10.1 - - - - 

GSAS 64.4 11.1 11.3 7.0 4.4 1.7 11.80 8.69
MAUD 57.2 20.5 8.2 5.3 5.9 2.9 13.38 9.514 57.4 
BOGUE 56.2 19.8 8.4 9 - - - - 

GSAS 63.6 14.1 8.5 8.8 4.0 0.9 12.06 8.83
MAUD 56.2 23.9 6.2 7.7 5.2 0.8 12.27 8.585 57.4 
BOGUE 51.3 24.8 8.5 9.8 - - - - 

GSAS 64.9 12.6 7.0 10.2 4.4 0.9 12.12 8.94
MAUD 54.2 27.6 4.4 7.6 5.0 1.2 12.98 8.856 57.4 
BOGUE 53 22.1 8.5 10.7 - - - - 

GSAS 66.1 12.3 7.5 9.4 4.1 0.6 11.04 8.36
MAUD 58.3 22.5 5.6 7.7 4.9 0.9 12.88 9.347 57.8 
BOGUE 57.6 18.6 8.3 10 - - - - 

GSAS 64.2 12.4 10.6 7.3 3.9 1.7 11.74 8.83
MAUD 54.0 24.1 8.2 5.9 5.3 2.5 12.76 8.978 58 
BOGUE 55.2 20.4 8.3 10.2 - - - - 

GSAS 63.8 14.2 8.9 7.6 3.7 1.7 11.92 8.99
MAUD 57.3 20.6 8.0 5.7 5.6 2.9 12.83 9.139 58.1 
BOGUE 52 23.7 7.4 10.4 - - - - 



GSAS 64.9 12.6 7.0 10.2 4.4 0.9 11.50 8.55
MAUD 59.4 21.8 5.6 8.0 4.8 0.4 12.1 8.3610 58.2 
BOGUE 52.6 24.1 7.6 9.8 - - - - 

GSAS 64.4 12.8 9.0 7.7 4.5 1.6 10.96 7.98
MAUD 56.8 23.5 5.3 8.0 5.7 0.6 12.19 8.6211 58.5 
BOGUE 53.1 22.3 8 10.1 - - - - 

GSAS 66.3 12.1 7.5 9.6 3.7 0.8 11.55 8.54
MAUD 59.4 21.8 5.6 8.0 4.8 0.4 13.24 9.2112 58.7 
BOGUE 52.1 24.2 8.3 10.4 - - - - 

 
The final Rietveld quantitative analysis of sample 1 using GSAS is shown in Figure 1 as an 
example to demonstrate the overall fit of the phase quantitative analysis. The final phase 
quantitative analyses for 12 clinkers are listed in Table 2. For the Rietveld refinement using 
MAUD program package, a similar strategy was applied. 
Results and discussion 
According to the quantitative phase contents shown in Table 2, for the content of C3S in the 
clinker, Both GSAS and MAUD program packages give higher alite contents compared to 
that calculated using the Bogue method. However, quantitative analysis using GSAS result in 
more C3S content than MAUD and this is still under investigation. Higher C3S contents using 
the Rietveld method is usually observed and well discussed in the literature. In terms of 
reliability of phase quantitative analysis, content of C3S using the Bogue method varies from 
51.3% to 57.9%, while Rietveld quantitative analysis using either GSAS or MAUD give a 
more consistent C3S content. To envaluate the reliability of the Rietveld quantitative analysis 
results versus the Bogue calculation, three plots of C3S content against the 28d compressive 
strength are shown in Figure 2. As shown in Figure 2, the alite contents from both GSAS and 
MAUD correlate well with corresponding 28d compressive strength compared with the alite 
content calculated using the Bogue method. It is also important to note that the content of C3S 
itself does not account for the 28d compressive strength. Apart from the phase contents in 
cement clinker, 28d compressive strength of clinker depends strongly on other factor, such as 
particle size distribution.  
 

a b c 
Figure 2: Plots of Alite content against the 28d compressive strength, a) GSAS results; b) 
MAUD results and c) Bogue results. 



In addition, GSAS underestimates the content of C2S while MAUD overestimate it compared 
to the results using the Bogue method. In contrast, GSAS overestimates while MAUD 
underestimates the content of C3A compared with the Bogue method. For the content of 
C4AF, GSAS and the Bogue method provide similar phase content, while MAUD 
underestimates the content of C4AF.  
 
Conclusion 
A statistic investigation of Rietveld quantitative phase analysis of clinker from laboratory 
powder X-ray diffraction data was carried out to demonstrate its potential use in clinker 
quality control process. Compared to the Bogue method, Rietveld quantitative analysis 
method can provide consistent and reliable phase contents when appropriate refinement 
strategies are applied. Although the phase contents derived from Rietveld refinement can not 
be taken as an absolute measurement because it is not possible to verify the Rietveld 
quantitative results against other independent methods, the Rietveld quantitative results using 
the same refinement strategies are particularly useful to illustrate the trends in clinker 
production process and can be used as a potential on-line analysis technique for clinker 
quality control purpose.   
 
Acknowledgment 
We are grateful to National Basic Research Program of China (NO. 2009CB623100) for 
financial support.  
 
References 
Bogue, R. H., 1929. Ind. Eng. Chem. (Anal. Ed.) 1, 192. 
De la Torre, A G and Aranda M A G., 2003. J. Appl. Cryst. 36, 1169-1176 
De la Torre, A. G., Bruque, S., Campo, J. and Aranda, M. A. G., 2002. Cement Concrete Res. 32, 
1347-1356. 
Goetz-Neunhoeffer, F. and Neubauer J., 1997.  Proceedings of the 10th International Congress on the 
Chemistry of Cement, Gothenburg, edited by H. Justnes. 
L. Lutterotti et al., 1999. IUCr: Newsletter of the CPD, 21, 14-15.  
Larson, A. C. and Von Dreele, R. B., 1994. GSAS - General Structural Analysis System, Los Alamos 
National Laboratory Report No. LAUR-86-748. 
Mumme, W., Cranswick L. and Chakoumakos B., 1996. Neues Jahrb Mineral.-Abhandlungen, 170, 
171-188. 
Rietveld, H. M., 1969. J. Appl. Cryst. 2, 65-71. 
Schmidt, R. & Kern, A., 2001. World Cement, February, pp. 2-8. 
Taylor, H. F. W., 1997. Cement Chemistry. London: Thomas Telford. 
Taylor, J. C. and Aldridge, L. P., 1993. Powder Diffr. 3, 138-144. 
Taylor, J. C., Hinczak, I. and Matulis, C. E., 2000. Powder Diffr. 15, 7-18. 
Von Dreele, R. B., 1997. J. Appl. Cryst. 30, 517-525. 

 



Pozzolanic Activity of Selected Mineral Admixtures at Different Grind 

Sizes  
 

1
Flores YC

1
* 

1 
Department of Metallurgical and Materials Engineering, Universidade Federal do Rio de Janeiro – 

COPPE/UFRJ, Rio de Janeiro, RJ, Brazil 
2,3

Cordeiro GC 
2
 Laboratory of Civil Engineering, Universidade Estadual do Norte Fluminense Darcy Ribeiro – UENF, 

Campos dos Goytacazes, RJ, Brazil  
3
 Department of Civil Engineering, Universidade Federal do Rio de Janeiro – COPPE/UFRJ, Rio de Janeiro, 

RJ, Brazil 
1
Tavares LM, 

3
Toledo Filho RD 

 

 

                                                 
1
 Corresponding author: E-mail gcc@uenf.br  Phone: +55 22 2739-7373;  Fax +55 22 2739-7381 



Pozzolanic Activity of Selected Mineral Admixtures at Different Grind 

Sizes 
 

 

Abstract 

 
An investigation on the reactivity of limestone, quartz and metakaolin that were produced by high-energy 

milling up to different levels of fineness has been conducted, through their replacement of Portland cement in 

mortars. Extensive chemical, thermal and X-ray analyzes have been conducted, as well as measurements of the 

pozzolanic activity using the modified Chapelle and strength based index methods. Mortar mixtures were then 

prepared by replacing 35% of the volume of Portland cement by the admixtures at the different levels of 

fineness, down to an average size of 90% below about 3 µm. Compressive strength values after 28 days of 

curing were then used to estimate the pozzolanic activity, from which it was concluded that metakaolin 

presented the highest value (143%, that is, 43% higher than the value obtained with cement as the only 

cementitious material) with the finest grind. In the case when quartz was used pozzolanic activity values from 

72% to 83% were obtained, when grind sizes were reduced from 34.5 to about 2.5 micrometers. This means 

that, when ground to ultrafine sizes, quartz may be classified as a pozzolanic material. In the case of limestone, 

even after grinding down to ultrafine sizes the pozzolanic activity was not higher than 75%, which means that 

this may not be considered a pozzolanic material.  

 

ORIGINALITY: In this work the influence of different scales of particle sizes on the pozzolanic activity was 

investigated, being measured using both mechanical and chemical methods of different materials: quartz (inert 

material), metakaolin (pozzolanic material) and limestone (partially soluble material).  

 

CHIEF CONTRIBUTIONS: This work showed that a material classified as non-reactive, as quartz, can 

present pozzolanic properties after high-energy milling.  

 

 

1. INTRODUCTION 
 

Chemically inert or not, mineral admixtures alter the physical and mechanical properties of concrete 

when used in conjunction with Portland cement (Lawrence et al., 2003). Characteristics of additives 

such as high content of amorphous phases (SiO2 and Al2O3), fine particle sizes and high specific 

surface area, provide a differentiated performance to cementitious materials that are produced using 

materials such as silica fume, metakaolin, rice husk ash, sugar cane bagasse ash, among others. In 

general, these materials are subjected to physical process and/or thermal in order to present physical, 

chemical and mineralogical charateristics that enable the development of pozzolanic reactions and 

appropriate packing effects. 

In recent years, studies have been conducted in order to evaluate the pozzolanic activity of mineral 

admixtures. The size distribution of silica particles alter the hydration process and the formation of 

calcium silicate hydrate (C-H-S) due to the high surface energy of the particles (Benezet et al., 1999, 

Lawrence et al., 2003, Adamiec et al., 2008, Benezet et al., 2009). Studies conducted with sugar cane 

bagasse ash allowed reaching similar conclusions (Cordeiro et al., 2009). 

The aim of the present research is to analyze the influence of particle size of different mineral 

admixtures such as limestone (LT), quartz (Q) and metakaolin (MTK), produced by high energy 

milling on their pozzolanic activity. Mineral admixtures with particle sizes which are comparable to 

those of Portland cement (PC) were considered, nanometer-scale particles, as well as a size range 

between the two. The pozzolanic activity was assessed with the aid of mechanical tests (pozzolanic 

activity index with cement) and chemical tests (modified Chapelle). 

 

 

 

 

 



2. MATERIALS 
 

Table 1 shows the chemical composition and the main physical characteristics of the mineral 

admixtures studied, as well as Portland cement. Note on the chemical composition that quartz has a 

high content of silicon dioxide with 99.25% (wt%). The limestone sample shows a predominance of 

calcium oxide in its composition (about 55% by weight) and, finally, metakaolin presents SiO2 and 

Al2O3 in high weight fractions as part of its composition. The cement used was type CPP Class G – 

with no mineral admixture. 
 

Table 1: Physical characteristics and Chemical composition of Portland cement (PC), metakaolin, quartz and 

limestone. 

Physical properties MTK Q LT PC 

Density (kg/m
3
) 

Specific surface area (m
2
/kg)  

Median particle size, D50 (µm) 

2638 

31117 

13.3 

2670 

85.1 

14.5 

2780 

227 

4.5 

3189 

- 

17.9 

     

Chemical composition (wt. %) MTK Q LT PC 

Al2O3 

CaO 

SiO2 

Fe2O3 

K2O 

MgO 

Na2O 

P2O5 

L.O.I
a 

46.39 

0.08 

46.55 

2.35 

0.16 

- 

0.11 

0.36 

2.46 

0.14 

0.03 

99.27 

0.07 

- 

- 

0.22 

- 

0.26 

0.25 

55.43 

0.55 

0.25 

0.05 

0.29 

0.38 

- 

42.80 

3.85 

66.86 

17.96 

5.05 

0.47 

3.03 

0.75 

0.28 

1.53 
a 
Loss on ignition

 

 

The size distribution curves of the mineral admixtures and of Portland cement Class G used are shown 

in Figure 1.a. The mineral admixtures were initially pre-milled. The limestone, which presented much 

coarser particle size distribution in comparison to cement, required a pre-grinding. For this operation 

it was first used a crusher, followed by ball mill operating in closed-circuit with a dynamic classifier. 

Metakaolin was produce by calcination in a laboratory-scale furnace, followed by grinding in a ball 

mill also operating in closed circuit with a dynamic classifier, to achieve size specifications similar to 

those of cement. Quartz was already acquired with desired initial size, which was close to that of 

cement. The cement and quartz particles have 90% of sizes smaller than 47 micrometers. On the other 

hand, limestone and metakaolin have 90% of the particles (D90) smaller than 33 µm and 37 µm, 

respectively, also matching the particle size distribution of cement. 

 

  
(a) (b) 

Figure 1: Particle size distributions of the mineral admixtures and Portland cement class G (a) and those 

resulting from grinding in an attrition mill at different grinding times (in minutes) (b). 
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3. METHODS 
 

After pre-grinding, all samples were subjected to wet grinding in an attrition mill Model 1-S attritor 

Batch VFD, from UNION PROCESS, conducted in batch mode. For these grinding tests a silicon 

nitride jar and spherical grinding media of 5 mm of diameter were used, deionized water as milling 

medium. The mill was operated at 50% ball filling, whereas the interstitial filling ratio was 80% for 

quartz and limestone, and 70% for the metakaolin. The rotation speed was kept constant at 300 rpm in 

the tests, with the only exception of the test in which metakaolin was ground down to a D90 equal to 

10 µm, in which the speed used was 150 rpm. 

The particle size distributions were measured using the laser particle size analyzer Malvern 

Mastersizer
®
. The particle morphology was characterized qualitatively with the aid of scanning 

electron microscope (SEM) images using the microscope Jeol JSM-6460LV. The specific surface area 

of the samples was determined by nitrogen adsorption (BET method) in Gemini 2375 equipment. The 

quantitative X-ray diffraction was conducted using the Bruker Topas software, which is based on the 

Rietveld method. 

The pozzolanic activity was determined by two different methods. The first is the activity index with 

Portland cement, which was conducted in accordance with the requirements of the Brazilian standard 

NBR 5752 (ABNT, 1992). In this case, the samples underwent measurements of compressive strength 

in a Shimadzu press, model UH-F KN 1000, with loading speed of 0.3 mm/min. The index value was 

determined by the ratio between the mean resistance, after 28 days of mortars with mineral admixture 

and a reference mortar. The second method used was the modified Chapelle, which provides a 

measure of the chemical activity (Raverdy et al., 1980) based on fixed capacity CaO by mineral 

admixture (mg CaO/g sample). 
 

 

4. RESULTS 
 

Figure 1b shows the size distributions of quartz, metakaolin and limestone after grinding in an 

attrition mill down to selected particle sizes: D90 between 30 and 50 µm; D90 around 10 µm, and D90 

below 3 µm. These different particle sizes were chosen to allow the investigation of the influence of 

particle size on the reactivity of materials studied. For the limestone sample the intermediate size 

range was not produced, given the difficulty in controlling grinding of this material. For the size 

distributions curves it can be observed that the procedures adopted were capable of achieving the 

levels of fineness required for the admixtures. 

In Figure 2 it can be observed that there is an inverse relationship between D90 size and the BET 

specific surface area for samples as grinding time increases. It is observed that metakaolin has not 

shown a significant increase in specific surface area by reducing D90. Figure 3 illustrates the 

morphological details of quartz, limestone and metakaolin produced as a result of 480 min of grinding 

(samples Q-480, and MTK-480 LT-480, respectively). From the micrographs it can be observed that 

the particle sizes agree with those obtained using laser size analysis. Sample Q-480 is characterized 

by having particle exhibiting conchoidal fracture surfaces with sharp and angular surfaces. On the 

other hand, MTK-480 and LT-480 samples present particles that have well defined flat and slightly 

curved surfaces and variable sizes. 

 



 
Figure 2: Relationship between D90 and BET specific surface area of quartz (Q), metakaolin (MTK) and 

limestone (LT). 

 

   
(a) (b) (c) 

Figure 3: SEM images of quartz (a), metakaolin (b) and limestone (c) produced after 480 min of grinding. 

 

Regarding the pozzolanic activity, the values of the index as a function of the particle sizes are 

presented in Figure 5.a. One can observe a significant increase in activity when the particle size is 

reduced. For instance, an increase of about 9.7% in IAP when the D90 of 38 µm reduces to 9.3 µm was 

observed for metakaolin, while an increase of about 15% is observed when the D90 decreases of 9.3 

µm to 2.4 µm. 

Quartz samples with D90 equal to 47 µm and 9.4 µm did not reach the minimum value of the 

pozzolanic activity index (75%) recommended by the NBR 12653 (1992) for it to be classified as a 

pozzolan. However, when grinding caused a more significant reduction in D90 (to 2.4 µm), an increase 

in the index to a value that is above the minimum recommended by the standard (83%) was observed. 

This behavior illustrates the importance of grinding as a process that can render pozzolanic activity to 

a well known inert material such as quartz. Comparing the results of X-ray diffraction analysis of 

quartz with D90 of 47 µm and 2.4 µm (480 min grinding), a significant change in peak intensity of 

silica is evident (Figure 4), with an increase in the width of its base and a reduction in the peak. This 

behavior indicates a partial amorphization of the material. Indeed, the results of quantitative 

diffraction indicated an amorphous silica content equal to 8.8% for the finest sample, while the 

sample with 47 µm of D90 was characterized as being 100% crystalline. 

In the case of limestone, even with the reduced particle size (D90 of 2.4 µm) no significant increase in 

the pozzolanic activity index was observed. It is noteworthy that an increase in the index value does 

not necessarily mean an increased reactivity of the material. This is because the activity index is 

estimated by mechanical tests, in which the physical effect (nucleation and fillers) can predominate 

(Cordeiro et al., 2008). In this case, chemical reactivity tests are important to allow a detailed analysis 

of the problem. 
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Figure 4: X-ray diffraction patterns of quartz with D90 of 47 µm and 2,4 µm (Q-480). 

 

The results of the pozzolanic activity measurements by the modified Chapelle method (Figure 5.b) 

indicated high the chemical activity of metakaolin for the three particle sizes studied, with the values 

being close to each other before and after grinding. This may mean an increase in physical effects in 

pozzolanicity, which resulted from the increased fineness of the particles. This result is consistent 

with the pozzolanic activity index values shown previously. Quartz samples with D90 of 47 µm and 

9.4 µm did not reach the minimum value of the pozzolanic activity (330 mg CaO / g sample) 

proposed by Raverdy et al. (1980) to allow classifying it as a pozzolanic material. However, when a 

reduction in particle size down to 2.4 µm D90 was produced by milling, a significant increase in the 

pozzolanic activity (398 mg CaO / g of quartz) was reached. Therefore, it is possible to conclude that 

the increased activity observed in the measurement of pozzolanic activity index for quartz is actually 

associated to the increased chemical activity of the material. This behavior may be associated to the 

mechanical activation of the particles, as observed by Benezet and Benhassaine (1999), Palaniandy et 

al. (2006) and Cordeiro et al. (2008). Limestone, as expected, proved to be an inert material with 

insignificant values of chemical activity. 

 

  
(a) (b) 

Figure 5: Relationship between D90 and pozzolanic activity index with Portland cement (the solid line indicates 

that 75% is the minimum value that characterizes a material as a pozzolan according to the Brazilian standard 

NBR 12653 (1992)) (a) and Chapelle activity of mineral admixtures (b) (the dotted line indicates that 330 mg/g 

is the minimum value of activity for a pozzolanic material). 

 

 

5. CONCLUSIONS 
 

� The high energy milling process in an attrition mill has proved to be a viable technique for the 

production of the micrometer-scale powders, providing the material with a higher chemical 
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reactivity, higher specific surface area and greater level of amorphization when compared to the 

original material; 

� Metakaolin produced after 480 min of milling (D90 of 2.7 µm) presented higher pozzolanic 

activity with cement than the original material. This increase was due to the physical effect 

associated to the decrease in particle size. The metakaolin showed high pozzolanic activity in the 

original material and did not require a significant reduction in particle size for use in conjunction 

with Portland cement; 

� The quartz sample milled for 480 min (D90 of 2.4 µm) showed pozzolanic activity that was 

considered appropriate to classify it as a pozzolan. This behavior of quartz can be explained by 

incipient amorphization of the crystal structure, the result of mechanical activation of the 

material and the physical effect. 
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Abstract 
 
A study based on the use of sodium silicate gels as binder for cold consolidation of silica-based aggregates has been 
investigated. The gels used as precursor of binder were synthesised by adding hydrochloric acid to a concentrated 
sodium silicate solution which is composed of Si7O18H4Na4 neutral complex as major species. Consolidated materials 
were obtained by mixing the previous solution before gelation with granular materials (fine silica powder and sands). 
The study of the gel-silica-sand ternary system shows that the existence domain of materials depends on the size 
distribution of sand. The microstructure of ternary samples reveals the presence of the three components with a partial 
attack of grains surface suggesting a possible dissolution reaction. This was confirmed by FTIR experiments during the 
monitoring of the consolidation. Actually, the νasSi-O-Si broad band resulting from the average of the contribution of 
the set of Q4, Q3 and Q2 units with a sharp peak located around 1078 cm-1, firstly shifts to lower wavenumber until 21 
days and then to higher wavenumber characteristic of a dissolution / precipitation reactions. On the other hand, the 
consolidation of the material is strong when the amount of fine silica in the material is high leading to efficient 
mechanical properties. Therefore, consolidation could be explained by the dissolution of small particles of silica and 
their precipitation into the grain boundary of sand. 
 
ORIGINALITY: This study shows the possibility of the development of a silicate-based new binder. The setting of 
materials occurs at room temperature through the gelation of a sodium silicate solution in an alkaline medium (pH = 
10.86). The peculiarity of these silicate-based materials is their stability in water while those obtained with non-
acidified sodium silicate solution are water-soluble. Therefore, the acidified sodium silicate solution which leads to the 
formation of irreversible gels reacts as a binder to developed new ceramic materials. As the consolidation occurs in an 
alkaline medium (pH = 10.86), and as the silica solubility increases in basic medium, the main reactions are the 
dissolution of small particles of silica and their precipitation into the boundary of large grain evidenced by FTIR 
experiments.  
 
CHIEF CONTRIBUTIONS: Consolidated materials are formed without CO2 emission and energy consumption, for 
they are realized at room temperature. These materials are therefore in line with the environmentally friendly materials 
such as geopolymers. The new challenge in our research group is to form the sodium silicate solution required for the 
formation of the consolidated materials by dissolving waste glasses and fine silica (size < 10 µm) in sodium hydroxide 
at temperature close to room temperature (70°C). 
 
Keywords: sodium silicate solution, silica particle size, gelation, consolidated materials, mechanical properties  
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1.  INTRODUCTION 
 
The demand for cement is bound to increase with infrastructure development growing and the building 
construction. However, the cement industry is extremely energy intensive (~5% of total CO2 
emissions) (Bouzoubaa et al., 1999). Therefore, significant progress in reducing CO2 emissions 
through improvements in process technology and enhancements in process efficiency has been 
making, but further improvements are limited because CO2 production is inherent to the basic process 
of calcinations of limestone. In recognition of the adverse environmental impacts of Portland cement 
manufacture, increasing research effort is being directed towards alternative binder systems, including 
those with reduced Portland cement content and the use of geopolymer concrete as new binder 
(Palomo et al., 2007). Geopolymers concrete are inorganic polymer composites, which are prospective 
concretes with the potential to form a substantial element of an environmentally sustainable 
construction by replacing/supplementing the conventional concretes. Alumino-silicate source 
materials and alkaline silicate solutions are the main constituents of geopolymers.  
On the other hand, sodium silicate solutions, also called water glass, which are one of geopolymers 
constituents, are widely used in industry, for example as sealants, binders, deflocculant, emulsifiers 
and buffers in abrasive and casting industries. The most commonly application is its use as inorganic 
binder (Bergna et al., 2006). Actually, sodium silicate binder is very successful, used for 
agglomeration processes that combine or consolidate fines or small particles into larger units (Yamada 
et al., 1976; Sangwal et al., 1994). The dehydration by a drying or setting process involves bridges 
between particles by silicate glass-like formation at low temperature (Lucas et al., 2010). The 
understanding of the reaction process depends on the structure and / or the distribution of silicate 
species. The structures of silicate glasses and solutions can be investigated through many techniques 
(FTIR, NMR, potentiometric, light scattering and dye adsorption studies; chemical derivatization…). 
Thus, combined studies of 29Si NMR and infrared spectroscopy on silicate based products led to 
correlate vibration band of Si-O-Si asymmetric stretching band with Qn units (Macdonald et al., 2000; 
Matson et al., 1983). A Qn is defined as one silicon atom bond to n oxygen atoms which are involved 
in a bond with another silicon atom. Moreover a combined analysis of chemical analysis, NMR 
spectroscopy and SAXS analysis of the concentrated sodium silicate solution used in this study has 
shown the presence of the Si7O18H4Na4 neutral complex as the major species (Tognonvi et al., 2010).  
As above-mentioned, sodium silicate solutions can be used as binder to consolidate granular materials. 
However, such a consolidation leads generally to the formation of water-soluble material for pH 
values above 11 at room temperature. In order to define conditions of irreversible gelation of this 
solution, a study based on its behavior was carried out in an alkaline medium (Tognonvi, 2009; 
Tognonvi et al. 2011).  
The aim of this study is to use characteristics of the irreversible gel to consolidate granular systems 
such as fine silica and sand and to understand the different reaction mechanisms involved in the 
consolidation of granular systems in basic medium. Measurements of weight loss and 
characterizations by FTIR, SEM, and compression tests were performed during the consolidation of 
materials. 
 
2.  EXPERIMENTAL PART 
 
2.1.  PREPARATION OF SAMPLES  
 
A concentrated sodium silicate solution ([Si] = 7.01 mol/l, Si/Na = 1.71, d = 1.32, pH = 11.56) and 
dilute hydrochloric acid solution ([HCl] = 0.5 mol/l) were used as starting solutions. Three types of 
crystallized silica (quartz form) have been used: silica powder of 99.8 wt% in SiO2 ( D50 = 10 µm), 
sands S and F with 90 and 560 µm as average diameter respectively constituted of 99.6 wt% in SiO2. 
Materials were consolidated by an acidified sodium silicate solution with silicon concentration equal 
to 2.26 mol/l and pH value equal to 10.86 leading generally to irreversible gel formation (Tognonvi et 
al., 2011). The mixture of acidified solution and silica is first realized and then sand was added 



according to the desired composition before gelation (Figure 1). Fresh samples, after mixture, were 
placed into a sealed box and the humidity was maintained constant and was equal to 11.3 % with LiCl 
salt. Consolidated materials are identified as GxsyMz, where G, s and M are respectively gel, fine silica 
powder (10 µm), sand S (90 µm), sand F (560 µm). x, y and z represent the mass composition of 
different compounds. As example G33s33S33 is a consolidated material with 33 wt% in gel, fine silica 
and sand. The r = y/(y+z) ratio was also defined; it corresponds to the mass fraction of fine silica in the 
granular mixture for a given composition. 
 

 
Figure 1: Experimental process of consolidated materials formation. 

 
2.2.  CHARACTERIZATION TECHNIQUES 
 
Weight losses (∆mt) of synthesized samples were determined as a function of time following the 
equation 1 where mt is the sample weight at t time and m0 the initial weight of the sample: 

   
0

100
m

m
m t

t =∆        (1) 

Infrared measurements were performed on a Fourier transform spectrometer Nicolet 380 in the 4000-
400 cm-1 range of wavenumber with a resolution of 4 cm-1. The ATR mode (attenuated total 
reflectance) was used to monitor the consolidation of materials. A drop of the mixture produced 
according to the protocol described in Figure 1 is put on the diamond crystal of ATR module protected 
by a bell which prevents evaporation of water contained in the product at room temperature (25 °C). 
Measurements were carried out at different times. 
A scanning electron microscope, HITACHI type was used to observe consolidated materials according 
to their granular compositions. Before the SEM investigation, samples were coated with carbon in an 
evaporator vacuum. 
Mechanical properties were characterized using compressive strength tests. The compressive strength 
test of samples was determined on cylindrical specimens 33x66 mm2 (d x h) in size. Tests were 
performed using a JJ LLOYD apparatus (Ref. EZ20) material testing machine in a compressive 
strength configuration at room temperature. Strain rate used for the compressive experiments was 
1mm.min−1. 
 
3.  RESULTS 
 
3.1.  EXISTENCE DOMAINS OF CONSOLIDATED MATERIALS 
 
Figure 2 shows different existence ranges of materials in the gel-silica-sand ternary system depending 
on the size of the used sand. Gel-granular mixture was made taking into account the fluidity and the 
homogeneity of mixing, thus the possibility to obtain consolidated materials is very restricted. In 
presence of high amount of solution (gel), samples display a flocculation of granular involving 
heterogeneous samples. In the same way, in presence of low amount of acidified solution (gel), the 
liquid is not able to completely soak grains involving the non feasibility of samples. Therefore, the 
feasibility area of binary systems strongly depends on r = y/(y+z) ratio. When r is equal to 1 (gel-silica 
binary) the feasibility area is 10 % and for r = 0 (gel-sand (S or F), the feasibility area is equal to 5 % 
(Figure 2). Thus, gel-silica binary has a feasibility area (10%) larger than gel-sand binary (5%). 

Acidified Na silicate solution 
pH = 10.85 ; [Si] = 2.26 mol/l

Silica (D50 = 10µm) and/or 
Sand (D50 = 90/560 µm)

Stiring during 10 min at 25ºC

Drying at 25ºC and  H% = 11.3%

Consolidated materials



 

 
Figure 2: Ternary diagram of consolidated materials formation with sand S (90 µm) and sand F (560 µm). 

 
Binary systems show that the silica particles size has strong effect on materials feasibility. Formation 
of materials with fine silica needs high gel content and this amount decreases with increasing particle 
size. Actually, gel content decreases from 40 to 25 % (-15 %) when the particles size increases from 
10 to 90 µm, it also decreases from 40 to 13 % (-27%) for particles size range from 90 to 560 µm 
(Figure 2). This could affect the formation of materials in gel-silica-sand ternary systems. On the other 
hand, the large feasibility area of gel-silica binary is due to the small size of silica particles that tends 
to create a more homogeneous suspension in the presence of the gel. A shift of the existence domain to 
higher particle size of sand in relation to reactive surface accessible by the solution can be observed 
(Figure 2). One can also mention that the existence domain decreases when the particles size of sand 
increases. Indeed, the domain of sand S with particles size equal to 90 µm is larger than that of sand F 
which particles size is 560 µm. 

 

3.2.  WEIGHT LOSS AND RELATIONSHIP WITH GEL  
 
Gravimetric monitoring has been proceeded as a function of time in order to follow the mass variation 
during ageing of samples. Weight loss values of consolidated materials were given as a function of r 
ratio and gel content during curing (Figure 3).  
 

 
Figure 3: Variation of weight loss of consolidated materials as a function of (a) r for constant gel content G30sySz, 
and (b) gel content for r = 0.5. A, B and indicate the total amount of dry mater in G25, G30 and G50 respectively 

 
The weight loss of G30sySz samples as a function of r remains constant (~ 5 wt %) after 10 days of 
drying (Figure 3a). For a drying time above 10 days, the weight loss increases slowly when r 
increases. This could be due to the strong reactivity of fine particles of silica compared to low 
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reactivity of large grains of sand (S) in basic middle (Mgaidi et al., 2004; Van Lier et al., 1960). The 
evolution of the weight loss of consolidated materials (Figure 3b) as a function of gel content during 
drying process shows a long time of drying. This is certainly due to the reaction of all components in 
presence which is carrying out in a basic middle and depending on experimental conditions (T = 25 
°C, 11.3% humidity in a closed box). Actually, samples continue to dry after 100 days. We can also 
observe that for time below 10 days, samples show the same behavior during drying, but when the 
time becomes above 10 days, the weight loss increases with increasing gel content and tends to a limit 
(A, B and C for 25, 30 and 50 wt% of gel respectively) corresponding to the total quantity of water in 
the starting material. 
 
3.3.  MONITORING DURING SYNTHESIS AND AGEING OF G30S35S35 TERNARY MATERIAL 
 
The consolidation of the ternary mixture G30s35S35 which drying was carried out in controlled 
atmosphere (T = 20 °C and humidity = 11.3%) was followed by infrared spectroscopy. The spectra 
obtained for successive consolidation time (ex situ experiment) are shown in Figure 4a.  
 

 
 

Figure 4: (a) Infrared spectra of the sample G30s35S35 during the consolidation in controlled atmosphere at 25°C 
as a function of time, (b)Variation of the wavenumber of the asymmetric vibration band of Si-O-Si of G30s35S35 
during consolidation in controlled atmosphere (T°C = 25 and H(%) = 11.3). 
 
In general, IR spectra show bands of the same nature during consolidation. These bands correspond to 
OH vibration band (νOH) of water at 3400 cm-1, bending of water molecules (δH2O) at 1640 cm-1, 
asymmetric stretching (νasSi-O-Si) of Si-O-Si bond at 980-1200 cm-1 (Muroya, 1999; Innocenzy, 
2003) characteristic of silicate products. Bands at 1160, 796, 775 and 694 cm-1 were assigned to quartz 
phase (Criado et al., 2005). Therefore, the observed spectra of the initial mixture result from the 
average of the spectra of the three components gel, fine silica and sand.  
During consolidation (t ≠ 0 min), a decrease in the bands characteristic of water content (3400 and 
1630 cm-1) can be observed reflecting the elimination of water during the consolidation.  
Furthermore, a change in the wavenumber of the broad band (1200-980) centered around 1078 cm-1 is 
observed during consolidation (Figure 4b). This variation could be related to the contribution of each 
Qn units. Actually, many studies have shown that the asymmetric stretching band (νasSi-O-Si) located 
in the 1200-980 cm-1 range is the result of the average contribution of the set of Q4, Q3 and Q2 units in 
decreasing order of wavenumber (i.e Q4 has the highest wavenumber and Q2 has the lowest) 
(Macdonald et al., 2000; Garcia-Lodeiro et al., 2009). The change observed during consolidation is 
characterized by different shifts of the maximum intensity of this large band located at 1078 cm-1 
(Figure 4b). Firstly, a shift to lower wavenumber (1078-1008 cm-1) up to 21 days of reaction can be 
observed. This shift to lower wavenumber is probably related to the weakening of covalent bond due 
to the attack of the surface of sand and / or fine silica by gel in basic medium (pH = 10.86) leading to a 
dissolution reaction (Lisovskyy et al., 2005). This dissolution reaction promotes the formation of Q2 
units by the depolymerization of Q4 and Q3 units, hence the great decrease of the wavenumber from 
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1078 to 1008 cm-1. Secondly this band shifts to higher wavenumber (1008-1050 cm-1) after 21 days of 
reaction. This shift is related to a reduction of Si-O-Si band angle and to higher concentration of the 
tree-member siloxane rings (McMillan, 1984; Xu et al., 1994). Therefore, after 21 days of reaction, the 
consolidation of samples is controlled by a densification / condensation reaction, i.e. a precipitation 
reaction.  
 
3.4.  MICROSTRUCTURE OF SAMPLES  
 
To highlight the morphology of the different consolidated materials, SEM observations were 
performed on binary and ternary samples (Figure 5). When sand is only used as aggregate (G30S70) 
(Figure 5a), there is a formation of a few isolated silicate bridges, providing a poor material cohesion 
as mentioned. In this case a simple capillary drying is the predominant reaction. The microstructure of 
G40s60 binary sample is completely different (Figure 5c); the silica grains are coated with the network 
of silica gel suggesting a possible reaction between both components and resulting in a dense material. 
The microstructure of G30s35S35 ternary material shows the presence of the three components gel, silica 
and sand (Figure 5b). The boundary of large grains of sand was filled by gel-silica material leading to 
a strongly consolidated ternary compound. This is in accordance with the dissolution / precipitation of 
small particles of silica. 
 

 

Figure 5: SEM images of G30S70 (a), G30s35S35 (b) and G40s60 (c) samples. 

 
3.5.  COMPRESSIVE STRENGTH OF CONSOLIDATED MATERIALS 
 
In order to characterize the mechanical properties of samples after 100 days of drying, the 
compressive strength was determined as a function of gel and fine silica contents expressed as r ratio 
(mass fraction of fine silica in the granular mixture for a given composition) (Figure 6). 
 

 
Figure 6: Variation of compressive strength in function of r ratio of compounds obtained from the gels G25 and 
G30.  
For constant gel content (G30), the compressive strength increases from 4 to 13 MPa when r increases 
from 0 to 35 wt%. These results are in accordance with the dissolution/precipitation phenomenon that 
is promoted by the increase in fine silica content. Moreover, when the gel content increases from 25 to 
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30 wt%, the compressive strength of the material is multiplied by 2.5. As gel-rich materials contain 
more silicates species, the formation of bridges between grains are furthered and dissolution of small 
silica particles could increase ensuring greater cohesion leading to better mechanical properties. 
Therefore, the increase of fine silica in the ternary mixture leads to increase the values of the 
compressive strength which tend to those of conventional concrete (8 to 90 MPa) (Dupain et al., 
2009). 
 
4. CONCLUSION 
 
An acidified sodium silicate solution precursor of irreversible gels was used to consolidate silica-based 
aggregates in basic medium. The existence domains and the reactivity of gel-silica and gel-sand 
binaries depend on the size of aggregates. The increase in the particles size involves a shift of the 
existence domain to lower gel content. When silica and gel content increase, mechanical properties of 
materials increase. The main reaction involved during the materials consolidation is a 
dissolution/precipitation reaction which is promoted with decreasing particle size and evidenced by 
FTIR experiments.  
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ABSTRACT 
Silica fume is a by-product in the production of silicon or its alloys. It is very fine material and has a surface area = 20 
m2 /gm. It is a siliceous material and contains (85-95) % SiO2 in an amorphous state. It reacts with lime in the 
presence of moisture at normal temperature to form calcium silicate.    
          The aim of the present work is to study the effect of silica fume substitution on the characteristics of ordinary 
Portland cement. Different mixes of OPC and various proportions of silica fume with and without superplasticizer were 
prepared in tap water and hydrated up to 90 days. The hydration behavior was followed by measuring the free lime and 
porosity. Also, The physico-mechanical properties of each mix were measured such as water of consistency, setting 
times compressive and splitting strengths. The results have shown that, the water of consistency increases with silica 
fume content which adversely affects the mechanical properties, especially at a high content (above 8.0 Wt., %). In 
order to improve the physico-mechanical properties of OPC-silica fume pozzolanic cement, superplasticizer must be 
added. The free lime content of blended cement pastes decreases with curing time and silica fume contents. Useful 
conclusions and recommendations concerning the use of silica fume with OPC in the production of blended cements 
were obtained. 
Key words :  Silica fume (SF), Ordinary Portland cement (OPC), Hydration behavior, Physico-  mechanical properties. 
 
Introduction 
A material is said to be pozzolanic if it is capable of combining with calcium  hydroxide liberated on 
hydration Portland cement to form calcium silicates at  room temperature The definition implies that a 
pozzolanic materials contains a reactive silica which combine with liberated lime at significant rates relative 
to the rate of hydration of cement.(1) The use of pozzolanic cement is increasing worldwide because it needs 
less energy and low cost for production. The artificial pozzolanic cement is made by intergrinding  Portland 
cement with a portion of pozzolanic material as silica fume, fly ash and slag. (2 ) Silica fume is a by-product 
in the production of silicon or its alloys. It is very fine material and has a surface area ≈ 20 m2/gm. It is a 
siliceous material and contains (85-95) % SiO2 in an amorphous state. It reacts with lime in the presence of 
moisture at normal temperature to form calcium silicate hydrate (CSH).(3) 
Superplasticizers have been found beneficial in offsetting some of the undesirable characteristics of concrete 
used especially in hot climate. The advantages of these chemical admixtures are: lowering mixing water, 
retarding the initial and final setting, enhancing the strength and decreasing the drying shrinkage or the 
permeability.(4)  
The aim of the present study include the following: 
The effect of addition of different amounts of silica fume on the properties of ordinary Portland cement 
pastes and mortars. The hydration behavior was followed by measuring the free lime, evaporable water. 
Also, The physico-mechanical properties of each mix were measured such as water of consistency, setting 
times compressive and splitting strengths.    
The effect of adding  super-plasticiser  was studied to the last mixes to show its effect on the hydration 
characteristics  and physico-mechanical properties of the hardened cement pastes and mortars up to 90 days . 
 
2. Experimental Techniques  
The materials used in this investigation were silica fume from Ferrosilicon Alloys Company   ( Edfo-
Komombo ), Aswan, Egypt  and ordinary Portland cement  provided from Beni Suef Cement Company. The 
surface area of OPC and silica fume was 3500 cm2/g, 20 m2/g  respectively. The chemical composition of 
OPC and silica fume is listed in Table 1. The dry mixes were prepared  as shown in Table (2). 
The superplasticizer was Sikament-RG obtained from Sica Egypt for chemical building material and having 
the following properties (as indicated by the suppliers) :  
Nature : liquid 
Color  : colorless 
Density: 1.19 kg/litter  
 



Each dry mix was homogenized in a porcelain ball mill with two balls for one hour using a mechanical roller 
to assure complete homogeneity. The water of consistency and setting times for each mix were determined 
according to ASTM specifications. (5),(6) The compressive and splitting strengths were measured on cement 
mortars.  The mortars were prepared by mixing one part of cement and 2.75 parts of sand proportion by 
weighing with the water content which sufficient to obtain a flow of 110 ± 5 with 25 drops of the flow table. 
50 mm cubes and 50 150 ×  mm cylinder are  for compression  and splitting  tests respectively.(7) Cubes and 
cylinders are cured in a humidity chamber at 23 ± 1 0C for 24 hours, then demolded and immersed in tap 
water until tested. The test results are the averages of three specimens from a single batch of mortar and 
tested at the same curing time. Two series of cement pastes and mortars were treated with and without 
superplasticiser. 
Hydration behavior of each mix was followed by the determination of free lime as well as evaporable and 
chemically combined water contents at each time of testing. The free lime content was determined by 
alcoholic ammonium acetate method.(8) The combined water content (Wn  %) was estimated by the ignition 
of the dried mix at 1000 0C for 2 hrs. and the combined water content of the hardened mix was corrected. 
The total water is determined from the ignition of saturated sample, Wt .   
Combined water content = ignition loss of the hydrated sample –  ( ignition loss of  the  mix   
                                          +   water of free lime ). 
The evaporable water content of the hardened paste was obtained as: 
We % = ( Wt - Wn    ) 
The total porosity is calculated as: (9) 
              ζ =  0.99 We   dp /  (1+ Wt. )  
   where:     dp  :  the bulk density of the paste in gm/cm3  .  
 
3.   Results and Discussion  
3.1  Hydration Characteristics in Tap -Water Without Superplasticizer 
 
This part deals with the effect of silica fume content on the hydration behavior as well as phsico-mechanical 
properties of OPC in tap water without superplasticizer. 
 
3.1.1 Water of Consistency and Setting Times 
The water of consistency and setting times are graphically represented as a function of silica fume 
substitution as shown in Fig.1. It is clear that, the water of consistency tends to increase with the substitution 
of Portland cement with silica fume. This is due to that, the relatively high surface area of silica fume 
compared with that of Portland cement. The setting times are elongated with silica fume content, due to the 
increase of the water of consistency.  
 
3.1.2  Free Lime 
The results of free lime of OPC and blended cement pastes cured up to 90 days are plotted as a function of 
curing time in Fig. 2. The free lime contents increase with curing time for OPC cement paste. This is 
attributed to the continuous hydration of the main cement phases such as       β-C2S and C3S liberating free 
lime.  On the other hand for blended cement containing silica fume the free lime contents decrease with the 
silica fume content in the blends. This is due to the reaction of silica fume with liberated lime containing 
CSH. (10) 
 
3.1.3 Total Porosity  
The values of total porosity of the hydrated cement pastes are plotted as a function of curing time in Fig. 3. 
The total porosity of  all hardened cement pastes decreases with curing time. This is mainly due the 
continuous hydration of cement clinker and accumulation of hydration products. These products fill up the 
open pores, thus increasing the bulk density and decreasing the total pore volume.  At a given time of 
hydration as the replacement of silica fume increases up to 8 % the total porosity increases. This is directly 
connected with the initial w/c ratio, which plays an important role in the values of total porosity.  
 
3.1.4  Compressive and Splitting Strengths  
The compressive and splitting strengths of the hardened OPC mortars with and without silica fume are 
graphically shown in Fig. 4,5. It is clear that, the compressive and splitting strengths for all cement mortars 
increase with curing time. This is due to the increase of the hydration products such as calcium silicate  
hydrates and  more cementing materials are formed and accumulated in water filled pores to give a more 



compact body. It is clear that the addition of silica fume up to 8 % improves the compressive and splitting 
strengths. As the substitution of OPC with silica fume increases up to 8 % the strengths decrease. This may 
be due to that, the mixing water increases with the increase of the silica fume and the free water as well as 
the total porosity is increased.  
 
3.2  Hydration Characteristics in Tap -Water With  Adding Superplasticizer 
This part deals with the effect of silica fume content and superplasticizer on the hydration behavior as well as 
phsico-mechanical properties of OPC in tap water with adding superplasticizer. 
 
3.2.1  Water of Consistency and Setting Times 
The water of consistency and setting times are graphically represented as a function of silica fume 
substitution and different dosages of superplasticizer ( 0.5, 1.5 % by weight of cement) as in Fig.6. It is clear 
that ,the water of consistency decreases with the superplasticizer content. This may be due to the formation 
of superplasticized thin film around cement grains or/and early formed hydration products, which adversely 
affects the hydration process and modifies the microstructure of the hydrated. The setting times are elongated 
as the dosages of admixture increased so that, inhibit the rate of reaction and hence the setting time becomes 
longer.(11) 
 
3.2.2  Free Lime 
The results of free lime of OPC and blended cement pastes cured up to 90 days are plotted as a function of 
curing time in Fig.7 with the addition of 0.5, 1.5 % of superplasticizer. The free lime of OPC increases with 
curing times as well as admixture percent. This is attributed to the continuous hydration of the main cement 
phases such as β-C2S and C3S liberating free lime. Also the increase of Ca(OH)2  with the amount of 
admixture may be due to the acceleration effect of this water reducer.  In the blended cements the liberated 
lime reacts with silica fume and accordingly the amount of free lime decreases with silica fume contents and 
dosages of admixture. This may be due to reduction of mixing water that affects the hydration of cement 
paste and the pozzolanic activity of silica fume. (12) 
 
3.2.3 Total Porosity  
The values of total porosity of the hydrated cement pastes in the presence of 0.5 and 1.5 % of 
superplasticizer are plotted as a function of curing time in Fig. 8. The total porosity of the all hardened 
cement pastes decreases with curing time. As the dosages of admixtures increases the total porosity decrease. 
The superplasticizer improves dispersion of cement and silica fume particles. The mechanism may be related 
to inter-particular tension generated by the dispersing, which helps keep silica fume particles separated until 
the dissolution process begins. Gradual dissolution of silica fume into a gel in the matrix and its reaction 
with lime to form CSH occur. This is strongly reflected in the total porosity of very high strength concrete 
undergoing progress hydration.      
 
3.2.4  Compressive and Splitting Strengths  
The compressive and splitting strengths of the hardened OPC and blended cement mortars in the presence of 
0.5 and 1.5 % of superplasticizer are graphically shown in Fig. 9, 10. It is clear that, the compressive and 
splitting strengths for all cement mortars increases with curing time due to the increase of the hydration 
products such as calcium silicate and aluminosilicate hydrates. As the dosages of admixture increases the 
strengths increase. This is due to the reduction of mixing water that affects the total porosity. It is clear that 
the compressive and splitting strengths enhance with curing time as well as the amount of silica fume added 
up to 20 % and in the presence of superplasticizer. This is due to the pozzolanic activity of silica fume and 
superplasticizer which decreases the water of consistency and consequently the total porosity and leading to 
the improvement of the degree of compaction. 
 
4.  Conclusion 
The present work concerns the effect of silica fume substitution on the characteristics of ordinary Portland 
cement pastes and mortars. Different mixes of OPC with various proportions of silica fume with and without 
super-plasticiser were prepared and hydrated up to 90 days. The following conclusions can be recorded and 
summarized as following: 
The water of consistency tends to increase with the substitution of Portland cement with silica fume and the 
setting times are elongated  



The  free lime decreased with the substitution of Portland cement with silica fume but the porosity  increased 
up to 8 %  and consequently the compressive strength decreased 
Adding superplasticizer reduced water of consistency and elongated the time of setting 
The free lime and the total porosity decreased with  increasing dosages of the superplasticizer  
The compressive and splitting strengths enhanced and the results show high strengths at later ages. This is 
due to the pozzolanic activity of silica fume and reducing the amount of mixing water. 
From obvious results it can be concluded that adding superplasticizer is very important in the case of blended 
cement (OPC + silica fume).  
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 Fig. (3) : Total porosity of  different blended cement      

             pastes containing OPC with various proportions  
      of SF immersed in tap water up to 90 day. 

 
Fig. (4): Compressive strength of different blended cement 

mortars containing OPC and various proportions of  SF 
with curing time  up to 90 days. 
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Fig.  (2) : Free lime contents of  different blended 

 cement pastes containing OPC with various proportions 
 of  SF immersed  in tap water  up to 90 day. 

 

 
Fig. (1) Water of  consistency  and setting  times of  
different cement pastes containing OPC with various 
proportions of S.F 
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Fig. (5) : Splitting strength of  mortars containing 
            OPC and different percentages of SF with 

curing time  up to 90 days. 

 
Fig. (6) : Water of  consistency and setting times of  
               OPC and  different percentages of S.F in the  

                               presence of  0.5, 1.5 % superplasticizer 

 
Fig.  (7) : Free lime contents of  cement pastes containing  

                  OPC  and different percentages of  S.F with 0.5,   
          1.5 % superplasticizer cured up to 90 days. 

Fig. (8) : Total porosity of  cement pastes containing OPC 
          and different percentages of  S.F with 0.5, 1. 

 superplasticizer cured up to 90 days. 
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Table (1) : Chemical composition of the starting material, Wt %  Table (2) : Mix  composition of the investigated mixes 
 

 
Oxides OPC S.F 
SiO2 21.16 95 
Al203 5.50 0.6 
Fe2O3 3.21 0.8 
CaO 63.4 0.2 
MgO .69  0.5 

SO3 2.40 0.1 
Na2O 0.5 0.2 
K2O 0.1 0.3 
F.L 2.7 0.45 
I.L 2.3 1.2 

 
 

. 
 
 
 
 
 
 
 
 
 
 

Mix No OPC SF Superplasticizer 
M1 100 0 - 
M2 96 4 - 
M3 92 8 - 
M4 88 12 - 
M5 84 16 - 
M6 80 20 - 
M7 100 0 0.5 
M8 96 4 0.5 
M9 92 8 0.5 

M10 88 12 0.5 
M11 84 16 0.5 
M12 80 20 0.5 
M13 100 0 1.5 
M14 96 4 1.5 
M15 92 8 1.5 
M16 88 12 1.5 
M17 84 16 1.5 
M18 80 20 1.5 
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Fig. (9) : Compressive strength of  mortars containing OPC 
                and different percentages of  S.F with 0.5 , 1.5 %  

superplasticizer cured up to 90 days 
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Fig. (10) :Splitting strength of  mortars containing OPC  

                   and different percentages of SF  with 0.5, 1.5 % 
 superplasticizer cured up to 90 days. 
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Abstract 

The environmental behavior of chromium is of concern because of its effects on human health. Health hazards 

associated with exposure to chromium are dependent on its oxidation state. The hexavalent form is toxic and causes 

adverse effects of the on the skin including dermatitis and allergic skin reactions.  

Its presence in the starting materials used in cement production, mainly in the clinker but also in the fuel used in kilns 

or other external additions is one of the concerns for cement manufacturers. During cement manufacturing, Cr (III) 

becomes to Cr (VI) due to the extreme conditions (oxidant atmosphere, high temperature and alkaline media) required 

in the kiln. To reduce the amount of Cr (VI) in the final product, cement manufacturers should use expensive and 

dangerous reducing agents.  

In order to minimize this problem it is necessary to understand how Cr (VI) is immobilized in and released from cement 

pastes. To this aim, static and dynamic experiments with different cement formulations have been conducted. In 

addition, the behavior of Cr (VI) externally added to cement containing samples has also been studied.  

These series of experiments will allow us to assess the chromium mobility under cementitious conditions and to select 

the best cement formulation able to minimize the Cr (VI) release, as well as identifying the main mechanism responsible 

for chromium lixiviation and immobilization. Experimental results obtained have been modelled using the geochemical 

code PHREEQC. The outcome of the present study suggests that Cr (VI) lixiviation and retention is strongly related to 

calcium behaviour. In addition, aluminum rich cements decrease Cr (VI) release. 

 

Originality 

Our paper is related to the topic chemistry and engineering of the production processes. Our main goal is decreasing 

the amount of reducing agents used to avoid Cr (VI) presence in cement formulations. To achieve this goal, 

understanding Cr (VI) mobility is of utmost importance. Although several studies have been done regarding the Cr (VI) 

behaviour, the release mechanism of Cr (VI) is still unclear. This work improves this knowledge in order to help the 

manufacturers during the cement production processes.  

 

Chief contributions 

Our work highlights the fact that aluminium rich cements decrease Cr (VI) release and that added Cr(VI) may also be 

immobilised by sorption on CSH surface . 

 

Keywords: Chromium, cement, immobilization, PHREEQC 
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1. Introduction 
 

Cr (VI) compounds are classified as extremely dangerous due to its high oxidant power and its 

penetration power on human skin (European Commission, 2002). Cr (VI) is a recognized carcinogenic 

and mutagenic element that may produces dermatitis (Hills and Johansen, 2007; Wetterhahn and 

Hamilton, 1989; Witmer et al., 1989). 

This element appears in cement products because it is incorporated in the raw materials used by 

manufacturers. Chromium is initially present in the clinker, but clay, limestone or fly ash may act also 

as a source of this metal (Hills and Johansen, 2007). When these materials are manipulated to produce 

cement, the major part of chromium is transformed to Cr (VI) compounds, which are very soluble in 

water. To minimize hazard of Cr, manufacturers add to the cement different reducing compounds like 

ferrous sulphate or stannous sulphate, promoting the reduction of Cr (VI) to less mobile Cr (III) 

compounds.  The use of such reducing agents is expensive, though, and the manufacturing cost is 

increased by 32.000 €/year for each range of product (PROPAMSA personal communication). The 

presence of reducing agents may also modify the properties of the end product.  

Several authors have been studying Cr (VI) mobility in cement pastes, being two different 

mechanisms the most widely accepted: 

- Cr (VI) is retained in cement by the precipitation of CaCrO4(s) phases (Halim et al., 2004; 

Laforest and Duchesne, 2005; Lin et al., 1997; Wang and Vipulanadan, 2000)  

- There is an anionic substitution of SO4
2-

 for CrO4
2-

 in ettringite (Giergiczny and Król, 2008; 

Gougar et al., 1996; Luz et al., 2006).  

Other authors also support the idea of both mechanisms occurring at the same time (Jain and Garg, 

2008; Yu et al., 2005). 

Most of these studies have been performed using ordinary Portland cement. On the contrary, the work 

presented in this manuscript pays attention on the comparison on the behaviour of different cement 

pastes as a function of its composition regarding the total content of ordinary Portland cement (OPC) 

or calcium aluminate cement (CAC). The key objectives of this study are twofold: to investigate Cr 

(VI) release and the uptake by four different cement materials in relation to its composition. 
 

2. Experimental 
 

2.1 Materials 

 

Four different cement materials (one cement and three mortars), have been used. These materials have 

been selected for the diversity of their compositions and applications and for being representative of a 

good range of cements (see Table 1).  

• The cement sample (C1) was selected as a reference material because of its low level of 

additives and high ordinary Portland cement (OPC) content.  

• Mortar MO1 sample was selected because it contains calcium aluminate cement (CAC). 

• Mortar MO2 contains OPC but not CAC. 

• Mortar MO3 has a low OPC content and does not contain additives. 

Cement pastes were prepared following the ASTM C192 standard for making and curing concrete test 

specimens in the laboratory (American Society for Testing and Materials, 1990) using a water/cement 

ratio of 0.4. Before doing batch experiments the pastes were hydrated during 28 days. 

 



Table 1: Average composition of cement materials studied in present work. 

Sample OPC (%)  CAC (%) Additives (%) 

C1 32  <3 

MO1 31 7.6 <7 

MO2 20  <4 

MO3 7  0 

 
Cement pore water used in batch experiments (CPW) was synthesized following literature suggestions 

(Stumpf et al., 2004). CPW final composition is shown in Table 2. 

 
Table 2: Final composition of CPW. 

Parameter Value Parameter Value 

pH 12.75 Al (mol·L
-1
) 8.1·10

-6 

Eh(V) 0.06 Si (mol·L
-1
) 7.4·10

-6 

Na (mol·L
-1
) 4.7·10

-2 
SO4

-2
 (mol·L

-1
) 4.7·10

-4
 

Ca (mol·L
-1
) 2.5·10

-3
 K (mol·L

-1
) 1.8·10

-2
 

 
2.2 Methodology 

 
Aliquots of dry and hydrated cement samples were analysed by alkaline and acid digestions, both 

before and after hydrating the samples. These analysis provided Cr (VI) and total chromium content 

respectively.  

In batch experiments, cured cement was been contacted with CPW. Two series of batch experiments 

where done:   

• blank experiment using CPW, and   

• experiments where CPW was spiked with Cr (VI), in order to get a final chromium 

concentration of 10
-5

 M in solution.  

Different solid to liquid (S/L) ratios (from 1 to 10 g·L
-1

) were applied for both series. After seven days, 

the solutions were filtrated and analyzed in terms of pH, Eh, sulphate and chromium (total and VI). 

 

2.3 Analytical techniques 

 

Inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo Scientific SLU, Intrepid 

II XLS) was used for quantitative analyses of sodium sulphate. Total chromium concentrations were 

determined by inductively coupled plasma mass spectrometry (ICP-MS, Thermo Elemental, 

PQExcell). Cr (VI) concentrations were analyzed using the colorimetric method TRGS 613 with an 

UV-VIS spectrophotometer (UNICAM, UV2000). This method is based in the reduction of 1,5-

difenylcarbazide to 1,5-difenylcarbazone by means of Cr (VI). All the reactants used for calibrations 

were of analytical pure grade. 
 

3. Results and discussion 
 

3.1 Alkaline and acid digestions 
 

Results for acid and alkaline digestions are shown in Figure 1: 



• The first column (Cr tot) indicates the results for total chromium content in dry samples (acid 

digestion in dry material) 

• The second column (Cr (VI) tot) accounts for the Cr(VI) content in dry samples (alkaline 

digestion in dry material) 

• The third column (Cr (VI) hyd) accounts for the Cr(VI) content after the curing process of the 

samples (alkaline digestion in cured samples) 

As indicated by the results of the acid digestion (first column in Figure 1), MO1 and MO2 are the 

samples with a highest chromium content. However, most of the metal is found in the +III state, as 

seen by the comparison of the results from the acid digestion, that provides total Cr content (first 

column), with the results of the alkaline digestion, that provides only Cr (VI) content (second and third 

column). 
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Figure 1. Chromium concentrations determined after the different digestion treatments: 1) acid digestion in dry 

samples (Cr tot); 2) alkaline digestion in dry samples (Cr (VI) tot) and 3) alkaline digestion in hydrated samples 

(Cr (VI) hyd). Values in mol Cr/kg of cement. Dotted red line corresponds to quantification limit (3.8·10
-6

 M); 

results below this line are only indicative. 

 

Results suggest that most of the chromium is lixiviated during the hydration process. The only 

exception is MO1, where part of Cr (VI) is still present after the curing process.  

It must be highlighted that MO1 is the unique sample containing CAC, which could promote the 

formation of ettringite and increase Cr (VI) retention (Giergiczny and Król, 2008; Gougar et al., 1996; 

Luz et al., 2006).  
 

3.2 Batch experiments without chromium addition 

 

In batch samples, pH and Eh measurements do not present significant variations. Sulphate and 

chromium results are shown in Figure 2.  
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Figure 2: Element concentration vs. S/L ratio in blank experiments for each cement sample. Black solid line 

represents initial concentration of the element in CPW. Dotted red line shows the limit of detection for Cr (VI) 

by difenylcarbazide method. 

 
MO1 data on Figure 2 follows the trend pointed out in the alkaline digestions. In this sample (the 

mortar which contains CAC), Cr (VI) in the cement is not easily lixiviated to the aqueous solution. In 

addition, sulphate concentrations in solution of this sample decreases significantly, suggesting the 

formation of secondary ettringite in the system. 
 

3.3 Batch experiments with chromium addition 
 

Cr (VI) behaviour in spiked batch samples is shown in Figure 3. In general, chromium concentration 

in solution decreases as S/L increases. MO1 and C1, the samples with the highest OPC content (Table 

1) are the ones where chromium concentration in solution decreases more significantly. Those 

observations indicate that OPC may be the responsible for the immobilization of added Cr (VI).   

A simple model has been developed in order to explain the Cr (VI) uptake mechanism in these 

samples. The model includes formation-precipitation reactions of cement phases: CSH  (1), portlandite 

(Ca(OH)2(s)) (2), calcite (3), AFm and AFt (4) .The model takes into account AFm dissolution and 

AFt formation. This mechanism explains the decrease in sulphate concentrations in solutions observed 

in the experiments (see sulphate results in Figure 2). 
  
xCa

2+
 + ySiO2(s) + zH2O → CSH (1) 

Ca(OH)2(s) + 2H
+
 → Ca

2+
 + H2O (2) 

Ca
2+

 + CO3
2-

 → CaCO3(s) (3) 

Ca4Al2(SO4)(OH)12·6H2O + 2Ca
2+

 + 2SO4
2-

 + 20H2O → Ca6Al2(SO4)3(OH)12·26H2O (4) 
 
Thermodynamic data for the different cement phases have been obtained from the literature (Atkins et 

al., 1992; Damidot et al. 1995; Matschei et al. 2007; Taylor, 1997; Perkins and Palmer, 1999). 

Calculations have been made using the geochemical modelling software PHREEQC (Parkhurst and 

Appelo, 1999).  

In order to explain Cr (VI) behaviour, different Cr (VI) retention mechanisms have been taken into 

account
2
. 

• Attempts to model the data by assuming the formation of a solid solution between Cr (VI) and 

secondary ettringite (where the retention mechanism is based on sulphate substitution by 

                                                 
2
 Formation of CaCrO4(s) is not expected taking into account Cr (VI) concentrations in the system. 



chromate) have not been successful. Numerical results obtained by this approach do not allow 

to explain the experimental results obtained. 

• Another possible mechanism may be Cr (VI) sorption onto CSH surface. In this case, the 

number of available sorption sites is related to the CSH phases, and thus, to OPC content of 

the material. This hypothesis is in agreement with the qualitative observations that the samples 

with highest OPC content (C1 and MO1) are also the samples showing higher Cr (VI) 

retention. In this case, the number of sorption sites (>S-O-Ca
+
) has been estimated from De 

Windt et al., (2004) and Pointeau et al., (2004). A Log K value (3.2) for the formation of the 

surface complex (>S-O-Ca-CrO4
-
) has been obtained from fitting experimental data by using 

the software FITEQL (Herbelin & Westall 1999).  

 

As seen in Figure 3, the calculations based on the hypothesis that Cr (VI) is adsorbed on CSH phases, 

and that the number of available sites is related to the OPC content of the sample, allows to explain the 

measured Cr (VI) retention in the samples. 
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Figure 3: Cr concentration vs. S/L ratio. Symbols account for results from spiked experiments obtained for the 

different cement samples. Dotted coloured lines are modelling results. Black solid line stands for initial 

concentration of Cr (VI) spiked in CPW. 

 

4. Conclusions 
 

In the present work, different cementitious materials have been compared in relation to its behaviour 

towards Cr (VI) lixiviation and retention:  

• Results obtained in the alkaline digestions of cement materials before and after curing process 

indicates that Cr (VI) can be easily lixiviated during cement curing process in most of the 

materials,  

• The exceptions are the materials containing CAC. CAC promotes an enhancement of etringite 

formation, a phase that has been reported to immobilise Cr (VI) due to chromium/sulphate 

substitution. 

• Model results indicate that added Cr (VI) may be immobilised by sorption on CSH surface.  
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Abstract 
Backfilling of depositional tunnels in high level nuclear waste geologic repositories is expected to be complicated by 
the inflowing waters from granite rocks in two ways: (1) erosion and transport of backfill material out of the 
depositional tunnel, and (2) expansion due to swelling of clay components of the backfill, making it physically unstable. 
To keep the backfill in place, low-pH concrete plugs are included since they provide physical restraint. The stability of 
concrete plugs, however, is thought to be affected by water-concrete interaction that may lead to cement degradation 
and dissolution. Moreover, alkaline plumes derived from such degradation could jeopardize the chemical stability of 
the clay material in the backfill due to the enhanced dissolution kinetics under high-pH solutions. 
In this study, the cement durability of concrete plugs to be used in the repository is numerically evaluated by 
performing reactive transport simulations based on the geochemical degradation of the cement compounds, mainly 
calcium silicate hydrates (CSH). The implementation of degradation process into the geochemical model is not 
straightforward since CSH alteration shows a strong incongruent dissolution, leading to the release of Ca into 
porewater and to the precipitation of Si-richer CSH. To reproduce this behaviour, a solid solution approach has been 
adopted. Importantly, the numerical model takes into account the dependency of transport properties (e.g., molecular 
diffusion coefficient) with the changes in porosity due to mineral precipitation-dissolution. The selected model domain 
for the reactive transport simulations is one-dimensional and reproduces the contact between the major rock types, i.e., 
the backfill, the concrete plug, and the host granite rock. 
The results from reactive transport simulations predict that the effect of low-pH concrete alteration on the stability of 
backfill materials is low. The main process governing geochemistry in the backfill-concrete boundary is the quick loss 
of porosity due to ettringite precipitation. The very high molar volume of this mineral enhances the rate of clogging. 
The ettringite formation is mainly driven by the high sulphate concentration in the backfill porewater, which in turn is 
controlled by the equilibrium with gypsum in the backfill. The release and diffusion of calcium (from CSH replacement) 
and Al (from Al-bearing phase dissolution) from concrete causes ettringite precipitation at the concrete-backfill 
boundary. The loss of porosity dramatically reduces solute diffusion and, consequently, the backfill-concrete system 
remains almost invariably for hundreds of years. 
 
Originality 
This study provides valuable results in the prediction of durability of concrete material. The use of reactive transport 
models geochemically consistent with the experimental data is not widespread due to the difficulties in their 
implementation. The work presented here is a step forward in the use of reliable models of cement degradation, 
applicable not only in the engineering of high level nuclear waste repositories but also in a more general context of 
cement industry. 
 
Chief contributions 
In this work, the relevant contribution is found in the coupled implementation in a reactive transport model of the 
following points: (1) A solid solution approach to reproduce CSH behaviour during the interaction of concrete with 
granitic waters. This model has been tested and calibrated before its implementation into the model, (2) The treatment 
of CSH phase dissolution and precipitation in a kinetic way. This allows the formation of all stable phases, not only the 
most stable one (as it would result in a thermodynamic model), which is a more realistic approach, and (3) The link 
between changes in porosity and transport properties. 
In addition, it is worth mentioning that the physical features of the concrete considered in the model have previously 
been calculated from the original cement recipe from the manufacturer. Consequently, very important parameters such 
as the composition and porosity of the hydrated cement are not assumed or considered from other works but they are 
simulated. 
 
Keywords: low-pH cement, solid solution, reactive transport modelling, CSH, nuclear waste 
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Introduction 
 

Low-pH concrete plugs are going to be used during the backfilling of depositional tunnels of the 
high-level nuclear waste repository according to the concept described by the Swedish Nuclear 
Fuel and Waste Management Co (SKB). They are planned to minimise the effect of the 
inflowing waters from the granite (Figure 1). This water flow may cause (1) erosion and 
transport of backfill material out of the depositional tunnel, and (2) expansion due to swelling of 
clay components of the backfill, making it physically unstable.  

 
 

Figure 1: SKB’s design of the section of a tunnel plugs in a HLNW repository with the location of the concrete 
plug (from Vogt et al., 2009). 

 
Along the post-operational phase, the plug will limit water flow from the deposition tunnel past the 
plug to such an extent that no harmful backfill erosion takes place out from the deposition tunnel. The 
stability of concrete plugs, however, is thought to be affected by water-concrete interaction that may 
lead to concrete degradation and dissolution. In addition, alkaline plumes derived from such a 
degradation could jeopardize the chemical stability of the clay material in the backfill due to the 
enhanced dissolution kinetics under high-pH solutions. Concrete durability depends basically on the 
geochemical degradation of the cement compounds, mainly calcium silicate hydrates (CSH), whose 
dissolution can result in porosity increase and leading to changes in the hydraulic properties (e.g., 
permeability). In turn, these changes can speed up the degradation process and the groundwater flux 
into the system.  
The prediction of the evolution of the backfill-concrete system has been faced in this work following 
three consecutive steps: 
1. Simulation of low-pH concrete composition and porosity. 
2. Definition of model domains and geochemical approach. 
3. Numerical simulation of low-pH concrete degradation. 
 
 
Simulation of the microstructure of concrete 
 
The mixture for concrete used in this work includes Cement I 42.5 MH/LA/SR, which is adapted for 
solid constructions with demands for moderate heat development, if there is a risk of alkali–silica 
reactions and if there is a demand for higher sulphate resistance. Other compounds in the concrete are 
silica fume, limestone filler, sand, gravel and superplasticizer. 



The initial composition of the hydrated paste is determined following successive steps: (1) 
determination of the particle size distribution of the initial microstructure, (2) distribution of cement 
phases, and (3) simulation of hydration process. The tools provided by the Virtual Cement and 
Concrete Testing Laboratory (VCCTL; http://ciks.cbt.nist.gov) have been used in order to set up the 
initial state of cement concrete. Ideally, the three-dimensional microstructure image is filtered using 
two-point correlation functions measured on the actual two-dimensional SEM (Scanning Electron 
Microscopy) images of the cement used. Since no SEM images of Cement I 42.5 are available from 
the Cement Database of the NIST site, it was selected the Dyckerhoff cement since it shares a relative 
similar chemical composition. Once the anhydrous mixture is sketched, the simulation of the hydration 
process is performed (Figure 2). The simulation of hydration follows the hypothesis that the 
microstructural features of the actual hydrated paste do not considerably differ from the simulated one, 
in spite of the different conditions of curing. The period of hydration considered for the simulation 
was of more than 100 days under saturated conditions and constant temperature of 25 ºC. 

 
Figure 2: Slice of the three-dimensional microstructure of the hydrated cement paste of the mix design analyzed. 

 
Model domain and geochemical approach 
 
Model domain 
The selected model domain is one-dimensional and reproduces the contact between the major rock 
types and engineered material: the backfill, the concrete plug, and the host granite rock (Figure 3).  

 
 

Figure 3: Domain selected in the reactive transport simulations. 



Other minor elements in between (filters, watertight seal, pipes, concrete beams, …) are not 
considered since their role in the solute transport and reactivity is not so relevant as the major domains 
and, in general, they share a similar rock composition. 
 
CSH dissolution behaviour and the geochemical approach 
 
According to the data from laboratory experiments in literature, the alteration of the cementitious 
materials shows a dependence between the pH of pore water and the Ca-Si ratio of the hydrated 
calcium-silicate (CSH) phases. The Ca-Si ratio decreases as the CSH is progressively replaced by Si-
richer phases denoting a clear incongruent CSH dissolution.  
In the experiments dealing with low-pH samples (initial Ca/Si ratios between 0.7 and 1.2) some 
differences are observed in experimental datasets reported in literature. A sharp and sudden drop in pH 
coupled with an almost stable Ca/Si is reported, as an example, by Harris et al. (2002). Milder 
variations are, in contrast, provided by Flint and Wells (1934), Greenberg and Chan (1965) and Chen 
et al. (2004). 
The incongruent dissolution of Ca-rich solids leads to an increase in the calcium concentration in 
solution at the beginning of the alteration process. In time, the [Ca] concentration decreases reflecting 
the equilibrium with Ca-poor CSH phases. Part of this calcium can be precipitated back as calcite 
and/or ettringite if the concentration of aqueous C(IV) and sulphate species is high enough. The 
concentration of silicon shows an opposite behaviour, increasing through time. As pH decreases, silica 
saturation can be achieved and, consequently, part of the Si goes back to the solid phase.  
The incongruent dissolution of CSH can be numerically faced using solid solution approaches, even 
considering that CSH are not crystalline solids. In this work, the solid solution approach by Sugiyama 
and Fujita (2006) is used for reactive transport modelling. This approach uses two solid solution end-
members (SiO2 and portlandite) and the calculated conditional solubility constants for the intermediate 
CSH members as a function of the Ca/Si ratio of the solid solution are shown in Figure 4.  
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Figure 4: Log KCSH as a function of the Ca/Si ratio calculated using the Sugiyama and Fujita (2006) approach. 

Reactive transport modelling 
 
Initial conditions 
 
Hydration calculations show that concrete is initially made up with CSH with a Ca/Si ratio around 1.1, 
with a volume fraction of 45.21%. Other major compounds are silica fume (8.79%) and a Al-bearing 
phase (4.43%). Low-reactivity aggregate is predicted to be found at 10% in volume in the hydrated 



cement mixture. The remaining porosity is 30.17%; however, this value includes all pore sizes, most 
of them being unconnected. Consequently, the water-conductive porosity is expected to be much 
lower, being only restricted to larger pores. Recently, Grandia et al. (2010) found that an initial 
connected porosity of 10% could account for the degradation profiles reported in the cement alteration 
experiments performed by Yamamoto et al. (2007). Consequently, as a initial condition, this value is 
considered in the numerical model for the alteration of the concrete in the present study. The 
difference between the calculated porosity (30.17%) and the model porosity (10%) has been assumed 
to be a non-reactive aggregate.  
The initial Ca-Si ratio of CSH in the model is 1.13. The CSH compositions allowed to form (and to 
dissolve if become undersaturated) range from Ca/Si= 0.51 to Ca/Si= 2.85. Also silica and a Al-
bearing phase are initially present in the volume fractions above indicated. In addition, calcite, gypsum 
and ettringite, which are not initially present, can precipitate and dissolve. The formation of these 
secondary Ca-minerals is of great interest since (1) they can clog the porosity and (2) ettringite could 
cause mechanical breaking due to its large molar volume compared to the initial phases. In addition, 
the high Mg concentration in the backfill porewater could lead to Mg diffusion to concrete and cause 
saturation with dolomite; therefore, this mineral has also been included as a potential secondary phase. 
All mineral phases are treated in a kinetic way. The role of silica in low-pH concretes is to release Si 
to promote the formation of Si-rich CSH phases stable with relatively low-pH (less than 11). 
Consequently, the selection of a dissolution rate for silica appears to be an important parameter. In this 
project, silica is assumed to be of low reactivity and a rate constant of 1×10-9 molSiO2·m-3

rock·s-1 has 
been considered.  
The modelling of concrete alteration has to deal with another fundamental uncertainty, which is the 
change in the molar volumes of the newly formed CSH phases. This change may have great 
importance in the porosity variations. As a reasonable approach considering the existing data, an 
intermediate value between the crystalline CSH with Ca/Si=2 and the CSH with Ca/Si=0.83 has been 
considered for all CSH phases (160 cm3·mol-1). A similar uncertainty is found for ettringite, which 
have a very large molar volume. In the model, a value of 500 cm3·mol-1 is assumed.  
The backfill considered in this project is assumed to consist basically (69 wt%) of Milos-type 
bentonite. Accessory mineralogy includes dolomite, quartz, calcite and gypsum.  
Three water types are initially present in the system: (1) concrete pore water, (2) backfill pore water, 
and (3) granitic, Forsmark-type water. The temperature for water-concrete reaction is in all cases set to 
25ºC. 
Numerical simulations have been performed using the CrunchFlow code (Steefel, 2008).  
 
 
Results 
 
The predicted effects of the geochemical interaction between fluids in granite, concrete and backfill 
after one year are restricted to the material contacts. The most relevant process, although transitory, is 
the alkaline pH intrusion (pH>11) up to 6 cm into the backfill (Figure 5). In contrast, alkaline pH does 
not affect granitic groundwater, mainly caused by the forced water renewal in the fracture. 
Mineralogical changes are predicted in both concrete and backfill: (1) CSH replacement from Ca-
richer phases (C1.13SH) to Si-richer phases (C1.04SH, C1.00SH, C0.82SH), and ettringite formation, 
and (2) carbonate precipitation in the fracture and in the backfill. As a consequence of these 
mineralogical changes, porosity decreases slightly (between 1.5 and 3%). At longer times (10 years), 
porosity begins to clog due to CSH replacement and ettringite formation, especially in the granite-
concrete boundary (Figure 6). At the backfill-concrete contact, alkaline-pH plume vanishes and 
ettringite precipitation reaches up 10 vol.% forced by Al-bearing phase dissolution (Figure 7). 
 



 
 

Figure 5: Predicted composition of pore water, porosity and pH in concrete and backfill after 1 year of 
simulation.  

 
 

 
 

Figure 6: Predicted composition of pore water, porosity and pH in concrete and backfill after 10 years of 
simulation.  

Conclusions 
 
The results from reactive transport simulations predict that the effect of low-pH concrete alteration on 
the stability of backfill materials is low. Dissolution of CSH phases causes an initial, transient 
hyperalkaline plume (pH>11) into the backfill. However, in a few years (<10 y), pH decreases back to 
more circumneutral values. The main process governing geochemistry in the backfill-concrete 
boundary is the quick loss of porosity due to ettringite precipitation.  
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Figure 7: Predicted composition of calcium-silicate-hydrates (CSH) and accessory minerals in the concrete-
backfill contact after 10 years. Figures of CSH in the legend indicate the Ca-Si ratio.  

 
The ettringite formation is mainly driven by the high sulphate concentration in the backfill porewater 
(1.50×10-2 mol·L-1), which in turn is controlled by the equilibrium with gypsum in the bentonite. 
The release and diffusion of calcium (from CSH replacement) and Al from concrete causes ettringite 
precipitation at the concrete-backfill boundary. The loss of porosity dramatically reduces solute 
diffusion and, consequently, the backfill-concrete system remains almost invariably for the next 
hundreds of years.  
To summarize, the model predictions indicate that the durability of backfill materials is not expected 
to be affected by the potential alkaline plumes developed from concrete alteration. Unless secondary 
porosity occurred due to cracking, the loss of porosity prevents the formation of alkaline plumes and 
subsequent dissolution of backfill material. 
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Abstract 

Cement and concrete are commonly used as building material and engineering barrier in waste repositories, as well as 

a solidification matrix to immobilize toxic and radioactive substances. Different additives and chemicals added to 

cement during its manufacturing may exhibit complexing properties towards metals and radionuclides present in the 

repository. Gluconic acid (GLU), a polyhydroxy carboxylic acid used as a retardant, is one of these substances. 

However, its complexing properties in the alkaline environment created by cement have not been thoroughly studied. 

The present work aims at quantifying the influence of gluconate on thorium immobilization, to ensure that this additive 

can be safely used without significatively increasing the mobility of this radionuclide. Main research of present work 

has been focused on the comparison of gluconate effect on thorium solubility in the absence and in the presence of 

calcium at alkaline pH values, representative of cementitious conditions. Results obtained seem to indicate that 

gluconate complexes are formed in alkaline pH media; the formation of these complexes enhances thorium solubility. 

However, no key differences are observed between solubility data obtained in the presence and absence of calcium. 

Scooping calculations have been conducted to quantify the maximum amount of gluconate that could be present in 

cement without leading to a significant mobilization of thorium. Calculations have been extended to other analogous 

radionuclides. 

 

Originality 

In the context of the possible effect of cement on solidification and immobilization of wastes (area 4 of 13th ICCC), the 

originality of present research is to provide new data on the effect of polyhydroxycarboxylic acids on radionuclide 

mobilization. Specially, it provides new data on solubility measurements in the presence of calcium, which was not 

previously available. 

 

Chief contributions 

Chief contributions made by the research are the new solubility data provided on thorium-gluconate complexation in 

the presence of calcium, and comparison of these data with the previous one obtained in absence of calcium. Also, 

present work provides new scooping calculations on the effect of polyhydroxycarboxylic acids in the enhancement of 

tetravalent elements mobility in a cementitious repository. 
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1. Introduction 

 

Cement is commonly used as building material and engineering barrier in waste repositories, as well 

as a solidification agent to immobilize toxic and radioactive waste. Different admixtures and 

chemicals are added to cement during its manufacturing to improve the workability of cement or to 

influence physical properties such as compressive strength, durability or setting time (Glaus et al., 

2006). This type of organic substances may influence the solubility, sorption and mobility of the 

metals and toxic substances in contact with cement in the waste repository. It is necessary to assess the 

role of these admixtures on the metals mobility, both qualitatively and quantitatively.  

Admixtures comprise a large variety of very different substances, ranging from simple carbohydrates 

to complex mixtures of different large molecules. The commercial products have an ill-defined 

composition and may contain also additional components, other than those indicated in the product 

safety sheets, which could be important from the point of view of the safety assessment of the 

repository (Hakanen and Ervanne, 2006). As a consequence, the experiments performed with real 

commercial admixtures, although providing very valuable information (Dario et al. 2004, Glaus et al. 

2006), have a very difficult interpretation.   

Instead of using the real cement admixtures, it is also possible to perform a more simple approach, 

using well-defined chemical substances that can be considered as representatives of the effect of the 

additives towards metal complexation. Gluconic acid (Figure 1), a polyhydroxy carboxylic acid that is 

sometimes used as a retardant in cement formulations, is one of these substances. 

Polyhydroxycarboxylic acids have been shown to have very strong complexation capacities towards 

radionuclides (Hummel et al., 2005). However, its complexing properties in the alkaline environment 

created by cement have not been thoroughly studied. As far as the authors know, only two studies of 

thorium complexation with gluconate (Baston et al., 1992; Tits et al., 2005) have been published. Only 

one unpublished study in the absence of calcium is available (Felmy, 2004). 

  

 
Figure 1: Gluconate (GH4

-
) chemical structure. “H4” refers to the hydrogen of the secondary alcohols in the 

molecule (Sawyer, 1964). 

 

The objective of present work is to obtain data on gluconate effect on thorium solubility in both 

absence and presence of calcium. The comparison of these data will allow providing new information 

on relevant parameters for safety studies.    
 

2. Experimental 
 

2.1. Reagents and solutions 

 

Sodium perchlorate, sodium gluconate and calcium chloride were purchased from Sigma Aldrich, 

sodium hydroxide from Panreac and thorium nitrate from J.T. Baker. All solutions were prepared with 

ultra pure water. Reagents and solutions were carbonate-free and were prepared and stored inside a 

nitrogen glove box. 



pH was determined using an alkaline resistant combined glass electrode (Crison) where the reference 

electrolyte had been replaced by the background electrolyte  used in the experiments (0.5 M NaClO4) 

(Zhang et al., 2009). The electrode was calibrated using a Gran titration procedure (Rai et al., 1998). 

 

2.2. Solubility experiments 

 

Thorium hydroxide was prepared by slow titration under constant stirring of a thorium nitrate solution 

with carbonate-free NaOH up to pH 10 under nitrogen atmosphere (Neck et al., 2002). X ray 

diffraction analysis of the solid showed broad bands, although allowed the identification of thorium 

hydroxide with a low cristallinity degree. 

Solubility experiments were done using polypropylene tubes (20-50 ml) at 25±2 ºC. Undersaturation 

experiments were done by contacting 0.06g of solid thorium hydroxide with 20 ml of solution 

containing different concentrations of gluconate. CO2-free NaOH was used to adjust the solutions to 

the desired pH values. Ionic strength was kept at I=0.5M (NaClO4-NaOH-Na(Gluconate)).The tubes 

were kept under constant stirring for different time intervals. 

Aliquots of the samples were filtered through polyether sulfone membrane filters (Microsept TM 1 

kD, or 300 kD) prior to thorium analysis. These filters have been reported to allow successful 

separation of thorium colloids (Altmaier et al., 2005). 

Thorium concentrations were determined by ICP-MS (Agilent 7500cx). Quantification limit for Th in 

the original solutions (after dilution with HNO3 2%) was 1·10
-9 

mol/l. SEM analyses were carried out 

with a field emission Ultra Plus ZEISS equipment. 
 

 
3. Results in the absence of calcium 
 

The solubility of amorphous thorium hydroxide in alkaline pHs values is low, with concentrations of 

Th≈2·10
-9

M at pH=12 (see dotted line in Figure 2). The presence of gluconate in alkaline solutions 

enhances thorium solubility, increasing it up to two orders of magnitude when increasing one order of 

magnitude the gluconate concentration (slope≈2, see grey circles in Figure 2). The analysis of these 

data may suggest the formation of a 1Th:2Gluconate complex.  

 

 
4. Results in the presence of calcium 

 

The solubility of thorium hydroxide has also been studied in the presence of both calcium and 

gluconate, with [Ca
2+

]=2.2·10
-2

 M and total gluconate concentrations ranging from 1·10
-4

 to 1·10
-2

 M. 

Measured thorium concentrations are similar in the presence and absence of calcium (see Figure 2), 

although a small increase in thorium concentration in solution is observed in the presence of Ca
2+

.  

The small increase of solubility observed in the presence of calcium may indicate the formation of 

ternary Ca-Th-Gluconate complexes. However, calcium concentration of [Ca
2+

]=2.2·10
-2

 M do not 

seem to play a key role on the solubility increase. 
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Figure 2: Thorium hydroxide solubility as a function of gluconate concentration at pH=12 (I=0.5M NaClO4), 

after 1kD filtration. Grey circles: Without calcium. Red triangles: [Ca]=2.2·10
-2

M. Dotted black line is calculated 

thorium hydroxide solubility if gluconate is not present. Solid red line indicates slope≈2. 

 

 
5. Effect of gluconate on metal mobility 

 

Thorium concentrations in alkaline environments are governed by the solubility of Thorium 

hydroxide. Formation of gluconate-thorium complexes can then enhance thorium mobility, because: 

- The formation of thorium-gluconate complexes increases thorium hydroxide solubility, as 

seen in the experimental results described above. 

- The formation of thorium-gluconate complexes changes thorium aqueous speciation, due to 

the formation of thorium-gluconate complexes. As a consequence, thorium sorption properties 

onto cement materials may also change (Glaus and Van Loon, 2004), which may result in an 

enhancement of thorium mobility. 

A similar situation can also be expected for other metals present in the waste. As a consequence, it is 

advisable to keep the concentration of organic admixtures to a minimum in the cement used in waste 

repositories. In the case of gluconate, it may be added to cement mixtures in a level up to 0.1% in 

weight (Wieland and Van Loon, 2003). A dosage of sodium gluconate higher than this quantity will 

not allow to reduce the amount of mixing water that should be used in cement preparation 

(Ramachandran 1996). Then, from a conservative point of view, the maximum concentration of 

gluconate in cement would be 0.1% in weight (≈4.6·10
-6

 mol/g). If all this gluconate could be leached 

from cement, maximum gluconate concentrations in cement pore water can be estimated
2
 to be in the 

range 7·10
-3

 to 3·10
-2

 M. Such a high concentration of gluconate may increase thorium hydroxide 

solubility 3 or 4 orders of magnitude according to the results obtained in present work (see Figure 2). 

However, gluconate has been previously reported to sorb strongly on cement (Glaus and Van Loon 

2004; Glaus et al. 2006). Taking into account the parameters outlined in Glaus et al. (2006)
3
, most of 

                                                 
2
 Assuming cement porosity between 10-20%. 

3
 Glaus et al. (2006) suggest that the sorption of gluconate onto cement can be fitted by a two-site Langmuir 

isotherm. The parameters reported for this isotherm have been used to estimate the amount of gluconate that will 

be sorbed on cement. 



the gluconate will be sorbed on the cement phase (≈10
-3

 mol/kg). Uptake of the organic ligand on the 

cement phase would then reduce the aqueous gluconate concentration below 10
-7

 M. According to the 

results obtained in present work, [GH4
-
]<10

-7
 M would not produce a significant increase in thorium 

hydroxide solubility, even in the presence of calcium (see Figure 2). 

It can be concluded that, although gluconate contained in cement could significantly enhance thorium 

mobility, sorption of the organic ligand on cement would reduce its availability and its capacity to 

from complexes with the metal, as described in Figure 3. 
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Figure 3: Calculated gluconate effect in thorium hydroxide solubility. A) Blue bar: without taking into account 

gluconate sorption on cement surface. B) Red bar: taking into account gluconate sorption on cement surface.  

 

 

Literature data on the formation of Ca-M(IV)-GLU complexes is very scarce (Tits et al. 2005). 

Thorium concentrations may then be used as a rough analogue for other elements in the tetravalent 

state. The most appropriate would be to use linear free-energy relationships (LFER) to assess the 

stability constants along this series of radionuclides (Choppin et al., 2006; Meyer et al., 2007); 

nevertheless, data for U(IV), Np(IV) or Pu(IV) is unavailable, which makes it impossible to apply 

those  correlations to the system. 

 

 

6. Conclusions 

 

The effect of gluconate in thorium hydroxide solubility in the presence and absence of calcium has 

been studied using solubility experiments from undersaturation direction. Data obtained show that 

gluconate (in both absence and presence of calcium) can enhance significantly thorium hydroxide 

dissolution at alkaline pH values. An addition of gluconate up to 0.1% in weight in cement may 

increase thorium hydroxide solubility 3 or 4 orders of magnitude, according to the results obtained in 

present work. Nevertheless, scooping calculations seem to indicate that the effect of gluconate on a 

cementitious environment would be minimised due to the sorption of the organic ligand on cement 

surface.  
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Abstract 
High-pressure grinding rolls offer the possibility of considerable energy savings in the cement manufacturing process. 
The grinding principle is rather simple. The material to be ground is fed from a feed hopper above the high-pressure 
grinding roll. The profiled counter rotating rolls draw the material into the gap between the two rolls, where the 
material is comminuted under high pressure. 
 
The high-pressure grinding roll POLYCOM® was introduced onto the market in 1985, but was initially applied for 
upgrading of existing tube mills only. For new installations in cement plants another raw material grinding system, the 
vertical roller mill, was already the grinding system with the largest market share at that time. The simple design, with 
drying, grinding and separation in one compact unit, as well as the low power consumption compared to traditional 
tube mills made this grinding system attractive for the cement manufacturers. 
 
With the introduction of reliable wear protection systems for the grinding rolls, higher installed power and, especially 
for raw material grinding, the possibility to grind moist raw materials the high-pressure grinding roll became 
interesting again. This became possible through the introduction of a new separator generation, which furthermore led 
to a considerably more compact plant arrangement. 
Finish-grinding of cement raw material in a high-pressure grinding roll in closed circuit with a static-dynamic 
separator combination today represents the grinding system with the lowest specific energy consumption. 
In 2006 such a grinding system for a raw meal capacity of 275 t/h was successfully commissioned for Vasavadatta 
Cement in Sedam, India. In this plant a first separation and simultaneous drying takes place in a static separator stage. 
Mounted on this separator stage is a dynamic separator with a rotor with a horizontal bearing arrangement. 
In comparison to a vertical roller mill for raw material grinding in the same cement factory, the specific energy 
consumption is about 35 % lower. 
 
In order to extend the application range of this energy-saving grinding technology to raw materials with higher 
moisture contents of up to 8 %, Polysius today offers a combination of the well proven static separator stage and an 
equally well proven dynamic air swept separator with vertical rotor axis. 
 
While the first high-pressure grinding rolls for raw material grinding in finish grinding mode were only suitable for 
comparably dry raw materials, and were therefore only rarely taken into consideration, the introduction of appropriate 
modern separator technology has made high-pressure grinding rolls suitable for raw material grinding in approx. 80 % 
of all cases nowadays. 
 
Orginality 
In the cement industry high-pressure grinding rolls in finish grinding mode were in the past only applied for rather dry 
raw materials. Furthermore the restricted capacity and complex arrangement of earlier grinding plants prevented a 
greater success of this energy efficient grinding system. The introduction of a new separator design leads to compact 
arrangement of the grinding plant and the possibility to dry raw materials with a moisture of up to 8 %. Simultaneously 
larger units of high-pressure grinding rolls make it possible to produce more than 300 t/h raw meal with a single unit. 
These advances nowadays make the high-pressure grinding roll POLYCOM® interesting for a wider range of 
applications. 
 
Chief contributions 
The paper describes modern equipment for raw material grinding which has proven its high efficiency in an Indian 
cement plant. The high-pressure grinding roll POLYCOM® in connection with latest separator technology is suitable 
for most raw materials. Considerable energy savings compared to other grinding Systems contribute to lower operation 
costs and the avoidance of CO2. 
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1. Introduction 
 
Cement is a binder which is of great importance for the building trade. The raw materials for cement 
are practically available all over the world, but cement production is aligned with a high demand for 
electrical energy. The specific electrical energy consumption per tonne of cement largely depends on 
the characteristics of the cement type produced. The composition of the cement and the product 
fineness have a great influence on the specific power consumption. Easier to compare is the specific 
power consumption for the intermediate product cement clinker.( Fig 1 ). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

For the production of the intermediate product cement clinker the required electrical energy in a 
modern cement plant is approx. 65 – 75 kWh/t. Approx. 35 – 40% thereof account for the raw material 
grinding and thus are a good reason to investigate possibilities for energy saving in this plant area.  
The function of a raw material grinding plant is to grind a raw mix consisting mainly of limestone, 
clay and other correction materials as sand and iron ore to a raw meal ( Fig 2 ). For the downstream 
clinker production process the coarse and frequently moist raw material mix must be dried to a 
residual moisture content of < 1% and needs to be ground to a fineness of usually 12 – 15% R 0,09 
mm.  

 
 

 
 
 
 
 
 
 
 

 
 
 
 

 
An excellent possibility of saving electrical energy in the process of clinker manufacturing is the 
installation of a High-Pressure Grinding Roll POLYCOM®. 
( Fig 3 )The high-pressure grinding roll POLYCOM® was introduced onto the market in 1985, but was 
initially applied for upgrading of existing tube mills only. For new installations in cement plants 

Raw material grinding:

35 – 40 % of total power consumption

for clinker production

Raw Materal Preparation & Clinker Production => 65 – 75 kWh/t clinker Cement Production

Figure 1: Electrical energy consumption in a cement plant  

Raw material 
(Mixture)

Raw meal

Typical raw mixture
properties:

• crushed material grain size
95% < 80mm

• feed material moisture
2 – 15%

Typical raw meal
properties:

• raw meal particle size
12% to 15% > 90µm

• raw meal moisture
0.5 – 1%

Figure 2: Requirements to raw material grinding  



another raw material grinding system, the vertical roller mill, was already the grinding system with the 
largest market share at that time. The simple design, with drying, grinding and separation in one 
compact unit, as well as the low power consumption compared to traditional tube mills made vertical 
roller mills attractive for the cement manufacturers. But nowadays also state-of-the-art POLYCOM® 
grinding plants can be attractive solutions.  
 

 

 

 

 

 

 

 

 

 

 

 

2. Grinding principle 
 
( Fig 4 ) The grinding principle of the HPGR is rather simple. The material to be ground is fed from a 
feed hopper above the high-pressure grinding roll. 
The profiled counter rotating rolls draw the material into the gap between the two rolls, where the 
material is comminuted under high pressure. Only a few particles in the compression zone have direct 
contact to the roller surface whereas most of the particles crush each other. This results in low wear of 
the rollers and the most efficient way to comminute hard and brittle materials as cement raw materials. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tube Mill

POLYCOM®

Roller Mill

Figure 3: Different grinding systems for raw material grinding  

Start of compression
(nip line)

Compression
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End of compression

Cake

Pressure
curve

Grinding
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Max. 
Pressure

Figure 4: Grinding principle of the HPGR POLYCOM®  



3. Advances 
 
High grinding efficiency, reliable wear protection systems for the grinding rolls, higher installed 
power and, especially for raw material grinding, the possibility to grind moist raw materials make the 
high-pressure grinding roll nowadays very interesting. 
 
A reliable POLYCOM® wear protection is one of the most important improvements. Since the market 
introduction of the POLYCOM® this development has been a continuous process. Especially in raw 
material grinding the larger fresh feed particles and their sometimes low brittleness are requiring a 
fatigue free design.  
Currently, Bainite tyres (spheroidal cast iron) and compound cast tyres (centrifugal casting) are the 
standard wear protection systems which achieve extraordinarily service lives, in some cases already 
more than 50,000 operating hours. 
 
Another major improvement in the POLYCOM®-circuit refers to the separator. The separator has the 
task to divide the feed material into coarse and fine material. The coarse material is recycled back to 
the POLYCOM® to be reground whereas the fine material leaves the POLYCOM®-circuit as finish 
product. 
Initially typical 3rd generation SEPOL® separators were applied, but the low drying capacity, the 
wear rate of the parts of the dynamic stage, the high specific material load of the dynamic separator 
and the large space required were the motivation for the development of the new SEPOL HR® 
separator.  
 

4. Finishgrinding with HPGR POLYCOM in India 
 
( Fig 5 ) In 2006 with the commissioning of new production line at Vasavadatta Cement (3,800tpd 
clinker plant), Sedam (India) the completely new SEPOL HR® separator was introduced. With respect 
to the very high grindability, the moderate moisture and the mild abrasiveness of the raw material, as 
well as the support from the customer, the preconditions at Vasavadatta Cement were ideal for the first 
industrial application of the SEPOL HR® separator.  
 
The process was designed for a capacity of 275t/h at a fineness of 20% residue on 90µm. The moisture 
content of the raw material was max. 4%. [1,2] 
A further production line at Vasavadatta Cement for the same capacity and minor modifications was 
comissioned in 2009. The flowsheet shows the optimized process design. The raw material grinding 
plant mainly consists of the raw material feed (raw mill hoppers, metal separation and fresh feed 
bucket elevator), recirculation bucket elevator (POLYCOM® cakes), separator feed belt, SEPOL 
HR® separator, POLYCOM®, cyclones and metal extraction. A layout with a combination of the two 
bucket elevators is possible too. 

 

 

 

 

 

 

 

 POLYCOM 21/16 ( 2 x 1650 kW )

Roller diameter: 2100 mm

Roller width: 1600 mm

SEPOL HR
Rotor diameter: 2700 mm

Circumferential speed: 3 – 27.5 m/s

Fan

Gas flow: 480000 m³/h

Inst. motor power: 1100 kW

Limestone Bauxite Iron ore

Figure 5: Process Flowsheet POLYCOM® and SEPOL HR® separator  



Figure 6 shows the working principle of the SEPOL HR® separator.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The feed material (raw mix and cakes) is fed to the feed chute. The feed chute ensures the distribution 
over the complete width of the separator. The main part of the static stage is the aeration floor, which 
is flown through by preheater gases. The pre-dried coarse particles are extracted as grits I and fall into 
the POLYCOM® hopper. The finer material ( 0 – 3 mm ) is pneumatically transported to the dynamic 
stage and dried. The raw meal (e.g. with a fineness of 10-20% residue on a 90 µm sieve) leaves the 
separator through the rotor and is collected in the  connected cyclones. The material rejected from the 
rotor (grits II) is recirculated into the POLYCOM® hopper.  
A major advantage of the SEPOL HR® separator is that due to the pre-separation of the coarse 
material in the static stage only the fine material is transported pneumatically into the dynamic stage. 
The result is that the load of the dynamic separator (separator feed per rotor surface or air flow) is 
much lower than in separator systems where the complete material is fed into the dynamic stage and 
leading to a more compact design and reduced air flow. Furthermore the compact design and the direct 
connection of the static-dynamic separator with the cyclones, allowed to have all loads of this system 
on one floor level enabling a simple plant layout.  
Due to the optimized gas compound system the pressure drop of the system could be reduced, which 
additionally increases the efficiency of the POLYCOM® installation. 
 
( Fig 7 )The warranty figures for the raw material grinding plant with a POLYCOM® in finish 
grinding mode were a capacity of 275t/h refering to a fineness of 20% R 0.09 mm). The warranted 
specific power consumption for the grinding plant including the POLYCOM®, the rotor drive of the 
separator, the system fan and the circulating bucket elevator was 15.8 kWh/t measured at the counter 
of the motors. 
During a visit in May 2010 the plant was operated with a capacity of 311 t/h at a fineness of 17.4 % R 
0.09 mm. Of course the grinding plant was generously sized as it was the first installation of a 
POLYCOM® in combination with a SEPOL HR® separator. But also the grinding efficiency of the 
POLYCOM® compared to other grinding systems was better than expected. Despite the very hard 
limestone in Vasavadatta the specific power consumption for the POLYCOM® was only 8.1 kWh/t , 
the separator drive required 0.4 kWh/t, the system fan 2.5 kWh/t  and for the circulation bucket 
elevator 0.8 kWh/t, all values measured at the counter of the motors. During the performance test in 
March 2007 an even higher capacity has been achieved.  
 

Figure 6: SEPOL HR® separator  
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Fig.7: Operating results Vasavadatta, India 

 
 

5. Extended drying capacities by SEPOL® PC separator 
 
The operating results of Vasavadatta Cement have shown that the POLYCOM® installation with 
SEPOL HR® separator is the most effective solution for raw material grinding at high grindabilities 
and moderate moistures. To increase the range of application, i.e. to higher raw material moistures, an 
alternative separator design ( Fig 8 ) has been created which combines the advantages of different 
existing and well-proven equipments. The alternative separator concept, which is shown in figure 8, 
consists of the static stage of the SEPOL HR®  and the dynamic air swept separator SEPOL LM®. 
This combination is called SEPOL PC® (Polycom Classifier). The SEPOL LM® separator has been 
operating for more than 20 years in combination with air swept ball mills for raw material and coal 
grinding. It can also be considered very similar to a VRM separator. 

 

 

 

 

 

 

 

 

 

 

 
 
 
The extended drying capacity of the SEPOL PC separator increased the application range of the 
POLYCOM® to raw materials with higher moisture contents of up to 8 %, which would cover 80% of 
all projects over a period of 2 years. ( Fig. 9 )  

Figure 8: SEPOL HR® (left) and SEPOL PC separator (right)  



 

 

 

 

 

 

 

 

 

 
 
6. Comparison between POLYCOM® in finish grinding mode and vertical roller mill 
 
Compared with the standard machine for raw material grinding, the vertical roller mill the 
POLYCOM® shows a 10 – 15 % better grinding efficiency, which depending on the grindability of 
the raw material means an energy saving of up to 1.5 kWh/t only for grinding. 
The benefit is even higher in case of low raw material moisture as the gas flow of the fan can be 
optimized for the classiying process. Thus the gas flow and the differential pressure for the system are  
considerably reduced. Vertical roller mills always require a rather high minimum gas flow to carry the 
material within the mill housing towards the separator.  
For high grindabilities and moderate moisture contents of the raw materials energy savings in the 
range of 30% for the complete raw material grinding plant, corresponding to 4 – 5 kWh/t, are possible.  
For large capacities and higher moisture contents, especially in combination with moderate 
grindabilities the vertical roller mill remains an attractive solution. Furthermore the simple 
arrangement, as grinding , drying and separation take place in one compact unit, make the vertical 
roller mill further on attractive for many cement manufacturers. But in many cases it is worth to make 
a detailed comparison between the grinding systems. 
 
 
7. Summary and outlook 
 
High pressure grinding rolls (HPGR) in finish-grinding mode are the most efficient grinding systems 
for raw materials, especially in case of low to moderate moisture contents. Improvements and 
developments of the POLYCOM® as well as new separator technology have significantly increased 
the range of applications, the reliability and simplicity of the whole grinding plant..  
To increase the range of applications to higher raw material moistures an alternative separator was 
designed by combining  the advantages of existing and well-proven equipments. The new separator 
SEPOL PC®, consisting of a well proven static stage and the dynamic air swept separator SEPOL® 
LM., enhances the drying capabilities of the grinding system. 
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Figure 9: Feed moistures from projects over a period of 2 years  
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Abstract 
The porosity and pore size distribution of cementitious matrices significantly influence transport mechanisms 
while controlling both mechanical performance and durability. This investigation aims at assessing the 
interrelationship between reaction chemistry of geopolymer cements and liquid/gas permeability using a range 
of conventional analytical tools including high and low permeability measurements and image analyses of 
matrix pore distribution. The mean water permeability coefficient values (Kw) of steam-cured 40MPa 
geopolymer concrete specimens varied linearly with applied pressure reaching 1.52E-10m/s at 525kPa water 
pressure while gas permeability(k) reached 6.19E-17m2 at 300kPa gas pressure. Measured permeability values 
were up to two orders of magnitude higher than those obtained for reference ordinary Portland cement(OPC) 
samples. Permeability decreased for higher compressive strength concrete grades although only marginal 
differences in overall pore size distribution were observed between equivalent strength grade OPC and 
geopolymer matrices. The effect of dissolution-condensation reactions on interconnectivity of capillary pore 
network structures and related transport mechanisms are examined with reference to matrix densification 
processes associated with cement hydration reactions. It is further observed that controlled mesoporous 
structure and pore refinement of steam-cured GP matrices play a significant role in defining permeability and 
diffusion rates of geopolymer matrices.  
 
Originality 
The present work draws on permeability measurements of geopolymer concrete to assess implications on long–
term durability performance of this class of binders using equivalent grade OPC concrete as a reference 
system. The quantitative assessment of gas and water permeability of structural grade geopolymer concrete, 
reported in this study, presents valuable permeability data and explores relationships between permeability, 
concrete strength and cure conditions on fluid  transport through geopolymer concrete matrices. 
 
 
Chief contributions 
Increasing demand for alternative binder systems to conventional OPC binders has been dependent on the 
development of appropriate technical performance data including durability specification to gain market 
acceptance. To investigate aspects of geopolymer binder performance, conventional permeability measurement 
tools have been employed to examine basic durability parameters.   This approach provides insight into 
fundamental transport mechanisms governing Geopolymer binder system; a key requirement to develop 
durability codes for design and construction with geopolymer concrete.   
 
 
Keywords: Fly ash, geopolymer, permeability, durability, compressive strength  
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Introduction  
 
The degradation mechanisms associated with concrete structures are generally controlled by transport 
processes characteristic of the cementitious binder phase(Garboczi, 1990; Basheer et al, 2001). The 
key factors that govern matrix transport properties of the binder phase include matrix microscopic 
features as pore distribution and pore connectivity. The measurement of fluid transport parameters 
such as water permeability and gas diffusion(Figg, 1984; Kolias et al, 2005), has traditionally 
enabled effective assessment of durability and long-term engineering performance of ordinary 
Portland cement(OPC) concrete elements. While permeability tends to be more influenced by pore 
connectivity, the total volume of pores, particularly, the distribution of macropores sized greater than 
50nm, generally influence elastic properties and compressive strength(Bamforth, 1987). For real 
structures, the primary sources of deterioration of OPC concrete are generally due to the diffusion of 
chlorides and carbon dioxide leading to depassivation of steel reinforcement and, eventually, distress 
of structural members(Aligizaki, 2006; Figg,  1984). By comparison, the corresponding transport 
mechanisms for the family of geopolymer(GP) binder systems are now only beginning to emerge 
with recent investigations focussing on the effects of mix composition, microstructure and 
durability(Criado et al, 2005, Davidovits, 1994; Miranda, et al,  2005, Steveson and Sagoe-Crentsil, 
2005, Xu and van Deventer, 2000). In particular, the work of (Kriven et al, 2006) examined the pore 
network distribution of GP binders and observed that there exist several clusters of pore sizes and 
found them not too dissimilar to those characterising OPC systems.  

 
The inherent differences in matrix structure and chemical composition of OPC and geopolymer 
binder systems would suggest different transport mechanisms although existing test methods to 
assess permeability of Portland cement concretes may be deemed applicable to GP binders(Verbeck, 
1982). To date, only limited data exists on transport mechanisms of GP binder systems(Wongpa et al, 
2010). The implications of long-term performance of GP concrete in relation to gas and water 
permeability, durability and overall structural performance are also yet to be fully addressed. Thus, 
this paper investigates inter-relationships between strength and permeability of geopolymer concrete 
by examining the effects of cure condition on concrete permeability and the mechanisms that control 
overall transport processes in GP concrete systems.  
 
Experimental 
 
Table 1 shows chemical composition of ASTM Type I ordinary Portland cement used for reference 
concrete mixtures and Class F fly ash used for the Geopolymer (GP) mixtures. Table 2 provides 
concrete mix proportions of the concrete formulations and measured fresh concrete properties. The 
reference OPC and GP1 concrete mixes were designed to achieve target 28day strength of 40MPa; 
with the geopolymer GP2-mix designed to achieve 28day compressive strength of 70MPa   
 
Table 1. Chemical analysis of OPC and Fly ash 
 

Oxide OPC 
(wt %) 

Fly Ash  
(wt %) 

SiO2 20.2 47.19 
Al2O3 4.16 29.79 
Fe2O3 5.30 13.93 
CaO 64.8 3.29 
MgO 1.29 1.38 
Na2O 0.22 0.24 
K2O 0.42 0.49 
TiO2 - 1.77 
SO3 2.67 0.13 
LOI 1.34 1.3 

 
 
 
 
 
 
 
 
 
 
 



The reference OPC concrete samples were prepared in a similar fashion as GP concrete and moulded 
according to standard requirements for compressive strength measurements. After casting, GP 
samples were either initially cured in the laboratory for 24hrs i.e., ambient-cured samples or placed in 
the steam curing chamber at 65OC for 6hrs. Thereafter, all samples, including ambient cured 
specimens were stored at 23 OC and 100% RH. until required for testing. Standard concretes 
cylinders of 100x200mm diameter were used for compressive strength measurements.  
 
Table 2. Concrete mix proportions 

Material OPC Concrete 
(Kg/m3) 

GP1 concrete 
(Kg/m3) 

GP2 concrete 
(Kg/m3) 

Fly ash - 269 470 
Ordinary Portland Cement  346.0 - - 
Coarse aggregates (9mm) 1112.4 1163 970 
Silicate Solution/NaOH - 148 247 
Dry Sand 753 784 640 
Water  186.2 27 11 
Mix Temp. (OC) 15.7 25.5 28 
Flow (mm) - 260.0 360 
Slump (mm) 120.0 160.0 - 
Wet density (kg/m3) 2381 2430 2485 

 
Concrete cylinders for compression testing were tested in accordance with AS 1012.9(1999)-
Standard Test Method for Compressive Strength of Cylindrical Concrete Specimen. Specimens were 
capped using conventional sulphur capping method in accordance with the Australian Standard AS 
1012.9 (1999) for concrete compressive strength tests at 1, 3, 7 and 28  days. Tests were performed in 
a 2500 kN ELE Universal testing machine.   
 
The coefficient of water permeability (Kw) was determined by measuring the amount of water 
passing through the specimen and calculated using Darcy’s law (Khatri et al, 1997). The test 
determines rate of water absorption through the concrete surface. The experimental setup for the 
capillary absorption test is shown in Fig 1 for high water pressure testing. Prior to conducting 
permeability testing, 50mm sliced disc samples were cut from the concrete cylinders, and embedded 
in 25 mm thick epoxy resin to enable water-tight fit within the permeability cell. Test specimens 
were then loaded into the water pressure cell and a fixed 525kPa pressure head applied throughout 
the duration of the test.  Measurement on the manometer was initiated after a constant flow rate was 
observed. Only sectioned samples from the middle of cylinders were used in permeability 
measurements.  Table 3 provides test parameters used for permeability measurements. The 
permeability value was calculated from the sample geometry, fluid characteristics, measurement of 
flow rate and the applied pressure by standard methods based on Darcy’s equation as shown in 
Equation 1 for steady state conditions:  
  
            (1) 

hA
QLKw 


 
where:  
KW  = Permeability Coefficient  
Q = Flow rate (m3/s) 
L = Thickness of concrete sample (m) 
A = Cross-sectional area of concrete sample (m2) 
P = Absolute water pressure (Pa) 
Δh = pressure head (m). 



 
 
Fig. 1.  High Pressure testing cell 
 
 
Table 3.  Test parameters used for permeability measurements 

Parameter    Value  
Sample Thickness( L)   0.05m 
Sample X-sectional area (A)   0.00785398m2 
Pressure head (P)   5.00E+05Pa 
Viscosity (υ)   1.00E-03Pa/s 
P/Δh   9.80E+03Pa/m  

 
 
 Results and Discussion  
 
The mean compressive strength development of ambient and steam-cured OPC and GP concretes are 
shown in Table 4. The results of Table 4 show that steam-cured GP1 and OPC samples varied 
slightly from the target strengths of 40MPa at 28days. It is also observable, that the strength 
development under the two curing conditions, i.e. ambient and heat-cured concretes, up to 28days 
generally showed different strength development trends. A relatively rapid early age strength 
development was observed for ambient-cured OPC specimens compared to GP concrete. For fly ash 
GP concrete, it is expected that the rate of early strength increase can also be dependent on ambient 
temperature, with higher ambient curing temperatures resulting in marginally higher early 
compressive strength gains.  
 
The observed post–heat cured compressive strength gain of GP1 concrete was minimal compared to 
OPC concrete. The heat-cured OPC specimens typically show greater strength development, 
achieving nearly 40% increase between 1 day and 28-days during fog-room storage. However, only a 
corresponding marginal increase in compressive strength of less than 5% is observed between one 
day and 28 days for the heat-cured GP samples. The relative modest strength increase occurring 
between 7d and 28d for GP concretes, being typical for this class of materials, suggests that 
significant initial polymerization reaction occurs during the heat curing stage compared to equivalent 
hydration reactions characteristic of OPC systems. 
 
 
 
 
 
 
 



 
Table 4.  Compressive strength development of ambient cured OPC and GP concretes 

Cure Duration  GP1 Steam-
cure  
(MPa) 

GP1 
Ambient-
cure (MPa) 

GP2 Steam-
cure 
(MPa) 

OPC Steam-
cure (MPa) 

OPC 
Ambient- 
cure (MPa) 

1day 42.3 - 63.3 22.5 9.1 
3day - 2.0 - - - 
7day 42,3 7.2 66.7 28.0 35.4 
28day  44.0 35.5 70.3 38.1 43.7 

 
Figure 2(a, b) show optical micrographs of 28day-GP1 samples used for image analysis of matrix pore 
distribution.  The relatively dense microstructures suggest possible good mechanical properties, partly 
attributable to the near-complete gelling characteristics of traditional silica geopolymer systems during 
heat-curing. The mean pore diameter of 5.78mm for GP1 samples remain similar to the equivalent 
value of 5.76mm for the reference OPC value shown in Fig 2(a,b).  The pore coverage of the two 
systems however differs with the GP registering 8.85% coverage compared to 8.43% value for OPC. 
The impact of the difference in pore coverage on fluid transport mechanisms is however not 
immediately obvious.  It must be noted that, although the macropore distribution of the GP and OPC 
samples is relatively similar, fluid transport through the matrix may occur through capillary pores.  
 
There is also some contribution to transport of liquids and gases arising from connected 
microscopic/gel pores. However, in real structural systems the influence of cracks on transport 
mechanisms and, eventually, on system durability performance can become very significant depending 
on the nature and type of crack distribution.   

 
 

  
    (a)     (b) 

Fig 2:  Optical micrograph (a) GP1 concrete registering 8.85% coverage of pores; mean pore diameter of 
5.78mm(b) OPC concrete registering 8.43% coverage of pores; mean pore diameter of 5.76mm 

 

Plots for steady state flow rates measured during water permeability tests for steam-cured OPC and 
GP1 concretes at 28 days are shown respectively Figs 3, a and b. The permeability results show 
significant differences between GP1 and OPC concretes. From Table 5, OPC concretes show reduced 
permeability values of nearly an order of magnitude for steam-cured samples and about two orders of 
magnitude for ambient-cured samples compared to the equivalent GP1 concrete. By comparison 
negligible corresponding difference was recorded for air permeability measurements with 
corresponding values of GP1 and OPC samples determined to be, 6.19E-17m2 and 6.32E-17m2 
respectively.   
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   (a)`      (b) 
Fig 3.  Water permeability flow rate measurement plot for 28day-steam cured samples (a) OPC and (b) GP1  
 
The transport of fluids through concrete generally occurs via networks of continuous capillary and 
micropores which exist in the concrete’s cementitious matrix, as well as the porosity that exist in the 
interfacial regions with the aggregate (Merchand et al, 1997; Verbeck, 1982). The mechanism of 
transport through the pore system can be by any combination of diffusion, permeation, capillary 
action and absorption processes(Garboczi, 1992). 
 
The measured permeability of concrete may, however, be influenced by two primary factors, i.e. 
porosity and interconnectivity of pores in the binder phase or micro-cracks in concrete, especially at 
the paste/aggregate interface. For OPC concrete, the porosity and interconnectivity are controlled for 
most part by the w/c ratio, degree of hydration, and the degree of compaction. Effectively, the 
mechanism of fluid transport in geopolymer concrete appears to be partly dictated by an inherent 
mesoporous capillary pore network structure which is dependent on mode of concrete curing. It is 
conceivable that steam-cured GP concrete could be characterised by a refined pore structure resulting 
from moisture expelled from the plastic matrix during the heat curing process; this moisture is a by-
product of the polymerization reaction. The slower polymerization stage of ambient–cured systems 
will have a far less drastic effect on pore refinement and, hence, transport properties as evidenced by 
measured permeability data.  
 
 
Table 5. Mean water permeability coefficient values for OPC and GP concretes at 28days  

Mix ID Steam-cure Ambient-cure  
 Permeability(Kw m/s) Permeability(Kw m/s) 
GP1 concrete at 28d 1.52E-10 7.21E-10 
GP2 concrete at 28d 1.67E-11 3.17E-11 
OPC concrete at 28d 1.73E-11 8.67E-12 

 
For OPC systems, the use of different supplementary cementitious binders such as fly ash and blast 
furnace slag can also influence the rates of concrete carbonation, and ultimately structural 
integrity(Verbeck, 1958; Merchand et al, 1997). Thus, the mechanisms of deterioration can be very 
complex, since in addition to the transported fluid, variables such as the nature and type of reaction 
products, degree of polymerization, system chemistry, humidity differentials, temperature and other 
secondary factors all contribute to concrete deterioration for both GP and OPC systems.  In the case 
of chloride diffusion, a threshold capacity of free Cl ions is required to initiate corrosion, depending 
on the alkaline pore solution chemistry and prevalence of certain aluminate species of the cement 
matrix amongst other factors (Nilsson et al, 1996). The corresponding risk factors associated with GP 
binder systems though likely to be similar to OPC systems, remain largely unclear.  
 
 
 
 



Conclusions 
1 For the purpose of analysing durability performance, both high pressure water and gas 

permeability testing of fly-ash based geopolymer concretes have been assessed for samples cured 
under ambient and steam exposure conditions at 65OC.  

2 The observed mean permeability coefficient values for gas(k) and water(Kw) of structural grade 
concrete was respectively 6.19E-17m2 at 300kPa gas pressure and 1.52E-10m/s at 525kPa water 
pressure.  

3 The gas permeability values of reference OPC systems were comparable to geopolymer concrete 
but the corresponding water permeability coefficient data for geopolymer systems were typically 
ten-fold higher.  

4 The mechanism of fluid transport in geopolymer concrete appears to be dictated by an inherent 
mesoporous capillary pore network structure which is dependent on mode of concrete curing  
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Abstract 
 
Deepwater well cementing is characterized by three major challenges: (a) when being pumped downhole, the 
cement slurry is exposed to an abnormal temperature profile which includes a cooling cycle to ~ 0 °C in the 
subsea riser followed by subsequent heating to ~ 150 °C once the slurry enters the rock formations below the 
seabed; (b) cementing of the top hole section where shallow water flows are common with a special foamed 
cement; and (c) cementing of deep reservoirs (up to ~ 8,000 m) exhibiting extremely high pressures (up to 
1,750 bar). The technologies currently available to successfully cement casing into those wells are described. 

Next, details on the failed cement job performed in the lowest section of the borehole of BP’s Macondo #1 well 
in the U.S. Gulf of Mexico will be presented. This failure is generally thought to present the root cause for the 
accident. Documents released by BP, Halliburton and Transocean indicate that in the cemented interval 
ranging from 17,821 to 18,360 ft (5,432 to 5,596 m), the casing was not centralized sufficiently in the borehole 
as would be best practice. A computer simulation performed by Halliburton prior to pumping cement predicted 
a severe gas flow potential under those circumstances. Because of poor displacement efficiency of the spacer as 
a result of non-centralized casing, it is assumed that pockets of synthetic oil based mud (internal olefin ester) 
were left behind the casing and contaminated the 14.17 ppg (~ 1.68 kg/L) foamed cement which collapsed by the 
defoaming effect of the oil based mud. Based upon this effect, large portions of the reservoir strata were not 
cemented, allowing oil and gas to flow at ~ 900 bar pressure into the borehole. Another factor was 
overretardation of the cement slurry which exhibited a thickening time of > 10 hours and developed no 
compressive strength even after 24 hrs. This and a premature exchange of the heavy oil-based mud (density 
~ 2.0 kg/L) against seawater (density ~ 1.02 kg/L) allowed the gas to migrate through still plastic cement and 
ascend to the surface where the blow-out preventer (B.O.P.) failed. Unfortunately, the rig crew from BP and 
Transocean ignored several clear indications of pressure build-up in the well borehole prior to the blow-out. 
 
To prevent such disaster in the future, it is essential to focus more on the sealing performance of cement pumped 
behind the casing. Also, cementing systems with much enhanced robustness against contaminants need to be 
developed.  
 
Originality: The principle technologies, current practices and cements as well as chemical admixtures used on 
deepwater wells will be presented. 
 
Chief contribution: First, the state of art on deepwater well cementing technology will be described. Second, 
the chain of events leading to BP’s fatal blow-out on its Mississippi Canyon block 252 Macondo #1 well is 
presented. 
 
Keywords: Deepwater well cementing, oil well cementing, foamed cement, admixture, retarder 
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1 Introduction 

On April 20, 2010, at 8:52 p.m., BP’s Macondo #1 well in the U.S. Gulf of Mexico encountered a 
severe gas kick followed by an explosion, killing 11 rig crew members and injuring 17 others. Finally, 
on April 22, the Deepwater Horizon drilling rig sank, causing an unprecedented and catastrophic oil 
spill to the U.S. Gulf of Mexico. 

The spill has caused extensive damage to marine and wildlife habitats, as well as the Gulf’s fishing 
and tourism industries. As soon as the disastrous consequences of the accident became evident, the 
question arose: Why did this happen? In June 2010, a group of oil well cementing experts including 
the author met in Houston/ TX to analyze documents on the accident released by the U.S. Congress 
(Waxman, 2010 / Snow, 2010). From the reports and data provided by BP, Transocean and 
Halliburton the expert group concluded that the key factor for the catastrophe was a failed cement job 
in the interval across the oil and gas reservoir at a depth of ~ 5,500 m. 

In this paper, at first technological challenges involved in the cementing of deepwater wells will be 
presented. Thereafter, specific information on the fatal cement job which ultimately led to this 
disastrous oil spill will be given. The data allowed to reconstruct the chain of events on BP’s 
Macondo well and to point to the root cause for the accident. 
 
 
2 Technological challenges of deep water wells 

Wells drilled in water depths greater than 400 m are generally designated as deepwater wells. They 
are particularly demanding from the point of technology (Cunha et al., 2010). Starting in the mid 
1980s, Petrobras, a Brazilian oil company, pioneered deepwater drilling technology and discovered 
huge oil fields in the Campos and Santos basins off the coast of Brazil. Attracted by this success, in 
the 1990s, U.S. oil companies also stared to drill deepwater wells in the Gulf of Mexico and off the 
coast of Angola and Nigeria. British Petroleum (BP) joined this rush relatively late, but with much 
vigor. In the past five years only, BP drilled no less than 36 deepwater wells in the Gulf of Mexico, 
which made it the most active and successful of all major oil companies drilling there. Still today, 
Petrobras is the technology leader in the field of deepwater drilling. 

Generally speaking, the cementing of deepwater wells is much more demanding than that of 
conventional oil and gas wells. The specific challenges derive from three distinct conditions which are 
as follows: 
 

2.1 Temperature profile: When freshly mixed cement slurry is pumped down from the drilling rig to 
the sea bottom, rapid cooling takes place. At a water depth of 3000 m, a temperature of - 4 °C has 
been recorded for the sea water. Thus, at first the cement slurry which initially exhibits a temperature 
of ~ 35 to 45 °C is cooled to ~ 0 °C. Accordingly, cement hydration is severely impeded and almost 
frozen. This effect subsides once the slurry enters the sea bed. On its way to the bottom of the well, it 
is heated up and reaches a bottom hole circulating temperature which typically lies in excess of 
100 °C (see Figure 1, left). Those extreme temperature cycles which are hard to simulate in the lab 
cause abnormal set behavior of the cement and considerably influence the pumping time (period 
during which the cement slurry remains liquid and pumpable). 
 

2.2 Shallow water flow: Many deepwater wells are drilled in estuaries of big rivers like the Amazon, 
the Mississippi, or the Niger. However, at distances of over 100 km, massive volumes of water from 
those rivers still flow below the seabed through very porous, poorly consolidated sediments (see 
Figure 1, right). Only the development of special foamed cements made it possible to cement those 
sections successfully. There, betains (e.g. decyl amidopropyl betain) are used as foaming agents to 
produce foam cements (density 1.1 to 1.3 kg/L) which possess low permeability against water and still 
develop sufficient compressive strength. 



2.3 High reservoir pressure: Deepwater wells often encounter extreme reservoir pressures of up to 
1.750 bar (Olsen, 2010). Therefore, special equipment such as extra thick casing or high performance 
blow out preventers is required. Also, the density of the cement slurry needs to be high enough to 
exceed this reservoir pressure. On BP’s Macondo well, for example, the reservoir pressure was 
900 bar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Left: schematic illustration explaining the principle of cementing an oil well by pumping spacer and 
cement first downhole to the bottom of the well and then upwards into the annulus; right: principle of ‘shallow 

water flow’ occurring on deepwater wells 

 
In spite of those challenges and the exorbitant cost involved in drilling deepwater wells, the oil 
industry ventured on to explore the deep ocean to find new oil and gas fields, as success rates on land 
wells are declining steadily. 
 
 
3. History of BP’s Macondo #1 well 

On October 7, 2009, under the operatorship of BP, a consortium consisting of BP (65 %), Anadarko 
Petroleum (25 %) and Mitsui (10 %) spudded the Macondo #1 well located in Mississippi Canyon 
block 252. Initially, the well was designed as an exploration well, to confirm the presence of oil or gas 
at a depth of ~ 5,500 m, as was indicated by seismic data. It was estimated to take a total of 51 days at 
a budget of $ 96 million. However, on November 9, 2009, the drilling platform Marianas, positioned 
in ~ 1,500 m of water, was severely damaged by Hurricane ‘Ida’ and was towed away for repair. On 
March 8, 2010, it was replaced by the much more expensive Deepwater Horizon drilling rig from 
Transocean. This delay, coupled with the replacement cost, resulted in a cost overrun of 
~ $ 30 million. On April 20, 2010, the day of the accident, this well was 43 days behind schedule. 
Consequently, the rig crew tried to make up for this delay and to finish the well as soon as possible. 

A few days before the incident, a prolific oil and gas reservoir was found in the interval between 
5,512 and 5,528 m. To compensate for the time lost, BP decided to convert the exploration well into a 
production well by cementing into the well a continuous riser (commonly known as ‘long string’) 
which extends from the production zone to the sea bed, allowing to produce oil immediately (see 
Figure 2). Such approach, however, bears a substantial risk as the ‘long string’ is cemented only in 
the deepest section of the well. From there, oil or gas can immediately ascend to the surface if the 
cement seal fails. In such situation, the blow out preventer presents the only barrier to prevent a 
catastrophic spill of oil or gas. U.S. Congress documents showed that prior to the Macondo well, BP 



already had cemented six deepwater wells in the Gulf of Mexico using ‘long strings’. In contrast to 
this, operators such as Shell or ConocoPhillips hardly employed this method. Instead, they used the 
conventional method of cementing liner and tieback which provides at least four barriers against a 
blow out (Schmidt, 2010). 

Additionally, the method of cementing casing only partially (as is apparent from Figure 2), thus 
leaving large sections of the borehole unsealed against the formation, is common in the U.S. Gulf of 
Mexico and is routinely approved by the authority ‘Minerals Management Service’ (MMS). This 
practice allows free passage of reservoir fluids to the seal which on BP’s well consisted of burst discs 
only. Because of the potential risks involved, the method of partial cementing is prohibited in most 
other areas of the world (Shadizadeh, 2010). 
 

 
Figure 2: Wellbore and casing design on BP’s Macondo #1 deepwater well (Waxman, 2010) 

 
 
4 Cementing of BP’s Macondo #1 well 

4.1 Application of foamed cement: For the deep section of the well, BP decided to use a foamed 
cement slurry possessing a density of ~ 1.68 kg/L, which was only slightly above the reservoir 
pressure. This foamed cement was prepared by foaming a pre-mixed cement slurry (density 
2.00 kg/L) with nitrogen gas under addition of a betain-based surfactant. No foam stabilizer was used. 
The reason behind the use of foamed cement was the presence of low pressure formations (so called 
‘loss zones’) directly above and below the production zone at ~ 5,500 m. Normally, for cementing 
zones possessing different reservoir pressures, a cement slurry with a density matching the highest 
formation pressure is selected. Potential losses of cement slurry occurring in the low pressure zones 



are then repaired by so-called ‘squeeze cementing’. On the Macondo well, BP was hopeful to avoid 
costly squeeze cementing by selecting a foamed slurry with low density which had less potential to be 
lost to low pressure zones. The downside of this concept was that it provided only a marginal 
overburden pressure against the hydrocarbon reservoir. 
 

4.2 Contamination of foamed cement with drilling mud: The Macondo well used a synthetic oil-
based drilling fluid (internal olefin ester) which is known for its strong defoaming properties. This oil 
mud was in the borehole prior to pumping cement. To prevent contamination of the cement slurry 
with drilling fluid, it is common to pump a so-called spacer fluid (here: Tuned Spacer from 
Halliburton) ahead of the cement. However, spacers effectively displace the drilling fluid only if the 
casing is situated concentrically in the borehole. Otherwise, the spacer can rise faster in the narrower 
annulus than in the wider one. Different flow rates can result in caverns where drilling mud is left 
behind the casing (see Figure 3). For this reason, casing centralization is a key factor to achieve a 
successful cement job. 
 

 
Figure 3: Schematic illustration of ‘spacer channeling’ occuring in a wellbore with non-centralized casing 

 
Therefore, it is common practice to install centralizers (see Figure 4) at regular intervals along the 
casing prior to pumping spacer and cement. On the Macondo well, to cement the ‘long string’ BP 
planned to use only six centralizers along a total length of 150 m. This concept was much questioned 
by the representative of the cementing company, Halliburton. Through computer-based simulation of 
the displacement ability of the spacer, the Halliburton engineer concluded that considering this poorly 
centered casing, contamination of cement with oil mud is very likely to occur. His report sent to BP 
on April 15, 2010 summarized his assessment as follows (quote): „Based on analysis of the above 
outlined conditions, this well is considered to have a SEVERE gas flow problem“. 
 

 
Figure 4: Common centralizers used for oil well cementing (source: Halliburton Services) 



Further simulations revealed that a total of 21 centralizers was required to reduce the risk of 
contamination. Consequently, BP Houston organized 15 additional centralizers to be sent by 
helicopter to the rig. This effort was however stopped by BP’s Well Team Leader on the basis that 
installation of 15 more centralizers would cost another 10 hours. In his opinion, they could not afford 
such a delay. On top, he generally questioned the validity of computer-based simulations on the 
effectiveness of spacers (Waxman 2010).  

 

Obviously, decision makers at BP underestimated the risks involved in cementing non-centralized 
casing with this kind of oil mud behind the casing. Computer-based simulations on the displacement 
efficiency of spacers are generally accepted and performed routinely. Experts know that some 
synthetic oil-based muds such as the one used here possess strong defoaming properties. 
Consequently, when using a foamed cement on this well, it should have been clear from the beginning 
that proper centralization of the casing is a key to obtain a successful cement job. On top, the US 
MMS bureau approved BP’s risky cementing procedure on the same day not asking any questions. 
Apparently, they also overlooked that BP’s plan did not comply with MMS rule 250.421 which 
requires a minimum of 150 m of cement to be placed above the reservoir. Obviously, on the Macondo 
well not only BP, but also the supervising authority have failed to assess the risks properly. 

It is believed that massive contamination of the foamed cement by the oil mud has occurred. The 
foamed cement collapsed and produced caverns which allowed oil and gas from the reservoir to flow 
into the borehole - the beginning of the disaster. 
 

4.3 Over-retardation of the cement slurry: In well cementing, by using highly effective retarders, the 
pumping time of the cement slurry is adjusted to allow for four to six hours (Nelson, 2006 / Smith, 
1990). As retarders, soluble salts of α-hydroxycarboxylic acids, lignosulfonates or synthetic polymers 
are being used (Bensted, 1991). They function according to three different mechanisms: First, 
retardation is achieved because Ca2+ is chelated and kept in solution and thus is unavailable for the 
formation of cement hydrates. Second, precipitates of insoluble calcium salts from the retarder 
deposited on the binder surface from a barrer which binders the access of water to the binder. Third, 
retarder molecules may physically adsorb onto the surfaces of initially formed hydrates muclei, and 
thus poison their further growth (Bishop 2009). Here, SCR-100® retarder, a copolymer of acrylamido-
tert.-butylsulfonic acid and acrylic acid, in combination with CFR-3® dispersant, an acetone-
formaldehyde-sulfite polycondensate, was used. According to documents presented by Transocean, 
the cement slurry exhibited a thickening time of over 10 hours. Lab reports from Halliburton show 
that, even after 24 hours curing time, negligible compressive strength was observed. This data 
suggests that the cement slurry was strongly overretarded. Thus, it remained fluid even several hours 
after placement in the borehole. 

This observation is very important because the Transocean drilling crew started to exchange the heavy 
oil mud (density ~ 2,00 kg/L) against normal seawater (density ~ 1.02 kg/L) barely 10 hours after 
pumping cement. Consequently, the hydrostatic overburden pressure which pushes the oil and gas into 
the reservoir was decreased to an extent that the hydrocarbons were allowed to flow into the borehole, 
to migrate through still liquid cement slurry and finally ascend inside the ‘long string’ to the wellhead. 
 

4.4 Malfunction of the Blow Out Preventer (B.O.P.): Generally, all oil and gas wells possess a safety 
seal to prevent uncontrolled emission of oil or gas. BP used a B.O.P. model which in the event of an 
outbreak required manual activation by crew members of Transocean. After the explosion, this proved 
to be quite difficult. Moreover, the batteries of the B.O.P. were not properly maintained and did not 
provide enough power for the locker mechanism. Also, the B.O.P. had been damaged in a previous 
operation and never could have sealed the well 100%. Since a B.O.P. is the most important safety 
equipment on a well, this negligence is highly risky. Here, the B.O.P. presented the only barrier for 



the oil and gas once it had penetrated through the cement. The failure of the B.O.P. allowed oil and 
gas to flow uncontrolled into the sea, with dramatic consequences for the environment. At the end of 
July only, the oil spill was contained, and in August the blow-out was ended via a ‘static kill’ 
operation which was finally completed by a ‘bottom kill’ procedure. Since then, the well is sealed 
durably. 
4.5 Cement Bond Log (CBL): After the incident, BP was strongly accused of negligence in 
confirming that the annular space behind the casing has been completely filled with cement. This 
allegation was made on the premise that early detection of an incomplete cementation and possible 
leakage would have made it possible to repair those zones by ‘squeeze cementing’, thus preventing 
the accident. 

This accusation is, however, not justified. At the earliest, CBL measurements can be performed 
48 hours after pumping cement. This time period is necessary for the cement slurry to reach sufficient 
compressive strength and density, respectively. However, the incident took place ~ 20 hours after 
pumping the cement, thus making a CBL measurement impossible. 
 
 
5 Conclusions 

Apparently, the BP incident can be ascribed to a lack in technical competence, risky procedures, and 
malfunction of the equipment. A key role played the failed cement job performed in the deepest 
section of the well. Experts agree that foamed cement should never have been used on this section of 
the well. Furthermore, extensive overretardation of the cement slurry, obviously due to conflicting 
data on the actual bottom hole temperature (BP: 129 °C, Halliburton: 99 °C – a significant 
difference!) was another crucial factor. Finally, to cut operational time, the crew replaced the drilling 
fluid too early with seawater which cleared the way for hydrocarbons to reach the wellhead and 
ultimately blow out because the safety seal failed. 

There are many lessons to be learnt from this incident. First and foremost, it is essential to focus more 
on the sealing performance of cement placed behind the casing. For this purpose, cementing systems 
with much improved robustness against contaminats such as oil mud components need to be 
developed. Secondly, risk management has to become top priority. The public will only accept 
offshore drilling if oil companies convincingly demonstrate that they fulfill their responsibility 
towards both rig crews and the environment. 
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Abstract 
Portland cement is a major component of the engineered barrier system in proposed repositories for low and 
intermediate-level radioactive waste. C-S-H gel, which constitutes at least 60% of the fully hydrated Portland cement 
paste, controls the durability and barrier properties of cement. Although the C-S-H solubility has been studied, its 
dissolution kinetics is currently unknown. 
 
In the present communication kinetic data on C-S-H dissolution are presented. In order to obtain C-S-H gel dissolution 
rates and determine the evolution of Ca/Si ratio in solution and in the solid, flow-through experiments with C-S-H 
powder (< 25 µm) were performed in parallel and stopped at different times, at room temperature and CO2-free N2 
atmosphere. Ca and Si concentrations and pH were monitored during the experiments. The initial Ca/Si ratio of the C-
S-H gel was measured by EM to be 1.65. 
   
The evolution of pH and Ca and Si concentrations in the experiments showed three distinct dissolution stages: (1) Ca 
concentration was much larger than Si at the start of the experiments, indicating preferential dissolution of portlandite 
(Ca(OH)2) and slow, close-to-equilibrium dissolution of the C-S-H gel. The initial Ca/Si ratio in solution was much 
larger than in the solid; (2) as the portlandite content diminished, a gradual decrease in Ca and increase in Si was 
observed, indicating an increase in C-S-H gel dissolution. The aqueous Ca/Si ratio decreased to values below 10 at the 
same time that the Ca/Si ratio in the solid decreased during dissolution. pH also decreased. (3) Concentrations of Ca 
and Si and pH (≈10) reached steady state. At th is stage, the Ca/Si ratio in the solid and in the aqueous phase tended to 
a constant value of about 0.9, suggesting that (i) the C-S-H gel was the main dissolving phase and (ii) the dissolution 
reaction was stoichiometric with respect to a phase with a Ca/Si ratio similar to that of tobermorite. Steady-state 
dissolution rates of the C-S-H gel normalized to the final BET specific surface area ranged from 10-11 to 10-10 mol m-2 s-

1. 
 
Originality 
The innovation of this work is based on the obtainment of the C-S-H gel dissolution rates by means of flow-through 
experiments. Experimental data shown in previous studies were obtained using leaching experiments (closed systems). 
In contrast, the present study reports kinetic data obtained in an open system that allows fully kinetic control of the 
parameters being derived.  
 
Chief contributions 
A main contribution is the obtainment of the C-S-H gel dissolution rates under established solution saturation states.  
 
Keywords: C-S-H gel, dissolution kinetics, cement durability. 
 



Introduction 
 
Hydrated Portland cement is one of the fundamental materials for the storage of radioactive waste 
because of its high-quality performance in many environments and its known chemical barrier 
behaviour. In first place, the pH about 13 of the solution which fills the pores limits the solubility of 
many radionuclides (Olson et al., 1997; Harris et al., 2002). Also, this porous material has a high 
surface area for the sorption of these radionuclides (Harris et al., 2002; Sugiyama, 2008). However, 
cement paste may be attacked by water with a low mineral content and neutral pH (Faucon and 
Adenot, 1998). A combination of transport effects and chemical reactions promotes the destruction of 
the microstructure of the material, mainly the dissolution of portlandite and calcium silicate hydrate 
(C-S-H gel). C-S-H gel, which constitutes at least 60% of the fully hydrated cement paste, is the main 
phase responsible for the durability and barrier properties of cement. Although the solubility of C-S-H 
is fairly well known (e.g. Kulik and Kersten, 2001; Carey and Lichtner, 2006), dissolution rates are not 
known. The dissolution kinetics of the C-S-H gel may be a key parameter for mortar and concrete 
performance in cases where water flows by advection through the structures (fast solute transport).   
 
 
Experimental methodology 
Synthesis of C3S 
 
C3S was prepared by firing a stoichiometric mixture of reagent-grade CaCO3 and high-purity silica gel. 
The mixture was decarbonised for two hours at 950 ºC. Afterwards, the mixture was heated three times 
at 1350ºC. Before the second and third heating, samples were quickly cooled down to room 
temperature in a water bath avoiding hydration, ground into powder and pressed into discs to enhance 
homogeneity. Finally, the final product was ground and ultrasonically agitated to disagglomerate the 
particles. The particle size distrubution was determined by laser granulomety using isopropanol as 
dispersant. The resulting particle size was < 10 µm and the main particle size population was around 6 
µm. XRD patterns and quantitative Rietveld analysis showed that the initial sample consisted mainly 
of C3S (~ 97 % wt). The quantity of residual lime was ~ 0.9 %. 
 
 
Hydration of C3S 
 
A 28-day hydrated C3S paste was prepared with a water-to-solid ratio of 0.5 at room temperature. 
Progress of hydration was examined by X-ray diffraction (XRD) and quantified by Rietveld analysis. 
The sample hydrated for 28 days showed the presence of 50% C3S still remaining. To prevent 
hydration, samples were placed in isopropanol and then ground to a particle size < 245 µm. All 
operations were performed inside a glove box filled with N2 gas to prevent carbonation. 
Elemental analyses of the 28-day hydrated C3S paste performed on multiple points using an Electron 
Microprobe (EM) equipped with a SX-50 camera and under an accelerating voltage of 20kV and a 
beam current of 15nA showed partial hydration of the sample. The C-S-H gel phase showed a Ca/Si 
ratio of 1.65. 
The initial and final specific surface areas of the samples were determined by the BET method using 
5-point N2 adsorption isotherms with a Micromeritics ASAP 2000 surface area analyzer. The initial 
and final specific surface areas were 7.7 ± 0.8 m2 g-1 and 80 ± 9 m2 g-1, respectively.  
 
 
Experimental setup 
 

Flow-through experiments were conducted using flow-through reactors (∼35 mL in volume) at room 
temperature (22 ± 2˚C). The reaction cells were composed of two chambers separated by a fine (5µm) 
nylon mesh, on which C-S-H gel powder was placed. Milli-Q water was used as input solution. The 
experiments were carried out at two different flow rates (0.012 and 0.036 mL min-1) controlled by a 



peristaltic pump. The initial mass of of reacting solid was 1.5 or 3.0 g. Most of the experiments lasted 
longer than 1600h. 
The peristaltic pump, input solution and flow-through cells were enclosed in a glove box under CO2-
free N2 atmosphere together with an open bottle containing a 0.1 M NaOH CO2 trap solution to avoid 
carbonation. The CO2 concentration inside the box was measured indirectly by an O2 detector. O2 
levels within the glove box were between 0.1 and 0.4%. 
The experiments were stopped after steady state was attained, i.e. when differences in the 
concentrations in output solutions were within ± 15% in consecutive leachate samples. Also, some 
flow-through experiments were carried out using the same amount of mass and flow rate but during 
different times to evaluate the changes in the Ca/Si ratio during the dissolution of the C-S-H gel.  
During the experiments, output Ca and Si concentrations and pH were monitored. Ca and Si 
concentrations were analyzed by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES, Thermo Jarrel-Ash with CID detector and Perkin Elmer Optima 3200RL). The uncertainty in 
ICP-AES measurements was better than 3%. Detection limits for Ca and Si were 0.05 and 0.1 ppm, 
respectively. Initial and output solution pH was measured at 25ºC using a Thermo Orion Ag/AgCl 
electrode. pH calibration was made with standard 4, 7 and 9.21 buffer solutions. The reported accuracy 
is ± 0.02 pH units. 
After the experiment, the cells were dismantled and the reacted samples were retrieved, rinsed with 
isopropanol, dried at room temperature under N2-atmosphere and stored in closed vials until 
examination by XRD, SEM, EM and BET. 
 
 
Calculations 
  
The incongruent dissolution of C-S-H gel may be described as: 
 
[xCaO·SiO2·yH2O](solid)→ [(x-a)CaO·(1-b)SiO2·(y-a)H2O](solid) + aCa(OH)2(aq)+ bSiO2(aq) 
 
where Ca(OH)2(aq) and SiO2(aq) in fact represent a range of possible dissolved species (Harris et al., 
2002). 
In the flow-through experiments, once steady state was attained, the C-S-H dissolution rate, R (mol m-

2 s-1), was calculated from the release of Ca and Si according to the expression 
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where Cj,inp and Cj,out are the concentrations of component j (Ca or Si) in the input and the output 
solutions, respectively (mol m-3), νj is the stoichiometry coefficient of j in the dissolution reaction, A is 
the surface area (m2) and q is the fluid volumetric flow through the system (m3 s-1). The error in the 
calculated rate (∆R) is estimated using the Gaussian error propagation method as is described in Cama 
et al. (2002). 
 
The degree of saturation of the solution with respect to the C-S-H gel was calculated in terms of the 
Gibbs energy of reaction, ∆Gr, using the GEMS-PSI code (Kulik et al. 2004). 
 
 

Results and Discussion 
 
Variation of the output Ca and Si concentrations as a function of time in a representative flow-through 
experiment is shown in Fig. 1. The amount of Ca released was usually higher at the onset of the 



experiments mainly due to the dissolution of Ca(OH)2 initially present in the hydrated sample. 
Afterwards, Ca concentration decreased until steady state was attained (Fig.1). Si concentration was 
lower at the onset of the experiments and increased until steady state was attained (open symbols in 
Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Variation in Ca and Si concentration as a function of time in a representative experiment. Ca and Si 
values used to calculate average steady state are denoted by open symbols. 

 
The stoichiometric Ca/Si ratio is defined as the ratio between the output concentrations of Ca and Si. 
Variation in the Ca/Si ratio in solution with time is shown in Fig. 2. Usually, the output Si 
concentration was lower than that of Ca until steady state was approached.  At that stage, the steady-
state dissolution rate of the C-S-H gel was calculated based on Si release at 22 ± 2̊ C and normalized 
to final surface area. The dissolution rates of the C-S-H gel ranged from 10-10 to 10-11 mol m-2 s-1 

(Table 1).  
 

Table 1: Experimental results in the flow-through experiments 

 
Variation of the output pH, experimental and calculated, is shown in Fig. 3. The comparison between 
the experimental and calculated pH data show good agreement.  
 

Expt. pH 
 
aqueous 
Ca/Si 

RCa RSi RCa RSi R LogR 

mol/m2/s mol/g/s mol/m2/s 
(±15%) 

mol/g/s  
(±15%) 

mol/m2/s 
(±15%) 

mol/g/s 
(±15%) 

C-S-H-02 9.66 0.91±0.034 -4.4E-11 -4.0E-11 -3.5E-09 -3.1E-09 -4.2E-11 -1.7E-09 -10.38 -8.76 
C-S-H-04 9.99 0.93±0.058 -1.0E-10 -9.0E-11 -6.2E-09 -5.4E-09 -9.7E-11 -3.1E-09 10.02 -8.50 
C-S-H-08 11.41 0.54±0.217 -7.8E-12 -1.0E-11 -7.4E-10 -9.6E-10 -9.0E-12 -3.8E-10 -11.05 -9.43 
C-S-H-15 10.96 0.88±0.032 -7.7E-11 -7.2E-11 -6.3E-09 -6.0E-09 -7.4E-11 -3.2E-09 -10.13 -8.50 
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Figure 2: a) Variation in Ca/Si ratio as a function of time in a representative experiment showing incongruent 
and stoichiometric dissolution. b) Close-up view of the Ca/Si ratio in (a). St st denotes steady state (open 
symbols). 

7.0

8.0

9.0

10.0

11.0

12.0

13.0

0 100 200 300 400 500 600 700

pH expt.

pH GEMS

pH

time (h)
 

Figure 3: Variation in measured and calculated pH as a function of time in a representative experiment.  
 
The saturation indexes of the solution (SI) with respect to portlandite, jennite-like C-S-H, tobermorite-
like C-S-H and amorphous SiO2 were calculated using the GEMS-PSI code (Kulik et al., 2004) and 
thermodynamic data from Lothenbach et al. (2008). The calculated SI showed slight undersaturation 
with respect to tobermorite during all the experiments. The reacting solution was initially nearly 
saturated with respect to jennite and portandite but was highly undersaturated when steady state was 
achieved. 
 
The evolution of pH and Ca and Si concentrations allows us to distinguish three stages in the 
dissolution of C-S-H: (1) Initially, Ca concentration was much higher than Si, indicating preferential 
dissolution of portlandite (Ca(OH)2). The solution was very close to equilibrium with respect to C-S-
H. (2) As the portlandite content diminished, a gradual decrease in Ca and increase in Si was observed, 
indicating an enhancement of the C-S-H gel dissolution rate. The aqueous Ca/Si ratio decreased to 
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values below 10. pH also decreased. (3) At the third stage, concentration of Ca and Si and pH reached 
steady state. The Ca/Si ratio in the solid and in the aqueous phase tended to be constant (Ca/Si ~ 0.9). 
This result suggests that (i) the C-S-H gel was the main dissolving phase and (ii) the dissolution 
reaction was stoichiometric with respect to a phase with a Ca/Si ratio similar to that of tobermorite. In 
this third stage the solid and aqueous compositions would be expected to be approximately equal. 
These results agree with those reported by Harris et al. (2002) who showed that the leaching of C-S-H 
gels in demineralised water initially could be described as incongruent dissolution, followed by an 
approach to congruent dissolution. 
 
Conclusions 
 
Based on these preliminary results two main conclusions can be drawn:  
 
1) The dissolution of the C-S-H gel is initially incongruent (preferential release of Ca) and evolves to 
the congruent dissolution of a phase with tobermorite stoichiometry (Ca/Si = 0.83), which is consistent 
with current C-S-H solubility models, e.g. Kulik and Kersten ( 2001). 
 
2) The dissolution rate of this end-member is not especially fast, similar for instance to that of 
feldspars. These values highlight the necessity of considering C-S-H dissolution kinetics in cases 
where water flows by advection through mortar or concrete (fast solute transport; dissolution rate is 
the limiting factor in C-S-H dissolution). 
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Abstract 
Cellulose ethers are polymers derived from cellulose, which belong to the family of viscosity enhancing agents. 
They are widely used in construction as thickeners or water retention additives for mortar, plaster, grout or 
concrete. Although the production of these polymers is mastered and controlled, the role they play in these 
complex industrial products is still not fully understood. Thereby, the use of cellulose ethers is mostly empirical. 
In this work, consequences of the addition of cellulose ethers on the rheological properties and on the stability 
of cement pastes are studied. It is expected that adding polymers increases both the macroscopic viscosity of the 
cement paste and the viscosity of the interstitial fluid. Our results show that these polymers displaying a radius 
of gyration of the order of several tens of nanometers are partially physically adsorbed on cement grains. The 
part of polymer remaining in solution leads to an increase in viscosity of the interstitial fluid and thus reduces 
its mobility. The expected viscosity increase of the cement paste is then moderated by the apparition of depletion 
repulsive forces. These forces result in a reduction of frictional contacts between cement grains. This work 
highlights the influence of the molar mass of this type of polymer on these phenomena.   
 
Originality 
Most studies in literature about rheology admixtures deal with plasticizers or super plasticizers. Only very few 
studies concern the understanding of the effect of high molar mass polymers such as cellulose ethers. Whereas 
super-plasticizers decrease the attractive interactions between cement grains through steric forces, cellulose 
ethers lead to an increase in the viscosity of the interstitial fluid. The specificity of these high molar mass 
polymers is to physically adsorb because of their hydrophobic side chains whereas traditional polymers such as 
carboxylates are adsorbed because of their ionic side chains. Finally, the high molar mass of these polymers is 
at the origin of repulsive depletion forces, which do not exist for the lower molar mass polymers used in 
construction. 
 
Chief contributions 
Chief contribution of this work is the highlight of the mechanism of action involved for these non-ionic polymers 
in order to improve their use in construction. We suggest in this paper quantitative links between molecular 
parameters of these high molar mass polymers and macroscopic behavior of cement pastes. 
 
Keywords: Cellulose ethers, viscosity, adsorption, repulsive depletion 
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Introduction 
 
Cellulose ethers (CE) are polymers derived from cellulose, which belong to the family of viscosity 
enhancing agents or thickeners (Clasen and Kulicke, 2001). The physical phenomena at the origin of 
the effects of CE on cement pastes, mortar or concrete are still very unclear and use of CE is empirical 
in most cases. When added to industrial suspensions such as cement pastes, these molecules are 
expected to increase both the viscosity of the interstitial water (i.e. the suspending fluid) and the 
macroscopic viscosity of the mixture in which they are introduced. Although increasing the viscosity 
of the interstitial fluid can be considered as positive from an industrial point of view as it will increase 
the stability of the mixture and its ability to retain water, the increase in macroscopic viscosity can be 
considered as negative as it increases the time and energy needed to cast, spray or pump the 
cementitious product. This paper focuses on the mechanisms involved in the action of CE on the 
viscosity of cement pastes. It is first illustrated that, interestingly, the effect of CE on the macroscopic 
viscosity of cement paste is not as strong as the effect of the CE on the viscosity of the interstitial 
fluid. As a consequence, water retention or stability is improved more than the fluidity of the product 
is decreased. In a second part, the mechanisms at the origin of this peculiar effect are studied. We first 
show that, because of their hydrophobic nature, CE get adsorbed on cement grains. This decreases the 
amount of CE in the interstitial fluid and therefore the increase in its viscosity. This effect is not 
sufficient to explain the difference between the viscosity of CE in water and the viscosity of CE in 
cement paste and we suggest that repulsive depletion forces generated by these high molar mass 
polymers reduce the contribution of frictional contacts between cement grains to the macroscopic 
viscosity. 
 
 
1. Materials and procedures 
 
1.1.  Materials 
 
The cement used in this study is a Portland cement equivalent to ASTM Type I cement (St Vigor-Le 
Havre©). The polymers are cellulose methyl-hydroxy-ethyl (HEMC) used in powder form (Dow 
Construction Chemicals©). 
 
 
1.2.  Rheological characterization 

The rheological behavior is measured using a C-VOR Bohlin© rheometer equipped with a Vane 
geometry (Nguyen and Boger, 1985). The Vane tool diameter is 25 mm whereas the outer cup 
diameter is 50mm and its depth is 60mm. Immediately after mixing, the cup of the rheometer is filled 
and the measurement sequence starts. A decreasing shear rate ramp from 100s-1 to 1s-1 is applied 
during 1000s. The yield stress 0τ  and the plastic viscosity pη  are then extrapolated by fitting a 

Bingham type relation to the measured flow curve. In this study, only the effect of CE on plastic 
viscosity will be dealt with. 

 

1.3.  Adsorption measurement 

A Total Organic Carbon (TOC) analyzer is used. The cement pastes are prepared following the same 
protocol as for the rheological measurements. They are then centrifuged. By comparison between the 
reference TOC (TOC amount of CE in reference CE solution) and the “final” TOC (TOC amount of 
CE in the extracted interstitial water), the amount of CE adsorbed on mineral phases is computed. 
 
 



2. Effect of CE on viscosities of cement paste and water: comparison 

 

2.1. Viscosity of cement pastes: theoretical frame 
 

When cement pastes are flowing, the macroscopic apparent viscosity of the mixture (higher than the 
viscosity of the Newtonian interstitial water) is not Newtonian. Cement pastes often display indeed a 
macroscopic shear thinning Bingham type behavior with a yield stress 0τ  and a plastic viscosity pη . 

This behavior results from a complex interplay between Brownian effects, hydrodynamic forces, 
colloidal interactions, surface tension and contact forces involved in the motion of the suspended 
cement grains in the interstitial fluid (Roussel et al., 2010). 

It is finally possible to assume, as a first approximation that, although the macroscopic yield stress of 
the paste is dominated by the behavior of the network of colloidal interactions, plastic viscosity results 
predominantly from hydrodynamic effects and direct contacts (Roussel et al., 2010). In this paper, in 
which we focus on macroscopic viscosity of cement pastes, it is therefore possible to conclude that 
only hydrodynamic effects and direct contacts can be at the origin of the studied phenomena.  

From (Lemaître et al., 2009), we learn two important features on hydrodynamic and contact 
forces in dense suspensions. First, the relative magnitude of hydrodynamic forces and contact 
forces only depends on solid volume fraction φ  (i.e. via the number of contacts between 

particles) and on the friction coefficient *µ  and not on shear rate. Second, it is possible to 
assume that hydrodynamic and contact forces simply add up. The level of stress in the 
suspension can therefore be written as cv τττ += , where vτ  and cτ  are respectively the 

contribution of the viscous forces and the contact forces to macroscopic stress. As the relative 
magnitude of hydrodynamic forces and contact forces only depends on solid volume fraction, 
it is possible to write ( )*,µφττ fvc =  where ( )*,µφf  is a contact function. Finally, the 

macroscopic shear stress can be rewritten as ( )( )*,1 µφττ fv += . 
In the case of systems containing spherical particles, experimental observations show that the 
contribution of the viscous forces to macroscopic stress diverges when the solid volume fraction tends 
towards the maximum packing fraction of the powder mφ  (De Larrard, 1999). Various empirical 

expressions have been proposed, the most famous one being the Krieger Dougherty equation (Krieger 
and Dougherty, 1959). The general form of all these equations is the following: 
 

( ) q
m0= −− φφηη 1         (1) 

 
As φ  increases, energy dissipation progressively concentrates in strongly sheared fluid layers 
between neighboring particles. The specific value of q  is still a matter of debate. In its most famous 

form, the Krieger-Dougherty equation, Eq.(1) is written with mq φ5.2=  for spheres. Recent studies 

suggest instead that q  takes on the simple value 2=q  for spheres (Ovarlez et al., 2006). The actual 

value of q  may also depend on particle shape, some studies suggesting 2>q  for non spherical 
particles (Mansoutre et al., 1999). Considering all the above, the macroscopic viscosity η  of the 
cement paste (which is equal to the plastic viscosity at high shear rates when colloidal effects can be 
neglected) writes: 
 

 ( ) ( )( )*
0 ,11 µφφφηη fq

m +−= −
                                                                                                (2) 



This relation is illustrated in Fig. 1 in which the plastic viscosities of cement pastes prepared with 
mixtures of water and glycerol are plotted as a function of the interstitial fluid Newtonian viscosity. It 
can be seen in this figure that the macroscopic viscosity is proportional to the interstitial fluid 
viscosity with a factor of the order of 200 for a solid volume fraction of 44%. 
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Figure 1: Cement pastes prepared with mixtures of water and glycerol (φ =44%). 

 
 

2.2.  Experimental facts 
 

 
 

Figure 2: Effect of the introduction of 0.4% CE on the flow curves of distilled water at 20°C (left) and of a 
cement paste with W/C = 0.4 (right). 

 

As solutions of water and CE have higher viscosities than water alone (Cf. Fig. 2 (left)), it can first 
seem appealing to explain the effect of CE by stating that, as they increase the viscosity of the 
suspending water0µ , they therefore increase the macroscopic viscosity µ  of the cementitious 

suspension according to Eq. (2). It can then be shown that the above simple explanation does not 
apply well to experimental data such as the ones shown in Fig. 2. Adding 0.4% of CE to distilled 
water at 20°C increases the viscosity of the solution by a factor 10 whereas adding the same amount 
to a cement paste with W/C = 0.4 only increases the plastic viscosity of the cement paste by a factor 2. 
According to Eq. (2) and similarly to the case of the water glycerol mixtures in Fig. 1, the increase at 
both scales should be the same or at least have the same order of magnitude. It can then be concluded 
from Eq. (2) that the discrepancy shown in Fig. 2 can only be explained by one or several of the 



following explanations: the viscosity of the interstitial water containing CE is lower than expected 
and/or the coefficient of friction between cement grains is reduced by CE and/or the number of direct 
contacts between particles in the system is reduced by the presence of CE.  
 
 

3. Effect of CE on viscosities of cement paste and water: analysis 
 

3.1.  Adsorption of CE on cement grains 

From TOC measurements, it is possible to determine the amount of CE adsorbed on mineral phases. 
In Fig. 3, where the amount of CE adsorbed is plotted as a function of the amount of CE in solution, 
we can see that, up to 0.2% in the solution, the amount of adsorbed CE increases and reaches a 
plateau: the cement grain is not able to adsorb more than 1 mg/g. These values compare well with 
other values in literature (Pourchez, 2006). We conclude that, because of this adsorption, even if the 
polymer remaining in solution leads to an increase in viscosity of the interstitial fluid, this increase 
shall be lower than expected. This phenomenon contributes therefore to the discrepancy observed in 
Fig. 2. 
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Figure 3: Adsorption rate for CE thanks to TOC measurements. 

However, if we consider the experimental results of adsorption measurements, it is possible to show 
that this phenomenon is not sufficient to explain alone such a difference. Indeed, the amount of CE in 
the interstitial fluid is lower than expected due to adsorption. Adding 0.4% of CE to a cement paste 
increases the viscosity of the interstitial fluid by a factor 6. It can be concluded that adsorption is not 
sufficient to explain alone the discrepancy in Fig. 2.  

 

3.2.  Depletion effects, friction and viscosity of cement pastes 

It can be expected from standard polymer knowledge that adsorbed polymer shall be able to change 
the friction coefficient between grains whereas polymer remaining in solution shall be able to modify 
the number of frictional contact through repulsive depletion forces (Asakura and Oosawa, 1954). The 
first effect can be quickly discarded within the frame of the present work. Indeed, if CE was affecting 
the friction coefficient between cement grains, in the adsorption plateau regime (above 0.2% of CE in 
Fig. 3) the relative viscosity shall be constant. This is not the case as shown in Fig. 4. The relative 
viscosity keeps on decreasing well above 0.2%. It is therefore possible to conclude that it is not the 
polymer at the surface of the grains which reduces the viscosity of the mixture but the polymer 
remaining in solution. 
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Figure 4: Relative viscosity (i.e. ratio between macroscopic plastic viscosity and interstitial fluid viscosity) as a 

function of the CE dosage. 
 
 

Lombois-Burger et al. (2008) obtained similar results and suggested that hydrodynamic repulsive 
forces between particles due to the high viscosity of the interstitial fluid were able to prevent direct 
contacts between particles and reduce the overall energy dissipation. This effect shall therefore appear 
when one increases the viscosity of the interstitial fluid by adding glycerol as in Fig. 1. This is not the 
case. We suggest here that, in fact, these repulsive forces do not find their origins in the viscosity of 
the interstitial fluid but in repulsive depletion forces generated by the polymers in the gap between 
particles (Feigin and Napper, 1980).  
In Fig. 5, we plot the contact contribution reduction in Eq. (2) expressed as the relative viscosity of 
CE in solution (for the CE dosage corresponding to the CE dosage remaining in solution after 
adsorption) divided by the relative viscosity of CE in cement paste (for the CE dosage initially 
introduced) as a function of the non adsorbed polymer apparent volume fraction for 6 different CE 
with molar mass between 300.000g/mol and 950.000g/mol. We can see that direct contacts between 
particles are significantly reduced (up to 30%) by the polymers remaining in the interstitial fluid. It is 
striking that there seems to exist a master curve correlating a molecular parameter (the molar mass), a 
mix design parameter (the dosage) and a process parameter (the relative viscosity decrease). This 
master curve appears as an essential element for an industrial practice. It can be a very useful basis to 
correlate the molar mass of the CE with its consequences on the rheological behavior of cement 
pastes.  
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Figure 5: Master curve for 6 different HEMC with molar mass between 300.000 and 950.000g/mol. 



Conclusions 
 

In this work, consequences of the addition of cellulose ethers on the rheological properties of cement 
pastes were studied. It was expected that adding polymers increases both the macroscopic viscosity of 
the cement paste and the viscosity of the interstitial fluid. Our results showed that these polymers 
displaying a radius of gyration of the order of several tens of nanometers were partially physically 
adsorbed on cement grains. The part of polymer remaining in solution led indeed to an increase in 
viscosity of the interstitial fluid. The expected viscosity increase of the cement paste was however 
moderated by the apparition of depletion repulsive forces. These forces result in a reduction of 
frictional contacts between cement grains. A master curve correlating the apparent polymer volume in 
solution and the reduction in macroscopic viscosity was obtained for 6 different polymers. It is a first 
step towards a correlation between molecular parameters and macroscopic properties.  
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Abstract 

To reduce the environmental impacts of concrete, cement industries have been engaged over the last ten years to 

increase the replacement of Portland cement with alternative cementitious materials which are principally industrial 

by-products such as blast-furnace slags (BFSG) and coal combustion fly ashes (FA). In most recent evaluations of 

environmental impacts of blended cements or of concretes prepared with supplementary cementitious materials, these 

by-products are considered as waste. Their only impacts are the ones associated to the processes needed to make them 

suitable for their use in cement or concrete. However in Life Cycle Analysis, when a production system such as a coal 

power plant produces more than one product (FA and electricity), the material and energy flows and the associated 

environmental burdens must be allocated to each of its co-products in order to accurately reflect their individual 

contribution to the environmental impact of the system under study. In this study, the environmental impacts of BFSG 

and FA are considered using Life Cycle Assessment methodology through a study of the influence of different allocation 

procedures. 

A review of the different methods is presented and the limits of each of them are pointed out. A new allocation method is 

then proposed. It is based on the fact that cement, BFSG and FA are produced by energy-intensive industries (Cement, 

Iron and coal power) submitted to the European Union Greenhouse Gas Emission Trading System (EU ETS) and that 

considering the sustainable development issues, a method that would permit to satisfy the three industrial sectors and 

still achieve a significant CO2 emission reduction in order to satisfy the social exigencies in term of climate change 

actions could be considered as a fair allocation. The discussion shows that the proposed allocation method is in 

accordance with other allocation methods but that it is more robust, constant, easy to calculate, and that it can be 

applied to all supplementary cementitious materials. 

 

Originality 
The present paper deals with 5 or 6 among the 7 topics of the sustainable production section. Actually, except the CO2 

sequestration, all the others initiatives for sustainable production have to deal with an accurate environmental 

evaluation of alternative materials used in concrete. The subject has however been scarcely studied in the construction 

industry. The paper proposed here would therefore provide an up to date review of the different initiatives that have 

been proposed in other industrial fields (e.g. agriculture). It will also propose a methodology that has not been used in 

other fields but that would be particularly appropriated for the energy intensive industries that are submitted to the 

European Union Greenhouse Gas Emission Trading System (Cement, Iron and coal power). 

 

Chief contributions 

It is now widely understood that fly ash and blast furnace slag which are highly valuable products can not be 

considered as waste anymore. However no robust methodology has ever been proposed for an accurate evaluation of 

their environmental impact. The chief contribution of this paper is to consider the three main industries submitted to the 

European Union Greenhouse Gas Emission Trading System (Cement, Iron and coal power) and not only the cement 

industry and to show that considering the sustainable development issues, a fair allocation method would allow 

satisfying the three industrial sectors, from an economic point of view, and still achieves a significant CO2 emission 

reduction in order to satisfy the social exigencies in term of climate change actions. The paper proposed here is an 

achievement of numerous studies that have already been published (Chen et al., 2010; Habert et al., 2010). 
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1. Introduction 

Carbon dioxide (CO2) emissions from cement industry are considered to represent 5% of the total 

anthropogenic CO2 emissions (Hendricks et al., 1998). To reduce this environmental impact, cement 

industries have been engaged over the last ten years to increase the replacement of Portland cement by 

supplementary cementitious materials (SCM), which are principally industrial by-products such as 

blast-furnace slags (BFSG) and coal combustion fly ashes (FA). In most recent environmental 

evaluations of blended cement prepared with SCM (e.g. Flower and Sanjayan, 2007), these by-

products are considered as wastes and their only impacts are due to the processes needed to make them 

suitable for their use in cement.  

However a recent European Union directive (EU, 2008) note that: “a substance or object, resulting 

from a production process, the primary aim of which is not the production of that item, may be 

regarded as not being waste referred to in point (1) of article 3 but as being a by-product only if the 

following conditions are met: a) Further use of the substance or object is certain; b) the substance or 

object can be used directly without any further processing other than normal industrial practice; c) 

the substance or object is produced as an integral part of a production process; and d) further use is 

lawful, i.e. the substance or object fulfils all relevant product, environmental and health protection 

requirements for the specific use and will not lead to overall adverse environmental or human health 

impacts.” This corresponds exactly to the context of SCM such as BFSG and FA and means that they 

must be considered, in a European perspective, as by-products and not wastes anymore.  

As in Life Cycle Analysis (ISO, 2006), when a production system such as a coal power plant produces 

more than one product (FA and electricity), material and energy flows and their associated 

environmental burdens must be allocated to each of its co-products in order to accurately reflect their 

individual contributions to the environmental impact of the system under study, an allocation seems 

therefore needed to accurately reflect the environmental load of SCM used in cement industry. 

The objective of the study is then to address an allocation procedure on the environmental impacts for 

different SCM. Two SCM have been studied: Blast Furnace Slags (BFSG) that is co-produced with 

iron in iron blast furnace and fly ashes (FA) that are produced in coal power industries. 

It can be noted that the industries involved (cement, iron and coal power) are all submitted to the 

European Union Greenhouse Gas Emission Trading System (EU ETS), which aims at limiting the CO2 

emissions of most energy intensive industries and that the increasing transfer of SCM to cement 

industry is specifically driven by these environmental considerations. In this study, a fair allocation is 

proposed considering the sustainable development principles (UNCED, 1992) which argue that the 

interaction between environment and social has to be bearable, the interaction between environment 

and economic viable and the interaction between social and economic fair. A fair allocation would 

therefore be an allocation, which satisfies the three industrial sectors and still permit an overall 

reduction of CO2 emissions in order to satisfy the social exigencies in term of climate change actions. 

 

2. System description 
Our study is limited to the production of cement and SCM. This restriction from cradle-to-gate can be 

justified as the end of the life cycle (from gate to grave) is similar for the products compared. Cement 

and SCM are both included in concrete and the end of life for concretes is the same for all concrete 

compositions. Concerning the lifespan, it is assumed that cement or clinker substitution allows for a 

reduction in environmental burdens for concrete while achieving equivalent strength and durability 

properties as allowed by EN 206-1 standards (AFNOR, 2004). It has to be noted that cement or clinker 

substitution higher than 50% are not considered in this study. Actually, such mix designs only 

represent a minority of the cement currently produced and do not achieve equivalent mechanical nor 

durability properties (e.g. Osborne, 1999). 

Concerning the boundaries of the LCA system, from a cement industry perspective, the boundary of 

the system “production of cement” refers to the production of fuels and raw materials needed to 

produce clinker, the emissions on cement kiln and then to the processes associated with the production 

of cement (grinding and production of gypsum). SCM are considered to be wastes from other 

industries and therefore their transport and their specific treatment are the only associated impacts (e.g. 



Kawai et al., 2005). On the contrary, from a steel industry perspective, the boundary of the system  

“production of steel” refers to the processes associated with the production of steel, and considers that 

BFSG are co-products of steel that belongs to the cement system (e.g. Lee and Park, 2005). These 

differences of perspectives are schematically expressed in figure 1 where the different systems are 

presented. 

 

 
Figure 1: Detail of studied system. For steel and electricity production sector, a distinction is made between a 

primary production process which produce the main product (steel or electricity) and waste (BFSG or Fly ash), 

and a secondary process, that aims to treat the waste to produce a by-product. T is used for transport. 

 

The question that is highlighted in this figure is the difficulty to determine the appropriate percentage 

of environmental burdens that has to be associated to the by-products (BFSG an FA). That is why we 

chose, in this study, to consider the whole system which includes cement, steel and electricity 

production. Actually, from that perspective there is no transfer between systems. Furthermore, it is 

justified because it is this whole system that is subjected to the European Union Emission Trading 

system, and therefore this is within this system that CO2 emissions mitigation possibilities have to be 

apprehended.  

 

3. Inventory data and Evaluation method 
The all-inclusive components are calculated with the original system boundary of the Ecoinvent 

database (Kellenberger and Althaus, 2003). A distinction is made between the production of the main 

products and their by-products (Iron industry, coal power plants), and the specific treatments made on 

the by-products for their introduction in cement or concrete. Inputs and outputs data used are detailed 

in Chen et al. (2010). 

Environmental impact calculations were performed with Simapro (Goedkoop and Oele, 2004) using 

CML01 as a calculation method (Guinnée et al.,2002). CML01 evaluates 10 environmental impacts: 

abiotic depletion, global warming, ozone layer depletion, fresh and marine water ecotoxicity, 

terrestrial ecotoxicity, human toxicity, eutrophication, acidification and photochemical oxidation. 



Energy consumption is also calculated with the Cumulative Energy Demand method that quantifies 

the energy required during the life cycle of a product (Chapman, 1974).  

 

4. Allocation procedure 

4.1. General allocation methods: a review 

A general presentation of environmental impact allocation is as follow (Chen et al., 2010): 

IIcI treatmentprocessprimarySCM
+⋅=

_
       (1) 

Where I  is a vector that refers to the environmental impacts of SCM, C is the allocation coefficient 

that permits to affect a percentage of the primary process impacts to the by-product. For further 

explanation, please refer to Chen et al. (2010). 

Depending on the chosen allocation procedure, the computation of the C coefficient varies. In the 

common allocation mode, which is the allocation by mass value (ISO, 2006), the allocation coefficient 

can be calculated with equation 2. 
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Where m is the mass of the materials. This allocation method provides an equivalent importance for 

the main product and the SCM. This procedure is often discarded because it attributes less impact to 

the main product due to the important mass of by-products even though the value of the main product 

is the primary reason for the existence of the industry (Ekvall and Finnveden, 2001). 

Another allocation mode is an allocation by economic value. The allocation coefficient is then 

calculated with equation 3. 
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Where ($.m) is the multiplication of mass produced and mass value of the materials. This method 

assesses then the relative benefit for the industry to sell the two products. It has already been used in 

civil engineering study to evaluate the environmental impacts of fine sand in gravel quarries 

(Schuurmans et al., 2005). It is often used in other industrial sectors as it highlights the driving forces 

of the industry (e.g. Basset-Mens and van der Werf, 2005). This method however induces a variability 

in environmental impacts associated to variations in relative price.  

Another method that can be proposed for BFSG/iron allocation would be to consider the chemical 

relationship. Actually, limestone is added in the blast furnace in order to reduce the melting 

temperature. This limestone decarbonates and releases CO2. Furthermore, it is this decarbonated 

limestone that provides the binding properties for the BFSG. Hence, one could propose to affect only 

the CO2 released by the limestone decarbonation to BFSG as it is this limestone that provides binding 

properties to BFSG. The allocation coefficient would be calculated as the percentage of CO2 released 

to form a slag with binding properties compared to the total CO2 released during the iron production 

process. This method will be detailed in the discussion section. 

 

4.2. Proposed method for a fair allocation  
In this study, it is proposed to consider the specificity of cement market in the European Union. 

Actually, in the European Union, elements such as FA or BFSG are considered as by-product due to 

the EU directive on waste (EU, 2008) and a European Union Greenhouse Gas Emission Trading 

System (EU-ETS) has been implemented since 2003. In this context cement, energy and iron and steel 

sectors are subjected to the same EU-ETS, and therefore, when FA or BFSG are substituted to cement, 

it permits to the cement industry to avoid CO2 emissions. Within the EU ETS, cement industry has 

then CO2 emission quotas avoided which can be sold on the market. However, if an environmental 

burden is associated to SCM, these emissions will be counted for the cement industry (that will have 

less CO2 quotas to sell) and subtracted to the primary industry (energy or Iron and steel) that will then 

have CO2 emission quotas to sell. 



In a sustainable system, it is known that environment, social and economic have to be linked so that 

the interaction between environment and social is bearable, the interaction between environment and 

economic is viable and the interaction between social and economic is fair (UNCED, 1992.). 

Considering the specific question of allocation of environmental burdens between the different 

industrial sectors, it could be interesting to apply these principles. Actually the decision of a European 

Greenhouse Gas Emission Trading System was taken in order to reduce CO2 emissions and therefore 

in order to have a bearable life for the future generations. Choosing a trading system rather than other 

possibilities such as prohibition, was done to let economy progressively adjust itself towards a low 

carbon society and therefore to move towards a viable economy. But all these improvements in 

technology and the associated adjustments in the market system have to be made in order to have a 

fair trade between the different sectors. In this study, it is therefore proposed to choose the allocation 

coefficient in order to have the same benefits for the three different industrial sectors. 

The cement benefits could be expressed as; 

22
.$..$.$$$ COIronBFSGCOCEMItreatmentBFSGCEMIIIbenefit ICIkCement −+−−=

  (4) 

Where $CEMIII is the benefit to sell 1 kg of cement with blast furnace slag while $BFSG is the price that 

the cement industry had to buy the BFSG. $treatment is the price of the treatment of BFSG (grinding, 

transport). k is the binding capacity according to EN 206-1 standards (AFNOR, 2004), which is 

therefore the amount of cement that has the same binding properties as 1 kg of BFSG, ICEM is the 

global warming potential of 1 kg of cement and $CO2 is the price of 1 kg of CO2 on the EU ETS. 

k.ICEM.$CO2 refers then to the CO2 quotas that can be sold due to the use of BFSG instead of clinker. 

Finally, depending on the environmental burden associated with the waste, the cement industry 

inherits of a certain amount of CO2. C is the allocation coefficient from the primary process associated 

with BFSG and IIron is the global warming potential of the production of pig iron. 

Similarly, the iron benefit can be expressed as: 

2
.$.$$ COIronBFSGdisposalBFSGbenefit ICIron ++=       (5) 

Where $BFSG is the price of 1 kg of BFSG sold to the cement industry, $disposal is the avoided price for 

waste disposal and CBFSG.IIron.$CO2 is the benefit from the allocation of a certain amount of CO2 to 

BFSG. These CO2 emissions are associated to the cement industry and are therefore not considered to 

be emitted by the iron industry which is then a benefit on the EU ETS (Figure 1). 

A fair allocation would then be to choose the allocation coefficient CBFSG in order to have a similar 

benefit, which means Cementbenefit = Ironbenefit. This can be expressed by equation 6. 
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This allocation coefficient is still dependent on prices except if it is considered that, as the objective of 

cement substitution is to build a new low carbon society, the price that will keep increasing is the price 

of CO2. In a post carbon society, if steel and cement are still used, the price of CO2 could be 

considered as infinite. This simplifies equation 6 towards an approximation that is the following: 
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The same process can be used to calculate the allocation coefficient for fly Ash and a generic term can 

be explained in equation 8. 
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Finally, in order to do an allocation to all the different environmental impacts and not only the global 

warming potential, this formula can be applied to all the different environmental categories. 

 

5. Results 

The EN 206-1 standard (AFNOR, 2004) defines an equivalent binding capacity for additions when 

they are substituted to cement. This k parameter is equal to 0.6 and 0.9 for fly ash and slags 



respectively. Results with a fair allocation of environmental impacts between main products and by-

products based on equation 8 are presented in figure 2 for the different impact categories. It has to be 

noted that, in order to compare cement and SCM, the equivalent binding capacity has been used in 

order to compare materials that have equivalent binding capacity as 1 kg of CEM I. It means that 1/0.6 

kg of fly ash are compared with 1/0.9 kg of slag and 1kg of CEM I. It seems to be a more accurate 

functional unit, compared to a simple comparison by mass that is not relevant to the final function of 

the powders. Figure 2 shows that, with this allocation procedure, the environmental impact of SCM 

are lower than cement, but not negligible. For FA, they are close to 50 % of cement impacts for most 

impact categories. For BFSG, the impacts are similar than FA for global warming potential, abiotic 

depletion and ozone layer depletion, but they are higher for the other impact categories. For 

ecotoxicities, BFSG have higher impacts than cement. 
 

 
Figure 2: Environmental impacts of a mass of FA (1.67 kg) and BFSG (1.11 kg) equivalent to the replacement of 

1 kg of cement CEM I with fair allocation between the different industries. 

 

6. Discussion and conclusion 
As a new allocation mode has been proposed in this study, results should be compared with previous 

allocation options. Figure 3 presents different allocation values for BFSG. The allocation coefficient 

for the fair allocation is 5.8 %. The allocation coefficient with an allocation by mass value is 19.4% as 

0.24 kg of BFSG is produced for each kg of pig iron produced. Furthermore, as 1 kg of BFSG contains 

0.45 kg of CaO and that 1 mol of CaO is associated with 1 mol of CO2 released by decarbonation of 

limestone, a chemical allocation would consider that 0.354 kg of CO2 is released during the production 

of 1 kg of BFSG when 1.53 kg CO2 equivalent is released for each kg of pig iron produced. Then the 

percentage of CO2 released by decarbonation of limestone compared to total CO2 is equal to 5.4%. 

Finally, the economic allocation can be based on a ratio between a slag price (40 to 90 €) and a price 

from pig iron (150 €/t) or steel (1500 €/t) depending on the material considered. It leads therefore to 

different allocation coefficient that range between 0.6 and 12.6 %. Figure 3 shows that the proposed 

fair allocation is significantly lower than a mass allocation, which is in accordance with the driving 

force of the society as iron blast furnace is producing essentially pig iron and not slags. The proposed 

allocation coefficient is a mean value from the economic allocations procedures and has the advantage 

to be a constant value. Finally it is similar to the chemical allocation coefficient obtained in the case of 

BFSG but can be generalised to all SCM. 

 

The allocation method proposed in this study is robust as it is a constant value. It is easy to calculate 

and can be applied to all supplementary cementitious materials which permits to keep the same 

allocation procedure for the different products. The fact to consider the whole system including all 

energy intensive industries involved in the cement production, instead of a specific system permits to 

propose a more consensual value. Finally, the fair allocation proposed is an allocation which satisfies 



the three industrial sectors and still permits a reduction of CO2 emission in order to satisfy the social 

exigencies in term of climate change actions. 

 

 
Figure 3: Comparison of the allocation coefficient value for different allocation procedures:  

mass, chemical, economic and fair allocation. 
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ABSTRACT 

 
This study has been conducted to investigate the influences of magnesium chloride content on physico-

mechanical properties of magnesium oxychloride cement pastes. Four mixes M1, M2, M3 and M4 were prepared 

by different contents of MgCl2 9.9, 18.75, 24 and 31.6 wt. % of mix, respectively. The result of mechanical 

properties of mix M3 gives the highest value of compressive strength after the curing in air at ambient 

temperature for 7 days. It is noted that the compressive strength after curing in air at ambient temperature for 7 

days increases by increasing the MgCl2 content up to 24 wt. % of mix then decreases. Three mixes MI, MII and 

MIII were designed using MgO, MgCl2, Sand dunes, synthetic fiber and phosphoric acid to study the effect of 

phosphoric acid addition on the increasing water resistance of magnesium oxychloride cement pastes. The result 

was noted that the addition of phosphoric acid to magnesium oxychloride cement (MOC) can greatly improve its 

water resistance.  

 
INTRODUCTION 

 
Magnesium oxide, or calcined magnesia, is normally obtained by calcinations of magnesite (MgCO3) 

at a temperature of around 750 °C. The quality or reactivity of the formed magnesium oxide powder is 

largely affected by its thermal history (calcination temperature and duration) and particle size [Haper, 

1967 & Sorrel, 1976 & Matkovic, 1977]. This in turn influences both the reaction rate and the 

properties of the reacted products of magnesium oxychloride cement. The setting and hardening of the 

magnesium oxychloride cement takes place in a through-solution   reaction [Urwongse, and Sorel, 

1980]. 
 

Magnesium oxychloride cement, also known as Sorel cement [Sorel, 1867] is a type of non-

hydraulic cement. It is formed by mixing powdered magnesium oxide (MgO) with a concentrated 

solution of magnesium chloride (MgCl2). 
 

The four main reaction phases in the ternary MOC system are 2Mg(OH)2·MgCl2·4H2O   

(phase 2), 3Mg(OH)2·MgCl2·8H2O (phase 3), 5Mg(OH)2·MgCl2·8H2O (phase 5), and lastly 

9Mg(OH)2·MgCl2·5H2O (phase 9). Of which, the phase 3 and phase 5 may exist at ambient 

temperature, whereas the phase 2 and phase 9 are stable only at temperatures above 100 °C [Bensted 

and Barnes, 3002]. Another possible reaction product with a suitable reaction environment is 

magnesium hydroxide or brucite, Mg(OH)2. 

 

Magnesium oxychloride cement has many superior properties as compared to ordinary 

Portland cement [Bensted and Barnes, 3002]. It has high fire resistance, low thermal conductivity, 

good resistance to abrasion, and unaffected by oil, grease and paints. It also has high early strength and 

is suitable for use with all kinds of aggregate in large quantities, including gravel, sand, marble flour, 

asbestos, wood particles and expanded clays. The lower alkalinity of magnesium oxychloride (pH of 



10–11) compared to the higher ones of ordinary cement (pH of 12–13) makes it suitable for use with 

glass fiber by eliminating aging problems. 

 

Magnesium oxychloride cement (MOC) has many good engineering and mechanical 

properties, but it has the poor water resistance, i.e., the strengths of hardened MOC pastes in water are 

sharply decreased, which makes it limited in engineering applications. For many years, many 

investigations on the water resistance of MOC have been carried out [Chunamei, 1995].  Additives 

that can greatly improve the water resistance of MOC are phosphoric acid and soluble phosphates, 

including the phosphates of alkali metals, the phosphates of alkali earth metals, iron, aluminum, and 

the phosphates of ammonia. Even small amount of these compounds can improve the water resistance 

of MOC very much. It is interesting to mention that the addition of soluble phosphates to MOCs 

improves the water resistance by the formation of insoluble phosphate complexes [Kurdowski and 

Sorrentino, 1983] and the phosphates is absorbed onto the surface of the grains of 

5Mg(OH)2.MgCl2.8H2O (phase-5), which results in a layer of insoluble complexes to protect 5-phase. 

However, as indicated by our earlier study [Chunamei, 1995], it is impossible for the great 

improvement of the water resistance to result from the formation of insoluble phosphates. The facts 

showed that the quantity of the soluble phosphates that can successfully improve the water resistance 

is very small, below 1% of the mass of a MOC paste. Even if the formation of insoluble phosphates 

occurs in MOC pastes, the quantity of the insoluble phosphates formed is certainly very small which is 

not enough to produce a layer of the insoluble phosphates to protect all of the 5-phase grains. 

 

It has been shown that the addition of small quantity of the soluble phosphates, such as 

H3PO4, NaH2PO4.2H2O, and NH4H2PO4, to MOC pastes does not influence the phases formed in the 

MOC pastes, but can result in the great increases of the strength retention coefficients of hardened 

MOC pastes, i.e., the great improvement of the water resistance of MOC. It was considered that the 

key components being responsible for the improvement of the water resistance could be the anions 

H2PO4 
-
 , HPO4 

-2
, and PO4 3 

-
 yielded by the ionization of these phosphates in the solution of MOC 

pastes. These anions can decrease the lowest concentration of Mg2 
+
 ions in the solution required by 

the formation of 5Mg(OH)2.MgCl2.8H2O (phase- 5) or 3Mg(OH)2
.
MgCl2.8H2O (phase- 3) in the MOC 

pastes and increase the stability of these phases in water. Thus, when the hardened MOC pastes with 

small quantity of the soluble phosphates are immersed in water, the (phase- 5) or (phase- 3) in them 

will not be decomposed by water, which makes the strength of the hardened MOC pastes remain 

unchanged in water [Dehua Deng, 2003].  
 

MATERIALS AND METHODS 

The three starting materials of magnesium oxychloride cement are magnesium oxide, magnesium 

chloride and water. The magnesium oxide used in the study was calcined magnesite powder with an 

averaged particle size of about 20 μm and a purity of 77 %, from Alpha Chemika, India.  The 

magnesium chloride employed was hygroscopic hexahydrate (MgCl2·6H2O) crystal with a purity of 

98%. It was made in China and imported by the Marawan Co. for Chemicals- Egypt. The MgO was 

characterized with respect to the mineralogical composition by using X-ray diffraction technique    

Fig. (1) 

 

By using MgO, MgCl2 and water four mixes M1, M2, M3 and M4 were prepared by different 

percentages of MgCl2 9.9, 18.75, 24 and 31.6 wt. % of mix, respectively.  The magnesium chloride 

hexahydrate was first dissolved in sufficient quantity of water before mixing with magnesium oxide 

powder then add the residual water demand to achieve good workability. Compressive strength results 

of the hardened pastes of the three mixes are plotted in Fig. (2). 

 

The results indicated that the mix M3 which contains MgCl2 (24 % by wt.) gives the highest 

value of compressive strength. 
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Fig. (1): X-ray diffraction pattern of MgO powder 
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Fig. (2): Dry compressive strength of mixes M 1, M 2, M 3 and M4 after curing in air at 

ambient temperature for 7 days. 

 

 
Continuing the work processing, three mixes MI, MII and MIII were designed as in Tab1e (1). 

The sand used in this work is Sand dunes which collected from El Wahat Street, Egypt. The particle 

size analysis of the sand dunes was carried by using dry sieve analysis following the Egyptian 

standards (ESS) no, 1109-2001
 
[ESS, 2001] as illustrated in Fig.(3). The particle size analysis of sand 

dunes shows that the sand dunes size is larger than 100 µm and less than 600 µm. 

    

Cylinder specimens of 5 cm diameter and 10 cm length were cast in plastic moulds using 

vibration compaction. The physico-mechanical properties were determined after curing of hardened 

magnesium oxychloride cement pastes for 3, 7 and 28 days at ambient temperature in air. The water of 

consistency of each cement paste was determined according to ASTM [ASTM, 2004]  and bulk 

density 
 
[Caurard, et al., 2003] and dry compressive strength and wet compressive strength after 



immersing under tap water for 24 hours ASTM, 2002] 
 
of cement blended pastes up to 28 days were 

investigated.  
 
 
 

    Table (1): Suggested mixtures of the material used 

 

Mix No. 

    

MgO 

 

 

Wt.% 

 

MgCl2 

 

 

Wt.% 

 

Sand 

Dunes 

 

Wt.% 

Phosphoric 

acid 

(85% solution) 

 

Wt.% 

Synthetic Fiber 

(polypropylene) 

(25mm) 

 

Wt.% 

 

W/S 

Ratio 

 

Wt.% 

MI 52.9 24 23.3 - - 13.5 

MI 52.9 24 23.3 0.7 - 13.5 

MII 52.9 24 23.3 0.7 0.4. 13.5 
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Fig. (3): Grain size distribution (dry sieves analysis) of sand dunes. 

 
RESULTS AND DISCUSSION 

 
1- Physical Properties:- 

 

The Water/solid ratio, bulk density and water of absorption of three mixes MI, MII and MIII are 

shown in Table (2). The water/solid ratio of three mixes MI, MII and MII were 13.5 %. The bulk 

density of mixes MI, MII and MII were 1.99, 2 and 2.3 gm/cm3, respectively. It is clear that bulk 

density of mix increases in this direction MIII > MII > MI. This is due to phosphate can react with 

magnesium and produces difficult dissolving complicated hydrated products and gels, which can fill 

the capillaries and produce more compact body of MOC cement paste.  The water of absorption of 

mixes MI and MII after curing at ambient temperature in air for 28 days and immersed in tap water for 

24 hours were 1.9, 0.8 and 0.7 %, respectively. Also, this is due to presence of phosphoric acid the 

phosphate group reacts with Mg(OH)2 to MOP cement that an insoluble crystal and  protect all of 

(phase-5) grains in the samples from the decomposition caused by water and fill the capillaries and 

water of  absorption decrease.  

 



 
Table (2): The Water/solid ratio, bulk density and water of absorption of three mixes MI, 

MII and MIII 

 

Mix No. W/S Ratio 
% 

Bulk 
Density 
gm/cm3 

Water of 
Absorption 

% 
MI 13.5 1.99 1.9 
MII 13.5 2 0.8 
MIII 13.5 2.3 0.7 

 
2- Mechanical Properties:- 

 

2-1- Dry compressive strength. 

 

The results of dry compressive strength of the cured specimens of the different mixes (MI, MII and 

MII) after 3, 7 and 28 days in air at ambient temperature are plotted in Fig. (4). It is clear to observe 

that the hardened magnesium oxychloride cement paste mix MII gives higher values of compressive 

strength at all curing time than the other two mixes MI and MII.  It is clear that there are two factors 

effect on the compressive strength of oxychloride cement paste that the addition of phosphoric acid 

and synthetic fiber-reinforced. Firstly, it is interesting to mention that the phosphates can be absorbed 

onto the surface of the grains of (phase-5), which results in a layer of insoluble complexes to protect 

(phase-5) [Sorel, 1976]. It is concluded that the phosphoric acid, are able to greatly improve the 

compressive strength, Consequently, the mix MI that without phosphoric acid or synthetic fiber gives 

lower values of compressive strength at all curing time than the other two mixes MII and MIII. 

Secondly, mix MIII which contains phosphoric acid and fiber-reinforced gives higher values of 

compressive strength at all curing time than mix MII. This is due to mix MIII has a fraction of 

synthetic fiber which improve the compressive strength of oxychloride cement paste. It is concluded 

that the phosphoric acid and synthetic fiber-reinforced are able to greatly improve the compressive 

strength of magnesium oxychloride cement pastes. 
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Fig. (4): Dry compressive strength of mixes MI, MII and MII after curing at ambient 

temperature in fresh air for 3, 7 and 28 days. 



2-2- Wet compressive strength. 

 
The results of wet compressive strength of the cured specimens of the different mixes MI, MII and 

MIII immersed in tap water for 24 hours at curing times of  3, 7 and 28 days at ambient temperature 

are plotted in Fig. (5). The result of wet compressive strength indicated that the mix MIII gives higher 

values of wet compressive strength at all curing time than the other two mixes MI and MII. This result 

explains that there are no insoluble phosphate complexes in the samples with H3PO4 acid which 

protect all of 5-phase grains in the samples from the decomposition caused by water. Hence, it is hard 

to say that the enhancement of the stability of 5-phases in the MOC pastes with the addition of 

phosphoric acid is due to the protection of any insoluble phosphates. 

 

From the result of dry and wet compressive strength of the three mixes MI, MII, and MIII the 

strength retention coefficients* of specimens of magnesium oxysulfate cement was calculated
 

[Dehua Deng, 2003] and shown in Table (3). Phosphate can react with magnesium and produces 

difficult dissolving complicated hydrated products and gels, which can fill the capillaries, decrease the 

contact probability between inner structure substances and exterior water. So it improves the water-

resistance of the product. It is clear that addition of phosphoric acid improves the wet compressive 

strength and consequently, increases the strength retention coefficient. Thus, when the hardened MOC 

pastes with small quantity of the soluble phosphates are immersed in water, the (phase- 5) or (phase- 

3) in them will not be decomposed by water, which makes the strength of the hardened MOC pastes 

remain unchanged in water [Dehua Deng, 2003] Hence, it is concluded that the soluble phosphates, 

like phosphoric acid, are able to greatly improve the water resistance of MOC cement paste. 
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Fig.(5): Wet compressive strength of mixes MI, MII and MII after curing at ambient temperature 

in air  for 3, 7 and 28 days. 

 

Table (2): The strength retention coefficients values 

 

Mix No. After 3 days After 7 days After 28days 
MI 0.5 0.85 0.85 
MII 0.49 0.85 0.85 
MIII 0.5 0.83 0.9 

 
* (The Strength retention coefficients = Wet Compressive Strength/ Dry Compressive Strength) 

 

 



CONCLUSIONS 

 

The main conclusions of this work can be summarized as follows:- 

 

1- The mechanical properties of magnesium oxychloride improved with increase the content of 

MgCl2 up 24 wt. % of mix. 

2- Phosphate can react with magnesium and produces difficult dissolving complicated hydrated 

products and gels, which can fill the capillaries, decrease the contact probability between inner 

structure substances and exterior water. So it improves the water-resistance of the product. 

Hence, it is concluded that the soluble phosphates, like phosphoric acid, are able to greatly 

improve the water resistance of MOC Cement paste. 

3- Fibers like polypropylene (used in this investigation) is excellent in improving the mechanical 

properties of hardened Magnesium oxychloride (MOC) cement pastes. 
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Abstract 

To improve the properties supplementary cementitious materials (SCMs) incorporated cement and utilize Portland 

cement clinker and SCMs more efficiently, a new gap-graded particle size distribution, which is based on close packing 

theory, was proposed. Blended cements with the gap-graded particle size distribution were prepared by mixing clinker 

fraction and SCMs fractions homogenously. The experimental results show that the gap-graded blended cements 

present lower water requirement, higher packing density, and denser microstructure than reference cement (with equal 

clinker content and fineness) prepared by co-grinding. As a result, the compressive strength of the gap-graded blended 

cements with only 25% clinker can be comparable with that of Portland cement with equal fineness. In addition, the 

heat of hydration of gap-graded blended cements releases much more slowly in first 20 h and continues to increase 

rapidly. It can be inferred that the gap-graded blended cement may present improved cracking resistance and durability 

due to low heat evolution and homogeneous, dense microstructure. This investigation supports that high performance 

blended cement with low clinker content can be prepared using the gap-graded particle size distribution and arranging 

high activity SCMs, cement clinker and low activity SCMs (or inert filler) in the fine, middle and coarse fractions, 

respectively.  

 

 

Originality 

Utilization of pozzolanic by-products as SCMs in preparation of blended cement may results in enhancement of ultimate 

strength and improved durability and is also a countermeasure to reduce CO2 emissions and produce substantial 

energy and cost saving. However, the early properties of blended cements are relatively low, which has not yet been 

solved perfectly. Many attempts have been made to improve the early properties of blended cement. Most of these 

methods are focused on enhancement of the pozzolanic activity of SCMs, which leads to cost increases or difficulties in 

operation. Studies on size distribution of SCMs particles in blended cement are very scarce in technical literatures. A 

new gap-graded particle size distribution based on close packing theory was proposed in the present study, in which 

cement particles are divided into three fractions. High performance gap-graded blended cements with only 25% clinker 

were prepared by arranging high activity SCMs, cement clinker and low activity SCMs (or inert filler) in <8μm, 8-

32μm, and >32μm fractions, respectively.  

 

Chief contributions 

The gap-graded blended cement pastes present low water requirement and high packing density as voids are filled in 

grade by grade. High activity SCMs, cement clinker and low activity SCMs (or inert filler) were arranged in fine, 

middle and coarse fractions, respectively, which results not only in decreasing of water requirement due to pozzolanic 

reaction of SCMs can be neglected compared with rapid hydration of clinker particles in the first few minutes, but also 

in increasing of hydraulic activity (or pozzolanic activity) of SCMs for large specific surface area. The properties of 

gap-graded blended cements with only 25% clinker addition can be comparable with those of cement. In addition, the 

gap-graded blended cement also present dener microstructure and lower heat of hydration than Portland cement, all of 

which may leads to improved durability.  The authors believe that the results will be very useful to preparation of high 

performance blended cement and more efficiently utilization of Portland cement clinker and SCMs in cement 

manufacture and concrete making. 

 

Keywords: Blended cement, Gap-graded particle size distribution, Packing density, Supplementary cementitious 

materials, Compressive strength 
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Introduction 
 

Inventions of ultra-high strength cement-based materials, such as hot pressing cement, MDF and DSP, 

prove that a large amount of hydration products or a high hydration degree does not mean high 

compressive strength; the key lies in porosity and pore size distribution of hardened paste, which is 

largely affected by packing density of cement paste (Wang et al, 1999). Fine clinker particles mainly 

contribute to early strength, and may cause high water requirement, and undesirable volume changes 

due to rapid hydration. Coarse clinker particles largely play “filling effect” and don’t make much 

contribution to strength development. In contrast, clinker particles in the range of 3-32μm have low 

water requirement and high hydration rate. Thus these particles make a dominant contribution to the 

strength of pure Portland and blended cements (Tsivilis et al, 1990). A new gap-graded particle size 

distribution is proposed according to close packing theory, in which cement particles are divided into 

three fractions. High performance gap-graded blended cements with low clinker content were prepared 

by arranging a high activity supplementary cementitious material (SCM), cement clinker, and a low 

activity SCM (or inert filler) in fine, middle and coarse fractions, respectively.  

 

 

1. A new gap-graded particle size distribution 

 
Particle size distributions used in cement-based materials can be classified into two broad categories. 

One is a wide particle size distribution, such as Fuller curve, which is originally applied to concrete 

aggregate gradations to achieve maximum density and can also be applied to no or low hydraulic 

activity powders after modified by Kuhlmanm (1985). The purpose of Fuller curve is only to achieve 

maximum original packing density, regardless of hydration behaviors of fine particles, which may 

leads to a high water requirement, fast setting or deterioration in rheological properties. To avoid those 

shortcomings, narrow particle size distribution (S. Tsivilis distribution) is recommended in high 

hydraulic activity powders. cements with S. Tsivilis distribution are characterized by improved 

workability and high ultimate strength, while the early strengths are relatively low due to low packing 

density of cement particles in the initial paste. Different from Portland cement, blended cement 

consists of cement clinker and one or more SCMs, that is to say, blended cement contains both high 

activity particles and low activity particles (perhaps even inert particles). Thus, the above-mentioned 

particle size distributions are usually not applicable to blended cements. 

 

Particles coarser than 45μm exist in a certain measurable amount in cement, thus 45 μm is selected as 

the diameter of first grade particles. According to Horsfield packing (Horsfield, 1934), the diameters 

of particles of each filling grade are 18.63 μm, 10.13 μm, 7.97 μm, and 5.22 μm, respectively. The 

diameters of filling grades are simplified as being 45 μm, 16 μm, and 6 μm for easy operation, and 

then cement particles are divided into three fractions as <8 μm, 8-32 μm and >32 μm. Particle size 

distribution of each fraction should be as narrow as possible and concentrated to the diameter of the 

corresponding filling grade. To achieve maximum packing density without a fineness increase, particle 

size distribution of blended cement should be as close as possible to Fuller curve. In that case, both a 

relaxation effect caused by large fillers and an empty void effect due to small fillers can be avoided, 

thus a high density can easily be achieved as voids are filled in grade by grade. The volume percentage 

of particles in each fraction calculated according to modified Fuller curve (a water film covering  

particle surfaces of is taken into account) are summarized in Table 1 and Fig. 1. 
 

Table 1 Parameters of the new gap-graded particle size distribution 

Filling grade Third Second First 

Mean size (μm) 6 16 45 

Size range (μm) <8 8-32 32-80 

Incremental volume (%) 36 25 39 

Cumulative volume (%) 36 61 100 



 
(A) Incremental volume vs particle size                        (B) Cumulative volume vs particle size  

Fig. 1 Particle size distribution of the new gap-graded particle size distribution  

 

2. Experimental and results 

 

2.1. Raw materials and classification  

To obtain different cementitious materials fractions, a commercial Portland cement clinker, ground 

granulated blast furnace slag (GGBFS), limestone, low calcium fly ash (a Class F fly ash according to 

ASTM C 618) and steel slag (comes from converters) were ground and then classified by an air 

classifier, which is based on gravitational/sedimentation principles. Chemical compositions of the raw 

materials are given in Table 2. By changing operational parameters, the size fractions of cementitious 

materials required by the gap-graded particle size distribution were obtained. Particle size distribution 

of each fraction was measured by laser diffraction method. Since there is no obvious difference in 

particle size distribution among cementitious materials for given fraction, only one particle size 

distribution is listed in Fig. 2 and Table 3 for each fraction. The particle size distribution of each 

fraction roughly meets the requirements of the gap-graded particle size distribution, although there is 

certain overlap among each fraction due to low efficiency of the classifier.  
 

Table 2 Chemical compositions of raw materials used in the experiment 

Material 
Chemical composition (%) 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 TiO2 LOI 

Cement clinker 21.86 4.45 2.35 63.51 1.67 0.55 0.26 2.91 0.11 1.89 

GGBFS 35.22 12.15 0.25 37.08 11.25 0.49 0.25 1.19 0.73 - 

Low calcium fly ash 45.43 24.36 9.70 5.23 1.46 0.23 0.36 1.03 - 11.88 

Steel slag 12.84 3.59 24.14 41.14 7.33 0.05 0.05 0.61 0.81 7.91 

Limestone 2.34 2.47 0.71 52.35 1.03 - - - - 40.56 

Note: -, undetected. 

 
(A) Incremental volume vs particle size                        (B) Cumulative volume vs particle size  

Fig. 2 Particle size distribution of each fraction of gap-graded blended cements 



 

Table 3 Particle size distribution parameters of each fraction of gap-graded blended cements  

Fraction <8 μm 8-32 μm >32 μm D10, D50 and D90 are maximum 

particle diameters when cumulative 

volume reaches 10%, 50% and 

90%, respectively. 

D10 (μm) 2.63 9.28 28.33 

D50 (μm) 5.21 15.08 44.21 

D90 (μm) 8.47 21.54 75.46 

 

2.2. Preparation of gap-graded blended cements with low clinker content 

 

Gap-graded blended cements with low clinker content were prepared by mixing fine (<8 μm), middle 

(8-32 μm) and coarse (>32 μm) fractions homogeneously, in which GGBFS, Portland cement clinker 

and low activity SCMs or inert fillers were arranged in fine, middle and coarse fractions, respectively. 

The mix proportions of the gap-graded blended cements are listed in Table 4. A Portland cement and a 

reference cement consisting of 36% GGBFS, 25% cement clinker and 39% fly ash were also prepared 

by co-grinding. The specific surface areas of these two cements were controlled to be in the range of 

350-360 m
2
/kg, which is seen to be equal to that of gap-graded blended cements.  

 

Table 4 Mix proportions of gap-graded blended cements with low clinker content 

Fraction (μm) <8 8-32 >32 

Content (%) 36 25 39 

Cement Id. 

GCG GGBFS 

Cement clinker 

GGBFS 

GCF GGBFS Fly ash 

GCS GGBFS Steel slag 

GCL GGBFS Limestone 

SCS Steel slag Steel slag 

Portland cement 100% Cement clinker 

Reference cement 36% GGBFS + 25% Cement clinker + 39% Fly ash 

Note: 5% of gypsum dihydrate by mass percentage of cementitious material was added for all cements in Table 4. 

 

2.3. Water requirement for normal consistency 

 

Fig. 3 demonstrates that reference cement presents a very high water requirement (0.346) due to high 

content of un-burnt carbon in fly ash. In contrast, the gap-graded blended cements show a much lower 

water requirement than reference cement, and these gap-graded blended cements without fly ash show 

an even lower water requirement for normal consistency, which is only slightly higher than that of 

Portland cement. The results prove that the gap-graded blended cements show a higher packing 

density than cements prepared by co-grinding. 

 
Fig. 3 Water requirement for normal consistency of gap-graded blended cements with low clinker content 

 

2.4.Maximum volume concentration of solids of cement pastes 



 

Maximum volume concentration of solids is used to characterize the packing density of cement pastes, 

namely as the maximum density of cement pastes (Kwan and Fung, 2009). The obtained blended 

cements were mixed with water at different W/C ratios and the densities of cement pastes were 

measured. Maximum volume concentration of solids φ of the cement pastes obeys Eq. (1):  

 wetwc  )1( )()( wcwwet  
                                                 (1) 

where: ρwet is the maximum density of cement pastes, ρw and ρc are the densities of water and cement, 

respectively.  

From Table 5, The maximum volume concentrations of solids of Portland cement paste and reference 

cement paste are 46.88% and 44.73%, respectively. In contrast, the gap-graded blended cements 

present much higher maximum volume concentrations of solids than reference cement. For example, 

the maximum volume concentration of solids of GCF cement paste can be as high as 50.17%, which is 

increased by 5.44% relative to that of reference blended cement paste. The results strengthen the 

above conclusions for the increase of packing density of cement paste by the gap-graded particle size 

distribution.  

 
Table 5 Maximum volume concentrations of solids of gap-graded blended cement pastes 

Cement Id. GCG GCF GCS GCL SCS Portland cement Reference cement 

Specific density (g/cm
3
) 2.951 2.814 3.247 2.869 3.28 3.15 2.831 

Maximum wet density (g/cm
3
) 2.027 1.91 2.205 1.963 2.18 2.008 1.819 

Volume concentration of solid (%) 52.64 50.17 53.63 51.52 51.75 46.88 44.73 

 

2.5. Compressive and flexural strengths  

 

Mortar specimens of 40×40×160mm were prepared at water: cementitious material: river sand = 0.5: 1: 

3 by mass. After being cured at 20±1 °C and 90% R.H. for 24 h, mortar specimens were demoulded 

and cured in lime-saturated water at 20±1 °C. Mortar strengths tested according to EN 196-1 are 

shown in Fig. 4. From Fig. 4(A), it is seen that the 3 days and 28 days compressive strengths of 

reference cement are 11.3 MPa and 29.6 MPa, respectively. However, both 3 days and 28 days 

compressive strengths of the gap-graded blended cements increase significantly and can be 

comparable with those of Portland cement. For instance, although using the same mix proportions 

(25% cement clinker, 36% GGBFS and 39% fly ash), 3 days and 28 days compressive strengths of 

GCF blended cement are 19.3 MPa and 41.8 MPa, respectively, which is increases by 70.8% and 

41.2% compared with that of reference cement. Fig. 4(B) demonstrates that there is no obvious 

difference in flexural strength between gap-graded blended cements and Portland cement.  

  
 (A) Compressive strength                              (B) Flexural strength 

Fig. 4 Compressive and flexural strengths of gap-graded blended cements with low clinker content 

 

2.6. Heat evolution  



 

Heat evaluation of cement paste at water to cementitious materials ratio of 0.5 was measured with 

an isothermal calorimeter (TAM air) according to ASTM C1702, and the measurements were 

performed at a constant temperature of 25 °C for 72 h. Unlike heat evolution of Portland cement and 

reference blended cement, the rate of heat evolution of gap-graded blended cement presents three 

peaks as shown in Fig. 5. The first peak (around 0.1 h) and the second peak (in the range of 10-20 h) 

of heat evolution, which correspond to hydration of cement clinker particles, are much lower than that 

of Portland cement, due to lower cement clinker content. The third peak in the range of 40-70 h is 

attributed to the pozzolanic and perhaps hydraulic reactions of fine GGBFS particles, suggesting that 

the pozzolanic reaction of fine SCMs particles in gap-graded blended cements mainly takes place after 

2 days and is much more significant than that in reference cement. In comparsion with the heat 

evolution of Portland cement, the heat evolution of gap-graded blended cement is much slower in the 

first 20 h, but continues to increase rapidly afterward. As a result, cumulative heat of hydration of the 

gap-graded blended cements is nearly twice as that of reference cement and reaches about 70% of that 

of Portland cement.  

  
(A) Rate of heat evolution                               (B) Cumulative heat of hydration 

Fig. 5 Heat evolution of gap-graded blended cements with low clinker content 

 

2.7. Microstructure of hardened pastes  

 

SEM images of hardened cement pastes are depicted in Fig. 6. A small amounts of hydration products 

are found in reference cement paste cured for 3 days (Fig. 6(A)). Fig. 6(B) shows the amounts of 

hydration products are still limited and poor bonding among hydration products and coarse SCM 

particles is found in reference paste cured for 28 days, responsible for its very low compressive 

strength. Due to rapid hydration of fine clinker particles, a large amount of hydration products with 

capillary pores is found in Portland cement paste cured for 3 days as shown in Fig. 6(C), and clinker 

particles coarser than 30 μm have only surface hydrated, thus this part of costly clinker is in effect 

being wasted and can be replaced by less expensive SCMs. Fig. 6(D) demonstrates that a large amount 

of capillary pores still exist, although few large-sized pores are observed in Portland cement paste 

cured for 28 days. For gap-graded blended cement (GCF) paste, a large amount of hydration products 

together with its bonded particles produce a dense microstructure after cured for 3 days (Fig. 6(E)). 

Hydration products increase steadily as hydration proceeds, with a new generation of hydration 

products filling in large-sized pores and bonded with un-hydrated particles firmly together. The 

resulting consequence is the microstructure becomes denser and few capillary pores are found in the 

pastes cured for 28 days (Fig. 6(F)).  

 

 

4. Conclusions 

 



The experimental results prove that high performance blended cements with low clinker content can 

be prepared by the gap-graded particle size distribution proposed and arranging high activity SCMs, 

cement clinker and low activity SCMs (or inert filler) in the fine fraction (<8μm), middle fraction (8-

24μm) and coarse fraction (>24μm), respectively. Both early and late compressive strengths of gap-

graded blended cements with only 25% clinker can be comparable with that of Portland cement. The 

gap-graded blended cements are also characterized of low water requirement, high packing density, 

homogeneous and dense microstructure. In addition, the heat of hydration of gap-graded blended 

cement releases much more slowly in the first 20 h and continues to increases rapidly afterward 

compared with that of Portland cement. Thus it can be inferred that the gap-graded blended cements 

may present improved cracking and sulphate resistance and durability, which is no included due to 

length limit.  

 

   
 

 

   
 

 

Fig. 6 SEM images of hardened cement pastes  
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Abstract 

This study investigates the hydration behaviors of modified steel slag(MSS) which is obtained by burning of the 

mixture of basic oxygen furnace steel slag (BOFS) and electric arc furnace steel slag (EAFS) at high 

temperature in the laboratory. The composition and structure of BOFS, MSS and hydration products were 

characterized by X-ray diffraction and Non-evaporable water.The morphological observations of hydration 

products were detected using scanning electron microscopy. The hydration heat evolution was identified by 

means of an isothermal calorimeter. The results show autoclave soundness of cement incorporating 30% ground 

MSS can meet the requirements of ASTM C 151-09. It is found that hydration products of hardened pastes 

incorporating 30% ground MSS are composed mainly of C-S-H gel, Ca(OH)2 and ettringite, while 

magnesioferrite in MSS remains stable during hydration process. In addition, one more obvious heat evolution 

peak appears in heat-flow rate curve of MSS compared with that of BOFS, which is similar to that of Portland 

cement, indicating that the hydraulic activity of MSS is improved markedly. 
 

Originality 

The presence of C3S, C2S, C4AF and C2F in steel slag makes it potentially usable as a cementitious material, but 

due to its low C3S content it gives lower hydraulic activity than typical Portland cement clinkers. Many 

activation approaches, such as mechanical, thermal or chemical methods, have been used to improve the 

hydraulic activity of steel slag. These treatments or methods, namely so called “back-end modification 

techniques”, need additional energy and chemical activators, and the modification effect varies with the 

chemical and mineral composition of steel slag. Molten basic oxygen furnace slag contains much heat and has 

good fluidity. By adding some mineral admixtures to the molten slag during steel slag’s discharging process, it 

is possible to increase the content of cementitious minerals(such as C3S, C2S and C3A) in the product, resulting 

in improved hydraulic activity. 

 

Chief contributions 

The hydraulic activity of MSS is improved markedly. The hydration process of MSS is similar to that of OPC. 

The cumulative hydration heat of MSS in the first 3 days is 3.5 times as that of BOFS. Autoclave soundness of 

cement with 30% ground MSS is improved than the reference sample,which meets the requirements of ASTM C 

151-09. RO phase has been transformed to magnesioferrite after modification and remain stable during 

hydration process.  

 

Keywords: Basic oxygen furnace Steel slag; Electric arc furnace steel slag; Modified steel slag; Hydration 
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1. Introduction 

 

Steel slag is the residual waste of steel production process (Altun and Yılmaz, 2002), being from either 

the conversion process of iron to steel in a basic oxygen furnace(BOF), or the melting of scrap to 

make steel in an electric arc furnace (EAF), and the amount of which is about 10-15% of the steel 

yield. Its mineral compositions vary with raw materials and smelting process. The common minerals 

in steel slag are olivine, merwinite, alite, belite, calcium aluminio-ferrite, calcium ferrite, RO phase 

(CaO-FeO-MnO-MgO solid solution) and free-CaO (Shi, 2002; Kourounis and Tsivilis et al., 2007). 

The presence of alite, belite, calcium aluminio-ferrite and calcium ferrite endorses steel slag hydraulic 

properties. However, the content and hydraulic activity of alite and belite in steel slag is much lower 

than those in Portland cement. It was reported that about eighty-five million tons per year of steel slag 

has been discharged in China since 2009, and the utilization ratio of steel slag is no more than ten 

percent, therefore, a large quantity of steel slag has occupied vast amount of infield
 
and contaminated 

groundwater, water and soil due to the dust and various poisonous elements emission. Therefore, it is 

necessary to explore a new technique that is helpful to improve the utilization of steel slag. Many 

studies showed that steel slag could be used as raw materials for cement production (Wu and Zhu et al., 

1999; Monshi and Asgarani, 1999), by which only a small part of steel slag can be disposed of. The 

incorporation of ground steel slag into cement is an attractive approach because of efficient utilization 

of steel slag and huge reduction of energy consumed in cement production (Kourounis and Tsivilis et 

al., 2007). Generally, cement blending with steel slag has longer setting time and lower early strength 

compared with Portland cement, and sometimes causes much volume expansion due to its high 

content of dead-burned free-CaO (Shi and Day, 1999). Although some activation techniques have been 

used to improve the hydraulic activity of steel slag (Chen and Zhang, 2001; Qian and Suna, 2002; Li 

and Fu et al. 1997), these techniques usually need additional energy and complicated process.  

 

Molten basic oxygen furnace slag contains much heat and has good fluidity. By adding some mineral 

admixtures to the molten slag during the discharging process, it is possible to increase the amount of 

cementitious minerals in the product, resulting in improved hydraulic activity. Ground MSS cement 

could get satisfactory physical properties and durability, in another aspect when suitable amount of 

ground MSS is added, the mechanical properties of concrete could be well improved (Wang and Yan, 

2010). Whether MSS is interground with cement clinker in cement production or used as mineral 

admixture in concrete mixing, its hydration behaviors should be understood. Therefore, the hydration 

behaviors of MSS were investigated in this study. 

 

 

2. Experiments 

 

2.1 Materials 

 
Figure 1 X-ray diffraction patterns of BOFS and EAFS (Cu Kα1, λ= 1.5406Å, 40kV and 40mA) 



The basic oxygen furnace steel slag (BOFS) used in the experiment was from Shaoguan Iron and Steel 

Co., Ltd of China. The electric arc furnace steel slag (EAFS) used as adjusting material was from the 

same company. Cement used was ordinary Portland cement (OPC) with Blaine specific surface area of 

346m
2
/kg. Table 1 gives their chemical compositions, which shows that BOFS contains more iron 

oxide and less CaO than OPC, while EAFS has more CaO and SiO2 but less iron oxide than BOFS.  

Figure 1 shows that BOFS is composed mainly of alite, belite, calcium ferrite, calcium oxide and RO 

phase, the latter being a solid solution of MgO (magnesia) and FeO (Wustite). The minerals in EAFS 

are γ-C2S, periclase, anorthite, merwinite and gehlenite, with γ-C2S being the predominant one. 

 

2.2 Experimental 
 

Table 1 Composition of OPC, BOFS and EAFS /mass % 

Sample CaO SiO2 Al2O3 Fe2O3 FeO Fe MgO SO3 P2O5 Free-CaO Loss 
Molar 

C/S 

OPC 63.42 21.16 4.90 5.18 -- -- 1.37 2.45 -- -- 1.29 -- 

BOFS 40.01 18.94 2.91 8.85 13.5 1.22 5.36 0.35 1.07 4.10 2.01 2.26 

EAFS 53.31 22.97 2.08 -- 1.07 -- 7.79 0.44 0.05 0.08 3.53 2.49 

Note: --, undetected 

 

Table 2 Mix proportion and calcining temperature of BOFS and EAFS 

Sample 
/mass% Calcining 

Temp. 

/
o
C 

Chemical composition of the mixtures /mass % Molar 

C/S BOFS EAFS CaO SiO2 Al2O3 Fe2O3 FeO Fe MgO 

S10-1250 90 10 1250 

41.34 19.34 2.83 7.97 12.26 1.10 5.60 2.29 S10-1300 90 10 1300 

S10-1350 90 10 1350 

S15-1250 85 15 1250 

42.01 19.54 2.79 7.52 11.64 1.04 5.72 2.30 S15-1300 85 15 1300 

S15-1350 85 15 1350 

S20-1250 80 20 1250 

42.67 19.75 2.74 7.08 11.01 0.98 5.85 2.31 S20-1300 80 20 1300 

S20-1350 80 20 1350 

 

In the laboratory, the mixtures of BOFS and EAFS in appropriate proportions as shown in Table 2 

were burned in a Si-Mo oven at designed temperatures for 30 minutes. The burned specimens were 

quickly cooled to room temperature after being taken out from the oven and obtaining modified steel 

slag (MSS). The mineralogical phases of BOFS, EAFS and MSS were determined by X-ray diffraction 

analysis, using a Philip X’Pert Pro diffractometer. The phases of hydration products were carried out 

by XRD analysis, given in Figure 5. BOFS and MSS were ground in a laboratory ball mill to Blaine 

specific surface area of about 400±10m
2
/kg. The hydration test was performed with a 

water/cementitious material ratio of 0.27, in which binding material were composed either of 100% 

BOFS, 100% MSS, 100% OPC, or of blends of 70% OPC and 30% ground MSS or 30% BOFS by 

mass, respectively. The pastes were casted into plastic tubes and cured at 20±1C for 3hours, 6hours, 1, 

3, 7, 14, 28 and 90days. The hydration process was stopped by soaking the specimens in ethanol and 

vaccum drying. Morphological observations of BOFS and MSS were examined by an EVO 18 EISS 

scanning electron microscopy (SEM) with an accelerating voltage up to 10kV. Micro-area 

compositions of hydration products were analyzed by X-ray energy dispersive spectroscopy (EDS) 

(Oxford INCA 250, 20 kV). The standard consistency and setting time and soundness test of cement 

pastes were determined using a Vicat apparatus according to the European Standard EN 196-3:2005. 

The autoclave soundness test of cement incorporating 30% ground BOFS or MSS was performed 

according to standard test method for autoclave expansion of Portland cement (ASTMC151-09). The 

hydration heat evolution process of OPC, BOFS, S15-1250, and S15-1350 was measured with an isothermal 

http://www.nciku.com/search/en/specific+surface
http://www.nciku.com/search/en/area


heat-conduction calorimetry (TAM Air, Thermometric AB, Sweden). The test was carried out with 

water-to-cementitious material ratios of 0.4 at 25±1℃ up to 72 hours. 

 

3. Results and Discussion 

 

3.1 Mineralogical composition of modified steel slag 

 

Results in Fig. 2 show that all of the MSS phases obtained in this work are composed mainly of alite, 

belite, C2F, C6AF2, C2AS, magnetite and magnesioferrite. The diffraction intensity of alite in MSS 

becomes stronger with temperature increasing. An addition of EAFS to BOFS increases C/S molar and 

it was reported in that the alite content of MSS is increased about 7.3%-12.7% by K-value method 

after modification (Li and Yu et al., 2011). The major phase in EAFS is γ-C2S, and this can be 

transformed to β-C2S by incorporation of impurities such as Fe
3+

, Mg
2+

 and Al
3+

 at high temperatures, 

(and then stabilized by fast cooling). Furthermore, β-C2S can combine with calcium oxide to form alite. 

The formation of C6AF2 in MSS is due to the combination of aluminate phase and ferrite phase at 

elevated temperature. A part of iron oxide in the mixture BOFS and EAFS combines with calcium 

oxide and forms C2F when heated in air, at the same time other iron-rich phases including RO phase 

tend to give magnetite and magnesioferrite (MgO·Fe2O3), respectively. 

 
Figure 2 XRD patterns of S15 at different temperature (Co Kα1, λ= 1.7929Å, 40kV and 40mA) 

 

3.2 Physical properties and soundness of MSS 

 
Table 3 Water requirement of normal consistency, setting time and soundness of cement with BOFS or MSS 

Sample 

Water 

requirement for 

normal 

consistency/% 

Setting time /min 
Boiling 

Soundness 

Autocalve 

Soundness 

Autocalve 

Soundness 

Initial Final pass/fail 
expansion 

ratio/% 
pass/fail 

OPC 28.0 90 151 -- -- -- 

OPC+BOFS 26.7 142 219 pass 0.89 fail 

OPC+S10-1250 27.3 115 180 pass 0.03 pass 

OPC+S15-1250 27.5 118 182 pass 0.03 pass 

OPC+S20-1250 27.8 119 179 pass 0.04 pass 

OPC+S10-1300 28.2 103 172 pass 0.05 pass 

OPC+S15-1300 28.5 106 175 pass 0.05 pass 

OPC+S20-1300 28.8 105 173 pass 0.06 pass 

OPC+S10-1350 28.6 101 165 pass 0.06 pass 

OPC+S15-1350 29.3 96 153 pass 0.07 pass 

OPC+S20-1350 29.1 98 156 pass 0.08 pass 

Note: --, undetected; OPC+BOFS, denotes 70%OPC and 30% ground BOFS. 

 

The results in Table 3 show that cement incorporating 30% ground MSS demands more water and has 

shorter setting time compared with cement with 30% ground BOFS(the reference sample). Moreover, 

the setting time of cement incorporating 30% ground MSS becomes shorter with burning temperature 



ascending. The results could be attributed to rapid hydration of cementitious minerals such as alite in 

the MSS. Furthermore, the soundness of 70% cement with 30% ground MSS or BOFS meets the 

requirement of the European Standard EN 196-3, while the autoclave soundness of 70% cement with 

30% ground MSS attain the requirement of ASTMC151-09, but the reference sample can not meet. 

Table 4 shows the content of free CaO in MSS decreases about 2-4% compared with BOFS, while 

f-MgO content increases with improvement of temperature and C/S molar. Increment of f-MgO could 

result form the decomposition of C3MS2. Therefore, autoclave volume expansion ratio of MSS 

increases with rising of burning temperature. 
 

Table 4 the f-CaO and f-MgO content of BOFS and MSS 

mass% BOFS S10-1250 S15-1250 S20-1250 S10-1300 S15-1300 S20-1300 S10-1350 S15-1350 S20-1350 

f-CaO 4.1 0.7 0.9 1.0 0.5 0.6 0.7 0.2 0.3 0.5 

f-MgO 2.3 1.2 1.4 1.7 1.8 1.9 2.4 2.3 2.5 2.7 

 

3.3 Hydration heat evolution behavior 

 

Figure 3 shows that one more obvious heat evolution peak appears in heat-flow rate curve of MSS 

compared with that of BOFS, which is similar to that of Portland cement, being similar to that of 

typical Portland cement paste or C3S paste. The hydration process of MSS being similar to OPC can 

be divided five stages including initial period, induction period, acceleration period, deceleration 

period and steady period. The cumulative hydration heat of BOFS, S15-1250 and S15-1350 are 10.2 J.g
-1

, 

22.2 J.g
-1

 and 35.5J.g
-1

 for 72h duration, respectively. The cumulative hydration heat of S15-1350 is 2.5 

times greater than that of BOFS. The improvement of cumulative hydration heat of MSS results from 

the change in the amount of alite, as well as the formation of C6AF2 after modification. 

 
(a) Rate of heat evolution of OPC, BOFS and MSS,  (b) Cumulative heat of OPC, BOFS and MSS 

Figure 3 Hydration heat evolution curves of OPC, BOFS and MSS 

 

3.4 Non-evaporable water (Wn) 

 

  
(a) Wn of BOFS and S15-1350 pastes        (b) Wn of OPC+BOFS, OPC+S15-1350 and OPC 

Figure 4 Non-evaporable water contents of different pastes cured at temperature of 20±1℃ 

Figure 4a shows the Wn content of S15-1350 is higher than that of BOFS from early ages to later ages 



indicating the hydration rate of S15-1350 improving. The results show the Wn content of OPC 

incorporating 30% ground S15-1350 is greater than that of the reference sample at early and late ages, 

and less than that of OPC before 80 days in Figure 4b, but compared with OPC, the Wn content of 

OPC incorporating 30% ground S15-1350 is greater after 80days. The improvement of the hydraulic 

activity of MSS is attributed to increment of cementitious minerals such as alite and C6AF2 in S15-1350. 

 

3.5 Composition of hydration products 

 

Figure 5 show the peaks of alite and belite become gradually weaker during hydration process, while 

the peaks of MgO·Fe2O3 remain unchanged. The intensity of Ca(OH)2 peaks becomes gradually 

stronger from 3 days to 28 days. The results indicate the hydration products of hardened pastes 

incorporating 30% ground S15-1350 are composed mainly of C-S-H gel Ca(OH)2 and ettringite, but 

magnesioferrite in MSS remains stable during hydration process  

 
Figure 5 XRD patterns of hardened cement pastes incorporating 30% ground S15-1350 cured for 3, 7 and 

28days (Co Kα1, λ=1.7929Å, 40kV, 40mA) 

 

3.6 Morphological observations of hardened pastes 

 

 
Figure 6 SEM morphological observations of fracture surfaces for hardened cement pastes incorporating 30% 

ground BOFS or S15-1350, (a) OPC+BOFS, and (b) OPC+ S15-1350 cured for 1day; (c) OPC+BOFS and (d) OPC+ 

S15-1350 cured for 28 days 

 

The images in Figure 6 show the hydration products of cement incorporating 30% ground BOFS or 

ground S15-1350 are consisted of fibrous C–S–H, needlelike ettringite and Ca(OH)2. In comparison to 

hydration products of cement incorporating ground S15-1350, the unhydrated particles in hydration 

products of the reference sample are more at the ages of 1 day and 28 days. Furhermore, the 

microstructure of cement incorporating 30% ground S15-1350 hardened pastes is denser than the 

reference sample due to higher hydraulic activity of S15-1350. 

3.7 Micro-area chemical analysis of hardened pastes 



 

Figure 7a shows morphological observations of harden pastes of cement with S15-1350 at the age of 28 

days and EDS select region. Figure 7b shows the EDS spectrum of the select region, and the results 

reveal that the unhydrated particle is magnesioferrite. The cracks are apparently between 

magnesioferrite and C-S-H gel because the interface is a weak region of hydration products. 

 

     
    (a)                                    (b) 

Figure 7 SEM morphological observations of harden pastes of cement incorporating 30% ground S15-1350 and 

EDS of select region: (a) SEM morphologies and EDS of select region, (b) EDS spectrum of select region. 

 

4. Conclusions 

 

The autoclave soundness of cement incorporating 30% ground MSS can meet the requirements of 

ASTM C 151-09. The magnesioferrite being from RO transition phase remains stable during hydration 

process. One more obvious heat evolution peak appears in heat-flow rate curve of MSS compared with 

that of BOFS, The cumulative hydration heat for the first 3 days duration of MSS is 2.5 times greater 

than that of BOFS. The Wn content of MSS is higher than that of BOFS from early ages to later ages. 

The hydraulic activity of MSS is improved markedly.  
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Effects of MgO on the Formation Kinetics of Portland Cement Clinker 
 

Abstract 
 
The effects of MgO on the formation kinetics of Portland cement clinker were investigated by analyzing the clinker 
formation rate, the reaction-rate constant (k) and the activation energy (Ea). The k and Ea were calculated according to 
the Ginstling equation and Arrhenius equation. The mineral compositions and morphology of resulting clinker were 
studied by XRD and SEM. The results show the formation of silicate minerals is promoted and the calcination 
temperature of clinker decreased while a suitable content of MgO is doped in the raw meal. When the MgO content is 
below 2% in weight, the k value increased while the Ea value decreased with the MgO content increasing. However, the 
results are reversed while the MgO content exceeds 2% in weight. 

Keywords: MgO, Cement clinker, Kinetics 

ORIGINALITY: Our article is original, has been written by the stated authors who are all aware of its content and 
approve its submission, has not been published previously. 

CHIEF CONTRIBUTIONS: The formation of silicate minerals is promoted and the calcination temperature of cement 
clinker decreased while a suitable content of MgO is doped in the raw meal. When the MgO content is below 2% in weight, 
the reaction-rate constant (k) increased while the activation energy (Ea) decreased with the MgO content increasing. 
However, it will get the reversed results when the MgO content exceeds 2% in weight. 
 
 
1.  Introduction 
 
In the filed of cement research, there are hotspots to accelerate the formation rate of Alite at lower temperature 
and reduce the heat consumption of cement clinker. By adding some oxide compounds and ions or introducing 
some crystal nucleus, the formation of Alite can be promoted [1, 2]. Also the properties of liquid phase, such as 
the viscosity and the amount, can be improved [3, 4]. The crystal symmetry of C3S can be broken by the defects 
generated with these methods [5, 6]. It is because that the defects are introduced in the middle and the final 
phases of clinker. Some physical and chemical properties of the liquid phase are changed. 
The low-grade lime stones with a high MgO content have been widely used in cement production at present. 
The MgO have some important effects on the calcinations, compositions and properties of cement clinker [7]. 
A suitable amount of MgO will change the properties of liquid phase [8-10]. In recent years, there have been 
some reports about MgO as a mineralizer for calcining clinker, but the descriptions about the effects of MgO on 
the formation kinetics of Portland cement clinker are not detailed.  
The aim of the present work is to outline the effects of MgO on the formation kinetics of Portland cement 
clinker in principle. 
 
 
2. Experimental procedure 
 
The chemical reagents CaCO3, SiO2, Al2O3, and Fe2O3 were used as the starting materials. Lime Saturation 
Factor, Silica Ratio and Alumina Ratio were 0.92, 2.3 and 1.5, respectively. The raw meal samples doped with 
0%, 1.0%, 1.5%, 2.0% and 2.5% of MgO in weight were named as S, A1, A2, A3 and A4 respectively. Table 1 
showed the compositions of the raw meals.  
 

Table 1 Compositions of raw meal samples (%) 
Sample Fe2O3 Al2O3 SiO2 CaCO3 MgO 

S 4.430 5.320 22.430 121.126 0.0 
A1 3.962 5.752 22.054 120.282 1.0 
A2 3.818 5.724 21.942 119.676 1.5 
A3 3.796 5.696 21.830 119.068 2.0 
A4 3.778 5.666 21.720 118.458 2.5 

 



 

The raw meal samples were prepared in a rotary ball mill by mixing and grinding the oxidies according to the 
proportion shown in Table 1. The fineness of the raw meal was controlled to a sieve residue of 3.0 % on an 
80μm sieve. Then, the green cakes with a size of Φ30×4mm were pressed under a pressure of 5MPa by using 
the raw meal powders. All of the clinker samples were ultimately obtained by calcining the cakes at 1360°C, 
1380°C and 1400°C for 15 min, 30 min and 45 min respectively. The clinker samples were quickly cooled at 
room temperature. The clinker formation rate (G) was calculated following the Eq. 1. 

56 100
44 100

− + •
−=

( )fCaO CaO L
LossG

CaO                                                                                               (1) 
Where: CaO represented the CaO (%) content in the raw meal samples; CaOf (%) was the free lime content in 
the clinker samples. The content of free lime is measured by the Glycol method according to the Chinese 
National Standards (GB/T176-2008), and high accuracy can be got by this method; Loss (%) standed for the 
loss on ignition of the clinker samples. 
As we know, the Ginstling equation is usually used to discuss the kinetic problems in sintering reaction of cement clinker. 
The reaction-rate constant (k) value was figured out according to the Ginstling equation,  Eq. 2.  

2
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                                                                                                                  (2) 
Where: t(s) standed for the reaction time. 
And then the linear correlation coefficient about f (G) with t would be counted. 
The activation energy (Ea) value of Alite was calculated with Arrhenius' formula Eq. 3 and Eq. 4. 
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Where: Ko was a constant; R was pervasive gas constant, 8.314 J / (mol•k); T (K) standed for the reaction 
absolute temperature. 
The mineral composition and microstructure of the clinkers were analyzed by using the XRD and SEM. 
 
 
3. Results and Discussions 
 
3.1 Calculation of Kinetics Parameters 
Table 2 shows the content of CaOf and the loss on ignition in the clinker samples. The CaOf contents in samples 
with MgO are less than that in the sample without MgO under the same experimental conditions. And, when 
the raw meal sample is doped with MgO 2% in weight, the clinker sample have the lowest CaOf content. To 
some extent, the burn ability of the raw meal can be expressed in terms of the CaOf (%) content. So, the results 
reveal the burn ability of the raw meal can be improved by a suitable MgO content.  
Table 3 represents the reaction-rate constant (k) and the activation energy (Ea). The linear correlation 
coefficient about f (G) with t is higher (0.95-0.99), which presents that the relevance between the two is good. 
And the formation kinetics of the clinker samples with varying MgO content meets Ginstling equation. It is 
reputed that when the temperature is between 1360°C and 1400°C, the clinker formation rate is controlled 
mainly by diffusion speed of ions in the experimental conditions. The mechanism of the reaction kinetics is not 
changed. 
 

Table 2  The CaOf  content and the Loss of the clinker samples  
calcined at 1360°C, 1380°C and 1400°C for 15 min, 30 min and 45 min 

S A1 A2 A3 A4 
T 

(°C) 
time 
(min) CaOf

(%) 
Loss 
(%) 

CaOf

 (%) 
Loss
(%) 

CaOf

 (%) 
Loss
(%) 

CaOf

 (%) 
Loss 
(%) 

CaOf

 (%) 
Loss
(%) 

15 1.251 2.51 0.530 1.78 0.439 1.79 0.382 1.58 0.412 1.68
30 1.182 2.45 0.425 1.63 0.320 1.55 0.271 1.33 0.369 1.531360 
45 1.150 2.38 0.311 1.51 0.207 1.43 0.165 1.21 0.268 1.21

1380 15 0.642 1.02 0.526 1.82 0.541 1.85 0.391 1.52 0.395 1.62



 

30 0.593 0.93 0.421 1.72 0.322 1.73 0.275 1.42 0.278 1.42
45 0.512 0.90 0.294 1.65 0.210 1.55 0.166 1.25 0.226 1.23
15 0.530 0.33 0.524 1.80 0.435 1.81 0.385 1.40 0.442 1.80
30 0.422 0.32 0.398 1.71 0.329 1.52 0.278 1.29 0.321 1.571400 
45 0.371 0.29 0.299 1.52 0.213 1.31 0.168 1.12 0.223 1.29

 
 

 
Table 3 Kinetics parameters of the clinker samples  

calcined at 1360°C, 1380°C and 1400°C 
Kinetics parameters T(°C) S A1 A2 A3 A4 

1360 0.99 0.96 0.97 0.98 0.95 
1380 0.99 0.98 0.95 0.95 0.96 

Linear correlation 
coefficient about f (G) 

with t 1400 0.97 0.99 0.96 0.96 0.96 
1360 0.7450 2.7256 2.8740 3.7786 2.7258 
1380 1.1200 2.8928 3.8728 3.9128 3.9123 k(×10-5s-1) 
1400 1.1901 3.5526 4.2427 4.5436 4.1523 
1360 
1380 Ea(kJ/mol) 
1400 

386 205 197 184 200 

1360 
1380 Ko(×104s-1) 
1400 

1.8707 2.8740 1.9751 1.2740 2.4764 

 
The Ea value is given in Fig.1. According to the basic principle of chemical reaction kinetics, the lower Ea is, 
the more activated molecules in the specified temperature are, and the easier reaction is. The Ea value of the 
clinker samples doped with MgO are in the range of 184 kJ/mol to 205 kJ/mol. The lowest and the highest Ea 
value are 184 kJ/mol of the clinker sample A3 and 386 kJ/mol of the clinker sample S.  
Fig. 2 depicts the effects of calcinations temperature and the MgO content on the k. The MgO is chosen for the 
increase of the k. The change of the k is not marked while the MgO content is in the range of 1.5% to 2% in 
weight, and the k of clinker sample A3 is the highest. It is adverse while the MgO content exceeds 2% in weight. 
The optimum temperature for the increase of the k is 1400°C. 
It is found that Ea can be decreased and the k can be increased by doping a suitable content of MgO and 
improving the calcinations temperature congruently. In these experimental conditions, the mechanism of the 
reaction kinetics is not changed, also meets Ginstling equation, but the clinker activation energy is reduced and 
the reaction rate is increased. 
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Fig. 1 Variation of the Ea value with the MgO content Fig. 2 Variation of the k (×10-5s-1) value with the MgO 
content under the temperature of 1360°C, 1380°C and 

1400°C
                                       

3.2 Micro-analysis 



 

XRD studies of the specimens calcined at 1400°C reveal that the main minerals are C3S in resulting clinkers. 
As can be seen from the Fig. 3, there also exist C2S, C3A, and C4AF. The calcium silicate content in clinker 
sample A1 and A4 is less than that in clinker sample A3. The diffraction peak becomes sharper with the MgO 
content increasing. These indicate that a suitable content of MgO is benefit for the crystallization. This result is 
consistent with the k value and the Ea value calculated in experiments. 
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Fig. 3 XRD patterns of the clinker samples                Fig. 4 SEM micrographs of the clinker samples with MgO  
         with different  MgO content calcined                                        content of 1.5%(a) and  2.0 %(b) 

at 1400°C for 45min 
                                   

By microscope observation, the well-differentiated interstitial compounds are more, and the scale of 
crystallization of Alite is larger in the clinker sample A3. The crystal boundary is clear. The morphologies are 
perfect, and the size of grain develops fine from Fig. 4. The results show that the components are 
well-developed in calcinations process because of a suitable content of MgO. This is consistent with the k 
value and the Ea value. 
 
 
4. Conclusions 
 
The mechanism of the reaction kinetics of Portland cement clinker is not changed with the MgO content. The 
formation of silicate minerals is promoted while the calcination temperature of clinker decreased when the 
suitable MgO content is doped in the raw meal. While the MgO content is below 2% in weight, the k value is 
increased and the Ea value is decreased with its increasing. The difference of the lowest and the highest about 
the k value and the Ea value are 3.4×10-5 s-1 and 202kJ /mol respectively. The results are reversed while the 
MgO content exceeds 2% in weight. Theory basis is provided now. It will make well realize the economic 
returns and social benefits. 
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Abstract 
Concrete is used in infrastructure and in buildings. It is composed of granular materials of different sizes and the 
grading of the composed solid mix covers a wide range. The overall grading of the mix, containing particles from 300 
nm to 32 mm, determines the mix properties of the concrete. The properties in fresh state (flow properties and 
workability) are for instance governed by the particle size distribution (PSD) and the resulting particle packing (PP). 
One way to further improve the packing is to increase the solid size range, e.g. by including particles with sizes below 
300 nm. Possible materials, which are currently available, are limestone and silica fines like silica fume (mS) and 
nano-silica (nS). This paper addresses the characterization of six different silica fines with respect to their application 
in cement paste. Given that the fines provide by far the highest percentage of specific surface area in a mix, their 
packing behavior and water demand is of vital interest for the design of concrete. In the present work, different mixes 
are compared and analyzed using the mini spread-flow test method. In this way, a deformation coefficient derived by 
the spread-flow test is confirmed to correlate with the product of computed specific surface area (SSA) based on 
measured PSD and intrinsic density of the individual silica fines. Similarly, correlations with equal accuracy are found 
with a computed SSA using the BET method. With the flow experiments of different mixes it is possible to derive an 
individual deformation coefficient of the silica particles. It is demonstrated that the computed and the BET surface area 
values have a constant ratio (0.76 to 0.70). Finally, the value of a constant water layer thickness around the powder 
particles (24.8 nm) is computed for all silica fines at the onset of flowing. This implies the possibility to predict the flow 
behavior of paste only based on the knowledge of their SSA, either determined by computation or by BET 
measurements.   
  
Originality 
The results obtained for the water demand (βp), deformation coefficient (Ep) and water film (δ) of silica fines, 
specifically of amorphous silica nano particles have never been reported in the literature using the mini spread flow 
test method. This is an opportunity to publish new findings in the field of concrete technology related with nano 
particles addition and their effect on the rheology and workability of cement based materials. Also these parameters 
will allow for a tailor made design of new types of silica produced by olivine dissolution in acid, and the prediction of 
their water demand in cement paste, mortars and concrete mixes. The understanding of the effects of silica fines in 
cements paste allows for an optimized design of concrete mixes and contributes to the future application of these types 
of materials as cement replacement. 
 
Chief contributions 
Concrete is the most widely produced man-made material after drinking-water. Current micro silica is only applied in 
special cases, due to its high price, and nano silica is not used in practice yet. Nano silica can be produced in such 
quantities and for low prices that the mass application in concrete is within reach. It may replace cement in the mix, 
which is the most costly and environmentally unfriendly component in concrete. The use of nano silica makes the 
produced concrete financially more attractive and reduces the CO2 footprint of the produced concrete products. The 
nano silica will also increase the product properties of the concrete: the workability and the properties in hardened 
state, enabling the development of high performance concretes for extreme constructions. That means that a concrete 
with better performance, lower costs and an improved ecological footprint can be designed. The application of these 
concretes is possible both in infrastructure and in buildings.  
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Introduction 

The fresh concrete properties, like flow behavior and workability are governed by the particle size 
distribution, but also the properties of the concrete in hardened state, such as strength and durability, 
are affected by the mix grading and resulting particle packing (Reinhardt, 1998). One way to further 
improve the packing is to increase the solid size range. Possible materials, which are currently 
available, are limestone and silica fines like silica fume (mS) and nano silica (nS). The main 
characteristic of silica fines, such as particle size distribution, specific density, specific surface area 
and reactivity (surface silanol groups), depend on the production method (Sovolev et al., 2006). For 
the design of a concrete mix, it is important to consider the fine particles, as they have an influence on 
the water demand and, consequently, the fresh and hardened concrete properties. In granular state, a 
layer of adsorbed water molecules surrounds the fine particles and additional water is required to fill 
the remaining void fraction (Ψ) of the granular system. Since the fine powders contribute to the total 
specific surface area most, they have the strongest influence on the total water demand of a concrete 
mix. As a result, the powders should have a preferably low water demand. The mini spread flow test 
described by Okamura and Ozawa (1995) is an efficient and classical technique that is used nowadays 
by several researchers as an accurate measurement for the water demand of powders and mortars. This 
paper presents an extended analysis of the effects of amorphous silica fines on the water demand and 
workability of cement paste. Analysis of the granular structure of the paste and the relation to the 
calculated void fraction are presented as a previous understanding of the effect of nano particles 
addition to concrete mixes. 

2. Materials and experimental methods 

2.1 Materials 

An ordinary Portland cement (CEM I 52.5N), as classified in EN 197-1, was used. Six different 
commercial silica fines (amorphous SiO2 particles) were selected to perform the tests on the water 
demand and the subsequent analysis. The samples were classified and named as follows: two colloidal 
nano silica suspensions (samples CnS-1 and CnS-2), one nano silica fume (PnS-3) in powder form, 
one standard micro silica fume in slurry form (PmS-4) and two synthetic pyrolitic silica fumes with 
different specific surface area (PmS-5 and PmS-6). Their general characteristics are shown in Table 1. 

Table 1: General characteristics of silica fines and reference cement used. 

Name Type 
PSD by 
SEM/STEM 
(nm) 

PSD by LLS 
and DLS 
(nm) 

Specific 
density 
(g/cc) 

BET 
 (m2/g) 

SSASph 
(cm2/cm3) x10-4 

CnS-1 Colloidal 5 - 50 0.9 -2.3 1.10 234 3642 
CnS-2 Colloidal 19 - 156 79 - 186 1.39 50 46 
PnS-3 Powder 14 - 187 73 - 291 2.10 56 48 
PmS-4 Slurry 14 - 332 78 – 1.3 (μm) 1.39 23 34 
PmS-5 Powder 23 - 391 194 - 446 2.05 50 22 
PmS-6 Powder 29 - 658 348 – 12 (μm) 2.19 12 8 
CEM I 52.5N - - 10 (μm) 3.06 - 2 

 
2.2 Experimental methods 

2.2.1 Characterization of the silica fines and cement 

The most relevant material characteristics of the selected silica fines were determined to allow for a 
proper incorporation of its in concrete. In this respect, the particle size distribution of the selected 
materials was determined using a Malvern Mastersizer 2000  based on laser light diffraction (LLD) 
and a Malvern Nanosizer based on dynamic light scattering (DLS). The computed specific surface 
area (SSASph) was calculated according to Hunger (2010) assuming a sphere shape. Density 



measurements according to EN 1097-7 were performed using a calibrated glass pycnometer. 
Additionally, specific surface areas were determined based on BET measurements (SSABETtotal and 
SSABET ext) using a Micromeritics device model Tristar. Furthermore, size and morphology of the silica 
fines were analyzed with a SEM/STEM FEI Tecnai electron microscope model 20FEG. The obtained 
results are summarized in Table 1.  

2.2.2 Water demand and workability 

The mini spread flow test was deployed, as it is a suitable test method for materials with a collapsed 
slump. The procedure is described in detail in Hunger (2010). In total, 97 mixes were tested according 
to EN 196-1 and prepared using different silica concentration and water content. The spread flow tests 
were carried out first by filling the sample into the Hägermann cone and followed by lifting it to allow 
a free flow of the sample over a dry and clean  glass plate. The relative slump is calculated from: 

2
1 2

0/ 1
2p

d d d
⎡ ⎤+⎛ ⎞Γ = −⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

       (1) 

Where d1 and d2 are calculated from the average value of the two perpendicular diameters measured 
from the spread sample. The relative slump flow value versus the volumetric water to powder ratio 
(Vw/Vp) was plotted. At least five mixes with different Vw/Vp were measured in order to obtain a 
statistically reliable trend line for the regression analysis. The linear trend line was fitted to the plotted 
values, reading as (Hunger, 2010): 

/w p p p sV V Eβ= + Γ       (2) 
Where βp,mix value indicates the minimum amount of water to assure a fluid cement paste. The 
deformation coefficient (Ep,mix) indicates the sensitivity of the mix on changes in the water content for 
a specified workability. Knowing the calculated value for Ep,CEM I, Ep,nS of the nano silica particles was 
derived indirectly invoking a linear relation and the work of Domone and Hsi-Wen (1997) as follows: 

, 1 , 2 ,p mix p CEMI p nSE f E f E= ⋅ + ⋅                  (3) 

Where f1 and f2 are volume fractions or concentration of cement and silica respectively, in the mix. 
The void fraction (ψ) was calculated based on the water retention ratio (βp,mix) according to the 
equation given by Brouwers and Radix (2005): 

( 0)
1

pw w

total w s p

V V
V V V

β
β

Ψ Γ = = = =
+ +

    (4) 

In which Vw, Vs and Vtotal are the volume of water, solids and total volume of the mix, respectively, and 
βp is the intersection of the spread flow line with the ordinate. 

3. Results and discussion 

3.1 Water demand and workability 

In Fig.1, the computed Γp are plotted versus the respective Vw/Vp. Furthermore, a list of the different 
coefficients (Ep,mix and βp,mix) derived is presented. In general, the results shown in Fig. 1 are in line 
with the theories presented by Brouwers and Radix (2005) where Ep,mix depends on the total SSA of the 
granular materials of the composed mix (cement and silica). It is evident that with decreasing particle 
size of the silica and consequently increasing SSA the values of Ep,mix increase for all tested samples. 
Moreover, it is obvious that the relative concentrations are increasing too. On the contrary, the water 
demand changes in function of the packing and void fraction of the final cement paste. In case of 
improved packing, more water is available to lubricate the particles (Hunger, 2010); (Brouwers and 
Radix, 2005), and therefore producing a larger slump flow diameter. Considering a linear relation the 
Ep coefficients of six selected nano and micro silica samples were calculated. Higher deformation 
coefficients (Ep) for silica fines with nano particles were obtained (0.715 to 9.031), which are bigger 



than that of cement (0.0562). This indicates that water has a bigger influence on the workability of the 
hydrating system containing nano silica. An explanation for this is given by the SSA of the applied 
silica (between 281769 and 3,641,736 cm2/cm3), which is smaller than that of the cement (26,458 
cm2/cm3). In addition, nS influences the setting time of cement paste (acceleration effect). In the same 
way, a higher water retention ratio (βp) was found for different silica concentrations. In several cases, a 
lower value of βp was found than determined for the applied cement and which is related to the 
improved PP. This reduction in the water demand was also reported elsewhere (McCabe and Smith, 
1956), (Brouwers and Radix, 2005), (Hüsken and Brouwers, 2008) (Hunger, 2010) and (Senff et al., 
2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Variation of the water/powder proportion as function of the relative slump flow of cement paste with 
different addition of nS/mS (  0.5%,  1.5%,  3.0% and  4.5%) by based weight of cement ( ). 
 
In order to analyze the results and to unify the effect of the parameters determined by the spread flow 
test (Ep,mix and βp,mix), the void fraction (Ψ) of each mix was calculated from its βp,mix values using 
Eq.(4). These Ψ were compared with the theoretical water demand (Vw/Vp) needed for each cement 
paste with silica to obtain a relative slump (Γp) of 5.3, which is equivalent to a flow diameter of 250 
mm. This value is considered as optimum to obtain a good workability in pure cement paste (Hunger, 
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2010). The results obtained for the six selected silica fines and the reference CEM I are illustrated in 
Fig. 2. Analyzing this, it can be concluded that it is possible to reduce the Ψ of cement paste with 
0.5% bwoc of CnS-1, but 15% more water is required to obtain a 250 mm slump diameter. This fact is 
caused by the extreme difference between the SSA of the CnS-1 compared with CEM I.  For the other 
colloidal nano silica (CnS-2), the reduction of the Ψ is followed by a reduction in the water demand. 
The result is in concordance with the different theories related with improved PP of continuously 
graded mixes composed of two different powder materials. Nevertheless, the minimum Ψ derived 
from the analysis is not related to the point of minimum water demand in the curve (Fig. 2a) shown for 
this sample. It means that another mechanism probably exists that is acting in the mix and which 
modifies the PP. Similar phenomena have already been reported by Palm and Wolter (2009) as main 
problem of the application of particles with high SSA or with nano sized particles. At nano scale level, 
interparticle forces, like Van der Waals forces, electrostatic repulsion and attraction, play a principal 
role in the PP. Also Yu et al., (1997) reports that mixes of nano particles result in lower packing 
fractions than similar compositions of larger particles. In contrast to this, it can be noticed from Fig. 2a 
that it is possible to reduce the water demand by 3% of the cement paste adding CnS-2 at 
concentrations below 2% bwoc.  Similar trends were found for the computed Ψ and water demand of 
the samples PnS-3 and PmS-5, which reduce the water demand in small additions.  

 

 
 

 

 
 
 
 
 
 
 
 
Figure 2: a) Theoretical water/powder proportion for a slump flow of 250 mm, b) calculated void fraction for 
cement pastes with different addition of nS/mS. 
 
Contrary to the previously described samples, sample PmS-4 shows a minimum water demand when 
minimum Ψ is obtained (Fig.2). The reduction in the water demand is around 4.5% for addition of 
1.5% bwoc. Moreover, it is possible to obtain a cement paste with the same water demand for a 
sample concentration of about 3.4% bwoc. It is in line with other work found in the literature and 
related with the water reduction effect of micro silica in cement paste when this type of material is 
added at concentration less than 5% bwoc (Senff et al., 2010). However, it is remarkable that the effect 
on the water demand due to the incorporation of particles that result in an increase in the SSA is 
extensive. In contrast PmS-6 shows a water demand reduction and reduced Ψ in the entire interval of 
concentrations studied. This synthetic pyrolytic silica shows a wide PSD that apparently improves the 
PP of the paste when it is combined with CEM I. In this case, the spherical shape of the particles 
results in a rolling effect similar to fly ash that reduces the inner friction of the paste and the related 
viscosity. The PmS-6 sample consists of coarse spherical silica particles that are less reactive (reduced 
accelerating effect of the nano silica) than the smaller ones. As a result, the average water demand was 
reduced by 5% for all the mixes studied. In general, the water demand to obtain a slump diameter of 
250 mm increases for all silica fines with the reduction of the particle size and increasing 
concentrations in the cement paste. One exception of this observation is the sample CnS-1 due to its 
high SSA compared with the other analyzed silica samples. 

 

a) b) 



3.2 Specific surface area (SSA) and water layer thickness (δ) 

As discussed before, a thin layer of adsorbed water molecules around the particles is necessary to 
assure the flow characteristics of the hydrating system. Brouwers and Radix (2005) reported that the 
thickness of this water layer (δ) is related to the Ep and the SSA of the material used, which was later 
confirmed by Hunger (2010), and reads as follows: 

,p nS SphE SSAξ δ= ⋅ ⋅      (6) 

Whereby ξ is the shape factor and SSASph is the specific surface area computed using the PSD and 
assuming a spherical shape. In the present study, using the different SSA computed and the Ep 
calculated, a water film of 24.8 nm was derived for the silica fines (Fig. 3a). This value is in line with 
the results reported by Brouwers and Radix (2005) of 44.6 nm (δBlaine) based on the Blaine’s specific 
surface area. Furthermore, this value is also confirmed by Hunger (2010) who reported a δSSA of 24.9 
nm for different powders and binders. As the computed SSA depends on the efficient dispersion and 
breaking of the primary agglomerated of nano particles, a similar approach as performed before was 
carried out using the BET SSA. In this case, all Ep were plotted against the BET specific surface area 
(total and external), multiplied by each particle density. In this case, a shape factor is not necessary for 
correction, because the total BET SSA considers the entire accessible particle surface, including pores. 
As the surface of the pores is included in computing the water film, a BET external SSA becomes more 
important. The result of such an analysis is shown in Fig.3a, where the δ values decrease from 24.8 nm 
to 19.0 nm, considering only SSABEText, and 17.4 nm, considering the surface area of the pores, 
respectively (SSABETtotal). Furthermore, the computed SSA calculated by LLS or DLS was plotted 
against the normalized respective BET SSA (Fig.3b). It is shown that the empirical relation between 
SSA and BET is linear with a factor in the range of 0.70 to 0.77 for BET total and BET external 
surface area. 

  
 
 
 
 
 
 
 
 
 
 
Figure 3: a) Computed and BET volume based specific surface areas against respective deformation coefficient 
for different silica derived from spread flow tests, b) Linear relation between computed and volume based BET 
specific surface areas.  

 

Conclusion 

The present work addresses the mini spread flow test for the determination of water demands, water 
film and their impact on the workability of cement paste with silica fines. Different correlations have 
been derived which express these values in terms of the particles properties and concentrations. Some 
of them are confirmed by literature, others are new. Several conclusions can be drawn and expressed 
as follows: 

• Higher deformation coefficients (Ep) for silica fines with high content of nano particles were found, 
which are bigger than that of cement. This indicates that water has a bigger influence on the 
workability of the hydrating system containing nano silica with high surface area.  

a) b) 
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• A linear relationship between the deformation coefficient and the specific surface area of nS/mS 
particles was confirmed. A similar thickness of the water layer of nS particles (24.8 nm), as reported 
by Hunger (2010) for microsized powders, was confirmed and determined, assuming perfect spheres. 
Also, taking into account the BET total and external specific surface area a smaller water film was 
established for amorphous silica samples used in concrete. These values are helpful to calculate the 
water demand of any silica sample with known specific surface area. 

• In the experimental condition in the present research, the addition of 0.5 to 4.0 % bwoc of nano silica 
in cement paste can reduce the water retention ratio without the use of superplasticizer.  
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Abstract 

A model of the hydration of cement blended with rice husk ash (RHA) is proposed in this paper. This model is a 
modification of the basic HYMOSTRUC3D model which was developed by Breugel (1991), Koenders (1997) 
and Ye (2003). The effects of RHA on the degree of pozzolanic reaction of RHA, the volume fraction of 
hydration products, the capillary- and the gel- porosity of cement paste can be obtained from this model. By 
using an appropriate amount of RHA replacement, the microstructure of RHA blended cement paste is 
improved, in which the pozzolanic reaction of RHA causes a decrease of Ca(OH)2 content and an increase of 
CSH content of system. Some properties of RHA such as the particle size, the amorphous phase content and the 
replacement content were also evaluated in this model. The simulation results show that the pozzolanic activity 
of RHA is higher with the finer RHA or with the RHA containing a higher amorphous phase content. There is an 
optimum RHA replacement and the excess RHA has no contribution to the pozzolanic reaction between RHA 
and CH produced from cement hydration. 
 
 
Originality 

The effect of cement replacement materials on cement hydration is very important in order to use them in 
construction. Among these cement replacement materials RHA is a potential pozzolan which is classified as a 
highly reactive pozzolan like silica fume. The effect of RHA on cement hydration still remains unclear in many 
aspects, i.e. the fineness, the amorphous phase content, etc. The simulation is a good tool to understand the 
overall picture of these effects. This will result in optimizing the use of RHA in construction.  
 
 
Chief contributions 

 Simulation of hydration of cement blended with RHA. This model takes into account the chemical reactions and 
the degree of hydration of four components of cement, i.e. C3S, C2S, C3A, C4AF. The effect of the particle size, 
the amorphous SiO2 content of RHA, the RHA replacements was considered to evaluate the degree of pozzolanic 
reaction of RHA and the volume fraction of hydration products. From this model, an optimum RHA replacement 
was determined in which the excess RHA only acts as an inert filler. 
 
Keywords: cement hydration, multi-component, rice husk ash, silica fume, simulation 
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1. Introduction 
 
Rice husk is a by-product of rice processing, which constitutes about one fifth of the 690 million 
metric tons of rice paddy produced annually in the world (FAO, 2009). If rice husk is not treated in 
proper ways, it can cause environmental pollution. In this respect, the rice husk is considered as an 
agricultural waste. Using rice husk in construction is considered as one of the useful solutions. Rice 
husk ash (RHA), obtained after complete combustion of the husk, is a potential pozzolan with many 
unique properties such as the improvement of the durability of concrete (Mehta, 1994). This material 
is very suitable for making high performance concrete (Bui, 2001, Chandrasekhar et al., 2002), even 
ultra high performance concrete (Nguyen et al., 2010). In order to optimize the design of concrete 
containing RHA, the effect of RHA on hydration and microstructure of cement should be studied.  

In this paper, the hydration model of cement blended with RHA was developed based on the 
HYMOSTRUC3D model (Breugel, 1991, Koenders, 1997 and Ye, 2003). The chemical reactions of 
cement hydration and pozzolanic reaction of RHA were taken into account in this model. The effect of 
the particle size, the amorphous content, and the RHA replacement content on the degree of 
pozzolanic reaction, the volume fraction of hydration products, the capillary- and the gel- porosities 
were simulated. The simulation results, i.e. calcium hydroxide (CH) was validated by experiment. 
 
2. Experimental program and results 
 
The calcium hydroxide (CH) content of cement paste containing RHA was determined by using 
thermal analysis to validate the simulation. 
 
2.1 Materials and experimental description 

The materials used in this study were Portland cement (CEM I 52.5N) with a Blaine specific surface 
area of 4500 cm2/g, RHA and a polycarboxylate based superplasticizer. The mineral composition of 
cement calculated by Bogue (Breugel, 1991) was 63.9% C3S, 9.2% C2S, 8.2% C3A, and 9.1% C4AF 
by weight. RHA, from Vietnam, has 88.0% amorphous SiO2, 3.8% loss on ignition, and a mean 
particle size of 7.3 µm. The water-to-binder (w/b) ratio of cement paste was fixed at 0.40. The RHA 
replacements were 0, 10, and 20% by weight of binder (cement and RHA). The curing temperature 
was kept constant at 20oC.  

The preparation of sample for thermogravimetric analysis (TGA) is the same as that for mercury 
intrusion porosimetry which was suggested by Ye (2003). The TGA runs were dynamic at 10oC/min 
from 35oC to 1100oC in a flowing nitrogen atmosphere. The CH content was determined from weight 
loss curve during thermal analysis by a graphical technique used previously (Haines, 2002).  
 
2.2 Experimental result 

The CH contents of samples containing 0-
20% RHA is shown in Figure 1. It is clear 
that the addition of RHA reduces the CH 
content of cement paste. The maximum CH 
contents of RHA samples are reached at the 
age of 3 days and then decrease gradually. 
From this result, the volume fraction of CH 
phase can be calculated with the specific 
gravity of CH of 2.24 g/cm3 (Bentz et al., 
1994). The CH volume fraction values will 
be used to verify the simulation. 
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Figure 1: The Ca(OH)2 content of cement paste containing 

different RHA replacements vs. time, w/b = 0.40 
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3. Theoretical approach of cement hydration simulation 

Simulation of hydration of cement blended with RHA was developed based on the HYMOSTRUC3D 
model. In the original HYMOSTRUC model (Breugel, 2001), only Portland cement were considered. 
The rate of penetration of the reaction front in an individual cement particle x at time tj is computed 
with a basic rate formula (written in a reduced form): 
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in which ∆in;x,j+1 the increase of the penetration depth in time step ∆tj+1; K0(.) the basic rate factor 
(µm/h); tr(.) the transition thickness (µm), being the total thickness of the product layer x,j at which 
the reaction for the particle changes from a boundary reaction (λ = 0) into a diffusion controlled 
reaction (λ = 1); Ω1(.), Ω2(.), Ω3(.) are factors consider the effect of water-cement ratio and state of 
water; F1(.) and F2(.) indicate the effect of temperature. β1 is an empirical constant.  

In this model, the effect of the particle size distribution, the w/c ratio and the temperature are now 
allowed for explicitly. The model parameters such as K0(.) and tr(.) are functions of the chemical 
composition of the cement. For a fully description of the original HYMOSTRUC model, see (Breugel, 
1991). In order to simulate the hydration of cement containing RHA, the hydration of four components 
of cement including the chemical reactions and the degree of hydration was considered.  
 
3.1 Chemical reactions of cement hydration 

The chemical reactions of cement were taken into account in the model in order to calculate the 
volume of hydration products of cement with time of hydration. The equations (2)-(9) show the 
chemical reactions (Bentz et al. 1994) which were used in this model.  
 

C3S + 5.3H  C1.7SH4 + 1.3CH (2) C3A + 3CS H2 + 26H  C6AS 3H32 (3) 

C2S + 4.3H  C1.7SH4 + 0.3CH (4) 2C3A + C6AS 3H32 + 4H  3C4AS H12 (5) 

C4AF + 3CS H2 + 30H  C6AS 3H32 + CH + FH3 (6) 

2C4AF + C6AS 3H32 + 12H  3C4AS H12 + 2CH + 2FH3 (7) 

C3A + 6H  C3AH6 (8) C4AF + 10H  C3AH6 + CH + FH3 (9) 

in which the formulae in parentheses use the standard cement chemistry abbreviations: C = CaO, S = 
SiO2, A = Al2O3, F = Fe2O3, S  = SO3, and H = H2O. 
 
It should be noted that in the presence of gypsum, reactions (3)-(7) dominate over reactions (8)-(9) 
(Papadakis et al., 1991, Bentz et al., 1994). Reactions (8)-(9) take place only after all the gypsum has 
been consumed. Therefore, the time at which the gypsum is totally consumed by C3A and C4AF 
components was calculated from these reactions.  
 
3.2 Degree of hydration of four cement components     

In the HYMOSTRUC model, Breugel (1991) suggested that the hydration of alite and belite can be 
presented by some model parameters, i.e., the basic rate factor K0 and the transition thickness tr. For 
this purpose, the alite and belite are considered as fictitious cements with C3S contents of 95% and 
5%, respectively. From this way, hydration of four components of cement, such as C3S, C2S, C3A, 
C4AF, was simulated. 



By collecting the data from references, the relationships between two model parameters (K0 and tr) 
and percentage of each cement component, i.e. C3S, C2S, C3A, C4AF, are fitted by using 
HYMOSTRUC3D. After fitting data from different authors (i.e. with two main components, C3S and 
C2S, are presented in Figure 1), the calculation of K0 and tr for each cement component is shown in 
the Table 1. 
 

Table 1: Model parameters K0 and tr of different components of cement 

No. Component K0 tr 
1 C3S -0.0195  (%C3S) + 0.0831 4 
2 C2S -0.0020  (%C2S) + 0.0053 6 
3 C3A 1.1714  (%C3A) + 0.0404 10 
4 C4AF 0.02 6 
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Figure 1: The relationship of model parameter, K0, versus the percentage of two components of cement (a) C3S, 
(b) C2S, the data from different authors (Maruyama et al., 2007, Matsushita et al., 2007, Papadakis et al., 1991, 

Escalante-García et al., 1998, Breugel, 1991) 
 
The degree of hydration of cement is calculated 
averagely from the degree of hydration of its four 
components. Figure 2 shows the hydration of four 
components and cement with w/c ratio of 0.40.  
 
4. Modeling the hydration of cement blended with 
RHA 
 
4.1 Pozzolanic reaction of RHA  

RHA has a similar chemical composition with SF, 
mainly containing amorphous SiO2. In this 
simulation, the pozzolanic reaction equation of RHA 
with its volume stoichiometries is assumed as similar 
as that of SF which was suggested by Bentz et al. 
(1994): 
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Figure 2: Degree of hydration of four components 
and cement as a function of hydration time,      

w/c = 0.40 

1.1CH + S + 2.8H  C1.1SH3.9 
 1.35 1     1.87         3.77 (10) 

C3A

Cement

C3S C2S 

C4AF 

 
The kinetics of this pozzolanic reaction is followed the suggestion by Feng et al. (2004) and modified 
by the amorphous SiO2 content of RHA:  
 



 
  
 

3

RHAn
n

×2kt (AS)a = 1 - 1 -
r

 (11) 

 
where RHAn is the pozzolanic reaction degree of RHA particle n with the radius rn, which is defined as 
the volume of the reacted RHA over the total volume of RHA; AS is amorphous SiO2 of RHA; k is 
parabolic rate constant. The value k of 0.0075 µm2/h is calculated from the experiment result by Feng 
et al. (2004) with rn of 7.3 μm. For multi-sized RHA, the reaction degree can be computed by 
weighted sum of the reaction degree of different particle sizes.  
 

4.2 The calculation of volume of hydration products 

The pozzolanic reaction of RHA will increase the volume of CSH phase and decrease the volume of 
CH phase of the whole system. These volumes can be calculated by the volume balance from the 
equation (10). 

 
4.3 Simulation results and validation 

Effect of RHA particle size    The influence of particle size of RHA on the pozzolanic reaction of 
RHA results in a change of CH and CSH contents in the system. With a certain chemical composition, 
the pozzolanic activity of RHA increases with a reduction of its particle size. It leads to a higher CH 
content consumed and a higher resulting CSH content produced. In this simulation, the effects of 
porous structure RHA on the hydration of cement paste has not been taken into account.  

The simulation results of the degree of pozzolanic reaction and CH volume fraction of RHA blended 
cement paste with w/b ratio of 0.40, 10% RHA, 88% amorphous SiO2 content of RHA and 
representative RHA particle size of 1, 5, 10, 20, and 50 μm shown in Figure 3. It can be seen that the 
addition of finer RHA reduces significantly the CH content of system. Moreover, the degree of 
pozzolanic reaction of RHA depends on the available CH content in the system. After a certain period 
of curing, RHA with a particle size of 1 μm reaches its highest reaction degree 88%. This value equals 
to the amorphous phase content of RHA which is able to participate the pozzolanic reaction. All CH is 
consumed in the first 10 hours and the degree of pozzolanic reaction of RHA depends on the CH 
produced from cement hydration at this time. After RHA reaches its highest reaction degree, CH 
volume fraction increases, as there is no RHA for further pozzolanic reaction. 
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Figure 3: Effect of RHA particle size on (a) degree of pozzolanic reaction and (b) volume fraction of Ca(OH)2, 
w/b = 0.40, 10% RHA 

 

Effect of the amorphous SiO2 content of RHA    The chemical composition and the amorphous phase 
content of RHA play important roles in its pozzolanic reaction. In RHA, only the amorphous SiO2 is a 



main reactive part and can react with CH to produce CSH. The other parts are considered as inert. The 
simulation results of cement blended with 10% RHA and the amorphous SiO2 content of RHA ranging 
from 60 to 90% are shown in Figure 5. The result shows that the higher amorphous SiO2 content will 
give a higher degree of RHA reaction increases and more CH content is consumed. Although the 
degree of RHA reaction increases significantly with a increasing of amorphous SiO2 content, the 
content of CH consumed does not remarkably decrease. This is due to the low RHA content added in 
this case. 

 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1 10 100 1000 10000
Time (hours)

D
eg

re
e 

of
 R

H
A 

re
ac

tio
n

  

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

1 10 100 1000 10000
Time (hours)

Vo
lu

m
e 

fra
ct

io
n 

of
 C

a(
O

H
)2

w/b = 0.40, 10% RHA

 

(a) 90% AS 

0% RHA
60% AS 80% AS 
80% AS 
90% AS 60% AS 

(b) 

Figure 4: Effect of amorphous SiO2 content of RHA on (a) degree of pozzolanic reaction and (b) volume fraction 
of Ca(OH)2, w/b = 0.40, 10% RHA 

 
Effect of the percentage of RHA replacement     The rate of pozzolanic reaction of RHA is influenced 
on the RHA replacements and the content of CH in the system. On the one hand, if the RHA 
replacement is high, there may be no enough CH existing in the system to react with RHA. The 
pozzolanic reaction in this case depends on the content of CH available for RHA to react. On the other 
hand, if the RHA content is low, there is enough CH available in the system. The pozzolanic reaction 
of RHA depends on the reactivity of RHA.  
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Figure 6: Effect of percentage of RHA replacements 

on pozzolanic reaction degree, w/b = 0.40 
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Figure 7: Effect of percentage of RHA replacements 

on volume fraction of Ca(OH)2, w/b = 0.40 
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It can be seen in Figure 6 that with 10 and 20% RHA replacement, there is enough CH to react with 
RHA. With 30% RHA replacement, there is enough CH to react with RHA before 1000 hours. 
However, after that, there is not enough CH existing in the system thereby the RHA can not react 
completely. The pozzolanic reaction of RHA depends on the rate of CH formation. The excess RHA 
has no contribution to the pozzolanic reaction and remains as an inert filler. The effect of RHA 



replacements on volume fractions of CH is validated and shown in Figure 7. It is obvious that the 
more the cement was replaced by RHA, the more the CH was consumed. 
 
6. Conclusions 

The effect of cement replacement materials on cement hydration is very important for designing 
mixtures and for using them in construction. In this paper, a model of hydration of cement blended 
with RHA was developed based on the HYMOSTRUC3D model. In this model, the chemical reactions 
and the degree of hydration of four cement components, i.e. C3S, C2S, C3A, C4AF, was taken into 
account in order to calculate the volume fraction of hydration products of cement. 

Some aspects including the effect of the particle size, the amorphous SiO2 content of RHA, and the RHA 
replacements were simulated in this model. There is an optimum RHA content, i.e. 30% RHA which 
was found in this study. The excess RHA has no contribution to its pozzolanic reaction. 
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Abstract 
This article concerns preliminary studies to produce cement with a mixture of granite block sawing waste and 
BOF steel slag.  The materials were mixed in order for the relation %CaO/%SiO2 of the mixture to be 1.2. The 
mixture was melted and rapidly cooled in water.  The sample was characterized and the X-ray diffractograms 
showed an amorphous material and the presence of mineral phases akermanite and gehlenite, which are 
considered ideal mineral phases for hydraulic activity. This mixture was added to clinker for cement production.  
The cement made with this mixture was tested for comparison with the blast furnace slag cement.  
. 
 
Originality 
 
The idea of using of granite sawing waste and steel slag in order to obtain a mixture with hydraulic properties 
emerged because of the high activity of the marble and granite mining industry and the iron and steel 
metallurgical industry in the state of Espírito Santo, Brazil. Since the waste from these industries is generated in 
large amounts, reusing it will lead to reducing environmental impact, adding value to residues, and 
corroborating what is foreseen for sustainable development.  
 
Chief contributions 
 
Reuse and recycle metallurgical and mining wastes for producing Eco-cement.  Develop a preliminary process 
of transforming mixed wastes so as to achieve blast furnace slag-like basicity.  Assess the Eco-cement properties 
in relation to blast furnace slag cement.  Indicate the need of further studies in order to improve the process.  
 
 

Keywords: BOF slag, granite sawing waste, cement, clinker, admixture 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

1. Introduction 
 
Civil construction is one of the main areas in terms of residue reuse because of the diversity and large 
amounts of materials needed every year to meet the growing demand of construction works and 
infrastructure.  This article concerns reusing the byproducts BOF steel slag and granite sawing waste 
(GSW) to be added to the clinker used in cement production.   
BOF steel slag one of the types of waste deriving from steel production through the LD (Ludwig-
Dwight) process. It is largely available in the Brazilian market, whose stocks amount to about 3 
million tons (Flávio, 2003). The challenge is to develop studies that allow reusing this waste in order 
to decrease its environmental impact, reduce cement production costs and, at the same time, cause less 
environmental degradation and add value to it..  
Besides the large available amounts of these materials, it is worth highlighting that their chemical 
composition, with few adjustments, is close to the blast furnace slag (BFS) chemical composition. 
BFS is already widely adopted by the existing technologies, and its use in the cement industry can 
reach 70% (seventy per cent) of cement total mass, namely Blast Furnace Slag Cement – BFSC.   
 
2. Materials e Methods 
 
2.1. Research Stages  
  
The research was carried out in compliance with the following macro-stages: 

 
 
 
 
 
 
 
 
 
 

2.2. Materials 
 
The materials used in this study were BOF steel slag supplied by ArcelorMittal Tubarão – ES, Brazil, 
and the GSW generated in the granite mining and processing activities taking place all over Espírito 
Santo, Brazil.  Besides these, the limestone comes from mining activities in the state of Espírito Santo, 
Brazil; the natural gypsum comes from the state of Pernambuco, Brazil; and the clinker comes from 
the state of Sergipe, Brazil. The latter is used in cement production. All the materials used were 
characterized from the physical, chemical, mineralogical, and structural morphological points of view 
(see Arrivabene, 2011). 
 
2.3. Mixture Preparation and Melting 
   
After several attempts, a BOF and GSW mixture with basicity 1.2 was achieved.  
Since the hydraulicity of the BFS used in cement production is achieved through rapid cooling, this 
basicity-1.2 mixture was taken to the furnace until 1420ºC was reached, when it was seen that the 
mixture was fully melted.  Four kilos of the mixture were prepared. It was split into 300-gram portions 
to be melted. The estimated time for each portion to be fully melted was 5 (five) minutes. The mixture 
underwent rapid cooling in water. After cooling, it had a vitreous and slightly dark appearance.     
The resulting mixture was then characterized to verify if it had achieved the necessary BFS 
characteristics to be used as cement admixture. Its X-ray diffractometry indicates the presence of 
compounds similar to those present in the BFS and that provide cement with adequate hydraulicity, i.e. 
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gehlenite and akermanite. These, according to Cincotto et al. (1992), are ideal mineral phases for 
producing cement. Figure 1. 

 
Figure 1: BOF slag and GSW Mixture Diffractogram. 

 
The BOF slag and GSW mixture is justified by the need of adjusting BOF slag basicity, whose value 
ranges from 4 and 5. Decreasing this value to 1.2, which is similar to those found for BSF, 
corroborates the studies by Cruz et al. (2000). According to Polese, Rodrigues and Silva (2006), this 
basicity correction is necessary in order to decrease unstable oxides such as FeO and MgO, and also 
decreasing the dissolution of stabilizing oxides such as SiO2 and Al2O3, which may cause expansion 
resulting from calcium oxides (CaO) and free magnesium oxides (MgO).  
The microstructural characterization carried out using scanning electron microscope (SEM) allowed us 
to observe some aspects of the melted sample, such as material texture, morphology, and compound 
distribution. The Energy Dispersive Spectroscopy (EDS) allowed us to identify the present stages, see 
Figure 3. Figure 2 shows a grain sample after melting, in which we can see that the grain has an 
irregular and angular surface, rough texture, and approximate size of 20 µm. Figure 2 shows the 
chemical composition of the melted mixture.  
 
 

 

Element               Element (%)         Atomic (%)  
     O                        57.52                       74.39 
   Na                        1.26                            1.13   
   Mg                       1.46                           1.25  
    Si                        16.28                         11.99   
     K                        2.04                           1.08   
    Ca                      15.20                           7.85   
   Mn                       0.96                            0.36   
    Fe                        5.29                           1.96   
    Total                 100.00                       100.00  

Figure 2: Micrography of the rapidly cooled sample. Increase of  3500x. 



  

 

Figure 3: Specter of melted BOF slag and GSW mixture.  
 
2.3. Cement Preparation  
 

Cement preparation was carried out aiming at:  

- Allowing the use of BOF slag containing 27% (twenty-seven percent) of iron; 

- Allowing the use of mixture with basicity equal to 1.2; 

- Obtaining mixture grading close to that of the Blaine fineness of Portland cement, i.e. between 300 
and 450 m2/kg; 
- Decreasing, as much as possible, the iron content range without altering the basicity of the BOF slag, 
GSW, and clinker mixture;  
- Mixing 50% of the melted mixture (BOF slag and GSW) with 50% of clinker, producing cement;  
 
After the BOF slag and GSW mixture was melted and cooled, three stages were covered in order to 
achieve a type of cement with the properties of BFSC. Three types of cement were produced to have 
their properties measured and compared with BFSC properties. They were:  
The Steel Slag and Sawing Granite Cement (SGC): made with a mixture of BOF slag and GSW, 
undergoing the regular industrial milling employed in cement production, and having limestone and 
gypsum as admixtures.  
The Steel Slag Cement (SSC) is made with BOF slag added to clinker, without GSW.  
The Steel Slag and Sawing Drill Cement (SDC) is made with a BOF slag and GSW mixture that 
underwent special milling.   
The BFSC cement (blast furnace slag cement CP III – 32, NBR 5735 (ABNT,1991)) was used as 
reference, since the study aimed at adjusting the BOF slag chemical composition by mixing it with 
GSW so as to achieve a mixture with cementitious properties and characteristics of the BFSC. 
Initially, the SGC cement was produced with 50% of the mixture and 50% of clinker. After the SGC 
cement was produced, we verified that the cement Blaine fineness was 265 m2/kg. Although the 
Brazilian standard NBR 5735 (ABNT, 1991) does not stipulate limits for this property, this value does 
not comply with those found for cements produced in Brazil, which range from 300 to 450 m2/kg. This 
inadequate grading needed to be investigated and it was detected that the grinding process was not 
efficient due to the presence of insufficiently fragmented iron particles.   
The next step was to produce the SSC cement in order to verify whether BOF slag could be ground to 
achieve the desired Blaine fineness value for cements, i.e. ranging between 300 and 450 m2/kg. In 



  

order to accomplish this, just BOF slag was added to clinker. The mixture underwent the regular 
milling process, part of the conventional cement production cycle. In other words, the mixture went to 
a ball mill. The Blaine fineness obtained for this cement was 418 m2/kg, which justifies the 
compressive strength values obtained: 18, 26 and 42 MPa at ages 3, 7 and 28 days, respectively. It is 
important to highlight that the milling process demanded more time and required more balls, and the 
balls were worn around 50% more than during regular use, compared to milling cement containing 
BFS.    
SDC cement production was necessary after experimentally verifying that BOF slag could be ground, 
and therefore the desired Blaine fineness value could be achieved. The melted and rapidly cooled BOF 
slag and GSW mixture was then added to the clinker, producing SDC cement. The Blaine fineness 
value obtained was 491m2/kg, which is considered excellent for cements.   
 
3. Results e Discussions  
 
Table 1 shows the results of the properties assessed for the cements produced.  
In relation to BFSC (study reference), the values found for the properties measured adjust well to the 
values stipulated by the relevant Brazilian standards. No property was found to be out of these limits.  
The SGC cement showed Blaine fineness value of 265m2/kg, much lower than those found for the 
BFSC (425 m2/kg), and also lower than those found for the cements produced in Brazil. Although 
Brazilian standards do not set values regarding Blaine fineness, the SGC cement values should ideally 
be between 300 and 450m2/kg, not compromising one of the main cement properties: compressive 
strength. The investigations pointed to insufficient grinding of BOF slag, corroborating the studies by 
Burgos et al. (1999).  
 

Table 1: Results of property measurements for the cements produced.  

Cements   
PROPERTIES DETERMINED 

BFSC SGC SSC SDC 
Brazilian Standard 

(NBR) Limit 

Loss on ignition 2.37 2.10 * 2.07  NM 18 (ABNT, 2004) ≤ 4.5 
Insoluble residue 0.89 4.50 * 0.62  NM 15 (ABNT, 2004) ≤ 1.5 
Sulfur Trioxide (SO3) 1.54 3.21 * 1.87  NM 16 (ABNT, 2004) ≤ 4.0 
Carbonic Anhydride  0.07 0.03 * 0.03  NM 20 (ABNT, 2004) ≤ 3.0 
Iron oxide (Fe2O3) 1.52 4.3 6.36 10.66  NE C
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Free calcium oxide (CaO) 1.29 0.78 0,26 0.63  NM 13 (ABNT, 2004) - 
Sieve fineness 0.075 mm (%) 0.6 3.89 1.11 0.85  NM 76 (ABNT, 2003) ≤ 8% 

Sieve fineness 0.044 mm (%) 0.02 6.86 2.61 0.90  NM 76 (ABNT, 2003) NE 

Initial setting time  2h45m 2h35m 2h30m 2h20m  11581 (ABNT,1991) ≥ 1 

Final setting time 4h30m 3h 3h45m 3h30m  11581 (ABNT,1991) ≥ 1 

Specific Mass (kg/dm3) 2.938 3.17 3.01 3.13  NM 23 (ABNT,2001) 2.9 to 3.2 

Blaine fineness  (m2/kg) 425 265 418 491  NE 

Hot 0 0 0 0  11582 (ABNT,1991) ≤ 5 Exp. ”Le Chatelier.” 
(mm) Cold 0 0 0 0 11582 (ABNT,1991) ≤ 5 

3 days 17.1 6.4 18 22 ≥ 10 

7 days 26.9 9.2 26 23 ≥ 20 

   
   

   
  O

th
er

 P
ro

pe
rt

ie
s 

Compressive strength 
(MPa)  

28 days 33.3 14.5 42 44 

NBR 7215 
(ABNT,1996) 

≥ 32 

Note: (*) Values not assessed.  (NE) Not specified. 
 
When analyzing the property values of SSC cement obtained through longer grinding periods using 
the ball mill employed in standard cement production cycles, we were able to achieve the desired 



  

Blaine fineness values.  The value achieved was 418 m2/kg, very close to that obtained from the BFSC 
(425 m2/kg). Nevertheless, this number was achieved by increasing milling time from 40 to 58 
minutes, increasing grinding body (ball) consumption in 50%, and consequently increasing energy 
consumption.  SSC cement production showed that it is possible, through special grinding, to fragment 
BOF slag particles.    

 
Finally, the SDC cement was produced. Its properties (shown in Table 1) indicate that, for the 
properties assessed, the values achieved adjust well to both the values stipulated by the Brazilian 
Standard, and the values obtained for the BFSC, which shows how feasible it is to adjust BOF slag 
basicity with GSW in order to make a mixture to be added to clinker in cement production.   
 
4. Conclusions  
 
The results obtained along this investigation indicate that there should be further studies on the 
technical viability of BOF slag mixed with GSW as an element to correct slag basicity. After 
correcting slag basicity and Blaine fineness, it was possible to obtain a type of cement with potential 
properties to be used as a construction element. It presented satisfactory compressive strength values 
compared to BFSC cement.  The other SDC cement properties suit well when compared to BFSC 
cement property values. The use of BOF slag and GSW as an admixture to clinker in cement 
production deserves further studies.   
 
It is worth highlighting that other studies should be carried out aiming at dissolving final iron content 
of the SDC cement. This value reached 10.66%, much higher than the 4% recommended for cements.  

We suggest further studies to develop a process of demetalization of the mixture after the melting 
process.  
 
The BOF steel slag has a large metallic phase, which is incorporated in the slag during the oxygen 
blow. This phase is responsible for the non-fragmentation of particles. It is also important do highlight 
that further investigation should be carried out so as to improve the grinding process, making it less 
costly.   
 
Finally, additional studies should be carried out concerning cement compounds; hydration energy; 
heat of hydration; formation of minerals due to heat of hydration; and obtainment of pastes, mortars, 
and concretes made with SDC cement.  
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Abstract 

Fly ash is a commonly used type of cement addition. Its use also has important environmental benefits such as emission 

reduction and energy savings. It also improves performance and long-term durability of mortar and concrete. Com-

monly used fly ash comes from power plants using pulverized coal as fuel. However, there are many other types of ash 

generated in other combustion processes, these ashes have, in many cases, a thermal history and nature similar to that 

of fly ash. In this research, was carried out a characterization of fly and bottom ash obtained from a fluidized bed 

power plant. In this type of industry carbon particle size is greater than the usual one, in additon to this, in this power 

station limestone is added to regulate sulfate content of the resulting gases. We have studied the usefulness of this two 

ash types as addition to cement in the context of EN 197-1. First it should be noted that both, fly and bottom ash have a 

particle size too large for direct use. For this reason they were milled to give them a finer grain. The chemical composi-

tion results indicate that both ashes are similar to conventional fly ash, but there are small deviations from regulatory 

limits related to the lime content. These deviations could be corrected at the plant. The milling process produces angu-

lar shapes on the milled ash, and this get worse the workability. 

It was produced six cements composed of milled fly ash, milled bottom ash and Portland cement in different propor-

tions. In order to have a reference were tested too three commercial cements, one standard portland cement and two 

more with lime addition. These nine cements were tested to characterize basic expansion, setting times and mechanical 

strength. Both expansion and setting times were not significantly different between the cements with and without ash. 

The strength activity of the ash is correct and exceeds the test. Based on the results, in exception to minor deviations in 

the composition due to lime of ash, both the milled fly ash and the milled bottom ash comply with fly ash regulations as 

an addition to cement. 

 

 

Originality 

Fly ash is included as an addendum at the end of the cement manufacturing process without any further treatment. If 

the ash comes from a fluidized bed plant, and it doesn't receive any treatment, it doesn't have sufficient specific surface 

to have adequate chemical activity. For this reason, we propose grinding both fly and bottom ashes. This milled ash has 

similar properties to a conventional fly ash. 

 

 

Chief contributions 

This research characterizes the fly and the bottom ashes from a fluidized bed power plant for use it as addition to ce-

ment. To enable this use is performed a previous grinding, it could be a separately grinder or in conjunction with the 

clinker. There are very few studies of this type of ash and for this way of use. 

 

Keywords: fly ash, bottom ash, milled, cement, sustainability. 
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1. Introduction 

 

The coal burning on power plants generates an amount of gas that depends on combustible elements of 
the fuel (carbon, hydrogen, sulfur, etc..), and also combustion air and combustion temperature. On the 

other hand, coal has an ash content that depends on its nature, origin, type, etc. Fly ash is captured and 

removed from the flue gas by electrostatic precipitators. In these filters a fine powder is collected,  fly 
ash, it is soft to the touch, and has a grey color affected by iron content (brown) and the unburned coal 

(black). Another part of the ash is not carried by the gases and falls to the bottom of the boiler, it’s 
bottom ash. 

Fly ash generated in power plants has many applications; in this work its use as an addition to cement 
is considered. These materials are regulated by EN 197-1: 2000, and its update EN 197-1 A3:2008 

supports the processing of fly ash by various processes, sieving, mixing, etc. However, the bottom ash 

is outside the scope of this standard. 
 

2. Materials & Methods 
In this research two kinds of ash were studied, fly and bottom ash from a fluidized-bed power plant in 

Spain. Both of them were ground in laboratory, so that the used materials were: ground fly ash (GFA) 
and ground bottom ash (GBA). In this power station, and due to fluidized-bed processes, the grain size 

of the coal is coarser than usual in pulverized coal power stations. However, it should be noted that the 

sampling was done in a time that gas analyzers didn’t work. Then the company decided, as a tempo-
rary measure for environmental safety, to incorporate more limestone than usual, which obviously 

resulted in a higher content of lime in the gathered ash. 
 

Both fly an bottom ash from the fluidized –bed power plant have a particle size too coarse for proper 
activity, therefore during the investigation they were ground to increase their specific surface area to a 

minimum  fineness of 400m2/kg. This value of fineness is low but enough to increase the pozzolanic 

activity without requiring a long-term milling (Felekoğlu et al., 2009). As reference we used three 
types of commercial cement, one Portland cement and two with lime addition, CEM I 52.5 R, CEM II 

/A-L 42.5 R and CEM II/B-L 32.5 N. The addition of limestone had no pozzolanic activity, then it 
made possible to compare the effect of limestone addition to both kind of ashes. 

 
The experimental program is divided into two parts: first, the physical and chemical characterization 

of fly and bottom ash. Secondly, manufacture of new cements that include those ashes. These new 

cements were obtained from portland cement CEM I 52.5 R, which is partially replaced by both kind 
of ash in percentages of 10, 20 and 40 % (Table 1). All this cements were characterized according to 

EN 197-1 cement regulation. 
 

Table 1. Composition of reference and manufactured cements.  

Cement 
Sample 

Portland ce-
ment (%) 

Lime addition 
(%) 

Ground fly ash 
(GFA) (%) 

Ground bottom 
ash (GBA) (%) 

CEM I 100 – – – 
CEM II/A-L 89 11 – – 
CEM II/A-L 74 26 – – 
CEM I + 10 GFA 90 – 10 – 
CEM I + 20 GFA 80 – 20 – 
CEM I + 40 GFA 60 – 40 – 
CEM I + 10 GBA 90 – – 10 
CEM I + 20 GBA 80 – – 20 
CEM I + 40 GBA 60 – – 40 

 

 

 

 



3. Ground fly and bottom ash properties 

 

3.1 Chemical properties  
In table 2 are shown the results of the chemical analysis of the fly and bottom ground ashes.  

 
Table 2. Chemical composition of fly and bottom ashes.  

Parameter Standard 
Ground fly ash  

(GFA) (%) 
Ground bottom 
ash (GBA) (%) 

Limit % 

(EN 197-1) 

CaO free % EN 451-1 3.0 3.0 >1 y <2.5 (1) 

CaO reactive % (2) EN 196-2 10.6 4.5 <10 

SiO2 reactive % EN 196-2 25.2 25.7 >25 

SiO2 EN 196-2 39.8 52.3 – 

Al2O3 EN 196-2 34.9 34.5 – 

Fe2O3 EN 196-2 6.2 6.5 – 

SiO2+Al2O3+Fe2O3  80.9 93.2 – 

L.O.I. EN 196-2 4.1 1.5 <5 

(1) This value is aceptable if a mixture of 30 % of ash and 70 % of CEM I fullfill expansion test. 

(2) It has been taken into account the lime within sulphate and CO2. 

 
The free CaO content is higher than the 2.5% limit specified in the standard. Therefore both fly and 

bottom ash don’t fulfill this limit. However, it is recalled that at the time of sampling the fluidized-bed 
of the power station was not adjusted and incorporated an excess of lime. Moreover, despite these 

values, the results of tests conducted on cement expansion incorporating these ashes have been very 
below the limit (EN 197-1). 

 

Chemical analysis showed a slightly reactive CaO content over 10% in the GFA and a value of 4.5% 
for GBA. By this standard, both could be classified (EN 197-1) in the siliceous ash category (V), how-

ever, the ground fly ash is at the upper limit allowed for this classification. Again it should be noted 
that sampling was done in period in which the central was working with limestone content higher than 

usual, so it could be expected that these contents have already dropped nowadays. 
 

The other parameters that have regulatory requirements (EN 197-1) fulfill those limits. As can be seen  

on results of SiO2, Al2O3, Fe2O3 in table 2, it is observed a significant difference on composition of 
both ashes, the fly ash had a higher lime content, the two kind of ashes had similar reactive si lica con-

tent but the bottom ash had a lower reactive silica proportion to the total silica content. 
 

In table 3 are shown the results of oxide composition obtained by x-ray fluorescence. 
 

Tabl3 3. Oxide composition by x-ray fluorescence. 

Oxide  SiO2 Al2O3 CaO Fe2O3 K2O SO3 MgO TiO2 Na2O P2O3 BaO MnO CO2
(1)

 

GFA (%) 37.75 21.97 16.96 6.325 3.41 6.35 1.22 0.87 0.11 0.5085 0.072 0.04835 4.05 

GBA (%) 48.3 24.8 7.9 7.4 4.7 2.0 1.2 1.1 0.1 0.5 0.1 0.1 1.5 

(1) Parameter obtained by means of loss on ignition. 

 
If we compare the chemical composition of the ashes for other power plants (Vassilev & Vassileva, 
2007) there are no great differences, except that calcium is higher in the case of study ashes, particu-

larly in the case of the fly ash. Note that Grzeszczyk & Lipowski (1997) indicate that the milling 
process does not alter the chemical composition. 

 

3.2. Physical properties 



The ashes used were ground to increase its fineness and hence its reactivity. Anyway, bottom ash, 
despite being ground and reach a fineness equivalent to a fly ash always has a lower activity to this 

last due to its higher degree of crystallization (Felekoğlu et al., 2009). It was established as a criterion 
for milling that the process should be equal for the GFA and the GBA and the resultant specific sur-

face should be greater than 400 m 2 / kg. 

 
It is a low value of fineness but acceptable to achieve a minimum in mechanical properties (Felekoğlu 

et al., 2009). The specific surface for the GFA was 720 m2/kg and the GBA of 420 m2/kg. The grind-
ing fineness objective was achieved in both cases but the values are higher than the preset limit. How-

ever, the superior fineness of the GFA, which can be seen in Figure 1, limits the comparability of the 
two types of ash each other, and it is expected a higher activity on the GFA. 
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Figure 1: particle size distribution for ground bottom and fly ash 

 

Another factor to consider is the shape of the particles, is desirable from the standpoint of workability, 
the spherical shape. In figure 2 and figure 3 can be seen micrographs of both types of ash before and 

after milling. The shape of the ash particles is mostly irregular, away from the typical spherical shape 
of this material. In addition, we find that the angled shape is more significant in the bottom ash than in 

the fly ash.  

The microphotographies before and after the grinding process show that the irregular shape of the 
particles was not due solely to this process. The original shape was irregular and similar to the final.   

 

1 cm
 

Figure 2. left: original bottom ash. Right: ground bottom ash 



 

Figure 3. left: original fly ash. Right: ground fly ash 

 

4. Characterization of cements 

 

4.1 Physical and chemical properties 

In table 1 was shown the composition of the six new types of cement and the three reference commer-
cial cements, a type I cement and two more with lime addition, with no pozzolanic activity. All them 

were characterized on its chemical, physical and mechanical properties. 

 

Chemical properties 

The sulfate and chloride content is limited respectively to 4% and 0.10% for common cement (EN 
197-1). In all the tested cements it was determined that the values of sulfates and chlorides fulfill regu-

latory limits. 
 

Physical properties 

 
In table 5 are exposed the results of setting time, and as it can be seen all cements fulfill the regulatory 

limits of initial setting time. The effect of addition of fly ash affects only slightly delaying the start of 
setting. The ground bottom ash addition doesn’t have a relevant effect on setting times.  In terms of the 

expansion should be noted that the ashes, despite having high values of free lime, do not have expan-
sion problems. 

 

 
Tabla 5. Setting time and expansion results (EN 196-3) 

Cement  

Sample 

Setting 

Expansion test 

 (mm) Initial setting 
time (min) 

Final setting 
time (min) 

Standard 
consistency 

water (%) 

EN 197-1 Limit (1) ≥ 75 -- -- ≤ 10,0 mm 

CEM I 135 175 32.0 <0.5 

CEM II/A-L  120 160 29.6 <0.5 

CEM II/B-L 155 195 29.6 <0.5 

CEM I + GFA10 120 160 32.0 <0.5 

CEM I + GFA 20 140 175 32.6 <0.5 

CEM I + GFA 40 175 210 34.4 <0.5 

CEM I + GBA 10 140 180 32.0 <0.5 

CEM I + GBA 20 145 180 32.0 <0.5 

CEM I + GBA 40 130 170 32.0 <0.5 

(1) The established limit was the more restrictive in EN 197-1, that is the case of 32.5 N category. 

 



4.2 Mechanical and fresh state properties 

 
Mechanical tests were conducted on prismatic specimens of 40x40x160 mm following EN 196-2 stan-

dard. During the mixing process it was obtained a measure of consistency by means of the number of 
hits of compaction. It was measured compressive strength at 2, 7, 28, 90 days. 

 
The test used to determine the consistency of the mortars was a shake table methodology (Carro, 

2009). In this essay (figure 3), first the moulds are filled up to half, after thta the obstacle is removed 

and then starts the hits on the mortar compaction machine (EN 196-2). The test result is the number of 
hits that the mortar needs to reach the end of the mould. The results are summarized in Table 6. 

 

   

Figura 3. Hit number to slump assay (Carro, 2009). 

 

Tabla 6. Fresh state results and compressive strength [196-2].  

Cement Sample 
Hit number 

to slump 
Compressive strength (MPa) 

Age (days)  2 7 28 90 

CEM I 15 33.2 ±1.2  44.3 ±1.6 56.5 ±2.0 63.0 ±2.8 

CEM II/A-L 14 26.0 ±1.0 37.9 ±1.7 49.4 ±2.5 54.2 ±0.9 

CEM II/B-L 13 14.7 ±0.2 23.2 ±1.1 35.0 ±1.5 35.6 ±2.3 

CEM I + GFA 10 27 19.0 ±0.3 46.5 ±1.8 57.7 ±3.6 63.6 ±3.0 

CEM I + GFA 20 30 31.8 ±1.8 46.6 ±2.1 60.2 ±2.0 64.9 ±5.8 

CEM I + GFA 40 43 22.2 ±0.9 39.3 ±0.9 54.9 ±2.2 61.5 ±3.4 

CEM I + GBA 10 19 27.3 ±0.6 40.9 ±1.7 55.2 ±1.2 63.0 ±2.1 

CEM I + GBA 20 18 26.2 ±0.9 36.9 ±2.1 52.5 ±1.3 60.3 ±2.0 

CEM I + GBA 40 27 18.7 ±0.6 26.8 ±1.2 41.5 ±1.4 51.1 ±3.1 

 

As can be seen, the cements with both types of ash present in all cases, a greater need for hits to reach 
the end of the mold, increasing the number of necessary hits as the percentage of ash utilization. This 

loss of workability is consistent with results of ground fly ash (Kim et al., 2010; Jaturapitakkul et  al., 
2001) and is due to the irregular shape of the particles.  

 
In view of the results, all cements fulfill the mechanical specifications of EN 197-1 standard. Within 

the mechanical strength values obtained it could be highlighted the strength evolution, slower in early 

ages in the GFA and GBA cements. However, cements containing ash, both GFA and GBA substan-
tially improve the resistance between 7 and 90 days, more so than commercial reference cements with 

lime addition, and at 90 days the cements with GFA and GBA present at substitution percentages of 
10 and 20% values similar to those of CEM I cement. 

 
 
 



5. Conclusions 
The fly and bottom ashes fulfill regulatory requirements of EN 197-1 in exception of free lime values 

ranging around 3% when the standard limit is 2.5%. It should be noted that the sampling was done in a 
time that the fluidized-bed was not well adjusted and they incorporate more limestone than usual. Mo-

reover, despite having this free lime content, the cements that incorporate ground fly ash and ground 

bottom ash didn’t present expansion problems. The compositional analysis of the ash shows a compo-
sition similar to that of other conventional fly ashes. 

 
Both ashes, fly and bottom type were ground long enough to reach 400 m2/kg of specific surface. The 

shape and size of the particles are affected by this process. After the same grinding time, the resulting 
fineness was greater for the fly ash and it corresponds with a higher water demand on mortar. The 

study of the morphology of the particles indicates that they have mostly irregular shapes, which is 

clearer in the case of bottom ash. This feature is due both to the grinding process as the original par-
ticle shape. 

 
Six cements were produced by replacing a percentage of 10%, 20% and 40% of each type of ash in a 

CEM I 52.5 R. The resulting cements were compared with three reference commercial cements of 
different strength categories, CEM I 52.5 R, CEM II / AL 42.5 R and CEM II / BL 32.5 N. All studied 

cements comply with all the limits of the common cement standard EN 197-1. 

 
The workability of cements that include GFA and GBA is slightly worse than the presented by the 

reference cements. Regarding the mechanical properties of cements with 10 and 20% ash of any of the 
two types they are placed at the level of cement type I at 90 days, at early ages their strength is lower. 

Cements with 40% ash have a worse behavior, but equivalent to that of CEM II / BL 32.5 N. 
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Abstract 
Rice production generates large volumes of residual rice husk, fact that leads to serious accumulation issues. Rice is a 
plant that contains a high amount of sílica, mainly in its husk. A large amount of rice husk is used as fuel in the  rice 
milling process, or for the production of electricity in cogeneration systems. In these processes the rice husk ash (RHA) 
obtained has different characteristics from those produced under controlled conditions: presents high-carbon content 
and a part of silica in crystalline state. When burnt, large quantities of ash are obtained (each ton of paddy produces 
aprox. 40kg of ash). 
The rice husk ash has about 90% silica. The morphology of the silica is very dependant on the burning conditions; if it 
is not amorphous (crystalline), it can harm the human organism, causing silicosis, modifications of the genome and 
even cancer. 
Therefore, this paper presents the development of a pretreatment of the rice husk with HCl for the purpose of obtaining 
amorphous rice husk ash, and a methodology to obtain an amorphous pozzolanic mineral admixture (ARHA) for cement 
from the ashes as well. Microstructure and the influence of the milling time on the pozzolanic activity index of the ash 
obtained are studied. 
Also, a part of the cement in pastes and mortars was substituted by the  ARHA in order to study its influence in the 
resistance to compression, resistance to bending, water demand and the alkali-silica reaction. 
The results obtained with the ARHA are compared with those obtained without rice husk ash, and with normative 
requirements, , proving the viability of the substitution of a portion of the clincker by the ARHA when elaborating 
pozzolanic cement. 
 
Originality 
 
The rice industry is in constant expansion and development world-widely, and it carries great economical and 
environmental issues due to the placement of the rice husk and its careless use as fuel (with great percentages of 
crystalline sílica on the rice husk ash, which can lead to  silicosis, modifications of the genome and cancer, among 
other harmful effects (Legrand, 1998)). Contributing to the solution of these issues (specially the environmental 
problem, whose consequences will have to be faced in a not so distant future) and to the valuation of the obtained 
residual, this paper presents the development of a pretreatment of the rice husk for the purpose of obtaining amorphous 
rice husk ash when burning it uncontrolledly, and a subsequent application in the construction industry for elaborating 
pozzolanic cements.    
 
Chief contributions 
 
First of all, it is proposed to contribute to the lowering of the environmental contamination through the study of a 
pretreatment that will produce amorphous ash even in an uncontrolled combustion of rice husk (which would be 
environmentally accepted, reducing the initial volume of the residue in an 80%). Also, due to the fact that mineral 
additions improve the properties of cement and concrete, the use of this amorphous rice husk ash obtained as mineral 
admixture for cements becomes a possibility.  
The influence of the milling time on the  pozzolanic activity index is studied, and also (with different percentages of 
cement substitution by rice husk ash) the effects on pastes and mortars, having in mind that  the reduction of the amount 
of clincker for cement production leads to the reduction of consumed energy, of CO2 emissions and also of the 
greenhouse effect. 
 
 
Keywords: Rice-husk Ash, Mineral Admixtures, Supplementary Cementing Materials 
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1. Introduction 
 
The annual world production of husked rice is, according to economic forecasts (OCDE-FAO 2008), 
near the 660 million tons, most of it being produced in China and India, countries that concentrate 
over half the total world production, being the rest of the volume mainly from other assian countries 
and, to a lesser extent, from south american countries.  Forecasts for the 2008-2017 period indicate a 
strong growth for the rice production in almost every region of the world. 
Through elaboration, the initially husked rice is transformed following these stages: 1) pre-washing ; 
2) peeling: rice husk is obtained (20% in rice weight); 3) refining: white rice and mill run (residue 
with commercial value) are obtained ; 4) glazing; 5) parboilizing (optional). As a result of the second 
stage, taking into consideration the values of rice production, it can be inferred that the production of 
rice generates important volumes of residual rice husk per year. No attractive commertial alternatives 
are known for this husk, due to the fact that it does not have any nutritional value and, because of its 
constitution, it is too resistant to the natural degradation, creating serious accumulation issues. For 
these reasons, the husk is usually burnt in order to reduce its volume and/or take advantage of its 
calorific power.Each ton of paddy produces aprox. 40kg of rice husk ash (RHA). 
Generally this burning is not effectivelly controlled, reason why the ashes obtained here has characte-
ristics different from those of the ones produced under controlled condictions, high carbon content and 
a part of silica in crystalline state (Chagas et al, 2009); for example, in Uruguay, in the best posible 
conditions, have 60% of crystalline silica (Rodriguez de Sensale, 2006). It can not be said enough that 
the crystalline sílica can cause silicosis, among other adverse effects (Legrand, 1998). 
The stated problems have been studied in papers from different researchers, which have proved that, 
through acid pretreatment of the rice husk, its impurities (sodium and potasium) can be eliminated 
(Della, 2002; Della y Hotza, 2006; Tzong-Horn Liou, 2004), collaborating in the obtention of 
amorphous sílica when the husk is burnt. Some authors, like Sugita (Feng et al, 2003-4), also point 
that, through a pretreatment in HCl, the rice husk ashes' pozzolanic activiy is stabilized and improved, 
and also the ashes' sensitivity to the burning process in relation to the time of exposition to the high 
temperature. Never the less, there's no literature available providing major details in relation to the  
variables that influence the pretreatment ( concentration of the solution or exposition time). 
Taking into consideration the production perspective on the rice field, as well as the mentioned 
background, the importance of solving the environmental issues that come as consequence of the rice 
husk ash and promoting ways of using this seemingly useless residual seems self-explanatory. This is 
why, in Uruguay, studies concerning pretreatments of the rice husk are being made, in order to help 
eliminating the negative effects of the rice husk ash (RHA) obtained nowadays due to the high 
percentages of crystalline sílica. These mentioned studies are being done at the Universidad de la 
República, as a project financed by the Instituto Nacional de Investigación Agropecuaria (INIA) as a 
part of the Fondo de Promoción de Tecnología Agropecuaria (FPTA); the project is named INIA 
FPTA 285 "Valuation of the Residual Obtained From the Burning of Rice Husk". This paper presents 
the most recent results obtained in the project INIA-FPTA 285 in the optimization of the ash left from 
its burn (in order to obtain an amorphous pozzolanic mineral admixture, which will be referred to as 
ARHA) and the viability of its use when replacing part of the cement. The results obtained are 
compared with reference values and normative requirements. 
 
 
2. Experimental program 
 
The following materials where used: regular rice husk, RHA obtained from husk pre-treated with 
hydrochloric acid, natural, RHA obtained from regular rice husk (with no pre-treatment done), 
residual RHA (obtained from drying and parboilizing rice grains), Portland cement type I and, as fine 
aggregate, standard natural sand and distilled water. 
The regular rice husk used was obtained through a representative sampling of different national rice 
mills from the most common varieties of rice cultivated in our country (“Paso 144”, “Tacuarí” and 
“Olimar”). With all of them, very similar results were obtained, reason why this paper will only 



present results from the variety “Paso 144”, which is the most cultivated in Uruguay. For the pre-
treatment of the rice husk, hydrochloric acid solutions (HCl) were used (Feng et al., 2003-4), being 
needed to study its influence in the following variables: concentration of the HCL solution, exposition 
time and effect of the mechanical agitation of the rice husk in the solution. Concerning the 
concentration of HCl, the effects of concentrations of 0.35N, 1N and 1.75N were studied. The 
exposition times to the solution varied from 1 to 24 hours. The mechanical agitation of the HCL 
solution during the required time for the pretreatment was also analyzed by using a batch reactor with 
speeds of 50 rpm and 200 rpm during times that varied from 20 to 40 minutes.  
All the samples pre-treated on HCl solution were washed until the water after the washing showed pH 
values identical to the ones before the immersion of the samples, dried in a lab stove until the weight 
became constant, and then burn in the laboratory. The burning conditions applied to obtain the RHA 
simulated the ones from the industrial-scale boiler that nowadays turn the husk into ashes to take 
advantage of its calorific power. Then, the obtained RHAs were analyzed through X-ray diffractions 
(XRD) in order to identify crystalline peaks and enable the choice of the pre-treatment to be used to 
study their applications as amorphous mineral admixture for cement and concretes. The chemical 
composition of the ash obtained from the pre-treated husk and loss on ignition was determined; in this 
stage, the residual RHA (RRHA) obtained from the burning of non-pre-treated regular husk from the 
only company that nowadays uses rice husk as fuel (to generate steam for the parboilization of rice) 
was also studied, in order to establish their differences. 
For the optimization of the ash obtained for its use as pozzolanic admixture, the obtained ash was 
milled in a grinding mill for times from 1 to 5 hours, studying intervals of 30 minutes. The optimal 
milling time will be the one to show the highest pozzolanic activity index (AI). This is why the 
pozzolanicity of the milled ashes was evaluated during different times through resistance-to-
compression of mortars, elaborated with the reference cement, and also with 10% (in weight) of rice 
husk ash instead of cement, according to ASTM C1240-05. In order to be considered as a pozzolanic 
ash, the quotient between compression tension of the specimens without and with ash had to be higher 
than 0.75. With the ash milled during the optimal time obtained (ARHA), studies to determine 
whether the requirements for pozzolanic materials (UNIT 1047) and the viability of its use for the 
elaboration of pozzolanic cement (UNIT 20) were done; with this in mind, pastes and mortars with 
different percentages of ARHA were done (0, 10, 20 and 30%). In pastes, the water demand was 
studied; in mortars, resistance to compression and bending were studied (UNIT 525), and also the 
alkali-sílica reaction with the ASTM C1260 method on mortar bars, immersed in a 1N NaOH solution 
at 80 OC, measuring the dimensional changes until 14 days of inmersion. 
 
 
3. Results and discussion 
 
3.1 Concerning the pretreatment for the obtention of amorphous rice husk ash 
 
According to the study of variables concerning the pretreatment in HCl, it can be seen that: 
- the increment in concentration of the HCl solution from 1N to 1,75 N and the reduction from 1N to 
0,35 N, even with longer exposition times, do not report significant changes concerning the 
mineralogical composition of the obtained rice husk ash. This can be seen in Figure 1. 
- in relation to the exposition time to the HCl solution, although times from 1 to 24 hours were studied. 
It can be seen that, as time increases, the ashes' crystalline peaks decrease, increasing their condition 
of amorphous. However, this effect does not translate to  long periods of exposition according to the 
observations done at exposition times of 24 hours, which did not show sustantive improvements, as 
shown in Figure 1(a). 
- in relation to the effects of mechanical agitation of the HCl solution, by increasing the agitation 
speed, amorphous ashes can be obtained, although these results are not quite significative.  
- Through XRD analysis , the pretreatment to be done to the husk in HCl 1N solution during an hour 
without mechanical agitation was defined. Figure 2 shows SEM of pre-treated and non-pre-treated rice 
husk, where it can be seen that the pretreatment produces cuts in the husk. Figure 3 shows SEM  and  



 
Figure 1: X-Ray Diffraction (XRD) of samples subjected to HCl pretreatment  : (a) 0.35N; (b) 1.75N 

 

      
(a)                                                                                        (b) 

 
Figure 2: Rice husk's SEM:  (a) pre-treated for 1 hour in HCl 1N ; (b) natural 

 

       
(a)                                                                                    (b) 

Figure 3: SEM and RHA EDX obtained from rice husk: (a) pre-treated for 1 hour in HCl 1N ; (b) natural 
 
RHA EDX obtained from those husks in equal conditions of temperature and exposition time. It is 
clearly seen that the pretreatment done leads to fiber breaks, increments of the sílica percentages and 
lower potasium percentages of the RHA, as pointed by different authors in relation to pretreatments in 
acid applied to the ruce husk (Della y Hotza, 2006; Tzong-Horng Liou, 2004) . 
 
3.2 Concerning the obtention of amorphous pozzolanic mineral admixture 
 
Rice husk was subjected to pretreatment with the previously described process in 1 N HCl solution 
during one hour; then, it was washed (in order to delete the trails of acid), preheated for 24 hours at 
100OC and, finally, burnt at 700 OC for one hour. Figure 4 shows the XRD of the obtained RHA, 
where the abscence of crystalline peaks is observed. Then, the pre-treated RHA was characterized and 
optimized through milling in order to obtain the amorphous pozzolanic mineral admixture. 
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Figure 4: XRD of the RHA obtained from the husk pre-treated in HCl 1N for one hour 
 
Table 1 shows the chemical composition of the natural and pre-treated RHA obtained at 700ºC for an 
hour (named NRHA and PRHA), which is compared with the uruguayan residual RHA (RRHA). It 
can be seen that the residual ashes' percentage of sílica is lower, and the loss of ignition is higher than 
the ones from the lab-obtained RHA.  
 

Table 1: Chemical Composition (%) of the RHA obtained at 700 OC during one hour, and of the residual RHA  

Name SiO2 Al2O3 Fe2O3 CaO MgO MnO Na2O K2O SO3 Ign.Loss 

PRHA 95.16 0.05 0.05 0.22 0.21 - 0.05 0.76 - 3.5 

NRHA 92.86 0.09 0.30 0.64 0.46 - 0.1 3.15 - 2.4 

RRHA 87.2 0.15 0.16 0.55 0.35 - 1.12 3.6 0.32 6.55 

 
 
Table 2 shows the pozzolanic activity index(AI) reached with milling times from 1h30min to 5 hs.  
 

Table 2: Pozzolanic activity index of the PRHA at different milling times (ASTM C1240) 

Milling Time 1h30m 2h 2h30m 3h 3h30m 4h 4h30m 5h 

AI (%) 72,91 78,95 84,44 89,26 118,91 77,19 116,06 105,32 

 
From the obtained results, it can be verified that the optimal milling (for the available mill) is reached 
with a time of 3h30min, time that leads to the highest AI value. The correspondent medium particle 
size is of 8.225 micrometers. According to Mehta (1994), sizes around the 8 micrometers are 
recommended for the use of RHA as a mineral admixture. 
Table 3 shows the physical and chemical characteristics of the RHA obtained from rice husk pre-
treated in 1N HCl solution for one hour and milled for 3h30min (ARHA), comparing them to the 
requirements for pozzolanic materials demmanded by norm (UNIT 1047). The viability of its use as 
pozzolanic mineral amorphous admixture for cements and concretes is seen. 

 
Table 3: Characteristics of the pre-treated RHA optimized  in comparison to the norm requirement (%) 

 
AI  SiO2  Al2O3 Fe2O3 CaO MgO MnO Na2O K2O SO3 IL

ARHA 118.91 95.16 0.05 0.05 0.22 0.21 - 0.05 0.76 - 3.5 

UNIT  
1047 > 75 SiO2+ Al2O3+ +Fe2O3  > 34    

Alkalis in Na2O 
 < 1,5 < 4 < 6 



3.3 Results obtained in pastes and mortars 
 
Table 4 and 5 show the results obtained by the replacement of different cement percentages by the 
amorphous mineral addition obtained with the previouslt presented results (ARHA). Table 4 shows 
that the use of ARHA increases the water demand in comparison with the reference pastes (without 
RHA), this is because the ARHA's particle size is close to 8 micrometers.  Table 5 corresponds to the 
resistance to compression (Fc) and bending (Ff) of mortars with different percentages of substitution 
of cement by RHA (at the times specified by cement norms). Higher results are obtained without the 
use of the admixture, for example, a 10% of substitution presents values higher than the 75% of the 
reference, what proves the viability of the use ot ARHA as an amorphous mineral pozzolanic addition 
for cement. According to research (Mehta y Monteiro, 2007; Rodriguez de Sensale, 2006), the 
reaction to pozzolans is slow, fact that should be taken into account in the norms by demmanding 
higher test times when used as supplementary cementitious materials. 
 

Table 4: Water demand  (UNIT 43:2002)  

 Reference 10%ARHA  20% ARHA 30% ARHA  

Water demand 0.288 0.378 0.568 0.60  

 
Table 5: Mortars' Resistance (UNIT 525:2001)  

 Ff (MPa) 
 2 days 

Ff (MPa) 
 7 days 

Ff (MPa) 
28 days 

Fc (MPa)  
2 days 

Fc (MPa)  
7 days 

Fc (MPa) 
28 days 

reference 3.6 6.1 9.8 14.2 31.1 39.3 

10%ARHA 2.6 4.9 7.8 12.5 26.0 30.8 

20%ARHA 2.2 4.6 6.6 12.1 23.3 29.0* 

30%ARHA 2.1 2.6 6.7 11.7 14.0 27.4* 

* discarded according to performance at 28 days (UNIT 20). 
 
Figure 5 shows the results of expansion of mortar bars at different immersion times in 1N NaOH at 
80ºC. The specimens with 20% ARHA present the highest expansions. According to the limits 
established by ASTM C 1260/01, at  16 days after casting (14 days in 1N NaOH at 80ºC), expansions 
of less than 0.20% are indicative of innocuous behaviour (RILEM, 2000-3); this shows that, according 
to the results obtained, the substitution of 10% and 30% of cement by ARHA is viable.  
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Figure 5: Alkali-Silica Reaction (ASTM C1260) 



4. Concluding remarks 
 
The results obtained in this research lead to the conclusion that, by pretreating the rice husk in 1N HCl 
solution for one hour, it is possible to obtain rice husk ash with high percentages of amorphous sílica. 
This pretreatment increases the sílica percentage and lowers the potasium percentage in the obtained  
ash (PRHA). By comparing the characteristics of the PRHA with the normative values, the viability of 
its use as pozzolanic material is proven. 
The studies done by milling the PRHA allowed the obtention of AI values much better than the ones 
pointed as requirements for pozzolanic materials (UNIT N1047) and, by finding the substitution 
percentage with the highest pozzolanic activity index, an amorphous mineral pozzolanic admixture 
was developed, increasing the value of the residual obtained by burning the rice husk. 
In mortars with different percentages of cement substitution by the AHRA, the viability of its use in 
relation to the studied properties was proven, via previously studying the optimal percentaje used 
according to normative demands.  
Summarizing, this paper promises a bright future for the use of the developed ARHA. In the studied 
properties, the possibility of obtaining performances according to the normative requirements with less 
use of cement is shown, reducing by this means the environmental damage that the CO2 emisions and 
the use of fossil fuels for the clinker production cause. Therefore, after the conclusion of the INIA 
FPTA 285 project, this research will help solve, in a not-so-distant future, two critical issues: the one 
of the final disposal of the rice husk ash, and the one that involves its danger on the human health (due 
that the developed pretreatment leads to RHA with no crystalline peaks). 
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Abstract 
In order to exploit concrete waste and lower the environmental impact of natural aggregates excavation, the purpose of 
this paper is to study and prepare new composite materials recycling construction and demolition concrete waste (C&D 
waste) as aggregates. New mortar with recycled aggregates will be prepared studying the possibility of using sulfur as 
binder, instead of cement, which requires water to bind the aggregates. Sulfur mortar and concrete are high 
performance composite materials whose main properties are quick settings, high strength, low water absorption and 
high resistance to acid, basic and salt environments. In addition such materials allow to use the big amounts of sulfur 
coming from worldwide oil refineries and metallurgic industry. 
The effects of mix design on the final physico-mechanical properties and on the microstructure of the studied new 
composite materials are here investigated and discussed. The results are then compared with those of reference samples 
prepared without any waste addition, with normalised silica sand as aggregates and ordinary Portland cement as 

binder, according to UNI EN 196-1� 
 
Originality 
An increasing trend towards the use of sustainable processes has led to recycled materials being incorporated into 
concrete. It is generally recognised that crushed recycled construction aggregates produce concrete of a lower 
compressive strength. The physical characteristics of recycled concrete aggregates, indeed, adversely affect the 
mechanical properties and the microstructure of cement conglomerate due to the high water absorption values of 
recycled aggregates. The originality of the present research is in the use of sulfur, a waterless binder, as an attractive 
alternative to conventional conglomerate with cement and water as binder. The presence of a waterless mortar would 
contribute to increase the physico-mechanical properties and the microstructure of the new mortar with C&D waste. 
According to the state of the art, these results will be meaningful for the advancement of knowledge on effects of totally 
replacing newly quarried with recycled demolition aggregates. 
 
Chief contributions 
The aim of the present paper is to examine the performances of new composites materials based on either sulfur by-
products as binder and concrete construction and demolition waste as recycled aggregates. Different mix-design will be 
studied and prepared increasing the weight percentage of sulfur binder as well as of calcium carbonate as filler, in 
order to investigate their effects on the mortar behaviour at both fresh and hardened state. A suitable selection of 
manufacturing technological procedures, very similar anyhow to bitumen concrete technology, will be investigated. 
 
Keywords: Sulphur mortar, Construction and demolition waste, Ecosustainability, Physico-mechanical properties, 
Microstructure 
 

                                                 
1 Corresponding author: Email stefania.manzi4@unibo.it Tel +390512090329, Fax +390512090322 
 



I. Introduction 
 
Concrete is by far one of most important building materials. Worldwide, more than 10 billion tons are 
produced each year (Meyer, 2009). If properly designed and produced, concrete has excellent 
mechanical and durability properties. But this popularity comes with a significant price, which is all 
too often overlooked: alone with sheer volumes produced each year, concrete has an enormous impact 
on the environment. First, there are the vast amounts of natural resources needed to produce those 
enormous quantities. Then, it is known that the production of each ton of Portland cement releases 
almost one ton of carbon dioxide into the atmosphere. The production of Portland cement is also very 
energy intensive. Third, the production of concrete requires large amounts of water, which is 
particularly burdensome in those regions of the earth that are not blessed with an abundance of fresh 
water. Finally, the demolition and need of disposal of concrete structures, pavements, etc., creates 
another environmental burden. Construction and demolition debris contribute a considerable fraction 
of solid waste in developed countries, and concrete constitutes its largest single component. The 
concrete industry has become a victim of its own success and therefore is now facing tremendous 
challenges. These could be reduced replacing as much Portland cement as possible by supplementary 
cementitious materials, especially those that are by-products of industrial processes, and using 
recycled materials in place of natural resources. Nowadays more and more countries are considering 
the soaring environmental problem related to C&D waste. In particular, great attention is focused on 
the use of recycled concrete aggregates in ordinary Portland cement concrete (Corinaldesi and 
Moriconi, 2009; Evangelista and de Brito, 2007, 2010; Khatib, 2005; Kou and Poon, 2009a; Miranda 
and Selmo, 2006; Rao et al., 2007), and self-compacting concrete, (Kou and Poon, 2009b) although 
sometimes the final product has a decrease on performances. 
With the aim of using C&D waste to reduce the environmental impact of natural aggregates 
excavation for building conglomerates production, this paper studies the possibility of preparing new 
conglomerate using sulfur as waterless binder, instead of cement which requires water to bind the 
aggregate. Sulfur mortar and concrete are high performance composite materials whose main 
properties are quick settings, high strength, low water absorption and high resistance to acid, basic and 
salt environments (Bignozzi et al., 2002; Franzoni et al., 2004; Grugel and Toutanji, 2008; Pouya et 
al., 2010; Sandrolini and Manzi, 2005). In addition such materials allow using big amounts of sulfur 
coming from worldwide oil refineries and metallurgic industry (Abraha et al., 2007; Mohamed and El 
Gamal, 2009; Sandrolini et al., 2006). 
Scope of the work is to investigate the physico-mechanical properties and the microstructure of these 
new materials with relation to their durability. The results are discussed and compared with those 
obtained by reference samples made with normalized silica sand and ordinary Portland cement, 
according to UN EN 196-1. 
 
 
2. Experimental part 
 
2.1 Materials 
 
In samples preparation commercially grade elemental sulfur (Esseco, Novara [MI], Italy) and STXTM 
(Starcrete� Technologies Inc.) were used as binder and activator respectively (Vroom, 1977). 
Concrete waste coming from a recycling plant nearby Bologna (Faro Service S.r.l., Budrio [BO], 
Italy), in which construction and demolition waste are suitably treated with a mobile crusher were used 
as aggregates (Figure 1). As expected, the chemical composition analyses of the recycled aggregates, 
investigated by means of X-ray diffractometry, mainly showed the presence of quartz, crystallized 
calcium carbonate, dolomite and akermanite. The grain size distribution of the recycled aggregated 
(0.00 ÷ 4.00 mm) showed in Figure 2 has been compared with Fuller distribution, as well as with 
normalized silica sand grain size distribution (0.075 ÷ 2.000 mm), according to UNI EN 196-1. As it 
can be observed, the curve of the recycled aggregates is very similar to the Fuller distribution. As 



expected, these recycled aggregates have higher water absorption values than natural silica sand, in 
particular, the saturated surface dry water absorption of these concrete recycled sand is 17.45 %, 
determined according to UNI EN 1097-6. In this way the presence of a waterless mortar could 
contribute to increase the physico-mechanical properties of the mortar. 
Cement control mortar (CM-series) with normalized silica sand, cement type II-A/LL 42.5 R 
(water/cement ratio 0.5 wt./wt.), according to UNI EN 196-1, were also prepared for reference 
samples. 
In the sulfur bound samples, commercially available calcium carbonate (S.I.S. Mineraria, Longiano 
[FC], Italy) with average grain size of 2.5 µm was also used as filler. 
 
 

 
 

Figure 1: Recycled aggregates from concrete construction and demolition waste (C&D waste). 

 
 

 
 
Figure 2: Grain size distribution of recycled sand and normalized silica sand, compared with Fuller distribution. 

 
 
2.2 Samples preparation 
 
The sulfur mixes here investigated are reported in Table 1. The formulations have a sulfur content of 
17.50 and 20.00 wt. %, respectively named as SM 17.5-series and SM 20.0-series. All the sulfur 
formulations have a STXTM polymer content equal to 10.00 wt. % of sulfur amount. The activator 
STX™ is added to improve fine sulfur crystal formation and grain size control, which supply higher 
mechanical properties (Vroom, 1977). Different amounts of calcium carbonate filler were added to 
sulfur mixes: 0, 6, 9 and 12 wt. % (respectively series-0, 6, 9 and 12), in order to investigate their 
effects on the mortar behaviour at both fresh and hardened state. 



Sulfur samples were prepared at 140°C, with a procedure very close to that used for bitumen mortar 
and concrete (Bignozzi et al., 2002; Franzoni et al., 2004; Sandrolini and Manzi, 2005; Sandrolini et 
al., 2006), in accordance with ACI 548.2R-93 and ASTM C 1312-97 Standards. Pre-heated aggregates 
and calcium carbonate (up to 150°C) and sulfur were stirred in a mixer (Tecnotest Mixer B205/5) for 
about 15 min, then the modifier STX™ was added. Temperatures higher than 145°C may lead to side 
reactions between STX™ and sulfur, thus causing formation of high viscosity products and hence 
poor workability. 
Samples were moulded in pre-heated moulds (40 x 40 x 160 mm) (Figure 3) and settled on a vibrating 
table for 1 min. After cooling, the samples were kept at room temperature in room conditions (40 ÷ 50 
% R. H.) till testing. Reference cement control samples (CM-series) were prepared according to UNI 
EN 196-1. 
 
 

Table 1: Mix proportions of the sulfur mortar with recycled aggregates (SM-series). 

Binder Aggregates Filler 
Sulfur STXTM C &D waste CaCO3 

Samples 

[wt. %] [wt. %] [wt. %] [wt. %] 
SM 17.5-0 17.50 1.75 80.75 0.00 
SM 17.5-6 17.50 1.75 74.75 6.00 
SM 17.5-9 17.50 1.75 71.75 9.00 
SM 20.0-6 20.00 2.00 72.00 6.00 
SM 20.0-9 20.00 2.00 69.00 9.00 
SM 20.0-12 20.00 2.00 66.00 12.00 

 
 
 

 
 

Figure 3: Sulfur mortar preparation. 

 
 
2.3 Samples characterization 
 
Sulfur mortar flowability and cohesiveness at the fresh state were visually estimated. For each 
formulation, at least six samples of 40 x 40 x 160 mm were prepared. Bulk density measurements (ρB) 
were determined by weight/volume ratio. Pore size distributions by mercury porosimeter were not 
determined because of sulfur interaction with mercury. Therefore, only water absorption 
measurements (WA) at room temperature were determined. Tests were performed on a part resulting 
from compressive test, after accurate grinding of the fracture surface (20 x 20 x 40 mm), when 
constant weight of the samples was achieved. 
Modulus of elasticity (E) was determined with a Matest Ultrasonic Tester. Three point flexural (SF) 



and compressive (SC) strengths (according to UNI EN 196-1) were determined by means of an Amsler 
testing machine (30 t): at least three measurements for each mix were performed. Physical and 
mechanical tests were performed after 2, 7 and 28 days of curing. 
To investigate the real effect of the sulfur binder matrix with increasing amount, as well as any 
possible differences in the mixes with the recycled aggregates, an optical microscopy (Wild 3M 
Heerbrugg stereoscope) was used. In addition, microstructural observations were carried on by a 
Philips 501 B scanning electron microscope (SEM) on undisturbed fracture surfaces resulting from the 
flexural tests. 
 
 
3. Results and discussion 
 
At the fresh state, all the sulfur mortar with 20.0 wt% of sulfur showed undoubtedly a better 
flowability and cohesiveness than the sulfur mortar with 17.5 wt% of sulfur. It means that the lowest 
amount of sulfur with the recycled aggregates coming from construction and demolition waste were 
not enough to cover the aggregates. 
At the hardened state the physico-mechanical properties of all SM-series did not notice any relevant 
difference with the increasing of curing time (2, 7 and 28 days of curing), thus confirming the quick 
setting time of sulfur mortar, also with recycled aggregates. Table 2 shows the physical and 
mechanical performances (ρB, WA, E, SF and SC) of the samples after 7 days of curing. 
 
 

Table 2: Physico-mechanical properties of the sulfur (SM-series) and control cement (CM) mortar. 

Samples ρρρρB WA E SF SC 
 [g/cm3]  [%] [GPa] [MPa] [MPa] 

SM 17.5-0 1.7 3.6 14.4 2.5 15.7 
SM 17.5-6 1.8 3.0 19.3 2.9 21.7 
SM 17.5-9 1.9 2.3 18.0 2.9 29.9 
SM 20.0-6 2.1 0.6 30.2 8.6 62.3 
SM 20.0-9 2.2 0.3 32.6 9.3 71.4 

SM 20.0-12 2.1 0.3 31.7 9.5 79.4 
CM 2.1 6.4 33.4 6.4 42.5 

 

In accordance with results at the fresh state, sulfur mortar with the highest wt% of binder (SM 20.0-
series) showed the highest physico-mechanical performances. In particular, SM 20.0 samples showed 
really low water absorption values, lower than 1.0 %, according to ACI Standards for sulfur mortar 
with natural sand (ACI 548.2R-93). Anyway, the WA of all the sulfur mortar was lower than the WA 
of the reference cement mortar. When the mix design is properly studied, it may be observed that the 
recycled by-products improve the microstructural properties (density and porosity) of the final 
composite materials in comparison with samples prepared with normally graded silica sand and 
cement as binder. Lower values of bulk density, instead, have been recorded in SM 17.5-series.  
All the specimens prepared with the recycled aggregates and 20.0 wt% of sulfur showed both flexural 
and compressive strengths higher than that of cement control samples. It may therefore be envisaged 
again that the used C&D waste, if properly optimized as to grain size distribution, may supply 
particulate composite materials with outstanding mechanical properties. Particular attention must be 
paid to the high compressive strength of SM 20.0-12 samples with the highest wt. % of filler, which 
allow to evaluate these recycled aggregates as suitable (in the proper size distribution) even for high 
performance composite materials. 
As to heating resistance, the sulfur polymer matrix composites can be defined as self-extinguishing 
materials, according to ASTM D 635-03 (Sandrolini and Manzi, 2005; Sandrolini et al., 2006). 
Optical microscopy and SEM observations showed a compact microstructure in all the sulfur 



composite materials with 20 wt.% of sulfur. In accordance with physical and mechanical studies, SM 
20-series samples showed the best adhesion between sulfur binder and aggregates (Figure 4). The 
sulfur binder covers very well the recycled aggregates and fills the inner spaces in such a way that the 
matrix is homogeneous with high degree of packing, as shown in Figure 4. This can be an index of the 
high durability of these samples also when exposed to acid and salts environments. Further tests are in 
progress to assess the durability of these sulfur mortar with recycled aggregates coming from C&D 
waste in different aggressive environments. 
 
 
4. Conclusions 
 
1) The possibility of obtaining sulfur polymer matrix composites with a full recycling of secondary 
materials and wastes, such as sulfur coming from oil refineries or metallurgical industries and recycled 
aggregates coming from construction and demolition waste, has been successfully proved. 
2) These fully recycled composite materials showed very good physico-mechanical properties, as well 
as a compact microstructure, higher than that of ordinary Portland cement building materials. 
3) Advanced materials may be profitably made from a proper mix design and a suitable selection of 
manufacturing technological procedures, very similar anyhow to bitumen concrete technology. 

 
 

Figure 4: Fracture surface of sulfur sample SM 20.0-12. 
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Abstract 

Remarkable advances have taken place in the research and application of Ultra High Performance Cementitious 

Composites (UHPCC) in the last twenty years, and UHPCC are supposed to be promising civil engineering materials 

in the future. However, the microstructure of UHPCC that governs their superior performance at macroscopic level is 

still a mystery. Application of the state-of-the-art nanoindentation technique to cementitious materials enables 

acquisition of mechanical properties at micro-scale, and many research progresses have been made in the last decade. 

In the present study, grid nanoindentation tests were used to characterize the microstructure of UHPCC produced with 

high volume fly ash addition. Composite paste specimen and mortar specimen were prepared to respectively investigate 

the micro-mechanical properties of the matrix and the interfacial transition zone in UHPCC. Results show that the 

hydration gel phases in UHPCC are dominated by High-Density (HD) C-S-H and Ultra-High-Dentity (UHD) phase 

which exhibit higher mechanical properties and that there exists a strong bond in both the fiber-matrix interfacial 

transition zone and the aggregate-matrix interfacial transition zone, which contribute to the outstanding performance 

of UHPCC at macro-scale. Extended curing at normal temperature from 28d to 90d facilitates formation of HD C-S-H 

and UHD phase, but no further hydration of cement occurs during this period. The micro-mechanical behavior of the 

steam cured paste is similar to that of the sample with 90d normal temperature curing. Moreover, addition of fly ash in 

the paste complexify the deconvolution analysis that a suspect phase is observed in the deconvolution results. It is 

observed from the ESEM image that small fly ash particles spread over the paste, so the undetermined phase could be a 

spurious phase and probably be responses from mixtures of small fly ash particles and the hydration gel phases. 

Therefore, it is incapable, in this study, to evaluate the influences of age and heat-treating on the reaction degree of  fly 

ash phase due to the existence of the spurious phase. 

 

Originality 

This study employ grid nanoindentation tests to characterize the microstructure of UHPCC prepared with high volume 

fly ash addition, in order to reveal the mystery of why UHPCC exhibit outstanding properties at the macro-scale. The 

influences of curing age and heat-treating on the microstructure are evaluated in this study. Besides, both the fiber-

matrix interfacial transition zone and the aggregate-matrix interfacial transition zone are tested and analyzed. 

 

Chief contributions 

 (1) The excellent performance of UHPCC mainly arises from the following two aspects: The hydration gel phases in 

UHPCC are dominated by High-Density (HD) C-S-H and Ultra-High-Dentity (UHD) phase which exhibit higher 

mechanical properties than Low-Density (LD) C-S-H and no weak interfacial transition zone exists in UHPCC.  (2) The 

The volume fraction of LD C-S-H decreases while the volume fractions of HD C-S-H and UHD phase increases when 

curing is extended at normal temperature from 28d to 90d, but no further hydration of cement occurs during this period. 

The mechanical properties of the steam cured paste at the micro-scale are similar to that of the sample with 90d normal 

tempreture curing.  (3) Small fly ash particles spread over the paste and lead to a spurious phase in the deconvolution 

results, making it hard to evaluate the reaction degree of fly ash. So the addition of fly ash in the paste complexify the 

deconvolution analysis of the grid nanoindentation tests.  

 

Keywords: Nanoindentation , Microstructure, UHPCC, Fly Ash, Interfacial Transition Zone 
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Introduction 

 

Over the last two decades, remarkable advances have taken place in the research and application 

of Ultra High Performance Cementitious Composites (UHPCC) which exhibit outstanding mechanical 

properties and excellent durability (Richard, 1995). UHPCC can be applied to lessen the dimension 

and dead weight of structures, serve in extremely harsh environments and also are desirable materials 

for rehabilitation purpose. Therefore, UHPCC are supposed to be promising civil engineering 

materials in the future. It is well known that the performance of materials at macroscopic level is 

closely related to its features at micro- or even nano-level. UHPCC are usually produced with 

extremely low water/binder ratio, thereby contributing to a very low total degree of reaction, which 

seems to be contradictory with their superior properties. Regarding this point, most researches reveal a 

more homogeneous and denser microstructure in UHPCC by use of various experimental techniques 

(Cheyrezy et al, 1995; Reda et al, 1999 ). However, the problem is still not well solved.  

A new cutting-edge test method—nanoindentation, which used to be applied in many other 

research fields(Oliver,  Pharr, 1992), has been developed and employed to qualitatively or 

quantitatively study multi-phase heterogeneous composites like cementitious materials (Constantinides 

et al., 2007; Ulm, et al., 2007; Mondal et al., 2008; Nemecek, 2009). However, to date, most 

researches have focused on the micro-mechanical properties of pure cement paste and few studies 

have attended to composite paste that involve supplementary mineral admixtures like fly ash and slag. 

Utilizing industrial byproducts in cementitious composites exhibits twofold significance—alleviating 

environmental pressures and improving properties of the composites both at their fresh and hardened 

state. UHPCC with high volume mineral admixture addition have been fabricated in previous studies 

(Zhang et al., 2008). In this paper, nanoindentation is used to characterize the microstructure of 

UHPCC with high volume fly ash addition, and both the micro-mechanical properties of the composite 

pastes and the mechanical feature at the interfacial transition zone (ITZ) are studied. 

 

 

1. Materials and methods 

 
1.1  Materials, mix proportions and sample preparation 

 
Portland cement, fly ash and silica fume are used as reactive powder, and their chemical 

compositions are listed in Table 1. The density of Portland cement, fly ash and silica fume is 

3.10g/cm
3
, 2.24g/cm

3
, 2.26g/cm

3
, respectively. And the specific surface area of these materials is 

3620cm
2
/g, 4540cm

2
/g, 222000cm

2
/g, respectively. Composite paste specimens and mortar specimens 

are produced. Cementitous materials consists of 50% cement, 35% fly ash and 15% silica fume. The 

water binder ratio is 0.16 and the superplasticizer addition is wt. 1%. River sand with a maximum 

particle diameter of 2.36 mm and 13mm-long steel fiber with aspect ratio of 65 are added in the paste 

to prepare UHPCC in which the aggregate binder ratio is 1.2 and the fiber content is 2% by volume.  

The raw material were dry mixed for about 2min, then water and superplasticizer were added. It 

took another 5min for the mixture to reach good flowability, after that the mixture was cast into a 

plastic cylinder pipe with a diameter of 10mm. For the mortar specimen, fibers were manually added 

perpendicular to the surface after casting rather than during mixing since it’s hard to place the UHPCC 

mixture into the small pipe. Later the specimens were compacted and cured at the condition of 20℃, 

RH>95% for 24h. Then they were demoulded and cured either in the 20℃ standard curing room to 

28d and 90d (labeled ―N28‖ and ―N90‖) or in the steam trunk at 80℃ for 48h (labeled ―S‖). 

After curing, the specimens were soaked in ethanol for 7d to terminate hydration, then they were 

oven dried at 50℃ for 2d. Afterwards the specimens were placed in the desiccator until testing.In 

order to obtain repeatable results and to minimize the sample disturbance, selecting a proper sampling 

method so as to achieve as flat a surface as possible is very important. The first step was to cut the 

sample using a diamond saw to an appropriate size, afterwards, the sample was vacuum impregnated 



by epoxy resin so as to facilitate holding during polishing. After the resin was solidified, the sample 

was successively coarsely grinded by silicon carbide paper of different gradation. Then water-based 

diamond suspensions of gradation 9μm, 3μm, 1μm and 0.05μm were used to polish samples on a 

Buehler texmat cloth. Polishing using the first three diamond suspensions lasted for 15min each, while 

the last polishing procedure lasted for more than 2h. At last the samples were ultrasonically cleaned 

for 5min in the ethanol bath (Miller et al., 2008; Mondal et al., 2008; Vandamme et al., 2010). 

 
Table 1. Chemical compositions of raw cementitious materials. 

 

Chemical compositions (wt. %) SiO2  Al2O3  Fe2O3  CaO  MgO  SO3  K2O Na2O LOI  

Cement 21.35 4.67 3.31 62.60 3.08 2.25 0.21 0.54 0.95 

Fly ash 54.38 26.89 6.49 4.77 1.05 1.31 0.88 2.25 1.75 

Silica fume 91.20 2.22 0.88 1.20 1.25 0.64 -- -- 2.14 

 

1.2 Nanoindentation test 
 

Nanoindentation consists of establishing contact between a 

sample and an diamond tip of known geometry, and then 

continuously measuring the applied load P and the indentation 

depth h. Fig. 1 shows a typical load-depth curve and a schematic 

description of an indentation test, in which hmax is the maximum 

indentation depth at peak load; hf is the residual indentation depth 

after complete unloading; S is the initial unloading stiffness 

which is calculated according to S=(dP/dh)h=hmax. Through 

applying continuum scale models to analyze the P-h curve, the 

indentation modulus M and indentation hardness H can be 

derived as follows ( Sorelli et al., 2008): 
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Nanoindentation tests were carried out on a CSM OPX/CPX Nanoindenter. A representative area 

was selected under optical microscope before indentation, then the sample was transferred to the 

indenter tip by precise machinery. Grid indentation technique was performed on the composite paste 

sample in order to quantitatively characterize the microstructure (Ulm et al., 2007). 200 indentations 

were carried out on sample ―N28‖, while 600 indentations on sample ―N90‖ and ―S‖. In order to 

distinguish properties of individual phases and to ensure that the acquired results don’t depend on any 

characteristic lengths, a maximum load of 2mN is determined (Miller et al., 2008; Vandamme et al., 

2010). For each indentation test, when the indenter tip contacted the sample surface, load was 

increased at a constant rate of 12mN/min to 2mN. Then the load was held constant for 5s to eliminate 

creep effect before unloading at the same constant rate. The grid spacing was set as 20μm to avoid the 

interferences between neighboring indentions. For the mortar specimen, grid spacing in the direction 

parallel to the interface was set as 15μm, while in the perpendicular direction 10μm. Deconvolution 

analysis was carried out after the grid indentation tests. A number of Gaussian probability density 

functions (PDF) were used to fit the experimental frequency plot (Constantinides et al., 2007).  

 

1.3 ESEM test 

 

FEI Quanta 3D FEG environmental scanning electron microscopy (ESEM) was used to observe 

the microstructure of the matrix and the interfacial zone in the mortar. The back scattered electron 

(BSE) model facilitated distinguishing of unreacted particles while the secondary electron model (SE) 

enabled observation of small impressions left on the aggregate and fiber.  

 

 
Figure 1:  (a) A typical P–h curve of 

indention ( Sorelli et al., 2008) 



2. Results and discussion 

 

2.1 Results from investigation on composite paste 

 

  
 

Figure 2: ESEM-BSE images of the composite paste after steam curing. 

 

ESEM images of the steam cured composite paste were shown in Fig. 2. The phases of irregular 

unhydrated clinker, spherical fly ash and pores can be clearly observed. It is generally considered that 

the remainder are mainly composed of hydration gel products. Silica fume particles are hardly found 

owing to their extremely small size and high pozzolanic activity. Since silica fume can not be detected 

by nanoindentation either, it is not considered in the following deconvolution analysis. 

During the deconvolution process, there are about 2% points of the original experimental results 

with very high mechanical values—M values (higher than 200Gpa) and H values (higher than 20 Gpa) 

which are higher than that of cement clinker. These points possibly result from fly ash particles 

because of its phase composition complexity. These points are too discrete to take into account during 

deconvolution analysis, and in order to promote the readability of the plots, they are not displayed. 

Besides, due to relatively less points of indentation employed on sample ―N28‖, the experimental plot 

exhibits higher scattering than the other two, so adequate indentions are essential for the quantitative 

grid indentation technique. As an example, the experimental frequency plot and the fitted PDF of the 

steam cured sample are presented in Fig. 3. It can be observed that six Gaussian functions are 

employed to complete the deconvolution process. Three hydration gel phases (LD C-S-H, HD C-S-H, 

UHD phase) with average indentation modulus values of approximately 20GPa, 30GPa and 40Gpa, 

respectively, are found during the hydration of cement paste (Vandamme et al., 2010). However, the 

mechanical properties of UHD phase and calcium hydroxide (CH) are close to each other, and it is 

hard to distinguish them. Chen et al. points out that UHD phase is a nanocomposite where nanoscale 

CH reinforces C-S-H through partially filling the latter’s gel pores rather than an individual phase 

(Chen et al., 2010). In the present study, since a huge amount of silica fume and fly ash is added, CH 

especially with small size is considered to be fully exhausted in the matrix (Reda et al, 1999). 

According to the experimental results and by comparing them with those of the hydrated Portland 

cement paste, the above three hydration gel phases are still considered herein though it may show a 

low calcium silica ratio and a high aluminum and alkaline content in the gel. M values of about 70GPa 

are regarded as fly ash phase (Němeček et al., 2009) and M values of around 100GPa are responses 

from cement clinkers (Vandamme et al., 2010). Apparently there exists another peak with M values of 

around 50 GPa that is hard to determine. The study of Chen et al. (Chen et al., 2010) reveals that a 

spurious phase as a hydrate-clinker composite phase could be observed during the deconvolution 

analysis, and the liner dimension of microvolumes probed by nanoindentation is approximately 2μm in 

the present study. Fig. 2 (right) presents a high-magnification ESEM image of the composite paste, 

and it can be found that fly ash with particle size less than 2μm spread over the whole matrix. So the 

undetermined peak could probably be response from mixtures of small fly ash particles and hydration 

gel products that lead to M or H values between the two. 



  
Figure 3: Deconvolution results for the indentation modulus M (left) and indentation hardness H (right) of the 

composite paste with 48h steam curing(80℃). 

 

Table 2. Indentation modulus and indentation hardness values of individual phases from deconvolution analysis 

 

  
LD 

C-S-H 

HD 

C-S-H 

UHD 

phase 

Spurious 

phase 

Fly 

ash 
Clinker 

  M H M H M H M H M H M H 

N28 μ/ GPa 19.6 0.59 29.1 0.92 42.3 1.45 55.3 2.31 73.5 4.58 114.3 11.17 

 s / GPa 3.7 0.17 6.7 0.16 6.0 0.38 5.2 0.35 9.8 1.85 30.2 4.02 

 f / % 12.7 7.6 25.5 12.7 25.8 24.1 7.7 15.3 17.2 20.8 11.1 19.5 

N90 μ/ GPa 17.0 0.48 28.1 0.87 38.6 1.42 49.9 2.44 67.7 5.67 109.2 13.28 

 s / GPa 1.3 0.16 5.6 0.26 4.0 0.36 3.5 0.55 13.8 2.70 20.4 4.36 

 f / % 2.8 6.9 39.1 24.8 19.6 23.9 9.5 15.3 16.2 16.7 12.8 12.4 

S μ/ GPa 23.6 0.52 33.4 1.06 43.4 1.66 55.3 2.86 78.5 6.40 138.3 12.67 

 s / GPa 4.3 0.08 4.7 0.28 5.3 0.33 4.7 0.66 18.8 2.88 41.3 3.15 

 f / % 6.0 3.4 24.5 23.2 23.8 26.0 10.2 16.6 23.0 18.0 12.5 12.9 

 

Table 2 summarizes the overall deconvolution results in terms of the mean (μ) and standard 

deviation (s) of M and H, and the volume fraction (f) for each phase. Mechanical values of phases at 

different ages and under different curing methods are very close, proving that the results obtained from 

nanoindentation are the intrinsic mechanical properties of phases at the micro-level. However, 

hydration gel phases show a little higher mechanical values under steam curing, which may indicate a 

more compacted microstructure. Since capillary pores in the interaction microvolumes under indenter 

exerts a great influence on the indentation response. The volume occupied by cement clinker shows 

little change when curing extended from 28d to 90d. It indicates that the maximum hydration degree 

of cement is reached at 28d and the cement particles cannot be fully exhausted owing to a low 

water/binder ratio. However, the fraction of LD C-S-H, from 28d to 90d, decreases to a very low value. 

As a consequence, the gel phases are dominated by HD C-S-H and UHD phase which manifest higher 

mechanical properties. The volume fractions of various phases after steam curing show similar 

distribution with that of the 90d normal cured sample. Assuming that the fresh mixture is totally 

composed of the unreacted powder and water, the initial volume fraction of cement can be calculated 

to be 29.7%. The hydration degree of cement is close to 0.6 according to the deconvolution results. 

However, due to the existence of the spurious phase, it’s inaccessible to evaluate the influences of 

aging and heat-treating on the reaction degree of fly ash. From the deconvolution data it can be found 

that the reaction degree of fly ash is very low. This may be attributed to the low activity of fly ash and 
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the high consumption of CH by silica fume in the matrix. Moreover, unreacted particles can act as 

micro-aggregates to strengthen the matrix because of their intrinsic high mechanical properties. 
 

2.2 Investigation on fiber-matrix and aggregate-matrix interfacial transition zone 

 

Interfacial transition zone, at microscopic scale, is a 

region of cement paste around aggregate particles or steel 

bars that develops due to the so-called wall effect of 

small cement particles packing against a much larger and 

flat surface（Bentz et al., 1995）. The relatively loose 

structure of this region is supposed to greatly impact the 

mechanical behavior, transport property and durability of 

concrete. The effective thickness of ITZ is of tens of 

micrometers, depending on the mix proportions, the 

hydration degree and so on ( Scrivener et al., 2004).  

It is difficult to get the local mechanical behavior of 

ITZ before the application of nanoindentation technique. 

In this paper, a steam cured mortar sample was employed 

to study both the fiber-matrix ITZ and the aggregate-

matrix ITZ. A representative area with a dimension of 

60μm×190μm including both types of ITZ is chosen (Fig. 

4). Due to the high heterogeneity, it is hard to find the 

impressions left in the paste, but impressions on fiber and aggregate can be found under ESEM at SE 

model. Then based on the pre-established grid shape and spacing, exact positions of all indents can be 

determined. As shown in Fig. 4, in total, there are 20 rows and 5 lines in the grid.  

The obtained results are shown in Fig. 5, where values of M and H are plotted as a function of 

distance from the starting row. Though values tested at each row present high scattering due to 

heterogeneity of the paste, the obtained average values of different rows in the matrix are close. It can 

be concluded that with increasing distance from the surface of aggregate or fiber, the mechanical 

properties of the matrix do not present obvious fluctuation. The matrix in the vicinity of aggregate or 

fiber shows the same mechanical properties as those of bulk paste. Therefore there is no weak ITZ in 

the present study.  
 

  
 

Figure 5: Distribution of indentation modulus (left) and indentation hardness (right) at the ITZ in UHPCC 

 

Conclusion 

 

In this paper, Grid nanoindentation tests are employed to characterize the micro-mechanical 

properties of UHPCC with high volume fly ash addition. The following conclusions can be drawn: 

 
Figure 4: ESEM-BSE image of a representative 

region consists of a fiber-matrix ITZ and an 

aggregate-matrix ITZ in UHPCC 
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1) UHPCC exhibit excellent micro-mechanical behavior: The hydration gel products in UHPCC are 

found to be mainly composed of HD C-S-H and UHD phase, and the ITZ in UHPCC shows a 

strong mechanical bond; besides, unreacted fly ash and clinker particles with high intrinsic micro-

mechanical properties are considered to perform as stiffening micro-aggregates in the matrix.  

2) Extended curing at normal temperature favors formation of HD C-S-H and UHD phase, and the 

micro-mechanical properties of the steam cured paste are similar to that of the 90d normal 

temprature cured sample.  

3) Small fly ash particles lead to a spurious phase in the deconvolution results, making it hard to 

evaluate the changes of fly ash phase subject to aging and heat-treating. So the addition of fly ash 

complexify the deconvolution analysis, and further research is in need to address this problem. 

 

In order to fully understand the microstructure of UHPCC and to reveal the superior macro-

performance, additonal research will be proceeded, such as interior pore study by MIP and backscatter 

SEM image analysis, quantitatively testing the amounts of different phases in UHPCC by Rietveld 

XRD, and studying the nanostructure of C-S-H and reaction of mineral admixtures by Multinuclear 

Magic-angle Spinning NMR.  
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Does applied stress affect Portland cement hydration? 
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Abstract 
In this contribution the effect of applied non-hydrostatic stress on the degree of hydration of Portland cement paste with 
high w/c-ratio is investigated. Small samples (5×5×6 mm) were loaded at a stress level of 0.4 times the compressive 
strength at an age of 7 or 28 days. Before and after 100 days under load, the degree of hydration (α) of the stressed and 
reference load-free samples was measured by SEM image analysis and thermogravimetric analysis (TGA). Even though 
all samples were sealed, sample drying and possible carbonation occurred during the creep tests and this complicated 
elucidating the effect of applied stress on α. SEM image analysis of unhydrated cement showed that α of samples loaded 
at 7 days age was 2-3% lower than the one in the corresponding load-free samples after 100 days. This negative effect 
of applied stress on α was not confirmed by TGA measurements, probably because carbonation or another chemical 
reaction reduced the calcium hydroxide content. Non-hydrostatic thermodynamics predicts that applied non-hydrostatic 
stress has a much smaller effect on cement solubility than hydrostatic pressure (by 3 orders of magnitude). Applied non-
hydrostatic stress is therefore not expected to significantly increase the driving force of cement dissolution. The 
observed stress-induced reduction of α is explained by a reduced precipitation rate of calcium hydroxide on the stressed 
surface of pre-existing calcium hydroxide crystals. 
  
 
Originality 
The accelerating effect of hydrostatic pressure on (Portland) cement hydration, relevant for the case of oil-well 
cements, has been well established. The effect of applied non-hydrostatic stress on cement hydration, the topic of this 
paper relevant for loaded concrete at ambient pressure, has only poorly been studied and remained unclear. The 
existence of a non-hydrostatic stress effect would have implications for constitutive modelling of creep, strength, and 
stress-corrosion of concrete under load including aging effects. By using a combination of two experimental techniques 
the problem is reassessed here, and the results are compared to what is thermodynamically expected for load levels at 
which microcracking is believed to be unimportant. 
 
 
Chief contributions 
The results of this research suggest that applied non-hydrostatic stress slows down Portland cement hydration. This is 
in apparent contradiction with earlier reported results. This contribution could motivate further research into the effect 
of applied stress on cement hydration. 
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1. Introduction 
 
Studies have shown that sustained loads (of 0.5-0.9 times the compressive strength) may increase the 
compressive (reloading) strength of concrete by up to 18% depending on a range of experimental 
conditions (Freudenthal & Roll, 1958; Stöckl, 1967; Hughes & Ash, 1970; Coutinho, 1977). At load 
levels of 0.25-0.35 the positive effect of creep on concrete strength is smaller or possibly non-existent 
in certain cases (Washa & Fluck, 1950; Cook & Chindaprasirt, 1980; Brooks, 2005). The proposed 
explanations for creep-induced strengthening of concrete are: (i) Strengthening of the cement paste 
matrix due to compaction, reduction of stress-concentrations, and microcrack healing (Hughes & Ash, 
1970; Stöckl, 1967); and (ii) Accelerated cement hydration due to applied load (Stöckl, 1967; 
Coutinho, 1977). It is important to know if applied stress affects hydration because this effect would 
then, for example, have to be considered in creep prediction models including aging effects (e.g., 
Bažant et al, 1997). 
Two earlier studies investigated if applied non-hydrostatic stress affects the degree or rate of hydration 
of Portland cement. Coutinho (1977) placed cement paste specimens under a load level of 0.7-0.8 at 
and age of 3 days and reported that the calcium hydroxide content was higher by 10% after 10 days 
and by 5% after 80 days with respect to load-free reference specimens. With regard to strength 
Coutinho found that load-induced strengthening of concretes increased up to 28 days and then 
remained more or less constant. These results suggest a positive effect of load on cement hydration, 
but one that only partly explained the creep enhanced strengthening of concrete. Tamboue (2001) 
studied the effect of loading (stress/strength ratio of 0.3) on the degree of hydration of Portland cement 
loaded at an age of 18-30 hours. Out of 36 measurements, 24 showed a negative effect and 12 a 
positive effect of load in the first 4 days of hydration. The scarcity and apparent inconsistency of these 
earlier results motivated the present study. 
 
2. Methods 
 
2.1. Material and sample preparation 
All samples consisted of ordinary Portland cement (CEM I 42.5R) with added water-cement weight 
ratio of 0.7 and an actual w/c-ratio off 0.5-0.6 of the hardened, non-rotated samples. The reason to 
work with a high w/c-ratio was to achieve high degrees of hydration and to form large calcium 
hydroxide crystals that are easily detected by SEM image analysis. Cast samples of 30×30×15 mm 
were sealed cured for 5 or 26 days in a 100%RH room at 20°C. In the next two days small samples 
(~5×5×6 mm) were prepared from the cast samples while preventing moisture loss or gain as much as 
possible by using little amounts of Ca-saturated water as grinding agent. Sample densities were 
unaffected by the sample preparation process. Samples were used to measure (i) compressive strength, 
(ii) creep strain, and (iii) degree of hydration (TGA, SEM) before and after creep experiments and of 
load-free samples. All samples were prepared from two cement paste batches, series I or series II. 
 
2.2. Creep experiment 
The effect of applied load on cement hydration was investigated by using a dead-weight loading set-
up. This was the main reason to keep samples small. Samples were uniaxially loaded at a 
stress/strength level of precisely 0.4 at the time of loading of 7 or 28 days age. The dead-weights were 
22-44 kg concrete cylinders with a steel ball (Ø = 2 cm) glued underneath it for positioning the weight 
on to the sample centres. The creep samples were glued between thin steel plates to facilitate the creep 
strain and compressive strength measurements. Creep samples (in series I and II) were sealed with 2 
layers of plastic adhesive tape, and were inside the tape-closed loading cell, inside the closed dead-
weight loading frame in a conditioning room at 80% RH. Load-free samples in series I experiments 
were placed in small plastic bags next to the creep samples inside the loading frame. In series II the 
load-free and creep sample preparation and sealing were the same. After 100 days of load, the creep 
samples were unloaded and the thickness of the sample assemblage was immediately measured using a 
micrometer. A total of 12 creep experiments were carried out, each having a corresponding load-free 
sample from the same cast sample, 9 starting at 7 days age and 3 starting at 28 days age.  



Figure 1: (a) SEM-BSE image; (b) filtered unhydrated cement; (c) filtered calcium hydroxide; (d) cement paste 
sample of 5×5×6 mm; (e) Methods for calcium hydroxide measurements from TGA curves in this study. 
 
2.3. SEM image analysis 
SEM image analysis was used to measure the volume-% of unhydrated cement and calcium hydroxide 
at various ages (7, 28, 107, 128 days) with and without load. The SEM-samples were prepared 
according to standard procedures for backscattered electron (BSE) image analysis using epoxy 
impregnation. No lubricant was used during coarse grinding. For fine grinding and polishing a Struers 
evaporable agent was used that did not dissolve calcium hydroxide. An FEI Quanta 600 scanning 
electron microscope (SEM) was used for image acquisition. From each sample 5 images at 200× and 3 
at 100× magnification were taken at randomly picked locations away from sample edges. Unhydrated 
cement and calcium hydroxide were filtered by grey-value thresholding after a smoothening operation 
(Fig. 1). Some manual image retouching was required, because a portion of the calcium hydroxide 
could not be distinguished from unhydrated cement and visa versa on basis of grey value alone. 
Ca(OH)2 crystals smaller than 7x7 pixels (~2 μm diameter), partly artificially created by the 
smoothening operation, were removed from the images. Calcite powder contained in the cement paste 
(~2%) and included by thresholding filtering was identified by its grain texture and EDX-analysis and 
also was removed from images. The SEM-measurement of calcium hydroxide content was very time-
consuming and therefore limited to samples at 7 and 28 days. The degree of hydration (α) was 
determined from the unhydrated cement content (UHt) using the formulation: α = (1-UHt/UH0)×100%. 
UH0 was calculated from the weight and volume of cast samples using a cement density of 3.12 g/cm3.  
 
 2.4. Thermogravimetric Analysis  
Thermogravimetric Analysis (TGA) was used to measure the calcium hydroxide content of the 
samples at various ages (7, 28, 107, 128 days) with and without load. Samples of 30 or 50 mg were 
heated in a nitrogen atmosphere at 10 or 20°C/min from 25 to 1000°C in a Mettler Toledo TGA/SDTA 
851 thermogravimetric analyzer. In series I, all TGA-samples were directly prepared from load-free 
30×30×15 mm sealed-cured samples. In series II, the TGA samples were prepared from the creep and 
load-free samples (of 5×5×6 mm) after compressive strength testing at an age of 107 days. TGA-
samples were pulverized and pre-dried in isopropanol for 30 minutes followed by oven-drying at 40°C 
for 2 hours. In this study the calcium hydroxide content is expressed as a percentage of the 105°C 
dried cement paste weight. The sample dry weight was not measured from TGA-curves, but from 
separate cement paste samples with precisely known volume (of around 1 cm3) dried in an oven at 
105°C. The weight loss during TGA pre-drying was subtracted from total moisture loss by 105°C 
drying to obtain the initial moisture/isopropanol content of the TGA-samples (see Table 1). To 
compare the TGA and SEM-IA results of series I, the calcium hydroxide volume-% from the SEM 
images was converted to weight-% using the volume and weight measurements of the 105°C dried 
samples and a calcium hydroxide density of 2.242 g/cm3.  
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Table 1: Stressed (s) and load-free (lf) sample data from series I and II. D1 drying is crushed sample 30 min in 
isopropanol followed by 2 hours in oven at 40°C; D2 drying is 16 hours drying in oven at 105°C. Water loss is 
given as weight-% of initial sample weight. After D1 drying water or isopropanol remains in (gel)pores. 
 

sample sample ρini 
(g/cm3) 

sample 
volume (cm3) 

water loss 
after 100d  

water loss  
 after D1 

water loss  
after D2 

water 
in TGA n 

7d-lf-I 1.82 ± 0.01 13.5 - 22.5 ± 2.6 27.2 ± 0.3 4.66 3 
28d-lf-I 1.83 ± 0.01 13.5 - 18.0 ± 4.4 25.8 ± 0.6 7.80 3 

107d-lf-I 1.81 ± 0.01 13.5 0 10.9 ± 0.8 23.1 ± 0.5 12.24 3 
128d-lf-I 1.82 ± 0.01 13.5 0 10.5 ± 0.4 22.8 ± 0.1 12.24 3 
107d-lf-I 1.80 ± 0.01 0.27 ± 0.07 7.4 ± 1.0 - - - 3 
128d-lf-I 1.83 ± 0.01 0.29 ± 0.05 7.9 ± 1.0 - - - 3 
107d-s-I 1.80 ± 0.01 0.13 ± 0.01 n.m. - - - 3 
128d-s-I 1.83 ± 0.01 0.13 ± 0.01 n.m. - - - 3 

107d-lf-II 1.78 ± 0.01 0.14 ± 0.01 11.6 ± 1.5 4.6 ± 2.3 20.1 ± 1.3 15.47 6 
107d-s-II 1.78 ± 0.01 0.14 ± 0.01 8.7 ± 1.1 6.2 ± 1.4 20.0 ± 2.3 13.72 6 

 
3. Results 
 

3.1. Degree of hydration  
Applied stress had an effect on the degree of hydration (α) as measured from the unhydrated cement 
content in SEM-images (Fig. 2a). In the 7 days old samples loaded for 100 days at a 0.4 load level α 
was reduced by 3% (series I) or 2% (series II) with respect to the reference load-free samples. For 
samples loaded at an age of 28 days the reduction was very small or insignificant. The observed stress-
induced retardation of cement hydration was relatively small. However, the magnitude of the stress 
effect may increase for samples loaded at younger age and for higher loads and durations. In addition, 
the creep and reference samples lost moisture during the 100 days tests despite being sealed (see Table 
1). This moisture loss probably retarded cement hydration with respect to larger, non-drying samples. 
For example, it is seen from Fig. 2a that α at 28 days in 30×30×15 mm samples is higher than α in 
load-free ~7×7×7 mm samples at 107 days (series I). In series II, sealing of the load-free samples was 
better, but α at 107 days was still 5-10% lower than expected for Portland cement pastes with w/c-ratio 
of 0.5-0.6 (conf. Igarashi et al. 1999). 
The effect of applied stress on unhydrated cement content was not reproduced by the TGA 
measurements of calcium hydroxide content: in series II the creep samples appear to contain slightly 
more calcium hydroxide than the reference samples (Fig. 2b). It should be mentioned that this result is 
sensitive to the measurement of water loss after D1-drying. As can be seen from Table 1, this 
measurement from ~0.2 gram samples (3 TGA samples in total) showed a high scatter. The small 
differences in calcium hydroxide content between creep and load-free samples should therefore be 
considered with caution. The main effect here is that the small creep and load-free samples (of ~5×5×6 
mm) in series II contained 3 weight-% less calcium hydroxide than the larger samples (of 30×30×15 
mm) in series I at equal age (see TGA-tang in Fig. 2b). If a linear relation between α and calcium 
hydroxide content is assumed, this 3% would correspond to a reduction in α of 10-15%. Thus, the 
difference in calcium hydroxide content between small and large samples at 107 days was larger than 
the difference in unhydrated cement content in these samples. This suggests there was another reason, 
in addition to sample drying, that reduced the calcium hydroxide content in the small samples of series 
II. This could be carbonation of calcium hydroxide that may have occurred despite of sample sealing, 
or another long-term calcium hydroxide reducing reaction such as suggested in Ye et al. (2007).  
Finally, the calcium hydroxide contents obtained with TGA were systematically lower than those 
obtained by SEM-IA, even for the most progressive TGA-method. At this point it is not clear if the 
TGA values are too low or the SEM-IA values too high. Scrivener et al. (2004) showed that calcium 
hydroxide contents measured with TGA were 2-3% lower than the actual contents in model mixtures.  
 



Figure 2: (a) SEM-IA degree of hydration as function of age and load. (b) Calcium hydroxide weight-% in 
Portland cement paste (percentage of 105°C dried paste) as function of age and load.  
 
3.2. Creep strain and compressive strength 
The measured creep strains were 1.36±0.01% (series I) and 0.99±0.03% (series II) for samples loaded 
at 7 days age, and 1.60±0.02% for samples loaded at 28 days age. Since the creep samples lost 
moisture these strains probably contain a component of drying shrinkage. Samples loaded at 28 days 
showed higher creep strains than those loaded at 7 days, because the specific stress level of samples 
loaded at 7 days decreased more during the 100 days creep experiment than for the 28 days samples.  
Compressive strength measurements before and after creep tests and of load-free reference samples 
are shown in Fig. 3. The strength of creep samples (series II only) was measured 10 minutes after 
unloading using a piston displacement rate of 1 mm/min. Strengths are plotted versus the calculated 
apparent w/c-ratio. These w/c-ratios are approximate because the bulk density of the used Portland 
cement is not precisely known and because samples showed small density variations caused by air- 
inclusions. The average reloading strength of creep samples was 44.5±4.2 MPa and for corresponding 
load-free samples it was 42.8±1.2 MPa. Creep thus led to an average increase in compressive strength 
of ~4%, while no increase of α was measured for these creep samples. The creep induced 
strengthening of cement paste observed in this study was therefore more likely caused by compaction 
of the material and reduction of stress-concentrations (see Introduction). 

Figure 3: Compressive strengths vs. apparent w/c-ratio of tested cement paste samples (~5×5×6 mm). Linear 
best-fits are for samples 7d-lf-I, 7d-lf-II, and 107d-lf-II. 
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4. Discussion 
 
Results presented in this paper suggest that applied stress slows down Portland cement hydration. 
More experiments on perfectly sealed, larger samples under a wider range of load and material 
conditions need to be carried out to confirm this behaviour. At load levels higher than 0.5 times the 
compressive strength, applied stress may lead to microcracking of the material that may accelerate 
local water or ion transport in the material as proposed by Zhou & Beaudoin (2003). If this happens, 
an accelerating effect of applied stress on cement hydration is perhaps to be expected at high stress 
levels. For load levels <0.5, at which microcracking is believed to be unimportant, a stress-effect may 
perhaps be explained by thermodynamics: i.e., the effect of elastic strain energy on the driving force of 
cement dissolution or precipitation of hydrates. 
The effect of hydrostatic pressure on cement hydration has received some attention in literature, 
because oil-well cements hydrate under pressure (Bresson et al, 2002; Zhou & Beaudoin, 2003; 
Meducin et al, 2008; Scherer et al, 2010). Up to 100 MPa hydrostatic pressure the effect is significant 
and considered by most authors to be of a kinetic rather than a thermodynamical origin. Nevertheless, 
there is also a significant effect of pressure on solubility of clinker minerals to be expected in the range 
0.1-100 MPa that may start to play a role at later ages. The first-order pressure dependence of 
solubility is given by the expression (e.g., Macdonald & North, 1974; Millero, 1982): 
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Where, Kp is the solubility product at hydrostatic pressure p, K0 is the solubility product at zero 
pressure, Vl is the molar volume of the dissolved solid in the solution, Vs is the molar volume of the 
solid, R is the universal gas constant (8.314 cm3 MPa K-1 mol-1), and T is the absolute temperature.  
Fluid cement paste can not be non-hydrostatically stressed, meaning that a possible effect of applied 
non-hydrostatic stress on cement hydration can only exist after setting of cement paste or concrete. 
After setting, free water in hardened cement paste can not sustain non-hydrostatic stress and will 
assume the hydrostatic pressure of the environment, or will be negatively pressurized in capillary and 
gel pores. Thus, only solids in cement paste under applied load are expected to be in a non-hydrostatic 
stress state. The solubility of a non-hydrostatically stressed solid in contact with its solution (i.e., 
principal stress in the solid is parallel to the reaction front) is given by Paterson (1973):  
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Where, Kσ is the solubility product of the stressed system, Kp is the solubility product at hydrostatic 
pressure p, σ is the principal stress in the solid, p the fluid pressure, Vs is the molar volume of the solid, 
and E is the Young’s modulus of the solid. For alite (C3S) under 50 MPa compressive stress at 
ambient pressure (of 0.1 MPa) and temperature (25°C), Vs = 73.2 cm3/mol, and E = 145 GPa, it 
follows that Kσ/Kp = 1.0003. For comparison, increasing hydrostatic water pressure from 0.1 to 50 
MPa raises the theoretical alite solubility by a factor 1.2 (= Sp/S0) (pers. comm. B. Lothenbach). This 
means that the effect of hydrostatic water pressure on solubility is expected to be three orders of 
magnitude larger than the effect of non-hydrostatic stress in solids on solubility. Thus, when applied 
non-hydrostatic stress does not significantly change the pressure state of (capillary) water in hardened 
cement paste or concrete, then applied stress is expected to have a negligible direct effect on the 
driving force of cement dissolution (i.e., C3S solubility).  
The negative effect of applied stress on Portland cement hydration observed in this study is explained 
as follows. Applied stress is expected to have a negligible direct effect on Portland cement dissolution 
as explained above. However, the cement hydrates (CSH-gel and calcium hydroxide) that grew during 
the first 7 days will be stressed (at least partly) by the application of load at 7 days. Subsequent growth 
of especially calcium hydroxide, and coupled cement dissolution/hydration (Bullard & Flatt, 2010), 
will be retarded because precipitation on stressed crystals (calcium hydroxide in this study) proceeds 



significantly slower (or at higher degrees of supersaturation) than on stress-free crystals as has been 
observed in other studies (Ristic et al. 1997; Sherwood & Ristic, 2001; Shtukenberg  et al. 2005; 
Bisschop & Dysthe, 2006).  
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Abstract 
The present study carries out an experimental program to investigate the compatibility between systems of Portland 
cement type I and different dosages of a polymer-base superplasticizer with the addition of commercial silica fume. 
Solid content in the order of 5, 10 and 15% of silica fume for two water/binder ratios (0.35 and 0.40) were considered. 
The water/binder ratio of 0.40 showed results contained within an acceptable range in the analysis approach, but it 
was the water/binder of 0.35, which showed an improvement with an increase in the addition of silica fume. An 
optimum content of silica fume in the order of 10% for a water/binder ratio of 0.40 seems to provide compatibility 
based on the following characteristics: i) normal saturation dosage; ii) small flow time, and iii) fluidity retention after 
60 minutes. Additions of silica fume for a water/binder ratio of 0.35 result in small flow time values in accordance to 
the increase in silica fume content from 0 to 15 (wt%). However, these results did not show a significant change in 
saturation dosage and/or fluidity loss. On the other hand, this advantageous effect was not found for a water/binder 
ratio of 0.40, where the performance was less significant with respect to the flow time and negligible with respect to 
fluidity loss. It seems that the flow time was the main rheological parameter affected by the SF addition at both 
water/binder ratios. The saturation dosage and the fluidity loss did not present any significant improvement with 
respect to their corresponding control cases (PC-SP) at both water/binder ratios. 
 
 
Originality 
The experimental program represents the initial phase of a study that aims to obtain the optimum compatibility between 
systems composed of cement, superplasticizer and mineral admixtures, when the grout is in its fluid state. This study 
adapts a simple process (Marsh cone test) previously used in rheological characterization of cement pastes (Aïtcin, 
1998), integrating them with commercially produced SiO2. 
 
Chief contributions 
The findings of this study are encouraging for the rheological characterization of cement pastes mixed with mineral 
admixtures. It establishes the influence of the dosages of superplasticizer and the optimum water/binder ratios, over the 
effectiveness of the additions of silica fume used. The results show differences in the performance of the systems due to 
the dosage of silica fume and the water/binder ratio. 
 
Keywords: Cement, Super plasticizer, Marsh Cone, Rheology, Silica Fume, Compatibility 
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Introduction 
 
Polycarboxylate-type superplasticizers represent one of the most employed chemical admixtures to 
produce concrete with: i) high-fluidity, ii) high-strength, iii) superior dispersing force, and iv) 
retention effects even at low water/binder (w/b) ratios (Yamada et al., 2001). However, the dispersing 
force of the superplasticizer (SP) and its power of retention seem to be affected by some components 
of the Portland cement (PC) or even by variations in the sequence of the mixing conditions (Hallal et 
al., 2010). Specifically, the behavior of the blend may be altered due to changes in the sequence in 
which the SP admixture is added. Even when a particular kind of cement and a particular SP is 
satisfactory with respect to the specifications of an adopted standard (e.g., ASTM) the resultant couple 
PC-SP may not be necessarily compatible from a rheological point of view (Dodson and Hayden, 
1989). Hence, one approach to amend this problem is to select the most efficient PC-SP couple 
between the different brands of cements and/or SPs available in a particular location, searching by trial 
and error an efficient rheological behavior during the fabrication, transportation, and finishing of the 
concrete.  
The Marsh cone test is a “dynamic” indicator of rheological behavior in a particular PC-SP couple by 
studying the performance of the paste (Aïtcin, 1998). This method could be used as a preliminary test 
before calibrating particular mixture designs with trial batches or with quantitative studies by 
employing more complex instrumentation based on shear stress and plastic viscosity measurements. 
This procedure becomes significant when high-performance concrete (HPC) is the target, since its low 
w/b ratios require the use of compatible PC-SP systems as an initial step (Hallal et al., 2010).  
Furthermore, supplementary cementitious materials such as silica fume, fly ash and ground granulated 
blast-furnace slag are increasing in popularity due to improvements in mechanical and environmental 
effects. The use of mineral admixtures could increase the fluidity of the concrete and reduce the use of 
chemical admixtures necessary to obtain similar flow, taking as variable of control the same concrete 
containing cement only (Sonebi, 2004). Silica fume (SF) is one of the admixtures whose addition to 
concrete results in reductions of porosity, permeability and bleeding because their oxides (SiO2) react 
and consume Ca(OH)2. It is a mineral admixture that in comparison to PC type 1 presents: i) smaller 
average particle size, ii) higher reactivity, and iii) it seems to increase the water requirement in 
concrete unless high water reducing agents are used (Metha and Monteiro, 2006). The main effects of 
the mineral admixtures in concrete consist on: strength increase, lime-consuming activity and smaller 
pore size distribution (Mazloom et al., 2004). 
 
 
Materials and Methods 
 
Portland Cement Type I: The target cement is a PC type I which meets ASTM C-150 (2009) and is 
manufactured by Essroc San Juan (Dorado, Puerto Rico). Table 1 shows physical, chemical and 
mineralogical characteristics of the cement. 
 
Chemical and Mineral Admixtures: This study employs a chemical admixture based on polymer 
technology (Table 2). It is added by weight of cementitious materials taking into account the solid 
content of the SP. The mineral admixture employed was SF at levels of 5, 10 and 15 by weight of 
cementitious materials (wt%) at w/b ratios of 0.35 and 0.40. Table 3 shows its chemical-physical 
characteristics. 
 
Marsh Apparatus: The Marsh Funnel Viscometer (ref. 110-10 by OFI Testing Equipment Inc., Texas, 
USA) was used for routine quick measurements of fluid viscosity. The device is 305 mm long, conical 
in shape with a 152 mm diameter and a fluid capacity of 1.5 L. At the other end, it has a cylinder 50.8 
mm long with a 4.7 mm diameter. The calibration of the viscometer was conducted as part of the 
experimental scheme following the manufacturer instructions: a volume of 946 mL fresh water (21 ± 3 
°C) out flowing from the cylindrical orifice in 26 ± 0.5 s.  



Table 4 summarizes the rheological characteristics between the PC and the SP employed. These 
consist of saturation dosage, fluidity loss, and flow time. 
 
  

Table 1: Physical and chemical characteristics of the cement 

Chemical Composition (wt%) 
 

Mineralogical composition by Bogue (wt%) 
SiO2 20.29 C3S 55.4 
Al2O3 6.40 C2S 16.4 
Fe2O3 3.51 C3A 11.0 
CaO 65.13 C4AF 10.7 
SO3 2.65 Physical Properties 
MgO 1.03 Blaine (m2/kg) 394 
K2O 0.48 Specific Gravity 2.74 
Na2O 0.12 Normal consistency 26.5 
LOI 3.13 Compressive Strength (kg/cm2)  
Total Alkalis 0.47 1 day 144.8 
Free CaO 1.2 3 days 247.5 
Insoluble residue 0.31 7 days 321.0 
 
 

Table 2: Characteristics of chemical admixture 

Property SP 
Solid content (%) 40 
Physical state Liquid 
Color Blue  
pH 4.8 – 6.8 
Specific gravity 1.08 
Chemical family Carboxylated polyether 
Chemical ingredient Carboxylated polyether copolymer 
Standard ASTM C-494 types A and F. ASTM C-1017 type I 

                          
 

Table 3: Characteristics of SF based on the supplier technical sheet 

Chemical (wt%) Physical 
SiO2 91.3 Specific gravity 2.1 
Carbon 0.4 Specific surface (m2/g) 15-30 
H2O 0.3 Mean size (µm) 0.15-0.25 

 
 

Table 4: Results of saturation dosage and compatibility of the PC-SP system 

Rheological Parameters PC-SP 
Average temperature (°C) 21.8 
Saturation point (wt%) 0.80 
Fluidity loss at sat. point (s) -9.0 
Flow time at sat. point (s) 83 
Compatibility YES 



Results 
 
PC-SP-SF systems: Figure 1 shows the rheological behavior of the PC-SP-SF systems for different 
w/b ratios, SP dosages, and SF additions (wt%). Cases a and b present the flow time for variable SP 
dosage, variable SF additions, and a constant w/b = 0.35 at 5 and 60 minutes, respectively. Similarly, 
cases c and d present the results for a constant w/b = 0.40 at 5 and 60 minutes, respectively.  
Figure 1a shows a flow time of 1340 s for a 0.40 wt% SP dosage, and a 5 wt% SF addition at 5 
minutes. For the same condition, the liquid did not flow through the Marsh cone at 60 minutes (Figure 
1) exhibiting incompatibility and severe loss of fluidity. Conversely, curves c and d (w/b = 0.4) could 
be constructed within the experimental domain range of SP dosages.  However, all PC-SP-SF systems 
showed values of saturation dosages ranging from 0.40 to 1.0 (wt%), which are in agreement with 
efficient PC-SP combinations found in literature (Aïtcin, 1998 and Hallal et al., 2010). 
 

 
      (a)                                                                                   (b) 

  
                            (c)                                                                                    (d)   

Figure 1. Flow time as a function of SP-dosage: a) 5 min (w/b = 0.35), b) 60 min (w/b = 0.35), c) 5 min (w/b = 
0.40), and d) 60 min (w/b = 0.40) 

 
 
Table 5 summarizes the principal rheological parameters of the systems analyzed. These are: i) 
saturation point (wt%) defined as the ratio of the weight of SP solid content with respect to the total 
cementitious materials, ii) flow time (FT) in s, iii) fluidity loss (ΔFT) in s, and iv) qualitative 
description of each system. The latter description considers the fulfillment of the Marsh cone test 
criterion associated to the numerical results obtained from the FT, ΔFT and SP saturation point. Based 
on this criterion, an efficient combination needs to meet all the following conditions: i) a flow time 
between 60 to 90 s for a volume of 1.2L, ii) fluidity loss less than or equal to zero, and iii) saturation 



dosage less than or equal to 1.5 by mass of solid content of SP. The FT obtained for the different PC-
SP-SF systems relies on the same basis of PC-SP systems. For conventional acceptance, the FT should 
lie between 60 to 90 s been related to the volume established in this study for the Marsh cone test. 
Therefore, the Marsh FT was only acceptable for PC-SP-SF-0.40 systems, lying within the interval 
proposed in the literature for plain systems (Aïtcin, 1998). The ΔFT showed adverse results in PC-SP-
SF5-0.35 and PC-SP-SF15-0.40 systems which values were +12 and +35 s, respectively. The results 
of three systems at w/b = 0.4 are in agreement with the above methodology. These systems are SF = 
0.0, 5.0 and 10.0 (wt%), as shown in Table 5.  
In PC-SP-SF-0.35 systems, the SF addition only improved the FT at 5 minutes, but generated an 
increase in ΔFT with respect to the corresponding control case (PC-SP).  The smallest SF content (5.0 
wt%) increases the saturation dosage from 0.7 to 1.00 (wt%) with respect to the control case and the 
ΔFT reaches the largest value (+12.0). The decreasing trend of FT values is in agreement to an 
increase in the SF addition without an adverse effect in the saturation point and the ΔFT, since this 
latter parameter was maintained negative.  
The w/b = 0.40 shows a decrease in the saturation dosage in accordance to the SF dosage increase, up 
to a value of 0.4 wt% at SF = 10%. The highest value of ΔFT was measured at SF = 15.0%. This 
observation differs from the result found in the PC-SP-SF-0.35 systems, for which the SF = 15.0% 
reflected the best performance among the cementitious systems considered at that w/b ratio. 
 
 

Table 5: Rheological parameters in PC-SP-SF systems at w/b = 0.35 and 0.40 

 
w/b 

SF 
(wt%) 

Saturation 
point (wt%) 

Flow time: 
FT (s) 

Fluidity loss: 
ΔFT (s) 

Observation Marsh Cone 
Compatibility 

 0.0 0.70 380 -42.0 High FT NO 

5.0 1.00 298 +12.0 High FT and 
ΔFT NO 

10.0 0.70 304 -14.0 High FT NO 
0.35 

15.0 0.70 173 -16.0 High FT NO 

0.0 1.00 83 -9.0 - YES 

5.0 0.70 94 -5.0 - YES 

10.0 0.40 74 +3.0 - YES 
0.40 

15.0 0.40 81 +35.0 High ΔFT NO 

 
 
 
Conclusions 
 
This study aims to estimate the rheological behavior of a combination of commercial products 
consisting on: cement, superplasticizer, and a mineral admixture.  The cement paste was made with 
Portland cement type I, the superplasticizer has a carboxylated polyether composition, and the mineral 
admixture consists of silica fume. The two w/b ratios used were 0.35 and 0.40, which consist of silica 
fume additions of 5, 10 and 15 wt%.  
According to results, the flow time was the main rheological parameter affected by the SF addition at 
both w/b ratios. Besides, the lowest level case of SF addition (5%) presents incompatibility at both 
w/b ratios. For this case, PC-SP-SF5-0.35 system shows an increase in fluidity loss, whereas PC-SP-
SF5-0.40 system shows an increase in flow time. For both cases, the saturation dosage was adversely 
increased with respect to the corresponding control system.  



Thereby, with the exception of SF=5% the following conclusions are drawn: i) at w/b = 0.35, the SF 
additions reduce the superplasticizer saturation dosage and the flow time. However, the fluidity loss 
remained negative; and ii) at w/b = 0.40, the flow time showed rheological parameters within the 
limits proposed in the literature found for PC-SP systems.  
Nevertheless, the results found with the simple methodology based on physical inspection of the flow 
through the Marsh cone are only valid for the properties of the materials employed. These preliminary 
results were used as a low-cost screening for the selection of the best PC-SP-SF combinations. 
However, further stages require the analysis of these systems by using more specialized 
instrumentation (i.e., rheometer and/or viscometer) to quantify and validate these rheological 
parameters. 
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Abstract 

Chloride non-steady-state diffusion coefficient is an indicator of chloride resistance of cement-based materials 
and service life prediction of concrete structure subjected to chloride environment. Many testing methods have 
been developed to measure the chloride transport in concrete. NT Build 443 is a widely used natural diffusion 
testing method, but time consuming. Analysis of the basic theory of NT build 443 shows that free chloride profile, 
instead of total chloride profile, should be used for the curve-fitting to the Fick’s second law. Electrical field is 
often used to accelerate chloride transport in concrete. NT build 492 is one of the most used electrical 
accelerated methods. 12 concrete mixtures with different w/b ratios and different supplementary cementing 
materials were cast for study. Electrical accelerated test was carried out following NT build 492, and natural 
diffusion test was carried out following NT build 443. For diffusion specimens, free and total chloride profiles 
are determined respectively. Results show that diffusion coefficient obtained by curve-fitting of free chloride 
profile is 0.76 times as that obtained from NT build 443, and 0.61 times as that obtained from NT build 492. 
What’s more, electrical accelerated method (NT build 492) gives a wrong ranking of chloride resistance of 
concretes containing different supplementary cementing materials with w/b ratio of 0.35.  
 
Originality 
This paper points out that free chloride profile, instead of total chloride profile, should be used for fitting to the 
Fick’s second law, and disagreement between these two approaches is quantitatively evaluated. The relationship 
between migration coefficient obtained from electrical accelerated method (NT build 492) and diffusion 
coefficient is also established.  
 
Chief contributions 
(1) Diffusion coefficient obtained by curve-fitting of free chloride profile is 0.76 times as that obtained from NT 
build 443, and 0.61 times as that obtained from NT build 492; (2) Electrical accelerated method(NT build 492) 
cannot correctly rank the chloride resistance of concrete containing different supplementary cementing materials 
at low water-to-binder ratio of 0.35.      
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Introduction  
Chloride may penetrate into cement-based materials through different mechanisms, such as, 

capillary suction, advection and diffusion. Chloride penetration into the cement-based materials 
immersed in the seawater is mainly by diffusion, which is assumed to be water saturated. Since 
diffusion is a very slow process, an electrical field is often used for laboratory testing in order to 
accelerate chloride transport in cement-based materials. Many test methods have been proposed or 
developed to measure the transport of chloride ions in water saturated concretes, based on the driving 
force, which can be classified into natural diffusion and electrical migration testing. In view of the 
change in chloride concentration in concrete, they can be classified into steady-state and 
non-steady-state testing. Chloride non-steady-state diffusion coefficient is an indicator of the chloride 
resistance of cement-based materials and service life prediction of concrete structure subjected to 
chloride environment. In this paper, non-steady-state testing is investigated.  

The Fick’s second law is the theoretical base for the calculation of non-steady-state natural diffusion 
coefficient. NT Build 443 is one of the standardized methods based on the Fick’s second law, and is 
often used as reference method compared to other testing methods. The error function solution to the 
Fick’s second law is widely used for engineering applications: 

1 ( / 4 )d
s

c
erf x D t

c
= −                                        (1) 

Where: c(x,t) = chloride concentration, cs = surface chloride concentration, erf = an error function, x 
= depth, t = time, Dd = non-steady-state diffusion coefficient.  

According to the Fick’s second law, the concentrations in Equation (1) refer to free chlorides. In NT 
build 443, total chloride instead of free chloride is used. Total chloride can replace free chloride only if 
there is no binding or free chloride is linear with total chloride and the line has to pass through the origin 
[Tang, 1996]. However, most study showed that free and bound chlorides follow a non-linear 
relationship [Yuan, 2009a]. This means, 
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Where: α and β are constants, subscripts t and st mean total chloride and surface total chloride, 
subscripts f and sf mean free chloride and surface free chloride. As can be seen that total chloride used 
in NT build 443 is theoretically inappropriate.  

Since diffusion test is time consuming, electrical field is often used to accelerate chloride transport 
in concrete. Thus, quick results can be obtained. Nernst-Planck equation [Bockris, 1982; Andrade, 
1993] is often used as the theoretical base for the calculation of chloride migration coefficient of water 
saturated concrete under electrical accelerated conditions: 
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                          (3) 

Different techniques were used to solve equation (3), among which Tang’s method is the one of the 
most successful methods [Tang, 1996], and has been standardized as NT build 492. However, this 
testing method has two major drawbacks: 1) colorimetric method by silver nitrate solution may not 
accurate; 2) chloride ions were assumed to be neutral particles.  

Many studies have been published on the relationship between natural diffusion tests and electrical 
migration tests [Andrade, 1994; Andrade, 1996; Tang, 2001], however, total chloride profiles were 
used in all publications. In this paper, both free chloride profile and total chloride profile are obtained, 
and used to fit the error function solution to Fick’s second law. As one of the most widely used 
electrical accelerated methods, NT build 492 is also compared with natural diffusion testing method.   

 
1. Experimental  
1.1 Materials  



 

 

An ordinary Portland cement (CEM I 52.5 N), complying with EN 197-1 (2000), was used in this 
study. Its chemical composition is shown in Table 1. Chemical compositions of fly ash, slag and silica 
fume are also given in Table 1. Fine aggregate with a size range of 1-4mm was used. Gravel with size 
range of 5-16mm was used as the coarse aggregate. Dry ingredients were mixed for 1 min in a 200L 
flat pan mixer first. Water and water reducing admixture (if necessary) were then added into the mixer 
and mixed for 2 min. After mixing, the concrete mixture was cast in molds, and consolidated with a 
rod. The specimens were demolded after 24 hours, and then cured in a standard curing chamber for 13 
days. Test cores were drilled at the age of 14 days. Specimens with a dimension of 150×150×150mm 
were cast for compressive strength. Five cores were drilled from prismatic specimens 
(150×150×600mm). The central portions of cylindrical cores (Ф100mm×50mm) were cut for chloride 
diffusion or migration tests. The surface nearer to the cast surface was labeled, which is the surface 
exposed to the chloride solution. Before migration and diffusion tests, all the specimens were 
vacuum-saturated with saturated calcium hydroxide solution. The details of the concrete mixes are 
shown in Table 2. 

Table 1: Chemical compositions of cement, slag, fly ash and silica fume 

 CaO SiO2 Fe2O3 MgO Al 2O3 SO3 K2O Na2O CO2 Ignition 
loss 

Cement 62.21 19.12 3.79 0.86 5.39 3.06 - - 0.72 1.65 
Fly ash 4.46 53.21 7.53 2.45 26.43 0.9 3.58 1.15 - 4.0 

Slag 40.38 34.35 0.48 7.57 11.36 1.65 0.37 0.29 0.25 - 
Silica fume  0.1-0.5 86-96 0.1-1.5 0.3-2 0.4-1.0 - 0.3-3 0.4-0.5 - - 

Table 2: Details of concrete mixes 

 Mix proportions (kg/m3) 
Mix B6 B48 B35 FA6 FA48 FA35 SL6 SL48 SL35 SF6 SF48 SF35 
Water 218 182 140 218 182 140 218 182 140 218 182 140 
Cement 363 380 400 290 304 320 218 228 240 345 361 380 
Gravel 1162 1217 1281 1162 1217 1281 599 1217 1281 599 1217 1281 
Sand 599 627 660 599 627 660 1162 627 660 1162 627 660 
Fly ash - - - 73 76 80 - - - - - - 
Slag - - - - - - 145 152 160 - - - 
Silica fume - - - - - -  - - 18 19 20 
Water reducer 

- - 
1% - 

- 
0.7% - 

- 
0.7
% 

- 
0.2% 0.8% 

Slump(mm) 250 172 200 210 210 210 220 168 230 180 220 130 
Density(kg/m3) 

 
248
7 

248
1 

2450 
2385 

2450 233
7 

2388 
246
9 

234
4 

2408 2438 

Air content 1.2% 1.1% 0.6% 0.9% 0.9% 0.9% 1% 1% 0.3% 0.8% 0.7% 1.3% 
Strength(MPa) 56 d 37.9 46.7 81.7 35.6 44.6 74.9 33.1 45.1 80.8 43.2 52.8 95 

Strength (MPa) 180 
d 

40.5 55.6 86.4 40.8 51.6 85.8 39.1 53.6 87.5 47.3 56.7 101.1 

Water accessible 
porosity (%by 
volume) 

15 14.1 10.2 14.8 13.1 9.7 14.5 13.4 9 15.8 13.2 10.2 

 
1.2 Procedures  
1.2.1 Migration and diffusion tests 

Diffusion tests were carried out at the age of 56 days following NT build 443. All faces of the 
concrete specimens were coated with epoxy except one face left uncovered. The specimens were 
immersed in the chloride solutions with the concentration of 1mol/l and 165g/l for 42 days at 5, 20, 
400C respectively. Non-steady-state migration tests were carried out at the age of 56 days following 
NT build 492. Afterwards, the concrete specimens from diffusion tests were ground off parallel to the 
exposed surface layer by layer. The grinding was performed by Profile Grinder 1100, as shown in 



 

 

Figure 1. The grinding area is 73mm in diameter. Exact depth increments are adjustable, between 0.5 
mm and 2.0 mm. The depth increments are accurate within 2% and the variation is less than 1%. The 
produced powder was collected with a small vacuum cleaner for the determination of free and total 
chlorides. For every depth increment of 0.5 mm approximately 5 grams of powder is available for 
analysis. 

 

     
Figure 1: Profile grinding machine and specimen after the process of grinding 

 
1.2.2 Determination of water-soluble and total chlorides 

The procedure used to analyze the total content of chloride is described as follows: 1) dry the 
powder at 80℃ to constant mass and cool it down to room temperature; 2) take 2g sample and place it 
in a 150ml beaker; 3) add 35ml distilled water and 5ml nitric acid into the 150ml beaker; 4) shake the 
solution manually for about 1min; 5) the beaker is set on a preheated hot plate and brought just to boil; 
6) wait until the solution become cool, then gently pour solution onto the filter paper, and then rinse 
the beaker onto the filter paper with distilled water; 7) the total solution is adjusted to 100ml, then 
10ml solution is pipetted for the determination of the concentration of chloride. The method used to 
determine the water-soluble chloride is described as follows: 1) weigh2.5g sample to a plastic bottle, 
add 10ml distilled water to the bottle; 2) shake the bottle manually for about 1 min, then seal the bottle; 
3) let the bottle stand for 24 hours in a room with 20 0C, 1ml solution is pipetted for the determination 
of the concentration of chloride.  

 
1.2.3 Conversion of water-soluble chloride to free chloride 

It is reported that water-soluble chloride is higher than free chloride. Actually, the amount of 
chloride extracted by water is influenced by many factors, such as water to solid ratio, temperature, 
size of particle, leaching time and leaching solvent etc. Otsuki [Ostuki et al., 1992] proposed a linear 
relationship between water-soluble and free chloride: cw＝1.83cf or cf＝0.546cw (cW is the value 
obtained by the stirring extraction method; cf is the value obtained by the pore expression method). 
Although Glass [Glass et al., 1996] pointed out that high pressure during squeezing out the pore 
solution might release some loosely bound chloride, pore expression method is a direct measurement 
of chloride content in pore solution. Thus, the chloride concentration obtained from pore expression 
method is regarded as free chloride in this paper.  

The data from Haque [Haque et al., 1995] shown that non-linear relationship fits the experimental 
data better than the linear relationship. In this study, both relationships fit experiment data quite well 
[Yuan, 2009b], as shown in Figure 2. Nevertheless, it is hard to say which relationship is better based 
on the limited data. For the simplifying reasons, linear relationship was used to convert water-soluble 
chloride determined in this study into free chloride, 

0.8 wc c= ×                               (4) 

Where: c=the calculated free chloride in pore solution (mol/l), cw =the determined water-soluble 
chloride (mol/l). Thus, Equation 4 is used for the conversion of water-soluble chloride to free chloride. 
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Figure 2: Relationship between water-soluble chloride    Figure 3: Relationship between diffusion coefficients 
and free chloride [Data from Yuan, 2009b]              obtained from fitting total and free chloride profiles 
 
2. Results and discussion 
2.1 Evaluation of NT Build 443 

As stated above, free chloride, instead of total chloride, should be used in Fick’s second law. In NT 
build 443 and engineering practices, however, total chloride profile is used to fit the error function 
solution of Fick’s second law. It is theoretically inappropriate. To evaluate the disagreement caused by 
using total chloride in Equation (1), both free and total chloride profiles were used to fit the error 
function solution to Fick’s second law. Table 3 gives the diffusion coefficients obtained from fitting both 
total and free chloride profiles of concrete at different conditions. A very good linear relationship with a 
slope of 0.76 between diffusion coefficients obtained from fitting total and free chloride profiles was 
reached, as shown in Figure 3, where the subscripts f and t correspond to free and total chlorides. 

Table 3: Diffusion coefficients obtained from fitting total and free chloride profiles of concrete at different 
conditions (×10-12m2/s) 

165g/l Nacl, 
5℃ 

165g/l Nacl, 
20℃ 

165g/l Nacl, 
40℃ 

1mol/l Nacl, 
20℃ Mix 

Total  Free Total  Free Total  Free Total  Free 
B6 8.12 6.49 13.24 10.52 55.3 40.62 11.38 12.86 
B48 5.38 4.4 5.97 4.95 12.8 10.34 8.31 7.95 
B35 2.31 2.74 6.35 5.07 7.22 4.12 3.33 2.97 
FA6 25.2 17.25 15.3 9.49 10.6 7.66 24.45 17.6 
FA48 4.8 4.36 9.34 6.54 7.93 5.71 6.77 6.43 
FA35 2.47 1.86 2.55 2.25 3.73 2.91 2.97 2.75 
SL6 4.16 4.06 4.81 4.68 10.4 8.29 6.11 5.05 
SL48 6.56 6.61 6.5 5.77 5.44 4.32 5.39 3.38 
SL35 3.3 2.7 2.46 2.32 4.76 4.08 2.56 2.14 
SF6 6.22 4.93 5.62 4.91 8.55 7.77 6.35 6.58 
SF48 3.77 2.71 5.12 3.84 1.66 1.98 5.97 5.1 
SF35 1.6 1.34 2.42 2.33 4.27 4.35 2.81 3.38 

Due to the theoretical error, the non-steady-state diffusion coefficient obtained from NT build 443 
may overestimate about 20% “real” non-steady-state diffusion coefficient which is obtained by fitting 
free chloride profile to error function solution to Fick’s second law.  

 
2.2 Comparison between diffusion and migration testing  

Migration coefficients obtained from NT build 492 and diffusion coefficient obtained by fitting free 
and total chloride profile to the Fick’s second law are shown in Table 4. As can be seen, migration 
coefficients obtained from NT build 492 are generally higher than diffusion coefficient. This agrees 



 

 

with Tang’s research [Tang, 2001]. Figure 4 gives the relationship between migration coefficient 
obtained from NT build 492 and diffusion coefficient obtained from NT build 443. An approximate 
linear relationship can be observed.  

Thus, the relationship between migration coefficients obtained from NT build 492 and diffusion 
coefficients obtained by fitting free and total chloride profiles to Fick’s second law can be 
approximately expressed as follows: 

, ,0.76 0.61d f d t mD D D= × = ×                          (5) 

Where: Dd,f = diffusion coefficient obtained by fitting free chloride profile to Fick’s second law, Dd,t 
= diffusion coefficient obtained from NT build 443, and Dm = migration coefficient obtained from NT 
build 492. 

Table 4: Migration and diffusion coefficients obtained from NT build 492 and NT build 443 (×10-12m2/s) 

Mix NT build 492 
NT build 443 

(total chloride) 
NT build 443 
(free chloride) 

B6 18.15 13.24 10.52 
B48 9.55 5.97 4.95 
B35 5.65 6.35 5.07 
FA6 20.64 15.3 9.49 
FA48 8.99 9.34 6.54 
FA35 3.39 2.55 2.25 
SL6 6.92 4.81 4.68 
SL48 8.29 6.5 5.77 
SL35 1.62 2.46 2.32 
SF6 5.21 5.62 4.91 
SF48 4.63 5.12 3.84 
SF35 0.91 2.42 2.33 
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Figure 4: Relationship between migration coefficient      Figure 5: Chloride profiles of concretes with w/b 

obtained from NT build 492 and diffusion                 ratio of 0.35 
coefficient obtained from NT build 443 

In addition, it can be seen from Table 4 that the migration test seems more sensitive to differences 
between mixes with low w/b ratio and containing different binders than diffusion test. For example, 
the migration coefficients for the mixes FA35, SL35 and SF35 were 3.39, 1.62 and 0.91×10-12m2/s 
respectively, and the difference was quite remarkable; while the diffusion coefficients for the mixes 
FA35, SL35 and SF35 were 2.55, 2.46 and 2.42×10-12m2/s respectively. The difference was very little. 
If taking NT build 443 as reference method, the conclusion that NT build 492 gives a wrong ranking 
of chloride resistance can be easily reached. Is it true? Let’s look at the chloride profile of the three 



 

 

concretes, as shown in Figure 5. It can be seen that the three concretes have very similar chloride 
profile. This means the three concretes do have a similar chloride resisting ability, as NT build 443’s 
results said. NT build 492 did give a wrong ranking of chloride resistance of concrete with low w/b 
ratio and containing different binders. The initial current may help to explain this. The initial current 
(or resistivity of concrete) with voltage preset at 30V of mix FA 35 was around 33mA, 13mA for mix 
SL35 and only 9mA for mix SF35. It seems that the initial current is related with the migration 
coefficient. Initial current depends on chemistry of pore solution and pore structure of concrete, while 
permeability mainly depends on pore structure. Silica fume reduces ionic concentrations of pore 
solution greatly. For a given voltage, even when silica fume, slag and fly ash concretes have the same 
pore structure, the initial current of silica fume will be the lowest. Under the lowest current, the least 
chloride will be migrated into silica fume concrete by electrical potential. This explains why NT build 
492 gives wrong ranking of chloride resistance. However, the wrong ranking was not observed at high 
w/b ratios.  
 
3. Conclusions 

Free chloride profile, instead of, total chloride profile should be used for curve fitting. Free chloride 
was converted from water-soluble chloride. Diffusion coefficient obtained by curve-fitting of free 
chloride profile is 0.76 times as that obtained from NT build 443, and 0.61 times as that obtained from 
NT build 492. What’s more, electrical accelerated method (NT build 492) gives a wrong ranking of 
chloride resistance of concretes with low w/b ratio (0.35) containing different supplementary 
cementing materials. 
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Abstract 

A new material for bipolar plate of proton exchange membrane fuel cells (PEMFC) was fabricated by 
composition technique using geopolymer as binder and graphite as conductive filler. Electrical 
conductivity of the composite was measured by a four-point probe resistivity determiner.The effects of 
graphite content on the electrical conductivity and the mechanical properties of this graphite-filled 
geopolymer conductive composite were observed; the effect of curing temperature on the mechanical 
performance of this composite was also investigated. The experiment results show that the conductivity of 
this composite increases with an increase of graphite content, and the mechanical performance can be 
improved by rising curing temperature. The electrical conductivity, compressive strength and flexural 
strength of the composite bipolar plate with 60vol.% graphite content, cured under 80 deg C, were 68 
S·cm-1, 32.2 and 20.5 MPa. So the graphite-filled geopolymer conductive composite bipolar plates appear 
to be a good candidate for PEMFC bipolar plates. 

ORIGINALITY: This research belongs to the field of new cementitious matrix. Because geopolymer 
possess excellent mechanical properties, such as sound thermal stability, high heat resistance to acid, fast 
setting, high strength, and long life, all of which render geopolymer fit for matrix of graphite conductive 
composite. To the best we know, there are no reports in the literature concerning conductive 
geopolymer-based composites. In our research, the graphite-filled geopolymer conductive composite 
bipolar plate is prepared by using geopolymer as binder and graphite as conductive filler and its 
electrical and mechanical properties are also investigated.  

CHIEF CONTRIBUTIONS: The graphite-filled geopolymer composite not only can lower the cost of 
bipolar plate of PEMFC, but also the synthesize technology will be greatly simplified, its flow fields can 
be machined directly by injecting and mold pressing. The setting and hardening rate of geopolymer is 
determined by the ambient temperature, raw materials and mix proportion, its rheology property can be 
well controlled by optimizing raw materials and test parameters. Our previous research showed that 
when SiO2/Na2O molar ration and mass concentration of water-glass were 1.2 and 40% respectively, 
liquid/solid weight ratio was 0.6-0.8, and ambient temperature was 10-30 deg C, geopolymer could 
maintain good fluidity within 30 minutes to ensure cast molding. 

Keywords: Polymers; Composites; Mechanical properties; Electrical properties 
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Preparation and performance of graphite-filled geopolymer conductive 

composite bipolar plate 
 

1. Introductions 
Proton exchange membrane fuel cell (PEMFC) is a very promising power source for residential 
and mobile applications (S.G. Chalk，2000). Until recently, the wide commercialization of the 
technology has not been possible mainly for its high cost and short life. Bipolar plates, one of 
the key components in PEMFC, which electrically connect successive cells in a fuel cell stack, 
require the properties like high electrical conductivity, sufficient mechanical strength, chemical 
stability in the acid environment of PEMFC, gas tightness, and light weight in addition to low 
manufacturing cost (E.A. Cho, 2005). 
The most commonly used material for bipolar plate is graphite, which has excellent electrical 
conductivity and corrosion resistance, and has been adopted extensively in PEMFC. However, 
the manufacturing technique of graphite bipolar plates is complicated and its flow fields can 
only be machined, which causes the fuel-cell stack heavy and voluminous, therefor, graphite 
bipolar plates account for as much as 60% of the stack’s cost, and nearly 80% of the stack’s 
weight. Metal hardware such as stainless steel is another candidate for bipolar plates, while it’s 
unable to resist corrosion in the aggressive environment (K.S. Dhathathreyan, 1999; H. 

Tsuchiya,, 2004; Hsu-Chiang Kuan, 2004). Some researchers are seeking to develop polymer- 
and cement-based bipolar plates which have some poor properties and high cost problems 
(Hsu-Chiang Kuan, 2004; Shen Chun-hui, 2006). 
Geopolymer is an inorganic material with ceramic-like properties which is synthesized and 
hardened by curing at or slightly above ambient temperature (J.Davidovits, 1989). The 
polymerization process involves a substantially fast chemical reaction under alkaline condition 
on alumino-silicate minerals such as fly ash, blast furnace slag or metakaolin (MK).  
Geopolymer possess excellent mechanical properties, such as sound thermal stability, high heat 
resistance to acid, fast setting, high strength, and long life, all of which render geopolymer 
suitable for bipolar plates of PEMFC. Not only will the cost be much lower than graphite and 
metal, the synthesize technology will also be greatly simplified. For example, its flow fields can 
be machined directly by injecting and mold pressing. However, to the best of our knowledge, 
there are no reports in the literature concerning conductive geopolymer-based composites. 
In this work, the graphite-filled geopolymer composite for bipolar plate of PEMFC is prepared 
by using geopolymer as binder and graphite as conductive filler. Also its electrical and 
mechanical performance are also investigated. 

2. Experimental 
2.1. Materials 
Metakaolin (MK) which was used as reactive Si-Al cementitious materials in this study was 
obtained by calcining kaolin at 700 deg C for 6 h.  Table 1 shows the chemical composition of 
Metakaolin. With the molar ratio of SiO2 to Na2O of 3.19, NaOH (Analytical grade) and sodium 
silicate solution were mixed as reagents. Graphite powder used is 99% pure. 
 



Table 1 the chemical composition of Metakaolin (wt. %) 

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 Na2O Loss 
63.06 28.93 2.29 0.37 0.58 0.56 0.1 0.135 

2.2. Composite preparation 
Table 2 Mix proportion of composites 

specimens 0 1 2 3 4 5 6 
MK content (vol. %) 100 90 80 70 60 50 40 

Graphite (vol. %) 0 10 20 30 40 50 60 

Powder metakaolin and graphite were uniformly mixed in the beaker with different volume 
proportions as shown in Table 2. With the SiO2/Na2O molar ration 1.2, the NaOH, sodium 
silicate solution, and water were mixed in a beaker to form the alkali-activated solution 
(water-glass, liquid) whose mass concentration was 40%. The alkaline solution was added into 
the solid mixtures of metakaolin and graphite, and then mixed for 3 min to produce a mixture of 
molasses-like consistency at a liquid/solid weight ratio of 0.75. The mixture was poured into 
suitable moulds. After 1day, the specimens were demolded and moist cured at the temperature 
of 20±1 , and re℃ lative humidity ≥90% for 7 days. The specimens are illustrated in Fig. 1. No 
cracks were observed after long time storage. 

 
Fig.1. Graphite-filled geopolymer composite 

2.3 Measurement of performance 
The electrical conductivity (ρ) of the composite specimens was measured by the four-probe 
method (two outer probes for passing current and two inner probes for voltage measurement); 
the distance between two probes is 2 mm. The average electrical resistance of each specimen 
was obtained from three repeated measurements at different locations of the specimens. The 
electrical resistivity (R) was calculated as: R=2πSV/（2-1.414）I where S, V and I were the 
distance between two probes (2 mm), the voltage (mV) and the applied current (100 mA); ρ is 
the reciprocal of R. 
By using a hydraulic Material Testing System (MTS), at a speed of 1.27 mm· min-1, the 
compressive strength was measured on the specimens with a compressive area 20× 20 mm2. The 
flexural strength was investigated by Instron 5548 micro tester at the loading rate of 0.5 
mm·min-1. The width and thickness of specimens are 6 and 4 mm, the adjusted span is 20 mm. 
The flexural strength (Nf) is calculated as: Nf=3PL/2bh2, where P is the applied load, L is the 
adjusted span, b and h are the width and thickness of the specimens. 
The section morphology of composite specimens was analyzed by a JSM-5610LV scanning 
electron microscope (SEM). 



3. Results and discussion 
3.1. Effect of graphite content on the conductivity of the composite 
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Fig. 2. Effect of graphite content on conductivity 

 
The conductivities of specimens with different graphite contents were measured (Fig. 2). It can 
be seen from Fig. 2(a) that the conductivity increases from 9.8×10-6 to 1.2×10-1 S·cm-1 with an 
increase of graphite content from 0 to 40 vol. %. When graphite content is over 50 vol. %, the 
conductivity increases rapidly (Fig. 2(b)), reaching 68.2 S·cm-1 at 60 vol. %, which can meets 
the lowest electrical requirement for PEMFC bipolar plates (M.S.Wilson, 2001). These results 
indicate that at around 50 vol. %, sufficient conducting networks were formed and this could be 
regarded as the percolation threshold of graphite conductivity in the composite. 

(a) 40 vol.% (×200) (b) 60 vol.% (×200) 
Fig. 3. SEM images of the composite 

The electrical conduction of conductive filler loaded composite is mainly determined by two 
mechanisms, viz. percolation in a continuous conductive network and/or quantum tunnelling 
between isolated conductive particles (Abeles B., 1975; Sheng, P.1978). The electrical 
conductivity increases with the increase of graphite in composite. This is ascribed to direct 
tunnelling of electrons between adjacent conductive filler clusters. 
The sectional morphology of a composite containing 40 and 60 vol. % graphite was investigated 
by SEM (Fig. 3). In the figure, the flaky part was graphite and the matrix was geopolymer. 
When graphite content was 40 vol. %, graphite particle didn’t form continuous networks but 



only dispersed isolatedly in the geopolymer matrix (Fig. 3(a)). Then with further increase in the 
graphite content, graphite particles began to contact each other within an individual cluster and 
formed a conduction network (Fig. 3(b)), which led to the sharp increase in the conductivity of 
the specimens. 
In a word, the conductivity of the composite is related to the graphite content. When graphite 
content increases, the current carrier concentration increases and the scattering process of grain 
boundary are weakened, hence the conductivity increases. However, if the graphite content is 
too low, it is difficult to form the interconnected conductive network. In order to obtain higher 
conductivity, the graphite content must be increased, which would have a negative effect on the 
strength properties. 
3.2. Effect of graphite content on the mechanical performance of the composite 
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Fig.4. Effect of graphite content on compress strength
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Fig.5. Effect of graphite content on flexural strength

Fig. 4 and 5 show that the mechanical strength of the composite decreases with increasing 
graphite content. The compressive and flexural strengths of the specimens with the 
incorporation of 60 vol. % graphite decreased to 18.2 and 8.2 MPa compare to 79.7 and 36.8 
MPa of the virgin specimens.   
This phenomenon can be explained by the lubricate property of graphite. The structure of 
graphite is anisotropic and the bond between each layer is the faint van der Waals forces, which 
is prone to slippage (K.J. Lee, 2003). The slippage among graphite grains under pressure results 
in the strength loss and the decreasing effect is strengthened by higher graphite content. On the 
other hand, the weaker adhesion between graphite and geopolymer also leads to the decrease in 
the mechanical strength of the composite, which decreased with an increase in graphite content. 
But the composite still have enough strength to meet the requirements of bipolar plate due to the 
high strength of geopolymer matrix. 
3.3. Effect of curing temperature on the mechanical performance of the composite 
Curing temperature has a significant effect on the microstructure and strength development in 
most cementitious systems. The process of geopolymerization is similar to the formation of 
zeolites, both of which involve the dissolution of solid reactants, hydrolysis of the dissolved 
species and condensation of the gel phase (H. Xu, 2000; A. Fernandez-Jimenez, 2008); 
furthermore, the starting materials and synthesis conditions are also alike, so geopolymer can be 
broadly regarded as similar to zeolites in chemical composition. Since the structure of zeolites is 
known to be quite sensitive to the conditions of synthesis (Barrer RM, 1982), curing temperature 
therefore is expected to affect the setting and hardening of geopolymer (S. Alonso, 2001). The 



mechanical strength of graphite-filled geopolymer composite mainly comes from the 
geopolymer phase, which can be improved by optimizing the curing conditions. 
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The effect of curing temperature on the mechanical strength of composite with 60 vol. % 

graphite was investigated as followings: after demoulding, specimens were sealed by a plastic 
membrane to prevent water evaporation and then placed in an oven for 24 h at 40, 60, 80 and 
100 deg C. The results are show in Fig.6. The mechanical strength of the composites increases 
with curing temperature. The compressive and flexural strengths are increased to 32.2 and 20.5 
MPa at 80 deg C, although decreased slightly at 100 deg C. The main reason of this 
phenomenon might be that, the inner water is transformed into vapour and destroys the 
geopolymer matrix when heated, resulting in the decline of strength.  
3.4. Effect of curing temperature on the conductivity of the composite 
The effect of curing temperature on the conductivity of the composite with 60 vol. % graphite 
was also investigated. The result is shown in Fig. 7. We can see that curing temperature has 
little effect on the conductivity of the composite with a trivial fluctuation at around 68 S·cm-1 
under different curing temperatures. This is because the conductivity of the composite mainly 
depends upon the established conductive network which is insensitive to curing temperatures. 
However, whether curing temperature affects the quantum tunnelling between isolated 
conductive particles needs further investigation in the future. 
The durability of graphite-filled geopolymer conductive composite is another important property, 
which determines whether it can be used in PEMFC. We are investigating the chemical 
resistance and electrochemical properties of graphite-filled geopolymer conductive composite 
now.  

4. Conclusions 
With geopolymer as the matrix and graphite as the conductive filler, graphite-filled geopolymer 
conductive composite bipolar plates were prepared. The increasing conductivity of composite 
with the increase of graphite contents is ascribed to direct tunnelling of electrons between 
adjacent conductive filler clusters, and 50 vol.% is the percolation threshold of conductivity of 
the graphite in the composite. The lubricate property of graphite and the weaker adhesion 
between graphite and geopolymer results in a decrease in the mechanical strength of the 



composite. Fortunately, the mechanical strength of geopolymer/graphite composite can be 
improved by rising curing temperature. 
The conductivity, compressive and flexural strengths of the composite bipolar plate with 60 vol. 
% graphite, cured at 80 deg C, were 68 Scm-1, 32.2 and 20.5 MPa, which could meet the 
requirements of PEMFC bipolar plates in terms of electrical and physical properties. And the 
electrical and mechanical performance of this composite bipolar plate can be further improved 
by optimizing mixing proportioning and curing condition or manufacturing technique. So the 
graphite-filled geopolymer composite holds ambitious potential uses as PEMFC bipolar plates. 
Stability and performance of the composite in simulative fuel cell acid environment need further 
investigations in future. 
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Abstract  
Reactive Powder Concrete (RPC) is well known for having ultra-high mechanical performances and a very good 
durability. The goal of our study is to find an extrudable RPC for concrete pipes manufacturing. Five RPC concrete 
mixtures (W/C = 0.16) were synthesized with variable amounts of polycarboxylate superplasticizer, silica fume and 
crushed quartz. The first three compositions do not contain any crushed quartz and vary only by their increasing 
amount of superplasticizer. In the last two compositions, crushed quartz replaces a part of silica fume. Four of the 
formulations are extrudable.  
In this paper, we discuss the microstructure of the five samples before extrusion. A systematic study by scanning 
electron microscopy has been performed on polished sections and fractures. As expected for RPC, all the samples show 
a high amount of residual anhydrous clinker. The three compositions without crushed quartz are rather similar, 
whereas two effects of the addition of superplasticizer and quartz on hydration are observed for the two last 
compositions. 
 
 
Originality 
The context of this study is to find extrudable reactive powder concrete aimed at concrete pipes manufacturing. Among 
the five compositions studied, four of them are extrudable. One of them exhibits very good properties: good 
extrudability, very good durability, and better mechanical strength with a decreasing of shrinkage. This sample 
contains crushed quartz. From an economical point of view, another advantage of this RPC is a moderate cost as far as 
crushed quartz is very less expensive (150 euros/ton) than silica fume (2000 euros/ton in 2010). This paper aims at 
showing the microstructure of the five samples for a better understanding and improvement of these materials. Very few 
microstructural data on reactive powder concretes have been published yet. 
 
 
Chief contributions 
This paper presents a systematic microstructural study by scanning electron microscopy. Very few microstructural data 
on reactive powder concretes have been published yet. 
We show two effects related to the increasing of polycarboxylate content. The distribution of crushed quartz is modified. 
A significant role on the hydration of cement is observed, with a considerable decrease of belite. 
 
 
Keywords: extrudable reactive powder concrete, scanning electron microscopy, polycarboxylate, belite, crushed quartz 
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I. Introduction 
 

Reactive powder concrete (RPC) was developed in the 1990’s. These cement-based materials with 
a very low water/cement ratio (W/C < 0.20 wt) exhibit ultra-high mechanical performances 
(compressive strength > 150 MPa) and a very good durability. After a specific heat treatment, the 
compressive strength can reach up to 800 MPa. Richard and Cheyrezy (Richard et al., 1995) proposed 
basic principles and recommendations for RPC formulation: 

1) optimization of the granular packing by means of ultra-fines particles addition. The granular 
compounds are: fine quartz sand aggregate (average size below 600 µm), cement, amorphous silica 
fume (diameter below 0.2 µm). Sometimes crushed crystalline quartz (average size of 10 µm) is also 
added. 

2) very low water/cement ratio (W/C < 0.20) and the use of polyacrylate-based superplasticizer. 
3) all the components must be carefully selected: mineral composition, particle size and shape.  

The required cement must have high silica content. A medium fineness and a low C3A content are 
needed in order to reduce both the water needed, the formation of ettringite and the heat of hydration. 
Within these conditions, one gets a concrete with good workability. The superplasticizer is a 
modified-polycarboxylate high-range water-reducing which allows working at very low water/cement 
ratio. 
 

Two important features of RPC are (i) its very low porosity and (ii) its high remaining anhydrous 
cement after hydration, which is important for the mechanical properties. As far as the Young’s 
modulus of the clinker (E ≈ 117000 MPa) is six time higher than the one of C-S-H hydrates (≈ 20000 
MPa) (Boumiz, 1995), the Young’s modulus of the RPC paste is considerably improved and reachs 
the order of magnitude of the sand Young’s modulus (≈ 70000 MPa). The homogeneity of the 
Young’s moduli of the paste and the sand is an important element of the high mechanical property, for 
it prevents microcracks (Richard et al., 1995).  
 

The granular compositions optimized by Richard et al. are (in cement mass ratio): cement: 1, 
sand: 1.1, silica fume: 0.25. Later, Morin et al. (Morin et al., 2001) (Feylessoufi et al., 2001) studied 
the effects of modified-polycarboxylate superplasticizers, optimizing the choice and the 
superplasticizer amount: 0.5,1,1.5% for W/C = 0.2 and 1.8% for W/C = 0.16. 

 

The aim of this study is to investigate extrudable RPC devoted to concrete pipes manufacturing. 
After a series of preliminary tests aimed at optimize formulations consistent with extrudability, five 
RPC compositions (Table 1) were finally selected for a more detailed investigation (Cherkaoui et al., 
2010a, 2010b).  

 

RPC Silica fume Crushed quartz Superplasticizer Edyn (GPa) Rc (MPa) Rf (MPa) 
ERPC1 0.25 0 0.005 54 155 19 
ERPC2 0.25 0 0.01 59 150 19 
  RPC3 0.25 0 0.018 60 140 19 
ERPC4 0.25x3/4 0.25x1/4 0.018 69 175 22 
ERPC5 0.25x3/4 0.25x1/4 0.02 65 170 21 
Table 1. Composition of the five selected RPC expressed in terms of component to cement mass ratio 
(cement = 1, sand = 1.1, W/C = 0.16). ERPC labels the extrudable materials. The 28-day mechanical 
properties are measured using 4*4*16 cm specimens: dynamic Young’s modulus Edyn, compressive and 
flextural strength Rc and Rf.  
 

Among them, the RPC3 composition is not extrudable whereas the four others (hereafter referred 
to as ERPC) are extrudable. For the ERPC1, ERPC2 and RPC3 compositions, the only varying 
parameter is the superplasticizer amount, in the range 0.5 % - 1.8 %. In the two ERPC4 and ERPC5 
compositions, a part (1/4) of silica fume is substituted by crushed quartz, varying the amount of 
supersplasticizer (1.8 % to 2%). Cherkaoui et al. show that substituting crushed quartz improves all 
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the properties: extrudability, early-age shrinkage, mechanical properties, and durability. The EPRC4 
composition is clearly better than the ERPC5 composition (Table 1).  

 

This paper investigates the microstructure of the five samples using scanning electron microscopy 
(SEM). 
 
II. Experimental section 
 
1. RPC mixtures 

The components of the RPC samples are the following: Portland cement CEM I 52.5N (produced 
by Lafarge in Le Havre’s plant), amorphous silica fume (commercialized by Condensil), crystalline 
crushed quartz powder (Millisil C400, Sibelco), siliceous sand (CV32, Sibelco), modified-
polycarboxylate superplasticizer, and water (W/C = 0.16). The superplasticizer is the Cimfluid 2002 
of Axim-Italcementi, in liquid form (dry matter of 35%). The fineness (S), density (ρ) and particle size 
of solids compounds are given in Table 2 and Fig. 1. The chemical analysis of the basic materials is 
given in Table 3. The Bogue’s composition of cement is 67.50% of C3S, 10.70% of C2S, 2.64% of 
C3A, 12.80% of C4AF and 3.30% of gypsum. Silica fume (white colored) contained 93.50% of SiO2 
and 6.10 % of minor oxides (Zr, Al, Fe, Ca, Ti).  
 

 
 
 
 
 
 

Table 2. Specific area (S) and density (ρ) of the solid components of RPC as provided by producers 

Materials S (cm2/g) ρ in (g/cm3) 
Cement 3820 3.2 

Sand 126 2.65 
Crushed quartz 10300 2.65 

Silica fume 140000 2.2 
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Figure 1. Particle size distribution of RPC components measured by laser granulometry 
 

Oxide Cement Sand Crushed quartz Silica fume 
SiO2 21.39 > 98.7 > 98.8 93.50 
CaO 64.58 < 0.023 300 ppm * 
Al 2O3 3.66 < 0.6 8000 ppm * 
Fe2O3 4.25 < 0.045 800 ppm * 
MgO 0.96    
K2O 0.28 < 0.460 6000 ppm  
SO3 2.63    

Na2O 0.10    
TiO2   400 ppm * 
ZrO2    * 

Table 3. Chemical analysis (wt %) of the basic materials as provided by producers. *The silica fume 
contains 6.10% of minor oxides (Zr, Al, Fe, Ca, Ti). 
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The samples were manufactured in a 20-L mixer. The same procedure was rigorously used for 

each run. First, all the solid components are introduced. They are slowly mixed (30 rpm) during 5 
minutes. Then, the water (tap water) previously mixed with the superplasticizer is added. The mixing 
process lasts 20 minutes with a 60 rpm mixing speed.  
 
2. Microstructure analysis 

The microstructure of the RPC samples is observed on polished sections and fractures. The 
samples (at least three months aged) are cut and, thanks to their low water content, there is no need to 
dry them. The polished sections are made by embedding the material in an ultra-low viscosity epoxy 
resin by vacuum impregnation. Once the resin has hardened, polished flat surfaces are obtained using 
a sequence of fine particle size diamond polishing pastes, as is usually done for SEM. Whatever the 
sample preparation, specimens are finally sputtered with gold in order to reduce charging effects under 
the electron beam. 

The SEM examinations are made with a Field Emission Scanning Electron Microscope (FESEM, 
Model Hitachi S-4800), using either secondary electron (SE) (topological contrast) and backscattered 
scanning electron (BSE) imaging (chemical contrast), combined with X-ray microanalysis. The 
accelerating voltage is 10 KV and 15 KV for imaging and X-Ray analysis respectively.  
 
III. Results and discussion 
 
1. RPC1 to RPC3 

The samples exhibit an extremely dense microstructure. The sand grains of angular shape are well 
dispersed in the paste, in the same way in all the samples. The paste in between contains: 

- a lot of anhydrous cement, 
- silica fume well dispersed by the effect of the polycarboxylate superplasticizer, 
- hydrate compounds. 

As an example, Fig. 2 shows back-scattered electron images of the ERPC1.  
Occluded air bubbles are coarser for the ERPC1 composition due to low superplasticizer content. 
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(a) (b) 
Fig. 2 Back-scattered electron images of ERPC1 sample (polished sections). (a) sand and paste. One can 
observe one anhydrous clinker grain (silicate and C4AF), silicate grains (light grey), silica fume (middle 
grey), and C-S-H (dark grey) (b) Polymineralic grain of clinker containing alite, belite and C4AF. 
 

As described by (Scrivener et al., 2008), either the clinker grains remain in their polymineralic 
form or they are decomposed in monomineralic grains of alite, belite and aluminate. Gypsum crystals 
are not observable, which shows that quite all the gypsum has reacted with the aluminates. Among the 
various hydrates, only C-S-H hydrates are well visible on polished sections. Silica fume keeps its 
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spherical shape, showing that they are only hydrated on the surface (Fig. 3a). We observe only scarce 
portlandite and ettringite crystals on fracture samples. The crystals of portlandite are visible in the 
largest pores, at the air bubbles scale.  
 

Fig. 3b sketches a typical large crystal of low hydrated alite. Powder X-Ray diffraction analysis of 
cement shows that the polymorph of alite is the M1 polymorph. The diffraction pattern highlights the 
<M> Pc structure - within the notation defined by (de Noirfontaine et al., 2006) - consistent with the 
chemical composition of the clinker (Maki et al., 1982): 1.56 SO3 and 0.91 % MgO (personal 
communication with Lafarge). It clearly appears in the specific angular windows as defined in 
(Courtial et al., 2003): Fig. 4 shows the characteristic symmetric structure lines (referred to as E, F 
and I lines) of the M1 polymorph. 
 

(a) (b) 
Fig. 3 Secondary electron images in the RPC3 paste (fractures): (a) silica fume and C-S-H hydrates (b) 
crystal of alite, silica fume and hydrates 
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Fig. 4 Powder X-Ray diffraction of the cement investigated in this study. The angular windows W3 and 
W5 as defined by (Courtial et al., 2003) exhibit the characteristic lines (E, F and I) of the M1 polymorph 
of alite. The hkl indexes are related to the <M> Pc unit cell (de Noirfontaine et al., 2006). 
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2. RPC4 and RPC5 

These two compositions contain crushed quartz in same proportion, with two distinct amounts of 
superplasticizer (1.8 and 2%). Two major differences are observed for the microstructures of ERPC4 
and ERPC5 (Fig. 5).  
- (i) The repartition of crushed quartz is homogeneous throughout the paste of ERPC4, whereas it is 
very heterogeneous in the ERPC5 (Fig. 5a-b) where it is preferentially located at the contact of the 
sand grains. The crushed quartz is recognizable on the secondary electron micrographs by its brilliant 
contrast because charging effects occur. The EDS analyses of quartz systematically evidence a high 
content of Na (the cationic counterion Na+of the polycarboxylate).  
- (ii) The hydration of cement is different in the two samples. Only few belite crystals remain in the 
ERPC5, as well in the polymineralic grains as in the monomineralic grains (Fig. 5c-d). This 
observation is confirmed by X-Ray diffraction, for all the peaks of belite considerably decrease in the 
diffraction pattern of ERPC5. The superplasticizer possibly inhibits the hydration of alite, which 
promotes the hydration of belite. 
 

(a) ERPC 4 (b) ERPC 5 

(c) ERPC 4 (d) ERPC 5 
Fig. 5 Micrographs of ERPC4 and ERPC5 samples. (a-b) Secondary electron images: homogeneous 
versus heterogeneous crushed quartz repartition. In ERPC5, crushed quartz is preferentially fixed to the 
sand. (c-d) Back-scattered electron images: residual clinker. Belite is very visible in ERPC4 and difficult 
to find in ERPC5. 
 

Let us now discuss the microstructure with respect to the dynamic Young’s moduli given in 
Table 1. The highest Young’s modulus is found for ERPC4.  
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Two hypotheses can be proposed: 
- the reinforcement of the Young’s modulus of the paste is more efficient when the crushed 

quartz is homogeneously distributed. 
- the decreasing of the Young’s modulus of the paste is related to the replacement of the high 

modulus of belite by the lower modulus C-S-H.  
Besides, the reinforcement of the ERPC4 paste is consistent with the lower early-age shrinkage 
observed by (Cherkaoui et al., 2010) for this composition.  
 
 
Conclusion 

Microstructural studies of extrudable reactive powder concrete have been performed. The varying 
parameters were the content in superplasticizer and the substitution of silica fume by crushed quartz. 

Without crushed quartz and for the compositions in superplasticizer studied here (in the range 0.5 
to 1.8 %), no visible effect on the microstructure is found.  

With crushed quartz, the addition of superplasticizer has two strong effects. The quartz is well 
dispersed in the EPRC4 sample, whereas it is located at the contact of the siliceous sand grains in 
ERPC5 sample. The second effect concerns the belite content. The very low content observed in 
ERPC5 sample is possibly related to an effect of the superplasticizer on the hydration of silicates. 
Further investigations are in progress. 
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Abstract 
Hydration reactions and the resulting nano-structures are responsible for the fundamental properties of Portland 
cement concrete, including reolegy, strength, creep and durability. Recent advances in cement hydration and nano-
characterization techniques for Portland cement have started to unravel the very basic cement hydration phases (C-S-H 
gel in particular) at the nano scale.  With convincing evidence, it is likely that Portland cement can be classified as an 
“inorganic cement”.  Cross-linking small aluminosilicate units proceed in a similar fashion to that of organic 
polymers, although the degrees of polymerization are much smaller.  In this paper, several critical issues are discussed 
and highlighted, when possible, in terms of inorganic polymerization and sol-gel processes.  The ability to tailor 
chemical structures of “inorganic cements” at a nano scale level can not only render improved mechanical properties 
but also possibly create very unique microstructures.  Therefore, exciting opportunities exist in obtaining new 
fundamental cement knowledge which may open doors for many innovative applications. 
  
 
Originality 
Cement hydration is very complex, partly due to a large number of loosely defined reaction constituents and the non-
crystalline nature of dominant hydration products.  This paper reviews some recent discoveries of the cement hydration 
phases, and attempts to interpret the observed results by sol-gel process.  As postulated in the paper, cement hydration 
may be regarded as a subset of a more generalized reaction scheme, inorganic polymerization. 
 
Chief contributions 
This paper reexamines the fundamental aspects of the cement hydration products, especially the C-S-H gel.  An 
alternative to the well known hydration chemistry of Portland cement, its major phases may be constructed by an 
inorganic polymerization process in a similar fashion to that of organic polymers.  This process is similar to sol-gel 
process. 
 
Keywords: cement hydration, C-S-H gel, inorganic polymerization, sol-gel process 
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Introduction 
The world wide production of portland cement exceeded 2.8 billion tonnes in 2009 (US Geological 
Survey 2010).  Despite the widespread use of portland cement, our understanding of the basic reactions 
and their resulting structures is not absolute.  The hardened properties of portland cement concrete are 
the result of chemical reactions known as hydration.   The C-S-H gel occupies about 50-60% by 
volume of the hydrated paste and is responsible for the physical and mechanical properties of cement 
paste.  However, the detailed formation mechanisms and structures of the C-S-H gel is still a subject 
of debate due to the complex nature of the constituents and interdependence of the chemical reactions.  
The C-S-H gel has generally been characterized as an amorphous gel, which contains pores 
approximately a few nanometers in size that are called gel pores.  In between cement grains or 
hydration phases, there are capillary pores of micrometer size.   
In order to describe the structure of the C-S-H gel and the formation of the gel and capillary pores, 
several microstructural models have been proposed in the past. Among them, four models have 
received particular attention.The models by Powers and Brownyard, and Feldman and Sereda, 
describe a layered structure for the C-S-H gel, while the models by Wittmann, and Jennings & Tennis 
describe a colloid structure (Aligizaki 2006). Both the Wittmann (or Munich) model (Wittmann 1973) 
and the Jennings-Tennis model (Jennings and Tennis 1994, Tennis and Jennings 2000) conceive the 
structure of C-S-H gel as a three dimensional network of amorphous colloid gel particles. The 
Jennings-Tennis model further suggests that the basic building blocks are spherical units that cluster 
together (flocculate) to make globules with a radius of 2.5 nm or less, and the basic building blocks 
that form into globules have two possible packing arrangements: high density and low density. 
It was also observed that the formation of basic silicate species follows similar chemical routes across 
a wide range of portland cement, pozzolans, supplementary constituents, and their blends.  Based on 
available evidence, all these cements can probably be classified as “inorganic cements”, since they 
share many common characteristics at the nano-scale structure level; still, each system possesses its 
own unique reaction mechanisms due to specific reaction environments.  In principle, inorganic 
cements are synthesized by inorganic polymerization in a similar fashion to that of organic polymers.   
Polymer is derived from the Greek, meaning “many parts”, or repeating units connected in its 
backbone. Organic polymer has a backbone consisting of carbon atoms.  Inorganic polymer is a 
substance with giant molecules composed of atoms other than carbon and linked together by mainly 
covalent bonds.  The elements building the repeating units of inorganic polymers can be boron (B), 
oxygen (O), aluminum (Al), silicon (Si), phosphorous (P), sulphur (S), selenium (Se), tellurium (Te), 
arsenic (As), germanium (Ge), et al. or the composition of some of the above (Ray 1978). Various 
possible repeating units combined with different synthesis routes result in a wide spectrum of 
inorganic polymer materials.  For example, silicone is one of the most common inorganic polymers.  
Chemically, it should be called polysiloxane. The bond between silicon and oxygen is very strong, but 
very flexible. So silicones can stand high temperatures without decomposing, but they have very low 
glass transition temperatures, hence showing rubbery behavior at most operation temperatures.  The 
properties of inorganic polymers not only depend on their chemical structure but also depend on their 
molecular weight and degrees of crystallinity just like organic polymers. 
As demonstrated by Brinker and Scherer (1990), under the solution condition of a neutral to basic pH, 
the sol particles aggregated to form clusters of a few nanometers.  The rigid clusters then packed to 
form mesopores (see Fig.1b).  On the other hand, an acid catalysis generally produces weakly-
crosslinked gels, yielding low-porosity microporous (smaller than 2 nm) xerogel structures (Fig.1a). 
These processes and reactions may best be described by sol-gel chemistry (Wu and Sun 2011).  
Although the C-S-H has been called a “gel” phase, the definition and understanding may not coincide 
with that of sol-gel chemistry.  Therefore, the main objective of this paper is to review and present 
evidence to shed light on a unified sol-gel approach to the synthesis of inorganic cements covering a 
very wide range of mineral compositions.  Cement hydration might be treated as a special branch of 
the more generalized framework of inorganic polymerization and sol-gel processes at the nano-
structure level.  In the following, existing information on cement hydration and resulting phases will 
be critically reviewed, paying particular attention to their relevance to the sol-gel process. 



 
Figure 1: Schematic gel structures with (a) acid catalysis, (b) base catalysis, adapted from Brinker and Scherer 
(1990) 
 
Portland Cement 
Portland cement is composed largely of four types of minerals: alite, belite, aluminate (C3A) and a 
ferrite phase (C4AF).  Also present are small amounts of clinker sulfate (sulfates of sodium, potassium 
and calcium) and gypsum.  Almost immediately upon adding water, some of the clinker sulfates and 
gypsum dissolves, producing an alkaline, sulfate-rich solution.   Soon after mixing, the (C3A) phase - 
the most reactive of the clinker minerals - reacts with the water to form an aluminate-rich gel. The gel 
reacts with sulfate in solution to form small rod-like crystals of ettringite.  At the end of the dormant 
period, the rate of alite and belite hydration increases sharply to form calcium silicate hydrate (C-S-H) 
and calcium hydroxide (CH). 
Calcium–silicate–hydrate (C-S-H), the binding phase in all cementitious materials, is one of the most 
complicated and intriguing material systems in materials science and engineering.  Its composition is 
very complex and is normally defined by its calcium/silicon ratio.  The maximum Ca/Si ratio of C–S–
H in hydrated cement pastes is generally claimed to lie between 1.6 and 2.0 (Taylor 1997, Escalante-
Garcia et al. 1999). 
There is increasing evidence that the C-S-H in cement paste is a colloidal gel (Thomas and Jennings 
2006).   In a sol-gel process, cross-linked clusters (sols) grow in size until they are large enough to 
settle out of the suspension. These colloidal precipitates are gel-like in that their internal structure 
contains colloidal-sized regions of liquid and solid, but they are too dense to fill the entire space and 
so the overall system does not become a true gel (Scherer 1999).  The degree of polymerization of the 
silicate chains in cement paste has been shown to increase with time, and the polymerization process is 
greatly accelerated by an increase in temperature. 
In a simple sol-gel process, molecular precursors undergo condensation reactions that yield dimers and 
larger polyatomic clusters (called oligomers) that grow and evolve into particles, precipitates, or gels 
(Brinker and Scherer 1990).   Therefore, in the case of cement hydration, one must first know what 
these molecular precursors are and where their source is, if cement hydration is indeed a sol-gel 
process.  The two most common types of precursors for sol-gel processes are metal alkoxides and 
metal salts.  Hence, it is likely that the liberation of various metal salts provides needed monomers for 
polymerization.  However, the presence of multimetal salts and their inter-reactions make their 
characterization difficult.  The exact structures are yet to be clarified.  
Consequently, one must recognize that cement hydration may not strictly follow the definition of sol-
gel chemistry, i.e., the transformation of the molecular precursor does not exclusively proceed along 
the formation of a sol and then a gel.  Instead, it may proceed as the transformation of the molecular 
precursors into the final oxidic compounds involves chemical condensation reactions in liquid-phase 
under mild conditions.  In this sense, a higher complexity is expected, due to the high reactivity of the 
metal oxide precursors with water and the double role of water as both a ligand and a solvent 
(Niederberger and Pinna 2009). 



Hirljac et al. (1983) studied the influence of admixtures and curing temperature on silicate 
polymerization during the hydration of alite.   The major species identified in the hydrated pastes were 
dimer, linear pentamer, and linear octamer; the degrees of polymerizations were very small.  When the 
specimens were hydrated at higher temperatures, their results seemed to show an increase in both 
chain length and the percent of larger polymers.   They also concluded that during the early hydration 
stage (up to ~10% degree of hydration) only dimerization (dimers) occurs within C-S-H gels.  The 
amount of monomers (in weight percent of total silicate species) dropped from 95% to 50% after a 28-
day hydration, while the polymers increased to 10% during this time. 
Based on small-angle neutron scattering measurements, Allen et al. (2007) have determined the C/S 
ratio of C-S-H gel to be 1.7 and the density to be 2.6 g/cm3.  Pellenq et al. (2009) argued that these 
values clearly cannot be obtained from either tobermorite (C/S =0.83, 2.18 g/cm3) or jennite (C/S =1.5 
and 2.27 g/cm3); therefore, Taylor’s postulate (1993) that real C-S-H was a structurally imperfect 
layered hybrid of these two natural mineral analogs can not offer a satisfactory explanation.   Pellenq 
et al. (2009) carried out a bottom-up atomistic approach to the formation of the C-S-H by using 
molecular dynamic simulations.  In this approach, their model considers only the chemical specificity 
of the system as the overriding constraint.  By starting with short silica chains (distributed as 
monomers, dimers, and pentamers), their model permits interaction between CaO, SiO2, and H2O 
units.  This model predicts a chemical composition of (CaO)1.65(SiO2)(H2O)1.75, and agrees well with 
the realistic values of the C/S ratio and the density. The model also predicts other essential structural 
features and fundamental physical properties amenable to experimental validation, which suggest that 
the C-S-H gel structure includes both glass-like short-range order and crystalline features of the 
mineral tobermorite.  Such a model of the C-S-H gels at an atomistic level, although in its infancy, is 
extremely promising in unlocking the true identity of C-S-H gels.  It can be also used to facilitate the 
understanding of experimentally measured nano- and micro-structures of cements, as well as an 
understanding of how specific structural arrangements control various physical and mechanical 
properties of hardened cements. 
Based on the measurements from the trimethylsilylation (TMS) technique, Lu et al. (1993) also 
concluded that dimer is the predominant silicate species in the C-S-H phase of DSP (cement densified 
with small particles) cement pastes, with linear pentamer being the next most abundant, along with 
some linear octamer.  The presence of a small amount of trimer and tetramer has been attributed to 
side-reactions.  The same conclusion was applied to plain C3S, C2S, or portland cement pastes, 
although the percentages of these small silicate species changed slightly (Richardson 1999).  In C3S 
pastes, the proportion of dimer passes through a maximum at about 6 months but remains at about 
40% even after prolonged curing (Richardson 1999).   
The origin of the fractal microstructure of C-S-H gels has been postulated to be the process of the 
aggregation of individual colloidal particles into extended clusters (Scherer 1999, Livingston 2000).  
A single colloidal particle (a small cluster of monomers) must first be created.  It must then follow a 
random walk through space (Brownian motion) until it encounters a growing cluster and then becomes 
attached.  The compactness of the cluster depends on whether the bonding is reversible or irreversible 
(Scherer 1999).  When the bonding is irreversible, some clusters can grow into larger clusters at the 
expense of the smaller ones; fractal aggregates grow and eventually fill space, resulting in a 
continuous elastic gel network.  If the bonding is reversible, the local structure can undergo 
restructuring and becoming much denser, leading to precipitates.  Scherer (1999) concluded that C-S-
H is a precipitate, rather than a true gel because of the existence of capillary pores in cement pastes. 
The average size of the cluster has been simulated by the fractal theory and shown to be directly 
related to the accumulated length (or the total numbers) of the colloid particles (Meakin 1998).  
However, fractal theory may not always control cluster growth, which obviously depends on the 
concentrations of colloidal particles (Livingston 2000).  Unlike in a simple sol-gel process with 
uniformly distributed metal alkoxide molecules, the concentration and uniformity of the C-S-H gel 
precursors are probably location-dependent, since the metal salt precursors must be released from the 
surface of cement grains.  Even the distribution of the cement grains in a water solution may not be 
uniform.  Beyond a certain range (or distance) away from cement grains, the concentrations of 



available monomers might be small, and hence the nucleation of monomers and the growth of the 
oligomers prevail.  While the clusters grow in size, they also become more densely cross-linked and 
precipitate out of suspension (colloid particles).   The smaller clusters then grow further at a much 
slower rate (the reason is yet to be discovered) until they aggregate.  This is consistent with the 
classical sol-gel reaction as depicted in Fig.1b under base catalysts.  It is also consistent with 
Jennings’s description of the “globule” structure.  The latter is further discussed next. 
A recent paper on the structure of the C-S-H gel (Thomas and Jennings 2006) provided an excellent 
review about the subject.   Many characteristics and behaviors of the C-S-H gel, such as pore size, 
surface area, and drying shrinkage could be reasonably interpreted by the colloid theory.  According to 
the Jennings-Tennis model (Jennings 2000) the smallest unit of C-S-H is a small tobermorite-like or 
jennite-like particle.  These fundamental units are packed together irregularly into structures called 
globules, and globules are packed together to form low density (LD) and high density (HD) structures 
(Fig.2).  The spaces between the globules create the gel porosity that is intrinsic to C-S-H. The spaces 
between the LD and HD particles are large gel pores that might be considered small capillary pores.   
Because cement paste contains significant amounts of non-gel phases (other than C-S-H) that act as 
restraining phases, it is difficult to predict the initial behavior of the gel and the properties of the 
drying and aging gel on the basis of sol-gel theory.   However, chemical aging clearly exists since 
cement gains strength and stiffness over time.  Taylor (1997) has shown that there is a progressive 
polymerization of the silicate over time, and that this process is greatly accelerated by an increase in 
temperature.  However, as determined by Hirljac et al. (1983), the degree of polymerization is 
generally very small, just a few unit blocks long.   This dimension is consistent with the size of the 
globules proposed by Jennings.   When compared with the gel structure of pure silica gels prepared 
from a wide range of pH and water additions (Brinker et al. 1982), similar “globular” microstructures 
could be found in the base system (comparing Fig.1b and Fig.2).   Brinker et al. (1982) further 
explained that such globular features observed in the base system may represent the desiccated form of 
the original polymeric clusters or a desiccated, phase-separated structure.  It should also be noted that 
a tobermorite-like C-S-H structure has been synthesized at room temperature by a well controlled sol-
gel process (Suzuki and Sinn 1993).  In this process, NaOH was added as a basic catalyst. 
Stein and Stevels (1964) have found that additions of colloidal silica increase the initial hydration of 
C3S, and accelerate the formation of ettringite in cement pastes.  Nelson and Young (1977) further 
confirmed that the addition of colloidal silicas and silicates both increased the rate of early strength 
development and reduced the calcium hydroxide content of the pastes in only one day, and also 
resulted in much higher water demands.   Most recently, a relatively small amount (1−4 wt %) of well-
dispersed calcium silicate hydrate (C−S−H), a pure form of the main hydration product, significantly 
increased both the early hydration rate and the total amount of hydration during the early nucleation 
and growth period (the first 24 h), as measured by calorimetry (Thomas et al. 2009). This was 
attributed to a seeding effect whereby the C−S−H additive provided new nucleation sites within the 
pore space away from the cement particle surfaces. 
Love et al. (2007) studied the microstructure and composition of water- and alkali-activated hardened 
pastes of white Portland cement–20% metakaolin blends using solid-state NMR spectroscopy and 
analytical TEM.  They found that activation by KOH leads to better-resolved peaks for C-S-H, 
indicating a higher degree of structural order, i.e. longer-chain highly aluminous C-S-H with most of 
the bridging sites occupied by Al3+ rather than Si4+.     Therefore the mean aluminosilicate chain length 
and the Al/Si ratio are consequently much higher in the KOH activated paste than in the water-
activated, especially at 1 day old.  It should be noted that the chain lengths are still very small, ranging 
from 2.8 to 15.7.   All the structures are thus truly at the nano scale. 
All the above evidence suggests that indeed the added colloids could serve as “precursors” to the 
formation and growth of the C-S-H sol networks (might be in the form of particles).  The higher water 
demand in the Nelson and Young’s study (1977) may be a result of hydrolysis (the first step in a sol-
gel process). 



 
Figure 2: Schematic representation of low-density (LD) C-S-H (left) and high-density (HD) C-S-H (right), 
adapted from Thomas and Jennings (2006) 
 
In their study of the effect of gypsum content on cement hydration, Jelenic et al. (1977) discovered 
that the accelerating effect of gypsum on alite hydration is remarkable at all ages (at 1, 3, 7 and 28 
days).  With increased gypsum content, a more effective retarding action on C3A hydration is also 
observed (Jelenic et al. 1977).  They further concluded that a certain amount of SO3 has been 

incorporated into C-(S, 
_
S )-H (

_
S  denotes sulfate).  The gain in strengths between 28 and 90 days at 

higher SO3 contents can be attributed not only to the higher degree of alite hydration, but also to the 

more uniform redistribution of SO3 through C-(S, 
_
S )-H gel at 90 days of hydration.   

Famy et al. (2003) also suggested that the outer C-S-H gel was closely mixed with a calcium sulfate 
phase, which appeared as early as in the 1-day-old mortar.  In contrast to the outer C-S-H gel, the 
inner C-S-H gel approximates to being pure C-S-H, and is free from other phases.  The current data 
seem to support the concept that sulfates also serve as “precursors” to monomers.  Their role in this 
regard, however, needs to be better understood. 
In a study of portland cement-slag blends with and without adding KOH solution (Richardson and 
Groves 1997), the authors concluded that the hydration products and microstructures obtained by 
alkali activation are similar to water activation with the difference being that the CH is 
microcrystalline and the C-S-H is better ordered structurally, resulting in narrower NMR line-widths.   
It is noted that the synthesis of alkali activated cements (such as fly ash or slag) might also be 
described by sol-gel processing (Wu and Sun 2011).  Their blends are therefore expected to be sol-gel 
controlled as well.  It is likely that the fundamental sol-gel reactions will remain the same; however, 
kinetics and the complexity of reactants control the final morphologies, which apparently also depend 
on the reaction environments.  As later discussed by Richardson (1999), the single pulse 29Si and 1H-
29Si CP MAS NMR spectra gave conclusive evidence that Al substituted for Si only in the central 
tetrahedron (the bridging tetrahedron) of pentameric silicate chains (or in every third tetrahedron in 
octameric chains), but not in the chain terminating ends.  Such Al substitution appears to be necessary 
for cross linking between longer silicate chains. 
 
Conclusions  
As discussed in this paper, portland cement and other aluminosilicate ceramics might share many 
similarities, including thermodynamics, kinetics, and hydration reactions.   Although the term 
“hydration” has been more or less used exclusively for portland cement, it can also be loosely used to 
represent other class of cements.  Therefore, it is possible to consider cement hydration a chemical 
process that can be described by a generalized framework of inorganic polymerization and sol-gel 
processes.  After all, these inorganic ceramic materials are all made from similar minerals, including 
calcium and magnesium carbonates.  The reaction pathways and polymerization products of inorganic 
polymers vary with the pH value of the media (acidic to neutral to basic) and reaction temperature.  It 
is possible to control pH, concentrations of reagents, and temperatures in favor of the engineered 
formation of chains, loosely cross-linked chains, or cluster networks.  Therefore, possible syntheses of 
inorganic cements with unique structures and properties are endless. 
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Abstract 
A clinoptilolite-based geopolymer was synthesized from a clinoptilolite tuff by activation with 14M KOH, at ~25 oC. 
The influence of the KOH concentration and the open and closed curing on the chemical properties of the geopolymer 
were investigated. The optimum conditions to synthesize the clinoptilolite polymer were 38 µm particle size, reacting 1 
g clinoptilolite with 750 µL 14 M KOH, 10 min, precuring in a closed container for one day followed by one day in an 
open container, and final curing at 80 °C for 72 h. XRD and IR analyses indicate that the geopolymer is composed of 
an amorphous phase and semi-crystalline K-feldspatic and illitic or muscovite-like components (10, 66 and 120 days). 
The amorphous phase in the geopolymer increased with the concentration of KOH. XRD confirmed that the 
geopolymeric reaction was homogeneous at the surface and through the bulk of the clinoptilolite particles. SEM results 
show that the synthesized geopolymer is homogeneous, free of cracks but with aisle micro cracks and porous without 
significant damage to the matrix. The physical and mechanical characteristics of the geopolymer suggest that colloid 
reactions on clinoptilolite could produce building materials of good quality. 
 
Originality 
Studies on the synthesis of geopolymers prepared from aluminosilicates, fly ash, blast furnace slag, and particularly 
from clay minerals and zeolites are not common in Mexico. In this study we propose the use of zeolite tuffs for the 
production of geopolymers. Zeolite tuffs are extensively distributed in Mexico; they are of good quality that warrants 
their application as raw materials for the production of geopolymers. Zeolites have the additional advantage of not 
requiring any thermal pre-treatment -as is the case with clays- thus offering when used as substitute for cement the 
potential to reduce emissions of greenhouse gases, mainly CO2. 
 
Chief contributions 
Zeolite tuffs, specifically heulandite-clinoptilolite tuffs, are widely distributed in Mexico. They are of potential 
application as raw materials for the synthesis of inorganic geopolymers, which have importance as new cement 
matrices. Thus the present interest to study the reaction mechanisms, the effect of impurities and the evaluation of 
geopolymers as eventual cement replacement and in the immobilization of hazardous wastes, metal ions and organic 
components. 
 
Keywords: Geopolymers, Clinoptilolite, KOH activation 
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1. Introduction 
 
Geopolymers are a class of alkali-activated aluminosilicato materials which exhibit excellent physical 
and chemical properties and a diverse range of potential applications (Davidovits, 1982). They find 
increasing use as substitutes for Portland-based cements, in concrete pavements and products, in the 
immobilization of toxic, hazardous and radioactive wastes, in advanced structural tooling and 
refractory ceramics, in fire resistant composites used in buildings, airplanes, shipbuilding, racing cars, 
and in the nuclear power industry (Komnitsas and Zaharaki, 2007). Usually, geopolymers are 
synthesized at or slightly above ambient temperature by activating the mineral aluminosilicate with an 
activator composed of aqueous alkali hydroxide and silicate. It is a colloid reaction of low water 
content. The aluminosilicate is mostly as a solid powder while the activator is formed by NaOH or 
KOH and sodium or potassium silicate solutions. The geopolymer consist of a polymeric Si-O-Al 
framework with [SiO4]

4- and [AlO4]
5- tetrahedrons linked alternately by sharing oxygens. The Al3+ 

fourfold coordination creates a local charge deficit that is balanced by counter ions. (Davidovits 1982; 
Duxson et al., 2007; Wang et al., 2005; Izquierdo et al., 2010). 
 
Geopolymerization develops through a mechanism involving dissolution of Al3+ and Si4+ species from 
the mineral surface while simultaneously surface hydrating the non-dissolved material. Afterwards, 
polymerization of active surface groups and soluble species form a gel that subsequently generates a 
hardened geopolymer structure. In most cases, only a small amount of the Si4+ and Al3+ from the 
mineral needs to be dissolved and take part in the reaction for the whole mixture to solidify. Thus, 
geopolymers consist essentially of an association of porous amorphous and semi-crystalline three 
dimensional aluminosilicate networks (Álvarez-Ayuso et al., 2008; Sindhunata et al., 2008). 
 
Geopolymeric reactants range from kaolinite or metakaolinite (Wang et al., 2005) to materials 
containing SiO2 and/or Al2O3 such as fly ash, slag, construction waste (Izquierdo et al., 2010; Lampris 
et al., 2009) and minerals as zeolites and clays (Xu and van Deventer, 2002). The geopolymerization 
of zeolite minerals offers the additional environmental benefit of no requiring previous thermal 
treatment thus reducing the net production of CO2 –roughly 17% of the total emitted by the Portland 
cement industry.  
 
Zeolites are crystalline aluminosilicates with a three-dimensional channel framework structure where 
exchangeable ions can be retained (Chávez et al., 2010). Their characteristics are well-established and 
will not be discussed. Zeolitic materials have been used as puzzolanic admixtures to concrete 
(Alcantara et al., 2000; Martínez-Ramírez et al., 2006). Clinoptilolite is among the most common 
zeolites. Alkali activation of clinoptilolite by Ca(OH)2 is known to produce materials of high 
compressive strengths (38.7 MPa); such materials have unhydrated clinoptilolite particles surrounded 
by a low Ca/Si-ratio cover (Alcantara et al., 2000). In Mexico, few studies on the synthesis of 
geopolymers from metakaolinite (Marín-López et al., 2009), fly ash (Medina et al., 2010), and 
particularly from clay minerals and zeolites (Villa et al., 2010) have been published. Recently, 
encouraging results were obtained in the synthesis of clinoptilolite geopolymers using sodium 
hydroxide and silicate activators (Villa et al., 2010). No further work has been published. Our present 
interest is on the synthesis of geopolymers from clinoptilolite, using KOH as the activating solution. 
This study is part of a wider project aimed to the development of zeolite and clay mineral 
geopolymers. In this paper we submit our results on the synthesis of a clinoptilolite geopolymer. Our 
main objectives were the study of the suitability of the zeolite tuff as the sole source material to 
synthesize the geopolymer, given is structural and chemical stability, its synthesis and effects of open 
and close curing on the performance of geopolymer-like bodies. 
 
 
2. Experimental 
 
2.1 Materials 
The clinoptilolite (Cln) used in the present study is a heulandite-clinoptilolite tuff from Laollaga, 
Oaxaca, in southern México. The geology of the area and the mineralogy of the tuff have been 



described (Mumpton, 1973; de Pablo-Galán, 1986; de Pablo-Galán et al., 1994; Ferrusquilla, 1999). 
The tuff is constituted by heulandite-clinoptilolite, mordenite and minor plagioclase, feldspar, 
cristobalite, quartz and glass. Heulandite-clinoptilolite represents ∼60% of the tuff (Table 1). 
 
Reagent solutions were prepared from analytical-grade KOH dissolved in deionized water. 
 
 
2.2 Methodology 
 
X-ray diffraction (XRD) analyses were done in a SIEMENS D5000 diffractometer using Ni-filtered 
CuKα radiation, range 5–60 °2θ, step size 0.02 °2θ, counting time 0.4 s. The chemical composition 
was determined by X-ray fluorescence (XRF) using a SRS 3000 X-Ray Fluorescence spectrometer. 
Analyses by proton induced x-ray emission (PIXE) were done using a Pelletron of 3 MV accelerator 
with the proton beam impacting normal to the sample surface and the backscatter signal at 30° 
recorded by germanium (LEGe) and silicon (AMPTEK RC100) particle detectors; instrument 
calibration against reference material (NIST-2704). X-ray spectra were analyzed applying the 
program WinQXAS. Fourier transform infrared spectroscopy (FTIR) was applied using a Bruker 
Vector 22 FTIR, range 4000–400 cm−1, samples pressed at 350 kg/cm2 into KBr disks. The 
microtexture of the synthesized polymers was determined by scanning electron microscope (SEM) on 
a JEOL JSM-5900-LV ESEM, 20 kV microscope. Optical microscopy (OM) was done using an 
Olympus KP-D51U microscope to 117 V, 60 Hz and 5.7 W. 
 
The geopolymer precursor (clinoptilolite) was prepared by grinding the clinoptilolite tuff to 75, 45 
and 38 µm particle size, and subsequently reacting 1 g clinoptilolite with 750 µL of 10 and 14M of 
KOH or directly with lentils KOH; for periods of 5 and 10 min, at room temperature. The fresh 
geopolymer paste was rapidly poured into cylindrical containers (diameter 30 mm, height 10.5 mm) 
and vibrated by a vortex to release residual air bubbles. Afterwards, the paste was pre-cured in the 
container closed for one day and open for another day, at room temperature. Finally, the material was 
cured in the open container at 80 °C for three days. Samples were prepared in duplicate. Experiments 
were optimized for the adequate solid-to-liquid (S/L) ratio and the amount and concentration of the 
activating KOH solution.  
 
 
3. Results 
 
The chemical compositions of the clinoptilolite tuff determined by XRF and PIXE are presented in 
Table 1. The optimum synthesis parameters were particle size of clinoptilolite 38 µm, reaction 
between 1 g clinoptilolite and 750 µL of 14 M KOH, 10 min; pre cured in closed container for one 
day and in the open container for another day, final curing at 80°C for 72 h. The results presented are 
of the geopolymer prepared under these optimum conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 1: Chemical composition of clinoptilolite tuffa 
XRF PIXE 

SiO2 72.56 Si 23.20 
Al 2O3 17.41 Al 3.72 
Fe2O5 1.80 Fe 2.90 
TiO2 0.16 Ti 0.04 
MnO 0.35 Mn 0.17 
MgO 0.62   
CaO 2.46 Ca 0.82 
Na2O 1.05   
K2O 3.39 K 2.33 
P2O5 0.04 P 0.05 
LOI  0.04   
    
clinoptilolite 60   
opal 10   
plagioclase 7   
glass 20   
K-feldespar 3   

a Analysis in wt%, LOI loss of ignition 
 
 
3.1 X-ray diffraction analyses 
 
X-ray diffraction of the clinoptilolite tuff shows that the zeolite fraction is formed by major 
clinoptilolite-heulandite and minor mordenite (Fig. 1). XRD patterns of the reaction products after 
storage in air for 10, 66 and 120 days (Fig. 2) showed -between 5° and 35 °2θ predominant 
amorphous material with minor peaks assigned to K-feldspar and to a muscovite-like. Additionally, 
the x-ray profiles indicate higher contents of amorphous component for those materials prepared with 
more concentrated KOH solutions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: XRD patterns of clinoptilolite tuff.         Figure 2: XRD patterns of geopolymer at 10, 66 and 120 days. 
 
 
 
3.2 Infrared spectrometric analysis 
 
The IR spectra of clinoptilolite and the geopolymer are shown in Fig. 3. The broad absorption band 
around 3439 cm−1 plus the band at 1640 cm−1 on observed for the geopolymer are attributed to 
adsorbed atmospheric water. The broad bands at 1050, 800, and 439 cm−1 are assigned to Si-O 
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stretching, Si-O-Al and flexural vibrations. There is little difference between the IR patterns of 
clinoptilolite and the geopolymer within the range of 450–1200 cm−1, thus suggesting that the 
structural groups that characterize clinoptilolite are retain by the geopolymer. The bands around 1448 
and 1448, 882 and 705 cm-1 corresponds to stretching vibrations and deformation of C-O and O-C-O, 
respectively; caused by the presence of K2CO3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. FTIR of clinoptilolite tuff (Cln) and geopolymer (GP). 
 
 
3.3 Optical and scanning electron microscopy 
 
Optical microscopy studies (X100) indicate that the clinoptilolite geopolymer is a multi-component 
system made up essentially by a dense packing of geopolymer matrix (Fig. 4). This microstructure is 
consistent with previous studies (Kong et al., 2007, Izquierdo et al., 2009).  
 
Scanning electron microscopy studies on samples vacuum-dried overnight (Fig. 5) showed that the 
clinoptilolite geopolymer prepared by reaction with 14M KOH has a compacted microstructure. 
Microcracks were visible. The hollow cavities seen in the images were possibly due to empty spaces 
left between zeolite particles. The porous system of the geopolymer microestructure provides escape 
routes for volatiles during heating without significantly damaging the geopolymer matrix (Kong et al., 
2007, Izquierdo et al., 2009). 
 

                              
 
    Figure 4. Optical microscopy image 100X.                      Figure 5. Geopolymer SEM image.    
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3.4. Discussion 
 
X-ray diffraction analysis showed that the clinoptilolite tuff is an appropriate starting material to 
develop geopolymerization. The concentration of alkali, KOH, in the activating solution is an 
important parameter that has a significant effect on the synthesis of the polymer. The pH of the 
activating solution affects the solubility and concentration of the geopolymer precursor (Xu and Van 
Deventer, 2002). Highly alkaline environments favor dissolution of aluminosilicates by breaking the 
Si–O–Si and Al–O–Al bonds and releasing Si4+ and Al3+ into solution which, according to the 
polymeric model, would form an aluminosilicate polymeric framework (Davidovits, 1982). This work 
supports earlier studies sustaining that an excessive amount of KOH in the activating solution can 
adversely affect the polymerization process (Wu and Sun, 2007). The optimum reaction parameters 
established from our experiments assured more complete and faster polymerization. Pre-curing and 
curing conditions enhance polymerization by avoiding the formation of cracks (Perera et al., 2007). 
The clinoptilolite geopolymer is stable; XRD and IR analyses indicate that the geopolymer is 
composed of an amorphous phase and semi-crystalline K-feldspatic and illitic or muscovite-like 
components (10, 66 and 120 days). 
 
 
4. Conclusions 
 
A clinoptilolite-based geopolymer material synthesized from clinoptilolite activated by reaction with 
KOH solution is composed of an amorphous phase and semi-crystalline K-feldspar and a muscovite-
like phase. The optimum synthesis of the geopolymer occurred from 38 µm particle size clinoptilolite 
tuff reacted 1 g with 750 µL of 14 M KOH, pre-curing in a closed container for one day and another 
day in the open container and final curing at 80°C for 72 h. The colloid reaction occurs on the surface 
and bulk of the clinoptilolite particles. The user-friendly geopolymerization conditions applied to the 
clinoptilolite tuff - K - H2O system, yielding polymerized bodies resembling building materials of 
good quality. 
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Abstract 
The control of the concrete production is one of the key factors for getting a robust material to guarantee a 
homogenous quality of the structure and, hence, of its reliability. The compliance of the hardened concrete with that 
established in the project, is checked, according to standard regulation, by means of the experimental determination of 
compressive strenght on two or three specimens from different batches and cured under specific climatic conditions 
during an assessed period of time. Nonetheless, the above-mentioned procedure presents as principal disadvantage the 
economic cost that implies all the process, from the acquisition of the necessary equipment, the contracting of 
specialised hand-of-work, and the treatment of the volume of debris generated by a destructive method. These aspects 
lead to the necessity of creating a complementary system of auto-control, which could being checked by greater 
frequency and greater number of samples, what could represent a closer assessment of real properties of the concrete.  
Thus, the electrical resistivity is proposed in the current work such as a tool of complementary control to the 
experimental compressive strenght assessment required by the standardization. It has been checked by statistical 
analysis more than 250 pairs of experimental data the correlation between the resistivity and the compressive strenght 
in different ages, from 1 to 91 days. Empirical equations are generated from the statistical tool of linear regression, 
taking the age of measument as input variable in addition to the electrical resistivity. It is concluded that, in addition to 
the ability of electrical resistivity to evaluate the durability of the reinforced concrete, as it has already been presented 
in several works, it is a suitable tool for the production control for its good correlation with the mechanical strenght 
over the time  and for its non-destructive character and economic low cost. 
 
Originality 
The proposal of using a non-destructive tool for controling the concrete production in regarding to the compressive 
strength, within just few minutes and under an insignificant cost of operation, is an innovative idea for providing a 
more efficient methodology. There is not found any study from literature dedicated to developing a complementary tool 
of control process  for ensuring the robstuness of material, with such characteristcs and advantage. 
 
Chief contributions 
The present study provides an important volumen of experimental data, more than 250 pairs of results, by what it was 
possible to prove the theoric concept of correlation between electrical resistivity and compressive strength over the 
time.  
 
Keywords: electrical resistivity, concrete, production control. 
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Introduction 
 
There is an increasing demand to incorporate into the current standards more advanced concepts 
related to the assessment of performance concrete, due the need to better foresee of properties 
development, for what it is already included aspects related to complete control of production process. 
 
Usually, the production of concrete is assessed by standard tests to find the compressive strength of 
the hardened concrete, and inspire of the type of these tests, considered a good one to determine the 
quality during the process of producing concrete. Nonetheless, the above-mentioned procedure 
presents as principal disadvantage the economic cost that supposes all the process, mainly because the 
number of specimens fabricated for evaluating the compressive strength development in different 
days, which means a major volumen of concrete, molds, pre-treatment of cylindrical specimens by 
capping, and finally the treatment of the volume of debris generated by a destructive method.  
These aspects lead to the necessity of creating a complementary system of autocontrol of compressive 
strength values, which could being checked by greater frequency by using a few number of samples, 
what could represent a closer assessment of real properties of the concrete at early stages. Non-
destructive test methods appears so as a factible solution for this approach. 
 
Many trials were carried out in the world to develop fast and cheap nondestructive methods to test 
concrete in the labs and structures and to observe the behavior of the concrete structure during a long 
period. Among the available non-destructive methods, the electrical resistivity test (ρ) (described in 
Spanish standard UNE 83988 and in RILEM TC 154-EMC) appears as one of the non-destructive tests 
suggested in performance-based quality control process [Andrade et al.,1993, Andrade et al.,2000; 
Ferreira and Jalali,2009] as it is considered a parameter which accounts for the main key properties 
related to durability.  
 
The main characteristic of ρ is to reflect the ability of the porous medium for the transport of electrical 
charge through the aqueous phase [McCarter and Garvin, 1989]. This propertie promotes the 
satisfactory relation between ρ and porosity and connectivity of pores in saturated concrete 
[Garbocki,1990] The refinement of the pore structure because the progressive hydration during 
months, provides the increasing of resistivity over time [Andrade et al.,2011]. This evolution is very 
similar to that of the increase of mechanical strength when for a considered cement type. The advance 
of hydration of cement phases leads to a lowering in porosity of the concrete which is reflected in both 
mechanical strength and resistivity. The resistivity presents, so, properties which could promoting the 
controlling of concrete production of a such concrete mix by following the evolution of values in 
different ages. 
 
In present paper a experimental work is carried out in order to validate, by means statistical tools of 
regression, the use of electrical resistivity test as a complementary tool for controling the concrete 
production.  
 
Experimental plan 
 
a) Material  
The study has been developed by testing 272 cylindrical specimens, of 150 mm of diameter and 300 
mm of length, made of concrete mix produced in a ready mix plant in the North part of Spain. The 
concrete used in the present work is characterized by a fck of 30 MPa and Consistence Class S2 (slump 
between 20 and 50 mm) in fresh state. Among others constituyents, it were used the cement type CEM 
II/B-V 32,5R, granitic coarse aggregate with a maximum particle size of 22 mm and river sand with a 
maximum particle size of 4 mm. The concrete specimens were unmolded the day after casting and 
then stored in humidity chamber at 20º C and more than 95% of relative humidity.  
 



b) Test procedures  
The assessment of ρ by means non-destructive tests have been carried out on each specimens used in 
compressive strength testing, immediately before it running. Prior to testing, the surface water of each 
specimen was removed with a damp cloth and specimens were placed on a dry wooden support. The 
temperature and relative humidity of laboratory for the test were maintained near to 21ºC and 50%, 
respectively.  
 
The ρ values were determined by using the four-point method (Wenner method) in accordance to 
Spanish Standard UNE 83988-2.  
 
Analysis of results  
 
It can be appreciated at table 1 the descriptive statistic of results (average, standard desviation and 
coefficient of variation) obtained from fc and ρ at different ages.  In regarding to average values, it 
observes for each variable the increment over the time, although the mentioned increment is different 
for each properties, as it can be seen in figure 1a. The electrical resistivity average presents an 
exponential behaviour which is more pronounced for latest time (figure 1b).  
In relation to the variation of values, it can be observed for both properties a much higher COV at 1 
day age, which is clearly decreased over the time. It is interesting to highlighted the ρ presents COV 
on the order of magnitude of those obtained from fc, mainly for 14 and 28 days of measurement.  
 
Table 1: Descriptive statistic of results obtained from test methods 

Compressive strength (MPa) Electrical resistivity (Ω.m) Age 
(days) Average St. 

desviation COV Average St. 
desviation COV 

1 12,1 6,1 0,50 14,4 8,6 0,60 
7 24,1 4,7 0,19 33,3 10,8 0,32 

14 27,5 5,1 0,19 46,2 10,3 0,22 
28 31,3 5,3 0,17 81,4 21,3 0,26 
91 39,8 6,7 0,17 234,1 91,2 0,39 
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Figure 1: Evolution over time of values obtained from a)fc an b) ρ test methods. 

At the figure 2a, it can be appreciated the scatter diagram of relation between fc and ρ for the period of 
measurements within 1 to 91 days age. It is noted a logarithimic or potential behaviour for the points 
over the time, where highest ρ values appears close to 500 Ω.m and fc ones exceed 50 Mpa at 91 days. 
It also apreciates in figure 2b a similiar tendency of increasing for values of fc and ρ obtained from 1, 



7 and 14 days, while the curve goes changing abrupt the straigth-line slope for 28 and 91 days with a 
apparent tendency to flatten the fc values. However, the resistivity appears increasing continuously 
with much higher values at the end of the period when compared to those obtained at 28 days. The 
explanation for this changing of slope can be founded on the fact that the volumen of voids in concrete 
achieves a constant value at early age (14 days in this case), meanwhile the pores network 
(conectivity, tortuosity) changes continuously during an additional period which can be detected by 
the electrical resistivity, as exposed before. 
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Figure 2: Graphic representation of relation between fc and ρ, where a) scatter diagram, and b) straight-line 
relationship between fc and ρ for each age. 

 
Proposal of linear models for estimating fc
 
In the present study it has choosen the linear regression analysis for developing simple equations for 
expressing the relationship between fc and ρ, as it is one of the most widely used statistical techniques 
for investigating and modelling the relationship between variables. 
 
The simple equation of straigth line relating two variables is εββ ++= xy 10 , where y is the response 
variable, x is the predictor variable, β0 is the intercept, β1 is the slope and the ε is the error. But, in 
general, the response variable y may be related to k predictors, so that 

εββββ +++++= kk xxxy ...22110 , which is called multiple linear regression model. The last one 
will be used following for expressing the relationship between fc and ρ. 
 
Based on the first analysis of results presented in the last chapter, and the nonlinearity detected, it has 
been defined some aspects for considering in development of linear models of fc estimation by 
means ρ [Montgomery et al.,2006]. The aspects are the following: 

i Transformation, simultaneously, of response variable (fc) by means neperian logarithmic or 
square root, when it is necessary;  
ii Transformation of predictor variable (ρ) by means neperian logarithmic or square root, and 
considering the cuadratic model structure for linearize the model; 
iii the time (t) as another predictor variable, since it is observed its strong influence on ρ values; 
iv instead of (ii), the use of indicator variables (or dummies, d), by considering the binary 0 and 1 

for indicating the age as non-numerical characteristic [Barreto and Howland]; 
v interaction between predictor variable (t) or dummies variables (d), and predictor variable (ρ) 

[Montgomery et al.]; 
 

In summary, there are presented below some examples of models, where it is including the interaccion 
for estimatin fc values, whose will be tested in accordance with the mentioned aspects above. The fact 



that we use the same simbols for the parameterss of different models is only for convenience, and does 
not imply that such parameters are the same in such different models. 
 
a) Logarithmic transformation – the time as addition predictor variable 

ttf c lnlnlnlnln1 43
2

220 ρββρβρββ ++++=                 (Eq.A) 
b) Square root transformation – the time as addition predictor variable  

ttfc ρββρβρββ 43210 ++++=                             (Eq.B) 
c) Logarithmic transformation – dummies variables 
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c) Square root transformation – dummies variables 
*
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1746352413210 ddddddddfc ββββββββρβρββ ++++++++++=        (Eq.D) 

 
At tables 2 and 3 it can be observed the proportion of variability in the data set that is accounted for by 
the mentioned statistical models, with or without interaction, for the estimation of fc or transformed fc 
values (lnfc or √fc). It is compared the value of adjusted R2 between twins models, for example 
Equation A to Equation A’. It is important to stress that it has been found R2 always higher than 0,889. 
 

Table 2: Measurement of acuracy of models when estimating fc

Estimation fc f ( )ixffc ⇒  

 With interaction Without interaction 

Equation A 
  )tlnln,ln,ln,(ln 2 tffc ρρρ⇒ )ln,ln,(ln 2 tffc ρρ⇒

Adjusted R2 0,923 0,907 

Equation B 
  ),,,( ttffc ρρρ⇒ ),,( tffc ρρ⇒

Adjusted R2 0,926 0,915 

Equation C 
  

Adjusted R2 0,937 0,929 

Equation D 
  

Adjusted R2 0,937 0,931 
 
Table 3: Measurement of accuracy of models when estimating lnfc or √fc. 

Estimation lnfc or √fc, ( )ixffc ⇒ln  or ( )ixffc ⇒  

 With interaction Without interaction 

Equation A’ 
  

Adjusted R2 0,929 0,905 

Equation B’ 
 
 

 

Adjusted R2 0,909 0,889 

Equation C’ 
 

 
Adjusted R2 0,934 0,934 

Equation D’ 
  

Adjusted R2 0,936 0,926 

)nointeracti,dummies,ln,(ln 2 ρρffc ⇒ )sρρffc ⇒ dummie,ln,(ln 2

)dummies,,( ρρffc⇒)ninteractiodummies,,,( ρρffc⇒

),(lnln 2 ttffc ρρρ⇒ lnln,ln,ln )ln,ln,(lnln 2 tffc ρρ⇒

),,( tffc ρρ⇒),,,( ttffc ρρρ⇒

)dummies,l,(lnln 2 ρρffc ⇒ n)nointeractidummies,,ln,(lnln 2 ρρffc ⇒

)ninteractio dummies,,,( ρρffc ⇒ )sdummie,,( ρρffc ⇒



It can be concluded that the equations A’, B, C and D, with interaction in all cases, are the most 
accurate models when applied to the data set, with a R2 higher than 0,925. However, although 
equations C and D present the best adjusted R2 than the others, it is decided to chose the equations 
based on the time as predictor variable (A’ an B), since their application in practice is more useful 
when the time is different than those tested 1, 7, 14, 28 or 91 days. Also, it is worth to say that the 
equation A' and B may be used only for a period of time included in the period of testing, since the 
behaviour beyond this limit has not been analyzed. 
 
In addition, in order to simplify both models, by suppressing a predictor variable of small significance, 
it has been considered interesting to testing the significance of regression models by means the t tests. 
This process is designed to lead to a model that represent adequately the data with the least possible 
number of parameters (following the so called principle of parsimony). In tables 4 and 5 it is presented 
the results of the ratio-t and the resulted modified equation in each case. 
 
Table 4: Analysis of significance of equation A’ 

Equation A’ Modified Equation A’ 
ttf c lnlnlnlnln1ln 43

2
220 ρββρβρββ ++++= ttfc lnlnlnlnln 4320 ρββρββ +++=

R2 0,930 R2 0,930  
Adjusted R2 0,929 Adjusted R2 0,929  
Standard error 2,769 Standard 2,773  

    
Coefficient Estimate ratio - t Coefficient Estimate ratio - t

β0 -0,449 -2,023 β0 -0,186 -2,026
β1 1,188 8,249 β1 1,006 28,877

β2(eliminated) -0,030 -1,300 β3 0,348 17,528
β3 0,265 3,973 β4 -0,130 -24,275
β4 -0,109 -6,244   

 
Table 5: Analysis of significance of equation B 

Equation B Modified Equation B 
ttfc ρββρβρββ 43210 ++++=  tfc ρβρβρββ 4210 +++=  

R2 0,927 R2 0,927  
Adjusted R2 0,926 Adjusted R2 0,926  
Standard error 2,852 Standard 2,846  

   
Coefficient Estimate ratio - t Coefficient Estimate ratio - t

β0 -11,300 -10,700 β0 -11,373 -11,777
β1 6,987 17,253 β1 7,047 32,810
β2 -0,078 -3,186 β2 -0,082 -8,977

β3(eliminated) 0,089 0,174 β4 -0,256 -15,294
β4 -0,263 -6,319  

 
So, the selected equations for the estimation of fc by means ρ are the following, where t should be 
included in the period between 1 to 91 days: 
Modified Eq A’: ( )ttf c lnln130.0ln348.0ln006.1186.0exp ρρ −++−=   (Eq.Mod A’) 
Modified Eq B: tf c ρρρ 256.0082.0047.7373.11 −−+−=                 (Eq.Mod B) 
 
At the figure 3 it can be observed the scatter diagrams for the comparison between estimated fc and 
experimental fc using modified Eq. A’ (Figure 3a) and modified Eq. B (Figure 3b). In according to the 
adjusted linear regression, both cases present a intersection point at axis Y just 1,4 to 2 points deviated 
from the origin. In regarding to the slope of curve, in both cases are “proxy” to 1, which represents the 



equality between estimated and experimental fc. So, it can be considered both equations successfully 
validated. 
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Figure 3 Scatter diagrams for the comparison between estimated fc and experimental fc.a) Modified equation A’ 
and b) Modified equation B. 

Conclusions 
 
In the present paper it has proposed the use of electrical resistivity as complementary tool for 
controling the concrete production at early ages. For achieving that goal, it has carried on a statistical 
linear regression analysis on the results obtained from compressive strength (fc-MPa) and electrical 
resistivity (ρ−Ω.m), both measured simultaneously at 1, 7, 14, 28 and 91 days. It has found a very 
satisfactory relationship between both properties of concrete, and it has proposed, then, two equations 
for estimating fc based on the ρ  and on the time (t) which have been successfully validated. It is 
concluded that the electrical resistivity is a suitable test for providing the estimated compressive 
strength with a high level of realiability. 
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Abstract 
Alkaline activation is a very versatile technology applicable to many materials whose composition hinges on the 
SiO2.Al2O3.CaO system (metakaolin, slag, fly ash...). Cement kiln (or bypass) dust (CKD) is, in turn, an 
industrial by-product generated in Portland cement manufacture. The purpose of the present study was to 
determine the effect of the addition of 5 and 20 % cement kiln dust on the alkaline activation of type F fly ash. 
The fly ash-cement kiln dust blends were alkali-activated with two solutions: W15 (SiO2/Na2O = 0.19) and W84 
(SiO2/Na2O = 0.19) and cured for 28 days at 85 ºC and 95% relative humidity. The findings appear to indicate 
that the primary reaction products precipitating were a mix of cementitious gels: an alkaline aluminosilicate gel 
including calcium in its structure ((C,N)-A-S-H gel), perhaps resulting from fly ash activation, and a C-S-H gel 
containing Al, whose presence may be attributed to CKD hydration. The formation of these gels gave rise to an 
uneven distribution of reaction products, yielding products whose mechanical strength proved to be lower than 
in pastes with no cement kiln dust. That notwithstanding, in all the cases studied the strength values obtained 
were higher than 30 MPa. 
 
Originality 
The originality of the present research lies essentially in the formula proposed to re-use cement kiln dust: as an 
addition in the cements obtained with alkali-activated power plant fly ash. In other words, the proposal is to use 
two industrial by-products to obtain a new cementitious binder, which would not only improve environmental 
conditions but would add value by deepening the understanding of alkaline activation as an alternative 
procedure for obtaining new cements.  
 
Chief contributions 
The main contribution attributable to this research is the attainment of materials with good cementitious 
properties via alkaline activation of a blend of two industrial by-products: fly ash and cement kiln dust. From the 
standpoint of further knowledge, this study showed that the cement developed generates reaction products 
consisting of a mix of an alkaline aluminosilicate gel with calcium in its structure ((C,N)-A-S-H gel) and an Al-
containing C-S-H gel. Another finding was that the working conditions (curing at a temperature of 85 ºC and 
high alkalinity) prevented the sulfates (anhydrite) and chlorides (sylvite) present in the CKD from forming 
ettringite, Friedel's or similar salts.  
 
 
 
Keywords: alkali-activated fly ash, cement kiln dust, sodium silicate.  
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1. Introduction 
Alkaline activation is a chemical process whereby silicoaluminate materials with amorphous or 
vitreous structures are transformed, via interaction with highly alkaline solutions and moderate curing, 
into products with good cementitious properties. The main reaction product formed in this process is a 
three-dimensional alkaline silicoaluminate gel (N-A-S-H gel). A number of zeolites are obtained as 
secondary reaction products (Palomo et al. 1999, Palomo et al. 2004, Fernández-Jiménez and Palomo 
2005a, Duxon et al. 2007). 
Alkaline activation procedures, which are highly versatile, can be used to activate a large number of 
materials with compositions based on the SiO2-Al2O3-CaO system (such as metakaolin, slag and fly 
ash). Moreover, cement kiln (or bypass) dust (CKD) is an industrial by-product generated during 
Portland cement manufacture. The alkali, sulfate and chloride contents of this material often surpasses 
the recommended ceilings for cement recycling (Maslehuddin et al. 2009). 
The study described here addressed the possible re-use of CKD by alkali activating a blend of this 
material and coal-fired steam plant fly ash. In other words, the proposal consisted of using two 
industrial. by-products to obtain a new hybrid cementitious material. 
To date, most research on CKD recycling have focused on the study of the percentage of dust that can 
be used as a cement replacement without seriously compromising the mechanical or microstructural 
properties or durability of the end product (Maslehuddin et al. 2009, Konsta et al. 2003). A few 
authors have also explored the possibility of activating pozzolanic materials (slag, fly ash, metakaolin) 
with the alkalis and sulfates present in cement kiln dust (Konsta et al. 2003, Buchwald et al. 2005). 
These papers showed, however, that a high equivalent alkali content did not necessarily lead to high 
pH values in the pore solutions, where many of the alkalis are present as chlorides. 
Wang et al. (2004) studied the possibility of developing cements with 50 % CKD/50 % fly ash blends 
in moderately alkaline media (2 and 5 % NaOH and curing temperatures of 24, 38 and 50 ºC). These 
authors reported 56-day strength values of up to 27 MPa when the activator was 2 % NaOH and the 
material was cured at 38 ºC. They also reported that the reaction products formed were essentially a 
C-S-H gel and ettringite.  
Practically no research has been conducted, however, on the alkaline activation of fly ash + cement 
kiln dust blends in the more vigorous conditions (high alkali concentration and curing temperatures ≈ 
85 ºC) generally used to manufacture alkali-activated cements. The specific objective of the present 
research, then, was to determine whether the blend of bypass dust (5 or 20 wt%) and fly ash would 
significantly affect the alkaline activation of the ash and therefore the mechanical properties and 
nature and composition of the reaction products (N-A-S-H gel and zeolites). 
 
2. Experimental 
Table 1 gives the chemical composition of the fly ash and cement kiln dust used. The fly ash consisted 
primarily of SiO2 and Al2O3, with 41.23 wt% of reactive silica (determined as described in Spanish 
standard UNE 80-225-93) and a vitreous content of 65.60 %, computed from the findings of a cold, 6-
hour attack with 1 % HF (Arjunan, et al. 1997, Fernández-Jiménez et al. 2006a). The cement kiln dust, in 
turn, primarily comprised CaO, alkalis, sulfates and chlorides. This material also exhibited substantial 
loss on ignition: 25.87 %.   

Table 1. Chemical composition (wt%) of Aboño ash and cement kiln dust 
  SiO2 Al2O3 Fe2O3 MgO CaO Na2O SO3 K2O TiO2 P2O5 F Cl LOI 

FA 51.78 27.8 6.18 1.52 4.59 0.59 0.71 2.51 1.35 0.62 - - 2.23 
CKD 5.59 2.24 0.89 0.35 34.09 1.12 10.48 13.68 - - 0.14 7.47 25.87

 
Figure 1(a) shows the diffractograms for the fly ash (FA) and cement kiln dust (CKD) analysed. The 
fly ash exhibited a halo characteristic of its vitreous phase at a 2Ө angle ranging from 20 to 35º and 
quartz (SiO2 JCPDS 05-0490), mullite (3Al2O3·2SiO2, JCPDS 15-776) and magnetite (Fe3O4 JCPDS 
85-1436) as minority crystalline phases. The CKD, in turn, contained crystalline phases identified as 
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free CaO (JCPDS 37-1497), sylvite (KCl, JCPDS 73-380), C2S (JCPDS 83-0461), C3S (JCPDS 31-
301), portlandite (JCPDS 44-1481), quartz (JCPDS 05-490) and anhydrite (JCPDS 01-578).  
 

Figure 1(b) reproduces the FTIR 
spectra for fly ash and CKD 
(1800-400 cm-1 region). The fly 
ash had a wide, intense band 
centred at around 1046 cm-1 (band 
a) associated with the 
asymmetrical stretching vibrations 
generated by the T-O bond (T: Si 
or Al), as well as a second intense 
band at 468 cm-1 (band f) 
associated with T-O-T bond 
bending vibrations. The other 
bands observed were attributed to 
quartz Si-O bond vibrations 
(bands b, c and d) and the 

aluminium in mullite (band e). The spectrum for the cement kiln dust showed an intense main double 
band (3 and 4 at 1150-1118 cm-1) associated with the S-O bond stretching vibrations in calcium 
sulfate, and bands 6 and 7 in the 880 to 835 cm-1 range, identified with the O-Si-O bending vibrations 
attributed to the calcium silicates that constitute the cement. Bands 5 and 8 correspond to the Si-O 
stretching vibrations in quartz. The bands appearing in the two spectra at around 1630 cm-1 and 1447 
cm-1 (bands 1 and 2) were attributed to the bending vibrations generated by the O-H-O bonds in water 
and the CO3

2- C-O bond stretching vibrations, respectively. 
Fly ash blends containing 0, 5 and 20 wt% CKD were alkaline activated with W15 and W84 solutions 
(see Table 2). The liquid/solid ratio was 0.4 throughout. The reagents used in the solutions were 
NaOH pellets (98 % pure Panreac reagent) and Manuel Riesgo S.A. sodium silicate (density = 1.38 
g/cm3 and composition 8.2 % Na2O, 27 % SiO2 and 64.8 % H2O). 

 
Table 2. Working solution composition 

COMPOSITION (%) SOLUTION 
Na2O SiO2 H2O 

SiO2/Na2O 
RATIO 

W15 =(85% NaOH 10M +15% sodium silicate)  21.03 4.05 74.92 0.19 
W84 =(16% NaOH pellets +84% sodium silicate) 19.30 22.70 58.00 1.17 

 

These pastes were used to prepare 1x1x6-cm specimens cured for 28 days at 85 ºC and a constant 
relative humidity of 95%. The mechanical properties of the cements generated by the ash + CKD 
blends activated with the two alkaline solutions were determined by testing the prismatic specimens to 
failure on an Ibertest (Autotest –200/10-SW) testing frame. Part of the 28-day hardened material was 
ground (to < 65 μm), mixed with a small volume of acetone (to dehydrate the system and prevent 
further reaction) and subsequently rinsed with ethanol. This fraction of material was used for the 
mineralogical and microstructural studies conducted with powder X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR) and scanning electron microscopy (BSEM/EDX). The 
BRUKER D8 Advance diffractometer used in the first of the three analyses had a 4-kW generator and 
a Cu anode X-ray tube. Its normal operating conditions were 40 kV and 50 mA and it was fitted with 
an automatic divergence slit, a graphite monochromator and an automatic sample changer. FTIR was 
conducted on a Thermo Scientific NicoletTM 6700 FT-IR spectrometer. The solid samples were 
prepared using the pressed KBr pellet method. Each pellet contained approximately 1.0 mg of sample 
and 300 mg of KBr. Finally a JEOL 5400 electron microscope, fitted with an OXFORD ISIS system 

Figure 1. Diffractograms (a) and FTIR spectra (b) for fly ash and 
cement kiln dust  
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energy-dispersive X ray spectrometer, was used for the BSEM/EDX studies. The working distance 
was 20 mm and the working voltage 20 kV. The samples were embedded in epoxy resin, sliced, 
polished and subsequently vacuum-dried and carbon-coated. 
 
3. Results and discussion 
 
Figure 2 shows the mechanical strength values 
found for the hardened pastes. The addition of 
CKD was observed to lower mechanical strength, 
although the intensity of the effect depended on 
the type of alkaline activator used. With solution 
W15, for instance, adding 5 or 20 % dust had very 
similar effects, with a decline in strength in both 
cases of on the order of 45 %. When W84 was the 
activator, however, the inclusion of 5 % CKD 
barely modified the mechanical strength values, 
whereas with a 20 % replacement, strength fell by 
34 %. In any event, regardless of the percentage of 
cement kiln dust used, the mechanical strength 
values obtained were over 30 MPa in all cases. 
 
Figures 3(a) and (b) show the diffractograms for the activated materials. The halo observed in all 
cases at around 2θ=20-35º was associated with the presence of N-A-S-H gel, the compound primarily 
responsible for the mechanical properties in these materials (Fernández-Jiménez et al. 2006b). The 
minority mineralogical phases present in the original ash (quartz, mullite and magnetite) were also 
identified, along with a series of diffraction lines associated with the formation of zeolite species. The 
type of zeolite formed varied with the alkaline activator used, but was apparently unaffected by the 
percentage of CKD added (5 or 20 %). When W15 was the activator, the zeolites present were 
sodalite (SA, JCPDS 31-1271) and chabazite-Na (also known as herschelite, JCPDS 19-1178), while 
W84 activation yielded zeolite P (JCPDS 40-1464).  
 

Another important finding 
was that the presence of 
bypass dust barely induced 
the formation of other 
crystalline phases, even at 
the higher percentage. The 
sole change observed was 
the presence of calcite in the 
XRD patterns for the pastes 
containing CKD. The 
diffraction lines associated 
with crystalline phases in 
the dust, such as CaO, 
portlandite, KCl, C2S and 
anhydrite were absent, 
however (see Figure 1). This 
would appear to indicate 
that the CKD reacted, but 
that the reaction products 

formed were not crystalline (or at least not sufficiently crystalline to be diffracted by XRD) or the 
quantities formed were too small to be detected by the X-rays. 
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Figure 2. 28-day compressive strength in alkali-
activated fly ash + cement kiln dust pastes  
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Figure 3. Diffractograms for samples activated with alkaline solutions (a) 
W15 and (b) W84; M=mullite, Q=quartz, H=herschelite, SA= sodalite and 
P=zeolite P 
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Although the high sulfate and chloride content in CKD could have induced the formation of ettringite 
or even Friedel’s salt (Konsta et al. 2003, Wang et al. 2004, Maslehuddin et al. 2009), these phases 
were not detected in these systems. That may be attributed to two factors: the very high alkalinity and 
the curing temperature (85 ºC). Both factors destabilise these phases, which consequently failed to 
form in such systems. This observation also suggests that the sulfates or chlorides were thoroughly 
dissolved in the pore aqueous phase or physisorbed on the surface of the reaction products, although 
confirmation of these hypotheses would require further research. 
Figure 4 shows the FTIR findings for the alkaline activation products. The main band at 1100-900 cm-

1, attributed to the asymmetric stretching vibrations generated by the T-O-T bond (T= Si or Al), was 
observed to appear at 1020 cm-1 in the absence of CKD, while when 5 or 20 % of the addition was 
present it shifted to lower frequencies. The position of this band in the spectrum for the material 
containing no bypass dust (1020 cm-1) was associated with the formation of a typical N-A-S-H gel 
(Fernández-Jiménez et al. 2005b), whereas the band at 980 cm-1 was an indication of the formation of 
less polymerised, perhaps Ca-rich gels (C-S-H – type gels) (Yu et al. 1999). What this shift actually 
suggests is the possible formation of two types of gels. 
 

Spectrum subtraction techniques were 
deployed to confirm whether the band 
shift observed with the addition of CKD 
to the fly ash was due to the formation of 
two cementitious gels. An example of 
the results of the procedure is illustrated 
in Figure 5(a): the spectrum for paste 
W84+0 % CKD was subtracted from 
spectrum W84+20 % CKD. The result 
was a spectrum with an intense band 
centred at 972 cm-1, which concurred 
with the position occupied by C-S-H 
gels. Figure 5(b) shows the spectra 
obtained by subtracting the spectrum for 
the material with no dust from the 
spectra for the blends containing (5 or 
20 %) CKD. In all cases this operation 

revealed the existence of a wide band that shifted toward lower frequencies with rising percentages of 
cement kiln dust. In the blend with 5 % CKD the band appeared at 988-1000 cm-1 and in the material 
containing 20 %, at 980-972 cm-1 with solutions W15 and W84, respectively. This shift with 
increasing CKD content was an indication that two types of gels were in fact forming in the pastes 
with CKD: N-A-S-H gel, as the result of the reaction of the fly ash with the alkalis, and a C-S-H gel, 
very likely with some Al in its structure, as the result of the reaction between the calcium silicates 
(C2S, C3S) present in the CKD or the CaO and Ca(OH)2, also present in the dust, with the silica from 
either the alkaline solution or released by the ash as it dissolved in the alkaline medium. 
The effect of the alkaline activator used was as expected: solution W84, with a higher silicon content, 
led to wider bands due to the formation of less crystalline (less orderly) gels. Similar behaviour has 
been reported in previous research on this type of solutions (Criado et al. 2007). 
Another significant finding was that when one spectrum was subtracted from the other, a small 
shoulder (see signal s, Figure 5(b)) appeared at around 1120-1160 cm-1, which might be associated 
with the presence of sulfates. While the existence of this band confirmed the presence of sulfates in 
the pastes containing CKD, however, its position and scant intensity provided insufficient grounds to 
determine the characteristics of these compounds in any detail. 
 
Finally, a BSEM/EDX study was conducted to confirm the formation of the two types of cementitious 
gels in these materials. Figure 6 shows the findings for the blend with 20 % CKD activated with 

(b) (a) 

Figure 4. FTIR spectra for the blend of fly ash + CKD 
alkali-activated with solutions (a) W15 and (b) W84 
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solution W84. These images would appear 
to confirm the formation of the two 
aforementioned gels. P1 identifies 
carbonates (calcite) associated with the 
carbonation of portlandite or the free CaO 
present in the CKD. Point P2 is an 
anhydrous ash particle. P3 is an example of 
the majority phase in the matrix, a 
silicoaluminous gel formed as a result of the 
reaction between fly ash and alkalis. In the 
absence of CKD it would have been a N-A-
S-H gel, but in the presence of the dust a 
certain percentage of Ca was taken up into 
its structure to form a (C,N)-A-S-H gel with 
a Ca/Si ratio ≈ 0.45±0.5. P4 represents the 
reaction of a cement kiln dust particle 
possibly comprising C2S, That particle gave rise to the formation of C-S-H gel, which in turn took up 
some Al and Na in its structure. 
The BSEM/EDX analyses detected not only the presence of Si, Al, Ca and Na, but also consistently 
revealed the existence of a variable amount of sulfates and chlorides, although no specific compound 
forming from these anions was observed. That would also corroborate the hypothesis proposed, 
namely that in the working conditions (high alkalinity and temperature) in which these cementitious 
materials were synthesised, the sulfates and chlorides formed neither ettringite nor other salts, but 
rather were physisorbed onto the reaction products. Further study is required in this regard, in 
particular on long-term durability problems that may arise.  
Another important finding was that the materials studied exhibited a more heterogeneous matrix than 
formed in fly ash activation in the absence of CKD (Fernández-Jiménez et al. 2005c). This uneven 
distribution of reaction products might be related to the decline in the mechanical resistance of CKD-
containing pastes, notwithstanding the reactions taking place and the formation of a cementitious gel 
such as C-S-H. Despite that decline, materials with good mechanical properties were obtained in all 
cases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6. BSEM images of a W84-activated sample containing 20 % CKD 
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Figure 5. Result of subtracting FTIR spectra for 
samples with 0 % CKD from the spectra for samples 
containing 5 and 20 % CKD. 
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4. Conclusions 
 
The conclusions to be drawn from the present study are set out below. 
 
-The main reaction products formed in the alkaline activation of fly ash and CKD were an alkaline 
aluminosilicate gel with calcium in its structure ((C,N-A-S-H) gel) and, as a result of the reaction 
involving the CKD, an Al-containing C-S-H gel. 
 
-Zeolites formed as secondary reaction products in both the presence and the absence of CKD. 
Neither the type nor the amount of zeolites appeared to be significantly affected by the presence of 
CKD. Rather, the type of alkaline activator used played a determinant role in this respect. 
 
-The working conditions (85 ºC curing temperature and high alkalinity) prevented the formation of 
ettringite or Friedel’s or similar salts, despite the presence of a considerable percentage of sulfates 
(anyhdrite) and chlorides (sylvite) in the CKD-containing cementitious systems studied. 
 
- In the presence of CKD in the blends, the reaction product was distributed unevenly in the pastes. 
This may explain the decline in mechanical strength with respect to pastes containing no CKD. Good 
mechanical performance was observed in all the cases studied, however. 
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Abstract 

The present study assessed the accuracy with which two types of chemical attacks (acid and basic) 
quantified the potential reactivity of a series of natural and industrial aluminosilicates: two white clays, a 
red clay, a potassium feldspar and a fly ash. The acid attack (1 % HF) was performed pursuant to a 
procedure proposed by Arjunan et al. in the Tenth ICCC to quantify the vitreous phase in fly ash. The 
alkaline attack (8-M NaOH) consisted of reproducing the conditions prevailing in the alkaline activation 
of aluminosilicates. Quantification of the material dissolved in the two media showed that the results 
were comparable for all the aluminosilicates except potassium feldspar. The leachates from the chemical 
attacks were also analysed (with ICP) to quantify the solubilised silica and alumina and thus determine 
the (SiO2/Al2O3) reactive ratio in the aluminosilicates studied. A series of blends of these materials were 
also prepared for alkaline activation. The cements obtained were attacked with a 1:20 HCl solution to 
dissolve only the reaction products generated. Here also, ICP was used to analyse the resulting leachate 
and determine the SiO2/Al2O3 ratio in the reaction products. The experimental results showed that the 
(SiO2/Al2O3) reactive ratio calculated for the starting materials and the SiO2/Al2O3 ratio in the reaction 
products were closely correlated. 

Originality 

The SiO2/Al2O3 ratio of the N-A-S-H gel forming when a natural or industrial aluminosilicate is exposed 
to a highly alkaline medium and the amount of gel precipitating in the system in the process are two of 
the factors that determine mechanical strength development in alkaline cements. The latter factor 
depends heavily on the inherent reactivity of the starting materials, while the SiO2/Al2O3 ratio of N-A-S-H 
gels depends on the relative amount of silica and alumina ((SiO2/Al2O3)reactive ratio) present at the outset. 
The originality of the present research lies in its assessment of the capacity of different sources of silica 
and alumina to yield a material with good cementitious properties by quantifying the potentially reactive 
phase present in these starting materials. Moreover, an analytical procedure is proposed to 
independently and specifically determine the silica and reactive alumina content, i.e., the 
(SiO2/Al2O3)reactive ratio, in a series of natural and industrial aluminosilicates, a parameter for which no 
methodology has been put forward to date.  

Chief contributions 

The main contribution that can be attributed to this research is the quantification of the silica and 
reactive alumina content ((SiO2/Al2O3) reactive ratio) in a series of aluminosilicates of varying nature. This 
contribution is significant inasmuch as the ratio can be used to predict the properties of the alkaline 
cements obtained from a given aluminosilicate and therefore speedily and simply assess its aptness for 
use as a prime material in alkaline activation. The study also showed that while alkaline cements call for 
highly alkaline conditions, the reactivity of the aluminosilicates used can be assessed by an acid attack 
with a 1 % HF solution, for the results obtained with this attack were comparable to the findings 
observed under experimental conditions simulating alkaline activation.  
 
Keywords: alkaline activation, natural aluminosilicates, reactive alumina content, clays. 
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1. Introduction 
 
The development of eco-cements by alkaline activating fly ash and metakaolin has progressed 
substantially in the last twenty years in light of the high strength and long durability featured by 
these materials, as well as the environmental benefits associated with their manufacture and use 
(drastic reduction of CO2 emissions, energy savings and reuse of industrial by-products or 
waste). While such eco-cements constitute an increasingly feasible alternative to the Portland 
material, certain limitations that constrain or obstruct their global implementation have yet to be 
solved. One of these limitations is the difficulty of ensuring a steady supply of ash or kaolin. 
This drawback has driven the search for alternative sources of silicon and aluminium to respond 
to future demands and guarantee an alternative to the use of such materials. Common clay and 
feldspars are natural sources of silicon and aluminium present everywhere on the Earth’s crust, 
but to date very few studies have been conducted on the behaviour and possible applicability of 
these materials in alkaline activation (Xu and van Deventer, 2000; Xu and van Deventer, 2002; 
Krivenko and Kovalchuk, 2007; Buchwald et al., 2009). 
The most common alkaline activation procedure is based on the dissolution of the 
vitreous/amorphous phase of fly ash and metakaolinite in an alkaline medium ([OH-] ≥ 8M) at a 
moderate temperature (≈ 85 ºC). The result is the appearance of small silicate and aluminate 
species that condense and ultimately precipitate in the form of an alkaline silicoaluminous gel. 
This gel is the substance primarily responsible for the mechanical properties characteristic of 
these cements (Fernández-Jiménez et al, 2005). While any aluminosilicate with a sufficiently 
high silicon and aluminium content may theoretically be alkali-activated, the material used must 
also be readily soluble in a basic medium; in other words, its amorphous or vitreous phase must 
account for a significant proportion of the total.  
In the Tenth ICCC, Arjunan et al. (Arjunan et al, 1997) published an analytical procedure for 
quantifying the vitreous phase (potentially reactive phase in alkaline activation processes) in fly 
ash by means of a selective attack with a 1 % HF solution. While the purpose pursued by those 
authors was totally unrelated to alkaline activation and alkaline cements can only be obtained in 
highly alkaline media, the methodology proposed by these authors has become a useful tool for 
assessing fly ash reactivity prior to alkaline activation. 
The present study addressed the aptness of a series of natural and industrial aluminosilicates as 
starting materials for alkaline activation by quantifying their potentially reactive 
(amorphous/vitreous) phase. Quantification was performed in two separate ways: on the one 
hand a selective acid attack was conducted as per the procedure proposed by Arjunan et al., and 
on the other an analogous methodology was established that reproduced the conditions 
prevailing in the preparation of alkaline cements [OH-] ≥ 8M and T = 80 º C). The independent 
quantification of the amount of solubilised silica and alumina after the two attacks revealed that 
the results in acid and basic media were closely correlated. These findings were also used to 
determine the (SiO2/Al2O3) reactive ratio of the aluminosilicates studied, a determinant of strength 
development in alkaline cements.  

2. Experimental 

Five silicoaluminous materials were used. Four were natural (white clay, B35;ball clay, L12; 
red clay, BG; and potassium feldspar, KFeld), while the fifth was a fly ash (FA) from the coal-
fired steam power plant at Aboño, Asturias, Spain. The clays used were dehydroxylated at 750  
º C for five hours to increase the amorphous phase and consequently reactivity (Granizo et al., 
2007). The chemical composition (in the form of oxides) of these materials was obtained by 
XRF (see Table 1) on a PHILIPS PW-1004 X-RAY spectrometer. All the materials were 
characterised for mineralogy with XRD on a BRUKER AXS D8 ADVANCE laser diffractometer. 
Readings were taken in the 2 interval = 0-60º. The particle size distribution of the starting 
materials was studied on a SYMPATEC diffractometer in a measuring range of 0.90-175 
microns. After that analysis, four of the five aluminosilicates were observed to have a suitable 
particle size distribution (≈ 80 % of the particles had a diameter of 45 μm or smaller). In L12, 
the exception, only 60 % of the particles had a size of under 45 microns.  
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Table 1. Chemical composition (XRF) of the starting materials 
 

Chemical composition (% oxides)  
SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 Otros LoI  Total 

FA 51.78 27.80 6.18 0.06 1.52 4.59 0.59 2.51 1.35 1.40 2.23 100 
B35 58.76 32.72 1.70 0.01 1.60 1.04 -- 1.85 0.30 0.22 1.83* 100 
L12 51.15 39.53 5.51 0.023 0.61 0.57 0.14 1.50 0.93 0.046 0.00* 100 
BG 59.36 27.46 5.25 0.066 0.89 0.62 0.13 3.42 1.06 0.26 1.48* 100 

K-Feld 68.55 17.88 0.16 -- 0.050 0.40 2.13 10.34 0.030 0.050 0.41 100 

LoI: Loss on Ignition from 25 – 1000 º C, LoI*: Loss on ignition from 750 to 1000 º C. 
 
Two methods were used to quantify potentially reactive material: 
a) Acid attack: one gram of each aluminosilicate was placed in 100.00 millilitres of a 1 % HF 
solution and stirred constantly for five hours. The resulting solution was then filtered, the 
residue was rinsed with distilled water until a neutral pH was attained and the amount of 
insoluble material was quantified.  
b) Basic attack: the method used for this attack was similar to the above, except that in this 
case, to reproduce the conditions normally prevailing in alkaline activation, the reaction took 
place in a flask bathed at 80  2 ºC and the solution used in the chemical attack was 8-M NaOH. 
All the residues were characterised with XRD on the diffractometer described above and the 
amounts of solubilised (potentially reactive) silica and alumina were quantified with ICP in the 
leachates obtained after the two attacks. These findings were used to calculate the 
(SiO2/Al2O3)reactive for each material The ICP analyses were conducted on a Varian 725-ES ICP 
atomic emission spectrometer with the following characteristics: plasma power, 1.40 kW; 
plasma gas flow, 15.00 l/min; nebuliser gas flow, 0.85 l/min; read time, 5 s. 
Once the (SiO2/Al2O3) reactive ratios were determined for all the starting aluminosilicates, a series 
of blends were designed for alkaline activation (see Table 4). The samples were cured for 20 
hours in a kiln at 80 ºC and a relative humidity of ≥ 90 %. The specimens were tested for 
compressive strength and subsequently characterised for mineralogy with XRD. The degree of 
reaction was also found for the cements obtained by attacking one gram of each with 250.00 ml 
of a 1:20 HCl solution (Fernández-Jiménez et al., 2006a). The amount of silicon and aluminium 
forming part of the reaction products ((SiO2/Al2O3) product) was quantified by ICP analysis of the 
solution after the attack . 

3. Results and discussion 

The mineralogical analysis of the starting aluminosilicates revealed that all the clays contained 
varying proportions of quartz, illite, muscovite and kaolinite.  Montmorillonite was also 
detected in clay B35. After dehydroxylation, the diffraction lines characteristic of kaolinite and 
montmorillonite disappeared due to the structural changes taking place in these phases. This 
modification of the structural skeleton yielded an amorphous phase known as metakaolinite. 
The main constituents of fly ash were a vitreous phase (halo at 2θ angle  20-30º) and 
crystalline mullite, hematite and quartz. Lastly, the potassium feldspar used comprised 
microcline, quartz, orthoclase and a small proportion of albite.  
As indicated in the experimental section, these materials were exposed to both acid (1 % HF) 
and alkaline (8-M NaOH) attack. The quantification of the material solubilised as a result of 
these attacks (potentially reactive) is given in Table 2.  
 

                                                 
 A slight weight loss was observed in the clays when heated to 750-1000 ºC. Consequently, for quantification, the 
filters and respective residues were kiln-dried at 100 ºC to a constant weight instead of being incinerated at 1000 ºC. 
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Table 2. Per cent of potentially reactive phase determined by acid and alkaline attack 

 
The values obtained were so similar for the two types of chemical attack that, with the exception 
of potassium feldspar, the minor differences fell within the range of experimental error. 
All the residues obtained were analysed with XRD to verify which phases were solubilised in 
each type of chemical attack (acid or alkaline) and ascertain whether the variations observed 
were due to possible differences in solubility. The diffractograms generated by the materials 
exhibiting the widest differences between the values found with the acid and base procedures, 
namely the fly ash, white clay B35 and potassium feldspar residues, are reproduced in Figure 1.  

Fig. 1. Diffractograms generated by starting materials (black patterns) and residues after hydrolysis in acid (red 
patterns) and alkaline (blue patterns) media: (a) fly ash; (b) white clay B35; (c) potassium feldspar; (d) detail of 

residues generated by potassium feldspar 

Legend: m: mullite-Al6Si2O13; h: hematite-Fe2O3; c: calcium oxide-CaO; z: zeolite Zh-Na2Si2.1Al2O8.2. xH2O; mk: 
muscovite-KAl3Si3O11; I:illite-(K,H3O) Al2Si3AlO10 (OH)2; i: illite(1); Q: quartz-SiO2; M: microcline-KAlSi3O8,; 

o:orthoclase- KAlSi3O8; A: albite.NaAlSi3O8 
(1) These diffraction lines are believed to be the result of the formation of a small amount of illite as a result of the dehydroxylation 

of the montmorillonite present in this clay 
 
Note the appearance of a new series of diffraction lines (z) on the diffractograms generated by 
the fly ash residue (see Figure 1(a)) after the alkaline attack. These lines were associated with 
zeolite Zh. The crystallisation of this zeolite, a secondary reaction product in alkaline activation, 
implied that part of the material that initially dissolved (and was consequently reactive) later 
crystallised and formed part of the insoluble residue. 
The small amount of possibly less orderly illite (i) appearing in clay B35 after dehydroxylation 
solubilised completely in the alkaline medium, but remained unaltered after the respective acid 
attack (see Figure 1 (b)). The difference in solubility in acid and alkaline media observed for 
this phase might explain the minor difference detected in the amount of material solubilised in 
these two types of attack (see Table 2).  
Figures 1(c) and (d) show that microcline (main crystalline phase in potassium feldspar) 
dissolved partially in the acid but remained apparently unaltered in the alkaline medium. This 

1 % HF 8-M NaOH (N8)  
Solubilised phase (wt %) Solubilised phase (wt %) 

Difference 
(acid-alkaline value) 

FA 65.6 64.7 0.9 
B35-750ºC/5h 66.0 70.9 - 4.9 
L-12-750ºC/5h 72.8 71.3 1.5 
BG-750ºC/5h 48.1 48.07 0.03 

KFeld 53.3 15 38.3 
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might provide at least a partial explanation for the differences found in the amount of KFeld 
solubilised in the acid and alkaline media.  
Table 3 shows the ICP quantification of the silica, alumina and iron oxide solubilised in the 
acid and the alkaline solutions. These findings are graphed in Figure 2, along with the 
(SiO2/Al2O3) reactive ratios computed for each aluminosilicate from these values.  

Table 3. Per cent (wt) of silica, alumina and iron oxide solubilised after acid and alkaline attack 
wt% solubilised – 1 % HF wt% solubilised – 8-M NaOH   

SiO2   Al2O3   Fe2O3   (SiO2/Al2O3)reactive SiO2  Al2O3  Fe2O3  (SiO2/Al2O3)reactive 
FA 35.00 17.00 4.43 2.06 31.31 13.50 0.13 2.32 

B35-750ºC/5h 35.90 22.00 1.26 1.63 47.20 24.21  0.15 1.95 
L-12-750ºC/5h 34.00 30.40 3.34 1.12 35.26 29.91 0.21 1.18 
BG-750ºC/5h 23.50 16.50 2.55 1.42 23.15 16.03 0.30 1.44 

KFeld 34.50 11.00 0.13 3.14 2.65 0.8 <D.T. 3.31 
D.T.: detection threshold 

 

Fig. 2. Comparison of the amount of (a) silica and (b) alumina solubilised in acid (red curve) and alkali 
(blue curve) media in the aluminosilicates studied; (c) (SiO2/Al2O3)reactive ratio (increasing order) 

Rótulos fig. 2 

 

These findings confirmed that the amount of silica and alumina solubilised in acid media was 
comparable to the amount dissolved in basic media, except in feldspar, as noted earlier. The 
(SiO2/Al2O3) reactive ratios, in turn, were very similar in the two types of attack (8-M NaOH or 1 % 
HF), even for the feldspar. Although much greater amounts of the silica and alumina present in 
this material dissolved in the acid than in the alkali, the relative amounts of silicon and 
aluminium were the same in the two. The acid medium was consistently observed to solubilise 
slightly higher amounts of iron. 
Table 4 gives the denomination and composition of the blends designed for alkaline activation, 
along with the mechanical strength, degree of reaction and SiO2/Al2O3 ratios of the reaction 
products obtained. These ratios are shown graphically in Figure 3, where they are compared to 
the (SiO2/Al2O3) reactive ratios calculated for the starting material when exposed to an acid 
medium. 

Table 4. Mechanical strength, degree of reaction (α) and (SiO2/Al2O3) product ratio for aluminosilicate 
blends 

Initial binder Paste (20 h/85 º C) 
Blend (SiO2/Al2O3)reactive S/B(2) Strength (MPa)(3) α (4) (SiO2/Al2O3) product 

M1:100% FA 2.1 0.35 28.60 ± 1.01  50 1.5 
M4:70% FA+30% B35(1) 1.9 0.50 25.92 ± 1.06  61.9 1.9 
M5: 30% FA+70% B35(1) 1.7 0.75 18.20 ± 1.56  67.3 1.7 
M7: 30% FA+70%BG(1) 1.6 0.45 18.64 ± 1.19  49 1.6 

(1): Clay dehydroxylated at 750 ºC for 5 h. (2): Alkaline solution/binder ratio used to prepare the pastes and ensure suitable 
workability (3): Compressive strength in MPa = Mega Pascal (4) α: degree of reaction (wt %) 
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Fig. 3 (a) Comparison of the (SiO2/Al2O3) reactive ratio in the starting materials (acid medium) to the 

SiO2/Al2O3 ratio in the reaction products obtained after activation; (b) % of potentially reactive phase and 
degree of reaction for the blends designed. 

 
The figure illustrates the striking concurrence between the (SiO2/Al2O3) reactive ratios calculated 
for each binder and the SiO2/Al2O3 ratios for the products of their alkaline activation. Fly ash 
was the only binder for which a discrepancy between these ratios was observed. As whereas the 
(SiO2/Al2O3) reactive ratio of the order of 2 found for the ash would be expected to yield a 
SiO2/Al2O3 ratio in the activation products of about 2, the ratio for the latter was actually 
observed to be 1.5. The explanation for this difference might lie in the degree of reaction of 
these materials in general and fly ash in particular. According to the present findings, of the 
66 % of the potentially reactive material present in the ash (see Table 2), only 50 % reacted (see 
Table 4). Prior studies showed that during alkaline activation of fly ash, the gel initially formed 
(gel I) is rich in aluminium. As the reaction progresses, the gel takes up more silicon, ultimately 
attaining a SiO2/Al2O3 ≈ 2 (gel II) (Fernández-Jiménez et al, 2006b). In this case, there is every 
indication that for kinetic reasons, a substantial part of the silicon had not yet solubilised, and 
consequently the products had not yet reached their potential SiO2/Al2O3 ratio. Pursuing that 
line of reasoning, the idea that this type of methodology might eventually be used to monitor 
reaction progress is not unimaginable.  
The amount of reaction product obtained in the clay-containing blends was very similar to the 
potentially reactive material present in each of the starting blends. In other words, the reaction 
progressed nearly to completion and consequently the two ratios should be and in fact were the 
same (SiO2/Al2O3) product  (SiO2/Al2O3) reactive. The degree of reaction obtained for blend M5 was 
slightly higher than the amount of reactive material present, an obvious contradiction. Note, 
however, that in Figure 3 the degree of reaction is compared to the amount of reactive material 
estimated in the acid medium. In clay B35, the amount of material solubilised in an alkaline 
medium (≈ 71 %) was slightly higher than estimated in an acid medium (≈ 69 %). This would 
mean that, in fact, the acid attack underestimated the amount of reactive material in this clay. 

4. Conclusions 

The amount of potentially reactive phase is of crucial importance when assessing the possible 
use of a given aluminosilicate in the alkaline activation process. This study confirmed that the 
method proposed by Arjunan et al. at the Tenth ICCC to quantify the amount of vitreous phase 
in fly ash is a reliable indicator of reactivity, not only of these materials, but also of natural 
aluminosilicates such as clays, for the purposes of alkaline activation. When the leachates 
obtained with that procedure were analysed with ICP to determine the (SiO2/Al2O3) reactive ratios 
in natural and industrial aluminosilicates, the results were found to be comparable to the values 
obtained when the materials were exposed to the conditions prevailing in the preparation of 
alkaline cements. Lastly, a good correlation was established between the (SiO2/Al2O3) reactive 
ratio calculated for these materials and the SiO2/Al2O3 ratio of the cements generated by their 
alkali activation.  
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HYBRID CEMENTS WIH VERY LOW OPC CONTENT  
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Abstract 

Hybrid cements based on the alkali activation of aluminosilicates blends with low Portland cement clinker contents  
(less than 30 %), combining the best features of two components, constitutes a promising field of research for the 
development of new binders. The present paper compares the behaviour of a cement blend containing 80 % fly ash + 
20 % Portland cement clinker with (4 % Na2CO3 or 4 % Na2SO4) and without alkali activation. Reaction kinetics were 
determined by isothermal conduction calorimetry, composition and microstructure by XRD, NMR analyses. The 
findings showed that, when additioned with solid alkaline activators, blends with a very low (20 %) clinker content and 
high (80 %) percentages of fly ash can yield viable binders. Since the solid activators used in this study (Na2CO3 and 
Na2SO4) are not highly alkaline in themselves, their handling would not entail an occupational hazard. They 
nonetheless generated the chemical reactions necessary to enhance the alkalinity of the medium and favour fly ash 
reactivity. This, in turn, yielded a mix of cementitious gels whose thermodynamic behaviour would favour the formation 
of a (N,C)-A-S-H type gel. The carbonate or sulfate nature of the anion present in the activator affected the formation of 
secondary reaction products, leading to a predominance of calcite in one case and ettringite in the other. Two possible 
mechanisms are proposed when the reaction is activated by adding Na2SO4: i) the conversion of the gypsum initially 
formed into ettringite; ii) the evolution of phase U formed to ettringite 
 
Originality 

This study shows that cements can be manufactured with blends containing low (20 %) proportions of Portland clinker 
when solid alkaline salts are used as activator. While these activators do not, a priori, exhibit high alkalinity, their 
reaction with the cement phases in the medium generates the conditions necessary to enhance fly ash reactivity.  
 

Chief contributions 

This study shows that the presence of solid activators (Na2CO3 and Na2SO4) significantly accelerates the hydration 
reactions of cementitious blends with very low (20 %) clinker contents. The type of anion used in conjunction with the 
activator plays an important role in the formation of the secondary reaction products: with Na2CO3 the reaction is 
quicker but yields calcite, while the presence of sulfate ions favours the formation of ettringite and consequently a 
denser matrix, which raises initial strength. Lastly, two possible reaction mechanisms are proposed / put forward as a 
possible explanation for the good initial mechanical properties of these hybrid cements.  
 
Keywords: hybrid binders, sodium sulfate, sodium carbonate, alkali activation, fly ash   
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1. Introduction 

The manufacture of Portland cement, indisputably the main binder used in construction today, raises 
substantial energy and environmental issues. In addition to expending large amounts of energy to heat the 
raw materials to temperatures of up to 1400-1500 ºC, it entails the extraction of raw materials, with the 
concomitant destruction of natural quarries. Moreover, cement kilns emit GHGs such as CO2 and NOx: for 
every tonne of cement manufactured, approximately 0.8 tonnes of CO2 are emitted into the atmosphere, 
contributing substantially to global air pollution (the cement industry accounts for 5 to 8 % of world-wide 
CO2 emissions) (Gartner 2001).  

One of the options, widely accepted today, to reduce this impact while contributing to solve other 
environmental problems (finding a use for industrial by-products or waste that must otherwise be stockpiled, 
a costly and pollution-prone procedure) is to include active (mineral or industrial by-product) additions in 
Portland cement clinker. This gives rise to different types of ordinary cements, officially recognised in 
Spanish and European standard UNE-EN 197-1:2000, which specifies both the type and maximum amount 
of additions allowed. Another more innovative option consists of developing alternative, less expensive and 
less environmentally damaging cements (involving lower CO2 emissions or the re-use of industrial by-
products), that exhibit characteristics or performance comparable to or even better than ordinary Portland 
cements (OPC). This option covers a series of binders that are generically known as “alkaline cements” 
(Palomo et al. 1999,  Shi, et al. 2006, Provis and Deventer 2009).  

Alkaline cements are binders formed when SiO2- and Al2O3-rich natural or industrial waste materials 
(aluminosilicates) with amorphous or vitreous structures are dissolved in an alkaline medium. When so 
dissolved and after brief thermal activation, these aluminosilicates can set and harden to yield a material with 
good cementitious properties. Recent research has shown that the presence of a certain amount of reactive 
calcium (in the form of Portland clinker) in the starting mix enables the material to harden at ambient 
temperature with no need for initial thermal activation. These alkali-activated cements with less than 30 % 
Portland cement clinker are known as “hybrid cements” (Palomo et al. 2007).  

Sizeable knowledge gaps persist around the structure and composition of the main reaction product formed 
in these hybrid cements, which is predominantly responsible for their good cementitious properties. The 
main product ensuing from the alkaline activation of aluminosilicates (with or without low CaO content), 
which is responsible for the good mechanical performance of these binders, is known to be a 
(Na2O.Al2O3.SiO2.nH2O) gel, abbreviated as N-A-S-H. In this gel, the tetrahedrally coordinated Si and Al 
combine to form three-dimensional structures (Palomo et al. 2004, Fernández-Jiménez et al. 2006, Duxon et 
al. 2007). During Portland cement or Ca-rich aluminosilicate (such as blast furnace slag) hydration, the 
cementitious material formed is C-S-H gel (CaO-SiO2-H2O) whose linear structure may include small 
amounts of Al (Richardson et al. 1997, Fernández-Jiménez et al. 2003, Andersen et al. 2003). Very little is 
known about the composition and structure of gels forming in hybrid cements, however. According to some 
authors, what is formed is a mix of the two gels, while others maintain that it is an entirely different 
substance (Yip et al. 2005, Palomo et al. 2007, García-Lodeiro et al. 2010a, 2010b and 2011). The most 
recent papers addressing this new line of research suggest that in addition to process thermodynamics, 
process kinetics affect the structure and composition of the reaction products formed in hybrid cements. 

Most of the authors of the short number of papers published to date on the alkaline activation of hybrid 
cements infer that good strength behaviour is subject to the use of liquid activators with soluble silicates 
(waterglass) and a certain amount of alkaline ions (NaOH) to attain the pH values required to activate the 
aluminosilicates (Palomo et al. 2007). The addition of soluble silica yields denser matrices with Si-richer 
gels, which in turn contribute to the production of a strong material able to set and harden at ambient 
temperature.  

The present study explores the mineralogical and microstructural characteristics of these hybrid cements, by the 
use of solid activators which, when dissolved in an aqueous medium, generate the alkalinity needed to activate 
aluminosilicates in technologically viable time spans. While containing no soluble silicates or excessive 
alkalinity, these activators (Na2CO3 and Na2SO4), thanks to a series of secondary reactions in the system, favour 
the development of a binder with a clinker content of just 20 %.   
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2. Experimental 

The present study used a clinker and a (common) fly ash. The chemical composition of these two materials 
(found with a PHILIPS PW-1004 X-RAY spectrometer) is given in Table 1. The reactive silica (33.97 %) in 
the ash was determined as described in Spanish standard UNE 80-225-93, while the vitreous phase content 
(70.68 %) was found by a cold 1 % HF attack, following the procedure reported by Arjunan et al., 1997. 

 
Table 1. Chemical composition (wt %)  
 SiO2 Al2O3 CaO Fe2O3 MgO MnO Na2O SO3 K2O TiO2 P2O5 LoI 
1Clinker 21,83 4,85 61,19 3,20 2,03 0,06 0,69 1,11 1,76 0,15 0,48 2,65 

Fly ash 56,51 21,42 3,78 8,57 2,19 0,08 0,63 0,99 2,59 0,87 0,15 2,21 
1Clinker Bogue potencial composition: C3S =46.08; C2S=27.82; C2A 7.44; C4AF=9.74. 
 
These materials were used to prepare the 80/20 binders listed in Table 2. These binders were additioned with 
an alkaline activator (4 wt%) in the form of Na2CO3 or Na2SO4 (98 % pure Panreac reagents). Finally, they 
were hydrated with water in the presence or absence of the alkaline activator. The water/binder ratios used in 
each case are given in Table 2. These pastes were cured for 24 hours in a curing chamber (22 ºC and 99 % 
relative humidity), after which the material was ground (to < 45 μm) and subsequently frozen with an 
acetone/ethanol mix to detain hydration. This material was characterised by XRD on a BRUKER AXS D8 
ADVANCE diffractometer fitted with a 4-kW high voltage generator and a Cu-anode X-ray tube whose 
standard operating settings were 40 kV and 50 mA. The NMR studies were conducted with a BRUKER 
AVANCE-400 facility. 

 
Table 2. Hybrid cement composition and setting times 

Binder component Setting time Name 
Fly ash Clinker Activator 

Water/binder 
ratio Initial Final 

BH 80% 20% - 0.42 Over 24 h  
BC 78% 18% 4% Na2CO3 0.38 1h 47 min. 4h 12 min. 
BS 78% 18% 4% Na2SO4 0.38 1h. 25 min. 2h 15 min 

 
In addition, the setting times were defined as specified in Spanish and European standard UNE-EN 196-
3:2005+A1:2009. Reaction kinetics were studied in 5-g samples of binder mixed with water at the same 
liquid/solid ratio as used in the pastes (see Table 2) on a TAM Air THERMOMETRIC 3116/3239 
conduction calorimeter. The test temperature was a constant 25 0.5 ºC. 
 
3. Results and discussion 
 
The presence of the activators affected setting times, as shown in Table 2. When the binder was hydrated 
with water in the absence of activators, the clinker (20 % of the material) reacted first, after which the ash 
(pozzolanic reaction) reacted with the Ca(OH)2 produced during clinker hydration. Because the proportion of 
clinker was small and that of ash high, this was a very slow process, translating into long setting times. In the 
presence of alkalis, the pH of the aqueous solution rose, accelerating fly ash dissolution. That led to 
substantially higher reactivity and shorter setting times. 
 
Figure 1 shows the isothermal conduction calorimetry heat flow curves. While the ascending arm of the pre-
induction peak was not detectable in any of the specimens, the descending arm, the induction period and the 
subsequent acceleration-deceleration stages associated with mass precipitation of the reaction products were 
clearly visible. The presence of sodium carbonate or sulfate in the medium accelerated reaction kinetics 
considerably and raised the heat flow intensity. The induction period was shorter and the respective peak more 
intense when the activator used was Na2CO3. When sodium sulfate was the activator, the presence of another 
peak was observed between 12 and 15 hours of hydration on the descending arm of the second peak. The 
presence of these peaks was associated with the formation and precipitation of different reaction products, as 
discussed below.  
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In a normal Portland cement paste, initial and final setting 
concurs with the area near the base of the second peak on 
the hydration heat flow curves (Taylor 1997), which is 
primarily associated with the formation of a calcium silicate 
hydrate such as C-S-H gel.  In this case, however, when the 
setting times determined with heat flow curves were 
compared, they were observed to be somewhat shorter. In 
other words, the material hardened prior to mass 
precipitation of the reaction products. That was due in part 
to a series of initial chemical reactions taking place between 
the alkaline activators and the clinker hydration products 
that triggered the fly ash reaction.  
 
In hybrid cements setting was slightly different than in 
Portland cements. Dissolution of sodium carbonate or 

sulfate does not in itself raise pH. The Portlandite formation, resulting from the hydration of the C3S in the 
clinker, yields a higher pH (12.5) than these solutions. Nonetheless, the reaction of the activators with 
Ca(OH)2 gives rise to the formation of calcium carbonate in the one case and hydrated calcium sulfate 
(possibly gypsum) in the other (as described in equations 1 and 2), together with Na+(OH)-(aq), which would 
raise the alkalinity of the medium (Shi and Day 2000).  
 

Ca2+ 2OH-       +    Na2CO3           CaCO3(s) + Na+OH- (aq.)                       (eq. 1) 
 Ca2+ 2OH-    +    Na2SO4        CaSO4.2H2O(s) + Na+OH- (aq.)               (eq. 2) 

 
The formation of a hydrated calcium sulfate (possibly in the form of gypsum, which would react quickly 
with the C3A from clinker to form ettringite: equation 3) would explain why the setting times found were 
shorter than determined by the appearance of the peak associated with maximum reaction product 
precipitation on the heat flow curves.  

 
C3A + CaSO4.2H2O           3CaO.Al2O3.3CaSO4.32 H2O                  (eq. 3) 

 
When Na2SO4 was the activator, a shoulder appeared on the heat flow curve at around 14.4 hours. A number 
of hypotheses might be put forward to explain that signal: 
 
i) If the sodium sulfate added reacted directly with the aluminates to form ettringite; that reaction would 
generate an initial signal that would be very difficult to detect with calorimetry. In that case, the peak 
detected at 14.4 hours should be associated with the conversion of the ettringite (C3A3CsH31-32) (formed as 
a result of initial hydration) into calcium monosulfoaluminate (C3ACsH11-12). But as discussed below, while 
ettringite was detected in this study, calcium monosulfoaluminate was not. That, in conjunction with the 
observation of differential setting in these pastes, lends support to the premise that the sequence of reactions 
was as initially described and that the peak in question was due to a rise in the amount or intensity of 
ettringite crystallisation (as detected by XRD: see Figure 3). 
 
ii) Another possibility would be that the C3A reacted directly with Ca2+. 2(OH)- and Na2SO4 to form phase U 
(Li et al. 1996). In a subsequent stage, in which the alkalis would be consumed and system alkalinity would 
decline, it would convert into ettringite as described schematically in equation 4.  
 

C3A+Ca2+2OH-+Na2SO4 + H2O  4CaO.0.9Al2O3.1.1SO3.0.5Na2O.16H2O (fase U)  
                                                                      3CaO.Al2O3.CaSO4. 32H2O   (Ettringite)                   (eq. 4) 
 
Phase U would form in the early stages of hydration (as if it were a primary ettringite). Further to the 
studies by Li et al., its presence would serve as a pH indicator, for this phase is only stable when the alkali 
content is high. As the fly ash reacted, the alkalis would be consumed, medium alkalinity would decline and 
phase U would be converted into ettringite through the formation of a series of intermediate compounds: 
phase U C4AH13 AFmAFt. These reactions might explain the 14-hour peak.  
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The data presently available are insufficient to confirm either hypothesis, for the formation of the possible 
intermediate compounds – gypsum (first hypothesis) or phase U and its intermediate phases (second 
hypothesis) – could not be observed. Only ettringite could be detected. In light of this situation, subsequent 
studies are being designed to explore shorter reaction times. 
 
In any event, with both Na2CO3 and Na2SO4, the alkalinity generated appeared to suffice to raise fly ash 
reactivity considerably. Figure 2 shows the XRD patterns for the 2-, 28- and 90-day pastes. The behaviour 
found for hydrated BH paste in the absence of alkalis was as expected: the portlandite detected in the 2-day 
specimens was gradually consumed after 28 and 90 days as a result of the fly ash pozzolanic reaction (Lea 
1974).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. XRD patterns at different ages: (a) BH; (b) BC and (c) BS. Legend: Q=quartz; C=calcite; 
a=anorthite; M=mullite; Fe=hematite; P=portlandite; Et=ettringite   
 
No portlandite was detected in material BC (+ 4% Na2CO3), although large amounts of calcium carbonate in 
the form of calcite were observed. Binder BS (4 % Na2SO4) contained ettringite in addition to calcite. The 
formation of calcite in one case and ettringite in the other would partially explain the different mechanical 
behaviour in the two materials (data not shown). Ettringite is widely known to raise the volume of solids by 
164 %, yielding a denser structure and significantly increasing the initial paste strength (Shi and Day 2000).  
 
Techniques such as MAS-NMR were required to enlarge on the scant information provided by XRD on the 
composition and structure of the gel that was primarily responsible for the mechanical strength of these 
hybrid cements.  The 29Si and 27Al NMR spectra for the 28-day specimens are shown in Figure 3.  
 
The 27Al MAS-NMR spectra contained a wide band at around +57.7 ppm associated with tetrahedral Al 
(AlT), present primarily in the fly ash (Palomo et al. 2004, Fernández-Jiménez et al. 2006, Duxon et al. 
2007). In light of the dilution involved (the binder contained 20 % clinker whose Al2O3 content was just 
4.85 %: see Table 1), the contribution to this signal by the Portland clinker in the binder was practically null. 
When the binder was hydrated, the AlT signal shifted slightly to +58 ppm and a signal associated with 
octahedral aluminium (AlO) appeared between +5 and +14 ppm. As a technique highly sensitive to 27Al 
nuclei, MAS-NMR is able to identify phases whose small quantity or poor crystallisation makes them nearly 
invisible to other techniques such as XRD. The signal on the BH spectrum at around 10 ppm might be 
associated with the formation of calcium aluminate hydrates resulting from the hydration of the C3A present 
in the clinker (in the absence of sulfates, logically). That signal shifted to +13.9 ppm on the BS spectrum, 
however, concurring with the signal associated with the aluminium in ettringite, a phase observed with XRD 
(see Figure 2). The shift and narrowing of the signal for AlT observed in the hydrated materials may be 
associated with the dissolution of part of the Al present in the fly ash and its inclusion in the reaction 
products. The position of the signal, at around +58 ppm, would indicate that this aluminium continued to be 
tetrahedral and to be surrounded by three or four silicon atoms. 
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Interpretation of the 29Si MAS-NMR spectra is more complex. The intensity of the signal at -71.7 ppm 
(associated with the presence of alite + belite in the clinker) was observed to decline in all the hydrated 
binders, confirming that the silicates in the clinker were reacting. The fly ash spectrum exhibited a wide 
signal centred at around -100 ppm. This signal contained a series of peaks from -88 to -107 ppm, associated 
with the various phases of the fly ash (mullite, vitreous phase, quartz...). The intensity of the signals 
associated with the anhydrous phases declined in the spectra for the hydrated materials, while new (and 
intense) signals were detected. More specifically, the spectra for all the samples contained a strong signal at 
around -85 ppm, that might be associated with the Q2 units in a typical C-S-H gel.  
 
The component associated with the presence of unreacted fly ash generated an intense signal (see peak 
at -108 ppm) on the spectrum for the binder hydrated in the absence of a solid alkaline activator (binder BH), 
an indication that under these conditions the ash was scantly reactive.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. MAS-NMR spectra: (a) 29Si and (b) 27Al 

 
When solid alkaline activators were added (binders BC and BS), clearer signals were observed at -85 ppm, 
along with others at -92 and -98.5 ppm, particularly for binder BS. In fact, these spectra proved to be very 
similar to the ones obtained for similar binders activated with liquid alkalis (Palomo et al. 2007). The 
increase of the -85 ppm signal (Q2 environments) at expenses of -71.5 ppm (Q0 units) was ascribed to the 
hydration of C3S phase. On the other hand, the appearance of the Al signal at around 58 ppm was mainly due 
to occupation of more polymerised tetrahedra by Al atoms (Q3 or Q4 units). This incorporation favours the 
detection of the Q3(nAl) or Q4(nAl) components in Si NMR signal. In short, these observations suggest the 
formation of two types of gels: i) a C-S-H gel taking aluminium into its structure as a result of its reaction 
with the clinker; ii) a N-A-S-H gel taking Ca into its structure as a result of the alkaline activation of the ash. 
Judging from the behaviour of synthetic gels, with time these gels would be expected to evolve into a new 
more thermodynamically stable gel (García-Lodeiro et al. 2011). These results further confirm that the 
activators used in this study enhanced the formation a cementitious (C,N)-A-S-H gel.  
 
Conclusions 
The present findings showed that a (hybrid cement) binder can be manufactured with a very low (20 %) 
clinker content and high (80 %) percentages of fly ash when activated with solid alkaline activators. The 
solid activators used in this study, (Na2CO3 and Na2SO4) are not themselves highly alkaline and 
consequently their handling would not entail an occupational hazard. Rather, they gave rise to the chemical 
reactions necessary to enhance the alkalinity of the medium and favour fly ash reactivity. This, in turn, 
generated a mix of cementitious gels, C-(A)-S-H + (C)-N-A-S-H, whose thermodynamics would favour the 
formation of a (N,C)-A-S-H gel. The type of anion present in the activator (carbonate or sulfate) also played 
an important role in the reaction, in terms of the secondary products formed: calcite in one case and ettringite 
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in the other. Due to the greater volume of the latter, the end material formed with the sulfate addition 
exhibited a denser structure, substantially enhancing the development of early age strength in this binder. 
Two possible mechanisms for ettringite formation are put forward in this paper: i) conversion of the gypsum 
initially formed into ettringite; ii) evolution of the phase U formed into ettringite. 
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Abstract 
The minerals gehlenite, a calcium silico-aluminate of 2CaOAl2O3SiO2 chemical formula has been recognized 

as a possible marker of hydraulic limes. This statement is consistent with several thermal treatments 

performed on both pure chemicals and common raw materials. The physical parameters involved in the 
subjected treatment are 1100°C of temperature and 110 minutes in time.  Pure calcium carbonate and kaolin 

mixes with a weight ratio ranging  from 0.8 to 9.0 respectively give always a mixture of minerals with 

variable content of gehlenite. Its content has been found to be moderate for low and high values of the above 

compositional interval and elevated for the intermediate ones, with estimated values by 20 and 50 wt%, 
respectively. The other minerals were found to be quartz, lime, larnite, gehlenite, wollastonite, and anorthite. 

Rarely it has been observed the presence of mullite, and however only in samples with high content of kaolin 

as it happens for the mineral quartz. A roughly similar behavior has been showed from binary mixtures of 
common raw materials with variable content of clay and limestone. 

 

 

Originality 

This paper draws its strength from a critical reading of several scientific publications dealing               manly 

with the characterization of historical mortars and of limestone-clay ceramic products. It has observed that 

the mineralogical composition of the above materials often exhibits the presence of anhydrous gehlenite, a 
dicalcium silico-aluminate of chemical formula 2CaOAl2O3SiO2.  Can thus be the presence of this mineral 

indicative of the use of hydraulic limes as binder of mortars, otherwise the same is part of the aggregate 

component. In this case other studies such as optical microscopy can help to highlighted this aspect. 
Conversely, the presence of the  mineral in a hydrated form seem to be due to an hydraulic binder formed as 

a result of chemical reactions between calcium hydroxide and amorphous forms of silica-alumina materials. 

 

 

Chief contributions 

A tentative to classify by means of a simple and rapid analytical procedure as the powder X-ray 

diffractometry (PXRD) sometimes coupled with the optical microscopy (OM) lime-clay thermal treated 
derived materials on the basis of the presence of the mineral gehlenite. So it could be possible to claim that 

hystorcal mortars containing together with other components of the binder paste variable amounts of 

gehlenite can be classified with enough sure hydraulic lime mortars. Like traditional ceramics that inside the 
fired product show the presence of gehlenite originate with good approximation from firing processes at 

which has been subjected at temperature not exceeding 1100 °C clay with more than of 10% by weight of 

limestone. 

 

 
Keywords:  inorganic binders, hydraulic limes, gehlenite, hystorical mortars, analytical procedures. 
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1. Introduction 
 

It is well known that the characterization of a mortar, in order to achieve an appropriate result is often 

a very laborious practice that sometime may require the application of a complex and/or time 
consuming analytical procedures. This is highlighted by many publications that refer of more or less 

elaborate schemes involving the use of various analytical methods ranging from simple methods of 

traditional wet chemical analysis to a more complex instrumental techniques (1, 2). A simplification 
may be offered by an accurate and careful macroscopic observation as in many case it is sufficient to 

exclude the presence of cement so that it leads to a more limited exploring area mainly addressed to 

discern among a hydrated lime, hydraulic lime and pozzolanic lime. Taking in mind to some 
characteristic chemical compound we focused our attention to the mineral phase gehlenite, the 

presence of which often arises between the characterization products of historical mortars. It is a 

sorosilicate, a mineral of the melilite group, of empirical and chemical formula Ca2Al2SiO7 or 

Ca2Al(AlSi)O7. This mineral, in addition to be found in nature (it crystallizes together with his 
counterparts from calcium rich alkaline magmas (3), is also found in metamorphosed impure 

limestone (4) and is also a sub-products of the steel industry, a component of blast furnace slag, a 

combustion residue of coal and municipal solid waste, and other (5.6). Furthermore, the same is found, 
as an accessory phase in reaction products of firing processes addressed to transform, by calcination, 

limestone and clay raw materials or intermediate products for applications in the field of ceramic 

materials for various uses (7). His presence among the intermediates or end products of calcination in 

the temperature range 600-1100 °C of lime-clay mixes with a variable weight ratio is also attributable 
to solid state reactions between metakaolin and calcium oxide (8). The same, in a variable amounts 

and under a hydrated form, Ca2Al2SiO7
.8H2O, was also found in the hydration products of hydraulic 

lime pastes obtained as a result of thermally activated red earths and limestones (9). Many other 
works, not mentioned for brevity, refer extensively on the almost constant presence of gehlenite 

between the products of ancient mortars based on hydraulic limes. As already mentioned here it will 

be searched on the role that the mineral could be played as key factor in a rapid recognition of 
historical mortars and possibly even of modern ones. 

That said, this paper aims to assesses if the presence of this mineral in an anhydrous or hydrated form 

can be a discriminating factor of non-cementitious hydraulic binder mortars. It is then obvious that the 

same mineral may be derived from a natural hydraulic lime or a pozzolanic lime derived from slaked 
lime mixed with natural or industrial amorphous silico-aluminous based material (pozzolan, burnt 

clay, blast-furnace slag, coal ash, and others). In such a situation it appears appropriate to check which 

experimental conditions lead to the formation of gehlenite. To this aim in the present paper a deep 
study of the calcination behavior of both pure chemicals mixes and some common natural raw 

materials will be presented. 

 

 

2. Experimental 

2.1.Materials 

Calcium carbonate and kaolin pure for analysis standards of Sigma-Aldrich company and non-
commercial types of natural raw materials were used in this study.  

The first set of reagents,  as shown in the following Table 1, were employed to prepare binary 

mixtures of pure chemicals with a widely weight ratio ranging from 90/10 to 20/80. They, prior to be 
used, were characterized by thermal analysis (TA) and powder X-ray diffraction (PXRD) techniques 

for checking its titer. Then, binary mixtures of powders were composed by mixing and homogenizing 

the powders in a ball mill. Subsequently a weighed quantity of the order of 100 mg were transferred to 

a platinum crucible and subjected to the aforesaid firing cycle. The latter, on the basis of the their 
chemical and mineralogical composition can be classified as common limestone the first two, as 

siliceous limestone the third, as clay marl the fourth and as calcareous marl the fifth, respectively. The 

above starting materials were named as C1, CB1, S1, M1 and CA, respectively. The chemical and the 



 

 

mineralogical composition, determined by Energy Dispersive X-ray fluorescence (EDXRF) and 

powder X-ray diffractometry (PXRD), are reported in the following  Table 2 and Table 3, respectively.   

 
Table 1. Binary mixtures of calcium carbonate and kaolin. 

Composition of the preselected mixtures, wt % of the two components 

Specimen CK 01 CK 02 CK 03 CK 04 CK 06 CK 08 

CaCO3 90 80 70 60 40 20 

Al2O32SiO2 2H2O 10 20 30 40 60 80 

 

 
Table 2. Chemical composition of preselected raw materials 

 

Specimen 

 

Main chemical element*, wt % expressed on 105°C dry sample 

 

CaO SiO2 Al2O3 MgO Fe2O3 K2O SO3 

C1 98.2 0.7 0.1 0.1 0.2 0.4 0.1 

CB1 93.5 2.6 0.9 1.2 1.1 0.5 0.2 

S1 73.3 21.7 1.8 1.0 0.6 0.3 0.1 

CA1 59.7 24.7 9.3 2.5 1.2 1.8 --- 

M1 36.8 38.4 15.7 3.3 2.9 2.4 0.2 

*Unless the content of both bound carbon dioxide and water.  

 
2.2. Instrumentation and methods 

Thermogravimetric and differential thermal analysis (TG-DTA) were conducted using a simultaneous 

model STA 409 PC Luxx, Netzsch thermo-analyzer, equipped with platinum crucibles, fitted with 

pierced lids, at 10°C min−1 heating rate, under static air atmosphere. 
The cooling was conducted under conditions not enforced, i.e. the second cycle of basic instrument 

set, about 60 minutes to drop from the highest to lowest temperature. The mineralogical phases of  

both reagents and  products were determined by means of powder X-ray diffraction (PXRD) using a 
model D8 Advance, Bruker AXS diffractometer, according to the diffraction powder method. CuKα1 

radiation and 0.02 2θ increment and 1s step
−1

, sweep from 10 to 70° 2θ were set as standard 

parameters. Results were compared with the ICDD database. EDXRF measurements were performed 
with the S2 Ranger model, Bruker AXS  instrument on hydraulic compressed powders.  

 
Table 3. Mineralogical composition of the preselected raw materials. 

 
Specimen 

 
Mineral phases and related approximate diffusion 

Main 
 

Intermediate Minor 
 

Accessory 

C1 Calcite -------- Quartz Anortite 
 

CB1 Calcite Quarzo Kaolinite Biotite, Clorite, 
Hallosite 

S1 Calcite Amorphous silica 
(opal?) 

Quartz 
 

Magnesite, Gibbsite 

CA1 Calcite Quartz Kaolinite, 
Hallosite 

Clorite, Biotite 

M1 Kaolinite, Illite, Calcite, Quartz 
 

Flogopite Microcline 



 

 

 

All the selected materials were subjected to heat treatment from ambient temperature (20°C) 

to 1100°C with a heating rate of ten Celsius grade for minute and then, after cooling, 

immediately characterized by powder X-ray diffraction (PXRD) analysis.  
 

3. Results and Discussion 

 

TG-DTA curves of two selected chemicals after the predetermined thermal treatment exhibit 
approximately the expected behavior. As regard to the calcite, here not reported for brevity, it shows 

only one endothermic peak at around 900°C corresponding to the well known chemical decomposition 

reaction CaCO3= CaO+CO2(1). The gradual heating of kaolin, as can be seen in Figure 1, shows three 
relevant transformations producing at the end unk amorphous phases and quartz (look at Figure 2). 

These changes come as follow: the first occurs below 100°C and is due to the free water loss; the 

second that occurs in the temperature range 550-600°C is very likely linked to a phase changes of 
kaolinite into disordered meta-kaolinite, 2Al2Si2O5(OH)4 = 2Al2Si2O7+2H2O; the third is an 

exothermic reaction that occurs in the temperature range 990-1010°C and is very likely linked to the 

conversion of the meta-kaolin to pseudo-spinel or y-alumina [10]. This last reaction leads to the 

separation of amorphous or crystalline silica according to the following hypothesized reactions 
2Al2Si2O7= Si3Al4O12+SiO2 or 2SiO2

.Al2O3 = γAl2O3+SiO2, respectively [10].  

 

 

 

Figure 1.Thermogram of untreated kaolin Figure 2. PXRD spectrum of thermal treated kaolin 

 
Such transformations as can be derived by Figure 3 take place in three narrow ranges of temperature, 

these are in increasing order 96-108°C, 534-551°C, 892-913°C and are related, to losses of free and 
bound or structural water of the kaolin the first two and to the decomposition of calcium carbonate the 

third.  

 
Figure 3. TG and DTA curves of mixtures with high calcium carbonate/kaolin ratio fired at 1100 °C . 
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............. CK02 

............. CK03 

 

 

Q=quartz;K=kaolin 



 

 

It also notes that, in respect to the behavior of the pure kaolin, it is no more evident the exothermic 

peak relating to the conversion of kaolin to pseudo-spinel, as previously stated by commenting the 

results of Figure 2 (see peak at 999 °C) but only a slight deflection which precedes an almost 
imperceptible endothermic peak around 1025°C related to the formation of new crystalline phases. So 

it is obvious that all the kaolin has reacted with the lime originated from the calcium carbonate giving 

rise to the formation of five new mineral phases as clearly documented by the PXRD spectra of Figure 

4. In order of increasing amount these phases are anortite, wollastonite, larnite, ghelenite, and 

lime. Therefore it results evident that the meta-kaolin derived from the kaolin remain almost 

entirely engaged in the formation of the above listed silicates and calcium silico-aluminate. 

This circumstance is further confirmed by the absence of quartz  in the final products. 
 

 
Figure 4. PXRD spectra of end products derived from high calcium carbonate/kaolin ratio mixtures fired at 1100 

°C. 

 

The thermal treatment of binary mixtures named CK04, CK06 and CK08 give rise to approximately 

the same changes previously seen less than  an exothermic trasformation similar to that previosly 

highlighted for the pure kaolin (figure 2) and already associated  to the phase conversion of meta-
kaolin into a pseudo form of spinel or y-alumina.  
 

Figure 5. TG and DTA curves of mixtures with medium-low calcium carbonate/kaolin ratio fired at 1100 °C . 
 

These four transformations, as shown in figure 5, fall within the temperature ranges 75-88 °C, 551-552 

°C, 800-874 °C, 996-998 °C, and should be related to the loss of free water, to the endothermic 
transformation of kaolin to meta-kaolin, to the endothermic decomposition of calcium carbonate to 

lime and carbon dioxide, to the conversion of meta-kaolin into pseudo-spinel, respectively. The 

intensity of this last peak is proportional to the perrcentage of kaolin in the fired raw mixtures. The 
losses in weight decreases ranging from CK04 to CK 08 in line with the provisions on the basis of the 

weight ratio of the two chemical reagents. It can be  easily calculated that, theoretically, 100 grams of 

............. CK04 

............. CK06 

............. CK08 

 

 

A=anorthite; G=gehlenite; L=lime; 

W= wollastonite; La=larnite 



 

 

mixture containing 40% + 60% by weight of limestone and kaolin respectively, fired at 1100°C, 

should be gain a theoretical weight loss of 32% compared to an experimentally determined value of 

30%. 

 

Figure 6.  PXRD spectra of end products derived from medium-low calcium carbonate/kaolin  ratio mixtures 
fired at 1100 °C. 

 

With respect to mineral phases derived from the examination of the three diffraction patterns, it, on a 

qualitatively base appears that, as it increases the proportion of kaolin in the original mixture, there is 
a significant decrease of calcium oxide in the reaction products. The observed reduction is according 

to the supposed reaction of its consumption Al2Si2O7+(2+n) CaO → Ca2Al2SiO7 + nCaOSiO2 (3) . 

While the perceived reduction of gehlenite is likely for its conversion into anorthite according to the 

known reported reaction Ca2Al2SiO7+3SiO2+Al2O3→2CaAl2Si2O8 (7). The thermal treatments on raw 
materials whose chemical and mineralogical composition is given in Tables 2 and 3 previously 

examined gave rise to the formation of the many phases some of new generation as, tri-calcium 

aluminate, tetra-calcium aluminoferrite and others already noted above as gehlenite, larnite, 
wollastonite and anorthite.  

 
Table 3. Presence and distribution of  the mineral phases  found among the products 

 

Specimen 

 

Identifyied mineralogical phases ^ 

Main Intermediate Minor 

C1* Lime Quartz Not detected 

CB1* Lime Quartz, Wollastonite, 

Gehlenite 

Tri-calcium aluminate, Wollastonite, Tetra-

calcium aluminoferrite 

S1* Lime Belite, Quartz Gehlenite,  

Tricalcium aluminate, Wollastonite 

CA1* Lime Belite, Quartz 

Tri-calcium aluminate 

Gehlenite, 

Tetra-calcium aluminoferrite 

M1* Gehlenite Wollastonite Tri-calcium aluminate, Quartz 

* calcined product ; ^ for brevity the known cement chemistry notation has been used. 

 

From a careful and detailed examination of results shown in Table 3 it clearly emerges that if the 
starting material not contain reactive silica both in a free (amorphous silica) or bound (as meta-kaolin) 

forms  it is not possible to generate any calcium silicate phase (see product C1 *). In all other cases the 

silica, by being available at temperature around 600 °C interacts with the lime to give rise to an 
increasing extent to the formation of anhydrous gehlenite (2CaO. Al2O3. SiO2) until obviously there 

A=anorthite; G=gehlenite; L=lime; 

Q=quartz; W=wollastonite; M=mullite. 

MmMM=mmulliote MMMM=Mullite 

La=larnite; 



 

 

is an availability of aluminum oxide. The highest formation of ghelenite is achieved with the product 

M1* as evidenced by the fact that adding its content to that of mono-calcium silicate and crystalline 

quartz represents the all of the reaction products.  
It is therefore highly probable that the mineral gehlenite is formed by the reaction between calcium 

oxide and metakaolin according to the following reaction scheme: Al2Si2O7+(2+n) → 

CaO+Ca2Al2SiO7+nCaOSiO2. Other statements such as the partial conversion of the newly formed 
gehlenite to anorthite was not possible here to support both for the different nature of the calcined 

material and the lack of raw materials with high content of kaolin. In any case it seem very likely its 

formation is  in accordance to the hypothesis advanced by other researchers on the conversion of 

gehlenite to anorthite according to the following reaction: Ca2Al2SiO7+ 3SiO2+Al2O3→2CaAl2Si2O8 

[7,8]. 

 
Conclusions 

 

Experimental results have clearly shown that a thermal treatment at moderate temperatures (≤ 

1100°C) and for short times (110 minutes) of both pure and impure mixtures of limestone and 

kaolin with largely variable CaCO3/Al2(OH)4Si2O5 weight ratio, gives rise to the formation of 

a mixture of four-five mineral phases including the mineral gehlenite. For pure mixtures its 

presence is a constant factor and its quantitative distribution assumes maximum and minimum 

values for intermediate or extreme limestone/kaolin weight ratios, respectively.  For impure 

mixtures it represents a main, or a minor phase when the CaO/SiO2 ratio is closed to 1 or 

greater than 2 respectively, and the presence of free or bound alumina is not a limiting factor. 

It was also noted that the increase of kaolin in the mixture of the starting raw materials 

promote the formation of anorthite in virtue, perhaps, of the structural similarity between 

metakaolin, gehlenite and anorthite. In conclusion it is therefore possible to  hypothesize that 

the thermal treatment of raw materials such as clayed limestone, marl and marly clays lead to 

feebly hydraulic binders. These binders should contain, in addition to lime and calcium 

disilicate, other  minerals with no or very low binding activity such as gehlenite, anorthite and 

wollastonite.  
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Abstract 

This paper reports the detection of the first Brazilian field cases of the thaumasite form of sulfate attack (TSA). TSA has 

been found to be responsible for causing extensive damage in a concrete element. A concrete beam used as a top 

structure of an earth retaining limestone wall was located in a central square of the city of Campina Grande. In this 

region of the country, the climate is typical of the semi-arid region of the Brazilian Northeast and the average 

temperature has been systematically recoded during the time spam of the structure exposure. This area is characterized 

by being mostly dry and hot throughout the year, with temperatures always above 15o C. The mechanism of attack was 

assessed by means of X-ray diffraction and infrared spectroscopy (IRS). The main sulphate phase found within the 

damaged materials was thaumasite. The absence of Al-OH bands in the IRS spectra is indicative that a purer type of 

thaumasite formed in all damaged regions of the beam, which purity might have increased the intensity of the attack. 

Considerations are given on the primary risk factors affecting TSA.  
 

Originality 

The Thaumasite form of sulfate attack (TSA) is a complex and aggressive mechanism of deterioration of Portland 

cement based materials. Cold climate, with temperature below 15oC, is one of the primary risk factors promoting TSA, 

as proposed by the UK-Thaumasite Expert Group. This has led to the view that TSA field cases above such temperature 

are likely to be extremely rare and often less intense. Nevertheless, there are some laboratory investigations and field 

cases in which thaumasite have been observed at higher temperatures. The role of temperature on the precipitation of 

thaumasite is, however, still not completely established. The authors have not been aware of any thaumasite field case 

in Brazil and this paper describes extreme severe attack of a concrete beam in a place with average temperatures above 

typical occurrences of TSA field cases. 

 

Chief contributions 

The main thrust of this paper is to describe the conditions of a field case in which the thaumasite form of sulfate attack 

was responsible for causing extensive damage in concrete in temperatures greater than the average of TSA reported 

cases. Given that there might be a variety of possible local chemistry near the structure, ettringite to thaumasite solid 

solutions might be more prone to occur in field cases. Nonetheless, this paper shows evidence of the absence of 

octahedral alumina in the deteriorated materials, which characteristics of thaumasite type of phases, even for 

temperature far above 15
o
C as rather suggested in the literature. 

  
Keywords: Thaumasite, Sulphate Attack, Limestone 
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1. INTRODUCTION 
 

The Thaumasite form of sulfate attack (TSA) is a complex and aggressive mechanism of deterioration 

of Portland cement based materials. Although it has been known as a mineral since before, it was only 

after Erlin and Stark (1966) that the TSA was firstly considered a strong deterioration mechanism that 

can affect Portland cement based structures. The interest on this degrading mechanism has increased 

after several important concrete structures have been reported to be similarly affected (Crammond, 

2004; Bickley, 1999; DETR, 1999). Both experimental research and field cases agree that there is an 

increasing likelihood of damage when the following primary risk factors promoting TSA are present 

(DETR, 1999):  

(i) Source of sulfates, silicate and carbonates ionic species; 

(ii) Wet environment: mostly underground and mobile water; 

(iii) Cold climate, with temperatures below 15oC.  

Two levels of attack have been proposed, according to the degree of its intensity:  

(i) TSA, in which the cementitious part of the concrete is converted into such mineral; 

(ii) Thaumasite Formation (TF), in which the attack is limited.  

The significance of these primary risk factors can be confirmed by the features of many findings both 

in the field and in the laboratory. As described by these reports, most TSA cases were observed in 

cold climate countries. This has led to the view that TSA field cases above such temperature are likely 

to be extremely rare and often less intense. Nevertheless, despite the fact that most data corroborate 

with the view that TSA would not pose a real threat in temperatures greater than 15oC, there are also 

several field cases and laboratory investigations in which thaumasite effects have been observed at 

higher temperatures (Ludwig and Mehr, 1986; Morales, 1986; Collepardi, 1999; Irassar et al., 2005; 

Oberholster, 2002 ; Knudsen, 1990; Hartshorn, 1998; Hartshorn et al., 2002). 

The role of temperature on the precipitation of thaumasite is, however, still not completely 

established. With an average temperature generally above 15oC, Brazil is a country of continental 

proportions and assembles different microclimates, from semi-arid at the Northeastern region, to cold 

weather in the Southern parts of the country, with frozen temperature during winter. The authors have 

not been aware of any thaumasite field case in Brazil. The main thrust of this paper is to describe the 

conditions of a field case in which the thaumasite form of sulfate attack was responsible for causing 

extensive damage in concrete in temperatures greater than at the average of TSA reported cases.  

 

 

1.1 Case Study: Earth Retaining Wall Top Beam 

 

Campina Grande is the second biggest city in the Paraíba State in the Brazilian Northeast (weather 

station located at 7.13o S and 35º53 W), with an altitude close to 550 m above sea level. The city 

climate is usually semi arid with average rain precipitation between 500 and 900 mm/year and less 

then 77 % RH.  

The daily air temperature in this region was recorded. The records registered four readings a day, with 

average distribution as shown in Fig. 1(EMBRAPA). The lowest temperature occurred between june 

and august, always above 20o C. 

The three year old concrete structure was designed as a top beam of an earth retaining wall made of 

granite masonry, in a city center’s square. This concrete bean was pre-cast with coarse granite and 

fine siliceous sand aggregates. Most of the concrete beam elements were above the ground, although 

some parts were in contact with the soil. Each beam was connected with an cast in-situ concrete of 

different mix but similar cement type (CPII-F 32), which is equivalent to an EN-197 CEM II-L/A 

Portland limestone cement (CaCO3 content not less than 10%), class 32. This type of cement was the 

only cement type available in the region at that time. There is no record of the concrete mix or any 

details of the casting process. The advanced degree of damage of the concrete prevents any plausible 

evaluation of its original mix proportion. Both the onset and the progress of the attack were not 

monitored either. Although there was constant irrigation of the garden contained within the wall, it is 



neither possible to assure what type of fertilizer was used nor the chemical composition of the 

irrigation water. The authors are aware that both could have contained sources of sulfates such as in 

ammonia sulphate, which would be an external source of such active species in TSA. 

 

 

 
Figure 1: Average temperature iso-curves between 2000 and 2006.  

 

 

2. EXPERIMENTAL  

 

As part of the investigation of this concrete pathology, the visual aspect of the damaged concrete was 

recorded in situ. In order to preserve the actual conditions of the damage at the time of it was 

discovered, samples were manually taken and wrapped in cling film and stored prior to testing. 

 

The deterioration products were then removed from the attacked concrete with bare hands. These 

samples were manually ground in a porcelain mortar and pestle, followed by sieving through a 23 µm 

sieve and stored in hermetically closed containers prior to the tests. The mineralogy of the 

deteriorated products was determined by X-ray diffraction (XRD) using Siemens D5000 (CuKα 

target) and infrared spectroscopy (MID-IRS, KBr). The X-ray patterns were aligned using 10% (by 

mass) of rutile (TiO2) as internal standard in order to account for the displacement related shifts of the 

samples.  
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3. TEST RESULTS AND DISCUSSION 

 

 

3.1 VISUAL INSPECTION 

 

Figure 2 shows the damaged parts of the top concrete beam of the earth retaining wall referred to 

earlier. The attack was characterized by the formation of an unbound material, which replaced the 

original cement matrix. This white material did not have any cohesiveness, thereby leaving the 

aggregate exposed. Other white parts of the least affected areas are due to a thin layer of lime used as 

painting (Figure 2: detail (b)). As mentioned earlier, it can be seen that some parts of the beam were 

in contact with the soil. Very advanced stages of attack were also observed in some other suspended 

parts (Figure 2: detail (a)). Some parts of the wall started to crack, evidencing that the top beam was 

no longer performing its structural function. In the most corroded areas, the concrete could be easily 

removed by hand and the weakly bound material had fallen off during the period of its service life. 

This explains the absence of debris on the foot passage beside the wall. 

 

 
Figure 2: Corrosion of the three year old concrete beam above the ground. (a): Pre-cast concrete; (b): concrete 

cast in-situ.  

 

 

The corroded material was white and crumbly, given absence of water by the time of sampling. 

Despite the texture of the corroded material being mostly crumbly and friable, mushy materials were 

also found in other wet areas.  
 

 

 



3.2 X-RAY DIFFRACTION 

 

The x-ray diffraction patterns at six different regions of the damaged beam are shown in Figure 3. The 

peaks labeled T can be observed at 9.212θ, 15.952θ, 18.522θ, 19.312θ, 23.312θ, 25.112θ, 26.012θ and 

28.012θ, and these confirm the presence of thaumasite in all regions of the corroded beam. Although 

there seems to be other peaks labeled E, they are not sufficiently clear to confirm the presence of 

ettringite. Gypsum (G) and calcite (C) can also be clearly seen. Nonetheless, it is not possible to 

establish whether they are reaction products or were added in the cement. The peaks labeled Q and R 

are assigned as quartz from the aggregate and rutile.  
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Figure 3: X-ray diffraction pattern of the corroded material at six different regions along the top concrete beam 

over the earth retaining wall. 

 

 

3.3 INFRARED SPECTROSCOPY 

 

The IR spectra obtained from the degraded surfaces of samples obtained from the six different regions 

of the damaged beam are compared in Figure 4. The peak situated at 500 cm-1 and a broad diffused 

peak at around 756 cm-1 can be seen in all selected regions of the corroded materials. These two 

peaks are diagnostic for Si(OH)6 groups, characteristic of thaumasite or its solid-solution series 

(Bensted, 1999; Barnett et al., 2002). The peaks at 855 cm-1, attributable to Al(OH)6 groups, as 

found in ettringite, were not observed in any region. This absence indicates that the presence of 

ettringite as suspected by XRD (Figure 3) could not be confirmed. The peaks, attributable to the 

presence of 
2

3CO (725/875 cm-1) and 
2

4SO  (603/675 cm-1) were observed in all the six regions. 
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Figure 4: IRS pattern of the six different regions of the corroded material of the concrete beam. 

 

 

4. GENERAL COMMENTS 

 

The concrete is still lying at the city centre central square without any known attempt of restoration by 

the time of the submission of this article. From the visual inspection discussed earlier, typical features 

of thaumasite form of sulfate attack were found in several sections of the top beam namely: formation 

of a white non-cohesive material at the expense of the hydrated cement matrix with the exposure of 

the aggregate, which could be easily detached from the bulk concrete.  

The hypothesis of TSA was confirmed by XRD and IRS. Even without a complete assessment of the 

original concrete mix and its design strength, other less affected sections of the beam indicate it to be 

made of a normal type of concrete. The main sulphate phase was thaumasite and at a lesser extent 

gypsum and some ettringite.  

Neither the soil nor the water source contained significant levels of sulfate at the time of the analyses. 

Indeed, the concrete was above the ground. So, although the actual source of sulphate is still not 

known, it seems that it was most likely from the cement itself. The source of carbonates was both the 

cement itself (that has limestone filler) and atmospheric carbonation. 

There are at least two considerations to be made as far as this particular TSA is concerned. First, the 

exposure temperature was much higher then the suggested threshold temperature of 15o C for TSA 

and the structure was rarely under wet conditions. Second, the level of aggressiveness and its kinetics 

were both extreme when compared to other field cases in the literature, especially for such high 

temperature range as well as the short period of exposure time (three years). Indeed, the synthesis of 

thaumasite takes long periods when in ideal lab conditions. The absence of Al-OH bands, as shown 

earlier, is indicative that a purer type of thaumasite that was formed in all regions of the affected 

beam. Such purity might have increased the intensity of the attack as thaumasite precipitates at the 

expense of the binder CSH.  

 

 

 

 

 



5. CONCLUDING REMARKS 

 

This paper aims to characterize the chemical attack in a concrete top beam of a earth retaining wall 

that was severely attacked within two years. Thaumasite was confirmed in the Paraiba state in Brazil. 

Some primary risk factors cited earlier were not always present such as: (i) wet condition and (ii) 

temperature below 15oC. Even then, the attack was very aggressive due to TSA. The data indicate 

that thaumasite did not contain significant amount of octahedral aluminum, suggesting that this phase 

was close to the end member composition.  

The relevance of this finding is associated to the fact that the mechanism involving thaumasite is 

complex, demanding more systematic research to sustainable construction be achieved, especially in a 

long term perspective. 
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Abstract 

The anisotropies of Portland cement based materials are of extreme importance to determine their engineering 

properties. This is because interface related aspects of the cement hydration are affected by the local chemistry of the 

components of the matrix. The effect of such complex microstructure on the engineering parameters must be carefully 

examined, so that evaluation of the structure integrity can be properly made via Non Destructive Testings. The aim of 

this paper is to correlate the mechanical properties (destructive and non-destructive) with the microhardness of cement 

paste at early ages. The samples were cast using Early Strength Development Portland cement and two water to binder 

ratio (0.33 and 0.44 by mass). Also, two sets of cement pastes were mixed with and without a ground redbrick waste 

(20% by mass) pozzolan replacing cement. The test ages were 1, 3 and 7 days. The micro features of the early hydrated 

cement pastes were assessed by means of Scanning Electron Microscopy (Backscattered Electron Imaging Mode) and 

Vickers Microhardness. The data shows that the presence of the pozzolan affects the distribution of the unhydrated 

cement and the homogeneity of the cement matrix, yielding to different microfeatures and reflecting on the mechanical 

properties. 

 

Originality 

 Early age pozzolanic effect of Red Clay Brick pozzolan on the microhardness of cement paste is scarce in 

published articles. 

 Microhardness features of cement paste are rarely shown in the literature, especially at early ages of 

hydration. 

 The correlation between microhardness of cement paste and non-destructive dynamic parameters is also 

scarce in the literature. 

 

Chief contributions 

 To increase the understanding of the effect of the use alternative pozzolans, in this specific case an ultrafine 

red clay brick pozzolan.  

 To increase the knowledge of the assessment of the effect of mix design on the engineering properties asses by 

means of some non destructive dynamic techniques, considering the microstructure and microhardnes of early 

hydrated cement.  

 To improve the understanding of the heterogeneity of the microstructure of cement paste, and its correlation 

with the assessed properties.  

. 

  
Keywords: Microhardness, Hydration, Early Age, Pozzolan, Redbrick Waste 

 



1. INTRODUCTION  
 

Non destructive techniques are well known and often use to assess structural integrity of cementitious 

materials. The advantages of non destructive techniques are: (i) to allow the assessment of material 

properties in its elastic regime and also (ii) to reduce the number of specimens, especially in long term 

studies.  

 

Microhardness tests are non-destructive techniques, which use in hydrated Portland cement materials 

dates back to 1980s (Igarashi et al., 1996). Several reviews point out for the use of this technique as 

an important tool to assess micromechanical characteristics of multi phase composites such as of 

cement pastes and composites. This is the case when there is an interest to assess the quality of the 

interfacial zone between the matrix and other phases such as aggregate, steel reinforcements and 

fibres, for instance (Zhu and Bartos, 2000). This technique is based on the average of the diagonals 

and, at less extent, on the analyses of the shape of an indentation mark printed by a penetration of a 

diamond tip in a specific load and rate (Igarashi et al., 1996; Zhu and Bartos, 2000). Several features 

can affect the results, contributing to increase systematic errors. For instance, lack of parallelisms of 

the surface and the presence of phases with very different hardness can be accounted to be of most 

importance for improving the quality of the analyses. The problem of grain inclusion on bulk analyses 

of matrixes has not yet been completely evaluated. This is the case of partially hydrated cement 

grains, especially in early age hydration of cement based systems. The complexity of such interaction 

is strongly complicated by the presence of inclusions. According to Lawn and Wilshaw (1975), the 

elastic interaction volume, which is affected by the presence of inclusions, is greater than the volume 

of the plastic deformation causing the indentation mark on the material in study.  

 

The use of pozzolanic materials is widely known to improve durability and represents an important 

technological step towards the reduction of greenhouse gas emissions. The pozzolanic reaction is also 

known to improve hydration by refining grains and pore structure (Massazza, 2004). Research has 

shown that ground red clay bricks (GRCB) can be as effective as metakaolin, once high finesse is 

achieved (Vieira, 2006a). The kinetics of the pozzolanic effect is often reported as slow, taking 

several months to achieve its maximum (Vieira, 2006b). Hence, its early age effect might be often 

attributed to the filler effect. Because of the complexity of hydrated cement matrixes, correlations 

between microstructure and mechanical properties deserves to be investigated in depth, especially 

when using non conventional pozzolans. Among several different types, GRCB has been pointed out 

to be an effective alternative pozzolan, especially in regions with low metallurgical or industrial 

activity, main sources of slag and fly ash (Vieira, 2006a). Thus, the aim of this paper is to evaluate the 

effect of GCRB on the mechanical and microstructural properties of cement paste at early ages. 

  
 

2. EXPERIMENTAL 

 

 

2.1 MATERIALS 

 

Cement and Ground Red Clay Brick Pozzolan: Early Strength Development Portland Cement with 

5% Limestone Filler (ABNT-CPV-ARI) was used. The Red Clay Brick Pozzolan was ground up to 

the finesse of 15,000 cm
2
/g (Blaine).  

 

2.2 METHODS 

 

Casting and Curing: The pastes were mechanically mixed, using a planetary low frequency mixer and 

poured in metallic molds. After 24 hours, the samples were demolded and cured at room temperature 

(20
o
C and 80% humidity) prior to testing at 1, 3 and 7 days. The samples were cast using two water to 



binder ratio (0.33 and 0.44 by mass). Two sets of cement pastes were mixed with and without ground 

red clay brick waste (20% by mass) replacing cement. 

  

Mechanical Properties:  

 

Compressive Strength: Paste cubes (40x40x40mm3) were tested using a Shimadzu Servopulser, load 

rate 0.01 mm/s.  

Resonance Frequency: Paste prisms (40x40x160mm3) were placed in a free-free suspension system in 

order to allow vibrations in all axes in the nodal points. The samples were subjected to several 

sinusoidal longitudinal waves applied through the center sample. The spectrum was recorded using a 

spectrum analyzer and a high frequency accelerometer (20KHz), recording 100 sweeps (from 0 to 

15kHz) per spectrum per sample. The resonance frequency was determined by averaging three 

samples (Swamy and Rigby, 1971). 

Damping Factor ( ): The damping factor was determined by using the half-power method. (Swamy 

and Rigby, 1971)  

 

Dynamic Modulus of Elasticity (Neville, 1973): After determining the resonance frequency, the 

dynamic modulus of elasticity was calculated according to Equation 2. 

  

DME=4x10
-15

.fn
2
.L

2
.  (2) 

 

where: 

DME = dynamic Modulus of Elasticiy (GPa) 

fn = resonance frequency (Hz) 

 = density (kg/m
3
) 

L = length (mm) 

 

Microstructure and Microhardness: Fractured samples were lapped and polished down to 1/4 micron 

prior to testing. The samples were subjected to an ultrasonic bath in acetone between all steps of 

polishing prior to testing. After gold coating, the samples were analyzed by Scanning Electron 

Microscopy, using a Backscattered Electron Imaging Mode. The polished samples were tested using a 

Vickers Microindenter Shimadzu. The indentation load was 0.01N, during 15s. 

 

 

3. RESULTS AND DISCUSSIONS 

 

 

3.1 MECHANICAL PROPERTIES 

 

Figure 1 shows the mechanical properties of Portland cement Paste with and without ground red clay 

brick (GRCB), at different ages and with different water to binder ratio.  

 

 



 

 Figure 1: Mechanical Properties of Cement Pastes with Age. (hollow): Control Cement paste; (shaded): GRCB 

containing cement paste. 

 

 

It can be seen that these mechanical properties are strongly affected by the age and water to binder 

ratio, but only slightly with the presence of 20% GRCB pozzolan. The smaller the water to binder 

ratio, the difference in properties between control and modified paste are reduced in all ages. In 

modified pastes, the reduction of the damping factor is more linear and with greater rate with time. 

This suggests that GRCB pozzolan plays a role on increasing the homogeneity of the microstructure, 

given the fact that this property is intrinsically related to mechanisms of energy dissipation within the 

paste [8]. Hence, the heterogeneity nature of cement paste appears to have been affected by the 

presence of the GRCB pozzolan, even at such early ages.  

 

 

 

3.2 MICROSTRUCTURE 

 

The microfeatures of the cement pastes with (bottom) and without (top) GCRB pozzolan can be seen 

in Figure 2. Indeed, the distribution of partially hydrated clinker grains (light grey) is strongly affected 

y the presence of GCRB, even at the age of 1 day (left), more intense at the age of 7 days (right). The 

microstructure of control pastes appeared to have more quantity and better defined contours of 

partially hydrated clinker grains, more evident at the later age. These observations suggest that the 

presence of GCRB pozzolan promoted greater homogeneity of the matrix, yielding to a refinement of 

clinker grains, and their better distribution within the matrix.  

 



 

 

Figure 2: Backscattered Electron Micrographs of cement pastes. (top): control paste at 1 (left) and 7 (right) days; 

(bottom): cement paste with 20% Ground Red Clay Brick Pozzolan. 

 

 

3.3 MICROHARDNESS 

 

Figure 3 shows the main regions present in a hydrated cement paste, evidencing its heterogeniety 

which reflects on different micromechanical behavior. 

It can be seen that the partially hydrated clinker grains region (CGR) presents greater hardness, 

evidenced by a smaller indentation feature. The hardness reduces in regions with less influence of 

such grains, as shown in the interfacial region (IR) between the cement matrix and CGR. The 

microhardness indentation is more homogenous in regions with less influence of CGRs, such as in the 

matrix (MA), evidenced by uniform diagonals of the indentation mark. The indentation mark can be 

distorted due to the different hardness of the grain rich regions (GRR), generating diagonals with 

different values.  

The greater the presence of partially hydrated clinker grains region (CGR), the greater the variation of 

the diagonals of the indentation mark. Hence, the effect of GRCB pozzolan on the refinement of 

grains might yield to more homogeneous values of microhardness.  

Figure 4 shows the Vickers Microhardness of cement pastes with (bottom) and without (top) GRCB 

pozzolan at the ages of 1 (left) and 7 (right) days. The microhardness was obtained considering that 

the diagonals can be affected by the presence of the partially hydrated clinker grains, hence, all the 

diagonals were considered separately as well as the average diagonal.  

 



 
Figure 3: Backscattered Electron Micrograph, showing different Vickers indented regions of hydrated cement 

paste (control paste with w/b ratio of 0.33). (MA): Matrix Region; (CGR): Clinker Grain Region; (GRR): Grain 

Rich Region; (IR) Interfacial Region. 
 

 
 

Figure 4: Vickers Microhardness Distribution of cement pastes. (top): control paste at 1(left) and 7  (right) days; 

(bottom): cement paste with 20% Ground Red Clay Brick Pozzolan (HVD): Vickers Microhardness, considering 

bigger diagonal values; (HVd): Vickers Microhardness, considering smaller diagonal values; (HVM): Vickers 

Microhardness, considering the average diagonal values. 



The effect of GRCB pozzolan on the microhardness becomes more evident at the age of 7 days. A 

better distribution can be assessed at this age in systems with GCRB. Although a slight increase in the 

MH is observed for the control pastes, it appears that this value is strongly affected by the presence of 

more and bigger partially hydrated clinker grainsThe true value of the cement matrix, which is the 

main phase responsible for mechanical properties, can be actually masked by the influence of these 

grains. It can also be observed that the diagonals ratio (bigger diagonal D over the smaller diagonal d) 

tends to 1.0 more rapidly in systems with GRCB pozzolan, evidencing, once more, its effect on 

promoting a better homogeneity of the matrix and the refinement of partially hydrated clinker grains.  

 

Therefore, the lower values obtained in GRCB containing pozzolan pastes, can be due to (i) the less 

influence of the grains; (ii) the dilution effect, given that 20% of cement has been replaced by the 

GCRB, without prejudice to the mechanical properties, compensated by the pozzolanic effect.  

 

 

4. CONCLUDING REMARKS 

 

 The presence of the GRCB  pozzolan affected the properties over the water to cement ratio and 

consequently the cement hydration, promoting a better homogeneity of the cement matrix, 

reducing the partially hydrated clinker particle size and its distribution within the microstructure 

of the cement paste, even considering the dilution effect of 20% of cement replacement by mass.  

 The pozzolanic reaction of GRCB affected both the micro features and the mechanical 

properties, reflecting on the dynamic responses and more so for lower water to binder ratio. 

 Vickers microhardness profile is affected by the presence of partially hydrated clinker grains, 

which inclusion in regions underneath the surface might increase the uncertainties of the results 

and its correlation with mechanical properties.  
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Abstract 

Alcaline activation of alumino-silicate materials have attracted significant attention of the scientific community. This is 

chiefly due to properties such as good thermal stability and high resistance to aggressive environments. Most studies on 

this subject are based on traditional precursor materials such as calcined kaolinite clay (metakaolinite) and fly ash. In 

the tropical regions of the earth, there are other aluminosilicate containing materials, such as red tropical soils (RTS). 

In this type of soil, alongside with the presence of other alumino silicate phases such as kaolinite, the levels of iron 

(Fe2O3) are as high as 60%. Their alkaline activation potential is, still, needed of systematic evaluation. The aim of this 

work is to evaluate the potential of RTS as a precursor for the development of geopolymers. The mechanical properties 

and the structural characteristics of the samples were evaluated by means of compressive strength and x-ray 

diffraction, x-ray fluorescence, infrared and Mössbauer spectroscopy. Even with very high levels of iron, RTS presented 

a potential for use in the synthesis of geopolymer. The compressive strength of the samples ranged from 20 to 80 MPa. 

Considerations will be given on the distribution of iron within the structure of the activated material. 

 

 

Originality 

There is a need for systematic studies in order to explore the potential use of sources of geopolymer precursor other 

than the traditional metakaolinite and fly-ash. Given the nature of precursor materials, it is important to evaluate the 

distribution of iron in the structure and mechanisms of geopolymer synthesis. This brings an academic challenge with 

implications for the scientific community, considering that the vast majority of published material addresses aspects 

related to the latter precursors. As Fe (II, III) and Al(III) are interchangeable in some minerals such as goethite 

(FeOOH), bohemita (AlOOH) and hematite (Fe2O3). The presence of large amounts of iron in geopolymers results in 

NMR data that are less useful to characterize geopolymer structure. This explains why iron is not often discussed in 

geopolymer related articles. This is given to the fact that the ferromagnetic nature of iron may compromise data 

analysis. In this sense, this work proposes to use 
57

Fe Mössbauer Spectroscopy as an alternative technique that favors 

analyses where NMR fails to provide accurate data. This is because it is based on resonant excitation of nuclear energy 

levels which are sensitive to iron local coordination and electronic structure.  

  

 

Chief contributions 

 To increase the knowledge for the development of geopolymeric materials from a variety of industrial and natural 

precursors.  

 To contribute towards sustainable engineering solutions once geopolymers contribute less to green gas emissions as 

well as incorporates value to industrial waste immobilizations. 

 Iron is often present in several industrial waste and minerals. As far as structural characteristic of geopolymers are 

concerned, it also contributes for understanding of the role of iron in the geopolymer matrixes.  

 To increase the range of raw useful materials as precursors for alkaline activation. 

  

 

Keywords: Alcaline activation, tropical soils, Iron, Mössbauer 

 



1. Introduction 
 

Geopolymers are inorganic polymers, constituted of alternating SiO4 and AlO4 tetrahedra chains, connected by a 

shared oxygen atom and balanced by cations (Davidovits, 1987; Palomo and De La Fuente, 2003; Palomo and 

Glasser, 1992; Palomo et al, 1999). Some precursor materials used to produce geopolymers contain great 

amounts of iron. Although the presence of iron might play important roles in the structure and properties of 

geopolymers, substitutions of Al by Fe was not yet fully studied even it may occur in clays Bland and Roll, 

1998; Gomes eta al, 2008, Gomes et al, 2009). For instance, fly ash, with iron content of about 10%, stands out 

among these commonly used iron-rich precursor materials and up to 40% for some low-calcium ferronickel slag 

materials (Komnitsas and Zaharaki, 2009). 

However, the presence of large amounts of iron in geopolymers results in NMR data that are less useful to 

characterize geopolymer structure. This is given to the fact that the ferromagnetic nature of iron may 

compromise data analysis. In this sense, 
57

Fe Mössbauer Spectroscopy is an alternative technique that favours 

analyses where NMR fails to provide accurate data (Provis and Rees, 2009), because it is based on resonant 

excitation of nuclear energy levels which are sensitive to iron local coordination and electronic structure. 

Studies on geopolymers are mostly based on traditional precursor materials like metakaolinte (Fe2O3 content of 

2%), fly ash (Fe2O3 content of 10%) and blast furnace slag (Fe2O3 content of 0.5%). Nevertheless, recent studies 

have shown that precursors with iron content higher than the usually found in fly ashes may be activated in 

alkaline environment (Gomes et al, 2008; Gomes et al, 2009; Komnitsas and Zaharaki, 2009) with applications 

in engineering. This work aims to investigate the implications of the presence of iron in the geopolymeric 

structure. 

 

 

2. Experimental  
 

2.1 Materials 
 

The raw precursor materials were Metakaolin (MK), as reference, Red Tropical Soils in natura (RTS-

SL1) and calcined (RTS-SL2), Laterite concretion in natura (RTS-SL3) and calcined (RTS-SL4). 

Sodium silicate with SiO2/Na2O ratio = 2.17 was the alkaline activator used.The chemical 

composition of the precursor material is presented in Table 01. Molar ratios and curing regimes for 

the synthesized geopolymers are shown in Table 02. The precursor materials and corresponding 

synthesized geopolymers (GP-MK, GP-SL1, GP-SL2, GP-SL3, GP-SL4) were ground and sieved 

through a 45 µm sieve. The H/M varied between 9.5 and 9.8 and M/S varied between 0.11and 0.19. 
The samples were cured for 24 hours at 55oC and at 20oC for 48 hours and 168 hours.  
 

Table 1: Chemical composition of geopolymeric precursors 

 
Oxide Content of the Precursor Materials Alcaline 

Activation  

 SiO2 Al2O3 Fe2O3 K2O Na2O CaO TiO2 S/(A+F) 

MK 64.80 29.74 1.72 3.23 0.01 0.12 0.08 6.19 

RTS-SL1 47.19 15.98 29.66 0.55 0.01 0.68 4.32 4.04 

RTS-SL2 51.38 18.22 23.95 0.38 0.25 0.64 3.77 4.25 

RTS-SL3 35.58 6.09 56.67 0.03 0.19 0.06 0.81 1.96 

RTS-SL4 32.80 5.82 60.02 0.04 0.02 0.06 0.79 1.70 

 

 

 



2.2 Methods 
 

The samples were characterized by powder x-ray diffraction (XRD), multiple internal reflection 

Fourier transform infrared spectroscopy (MIR-FTIR), Mössbauer spectroscopy (ME) and identified 

using SEM-EDS analysis. XRD measurements were performed with a Siemens D5000. Mössbauer 

spectra were measured in standard transmission geometry using a constant acceleration spectrometer 

with a radioactive source of 57Co in Rh matrix at 298K. The spectra were evaluated using the fitting 

software Normos. All isomer shift values quoted are relative to metallic iron (α-Fe). For microscopic 

analysis we used a microscope Electronic LEO1430 with tungsten filament and coupled with a device 

for EDS (Energy Dispersive Spectroscopy). 

 
 

3. Results and Discussion 

 

 

3.1 X-Ray Diffraction 

 

The Figure 1 and 2 show diffraction patterns obtained from the geopolymeric precursors (in natura 

and calcined) and from corresponding synthesized geopolymers. 

The crystalline phases present in the in natura precursor are kaolinite, quartz, goethite and hematite. 

Quartz and hematite are the only phases present in the calcined precursor and respective geopolymer, 

evidencing the kaolinite-to-metakaolin and goethite-to-hematite transformation (Fig. 1). 

Patterns for the samples geopolymeric precursor and geopolymers suggest the occurrence of kaolinite 

amorphization as seen by the halo between 10
o
 (2 and 20

o
 (2 with the disappearance of the 

kaolinite peak (Fig. 2). The only iron bearing phases present are hematite and goethite. 

 

 

 

 
Figure 1. XRD pattern for geopolymeric precursors in natura (SL, SL3) and calcined (MK, SL2, SL4 ): (Q) 

Quartz, (K) Kaolinite, (G) Goethite, (H) Hematite; (R) Internal Standard Rutile 



 

Figure 2. XRD pattern for respective geopolymers: (Q) Quartz, (G) Goethite, (H) Hematite; (R) Internal 

Standard Rutile 

Diffraction patterns for samples GP-SL2, GP-SL3 and GP-SL4 do not show the presence of kaolinite, 

and the halo between 10
o
 (2 and 20

 o
 (2 was also present. In these samples, hematite and goethite 

are the only iron-bearing phase, as both kaolinite and goethite undergo amorphisation with the 

calcination process. 

 

3.2 Mössbauer Spectroscopy 
 

Figures 5 shows the Mössbauer spectra obtained from precursors (SL3 and SL4) and synthesized 

geopolymers (SL3 and SL4) and Table 04 shows the fitting results. 

 

 

  
Figure 5: Mössbauer spectra: a) unreacted in natura geopolymeric precursor (SL3), b) geopolymer synthesised 

from the in natura precursor (GP-SL3). 

 

Table 4: Hyperfine Parameters obtained fron fitting on Mössbauer spectra. 



 Sextet 01 Sextet 02 Dublet 

 
IS 

(mm/s) 

QS 
(mm/s) 

BHT 
(T) 

RA 
(%) 

IS 
(mm/s) 

QS 
(mm/s) 

BHT 
(T) 

RA 
(%) 

IS 
(mm/s) 

QS 
(mm/s) 

LW 
(mm/s) 

RA 
(%) 

SL3 0.37 -0.21 51.2 66 0.33 -0.30 33.9 30 0.38 0.61 0.39 4 

GP-SL3 0.37 -0.20 51.2 66 0.22 -0.49 33.7 26 0.32 0.59 0.59 7 

SL4 0.37 -0.21 51.3 100         

GP-SL4 0.37 -0.21 51.5 100         

 

The spectra for samples SL3 and GP-SL3 (top left and right, respectively) shows the presence of at 

least three different iron sites. The Analysis of hyperfine parameters obtained from the fitting curves 

and listed in Table 04 allows the association of the magnetic subspectra to hematite (sextet 1, red) 

(Van  Der Marel, 1976) and also to goethite (sextet 2, blue) (Dorman et al, 1991; Broz et al, 1990; 

Murad and Schwertmann, 1983). In addition, the hyperfine parameters of the doublet (green line) are 

consistent with structural octahedral Fe
+3

 in alumina-silicate structure such as in kaolinite (Castelein et 

al, 2002). 

As can be seen in Table 4, a slight increase from 4 to 7% the doublet's spectral area due to the alkaline 

activation of the un-reacted precursor in natura. This observation might indicate an increase of the 

iron in octahedral sites of alumina-silicate structure as a result of the alkaline activation, corresponded 

to an increased amount of iron-doped kaolinte within the geopolymer structure. The Mössbauer 

spectra for samples SL4 and GP-SL4 (bottom left and right, respectively) show that sole presence of 

hematite without measurable amounts of goethite. This confirms XRD results which indicate that 

hematite is the only iron-bearing phase present in these samples. 

 

 

3.3 SEM-EDS analysis 

 

Figure 7 shows the BEI micrograph and EDS analysis obtained for the geopolymer precursor (SL3). 

 

 



Figure 7: Backscattered Electron Image and EDS analysis 

  

It can be observed that the significant presence of iron in the raw material is distributed in basically 

two zones: (zone 1 and 2) together with aluminium and silicon containing phases, possibly alumina-

silicate structure of kaolinite or within goethite as well as clusters of hematatite (zone 4).  
 
 

3.4 Mechanical Properties 

 

Figure 8 shows the compression strength of geopolymers. It is observed that these resistances are 

related to the type of precursor used. It can be observed that the greatest resistance were obtained was 

for SL3 and MK (reference). As for the SL1, SL2 and SL4 had resistances around 30MPa. It is 

observed that the raw material precursors with high contents of iron and have been activated alkaline 

products produced with resistance to compression around 20 to 80 MPa. 

 

 
Figure 8: Compressive strength of geopolymers 

 

 

4. Conclusions 
 

There is evidence that the red residual soils have potential for use in the synthesis of geopolymer 

cement matrix, despite its very low content of alumina.  

 

The compressive strength of the iron rich alkaline activated products ranged from 20 to 80 MPa. The 

distribution of iron in geopolymers made with iron-rich precursors has been investigated. There has 

been indication of Fe-O bond within the geopolymer matrixes. Iron (Fe
+3

) occupancies were primarily 

octahedral in all mixes. The Mössbauer spectra analyses indicate that the structure of Fe
+3

 was 

associated to the crystalline phases: hematite and goethite. Also, for the uncalcined system, the 

hyperfine parameters associated to the doublet suggest the presence of structural Fe
+3

 within an 

alumina-silicate structure. This observation suggests a replacement of Al
+3

 by Fe
+3

 in octahedral sites 

most likely within the kaolinite phase.  
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